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Abstract

Wound healing following skin injury is a natural phenomenon that usually 
lacks quality, rapidity, and aesthetics. Ignored wound treatment can conduct 
to cruel infections, unlimited time of hos-pitalization, damage and an overall 
noticeably decreased life feature. Recently, many researchers showed that the 
wound dressing materials have entered a new level of standards and there 
is a far better understanding based on the pathogenesis of chronic wounds. 
Wound care management mainly depends on the development of new and 
effective wound dressing materials. Consequently, an extensive percentage of 
nanomaterials are used in diverse biomedical applications for wound dressings, 
drug delivery and other medical purposes. This literature will focus on the 
existing nanotechnology- based therapies available in the field of wound healing 
and skin regeneration, in order to emphasize the significance of these innovative 
nano-systems, and to understand of their effect on the wound healing process.
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Introduction
The skin represents the largest organ in the human body; it acts as 

the first defense line confronting the external environment. The skin 
protects the body against exogenous substances and/or organisms; 
therefore, any harm to it results in unpredicted defect in the immune 
system [1]. The wound is the result of disruption of normal anatomic 
structure and function as well as it affects the deep underlying tissues 
resulting in inflammation and infection [2,3]. A large numbers of 
patients suffer from poor wound healing which is considered as a key 
source of death [4]. Neglected wound treatment can guide to harsh 
infections, extended time of hospitalization, mutilation and an overall 
obviously decreased life feature.

Up until the present the most important problem in burn wounds 
has been chronic infections caused by some microorganisms such as 
P. aeruginosa, those are especially serious in deep burns with large 
areas involved. This is due to the intrinsic and acquired resistance 
of bacteria to antibiotics resulting in high mortality in burn wound 
patients [4].

The search is always about; repairing the resident structure, 
maintains role of the wounded organ, counting blood capillaries, 
accelerates the recovery process and minimizes the hazards of 
systemic infection. In addition to renewal of the skin in terms 
of function, reduce scar formation, and ameliorate aesthetics 
particularly in renovation surgeries and burns. Conventional agents 
such as sodium hypochlorite, hydrogen peroxide, cetrimide solution, 
chlorhexidine and others revealed inadequate efficacy accompanying 
with unfavorable result during the progression of healing [5], and 
consequently they lack priority use. Additionally, scaring of the skin 
are results from treating the wound with the ordinary wound care 
products. For this reason, many studies have been established in 
order to develop alternating therapies in turn able to re-establish the 
vitality of the wounded skin [6]. Therefore, an attention is given to 
the nanotechnology and the use of nanomaterials as safe and effective 

way for wound healing.

Novel nano-preparations showed remarkable and significant 
advantages over traditional one including the enhancement of 
solubility, bioavailability, protection from toxicity, improvement of 
pharmacological activity, augmentation of stability, sustained delivery, 
and protection from both physical and chemical degradation [7]. 
Development of novel wound dressings from natural and synthetic 
bioactive such as metallic nanoparticles [8], polymeric nanoparticles 
[9], SLNs and NLCs [10], liposomes [11], nanoemulsions [12] 
and dendrimers [13] have been established. Nanoparticles and 
nano-formulations are useful as drug delivery systems with great 
achievement; and nano-particulate drug delivery systems still having 
a great potential for many applications.

This literature review will focus on the existing nanotechnology- 
based therapies available in the field of wound healing and skin 
regeneration, in order to emphasize the significance of these 
innovative nano-systems, and to understand of their effect on the 
wound healing process.

The Progression of Normal Wound Healing
The wound healing process is composed of four biological phases 

that each wound needs to pursue in order to heal normally: hemostasis, 
inflammation, proliferation, and remodeling that each wound needs 
to go through in order to heal normally Figure 1 [14]. These phases 
are dissimilar in function and histological characteristics whatever 
the kind of the wound. However, the healing process revealed the 
appearance of essential elements such as cytokines, growth factors, 
chemokines, and chemical mediators to achieve physiological healing 
[15,16].

