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Skin is the outermost covering of the human body and at the same time the largest 
organ comprising 15% of body weight and 2 m2 surface area. Skin plays a key role 
as a barrier against the outer environment depending on its thickness, color and 
structure, which differ from one site to another. The four major types of problematic 
wounds include ulcers (diabetic, venous, pressure) and burn wounds. Developing 
novel dressings helps us to improve the wound healing process in difficult patients. 
Recent advances in regenerative medicine and nanotechnology are revolutionizing 
the field of wound healing. Antimicrobial activity, exogenous cell therapy, growth 
factor delivery, biodegradable and biocompatible matrix construction, all play a role 
in hi-tech dressing design. In the present review, we discuss how the principles of 
regenerative medicine and nanotechnology can be combined in innovative wound 
dressings.
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Each year an increasing number of people 
suffer from problematic skin wounds and 
other skin diseases that compromise the skin 
barrier, and wound dressings are the princi-
ple therapeutic intervention for these defects 
(that for one reason or another cannot be 
treated by skin grafts). The average commer-
cial value of wound dressings is estimated to 
be around 4–9 billion dollars, and it is pro-
jected to grow by 4–7% a year until 2021 [1]. 
Skin contains three major layers including 
epidermis, dermis and hypodermis (subcu-
taneous tissue). The epidermis is the outer 
layer of skin which forms the main barrier 
to the outside. This layer has no independent 
blood supply and is nourished via diffusion 
of nutrients from the dermis. The epidermis 
helps the skin to regulate the body tempera-
ture and retains moisture inside. The dermis 
beneath the epidermis provides the main 
structural elements and imparts strength to 

the skin. The hypodermis contains fat cells 
that store energy reserves [2].

Wounds can be divided into two groups, 
acute and chronic. Acute wounds are formed 
by traumatic damage to the skin such as 
injury (incisions, abrasion, etc.), surgery, 
thermal or chemical burns. Acute wounds 
generally have a shorter healing time than 
chronic wounds. Chronic wounds often 
occur due to metabolic disturbances caused 
by systemic diseases such as diabetes, vas-
cular insufficiency or obesity. Many deeper 
acute wounds heal imperfectly, leading to 
scar formation at the wound site [3]. To over-
come this problem, many procedures have 
been proposed to fully regenerate the skin.

There is now a major epidemic of diabe-
tes in both the developing world, as well as 
in developed countries. Diabetes is a meta-
bolic disease in which lack of insulin secre-
tion or insulin resistance leads to high blood 
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glucose levels. Diabetics have impaired wound healing 
for a number of reasons including metabolic distur-
bances, poor circulation, neuropathy leading to loss of 
sensation, immune system deficiency and propensity 
to infection. Diabetes is the seventh leading cause of 
death in the USA, and is the single most important 
cause of lower limb amputation. A variety of wound 
dressings have been used for wound healing in diabetic 
wounds, such as collagen, poly(lactic-co-glycolic acid) 
(PLGA) [4], chitosan [5], etc. Venous ulcers are caused 
by impaired blood flow occurring usually in the legs 
due to failure of the valves in the leg veins allowing 
blood to pool rather than returning to the heart [6]. 
The most prevalent dressings that have been utilized 
for venous ulcers are polyurethane (PU) [7], alginate [8], 
collagen [9], chitosan [10] and gelatin [11]. Pressure ulcers 
occur because of the tissue breakdown that occurs 
under constant pressure, which reduces the blood cir-
culation in that area. Wound dressings for pressure 
ulcers are hydrocolloids [12], foams [13] and films [14]. In 
burn wounds, the main goal is to preserve the wound 
area in optimum condition by preventing water loss 
and avoiding infection using hydrophilic materials 
such as hydrogels [15], collagen [16] and peptides [17]. 
Overall, the pore dimension and thickness are other 
factors which should be mentioned in the design of 
wound dressings.

Traditional wound dressing (TWD) was designed 
to just cover the wound and played no active role in 
wound healing and skin regeneration. Recent prog-
ress in wound dressing technology has led to sophis-
ticated materials with various properties such as 
exudate absorbance, elastic substrate that conforms 
to the skin and moisturizing ability. However, even 
these dressings exhibit the same behavior on every 
wound. Nanotechnology enables adjustable features 
to be provided to wound dressings. Nanotechnology-
based wound dressings exhibit behavior that can be 
tailored for each individual wound and can prevent 
the deterioration of chronic wounds [18]. Nanotech-
nology-based wound dressings act as a smart substrate 
in which the release of antibacterial, anti-inflamma-
tory and drug/growth factors (GFs) can be varied in 
response to the wound environment. Pathogenic bac-
teria release secreted virulence factors, such as lipase 
and protease enzymes, that can result in cell death and 
tissue destruction. With nanotechnology, the antimi-
crobial materials can be embedded in nanocontainers 
in which drug release is sensitive to the presence of 
pathogenic bacteria [19]. TWDs enable antibacteri-
als and drugs to be released in response to an actual 
infection, but limits the exposure of noninfected 
wounds to drug doses that may have side effects and 
tissue toxicity [20]. TWDs can therefore respond to 

early indicators of infection and can be engineered to 
change the visible color and act as an ‘early warning 
system’ as well as releasing  anti-infective compounds 
on demand [21].

The ideal wound dressing should have sufficient 
mechanical stability, engineered structure (nanofiber 
[NF], porosity), absorb wound exudate, moisturize 
the wound milieu, allow exchange of gases, and release 
wound healing mediators and antibacterials according 
to the wound requirements (Figure 1). In this review, 
we focus on advanced wound dressing technology that 
incorporates approaches from the field of regenerative 
medicine and nanotechnology.

Skin defects & the healing process
Defects in the skin occur due to many reasons: various 
types of wounds such as acute wounds (surgical, trau-
matic and burns), chronic wounds (diabetic, venous 
and pressure ulcers, [22]; genetic diseases such as lamel-
lar ichthyosis, Vohwinkel syndrome, etc., can cause 
skin defects [23]; the aging process causes some defects 
to skin because of wrinkling, dryness, etc. [24].

