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Skin injury and wound healing are complex biological 
and intricate processes that involve activation of inter-
cellular pathways, co-ordination of tissue integrity and 
homeostasis. The wound can be acute and chronic  
depending upon the nature and depth of the injury. A 
wide variety of dressing materials is available to en-
hance the wound healing process. An ideal dressing 
should act as a three-dimensional template which can 
mimic extracellular matrix, be biologically stable, flexi-
ble and can remove wound exudate by providing  
a moist environment to the wound site. It should form 
a protective bed to cover the wound from external  
hazards. This article presents a review of wound 
dressings made of natural and synthetic polymers or a 
combination of both. A variety of commercial wound 
healing materials is discussed briefly. 
 
Keywords: Extra cellular matrix, polymer dressings, skin 
injury, wound healing. 
 
INJURY to skin is a unique challenge and treating it  
appropriately is a topic of ongoing research worldwide. 
Cost-effective dressing materials are of immense demand 
to heal a wound. Many complicated interactions are  
involved in curing a wound through different phases  
of wound healing system. Non-ideal wound environment 
disturbs the healing cascades and makes the wound  
site prone to microbial attack1. Consistent supply of  
oxygen, nutrients, enzymes and cells is required at the 
wounded region to facilitate wound healing. An ideal 
wound bed aims to heal wound quickly by absorbing the 
exudates and providing a moist environment at the wound 
site. It mimics the skin structure by forming three-
dimensional (3-D) network on the wound, thus, helping 
the dermal cells to grow and regenerate to form a new 
skin1,2. This article provides an overview of the structure 
and functionality of skin, skin defects and wounds and  
recent research trends in wound healing materials. The 
patents, listed in Table 1, indicate the recent trend in 
commercialization of wound healing products and a sur-
vey of publication over the last five years is depicted in 
Figure 1. 

Skin structure and its functionality 

Skin, the largest organ of the integumentary system, pro-
tects the body against external hazards, maintains fluid 
homeostasis, initiates sensory detection and promotes 
self-healing when injured3. Skin, essentially has two lay-
ers, is descriptively shown in Figure 2: (i) epidermis that 
forms the covering of the body surface; and (ii) dermis 
that covers the connective tissue. Epidermis is mainly 
composed of layers of highly impermeable keratinocytes 
that form a protective shield against external hazards and 
prevent water loss from the body. Dermis is an elastic 
and flexible tissue located under the epidermis3,4. It is 
vascularized and provides energy and nutrition to the epi-
dermis. The surface of contact between epidermis and 
dermis is known as papillae. The hypodermis is a loose 
connective tissue that forms subcutaneous layer placed 
beneath the dermis. It consists of numerous amounts of 
flat cells and hair roots4–6. 
 Collagen, elastin and ground substance form the struc-
tural components of the dermis. Collagen forms the main 
framework for the skin which accounts for 70% of the 
dry skin weight, specifically Type I and III collagen6,7. 
Owing to its high tensile strength and stiffness, collagen 
provides structural support to the skin. Elastin remains 
entangled with the collagen and helps collagen fibres to 
return to their original position at rest. Ground substance 
is the proteoglycans, a mixture of glycosaminoglycan, 
hyaluronic acid, keratin, heparin and chondroitin. It  
binds collagen and elastin together and acts as a lubricat-
ing agent during stretching and relaxing of collagen  
fibres4,7. 

Skin defects 

The wound in skin resulting from mechanical trauma, 
cuts, tumours, poor blood circulation, surgical invasion, 
burn, etc. is an important issue in the medical field. 
Wound is a break, defect or discontinuity of the skin 
which leads to abnormal anatomic structure and function 
of the skin cells8. Wound involving tissue injury that can 
heal completely in a shorter time is known as acute 
wound, whereas tissue injury which takes time to heal, is 
known as chronic wound. An acute wound is simple and
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Table 1. List of patents on wound dressing materials published recently in 2016 

Patent name Company name Application no. Publish date 
 

Wound dressing with a bacterial adsorbing  Abigo Medical Ab. US20160367405A1 22.12.2016 
 composition and moisture holding capacity 
Dressing for negative pressure wound treatment Parasol Medical Llc. US20160361478A1 15.12.2016 
Wound dressing and treatment Smith & Nephew Plc. US20160361205A1 15.12.2016 
Abdominal wound dressing Kci Licensing, Inc. US20160354253A1 8.12.2016 
Chronic wound dressing with added antiscar compound University of Rochester US20160346133A1 1.12.2016 
Dressings, systems and methods for treating wound on a  Kci Licensing, Inc. US20160330155A1 24.11.2016 
 patient’s limb employing liquid control 
Wound dressing Foshan United Medical US20160317353A1 3.11.2016 
 Technologies, Ltd. 
Silver containing wound dressing Convatec Technologies, Inc. US20160263274A1 15.9.2016 
Chronic wound dressing with variable pore sizes Permeaderm, Inc. US20160262941A1 15.9.2016 
Flexible hydrogel wound dressing First Water Ltd. US20160250273A1 24.10.2016 

 
 

 
 

Figure 1. Research articles published in the Scopus-indexed journals 
in last five years for wound healing. The year 2016 does not include the 
updated publications in December 2016. 
 
 
generally occurs due to friction between skin and external 
hard objects which leads to abrasion and tear of the skin. 
Chronic wound is the result of extensive repeated tissue 
insults, or due to exposure to diseases like diabetes, ma-
lignancies, etc.8–10. Besides, wound can also be catego-
rized into three groups based on skin layers and regions. 
The wound affecting epidermis alone is known as super-
ficial wound whereas an injury that includes epidermis 
and dermis along with the damage to blood vessels, sweat 
glands, etc. is termed partial thickness wound. Full thick-
ness wound involves a disturbance in subcutaneous fat 
that lies under the epidermis and the dermis11,12. Such 
wounds are referred to as complex wounds which lead to 
extensive loss of skin components like skin, hair follicles 
and glands13,14. 
 Wounds can further be classified into closed and open 
wounds. Close wound involves contusion, haematoma, 
and abrasion. Damage of soft tissue and small blood  
vessel without any disturbance in the anatomical structure 
of skin are contusion, whereas vessel rupture results in a 

haematoma. Abrasions are generally scrapes which lead 
to the damage of sensory nerves15,16. Defective pigmenta-
tion is observed but the wounds heal gradually with time. 
On the other hand, destruction of skin and subcutaneous 
tissue is referred to as open wound. In this case, in-depth 
tissue does not lose its continuity and remains healthy17. 
An open wound can be due to laceration, gunshot wound, 
insect bites, cutting-pricking tools, vascular neurological 
wound, radionecrosis, etc. All these wounds result in 
damage to anatomical integrity of tissue and take consid-
erable time for healing18. 
 Wounds can also be differentiated on the basis of tissue 
loss. Wound with tissue loss involves loss of all or some 
parts of tissue layers. In this case, wound area is filled 
with granulation tissue to procure healing. Wound with-
out tissue loss occurs as a result of crushing of tissue and 
bleeding occurs in tissue based on the severity of the 
wound. Wounds can also be explained in terms of dry 
wound and moist wound19. The wound when kept  
exposed in air dries and results in the formation of scabs 
which slows wound healing process. Scab protects wound 
from environmental contamination but also forms a barrier 
to the regeneration of new tissue. Moisture is necessary 
for cell growth. Moist wound creates and maintains opti-
mal moist condition at the wound site20. Moist wound 
treatment prevents the formation of scab by allowing epi-
thelial cells to spread horizontally across the wound to 
rapidly close it. Hydrocolloid occlusive dressings reduce 
pain significantly, maintain moist wound environment 
and facilitate faster wound healing21. 

