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Abstract: Impaired wound healing is an encumbering public health issue that increases the demand
for developing new therapies in order to minimize health costs and enhance treatment efficacy.
Available conventional therapies are still unable to maximize their potential in penetrating the skin at
the target site and accelerating the healing process. Nanotechnology exhibits an excellent opportunity
to enrich currently available medical treatments, enhance standard care and manage wounds. It
is a promising approach, able to address issues such as the permeability and bioavailability of
drugs with reduced stability or low water solubility. This paper focuses on nanosized-lipid-based
drug delivery systems, describing their numerous applications in managing skin wounds. We
also highlight the relationship between the physicochemical characteristics of nanosized, lipid-
based drug delivery systems and their impact on the wound-healing process. Different types of
nanosized-lipid-based drug delivery systems, such as vesicular systems and lipid nanoparticles,
demonstrated better applicability and enhanced skin penetration in wound healing therapy compared
with conventional treatments. Moreover, an improved chemically and physically stable drug delivery
system, with increased drug loading capacity and enhanced bioavailability, has been shown in drugs
encapsulated in lipid nanoparticles. Their applications in wound care show potential for overcoming
impediments, such as the inadequate bioavailability of active agents with low solubility. Future
research in nanosized-lipid-based drug delivery systems will allow the achievement of increased
bioavailability and better control of drug release, providing the clinician with more effective therapies
for wound care.

Keywords: lipid-based drug delivery systems; vesicular systems; nanoparticles; nanostructured lipid
carriers; solid lipid nanoparticles; wound care; impaired wound healing
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1. Introduction

The process of cutaneous wound healing is a sophisticated physiological event, and it
is critical for restoring the integrity of the skin barrier. It involves activation of the immune
system’s cellular components, the coagulation cascade, and the inflammatory pathways,
leading to a massive remodeling of all skin compartments [1,2]. Three sequential phases
characterize the wound-healing process: the inflammatory phase, proliferative phase and
the remodeling phase (maturation). The inflammatory phase arises immediately after
tissue injury. The extravasation of blood constituents activates platelet adhesion, activation
and aggregation. Furthermore, it leads to the formation of a fibrin clot. The next phase
starts 48 h after the onset of the lesion. It is called the proliferative phase. When many new
blood vessels are formed, several cells such as fibroblasts and endothelial cells are recruited
to form new granulation tissue to cover and fill the wound area. Granulation tissue creates
a three-dimensional extracellular network of connective tissue. The third phase of wound
healing consists of remodeling or maturation, which lasts for several months or more and
begins at 2 or 3 weeks after the onset of the lesion [3,4].

Wounds can result from the action of intrinsic factors associated with a plethora of
conditions, such as diabetes, neuropathy, vascular disease and various extrinsic factors
involving mechanical, chemical or thermal injuries. They can be classified into acute
wounds that pass through each of the healing stages, resulting in skin restoration, and
chronic wounds that exhibit a persistent inflammation phase and fail to restore the damaged
skin’s integrity [5]. Many factors can hamper the healing process. For instance, if a wound
is contaminated with microorganisms, covered by necrotic tissue or external particles that
cannot be removed during acute inflammation, the result is a chronic wound [6–10].

Despite intensive research, impaired wound healing remains a significant healthcare
challenge. The investment of healthcare systems in non-healing injuries, scars from surgical
incisions, trauma or burns exceeds billions each year [11–13]. For example, in the United
States, almost 2% of the population are affected by chronic wounds, and the overall cost
for the US health care system is estimated at USD 25 billion annually [12,14]. In Europe,
1.5–2 million people suffer from acute or chronic wounds [11]. A multicenter study covering
three hospitals in Bradford and Airedale emphasized that most of the wounds were caused
by surgery or trauma (48%), leg or foot ulcers (28%) and pressure ulcers (21%) [15].

Patients with risk factors such as smoking, diabetes mellitus, sickle cell disease, vascu-
lar insufficiency, atherosclerotic disease, local pressure effects and immunological factors
are predisposed to abnormal healing, which leads to chronic wounds [10,16,17]. Patients
with impaired wound healing blame a diminished quality of life or psychological or fi-
nancial problems, and they experience depression, social isolation and the loss of daily
activities [18–21]. Aside from that, non-healing wounds are associated with prolonged
hospitalization time, high morbidity and mortality [22].