Wound healing is a dynamic biologic process 
which has four phases, which are depicted in Figure 2. 
Hemostasis; in this stage blood vessels become con-
stricted then a clot forms due to platelet aggregation 
and degranulation, and activation of the coagula-
tion cascade occurs to form fibrin. Inflammation: 
in this step neutrophils infiltrate the wound site, 
followed by monocytes that differentiate to macro-
phages. Proliferation: in this phase epithelialization 
occurs, angiogenesis takes place, new collagen is 
synthesized and the extracellular matrix (ECM) is 
formed. Remodeling: in this phase, the newly syn-
thesized collagen is remodeled, and the neovascula-
ture matures and regresses. Well-coordinated wound 
healing requires the sequential occurrence of all 
these four stages [25,26]. There are many extraneous 
factors that may affect these phases, thus for better 
wound healing, the negative factors should be elimi-
nated and the positive factors should be fortified. The 
application of external sources of physical energy can 
promote wound healing such as electrical stimula-
tion [27], electromagnetic fields [28], ultrasound [29], 
cold plasma [30], Light Amplification by Stimulated 
Emission of Radiation (laser) [31] and light [32]. Bio-
logic and synthetic wound dressings with and without 
the inclusion of exogenous cells or GFs are useful for 
wound healing and regeneration. Skin autografting is 
a procedure in which the epidermal layer or a full-
thickness layer including the dermis (depending on 
the wound) is surgically transferred from a distant 
donor site to the wound site. Although highly effec-
tive in repairing large skin defects, this approach is 
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Figure 1. Criteria for an ideal wound dressing.
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limited due to restricted availability of suitable donor 
sites. Therefore, other methods are preferred such as 
engineered wound dressings based on nanotechnol-
ogy materials combined with cells or GFs [26,33].

GFs, exogenous cells & biomolecules
GFs are highly specific proteins that bind to cell- 
surface receptors and govern the growth, proliferation, 
migration and differentiation of a wide range of cells. 
Neutrophils secrete interleukins to activate macro-
phages and other immune cells, and FGFs to stimu-
late collagen synthesis and encourage fibroblasts to 
transform into contractile myofibroblasts [34,35]. EGF, 
cytokines, etc., are released by activated platelets [36]. 
Macrophages and keratinocytes release TGFs and 
VEGF that regulate the proliferation of endothelial 
progenitor cells and PDGF which also helps in angio-
genesis [37,38]. In order to increase the concentration of 
GFs in the actual wound, these molecules cannot be 
injected systemically, and must therefore be delivered 
topically into the wound. This wound-specific delivery 
has been accomplished using nano-delivery vehicles 
such as nanoparticles, liposomes, polymersomes and 
scaffolds [39].

Stem cells (SCs) have impressive self-renewal prop-
erties and the ability to differentiate into a wide range 
of cell types. Miscellaneous types of SCs have been uti-
lized for skin regeneration and wound healing such as 
embryonic SCs [40], adult SCs [41], induced pluripotent 
SCs [42], mesenchymal stem cells (MSCs) [43], adipose-
derived stem cells [44], human umbilical cord derived 
SCs [45] and melanocyte SCs [46]. Applying MSCs into 
the wound area increased re-epithelization and helped 
angiogenesis [47]. Embedded adipose-derived stem 
cells within an acellular dermal matrix applied onto 
the wound led to increased wound healing and bet-
ter vascularization [44]. Human-induced melanocyte 
SCs produce hair follicles and epidermal pigment [45]. 
Skin-derived SCs were utilized for regenerating the 
neural cells in the skin that could be damaged in burn 
wounds [48].

Skin aging is an inevitable process of deterioration 
that is affected by extrinsic factors (exposure to UV 
radiation) and intrinsic factors such as accumulating 
oxidative damage. Reactive oxygen species (ROS) and 
free radicals are important factors in the oxidation 
 process which leads to skin aging [49].

There are some important factors that affect both 
the endogenous and exogenous modes of skin aging. 
The molecular mechanisms of the intrinsic (chrono-
logical aging) and extrinsic (photoaging) processes 
have things in common, but there are also differ-
ences. The pathological mechanism of intrinsic aging 
concerns cellular aging, telomere curtailing, DNA/

genetic mutations, oxidative stress and hormone lev-
els [50]. Studies have suggested that ROS is the main 
reason behind photoaging (and to some extent behind 
chronological aging). ROS production arises from 
normal oxidative cell metabolism and causes elevated 
levels of cell damage especially on a cumulative basis. 
MAPKs are activated by ROS and induce the tran-
scription factor c-Jun to hasten skin aging. This pro-
cess results in activation of the important transcription 
factor activator protein 1 (AP-1), which causes expres-
sion of matrix metalloproteinases MMP-1 (interstitial 
collagenase), MMP-3 (stromelysin 1) and MMP-9 
(gelatinase b), and thereby prevention of procollagen-1 
expression [51]. It has been suggested that the expres-
sion of CTGF and TGF-β and the Smad signaling 
pathway affect the expression of type I procollagen in 
intrinsically aged skin [52]. UV-light exposure is the 
main reason behind exogenous skin aging and also 
photocarcinogenesis. Photocarcinogenesis is related to 
the process through which living tissue is exposed to 
illumination (usually sunlight), containing UV radia-
tion which results in generation of free radicals and 
ROS that react with and damage several essential bio-
molecules [53]. Moreover, the absorption of short wave 
UVB by the epidermis assists in formation of pho-
tocarcinogenic cyclobutane pyrimidine dimers and 
6,4-photoproducts that are considered to be the typi-
cal DNA photolesions. It has also been accepted that 
other cellular chromophores (e.g., melanin precursors 
and riboflavin) can absorb UVA light and also gener-
ate ROS, again with negative consequences to DNA, 
proteins and lipids [54].

The mechanisms of the skin defense system against 
oxidative stress are divided into several subgroups 
including: repair systems (e.g., DNA repair system); 
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Figure 2. Different stages of wound healing: hemostasis (top left), in which vascular is constricted, then platelets aggregate, 
degranulate and fibrin is formed; inflammation (top right), in which neutrophil infiltrates, then monocyte infiltrates and 
differentiates to macrophage; proliferation (bottom left), where epithelialization reoccurs, angiogenesis happens, collagen is 
synthesized and ECM is formed; remodeling (bottom right), where collagen is remodeled and vascular matures and regresses.
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prevention mechanisms (e.g., prevention of the pro-
duction of reactive ROS); physical defenses (e.g., stabi-
lization of biological sites, steric interface); antioxidant 
defense (e.g., enzymes, scavengers). Antioxidant (AO) 
defenses are the most important mechanism which 
interact with ROS and inactivate free radicals. AOs are 
classified into two subgroups: low molecular weight 
antioxidants and enzymes. Low molecular weight anti-
oxidants donate electrons and quench the ROS [55]. 
Regular wound healing physiology requires a low con-
centration of ROS for its optimal function, yet not in 
sufficient quantity or for such a prolonged period to 
cause oxidative stress. By contrast, the use of an AO 
can help promote the healing process by decreasing the 
damage through consumption of oxygen radicals and 
oxidative stress [56,57].

Preventing oxidative stress results in more healthy 
skin. Skin has some naturally occurring AO mol-
ecules which play a role in reducing oxidative stress 
like tocopherols [58], ascorbate [59] and superoxide dis-
mutase [60]. Honey [61], vitamins A [62], E [63], C [64], 
D [65] and selenium derivatives [66] can all act as exog-
enous AOs. Direct topical application of these sub-
stances (either individually or in combination) could 
be done periodically, but incorporation into engineered 
dressings or immobilization into scaffolds will result in 
controlled release and better regulated healing.