Wound healing process 

Wound healing is a natural biological process. It is a 
combination of a series of independent processes where 
epidermal and dermal cells, extracellular matrix (ECM), 
plasma-derived proteins, growth factors, an array of  
cytokines all act together to restore the continuity and  
integrity of damaged skin to initiate replacement of lost
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Figure 2. Repesentative image of the three layers of skin and their functionality: the outer layer of the skin is the epidermis which makes 
melanin giving colour to the skin. The dermis contains nerve endings, blood vessels, sebaceous gland and sweat gland. Nerve endings in 
dermis help in feeling sensation, tiny dermis blood vessels keep the skin cells healthy by proving oxygen and nutrients to them. It also  
contains collagen and elastin which are the building units of skin. The third bottom layer is the hypodermis which is mostly made of fat 
and helps to keep body warm and absorbs shock (adapted from online open access article on Knoji.com, 10 January 2011, by Ghaz). 

 
 

 
 

Figure 3. The phases of wound healing with respect to time and a re-
presentation of processes that takes place. The first phase is inflamma-
tion which lasts for about 1–2 days after injury. The inflammation at 
the wound is characterized by an ischaemic environment followed by 
fibrin clot and accumulation of bacteria, neutrophils and platelets in the 
wound. The second phase is proliferation of cells and new tissue forma-
tion which begins 3–10 days post injury. The third phase is the remod-
elling which lasts for longer time when collagen fibrils tend to organize 
leading to contraction of the wound near its surfaces. (adapted and 
modified from ref. 2 with permission). 
 

tissue. The independent stages of wound healing can be 
coined as the classic stages of wound repair which involve 
overlying steps such as inflammation, new tissue forma-
tion and remodelling1,2,21. The various stages of wound 
healing and the process of new tissue formation are 
shown in Figure 3. 

 The inflammation stage begins immediately after tissue 
damage. It is necessary to control the rise of disturbance 
in blood circulation by preventing blood and physiological 
fluid losses5,18. Haemostasis is a notable phase in the  
inflammation stage which plays a vital role in forming 
platelets plug and fibrin matrix to infiltrate cells from the 
wound. The platelets and fibrin matrix formations are  
followed by the recruitment of neutrophils, degranulation 
of platelets and appearance of monocytes after 2–3 days 
of injury2,19. The monocytes, when differentiated into 
macrophages play a crucial role in co-ordinating the 
events responsible for repairing the wound. Cellular pro-
liferation and migration is the second stage of wound heal-
ing system involving new tissue formation which occurs  
3–8 days post tissue injury. The event starts with migration 
of keratinocytes on the damaged dermis and formation of 
new blood vessels, a process known as angiogenesis  
followed by its replacement by granulation tissues. 
 The fibroblasts stimulated by macrophages at the 
wound site differentiate to form myofibroblasts which 
contract the wound and reduce its size. Combination of 
fibroblast and myofibroblast helps to establish collagen-
rich ECM that gives rise to the matured scar4,18,19. Re-
modelling is the third stage of wound healing which be-
gins after the injury ceases. In this stage, endothelial 
cells, macrophages and myofibroblasts undergo pro-
grammed cell death, i.e. apoptosis leaving the wound site 
with collagen-protein rich ECM. With the advent of time, 
the repaired tissue is strengthened and maintained by ma-
trix metalloproteinases (MMPs) secreted by fibroblast,  
macrophages and endothelial cells2,20,21. 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 112, NO. 12, 25 JUNE 2017 2395 

 
 

Figure 4. Schematic diagram of (a) different kinds of wounds: acute, chronic and wound grading by tissue involvement, 
(b) wound assessment and (c) treatment process (Adapted from online open access article on lienvetthuong.vn by Dinh 
Van Han). 

 
 
Wound management 

Depending upon the nature of a wound either acute or 
chronic (Figure 4 a), it is important to assess the wound 
within 24 h. Assessment and treatment (Figure 4 b, c) 
should be documented containing patient’s wound size, 
dimension and photographs, treatment plan, diseases his-
tory and regular diet plan22. The most important part of 
wound healing treatment is the wound care dressings. 
 In ancient time, honey, mud, leaves, cobwebs, oil, fats 
and animal dung were used to stop bleeding and to absorb 
exudate from the wound. Wound requires moist and clean 
environment, hence, limits its use to some extent22,23. 
Meanwhile, permeable and non-occlusive gauze and  
cotton bandages are inexpensive, reliable and are highly 
absorbent. Force is required to remove them from the 
wound site which may lead to more wound trauma. Later, 
xenografts, allografts and autografts became the conven-
tional natural skin replacement methods for critical 

wound healing purposes. There is a high risk of infection 
with these natural substitutes and they fail to provide 
suitable templates for skin cells to grow and regenerate. 
Besides, donor site morbidity in autograft is another  
factor for its limited use in healing skin wounds23,24. 
 An ideal skin substitute should have the capability to 
act as a protective barrier between the wound and the  
environment, to prevent infection at the wound site, to 
reduce the loss of physiological fluid from the wounded 
region and to minimize local pain. Moreover, the basic 
need of skin substitute involves in restoring the structure 
and function of the skin. It should provide an appropriate 
matrix for the skin cells to grow and regenerate and form 
a new skin at the wound site25,26. It should be non-toxic, 
non-antigenic, biocompatible and should not get con-
taminated by microorganisms on the wound surface23,26.  
Recent research in skin tissue engineering depicts skin 
wound healing treatment which involves epidermis–
dermis interaction. Such interaction designates scaffolds 
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that provide elasticity, strength and nutrients to support 
the growth of epidermis and keratinocytes on them. The 
tissue scaffolds act as templates to guide cells to prolifer-
ate and retain the structure and function of the damaged 
skin22,25. Healing of wound requires sufficient oxygena-
tion. The substitute should provide room for the wound to 
be in contact with oxygen. Besides, it should be easily 
sterilized, cost-effective and must possess long shelf life. 
Advanced wound therapies focus on preventing ECM 
damage and synthesizing ECM at the wound site through 
various growth factors. These have been achieved with 
many natural and synthetic polymer dressings that are  
cytocompatible without any provocation of inflammatory 
response and support tissue regeneration21,24–26. 

Polymeric wound dressings 

Natural polymers 

Natural polymers are widely used to develop wound 
dressing materials. Varieties of scaffolds have been fabri-
cated out of natural polymers due to their immense bio-
compatible and biodegradable properties. Such polymer 
templates provide means of imparting 3-D structures and 
deliver physical and chemical integrity to the cell tissue 
constructs. 
 Collagen has resemblances with the structure and com-
position of human skin. Hence, it is a suitable polymer to 
fabricate and design a wide variety of wound dressing 
materials. Collagen, found abundantly in mammals, is the 
main protein present in ECM. It has a tough triple-
stranded helical structure and forms 70–80% of the dry 
skin weight27. It gives structural support to the body and 
regulates cellular functions like cell shape, proliferation, 
differentiation and cell migration27,28. It stimulates cellu-
lar and molecular cascades of wound healing and helps in 
the development of new tissue and wound debridement. 
Collagen dressings are derived from bovine, porcine or 
avian sources and are further purified to achieve as non-
antigenic material29. On application of collagen matrix in 
the wound bed, drastic change is noticed within 10–14 
days and improved wound is observed in the case of 
chronic wounds like diabetic foot ulcer or chronic venous 
leg ulcers. Such dressings, when in contact with wound 
exudate, absorb wound fluid and establish moist envi-
ronment around the wound. These dressings are semi-
permeable to water and oxygen. The hydrophilic nature 
of collagen helps it to retain fluid and pick up cells con-
taining phagocytosed microorganisms. It plays a vital role 
in natural wound healing system by inducing clotting and 
forming matured scar at the wound site. When collagen is 
combined with dermal cells, growth factors and cytokines 
derived from the patient, it speeds up the re-epithelization 
of skin during wound healing. Collagen dressings are also 
designed as vehicles to deliver therapeutic drug on the 
wound surface30. Numerous studies have been done on 