Hemostasis
Hemostasis is an immediate response following the skin injury in 

order to prevent bleeding and decrease hemorrhage. Vascular spasm, 
platelets plug formation and finally blood clotting are considered as 
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main processes following the skin injury in order to seal the opening 
until tissues are repaired [17]. Once the platelet plug has been formed 
by the platelets, the clotting factors lead to the formation of fibrin. 
Thus, a fibrin mesh is produced all around the platelet plug to hold 
it in place. Beside to the vasoconstriction induced from platelets 
aggregation that in turn reduces blood flow to the wound bed. The 
coagulation process and thrombus formation which force blood cells 
and platelets to keep on trapped in the wounded region and nearby 
helping the deposition of collagen to promote repair the damaged 
tissue [18].

Inflammation
This phase begins directly after skin injury and may last for about 

3 days .This phase focuses on destroying bacteria and removing debris 
in order to prepare the wound bed for the growth of new tissue [19,20]. 
Neutrophils are the first white blood cells released to destroy bacteria 
and remove debris. They are released in large number directly after 
injury and their number begin to reduce after 3 days from the injury 
[21]. After complete leaving of neutrophils, macrophages reach their 
destination to continue clearing of the debris. To catch the attention 
of the immune system cells, macrophages secrete growth factors and 
proteins to facilitate tissue repair [22]. This phase is accompanied 
with rising of the exudates levels causing skin swelling, erythema, 
pain and redness [23]. 

Proliferation
It occurs when the wound is “rebuilt” with new granulation 

tissue resulting from fibroblast proliferation and collagen deposition 
in order to replace the fibrin mesh previously formed during the 
hemostasis phase. The aim of this phase is to fill and cover the wound. 
Proliferation starts with granulation of the wound with the connective 
tissues and ending by epithelialization [24].

Remodeling
The final phase occurring after wound closing is called maturation 

or remodeling phase. It starts 3 weeks after injury and can take up one 
year or more to complete [25]. In this final stage, dissimilar to intact 
skin, the arrangement of newly formed collagen fibers in the wound 
is random and disorganized. Fibroblasts secrete the lysyl enzyme 
oxidase, to allow collagen fiber accumulation. The Extracellular 
Matrix (ECM) maturation involves a balance between collagen 
synthesis and degradation, enzymes and glycoproteins, which are the 
key elements of wound repair [26].

Delay in Wound Curing
As recorded, wound healing takes two to three weeks in normal 

healthy persons. Chronic wounds build up because of a disturbance 
during the healing process.

They fail to heal within the normal period sufficient for the healing 
of acute one, in another meaning fail to close due to a problem in 
one or more of the wound healing stages [27,28]. Venous leg ulcers, 
pressure sores, ischemic ulcers, and diabetic foot ulcers are the main 
causes of chronic wounds which may be associated with individuals 
mortality [29,30].

Many signs characterize the chronic wounds such as increasing 
in inflammation, exudates accumulation, swelling, pain and stiffness 
in the affected area, hyper proliferative, so far non-advancing wound 

margin. Inflammation associated the wound may delay healing 
process. Also, the ulceration which appear as a result from chronic 
wound plays an important role in the pathogenesis of unhealed 
wounds [31].

Existing Wound Dressing Resources and 
their Restrictions

Many studies give attention to natural and bioactive materials 
used for the treatment of different types of wounds with the purpose 
to adjust one or more of the healing process. As increasing blood 
coagulation, decreasing exudates and speed up the closure of the 
wound. Thus, selecting a suitable wound dressing is very important. 

The physiology of diabetic wounds shows dry texture and 
keratinized appearance, which leads to more susceptibility to suffering 
from fissures more easily, leading to an unlimited healing time [32]. 
Therefore, patients with diabetes are liable to cutaneous infections. At 
the present time, abundant wound dressing materials are accessible 
such as hydrocolloids, foam, hydrogels and hydrofibers are been used 
widely in clinical condition [33,34].

As wound, dressing types are abundant and different so when 
choosing a moist wound dressing we have to choose a dressing 
able to manage the associated symptoms such as inflammation and 
exudates [35]. In addition to the wound type, wound size, risk of 
infection and others factors should be taken in consideration during 
choosing the dressing type [36]. In order to choose an acceptable 
and helpful wound healing material, many criteria and conditions 
should be considered. The chosen material should be of low price, 
biocompatible, non-toxic, not strongly adhered to skin, should offer a 
moist wound environment, permission of diffusion of gases, thermal 
insulation (temperature and pH must be controlled), prevention of 
infection with antibacterial activity Figure 1.