Therapy methods
Wound dressings
A typical wound dressing is used as a protection for the 
wound, preventing dehydration and infection. There 
are various types of wound dressings available com-
mercially (Figure 3).

Wound dressings are used as a supporting structure 
for the wound and to immobilize and protect it. The 
ideal wound dressing should have the correct mechani-
cal features, protection against bacteria, maintenance 
of the right level of moisture in the wound, gas/fluid 
permeation characteristics, nontoxic/nonallergenic 
properties, good handling characteristics, etc. The cor-
rect dressing type should be chosen for each wound 
type (such as diabetic, venous, pressure ulcers, burn, 
surgical and traumatic, etc.) which can either be exu-
dative or dry. Commercial dressings are usually avail-
able in the form of hydrogels, hydrocolloids, hydrofi-
bers, alginate dressings, collagen dressings, foams and 
films [22]. Other types of dressings contain cells and 
GFs such as Apligraf® (Organogenesis Inc., MA USA), 
which is manufactured from human neonatal kerati-
nocytes and fibroblasts. The materials used to make 
a wound dressing can be classified as either natural or 
synthetic. Chitosan, alginate and collagen are all natu-
rally occurring polymers, which have a structural ele-
ments in common with normal ECM, thus they offer 
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good cell attachment and preserve cell viability. On the 
other hand, the properties of synthetic polymers such 
as PUs can be tailored to provide the optimum physical 
features for different wound dressings [67,68]. In Table 1, 
the various synthetic commercially available dressings 
are summarized with their pros and cons.

Low-power light therapy
Photobiomodulation (PBM) or low-level laser (light) 
therapy involves the use of nonthermal levels of red or 
near infrared (NIR) light to stimulate tissue repair and 
improve healing [69]. Lasers and light-emitting diode 
(LEDs) are both medically used in PBM. The red/
NIR wavelengths can penetrate into tissue [70], where 
they stimulate mitochondrial respiration and trigger 
transcription of new gene products [71]. Low-level laser 
(light) therapy has been used for wound healing since 
the 1960s [72], but recently the term PBM was inter-
nationally adopted [73]. Nowadays, high-frequency 
pulsed low-power diode lasers have been used due to 
their better penetration. PBM accelerates epitheliali-
zation, wound healing, reduces pain and hastens the 
resolution of inflammation [70,74]. In vitro studies have 
demonstrated that LED and lasers have a similar effect 
on cells. In vivo wound healing studies have shown 
fewer inflammatory cells, increased angiogenesis, more 
collagen production, proliferation of fibroblasts, endo-
thelial cells and keratinocytes and better development 
of granulation tissue. Silveira et al. [75] compared laser 
and LED for burn wound healing. Results showed that 
the laser and LED both decreased inflammation and 
ROS, producing less dermal necrosis, and formation of 
granulation tissue was accelerated.

Ultrasound & shock waves
Ultrasound (US) is mechanical vibration at a frequency 
higher than the human hearing range. The vibrations 
of a mechanical transducer produce an acoustic wave 
that can travel through tissue. Low-intensity pulsed 
US (LIPUS) has previously been used in tissue engi-
neering [76], and is often used for healing of bone 
fractures [77]. Iwanabe et al. investigated LIPUS for 
wound healing in an in vitro model [78]. Their results 
indicated that the LIPUS could accelerate the closure 
of a scratch in cell cultures, increase the proliferation 
of gingival epithelial cells and regulate mRNA and 
protein expression. Several research groups have used 
low-intensity US for third-degree burn wound heal-
ing in rats. In a study by Fantinati et al. [79], LIPUS 
had impressive effects on inflammation, proliferation, 
and enhancedgranulation tissue by promoting the for-
mation of fibrin-leukocyte crusts. On the other hand, 
it was not so effective in improving angiogenesis and 
mononuclear inflammatory infiltration. In another 

study, LIPUS treatment showed some improvement in 
body weight and granulation tissue formation, but no 
difference in the wound healing of burns in rats [80].

A somewhat related intervention, is the application of 
extracorporeal shock waves (ESW). These are abrupt, 
high amplitude pulses of mechanical energy, generated 
by an electromagnetic coil and applied through a pad 
onto the skin. Originally developed to treat kidney 
stones (shock wave lithotripsy), ESW is now widely 
applied in physical therapy for fractures, tendinopa-
thies and wound healing [81]. A clinical study used two 
ESW therapy sessions in 15 patients with <5% total 
body surface area deep partial/full thickness burns, on 
the third and fifth day after injury [82]. A total of 80% 
of the burns healed by 3 weeks; while 15% required 
surgical debridement and grafting and 5% developed 
hypertrophic scarring. After one ESW session, burns 
had a significant increase in perfusion as shown by 
laser Doppler imaging. Another clinical study reported 
on 23 patients with chronic diabetic ulcers who were 
randomized to receive a series of six ESW treatments 
over 3 weeks in combination with standard care or 
standard care alone [83]. ESW therapy was performed 
using 250 shocks/cm2 and 500 shocks on arterial beds 
supplying the ulcer location. Transcutaneous oxygen 
tension was significantly increased in patients treated 
with ESW therapy compared with controls. Ulcer area 
reduction was 34.5% in the intervention group versus 
5.6% in the control group at 7 weeks.

Electricity
Several different types of electrical stimulation (ES) 
have been described for medical applications, includ-
ing direct current (DC), alternating current, high-
voltage pulsed current and low-intensity direct cur-
rent, pulsed electromagnetic field and transcutaneous 
electrical nerve stimulation [84]. Electrical stimulation 
increases chemotaxis, cell-based immunity, vascular 
perfusion, resistance to infection, epithelial migration/
orientation and improves wound healing [84]. Rouab-
hia et al. showed that not only did ES has no harmful 
effects on fibroblasts (such as cytotoxicity) but ES also 
stimulated fibroblast growth and migration, GF secre-
tion and boosted the fibroblast to myofibroblast trans-
differentiation [85]. It has been reported that, pulsed 
DC ES causes better wound healing than constant DC 
ES. Moreover, the application of ES was beneficial for 
stage III and IV pressure ulcers rather than stage II 
ulcers [86,87].

Plasma
Plasma is a gaseous mixture of negatively charged elec-
trons and highly charged positive ions, and has been 
called the ‘fourth state of matter’. Incipient plasma 
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Figure 3. Types of commercially available synthetic 
wound dressings.
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(temperature above 80°C) is formed by laser ablation 
of aluminum in air, and has been used for sterilization, 
tissue removal, cutting, etc. On the other hand, cold 
atmospheric plasma (CAP) has been widely utilized 
for antimicrobial activity, regenerative medicine and 
morphogenesis. CAP can be produced by an electric 
discharge between two electrodes in a flowing stream 
of gas (argon for instance). CAP has been shown to 
stimulate keratinocytes and fibroblasts and alter their 
migration [88,89]. Pathogens are especially vulnerable to 
CAP and resistance has not been reported [90]. CAP 
was tested for wound healing in diabetic rats and stim-
ulated epidermal layer formation, cell proliferation, 
neovascularization and increased levels of TGF- β1 
cytokine [91]. Regulating the dosage of CAP is essen-
tial, as optimum dosage promotes wound healing, 
while an excessive dosage causes cell necrosis/apoptosis 
and hinders wound healing [92].