collagen dressing formulations for wound and burn heal-
ing. Collagen sponges are widely used to treat deep cuts 
and its hydrogels have potential applications in treating 
cutaneous wound infections. Collagen scaffolds incorpo-
rated with fibroblasts and keratinocytes are widely used 
for skin grafting. It is also crosslinked with alginate to 
form biodegradable wound dressing material29,30. Glucose 
oxidase is incorporated in collagen matrix to enhance sus-
tained delivery of growth factors, antibiotics, natural 
compounds and antimicrobial agents like silver at the 
wound site28,30. Neurotensin-loaded collagen dressings 
act as wound healing accelerators that stimulate fibro-
blasts and granulation tissue to accumulate at the wound 
site leading to the production of sufficient organized col-
lagen matrix31. 
 Gelatin is a protein, derived from collagen, also known 
as denatured collagen. Unlike collagen, it has low anti-
genicity and is inexpensive31. Gelatin is used for prepara-
tion of biocompatible and biodegradable wound 
dressings. It can be fabricated in the form of film or 
sheath for cutaneous wound repair. Gelatin film is quite 
effective for wound closure purposes by exhibiting  
re-epithelization of the epidermis and repair of ECM in 
the dermis. Gelatin sheaths are used to cure deep partial 
thickness wounds in the skin. The limitation of gelatin is 
its mechanical properties and is preferred to be used as a 
blending agent with other polymers to treat burns, dia-
betic and venous stasis ulcers and trauma31,32. Recent  
research suggests that gelatin is definitely an effective 
biomaterial for wound dressing and it has a positive  
biological response to facilitate cell adhesion and proli-
feration33. Gelatin/polyethylene glycol composites in the 
presence of dialdehyde carboxymethyl cellulose have 
been developed to serve as wound healing materials with 
low cytotoxicity34. 
 Alginate is a linear unbranched polysaccharide which 
is composed of (14)-linked -D-mannuronic acid and 
α-glucuronic acid residues. It is non-toxic, mucoadhesive 
and pH sensitive. It forms a reversible hydrogel which 
acts as a 3-D platform for cell transplantation and new 
skin formation35. Alginate sheaths are prepared by 
crosslinking alginates with polymers like gelatin, heparin 
and polyvinyl alcohol which directly control the degrada-
tion of alginate. Besides, calcium alginate and collagen 
alginate act as highly absorbent fibre dressings and pro-
vide a moist environment at the wound site. Alginate 
loaded by growth factors like stromal derived factor-1 
improves wound healing as well36. Alginate dressings are 
porous and lack adhesive properties. Alginate, when 
combined with zinc and silver, offers wound dressing 
membranes with antibacterial properties37. Alginate can 
trigger macrophage activity and cytokine levels in the 
wound. Besides, simvastatin loaded alginate dressing 
prepared by solvent casting method is non-toxic that 
serves as an excellent dressing template to protect the 
wound and support the growth of fibroblast cells on it38. 
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Study of different alginate dressings showed that they are 
unsuitable for healing a dry wound with hard necrotic  
tissues as they dehydrate the wound easily resulting in 
delayed healing37,38. 
 Chitosan, a poly N-acetyl-glucosaminoglycan, is the 
deacetylated chitin derived from crustaceans like shrimps 
and crabs, the exoskeleton of insects, invertebrates and 
cell wall of fungi. It is highly biocompatible, biodegrad-
able, non-toxic, non-immunogenic and exhibits antibacte-
rial properties39. It can be easily shaped into films, gels, 
scaffolds, sponges and can be applied as a healing mate-
rial at the wound site. It forms a suitable platform to 
stimulate synthesis of collagen and promotes fibroblast 
growth on it39,40. Chitosan possesses haemostatic and an-
tibacterial properties and its unique property to heal 
wound makes it a suitable polymer for the fabrication of 
wound dressing materials. 
 Generally, chitosan is used in pure form or is treated 
with cross linkers. The pure form of chitosan fails to pro-
vide mechanical support to the cells at the burn or wounded 
region. Crosslinking of chitosan helps to increase its  
mechanical properties and hence, provides layered struc-
ture for skin tissue engineering41. Chitosan is crosslinked 
with natural polymers like collagen and gelatin to in-
crease its stability. Chitosan gel containing epidermal 
growth factors and chitosan-silk-fibroin composites form 
excellent bandage for skin tissue regeneration. Chitosan-
nano-silver films possess antibacterial properties and chi-
tosan films along with anti-oxidants are used extensively 
in dermal wound healing. Such films form dense layers 
which enhance the functional property of the dermis by 
controlling the loss of physiological fluid28,29. Chitosan 
has been blended with PEG to achieve hydrogel with  
improved mechanical strength42. Chitosan accelerates  
fibroblast proliferation by suppressing infiltration of  
inflammatory cells whereas PEG enhances epithelial  
migration43. Extensive in vivo experiments on Wistar  
albino rats (Figure 5) for chitosan-based dressing materi-
als showed progressive healing and efficiency compared 
to normal cotton gauze44. 
 Hyaluronic acid (HA), a linear polysaccharide, is made 
from N-acetyl-D-glucosamine and glucuronic acid. It is 
widely used for treatment of severe burns and wounds. 
HA can be synthesized in the form of gel, sheath, mesh 
and film. This polymer showed great promise in animal 
and clinical studies of skin tissue engineering45. It can 
enhance angiogenesis and reduce intensity of chronic 
wound to acute wound46. It supports scar-free wound 
healing. HA when combined with other polymers forms a 
three-dimensional matrix which is structurally and bio-
logically equivalent to the skin. HA, incorporated with 
silver-sulfadiazine in polyurethane foam, is widely used 
in would healing applications45,46. 
 Keratin is an environment-friendly polymer which has 
3-D mesh-like structure. It is composed of structural  
fibrous protein and is the main constituent in corneous 

tissues like hair, feather, wool, horns, nails and in verte-
brate epithelia. It can be easily shaped in the form of  
hydrogel47. Keratin derivatives can interact with poly-
electrolyte wound environment to facilitate healing pro-
cess. It has high water intake capacity and can be used as 
dressing material at the wound site to prevent loss of bio-
logical fluid to the environment and to minimize wound 
exudate. The biocompatibility, soft and wet nature of 
keratin make it one of the promising dressing materials to 
treat wounds and burns. This hair-based polymer facili-
tates epithelialization, vascularization and reconstruction 
of skin tissue47,48. Keratin loaded with mupirocin serves 
dual purposes by providing compatibility for cell support 
and growth as well as initiates release of antibiotics in a 
sustained manner at the wound site49. 
 Cellulose is a renewable natural polymer which is ab-
undantly available in nature. It is the main constituent of 
plant and natural fibres like cotton and linen. It is envi-
ronment friendly, biocompatible and degradable by bacte-
ria and fungi present in the environment. The glucose 
units are joined together by 1,4--glucosidic linkages  
 
 

 
 

Figure 5. In vivo studies of chitosan based wound dressing in Wistar 
rat model. After 21 days, the healing is better in Group (II–IV) which 
had chitosan-based blend polymer dressing confirming the efficiency of 
chitosan based dressings that normal cotton gauze (Group I). The 
wound surfaces are covered totally with fibrin clot/layer initially indi-
cating the compatibility of chitosan based dressings, in contact with the 
wounds and heals completely without scar. (Adapted from ref. 44 with 
permission). 
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resulting in the crystallinity of cellulose50. It is consid-
ered as a smart material as it has swelling capability and 
sensitive to external stimuli36. Cellulose is often cross-
linked via non-toxic crosslinking agents to improve its 
stability and mechanical properties. The smart behaviour 
of cellulose makes it an efficient platform to design 
wound dressing templates in skin tissue engineering. Cel-
lulose and its derivatives have been used as wound heal-
ing membranes. They offer low efficiency to absorb 
wound exudate and are more prone to bacterial attack50,51. 
Therefore, cellulose-based derivatives along with a com-
bination of other natural polymers like chitosan and gela-
tin act as super-absorbent templates and form ‘barrier 
substance’ to protect the wound from external environ-
ment. They also maintain moisture balance in the wound 
bed. Cellulose-based hydrogels are transparent, hence, 
healing can be monitored with ease51. 
 Microbial cellulose is synthesized in abundance by 
Acetobacter xylinum and its notable physical and me-
chanical properties and purity make it a suitable and novel  
material for wound healing and tissue regeneration pur-
poses52. Biosynthesis of microbial cellulose is a unique 
process. The bacteria utilize the carbon compounds from 
nutrients present in the medium and lead to the polymeri-
zation of single, linear -1, 4-glucan chains. Initially, the 
cellulose forms as sub-fibrils, assembles as microfibrils 
and finally, the polymer takes the form of a thick gelati-
nous matrix in static culture condition which further 
forms a ultrafine network of cellulose nanofibres53. They 
possess a large surface area to hold and retain a consider-
able quantity of water into them. Besides, they display 
high elasticity with appreciable wet strength and con-
formability. These fibres serve as an excellent barrier to 
protect the wound from external hazards. Such dressings 
are used as a temporary artificial skin to cure burns, ve-
nous leg ulcers, bedsores and diabetic foot ulcers53,54. 
 Silk sericin is a biocompatible protein derived from 
Bombyx mori. It is composed of 18 amino acids and has 
hydroxyl, carboxyl and amino groups. It can increase cell 
density, cell lines and activate collagen formation at the 
wound site by significantly increasing the growth and pro-
liferation of fibroblasts of the human skin55. Silk sericin has 
been successfully studied in biomedical applications for 
wound healing and drug delivery purposes due to its bio-
compatibility, biodegradability and nontoxicity to humans. 
Silk has been extensively used with polyglycolic acid net-
work to enhance physico-chemical, mechanical, swelling 
and biological properties of the hydrogel56,57. Recombinant 
spider silk protein can be treated as wound dressing mate-
rial to cover deep second-degree burn wounds58. 