The commonly available wound dressings don’t maintain a moist 
environment. They have poor absorption of wound exudates; poor 
gas exchange between wound and the environment. In addition, they 
show delay in wound healing process and difficulty in removal of the 
wound dressing after healing [37].

Recently, there was direction to incorporate bioactive antibacterial 
agents to wound dressing to reduce wound bacterial colonization and 
infection [38]. The use of bioactive compounds in wound dressings 
is significantly more effective in the medicinal treatment for non-

Figure 1: Properties of ideal wound healing material.
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healing chronic wounds. Bioactive compounds incorporated in 
the dressings are released through the hydrolysis activity of wound 
enzymes present in exudates or wound fluid [39]. As well, the possible 
modulation of the microenvironment of the healing wound from the 
point of view hydration, swelling and diffusion are used to release 
the bioactive compounds from the dressings to the site of injury 
[40]. Conversely, the bioactive agents in the dressings are found to 
be less effective due to the rapid absorption of compounds by wound 
exudates [41,42].

Recently, numerous researches are focused on the development of 
artificial wound dressing materials, as, no currently available material 
fulfils the requirements necessary for a speedy recovery of injured 
tissues [43]. For that reason, the seek for an ideal wound dressing 
material depending on the nanotechnology research represents an 
upcoming revolution evolution in this field.

Role of Nanotechnology in Promoting 
Wound Healing

Definitely, patients whose suffer from a delay in wound healing 
need innovative methods and novel strategies must be taken in 
consideration to resolve this problem. To enhance healing, the 
applied dressings must have bacterial lethal effect, stop bleeding, 
and absorb exudates [44]. In addition, they must be easy to use, have 
biodegradability properties, easily sterilized, non-toxic, good water 
vapor, and gas permeability [38].

For this reasons, great efforts are attributed by researchers for 
the development of new technologies able to clean the wound from 
microbes and deliver the antibiotics in a favorable microenvironment 
[38,37].

Worldwide, nanotechnology is considered as a fast growing and 
challenging research field. There are numerous talented products 
emerging from the application of nanotechnology intended for 
wound healing are under investigation.

Criteria of nanomaterials used in wound healing

The applied nanotechnology in the field of wound healing 
according to the produced formulations can be divided into: 

1- Nano-materials employed as delivery vehicles for 
therapeutic agents

2- Nano-materials that exhibit intrinsic properties beneficial 
for wound treatment 

3- Nano-materials that exhibit both as acting as delivery 
vehicle and in the same time possess property as wound healing 
material

Nanomaterials are typically (1-100 nm) in size, they are used 
in wound healing applications are materials which exhibit intrinsic 
properties promoting wound healing and materials used as transfer 
vehicles [45].

Considerable efforts have been made to develop drug delivery 
system using different types of biomaterials. The commonly used 
biomaterials are polymeric microspheres, polymeric Nano spheres, 
lipid nanoparticles, metal nanoparticles, nanoemulsions and 
dendrimers [46] (Figure 2).

Nano-materials employed as delivery vehicles for 
therapeutic agents

These kinds of nanomaterials act only as a carrier for the active 
substance or the biomaterial used for wound healing.

Lipid based nanoparticles: Another attractive tool for topical 
wound healing is the application of lipid based nanoparticles because 
of their small particle size and lipoidic composition which ensures 
close contact with the wound sites.

Lipid nanoparticles: Solid Lipid Nanoparticles (SLNs) and 
Nanostructured Lipid Carriers (NLCs) are considered as good 
candidate for wound healing.

Both SLNs and NLCs are commonly prepared using the high 
shear homogenization method; however, the difference is that organic 
solvent is required for SLN preparation while a liquid lipid (oil) is 
used to formulate NLC as shown in Figure 3. In contrast to NLCs, 
SLNs exhibit a slower drug release, large surface area and low toxicity 
because the solid core of SLNs is hydrophobic with a monolayer 
coating of phospholipids and the drug is regularly dispersed or 
dissolved in the core [47,48]. For this reason, The SLN formulation 
was able to achieve more than eighty percent protein encapsulation 
efficiency and the solid lipid core prevented drug leakage and 
coalescence issue, resulting in a slow release. In addition to the 
ability of SLNs and NLCs to be, suitable carriers for both naturals 
and synthetic drugs to be useful to damaged and inflamed skin for 
accelerating wound healing. Regarding these properties, Gainza et al. 
studied the potential use of recombinant human Epidermal Growth 
Factor (rhEGF) loaded lipid nanoparticles for the managing of 
chronic wounds [49]. Encapsulation of rhEGF in lipid nanoparticles 
improve its stability and allowed its sustained delivery in wound 
healing.