Advanced wound dressings
A proper scaffold for wound dressings should have 
good mechanical features, suitable biocompatibility 
and appropriate structure to provide the best con-
dition for cells (Figure 5). Different morphologies 
of the scaffold (fiber, foam, etc.) have been used for 
skin regeneration. Table 2 lists some advanced wound 
 dressingfeatures from a nanotechnology perspective.

Nanofibers
The structural zones of the dermis are divided into 
three subgroups: a papillary layer with delicate fibers 
in the 0.3–3 μm width range, which are juxtaposed 
with the epidermis; a mid-zone composed of a dense 
layer of concentrated fiber bundles (aligned fine fibers) 

in the 10–40 μm width range; and a deep-zone with a 
broad range of fiber bundles. It has been reported that 
the collagen in the dermis forms ‘basket weave’ like 
structures with vertical collagen fibers crossing each 
other at 90° angles [93]. Various techniqueshave been 
used to artificially fabricate such basket weave struc-
tures from soluble collagen, including electrospinning, 
braiding [94] and 3D printing [95]. The fibrous structure 
of the skin ECM results in better compatibility, with 
NFs, and collagen fibers occupying the dermal matrix. 
Therefore, ECM-based NFs can recapitulate the skin 
due to their structural and compositional resemblance 
to the natural structure [96]. Core-shell polylactic acid 
(PLA)-aceclofenac and PLA-insulin eluting PLGA 
fibers exhibited reduced epidermal hyperplasia and 
increased the migration of skin cells [97]. It is considered 
desirable for the NFs composing the dressing to mimic 
as closely as possible the fibers making up the ECM, 
which is the basic biological material upon which the 
cells survive and grow. Structural features such as a 
high surface to volume ratio, high porosity and bet-
ter alignment result in biomimicking to encourage cell 
growth, proliferation and differentiation. Moreover, 
NFs due to their sieve effect with nanopores, ham-
per the penetration of exogenous bacterial and fungal 
cells [20]. Pristine NFs promote hemostasis and trigger 
skin regeneration, moreover they can help to reduce 
the scar due to their structural alignment with the 
newly formed collagen fibers [98]. It is noteworthy that 
NFs exhibit a dynamic interaction with the wound 
milieu; thus, properties of the NFs such as alignment, 
diameter, chemistry, loaded drug/GF/antibacterial, all 
affect the healing process [99]. The NFs are usually fab-
ricated using electrospinning, phase separation or self-
assembly. Electrospinning is a simple method in which 
high voltage is applied to the polymer solution and the 
fibers are formed on the collector. FGFs are often used 
for wound healing, however, during the electrospin-
ning process these biomolecules were damaged because 
of high voltage involved. Overcoming this drawback, 
the fibers of PLGA were fabricated by electrospinning, 
then FGF was subsequently coupled to the fibers by 
polydopamine, thus the FGF preserved its activity [100]. 
It was hypothesized that use of the blend/emulsion 
electrospinning method could prevent the degradation 
of biomolecules by using another molecule as a shield. 
In this method, an emulsion of water soluble/nonwa-
ter soluble molecules disrupts the thermodynamic sta-
bility during the process. Bovine serum albumin was 
used as a carrier and protectant of biologically active 
molecules including vitamin C, hydrocortisone, insu-
lin, triiodothyronine, EGF and dihydroxyvitamin D. 
The mixture was electrospun with PLGA/collagen and 
the release of biomolecules from the fibers stimulated 
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proliferation of keratinocytes and human dermal fibro-
blasts [101]. Different nanoparticles were used in scaf-
fold construction such as ZnO, nanoceria, Ag, TiO

2
, 

Cu, Fe
3
O

4
, Al

2
O

3
 and SiO

2
. All of these nanoparticles 

have antibacterial properties. ZnO also has an anti-
oxidative property which enhances the wound healing. 
Embedded ZnO nanoparticles in polycaprolactone 
fibers gave increased cell adhesion, fibroblast prolifera-
tion and improved wound healing [102]. Metals of the 
lanthanide group have been utilized in regenerative 
medicine. Nanoceria is an ROS scavenger material, 
moreover, it stabilizes HIF-1α expression that causes to 
stimulate angiogenesis via upregulation of VEGF and 
modulates the oxygen level in the wound by gene regu-
lation [103,104]. Nanoceria/PU/cellulose acetate fibers 
were used for wound healing which exhibited anti-
bacterial properties due to the release of free cerium 
ions [105]. Silver exhibits antimicrobial and antibacte-
rial properties and combats wound infections. Silver/
nanosilver has been embedded in various fibers to 
impart antimicrobial activity [106,107]. Wu et al. depos-
ited silver nanoparticles onto bacterial cellulose using a 

self-assembly process, which led to the toxicity of the 
nanoparticles being decreased, while they still retained 
antibacterial properties [108]. Iron oxide nanoparticles 
added to poly(ethylene oxide)/poly(vinyl pyrrolidone) 
fibers showed antimicrobial properties and prevented 
the growth of Gram-positive and Gram-negative bac-
teria [109]. Gold nanoparticles have been used as a car-
rier for other molecules such as alpha lipoic acid and 
epigallocatechin gallate that act to regulate inflamma-
tion and angiogenesis. Gold nanoparticles control the 
production of ROS and show AO properties [104]. Sur-
factin (an antimicrobial lipopeptide) and 1-dodecane-
thiol were deposited on gold nanodots and displayed 
synergistic antimicrobial properties, superior biocom-
patibility, better epithelialization and collagen depo-
sition [110]. Bio-activated plasma-treated electrospun 
fibers based on polycaprolactone (PCL)/olfactomedin-
like 3 (Olfml3) proteins were fabricated in which the 
PCL provided a 3D environment and Olfml3 caused 
cellular migration and endothelial cell attachment 
(especially in the remodeling stage) [111]. Cell-seeded 
NFs have been widely utilized in dermal/epidermal 

Table 1. Synthetic commercially available dressings and their pros and cons.