Hydrocolloid dressings 

Hydrocolloids constitute colloidal material (gel)-like car-
boxymethyl cellulose, alginate, and elastomers or adhe-

sives used extensively as wound management products35,51. 
They can be fabricated in the form of films or sheets and 
are mainly used for treating light exuding wounds like 
minor burns, traumatic sores and injuries52. Hydrocol-
loids are susceptible to swell when coming in contact 
with wound exudate and form a gel to cover the wound.  
Removal of such dressings is painless. AquacelTM and 
GranuflexTM (Conva Tec, Hounslow, UK) are efficient 
hydrocolloids and their performance is superior to tulle 
gauze in acute inflammatory response23. Hydrocolloid 
dressings possess occlusive outer covering which pre-
vents water vapour transmission and reduces oxygen sup-
ply to the wound for faster healing52–54. 

Synthetic polymers 

Synthetic polymers are cost-effective and reliable materi-
als which can be tailored in a different fashion in the 
form of fibres, mats, mesh, films, sheaths and scaffolds to 
treat skin defects and wounds. Synthetic polymers are 
mostly used as cross-linking or blending agents and are 
incorporated into natural polymers to make the latter  
mechanically stable. Such natural/synthetic polymer 
blends act as temporary matrices to carry epidermal/ 
dermal cells to cure full thickness wound. 
 Poly(lactide-co-glycolide) (PLGA) is a copolymer of 
polylactic acid (PLA) and polyglycolic acid (PGA). It is 
an FDA-approved biodegradable polymer with immense 
potentials in skin tissue engineering. It is physically 
strong, biocompatible and can be fabricated into desired 
shape and size. Skin substitutes prepared from PLGA are 
in great demand due to their controlled degradation and 
tuneable mechanical properties59. Polymer degradation 
synchronizes with the rate of epithelization; hence, 
achieves successful repair in a scheduled time frame. 
Moreover, PLGA/PLA mesh when cultured with human 
fibroblasts gives rise to a template to treat diabetes foot 
ulcer. The limitation of PLGA lies in its hydrophobicity 
and it fails to act as an appropriate platform for cell ad-
herence. PLGA can be fabricated in the form of knitted 
mesh to support uniform cell distribution. PLGA entan-
gled with collagen serves as an excellent 3-D mesh for 
homogenous distribution of cells and ECM synthesis of 
dermal fibroblasts in skin tissue engineering60. Hybrid 
electrospun scaffold from PLGA and natural polymer like 
silk has synergic effect on wound healing. PLGA controls 
the morphology of healing materials and showcases tre-
mendous potential in wound healing therapy and ulcer 
management54,59,60. 
 Polyethylene glycol (PEG) is an ether based polymer 
and hydrophilic in nature. It is an oligomer or polymer of 
ethylene oxide. The non-immunogenic, biocompatible 
and flexible nature of PEG make it a suitable synthetic 
dressing material for wound healing. The low toxic PEG 
macromers are well bonded with growth factor like EGF 
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and can be delivered at the wound site61. The mechanical 
stability of PEG can be enhanced by blending PEG with 
chitosan and PLGA. Blending also increases thermal sta-
bility and crystallinity of the particular polymer62. Such 
PEG-based dressings have been widely used to treat a di-
abetic wound by promoting and inducing growth of skin 
cells and collagen deposition. It also reduces scar forma-
tion63. The injectable hybrid hydrogel dressing system is 
developed from PEG-based hyper branched multiacry-
lated co-polymer and hyaluronic acid in combination with 
adipose-derived stem cells to support the viability of cells 
in vitro and in vivo. It prevents wound contraction and 
enhances angiogenesis by acting as temporary hydrogel 
for wound healing purpose64. 
 Poly(vinyl alcohol) (PVA) is a semi-crystalline co-
polymer of vinyl acetate and vinyl alcohol. It is non-
carcinogenic, biocompatible, hydrophilic in nature and can 
absorb a huge amount of water. It can be tailored to the 
desired shape and size like fibres, sponges and films65. 
PVA possesses low mechanical strength but this lacuna 
can be overcome by blending PVA with chitosan and 
hyaluronic acid. PVA can be crosslinked with glutaralde-
hyde or succinyl chloride to increase its flexibility. PVA 
blended with collagen enhances the quality of granulation 
tissue and improves the strength and flexibility of cells at 
the wound site66,67. PVA is the desired material for skin 
tissue engineering, drug delivery purposes and diabetic 
wound treatment68. 
 Polyurethane (PU) is a polymer whose organic units 
are joined by carbamate (urethane) links. It is an excel-
lent semi-permeable wound dressing material that pro-
tects the wound and surrounding cells from external 
environment. It is impermeable to bacteria, biological  
fluid and water. Moreover, it is permeable to gas, and 
maintains the desired moist environment at the wound 
site. To overcome the limitation of adherence of PU, col-
lagen or collagen-based peptides are coated on the PU 
mesh to support the adherence of cells on it and improve 
tissue biocompatibility69. Foam dressings can be designed 
to form a film with adhesive borders. Lyofoam (Conva 
Tec) and Allevyn (Smith and Nephew) are well-
established foam dressings with additional wound contact 
layers to avoid adherence with scab or dry wound. They 
are highly absorbent and the unique porous structure of 
the dressings makes them suitable for treating partial or 
full thickness wound. Foam is superior to gauze in reduc-
ing pain and comforts in healing wound in patients69–71. 
 Polycaprolactone (PCL) is a synthetic polyester ob-
tained by susceptible autocatalysed bulk hydrolysis and 
slow degradation of linear aliphatic polyester. It pos-
sesses perfect biocompatibility, biodegradability and bio-
resorbability with unique mechanical properties. It is a 
non-toxic low-cost polymer72. It is FDA approved and 
can be processed easily into different shapes and forms73. 
Electrospun PCL fibres act as suitable templates to treat 
acute and chronic wounds. They mimic the fibrous struc-

ture of ECM. The limitation of PCL material lies in its 
poor antimicrobial properties. Therefore, silver nanopar-
ticles are incorporated into PCL matrix to ensure its resis-
tance to microbial invasion48. In addition, the template 
has sufficient wound exudates uptake and water retention 
capacities. PCL-collagen matrix serves as an excellent 
template that triggers integrin-1 signalling pathway to 
regulate the growth of fibroblasts and initiates wound 
healing73,74. 