Liposomes: Liposomes have been chosen for transdermal drug 
delivery due to their superior drug penetration into the skin. They are 
formed of spherical vesicles made of one or more lamellar lipid-bilayers 
that spontaneously self-assemble when amphipathic precursors 
are mixed. Cholesterol and naturally occurring phospholipids are 
responsible for bilayers [50] as shown in Figure 4A. Considering 
structure and behavior, it was found that liposomes mimic biological 
membranes. However, topical use of the liposome is often hindered 
by their rapid drug release and coalescence of the particles. In order to 

Figure 2: Potential role of nanoparticles in accelerating wound healing.
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overcome this drawback , advanced liposome-based formations such 
as semisolid phospholipid vesicles or gel core liposomes have been 
developed to have high drug loading level, long-term stability, and 
controlled drug release in wound sites [51,20]. Researchers succeeded 
to develop liposomes with a hydrogel core able to encapsulate the 
growth factor bfGF, which showed an accelerated wound closure of 
mice with deep second-degree scald [20].

Another technique to improve liposome delivery to wound sites 
is multi-functionalization of liposomal membranes with various 
bioactive molecules, such as ligands, receptors, polysaccharides 
or lipophilic drugs [48]. Manca et al., established that hyaluronan-
functionalized liposomes have shown to be superior to liposomes 
for lipophilic drug delivery [52]. In the present work, new highly 
biocompatible nanovesicles were developed using polyanion 
sodium hyaluronate to form polymer-immobilized vesicles, so 
called hyalurosomes. Curcumin, at high concentration was loaded 
into hyalurosomes and physico-chemical properties and in vitro/
in vivo performances of the formulations were compared to those 
of liposomes having the same lipid and drug content. Vesicles 
were prepared by direct addition of dispersion containing the 
polysaccharide sodium hyaluronate and the polyphenol curcumin 
to a commercial mixture of soy phospholipids, thus avoiding the 
use of organic solvents. An extensive study was carried out on the 
physico-chemical features and properties of curcumin-loaded 
hyalurosomes and liposomes. Cryogenic transmission electron 
microscopy and small-angle X-ray scattering showed that vesicles 
were spherical, uni- or oligolamellar and small in size (112-220 nm). 
The in vitro percutaneous curcumin delivery studies on intact skin 
showed an improved ability of hyalurosomes to favour a fast drug 
deposition in the whole skin. Hyalurosomes as well as liposomes were 
biocompatible, protected in vitro human keratinocytes from oxidative 
stress damages and promoted tissue remodelling through cellular 
proliferation and migration. Moreover, in vivo tests underlined a 
good effectiveness of curcumin-loaded hyalurosomes to counteract 
12-O-tetradecanoilphorbol (TPA)-produced inflammation and 
injuries, diminishing oedema formation, myeloperoxydase activity 
and providing an extensive skin reepithelization. Thanks to the one-
step and environmentally friendly preparation method, component 
biocompatibility and safety, good in vitro and in vivo performances, 
the hyalurosomes appear as promising nanocarriers for cosmetic and 
pharmaceutical applications [52].

They found that hyaluronan stabilized dispersion of a lipophilic 
drug, curcumin, improved encapsulation as well as vesicle stability 
due to the surface exposure of polyanionic hyaluronan in comparison 
with liposomes. Furthermore, hyalurosomes without curcumin could 
improve skin re-epithelization due to its inherent tissue restoring 
properties from hyaluronan and synergistically accelerated in vivo 
wound regeneration with curcumin. This approach can be considered 
for further development of therapeutics that can effectively treat 
chronic wounds in different disease states.