Wound 
dressing

Material Application Advantage Disadvantage Company/
brand name

Hydrocolloid Bilayer structure 
Inner layer: 
gelatin, pectin, 
carboxymethyl 
cellulose, elastomers 
Outer layer: 
waterproof layer

Low or medium 
exudative wound: 
pressure, diabetic 
wounds

Could be removed 
without pain, 
maintains the wound 
moisture, adheres to 
the dry and humid part

Not suitable for high 
exudation wounds. 
Useless for infection 
wound and necrotic 
tissues

3M, 
Tegaderm, 
comfeel

Hydrogel Methacrylates, PVP, 
gelatin, pectin, 
chitosan

Chronic dry wound (low 
humid), wound with 
necrotic tissue, medium 
or deep wounds: low 
burning, pressure and 
abrasion wounds

Provides a humid 
environment, cools 
the wound and lowers 
pain. Useful for 
necrotic and infectious 
wounds

Dehydration, low 
absorbance

Aquaclear, 
purilon gel, 
hypergel 
sterigel

Alginate Sodium/calcium 
alginate salts

High and medium 
exudative wound, 
deep wound: diabetic, 
pressure, abrasion, 
venues, burning type II

Provides a humid 
environment, low 
allergic feature, useful 
for necrotic and 
infectious wounds

Dehydration, 
periodic control for 
deep wound

Algisite, 
Algoderm, 
Sorbsan

Foam Silicone or PU foam High and medium 
exudative wound, 
diabetic, pressure, 
abrasion, venous, 
burning type II

Insulates heat and 
warms the wound, 
make pressure for 
venous ulcer

Allergic for delicate 
skin, useless for the 
dry and infectious 
wound

Allevyn, 
Lyfoam, 
Tegafoam

Semi-
permeable 
film

Transparent and 
semi-permeable PU

Used as a second layer 
for hydrogels and 
foams, nonexudative 
wound: surgical wound

Waterproof layer, 
permeable to oxygen, 
vapor. Barrier against 
infections

Useless for bloody/
high exudative, 
necrotic, infectious 
wound

Tegaderm, 
hydrofilm, 
polyskin

PU: Polyurethane; PVP: Polyvinylpyrrolidone.
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Figure 4. Various therapeutic methods which have been utilized for skin regeneration.
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and full-thickness skin regeneration. 3D electrospun 
NFs can enhance the cellular activity, for example, 
infiltration and proliferation for dermal regeneration. 
The ECM secretion by human dermal fibroblast indi-
cated that 3D NFs facilitated the regeneration [112]. 
Human adipose-derived SCs were seeded on the bas-
ketweave structurally aligned NFs, which exhibited 
good cell proliferation and well-organized distribution, 
thanks to their nanotophographic surface [95]. Overall, 
3D NFs, due to their ECM-like structure, can enhance 
the cell infiltration leading to better tissue integration 
and neovascularization after implantation.

MSCs seeded on NF substrates are promising for 
regeneration; these are good examples of nanotechnol-
ogy and regenerative medicine combined in wound 
healing. MSCs participate in all stages of healing; for 
instance stimulating the vascularization in granulation 
tissue, enhancing keratinocyte migration and ECM 
synthesis, moreover MSCs have antimicrobial proper-
ties because of antimicrobial protein secretion [113,114]. 
Direct injection of MSCs into tissue suffers a draw-
back of excessive cell apoptosis, while NF-seeded 
MSCs facilitate cell attachment, proliferation and 
 differentiation.

Hydrogels
Hydrogels are a 3D network composed of polymer 
strands, which can contain up to 1000-times their 
own weight of water. The 3D structure of the hydrogel 
is suitable for cell seeding and enhances the cellular 
activities, such as cell migration and ECM deposition. 
Hydrogels act as a barrier against bacteria and micro-
organisms, absorb exudate, provide a moist environ-

ment and can cause hemostasis. In general, hydrogels 
decrease the temperature, reduce pain and promote 
fibroblast proliferation, keratinocyte migration and 
wound re-epithelialization and lessen scar contracture. 
Nanostructured hydrogels with a biologically relevant 
pore size (around 100 nm) can prevent the bacteria 
penetration, but still allow the passage of nutrients and 
biomolecules [115]. Moreover, cellular response depends 
on pore size and void fraction, both of which can con-
trol the rate and depth of cellular ingrowth. Canine 
dermal fibroblasts (DmFb), vascular smooth muscle 
cells and micro-vascular epithelial cells are examples 
of cells with suitable cell sizes so their response was 
evaluated. It was concluded that 75% void fraction was 
not suitable for tissue formation, where a thin endo-
thelial lining formed on the scaffold with pore sizes 
<38 μm [116]. Addition of particles, biomolecules, GFs 
and cells increase the wound healing properties of 
hydrogels. A ZnO/chitosan composite hydrogel was 
utilized as a wound dressing which accelerated wound 
healing, re-epithelialization and collagen production; 
moreover, cells seeded on the hydrogel exhibited good 
attachment and penetration into the scaffold [117]. 
Loa et al. synthesized a peptide self-assembled nano-
fibrous hydrogel which promoted both epithelial 
and dermal regeneration (without GFs) in burn 
wounds [118]. In addition, it had antibacterial and anti-
inflammatory properties. Paladini et al. synthesized a 
self-assembling di-phenylalanine hydrogel containing 
silver which showed good antibacterial properties [119]. 
In another investigation an ultra-short peptide was 
self-assembled in the hydrogel and cross-linked by 
disulfide bonds to produce a transparent dressing thus 
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the wound could be observed over time. It promoted 
re-epithelialization and wound healing [120]. Linear 
and branched polyethylenimine cross-linked onto 
gelatin fibers exhibited microbicidal properties and 
could eliminate bacteria and yeasts by rupturing their 
cytoplasm membrane [121]. Diacrylate poly (ethylene 
glycol) and heparin were cross-linked to form a bio-
compatible hydrogel in which EGF was loaded. It had 
good mechanical properties, water absorbance, perme-
ability for vapor and encouraged wound healing [122]. 
Soy protein loaded with gentamicin in a dressing was 
synthesized using glyoxal/l-cysteine as cross-linkers 
and glycerol/sorbitol as a plasticizer. Soy protein is low 
cost, stable and has a good storage time, and in addi-
tion it is derived from nonanimal origins. Mechani-
cal properties and water uptake were affected by type 
and amount of cross-linker and plasticizer. The desir-
able water vapor evaporation was tailored for a suit-
able evaporation rate of around 2300 g/m2/day. The 
release mechanism was diffusion. It was suggested that 
this dressing was appropriate for burn wounds [123]. 
Hydrogels based on oligomeric peptides self-assembled 
in aqueous media such as nanostructured hydrogel 
are pH-sensitive and thermo-sensitive. These types of 
nanostructured hydrogel can be used as scaffolds for 
drug/GF delivery [124]. Drug/GF hydrogels can accel-
erate wound healing. FGF-2-loaded photo-crosslinked 
chitosan-stimulated wound healing, wound closure, 
granulation and epithelialization [125].