Hydrogels 

Hydrogels are synthetic polymers that are usually made 
from polymethyl methacrylates and polyvinyl pyrro-
lidine. They are insoluble and the crosslinked polymeric 
components present help to entrap water physically. Such 
unique suitable hydrophilic materials can absorb and re-
tain a significant amount of water when placed at the 
wound site34,50. Hydrogel dressings are used along with 
gauze covering to hold them appropriately on the wound. 
They are considered as ideal dressings as they clean,  
rehydrate dry and necrotic tissues and initiate autolytic 
debridement. It has been reported that they promote moist 
healing and are used to treat venous leg ulcers37,74. Pu-
rilonTM (Coloplast) and Nu-gelTM (Johnson and Johnson) 
are widely recognized hydrogels for wound healing pur-
poses. The water retaining property of hydrogels restricts 
them from absorbing sufficient amount of wound exudate 
which results in fluid accumulation. They support bacte-
rial proliferation and develop a foul smell in the infected 
wound. Such dressings possess low mechanical strength 
and quite difficult to handle75. 
 Due to poor cellular adherence of synthetic polymers, 
limited clinical success is achieved. Hence, they are 
blended with natural polymers to form composites that 
balance the advantages of each material. Further investi-
gations and research are needed to understand the concept 
of biology and materials science involved in developing 
successful substitutes for skin regeneration and repair. 

Commercial dressings 

Commercial dressings are the engineered skin substitutes 
which are fabricated by modifying synthetic and bioac-
tive natural polymers. They are manufactured by using 
advanced techniques and are cultured with skin cells to 
give rise to appropriate dressings to heal the wound. The 
presence of smart polymer in natural and semicrystalline 
form helps the dressings to mimic physiological re-
sponses during different phases of wound healing. An 
acellular dermal graft made of normal human dermis after 
the removal of cellular materials from it is coined as  
AlloDermTM (LifeCell Corporation). It serves as an excel-
lent template for the skin cells to grow and regenerate and 
form a new skin at the wound site76. Template cultured
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Table 2. Common wound healing products available in the market for skin tissue regeneration with the details of its specific applications 

Product name Company name Characteristics Applications 
 

Alloderm Lifecell Corporation Normal human dermis with all cellular Acellular dermal graft used for 
   material removed  new skin regeneration at wound site 
 

MySkin Altrika, Sheffield Cultured autograft composed of living Partial thickness burn, skin graft 
    keratinocytes, cultured from biopsy  for diabetic neuropathic and 
    specimen of patient’s own skin  pressure ulcer 
 

Apligraft Organogenesis Bovine Type I collagen entangled with Epidermal and dermal graft 
    dermal fibroblast suspension 
 

Integra Integra LifeSciences Temporary acellular silicone epidermal Partial and full thickness burn, 
  Corporation  substitute placed over dermal scaffold,  diabetic, venous and pressure ulcers 
    consists of collagen and growth factors 
 

BioSeed-S BioTissue Technologies Autologous keratinocytes embedded in Venous leg ulcers 
    fibrin glue 
 

Dermagraft Advanced BioHealing Living allogenic fibroblasts from neonatal Diabetic foot ulcer, 
    skin embedded on biodegradable  epidermolysis bullosa 
    polyglactin mesh 
 

Hyalograft 3-D Fidia Advanced  Esterified hyaluronic acid matrix with Full and partial thickness 
   Biopolymers  autologous fibroblasts  wound, scleroderma 
 

Laserskin Fidia Advanced Human keratinocytes on a laser Acellular dermal graft 
   Biopolymers  microperforated membrane of benzyle 
    hyaluronate 
 

Aquacel Conva Tec Thin film, sheet or composite dressing Light and moderate exuding 
    composed mainly of alginates   wounds like pressure sores, 
      minor burns and traumatic injuries 
Tegasorb 3M Healthcare Hydrocolloid dressing in the form of thin Exuding wound such as minor 
  film or sheet  burns and traumatic injuries 
 

Flexigel Smith and Nephew Hydrogel flexible sheet Non-healing wound of lower 
    breast region and soft tissues 
Cia Care Smith and Nephew Silicone sheet Hypertrophic scar 
Regranex Healthpoint Platelets derived growth factors containing Sacral decubitus ulcer 
 Biotherapeutics  hydrogel 
 

Biobrane Dow Hickham/Bertek Silicone, nylon mesh, collagen Biosynthetic substitute for 
   Pharmaceuticals   regeneration of new skin 
 

Epicel Genzyme Corporation Cultured autograft made of living Deep dermal and full thickness burn 
   keratinocyte, contains no dermal component 

 
 
with autologous human keratinocytes is named as My-
skinTM (Celltran Limited) which supports epidermal cells 
to proliferate and differentiate to a new skin. ApligraftTM 
(Organogenesis) is a good dressing available in the mar-
ket. Bovine type I collagen along with dermal fibroblast 
gives rise to such epidermal and dermal skin substitute. 
IntegraTM (Integra LifeScience) is brought in the market 
as artificial skin composed of collagen-chondroitin-6-
sulphate matrix coated with silicone membrane76,77. Bio-
synthetic skin replacement material named as BiobraneTM 
(Dow Hickham) formed of silicone, nylon and collagen 
mesh is highly appreciated to treat chronic wounds78. 
BioSeedTM (BioTissue Technologies) made from fibrin 
sealant cultured with autologous human keratinocytes 
serves as epidermal skin substitute to treat severe wounds 
and burns. DermagraftTM (Advanced Tissue Sciences) is a 
skin substitute cultured with human fibroblasts on biode-

gradable PLGA79. Hyalograft 3-DTM and LaserskinTM 
(Fidia Advanced Biopolymers) are skin substitutes deve-
loped with human fibroblasts and keratinocytes respec-
tively on laser-microperforated benzyl hyaluronate 
membranes. A hydrocolloid dressing, TegasorbTM (3M 
Healthcare) is a thin hydrocolloid dressing which pro-
vides sufficient moisture and conformability to the wound 
site and its transparency allows wound observation80,81. 
Commercial dressings possess mechanical properties and 
anatomical structures that ideally mimic normal dermis. 
Growth factors and genetic materials are also delivered to 
the wound site through these dressings82. Widely used 
wound dressing materials that are marketed globally are 
listed in Table 2. 
 The representative images of some of them are shown 
in Figure 6. Commercial dressings can also be obtained in 
the form of antimicrobial dressings that are incorporated
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Table 3. Comparison between polymer materials and commercially available dressings in terms of composition, biological efficacy and  
 cost-effectiveness 

Dressings Composition Biological efficacy Cost-effectiveness 
 

Polymer materials Films Chitosan, gelatin, cellulose Fabricated for acute, partial and full  Relatively inexpensive 
     thickness wound with low  
     exudates. Perfect for graft donor site,  
     minor burns and to cover surgical incision 
 

  Foams Gel film coated Designed for chronic and partial Relatively inexpensive 
    foam or polyurethane  thickness and deep cavity wounds 
 

  Hydrogels Cellulose derivatives, Mainly for acute and chronic Relatively inexpensive 
    hyaluronic acid  wounds with moderate exudates.  
     Perfect for chronic ulcers and  
     superficial burns  
 

  Hydrocolloids Cellulose derivatives, Designed for acute, chronic, partial and Moderately inexpensive 
    elastomer and alginates  full thickness wound and can be applied 
     on burns and dermabrasions 
 

  Alginates Sodium alginate, Fabricated for post-operative Moderately inexpensive 
    calcium alginate,   wounds. Suitable for wounds with  
    polysaccharides  moderate exudates, chronic ulcers  
     and as skin grafts 
 

  Integra Bovine collagen and shark  Mainly for partial and full Expensive 
    cartilage; two layered, cell-  thickness wound  
    free membranes 
 

Commercial Dermagraft Neonatal fibroblast on mesh of Mainly for diabetic foot ulcer  Expensive 
 dressings   polyglactin  and to treat burns 
 

  Apligraft Cultured human foreskin and  For diabetic venous ulcer and has High cost, $1000 
    bovine collagen Type-I  short-shelf life  per circle 
 

  Alloderm Composed of human Mainly for partial and full Expensive, cost 
    dermal matrix  thickness wound and diabetic and  ranges from $50 to 
     venous stasis ulcers, meant for  $500 
     temporary measure and can be 
     applied directly on the wound 
 
 

 
 