Nanoemulsions (NEs): They are nano-sized amphiphilic 
molecules in the range of 20-200 nm prepared of oil-based and 
aqueous solutions [53]. As shown in Figure 4B, they have two parts 
including a hydrophobic core as well as a hydrophilic coating. The 
hydrophobic core can be efficiently loaded with insoluble agents, 
and the hydrophilic coating allows the NPs to be soluble in aqueous 

media [54]. They play an important role in many fields including 
drug delivery, cosmetics and cell culture [55]. They can be formulated 
using ultrasonication and mixing for the constituents.

As reported, chlorhexidine acetate formulated in a nanoemulsion 
was used against a Methicillin-Resistant S. Aurerus (MRSA) infection 
in a skin burn wound model. The nanoemulsion revealed successful 
and fast action against MRSA in-vitro and in-vivo. In addition, the 
formula allow delayed formation of biofilm, and disrupted MRSA cell 
walls, led to increased leakage of DNA, protein, Mg2+, K+ and alkaline 
phosphates out of the cells [12].

In another study, Alpha tocopherol combined with astaxanthin 
was impregnated in nanoemulsion form, which revealed a good 
antibacterial effect against S. aureus. Nanoemulsion formulation 
showed a significant damage to the bacterial cell membrane, 
facilitating its uses as an efficient antibacterial agent in addition to 
preventing them from developing resistance [48].

Dendrimers: Dendrimers are a type of nano-scale (1-10 nm), 
they are polymeric symmetric and spherical compounds which have 
applications in both diagnosis and therapy. Dendrimers possess a 
symmetric core, an inner shell and an outer shell as shown in Figure 
5. They are prepared from phenyl acetylene subunits; they are formed 
from three major portions: a core, an inner shell, and an outer shell 
[56].

Moreover, the surface functional groups of dendrimers possess 
an antibacterial activity especially if cationic. Kalomiraki et al., 
revealed the disruption of the bacterial cell structure after dendrimers 
application due to the reaction occurring between the cationic group 
of the dendrimer (quaternary ammonium groups) and the anionic 
groups of the bacterial cell wall.

Kalomiraki et al., studied the antibacterial property resulting 
from the interaction between the water insoluble antibiotics (e.g. 
nadifloxacin and prolifloxacin) with polyamidoamine (water soluble 
dendrimer) [57]. Dendrimers loaded antibiotics revealed reduction 
of inflammation with disinfection for the wound and stimulating its 
healing.

Polymeric nanoparticles
Polymeric nanoparticles are pharmaceutical carriers for 

controlled and sustained released drugs. They are either nanospheres 
or nanocapsules. When the active molecule is integrated inside 
the core of the nanoparticulate system, the particles are named 
“nanocapsules”, while if the drug is adsorbed on the surface, the 
nanoparticles are named “nanospheres”.

Polymeric nanoparticles are composed of biodegradable and 
biocompatible polymers of synthetic or natural origin. In contrast to 
natural polymers, synthetic polymers can be modified by alterations 
the methodology of polymer synthesis, and can be adapted according 
to the specific requirements and the biological applications in order 
to overcome the limitations in the use of natural origin polymers [8].

The most widely used synthetic polymers are polylactide, 
polyethylene, polypropylene, polystyrene, polylactide-polyglycolide 
copolymers, polycaprolactones, and polyacrylates. Lactide-glycolide 
copolymer is an extensively explored copolymer. Among the various 
natural polymers, alginate, albumin, or chitosan have been widely 
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used in drug formulation [58,59,60].

Many studies dealt with the use of synthetic polymers in tissue 
repair and wound healing; the effect of lipoic acid in ameliorating 
wound healing has been evaluated in poly (-caprolactone) 
nanoparticles. It was found that emulsified lipoic acid increased the 
healing rate and improved histological parameters [61,62].

Also, Polyurethanes (PU) showed amelioration in cellular 
proliferation through the stimulation of angiogenesis and 
reepithelization of injured rats [63,64].

On the other side, natural polymers are also integrated in the 
formulation of new easily applied in situ gel of cephadroxil loaded 
chitosan nanoparticles that could promote wound healing. Basha 
et al., succeeded to formulate an in situ gel possessing the ability to 
accelerate the healing process, encourage cell proliferation and allow 
matrix deposition [1].