Given the overwhelming pressure that impaired wound healing applies on the health-
care system, there is an increasing demand to develop new therapies in wound care to
minimize health costs and enhance treatment efficacy [11,12,23]. The purpose of wound
care is to promptly prevent complications and bypass the evolution of impaired healing.
That notwithstanding, several novel approaches in wound healing treatments have failed,
giving rise to an increased interest in nanotechnology advancements [24].

Nanotechnology exhibits an excellent opportunity to enrich currently available medi-
cal treatments, enhance standard care and manage wounds. It is a fascinating field with
broad applications and unique properties, such as a small size, high drug incorporation
capacity, large surface-area-to-volume ratio and high reactivity. Furthermore, nanotechnol-
ogy allows for discovering innovative drug delivery systems, fashioned to enhance drug
release control and re-establish damaged skin tissue [25,26].
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Currently, a variety of drug delivery systems are feasible for wound management.
However, a recent increasing trend is represented by nanosized-lipid-based drug deliv-
ery systems [27–29], which are promising tools designed to address issues such as the
permeability and bioavailability of drugs with low water solubility.

This review aims to describe the current applications of nanosized-lipid-based drug
delivery systems in the management of skin wounds, highlighting the relationship between
their physicochemical characteristics and the impact on the wound-healing process.

2. Nanosized-Lipid-Based Drug Delivery Systems

Nanosized-lipid-based drug delivery systems have demonstrated substantial capabili-
ties for dermal and transdermal drug administration. They consist of biocompatible and
biodegradable lipids that accomplish controlled release, targeted delivery and drug protec-
tion. These drug delivery systems have emphasized the capacity to enclose a multitude of
therapeutic agents, including growth factors, gene therapy or cytokines [30–32].

It is known that intact skin acts as a barrier against the penetration of topical formu-
lations. Moreover, studies have reported poor permeability of drug molecules even in
damaged skin [33,34], enforcing the importance of developing novel delivery systems in
order to attain the specific target layer of the skin.

Among the most promising possibilities of overcoming these issues, nanosized-lipid-
based drug delivery systems can provide unique properties for delivering drug molecules
in the targeted areas and improve skin wound healing. They are classified as vesicular
systems and lipid nanoparticles [35,36] (see Figure 1). Furthermore, we emphasize their
structures in Figure 2.

Vesicular systems consist of amphiphilic molecules, owing to the presence of a polar
or hydrophilic region (head) and a nonpolar or lipophilic region (tail), and these can be
further categorized into liposomes, ultra-deformable liposomes and ethosomes [35,37].

Regarding the properties of lipid vesicles, their sizes vary from 40 to 800 nm, which
allows them to cling to the lipid matrix of the corneous layer and increase the amount of
drug molecules that penetrate the deeper skin layers. It is noteworthy that the vesicles’
particle sizes influence drug delivery into the skin. The maximum delivery of molecules
has been shown in vesicles with a size ≤70 nm [32,37,38].

A growing interest has been directed toward lipid nanoparticles [39] which, based
on recent findings, are superior to vesicular systems, as they exhibit better penetration
into the deeper layers of the epidermis [32]. Research in lipid nanoparticles has increased
considerably given their advantages, especially the smaller size, deeper skin penetration
and improved cost-effectiveness. Moreover, they allow the inclusion of biocompatible
components approved for pharmaceutical and cosmetic use, incorporating molecules with
varying solubility, increased diffusion through the skin by combination with physical and
mechanical enhancers, targeted delivery and decreased systemic side effects [40].

Lipid nanoparticles are categorized into solid nanoparticles (SLNs), which can be an
alternative to traditional lipid-based formulations such as liposomes and emulsions [41],
and a second generation named nanostructured lipid carriers (NCLs), an improved version
of SLNs [24]. The complex lipid matrix of the NCLs, including liquid lipids (oils), generates
changes in the structure of the solid lipids, leading to a less ordered crystalline arrangement
that averts drug leakage and supplies a higher drug load compared with SLNs, which
are formed only by solid lipids and a matrix with no imperfections [42,43]. In addition,
properties such as the size of the lipid nanoparticles influence their type of delivery. For
instance, particles smaller than 10 nm can directly pass through the stratum corneum of
viable human skin, while larger particles between 10 nm and 200 nm access the skin via
hair follicle openings [44]. Furthermore, the composition of the physiological lipids of the
lipid nanoparticles enhances the rearrangement and fluidization of the stratum corneum
lipid matrix, leading to better permeability of drug molecules. Moreover, their occlusion
effect can prevent water loss, leading to enhanced skin hydration [24,45].