Figure 6. Glimpse of some commercial wound healing materials. a, Polymeric hydrogel sheet wound dressing: 
It is flexible, can be cut into different shapes to fit around wound and does not require secondary dressing 
(adapted from Ref. 78 with permission). b, Alloderm (LifeCell Corporation): Regenerated tissue matrix, human 
dermis processed by removing cells and essential biological components are preserved (adapted from Ref. 1 with 
permission). c, Dermagraft (Advanced Tissue Sciences): It is non-immunogenic neonatal fibroblasts that are  
cultured on PLGA mesh. It is widely used to treat diabetic foot ulcer (adapted from Ref. 1 with permission).  
d, Tegasorb (3M Healthcare): It is a hydrocolloid dressing which deals with the management of chronic wounds 
like pressure sores and leg ulcers. It creates optimal moist wound healing environment around the wound (adapted 
from ref. 78 with permission). 
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with antibiotics and anti-bacterial agents to combat infec-
tions for surgical, accidental wounds and for diabetic foot 
and venous leg ulcers. Antibiotics delivered from paraffin 
ointments, dialkyl carbamoyl chloride incorporated Cuti-
sorbR cotton wool dressings, and silver impregnated 
modern dressings are widely available antimicrobial ban-
dages to treat dermal depth burns and wounds83. ActisorbTM 
silver antimicrobial binding dressing 220, an activated 
charcoal dressing with silver enclosed in non-adherent 
nylon sheet traps foul odour from wound site and forms a 
protective barrier around the wound to prevent bacterial 
invasion, hence, reduces infection84. 
 The shortcomings of commercial dressings are its high 
cost, antigenicity and risk of infection85,86. It is also chal-
lenging to harvest patient’s own cells in the dressing to 
aid wound healing. Although commercial dressings show 
improvement in physicochemical and mechanical proper-
ties, wound contraction and scarring are still matters of 
serious concern. Investigation on other natural and syn-
thetic polymers to develop novel wound dressings with 
improved features and performance is currently on in  
various laboratories to overcome or minimize such pro-
blems. Polymer materials and commercial dressings are 
compared in terms of composition, biological efficacy 
and cost-effectiveness (Table 3). 

Conclusions 

Skin tissue engineering is an advancing field and polymer 
dressings have benefited patients since 1990s (ref. 87). 
Natural or synthetic polymers or a combination of both as 
wound dressing materials have been demonstrated to treat 
a variety of wound conditions in skin tissue engineering. 
Other than forming a protective shield between wound 
and external environment, polymer dressings also serve 
as cellular skin accompanied by biological components to 
stimulate re-epithelization and granulation in skin87,88. 
 Natural polymer-based materials have been investi-
gated extensively and significant success is achieved by 
commercializing them for treating acute and chronic 
wounds. However, several problems are associated with 
these polymers including high cost, contraction, delayed 
vascularization and scarring. It is expected that blending 
of two or more polymers or improvement in fabrication 
techniques may overcome these problems to eliminate the 
risk of failure of such skin grafts89,90. The shortcomings 
of natural and synthetic polymers can be overcome by 
preparing new composite dressing templates with appre-
ciable mechanical, physico-chemical properties and  
appropriate biocompatibility. The risk of disease trans-
mission can also be eliminated by selectively combining 
wound healing and immune response through biodegrad-
able polymer composite scaffolds. Solvent casting, phase 
separation and electrospinning techniques are widely 
adopted to produce a variety of polymer scaffolds that 
can mimic the collagenous structure of the native dermis88. 

 However, bioengineers, cell biologists and clinicians 
are facing challenges towards further development of 
ideal wound dressing template with ongoing interaction 
and collaborations. Stem cell therapy, a new technology, 
is a new milestone and strategy with the characteristics of 
self-renewal and multi-lineage differentiation90,91. Such 
unique features of stem cell technology make it a desir-
able protocol in treating human diseases with regenera-
tive medicine approaches92. Identification and location of 
stem cells in skin have already been achieved and ongo-
ing research proved the potential contribution of stem 
cells in the reconstitution of skin at the wound site. Epi-
dermal keratinocytes have a poor regenerative capacity 
which can be overcome by utilizing self-renewing kerati-
nocyte stem cells93,94. In the next decade, stem cell  
therapy will be a breakthrough in skin tissue engineering 
to generate skin substitutes that will completely mimic 
structures and function of the native skin. 
 
 

1. Zhong, S. P., Zhang, Y. Z. and Lim, C. T., Tissue scaffolds for 
skin wound healing and dermal reconstruction. Wiley Interdiscip. 
Rev. Nanomed. Nanobiotechnol., 2010, 2, 510–525. 

2. Gurtner, G. C., Werner, S., Barrandon, Y. and Longaker, M. T., 
Wound repair and regeneration. Nature, 2008, 453, 314–321. 

3. Pastar, I. et al., Epithelialization in wound healing: a comprehen-
sive review. Adv. Wound Care, 2014, 3, 445–464. 

4. Hussain, S. H., Limthongkul, B. and Humphreys, T. R., The bio-
mechanical properties of the skin. Dermatologic Surg., 2013, 39, 
193–203. 

5. Shakespeare, P., Burn wound healing and skin substitutes. Burns, 
2001, 27, 517–522. 

6. Sezer, A. D. and Cevher, E., Biopolymers as wound healing mate-
rials: challenges and new strategies, Chapter 19, In Biomaterials 
Applications for Nanomedicine (ed. Pignatello, R.), 2011, In Tech 
Publisher. 

7. Langer, R. and Vacanti, J. P., Tissue engineering. Science, 1993, 
260, 920–926. 

8. Suganya, S., Venugopal, J., Ramakrishna, S., Lakshmi, B. S. and 
Dev, V. R. G., Naturally derived biofunctional nanofibrous scaf-
fold for skin tissue regeneration. Int. J. Biol. Macromol., 2014, 68, 
135–143. 

9. Aarabi, S., Longaker, M. T. and Gurtner, G. C., Hypertrophic scar 
formation following burns and trauma: New approaches to treat-
ment. PLOS Med., 2007, 4, 1464–1470. 

10. Powers, J. G., Morton, L. M. and Phillips, T. J., Dressings for 
chronic wounds. Dermatol. Ther., 2013, 26, 197–206. 

11. Clark, R. F., Ghosh, K. and Tonnesen, M. G., Tissue engineering 
for cutaneous wounds. J. Invest. Dermatol., 2007, 127, 1018–
1029. 

12. Park, M. et al., Effect of discarded keratin-based biocomposite 
hydrogels on the wound healing process in vivo. Mater. Sci. Eng. 
C, 2015, 55, 88–94. 

13. Albanna, M. Z., Holmes IV, J. H., Sanon, S., Hart, D. A. and 
Tredget, E. E., Molecular and cellular biology of wound healing 
and skin regeneration. Skin Tissue Eng. Regenerative Med., 2016, 
19–47, chapter 2. 

14. Susie, S., Dressing selection in chronic wound management. J. 
Am. Podiatr. Med. Assoc., 2002, 1, 24–33. 

15. Friedstat, J. S. and Klein, M. B., Acute management of facial 
burns. Clin. Plast. Surg., 2009, 36, 653–660. 

16. Dai, T., Tanaka, M., Huang, Y. Y. and Hamblin, M. R., Chitosan 
preparations for wounds and burns: antimicrobial and wound-
healing effects. Exp. Rev. Anti. Infect. Ther., 2011, 9, 857–879. 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 112, NO. 12, 25 JUNE 2017 2403 

17. Sun, G. et al., Dextran hydrogel scaffolds enhance angiogenic  
responses and promote complete skin regeneration during burn 
wound healing. Proc. Natl. Acad. Sci. USA, 2011, 108, 20976–
20981. 

18. Ma, B., Xie, J., Jiang, J. and Wu, J., Sandwich-type fiber scaffolds 
with square arrayed microwells and nanostructured cues as mi-
croskin grafts for skin regeneration. Biomaterials, 2014, 35, 630–
641. 

19. Harding, K. G., Morris, H. L. and Patel, G. K., Healing chronic 
wounds the clinical burden of wounds. BMJ, 2002, 324, 160–163. 

20. Colwell, A. S., Longaker, M. T. and Lorenz, H. P., Fetal wound 
healing. Front. Biosci., 2003, 8, 1240–1248. 

21. Metcalfe, A. D. and Ferguson, M. W. J., Skin stem and progenitor 
cells: using regeneration as a tissue-engineering strategy. Cell 
Mol. Life Sci., 2008, 65, 24–32. 