Another study showing that the application of gelatin-based 
scaffolds to rat wounds resulted in faster wound closure and enhanced 
overall wound healing [65].

A same result was observed after application of fibrin scaffolds. 
Fibrin can reduce inflammation, increases immunological response 
and cell adhesion properties, and has been widely used for tissue-
engineering and wound healing [66].

 Many others natural polymers including elastin [67], hyaluronic 
acid [68] have been investigated for wound healing.

Nano-materials that exhibit intrinsic properties beneficial 
for wound treatment

Metallic nanoparticles are nanomaterials characterized by their 
self-wound healing activity through directly applying on the site of 
the injured skin.

Metallic nanoparticles are characterized by their antibacterial 
activity such as magnetic nanoparticles (Fe3O4), silver and gold Nano 
particles [69], as well as, copper oxide, Zinc oxide, aluminum oxide, 
titanium oxide, and gallium nanoparticles which showed acceptable 
results on healing process [4].

Nanoscale particles with antibacterial activity offer a high chance 
of interaction with biomolecules on the cell surfaces and penetration 
inside the cells into the wound [70]. These are referred to their small 
size, high surface area and shape [69]. Regarding these properties, 
nanoparticles are able to carry a sustained and controlled release 
therapeutics that results in an accelerated healing process [71].

Silver nanoparticles (AgNPs): Silver has multifunctional 
bio-applications. It has antibacterial, antifungal, antiviral, anti-
inflammatory, anti-angiogenic, and anti-cancer activities [11]. It is 
the best known as a bactericidal agent and is commonly used to treat 
burns, wound infection and a variety of ulcers [44]. The biological 
efficient antimicrobial activity of AgNPs depends on their large 
surface chemistry, size, shape, morphology, particle constituents, 
agglomeration, and dissolution proportion [72].

At first, AgNPs fix to the bacterial cell membrane which 
constitutes the biological cell barrier and penetrate and interact with 
sulphur and phosphorus groups forming bacterial proteins, as well as 
with DNA [73].

Application of Ag NP-based dressings on wound is associated with 
Ag NPs release and their penetration into the cells as agglomerates 
[74].

The nanoparticles initially release silver ions inside the bacterial 
cells, damage intracellular and nuclear membranes. This is followed 
by denaturing bacterial DNA and RNA [75]. The nanoparticles target 
and alter mitochondrial functionality and disturb cellular division, 
leading to cell death [76].

Silver nanoparticles can also accelerate the wound healing process 
as `they have anti-inflammatory effects and neovascularization. They 
reduce inflammation by modulating cytokines and enhances re-
epithelization [77].

Moreover, silver nanoparticles showed significant efficiency 
against microorganisms surrounded by biofilms, which represent 
a therapeutic challenge due to their resistance to conventional 
antimicrobial therapy [78]. Also, they have shown antimicrobial 
activity against many strains and other skin pathogens as S. aureus 
[78,79,80].

Currently, gold nanoparticles, nanoshells and nanocages [69] 
of silver coatings in wound dressings are available for efficient 
distribution of the drug [81,78].

Gold nanoparticles (AuNPs): Topical applications of gold 
nanoparticles (AuNPs), revealed antioxidative effects and could 
be helpful in wound healing [82]. Beside their usage in the field of 
diagnosis, AuNPs penetrate bacterial cells [83].

They alter their membrane and inhibit the enzyme ATP synthase. 
This is followed by of depletion of ATP and collapse in energy 
metabolism and bacterial cell death [84].

AuNPs enhance wound healing by promoting epithelialization, 
collagen deposition and fast vascularization [85] and regenerate the 
damaged collagen tissues [86].

In contrary to silver, gold nanomaterials as a single material alone 
does not offer any antimicrobial activity [87].

AuNPs must be incorporated with other biomolecules to be 
used successfully in biomedical applications. When AuNPs are cross 
linked with collagen, it can be easy integrated with other biomolecules 
like polysaccharides, growth factors, peptides, and cell adhesion 
molecules.

The modified AuNPs demonstrate properties like biocompatibility 

Figure 3: Schematic description of SLNs (A) and NLCs (B).
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and biodegradability; it can be used widely in wound healing. Similar 
to collagen, gelatin and chitosan can also easily be incorporated with 
AuNPs showing safe and positive effects in enhancing wound healing 
[88,89].