PU-based wound dressings
PU is a versatile polymer which is used in various 
applications such as the packaging industry, electronic 
industry, medical applications, etc. PU is formed by 

reaction of di/poly/isocyanates, di/polyol/esters and a 
chain extender. Diols and diisocyanate form the soft 
and hard segments, respectively. Interaction of each 
segment by itself forms domains (soft and hard) which 
provide the unique properties of PU such as the elas-
tomeric feature formed by interaction between these 
domains. PU can be fabricated into miscellaneous 
morphologies such as elastomer, foam, thermoplas-
tic, fiber, etc. [126]. PU is highly practical in wound 
dressings because of its tailorable properties such as 
mechanical strength, water absorption, moisture regu-
lation and vapor permeation. Adding nano-platelets of 
graphene oxide to a PU/siloxane membrane improved 
the mechanical stability, allowed tunable absorbance 
of exudate (due to the hydrophilic/hydrophobic 
behavior) and introduced an antibacterial property 
to the wound dressing. Dressings with nano-platelet 
graphene oxide (GO) resulted in better vasculariza-
tion, re-epithelization (due to controlled moisture) and 
improved collagen regeneration compared with the 
non-GO counterpart [127].

Azidophenyl-modified fish gelatin was photocured 
by UV light on PU foam for protein release to improve 
wound healing [128]. A rapid hemostatic-enabled 
wound dressing was synthesized based on PU-urea 
(PUU) which coagulated blood rapidly and promoted 
wound healing. PUU exhibited better mechanical 
properties and hydrophilicity than PU alone, due to 
the urea hydrogen donors which allowed hydrogen 
bonding. PUU had better and more rapid water absor-
bance, and as a result, coagulation occurred as soon 
as water absorbance [129]. Polyethylene glycol (PEG) 
is one of the useful polyols used as a soft segment in 
PU synthesis because of its biocompatibility, low tox-
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icity and elasticity [130]. PLA was used to synthesize 
PU and improved the PU mechanical features but 
reduced the water-uptake. The usage of a mixture of 
PLA/PEG as a polyol exhibited the desired mechanical 
properties, resilience and water absorption [131]. Poly 
(ε-caprolactone)/PEG yielded thermo-sensitive PU 
which was able to provide controlled drug release [132]. 
A mixture of PEG/glycerol ethoxylate (GE)/pluronic 
was used as the polyol in a PU foam hydrogel syn-
thesis. The mechanical and thermal properties were 
tailored by varying the PEG segmental length and plu-
ronic concentration. A long segment of PEG loaded 
with ciprofloxacin exhibited better antibacterial prop-
erties. Moreover, samples showed an initial burst of 
drug release which was necessary for prevention of 
 infection [133].

Antibacterial/antimicrobial nanoparticle/
vesicles embedded in wound dressings
Pathogenic bacterial species which are abundant in 
acute and chronic wounds include Staphylococcus 
aureus, Pseudomonas aeruginosa and Acinetobacter bau-
mannii. The quaternary amine poly-diallyl-dimethyl-
ammonium chloride was attached to PU foam using 
a ‘dip and dry’ technique bonded by dehydration. 
The dressing exhibited good antibacterial proper-
ties and inhibited bacterial biofilm formation [134]. 
Zhou et al. synthesized an advanced wound dressing 
in which an encapsulated antimicrobial (sodium azide) 
was immobilized in vesicles contained in a nonwoven 
plasma-treated polypropylene mat [19]. The antimi-
crobial material was released when the vesicles came 
into contact with pathogenic bacteria. The pathogenic 
bacteria ruptured the vesicle; while on the other hand, 
nonpathogenic bacteria were inert to the vesicles. Bac-
teria-responsive vesicles were used to detect the infec-
tion in an early stage, by employing a dye (fluorescein) 
encapsulated in the vesicles. After vesicle rupture when 
it contacted the pathogenic bacteria, the wound dress-
ing color changed, thus, the color change was an alert 
for bacterial infection [21]. Nanotechnology can assist 
in material design to endow a tunable antibacterial 
property to self-assembled polymers, by modification, 
nanoprecipitation and allow loading of antibacterial 
materials into the nanopolymer [135]. Figure 6 illustrates 
the mechanism of the bacterial-responsive wound 
dressing. In some cases, light-activated drugs (photo-
sensitizers) can be used to eradicate the bacterial infec-
tion and overcome bacterial resistance; photodynamic 
inactivation produces ROS in a photochemical reac-
tion between the excited state of the photosensitizer 
and ambient oxygen. These ROS are able to kill all 
known microbial cells without damaging the under-
lying tissue. The photosensitizers can be incorporated 

into various nanoparticles such as titania, chitosan 
and silver which can potentiate the photodynamic 
 inactivation process to kill the microbes [136].

Oxygen-generating scaffolds have been used for tis-
sue regeneration to improve cell proliferation, immune 
response and new collagen formation. Low levels of 
oxygen tension in the wound result from impaired 
perfusion typical of chronic ischemic wounds. A 
novel wound dressing based on oxygen-generating 
materials (sodium percarbonate/calcium peroxide) 
that delivered oxygen through microchannels in the 
dressing exhibited promising effects on wound heal-
ing such as re-epithelization, neovascularization and 
collagen reconstruction. The in vivo tests in a porcine 
model demonstrated rapid wound healing using these 
 oxygen-generating materials [137–139].

Emerging advanced wound dressings
An adhesive wound dressing that is used postopera-
tively should have the correct adhesive properties to the 
wound surface, if it sticks too strongly to the wound 
it may damage the stratum corneum or healthy skin 
surrounding the wound, but if it sticks too weakly it 
is useless. In one study it was shown that self-adhesive 
PU foam with silicone adhesive produced less damage 
to the wound compared with hydrocolloid and PU 
foam with acrylic adhesive [140]. Yoon et al. synthesized 
sprayable wound dressings for diabetic wound healing 
based on a gelatin hydrogel in which chemokines were 
incorporated to attract host cells. [141]. The treated 
hydrogel exhibited better epithelialization, vascular-
ization and collagen deposition. The control of acute 
hemorrhage is a critical issue, therefore Dowling et al. 
synthesized a sprayable foam to control bleeding with-
out compression based on hydrophobically modified 
chitosan [142]. Annabi et al. synthesized sprayable, 
elastic and antimicrobial wound dressing based on 
methacryl oylated elastin (GelMA) which could be 
used for suture-less wound closure to reduce infection 
and enhance chronic wound healing [143].