22. Trent, J. T. and Kirsner, R. S., Wounds and malignancy. Adv. Skin 
Wound Care, 2003, 16, 31–34. 

23. Troxler, M., Vowden, K. and Vowden, P., Integrating adjunctive 
therapy into practice: the importance of recognising ‘hard-to-heal’ 
wounds. World Wide Wounds, 2006. 

24. Sood, A., Granick, M. S. and Tomaselli, N. L., Wound dressings 
and comparative effectiveness data. Adv. Wound Care, 2014, 3, 
511–529. 

25. Pham, C., Greenwood, J., Cleland, H., Woodruff, P. and Maddern, 
G., Bioengineered skin substitutes for the management of burns: a 
systematic review. Burns, 2007, 33, 946–957. 

26. Mogossanu, G. D. and Grumezescu, A. M., Natural and synthetic 
polymers for wounds and burns dressing. Int. J. Pharm., 2014, 
463, 127–136. 

27. Kamolz, L. P. and Wild, T., Wound bed preparation: the impact  
of debridement and wound cleansing. Wound Med., 2013, 1, 44–
50. 

28. Lee, C. H., Singla, A. and Lee, Y., Biomedical applications of col-
lagen. Int. J. Pharm., 2001, 221, 1–22. 

29. Moura, L. I. F., Dias, A. M. A., Carvalho, E. and De Sousa, H. C., 
Recent advances on the development of wound dressings for dia-
betic foot ulcer treatment: A review. Acta Biomater., 2013, 9, 
7093–7114. 

30. Gopinath, D. et al., Dermal wound healing processes with curcumin 
incorporated collagen films. Biomaterials, 2004, 25, 1911–1917. 

31. Arul, V. et al., Glucose oxidase incorporated collagen matrices for 
dermal wound repair in diabetic rat models: a biochemical study. 
J. Biomater. Appl., 2012, 26, 917–938. 

32. Moura, L. I. F. et al., Neurotensin-loaded collagen dressings re-
duce inflammation and improve wound healing in diabetic mice. 
Biochim. Biophys. Acta, 2014, 1842, 32–43. 

33. Wang, T. W. et al., The effect of gelatin-chondroitin sulfate-
hyaluronic acid skin substitute on wound healing in SCID mice. 
Biomaterials, 2006, 27, 5689–5697. 

34. Liu, H. et al., A study on a chitosan-gelatin-hyaluronic acid scaf-
fold as artificial skin in vitro and its tissue engineering applica-
tions. J. Biomater. Sci. Polym. Ed., 2004, 15, 25–40. 

35. Li, D., Ye, Y., Li, D., Li, X. and Mu, C., Biological properties of 
dialdehyde carboxymethyl cellulose crosslinked gelatin–PEG 
composite hydrogel fibers for wound dressings. Carbohydr. Po-
lym., 2016, 137, 508–514. 

36. Sweeney, I. R., Miraftab, M. and Collyer, G., Absorbent alginate 
fibres modified with hydrolysed chitosan for wound care dress-
ings – II. Pilot scale development. Carbohydr. Polym., 2014, 102, 
920–927. 

37. Wang, L. et al., Evaluation of sodium alginate for bone marrow 
cell tissue engineering. Biomaterials, 2003, 24, 3475–3481. 

38. Sannino, A., Demitri, C. and Madaghiele, M., Biodegradable  
cellulose-based hydrogels: design and applications. Materials  
(Basel), 2009, 2, 353–373. 

39. Rezvanian, M., Amin, M. C. I. M. and Ng, S. F., Development and 
physicochemical characterization of alginate composite film 

loaded with simvastatin as a potential wound dressing. Carbohydr. 
Polym., 2016, 137, 295–304. 

40. Manjubala, I., Scheler, S., Bössert, J. and Jandt, K. D., Mineralisa-
tion of chitosan scaffolds with nano-apatite formation by double 
diffusion technique. Acta Biomater., 2006, 2, 75–84. 

41. Huang, R. et al., Biomimetic LBL structured nanofibrous matrices 
assembled by chitosan/collagen for promoting wound healing. 
Biomaterials, 2015, 324, 160–163. 

42. Ma, L. et al., Collagen/chitosan porous scaffolds with improved 
biostability for skin tissue engineering. Biomaterials, 2003, 24, 
4833–4841. 

43. Fan, L., Yang, H., Yang, J., Peng, M. and Hu, J., Preparation and 
characterization of chitosan/gelatin/PVA hydrogel for wound 
dressings. Carbohydr. Polym., 2016, 146, 427–434. 

44. Chen, S. H. et al., Assessment of reinforced poly(ethylene glycol) 
chitosan hydrogels as dressings in a mouse skin wound defect 
model. Mater. Sci. Eng. C, 2013, 33, 2584–2594. 

45. Anjum, S., Arora, A., Alam, M. S. and Gupta, B., Development of 
antimicrobial and scar preventive chitosan hydrogel wound dress-
ings. Int. J. Pharm., 2016, 508, 92–101. 

46. Kondo, S. and Kuroyanagi, Y., Development of a wound dressing 
composed of hyaluronic acid and collagen sponge with epidermal 
growth factor. J. Biomater. Sci. Polym. Ed., 2012, 23, 629–643. 

47. Uppal, R., Ramaswamy, G. N., Arnold, C., Goodband, R. and 
Wang, Y., Hyaluronic acid nanofiber wound dressing-production, 
characterization, and in vivo behavior. J. Biomed. Mater. Res. – 
Part B Appl. Biomater., 2011, 97B, 20–29. 

48. Kakkar, P., Verma, S., Manjubala, I. and Madhan, B., Develop-
ment of keratin chitosan-gelatin composite scaffold for soft tissue 
engineering. Mater. Sci. Eng. C. Mater. Biol. Appl., 2014, 45, 
343–347. 

49. Vacík, J. et al., Cultivation of human keratinocytes without feeder 
cells on polymer carriers containing ethoxyethyl methacrylate: In 
vitro study. J. Mater. Sci. Mater. Med., 2008, 19, 883–888. 

50. Singaravelu, S., Ramanathan, G., Raja, M. D., Barge, S. and  
Sivagnanam, U. T., Preparation and characterization of keratin-
based biosheet from bovine horn waste as wound dressing mate-
rial. Mater. Lett., 2015, 152, 90–93. 

51. Chang, C., Duan, B., Cai, J. and Zhang, L., Superabsorbent  
hydrogels based on cellulose for smart swelling and controllable 
delivery. Eur. Polym. J., 2009, 46, 92–100. 

52. Wei, B., Yang, G. and Hong, F., Preparation and evaluation of a 
kind of bacterial cellulose dry films with antibacterial properties. 
Carbohydr. Polym., 2011, 84, 533–538. 

53. Fu, L., Zhou, P., Zhang, S. and Yang, G., Evaluation of bacterial 
nanocellulose-based uniform wound dressing for large area skin 
transplantation. Mater. Sci. Eng. C, 2103, 33, 2995–3000. 

54. Hong, L. et al., Hydroxyapatite/bacterial cellulose composites 
synthesized via a biomimetic route. Mater. Lett., 2006, 60, 1710–
1713. 

55. Song, A., Rane, A. A. and Christman, K. L., Antibacterial and 
cell-adhesive polypeptide and poly(ethylene glycol) hydrogel as a 
potential scaffold for wound healing. Acta Biomater., 2012, 8,  
41–50. 

56. Siritienthong, T., Ratanavaraporn, J. and Aramwit, P., Develop-
ment of ethyl alcohol-precipitated silk sericin/polyvinyl alcohol 
scaffolds for accelerated healing of full-thickness wounds. Int.  
J. Pharm., 2012, 439, 175–186. 

57. Shi, L. et al., A novel poly(-glutamic acid)/silk-sericin hydrogel 
for wound dressing: synthesis, characterization and biological 
evaluation. Mater. Sci. Eng. C, 2015, 48, 533–540. 