Gold might be conjugated to existing antimicrobial drugs or with 
other nanoparticles, by this means increasing their potency to kill 
microbes [8]. Many studies were performed indicating that topical 
application of AuNPs to the wound site, reveal healing properties and 
improve wound healing and treat burns [90,91,92 93,86].

Copper nanoparticles (CuNPs)
Copper nanosized particles have been gained attention due to its 

antibacterial activity against intrinsically presented bacterial strains 
such as Escherichia coli and Staphylococcus aureus in diabetic foot 
ulcer and burn wound infections [94,95]. CUNPs reveal their action 
after their decomposition in protein solutions and on modification, 
Cu2+ ions are released which diminish the toxicity and fasten the 
healing efficacy of the wounded skin [45]. Tiwari et al. studied the 
biosynthesis and the use of CUNPs in wounded rats and observed 
an increase in the rate of wound healing [96]. Still important to 
introduce a biocompatible stabilizers such as chitosan are needed in 

order to increase the stability of CUNPs and defeat its rapid oxidation 
and agglomeration of during its use [97].

Others metal oxide nanoparticles [zinc oxide (ZnO), titanium 
oxide (TiO2), Cerium oxide (CeO2), yttrium oxide (Y2O3)]: 
Recently, nanoscaled metal oxide gained interest in the field of 
medical application. As known, a small amount of these essential 
mineral elements exhibited a strong activity to the human body. Both 
titanium oxide and zinc oxide have prevalent use in the cosmetic 
and pharmaceutical manufacturing as sunscreen protectors and 
also as a wound healing material [98]. Beside its usage as a cosmetic 
colorant, ZnoNPs are mostly used in skin creams because of its anti-
inflammatory and antiseptic properties. In addition to its effective 
use for wound healing as its nanoparticles possess powerful bacterial 
resistance ability and increases the wound healing procedure by 
staying at the wound site for a longer period of time [99]. Also, 
TiO2 NPs was found to be a promising agent in accelerating the 
rate of opened excision type wounds in vivo and in vitro [100,101]. 
Furthermore, CeO2NPs and Y2O3NPs were effectively used for the 
protection against oxidative stress damage for DFU [102].

Hazards of metal nanoparticles: Irrespective of the antibacterial 
activity of metallic NPs and their wide effectiveness in wound healing, 
current knowledge in the field of Nano toxicology reports their 
hazardous effect more than bulk materials [103].

The undesirable hazardous effects of metal Nano particles are 
related to their unique characteristic properties that promote wound 
healing. This double-edged sword to the human health risk is related 
to their small size, large surface area, chemical composition and 
solubility [104]. Nanoparticles have the capability of easy cellular 
penetration, crossing biological barriers, reaching the most sensitive 
organs and affect the vital body cellular metabolism due to their small 
size [105].

Botelho et al. [106] confirmed the appearance of tumor-like 
phenotypes in human gastric epithelial cells caused by TiO2NPs. 
Furthermore, they noted an inactivation of mitochondrial respiratory 
chain complexes in an experiment done on Wistar rats. They analysed 
brain, skeletal muscle, and heart and liver of rat tissues after treatment 
with AgNPs.

Now a day, many studies were directed to decrease the toxicity 
related to NP by the introduction of carriers of natural origin namely 
of plant source [107].

Natural materials conjugated with nanoparticles
Currently, many skin wound dressings have been incorporated 

with compounds of natural sources in order to enhance its bactericidal 
effect [108,109]. Among these natural products displaying bactericidal 
activity and incorporated into wound dressings we can mention:

1- Natural substances possessing healing property delivered 
to the injured site through nanocarriers such as the honey and the 
essential oils.

2- Natural substance acting in the same time as a nano-carrier 
and a healing substance such as the chitosan.

Honey: Since the ancient times, honey was considered as a natural 
healing agent. The majority of the people are lacking information 
concerning honey’s wound care properties. 

4A

4B

Figure 4: A). Liposome, Lipid bilayer enclosing an aqueous core; B). 
Nanoemulsion, Lipid monolayer enclosing a liquid lipid core.