Conductive polymers (CPs) promote protein absor-
bance, and hence cell attachment, proliferation and 
migration on the substrate; all of which can be enhanced 
using conducting polymers [144]. Tissue-engineering 
scaffolds should imitate the normal cell behavior to 
provide the optimum interaction with tissue. Scaf-
folds that effectively mimic the biological properties of 
ECM combined with the ability to conduct electricity 
can guide tissue to regenerate properly [145–147]. Con-
ductive/electroactive biocompatible scaffolds promote 
cell growth, proliferation and differentiation with or 
without ES [148]. CPs such as polyaniline, in addi-
tion to their conductivity, exhibit antibacterial and 
antimicrobial features [149,150]. CPs usually have been 
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utilized with biocompatible/biodegradable polymers 
such as chitosan [151]. Electroactive-engineered PUs 
based on PEG, castor oil, ricinoleic methyl ester and 
aniline oligomer combine conductivity along with tai-
lored properties such as suitable water absorption and 
mechanical stability showed good antibacterial/anti-
microbial features and promoted collagen deposition, 
vascularization and improved wound healing [152,153]. 
Electroactive injectable, self-healing hydrogels with 
antibacterial, AO and hemostasis features were synthe-
sized based on chitosan/poly(ethylene glycol)-co-poly 
(glycerol sebacate) with tunable pore size, gel time, 
adhesiveness and stiffness, and promoted the wound 
healing process in a full-thickness skin defect model. 
Chitosan, due to its inherent nature, acts as an antibac-
terial, while the polymer exhibited a radical scavenging 
feature endowed with AO properties to the dressing. 
The major GFs involved in wound healing process 
are EGF, TGF- β and VEGF. The EGF plays a vital 
role in early stage of healing with fibroblast activation 
increment and joints dermal and epidermal intervals. 
ECM regulation and cell proliferation depend on 
TGF-β. VEGF controls pathways such as angiogenesis 
and re-epithelization. The expression of EGF, TGF-β 
and VEGF were enhanced utilizing electroactive 
 substrates [154–157].

Photosensitive semi-conductive polymer NFs based 
on poly(N,N-bis(2-octyldodecyl)-3,6-di(thiophen-2-
yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione-alt-
thieno[3,2-b]thiophene) and PCL showed low cyto-
toxicity and high optical absorbance in the red and 
NIR spectral region was utilized for evaluating the 
combination effect of electrical and light stimulation. 
The results showed better cell proliferation and colla-
gen deposition which produced improved wound heal-
ing [158]. A collagen-elastin scaffold was used for skin 
regeneration. Pore size and cross-linking density had 
a significant effect on the scaffold function. Pore sizes 
around 80–100 μm showed the best effect on wound 
healing. A larger pore size around 120 μm caused 
more myofibroblast infiltration and presence of giant 
cells in a foreign body response. Vascularization and 
myofibroblast numbers showed no change with cross-
linking density. However, increasing the cross-linking 
density resulted in lower proliferation of fibroblasts. 
Overall, a high cross-linking density decreased the 
 wound-healing process [159].

Sericin is a protein produced by silkworms and 
together with fibroin makes up silk fibers. Sericin has 
excellent properties such as antibacterial, UV resis-
tance, oxygen permeability which makes it useful for 
wound healing. Sericin/PVA/glycerin scaffolds were 
fabricated using a salt-leaching process which is a sol-
vent-free and time/cost effective method. Compared 

with a lyophilized sample, the salt-leached sample 
had larger interconnected pores showing accelerated 
biodegradation and faster sericin release from the 
scaffold. Salt-leached scaffold had lower adhesion to 
the wound meaning its removal was straightforward 
without pain. The salt-leached sample exhibited bet-
ter proliferation of fibroblast cells compared with the 
freeze-dried counterpart [160]. A gelatin/chitosan salt-
leached scaffold was investigated in which human 
fibroblast dermal cells had been embedded in a tissue-
engineering approach. The use of gelatin resulted in 
efficient cell attachment, proliferation and growth; 
moreover the interconnectivity and uniformity of the 
pores were beneficial for the wound healing process. 
In vivo evaluation showed that the scaffold increased 
 epithelialization and skin regeneration [161].

Another fabrication method which has been used in 
wound dressing preparation is phase inversion. Super-
critical carbon dioxide assisted phase inversion was 
used for preparation of poly(vinyl alcohol)-chitosan 
asymmetrical membranes. Tunable properties such 
as mechanical strength, hydrophilicity and morphol-
ogy could be achieved by this technique. This dressing 
was capable of maintaining moisture levels, absorbing 
exudate, exchanging gases and preventing microor-
ganism penetration [162]. Asymmetric polyurethane 
membranes can be fabricated using phase inversion. 
Compared with conventional commercial PU, asym-
metric polyurethane membranes had better moisture 
maintenance, exudate absorption and gas circula-
tion [163]. The laser excimer technique can create uni-
form morphology such as pore size/shape but the pore 
 interconnectivity can be low [164].

Silk fibroin combined with PLGA was utilized to 
fabricate wound dressings via thermally induced phase 
separation which resulted in a highly porous scaffold 
with excellent pore interconnectivity, water uptake, 
moisture vapor transport rate and exudate absor-
bance [86]. The scaffold properties can be tailored by 
controlling the factors in the manufacturing process 
such as temperature, composition, concentration and 
quenching time [165]. A chitosan scaffold was fabri-
cated by mechanical foaming and thermally induced 
phase separation with 120-μm pore size and tunable 
mechanical properties with a compressive modulus in 
the range of 2.6–25 kPa, thus it can be tailored for soft 
tissue engineering [166].

Lee et al. synthesized a hydrocolloid dressing by dis-
solution of styrene-isoprene-styrene mixed with car-
boxymethyl cellulose and silk fibroin nanoparticles [167]. 
Kim et al. synthesized an NF-based hydrocolloid dress-
ing based on PU and carboxymethyl cellulose [168]. 
Jin et al. synthesized a hydrocolloid dressing via hot 
melting of styrene-isoprene-styrene mixed with poly-
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Figure 6. Bacterial-responsive nanostructured wound dressings.
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isobutylene (and different types of polymers) providing 
better swelling, bio-adhesion and mechanical strength 
than a conventional sodium alginate  mixture [169,170].

Bio-printing is a promising new technology that has 
recently attracted much attention because of its unique 
attributes. Bio-printed scaffolds can better mimic natu-
ral organs and tissues thus accelerating regeneration. 
Materials which are utilized in bio-printing should 
have proper biocompatibility and rheological proper-
ties to encapsulate cells and form a 3D structure. These 
materials are often called ‘bio-ink’. Regarding these 
features, material choosing is limited. The majority 
of materials used as bio-inks are polymers, especially 
naturally occurring polymers such as collagen, algi-
nate, hyaluronic acid, gelatin, chitosan, etc. [171]. Poly-
peptides are often used due to their intrinsic features 
such as the ability to tailor their mechanical properties, 
stimuli-responsive gelation and good biomimicking of 
the ECM, which makes them a suitable bio-ink [172]. 
Liu et al. fabricated a gelatin-alginate 3D bio-printed 
scaffold which promoted the wound healing process by 
increasing granulation and formation of scar tissue [173]. 
Ree et al. evaluated the features of a carboxymethyl-
ated-periodate nanocellulose 3D-printed dressing [174]. 
It was found that the rheological properties of carboxy-
methylated-periodate nanocellulose meant that it was 
a suitable bio-ink with additional antibacterial activ-
ity. Some bio-printed and solvent-cast chitosan/gelatin 
films were compared as a wound dressing. Bio-printed 
film had better mechanical strength because of the seg-
mental alignment and closely packed polymer chains. 
On the other hand the water vapor transmission rate 
and water uptake of the cast film were higher because 
of its random structure which caused wound dehydra-
tion. Bio-printed film exhibited better bio-mimetic 
 properties making it suitable for wound dressings [175].