58. Akturk, O. et al., Evaluation of sericin/collagen membranes as 
prospective wound dressing biomaterial. J. Biosci. Bioeng., 2011, 
112, 279–288. 

59. Baoyong, L., Jian, Z., Denglong, C. and Min, L., Evaluation of a 
new type of wound dressing made from recombinant spider silk 
protein using rat models. Burn, 2010, 36, 891–896. 



REVIEW ARTICLES 
 

CURRENT SCIENCE, VOL. 112, NO. 12, 25 JUNE 2017 2404 

60. Chen, G. et al., Culturing of skin fibroblasts in a thin PLGA-
collagen hybrid mesh. Biomaterials, 2005, 26, 2559–2566. 

61. Shahverdi, S. et al., Fabrication and structure analysis of 
poly(lactide-co-glycolic acid)/silk fibroin hybrid scaffold for 
wound dressing applications. Int. J. Pharm., 2014, 473, 345–355. 

62. Torchilin, V. P., PEG-based micelles as carriers of contrast agents 
for different imaging modalities. Adv. Drug Deliv. Rev., 2002, 54, 
235–252. 

63. Jeon, Y. H. et al., Different effects of PLGA and chitosan scaf-
folds on human cartilage tissue engineering. J. Craniofac. Surg., 
2007, 18, 1249–1258. 

64. Dong, Y. et al., Performance of an in situ formed bioactive  
hydrogel dressing from a PEG-based hyperbranched multifunc-
tional copolymer. Acta Biomater., 2014, 10, 2076–2085. 

65. Zhu, J., Bioactive modification of poly(ethylene glycol) hydrogels 
for tissue engineering. Biomaterials, 2010, 31, 4639–4656. 

66. Craig, D. Q. M., The mechanisms of drug release from solid dis-
persions in water soluble polymers. Int. J. Pharm., 2002, 231, 
131–144. 

67. Kim, J. O. et al., Development of clindamycin-loaded wound 
dressing with polyvinyl alcohol and sodium alginate. Biol. Pharm. 
Bull., 2008, 31, 2277–2282. 

68. Vashisth, P. et al., A novel gellan–PVA nanofibrous scaffold for 
skin tissue regeneration: fabrication and characterization. Carbo-
hydr. Polym., 2016, 136, 851–859. 

69. El-Sayed, S., Mahmoud, K. H., Fatah, A. A. and Hassen, A., DSC, 
TGA and dielectric properties of carboxymethyl cellu-
lose/polyvinyl alcohol blends. Phys. B Condens. Matter, 2011, 
406, 4068–4076. 

70. Lakshman, L., Shalumon, K. T., Nair, S., Jayakumar, R. and Nair, 
S. V., Preparation of silver nanoparticles incorporated electrospun 
polyurethane nanofibrous mat for wound dressing. J. Macromol. 
Sci. Part A, 2010, 47, 1012–1018. 

71. Vermeulen, H., Ubbink, D. T., Gorssend, A., de Vos, R. and  
Legimate, D. A., Systematic review of dressings and topical 
agents for surgical wounds healing by secondary intention. Br. J. 
Surg., 2005, 6, 665–672. 

72. Jung, J. A., Yoo, K. H., Dhong, E. S. and Kim, W. K., Evaluation 
of the efficacy of highly hydrophilic polyurethane foam dressing 
in treating a diabetic foot ulcer. Ad Skin Wound Care, 2016, 29, 
546–555. 

73. Figueira, D. R., Miguel, S. P., de Sa, K. D. and Correia, I. J., Pro-
duction and characterization of polycaprolactone–hyaluronic  
acid/chitosan-zein electrospun bilayer nanofibrous membrane for 
tissue regeneration. Int. J. Biol. Macromolec., 2016, 93, 1100–
1110. 

74. Milovac, D., Gamboa-Martínez, T. C., Ivankovic, M., Ferrer, G. 
G. and Ivankovic, H., PCL-coated hydroxyapatite scaffold derived 
from cuttlefish bone: in vitro cell culture studies. Mater. Sci. Eng. 
C, 2014, 42, 264–272. 

75. Augustine, R., Kalarikkal, Nandakumar, K. and Thomas, S., Elec-
trospun PCL membranes incorporated with biosynthesized silver 
nanoparticles as antibacterial wound dressings. Appl. Nanosci., 
2016, 6, 337–344. 

76. Koksal, C. and Bozkurt, A. K., Combination of hydrocolloidal 
dressing and medical compression stocking versus Unn’s boot for 
the treatment of venous leg ulcers. Swiss Med. Wkly., 2003, 133, 
364–368. 

77. Korrapati, P. S. et al., Recent advancements in nanotechnological 
strategies in selection, design and delivery of biomolecules for 
skin regeneration. Mater. Sci. Eng. C, 2016, 67, 747–765. 

78. Dumville Jo, C., Deshpande, S., O’Meara, S. and Speak, K., Foam 
dressings for healing diabetic foot ulcers. Cochrane Database of 
Syst. Rev., 2013. 

79. Schiefer, I. et al., A prospective intra-individual evaluation of silk 
compared to Biobrane for the treatment of superficial burns of the 
hand and face. Burns, 2017, 43, 539–548. 

80. Filton, A., Drew, P. and Dickson W., The use of bilaminate artifi-
cial skin substitute (Integra) in acute resurfacing of burns: an early 
experience. Brit J Plast Surg., 2001, 54, 2018-212. 

81. Wood, F. M., Skin regeneration: the complexities of translation in-
to clinical practise. Int. J. Biochem. Cell Biol., 2014, 56, 133–140. 

82. Boateng, J. S., Matthews, K. H., Stevens, H. N. E. and Eccleston, 
G. M., Wound healing dressings and drug delivery systems: a  
review. J. Pharm. Sci., 2002, 324, 160–163. 

83. Gawronska-Kozak, B., Grabowska, A., Kopcewicz, M. and Kur, 
A., Animal models of skin regeneration. Reprod. Biol., 2014, 14, 
61–67. 

84. Dhivya, S., Padma, V. and Santhini, E., Wound dressings – a re-
view. Bio. Med., 2015, 5, 24–28. 

85. Thomar, S. and MccCubbin, P., A comparison of the antimicrobial 
effects of four silver-containing dressings on three organisms.  
J. Wound Care, 2015, 5, 24–28. 

86. Dantzer, E. and Braye, F. M., Reconstructive surgery using an  
artificial dermis (Integra): results with 39 grafts. Br. J. Plast. 
Surg., 2001, 54, 659–664. 

87. Langer, A. and Ragowski, W., Systemic review of economic eval-
uations of human cell-derived wound care products for the treat-
ment of venous leg and diabetic foot ulcer. BMC Health Service 
Res., 2009, 9, 115. 

88. Webb, A., Li, A. and Kaur, P., Location and phenotype of human 
adult keratinocyte stem cells of the skin. Differentiation, 2004, 72, 
387–395. 

89. Scluter, H. and Kaur, P., Bioengineered human skin from embry-
onic stem cells. Lancet, 2009, 374, 1725–1726. 

90. Boateng, J. and Catanzano, C., Advanced therapeutic dressings for 
effective wound healing – a review. J. Pharm. Sci., 2015, 104, 
3653–3680. 

91. Liu, J. et al., Hair follicle and sebaceous gland de novo regenera-
tion with cultured epidermal stem cells and skin-derived precur-
sors. Stem Cells Transl Med., 2016, 5, 1695–1706. 

92. Tuca, A. C. et al., Comparison of matrigel and matriderm as a car-
rier for human amnion-derived mesenchymal stem cells in wound 
healing. Placenta, 2016, 48, 99–103. 

93. Chouhan, D., Chakraborty, B., Nandi, S. K. and Mandal, B. B., 
Role of nonmulberrysilk fibroin in deposition and regulation of 
extracellular matrix towards accelerated wound healing. Acta 
Biomater., 2017, 48, 157–174. 

94. MacNeil, S., Biomaterials for tissue engineering of skin. Materials 
Today, 2008, 11, 26–35. 

 
 
Received 21 April 2016; revised accepted 6 February 2017 
 
 
doi: 10.18520/cs/v112/i12/2392-2404 

 

 
 
 