Figure 5: Structure of a typical dendrimer.
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Honey possesses many bioactivities working in harmony to 
promote skin wound healing [110]. Honey has the properties to 
increase wound nutrition, minimize inflammation and stimulate 
angiogenesis with granulation tissue formation, epithelialization and 
repair [111]. 

Antimicrobial activity of honey is attributed to its osmolality, 
acidic nature due to hydrogen peroxide. These aid macrophage cells 
to destroy bacteria and avoid the formation of microbial biofilm 
[112]. 

When Honey is applied on the open wound, hydrogen peroxide is 
released causing cell growth inhibition [113]. Moreover, the low water 
content of honey less than 20% provides unfavorable environment 
for microorganism survival and development. 

Many honey-incorporated wound dressings are commercialized. 
Among the marketed products: Algivon, MediHoney, Activon Tulle 
and Actilite [111].

Volatile natural mixtures: Volatile natural mixtures called 
Essential Oils (EOs), emerged as feasible routes to decrease skin 
wound bacterial colonization and proliferation. They are of plant 
origin formed of secondary metabolites that display important 
medicinal characteristics [114].

The essential oils have antioxidant, anti-inflammatory, anti-
allergic, antiviral, anticancer, insecticidal, and antimicrobial 
properties [114]. They are impregnated as antibacterial agents in skin 
wound dressings. Authors reverted the antimicrobial activity of EOs 
to the phenolic compounds, specifically to thymol and carvacrol [115, 
116].

The antimicrobial effect of EOs is through troubling the function 
of the bacterial cytoplasmic membrane, by distracting the active 
transport of nutrients through the cell membrane, and coagulation of 
bacterial cell contents [3].

Many researchers demonstrated the efficiency of EOs 
incorporation in wound dressing and their significant efficacy as 

antimicrobial agents.

Prepared lipid nanoparticles loaded with eucalyptus or rosemary 
essential oils in order to be used as a natural tool for skin wound 
healing [117].

In another study, Liakos et al. [118] reported the antibacterial 
effectiveness of 1% and 5% of EOs consisting of cinnamon, lemongrass 
and peppermint in fibrous dressings against E. Coli [118].

Chitosan: Many reports have indicated the antimicrobial effects 
of chitosan, and its derivatives on wound healing [119]. Figure 6 
elucidates the mechanisms of the bactericidal effect of CS [120].

The chitosan antibacterial activity is due to the positively-charged 
amine groups of chitosan glucosamine. This initiates electrostatic 
interactions with the negatively charged surface components of the 
bacterial cell wall [121].

As a result to this contact, the permeability of the microorganism’s 
cell wall is affected leading to internal osmotic imbalance causing 
inhibition of the microorganism’s growth [119].

Alternatively, this electrostatic interactions promote the 
hydrolysis of the peptidoglycans constituting the microorganisms 
cell wall leading to the release of intracellular electrolytes [104]. A 
second proposed mechanism of CS bactericidal activities is realized 
by the formation of a polymeric sachet around the bacterial wall. 
This envelop prevents cell exchanges and nutrients absorption [121]. 
The third postulated mode of CS action is related to the interaction 
occurring between the CS’s amino groups with the essential trace 
metals needed for bacterial growth and thereby inhibition of toxins 
production and microbial growth happened [121]. Many wound 
dressings containing CS are existing in the market, such as Chitopack, 
HidroKi Patch, Tegasorb and KytoCel [122].

Conclusion and Perspectives
Wound healing technologies and delivery of wound dressing 

care supplies for acute and chronic skin wounds constitute one of 
foremost commercial enterprise.

The new innovations in dressing nanotechnology-based therapies 
reported in this review clarified the impact on accelerated wound 
healing.

Although many metallic nanoparticles and others Nano carriers 
such as lipid NPs, liposomes, polymeric nanoparticles and dendrimers 
were industrialized, yet resort to the incorporated wound dressings 
with natural product were raised and flourished in last few years.

Regardless of the reached progress, further developments of these 
types of dressings are expected. The innovation of new NPs or the 
loading of antimicrobial agents into Nano devices is a new avenue 
to treat infected wounds. In addition, dressings containing sensors 
and therapeutic molecules are the novelty for future improvement of 
wound dressing industry.
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