Exosomes are cell-derived vesicles (diameter 
between 30 and 100 nm) that are released from cul-
tured cells and can be recovered from the culture 
medium. Exosomes are released from the cell when 
multivesicular bodies fuse with the plasma membrane 
and contain various proteins, mRNA molecules and 
microRNAs. These matrix-bound nanovesicles were 
reported to be present in ECM-derived bioscaffolds. 
Matrix-bound nanovesicles can interact with host cells, 
causing macrophage activation and neuroblastoma cell 
differentiation [176]. MSCs implanted into wounds 
interact with the wound environment by paracrine 
interactions, promoting secretion of GFs and stimula-
tion of host cells. They can accelerate wound healing 
by modulating inflammation, collagen regulation, dif-
ferentiation, angiogenesis, etc. [177–179]. It was reported 
that exosomes released from SCs accelerated cutaneous 
wound by accelerating collagen deposition and angio-
genesis [180]. MSCs seeded on silk fibroin-chitosan 
exhibited better wound healing by differentiation to 
fibrovascular, epithelial and endothelial cells [181]. Exo-
somes derived from SCs embedded in a chitosan scaf-
fold exhibited a controlled release profile that enhanced 
epithelialization and angiogenesis [182].

Conclusion & future perspective
Skin has an important role in the body because it acts 
as a barrier against the external environment and pro-
tects the internal organs from water loss, infection and 
disease. Skin problems such as wounds and structural 
defects have attracted attention to allow the skin to 
regenerate as rapidly as possible without causing unde-
sirable scarring. Skin defects occur because of genetic 
defects, diseases and traumatic accidents. Various 
energy-based modalities have been used for wounds 
such as laser and plasma therapy or the use of ES. 
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Drug therapy per se has not been much used for wound 
healing, but biomolecules such as GFs can be topically 
applied for wounds provided a suitable delivery vehicle 
can be devised.

Regardless of which medical therapies are chosen, 
the exposed area of the wound should be covered with 
a suitable material generally called a ‘wound dressing’. 
In this review, various wound dressings and their fab-
rication methods have been summarized. The most 
important factors that should be addressed in wound 
dressing design are biocompatibility, noncytotoxicity, 
mechanical strength (in both the wet and dry state), 
water uptake, water vapor evaporation rate, gaseous 
permeation ability, barrier against microorganisms, 
capacity to absorb exudate, intrinsic antibacterial/anti-
microbial properties and appropriate levels of wound 
adhesion. The optimum wound dressing functionality 
is likely to combine different materials such as poly-
mers and minerals. For example, polymers such as PU 
provide a proper environment for the wound, while 
minerals such as silver and ZnO provide antibacterial 
features to the dressing.

In recent years the nanotechnology revolution has 
impacted all areas of human life. The influence that 
nanotechnology has had on medical therapies has been 

loosely termed ‘nanomedicine’. In the field of wound 
dressings, nanodimensional materials have special 
roles to play in several different areas. The high sur-
face area to mass ratio characteristic of nanomaterials 
enables much better interaction with critical constitu-
ents in the wound milieu. Host cells naturally interact 
with ECM which can be better mimicked by nanoscale 
materials. Wound dressings must have the correct pore 
size to allow appropriate diffusion of both water and 
gases. A large part of effective wound dressings is pre-
vention of infection and destruction of those microbial 
cells that have managed to penetrate to the wound, and 
it is well-known that nanoparticles have intrinsic anti-
microbial activity. Smart stimulus-responsive nano-
systems are a new innovation that will be increasingly 
applied to wound dressings. Enabling the wound dress-
ing itself to detect and release what needs to be deliv-
ered to the wound to combat infection and enhance 
healing is a significant advance. Delivery of living cells 
to the wound is a new avenue of regenerative medi-
cine. Undoubtedly, nanomedicine will have a critical 
role to play in the design and fabrication of wound 
dressings containing living cells. However, the cost of 
production and end pricing is an undeniable factor in 
commercial wound dressings. Advances in large-scale 

Table 2. Advanced wound dressing features from a nanotechnology perspective.

Advanced 
wound dressing

Advantage Disadvantage Features Ref.

Nanofibers High porosity, surface volume area 2D structure, 
low exudate 
absorbance

Aligned nanostructure promotes 
cell activity in various fabrication 
method. Loading different GF/
drugs

[93,99]

Hydrogels 3D structure, moist environment, 
controllable pore size to prevent the 
bacteria permeation and controlled 
release of biomolecules, low adhesion to 
wound, transparency of dressing through 
which the wound can be monitored 
without removing the dressing

Poor mechanical 
properties

Porosity tuning can be useful for 
wound repair. Interconnected 
nanoscale porosity enhances the 
cellular activity. Different type of 
nanoparticle can be embedded 
within hydrogel

[115,117,118]

PU Adjustable properties, different 
fabrication types, tunable structure

Synthetic 
materials cause 
inflammation

Engineered polymer which 
can be fabricated in various 
morphologies to enhance. 
Self-assembly of soft segments 
and hard segments produces a 
nanosized structure

[126,127]

Conductive 
scaffolds

Promote cellular activity like 
attachment and proliferation. On-
demand release

Cytotoxicity in high 
concentration, low 
degradability

Self-assembly like nano particle/
vesicle which is useful for 
controlled drug release

[147,154,183]

Cell-seeded 
advanced 
dressings

Enhancing the healing process, 
antimicrobial properties

Short storage time Different type of cells can be 
seeded on dressing such as MSCs

[144]

GF: Growth factor; MSC: Mesenchymal stem cell; PU: Polyurethane.
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nanomanufacturing will continue, driven by the wide 
range of modern industrial applications, and these are 
expected to provide economic and  high-quality wound 
dressings.
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Executive summary

•	 Skin is the body’s largest organ whose function as an external barrier is crucial to retain moisture, provide 
mechanical strength and prevent ingress of pathogenic microorganisms.

•	 Problematic skin defects with poor healing prognosis include ulcers (diabetic, venous and pressure) and burns 
(thermal and chemical).

•	 Various energy-based interventions, application of growth factors and even living cells can be used to 
stimulate wound healing.

•	 In cases where skin grafts are not possible, it is necessary to cover up the wound with a well-designed wound 
dressing to replace the skin’s natural barrier.

•	 Fabricated wound dressings can take advantage of nano-engineered polymers and antimicrobial 
nanoparticles.

•	 The appropriate nanofeatures can provide biocompatibility, biodegradability and reduce toxicity of dressing 
materials.

•	 Naturally occurring polymers with the correct nanofeatures can better mimic the natural extracellular matrix 
allowing host cells to repair the wound.

•	 Well-designed nanofiber-based wound dressings can incorporate living cells to potentiate regenerative 
medicine.
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