Appl. Sci. 2021, 11, 4915 4 of 34Appl. Sci. 2021, 11, x FOR PEER REVIEW 4 of 30 
 

 
Figure 1. Characteristics of nanosized-lipid-based drug delivery systems applied in wound care. Figure 1. Characteristics of nanosized-lipid-based drug delivery systems applied in wound care.



Appl. Sci. 2021, 11, 4915 5 of 34

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 30 
 

 
Figure 2. The structure of nanosized-lipid-based drug delivery systems applied in wound care: (a) conventional liposomes, 
(b) transfersomes, (c) ethosomes, (d) solid lipid nanoparticles and (e) nanostructured lipid carriers. 

Lipid nanoparticles are categorized into solid nanoparticles (SLNs), which can be an 
alternative to traditional lipid-based formulations such as liposomes and emulsions [41], 
and a second generation named nanostructured lipid carriers (NCLs), an improved ver-
sion of SLNs [24]. The complex lipid matrix of the NCLs, including liquid lipids (oils), 
generates changes in the structure of the solid lipids, leading to a less ordered crystalline 
arrangement that averts drug leakage and supplies a higher drug load compared with 
SLNs, which are formed only by solid lipids and a matrix with no imperfections [42,43]. 
In addition, properties such as the size of the lipid nanoparticles influence their type of 
delivery. For instance, particles smaller than 10 nm can directly pass through the stratum 
corneum of viable human skin, while larger particles between 10 nm and 200 nm access 
the skin via hair follicle openings [44]. Furthermore, the composition of the physiological 
lipids of the lipid nanoparticles enhances the rearrangement and fluidization of the stra-
tum corneum lipid matrix, leading to better permeability of drug molecules. Moreover, 
their occlusion effect can prevent water loss, leading to enhanced skin hydration [24,45]. 

3. Nanosized-Lipid-Based Drug Delivery Systems in Wound Healing 
The skin has a crucial role in maintaining body fluids homeostasis, thermoregulation 

and preventing microorganism penetration. Several skin wounds may present different 
needs in terms of treatment due to the difference in each pathophysiology. Regarding 
acute burn wounds, not only are the skin structures damaged, but all the systems are af-
fected due to the leakage of plasma into interstitial spaces, which can also lead to hypovo-
lemic shock, depending on the extension of the burn. Moreover, the affected skin barrier 
increases the susceptibility to bacterial infection. Therefore, in the management of burn 
wounds, an imperative goal is to prevent infections and enhance reepithelization in order 
to preserve skin functionality [46]. Most efforts have been focused on the antimicrobial 
activity of topical agents, which have failed in front of the increased antibiotic resistance 
rate [47]. Thus, a wide range of nanosized-lipid-based delivery systems such as liposomes 
[48–50], transfersomes [51], ethosomes and lipid nanoparticles [52] has been explored to 

Figure 2. The structure of nanosized-lipid-based drug delivery systems applied in wound care: (a) conventional liposomes,
(b) transfersomes, (c) ethosomes, (d) solid lipid nanoparticles and (e) nanostructured lipid carriers.

3. Nanosized-Lipid-Based Drug Delivery Systems in Wound Healing

The skin has a crucial role in maintaining body fluids homeostasis, thermoregulation
and preventing microorganism penetration. Several skin wounds may present different
needs in terms of treatment due to the difference in each pathophysiology. Regarding acute
burn wounds, not only are the skin structures damaged, but all the systems are affected due
to the leakage of plasma into interstitial spaces, which can also lead to hypovolemic shock,
depending on the extension of the burn. Moreover, the affected skin barrier increases the
susceptibility to bacterial infection. Therefore, in the management of burn wounds, an
imperative goal is to prevent infections and enhance reepithelization in order to preserve
skin functionality [46]. Most efforts have been focused on the antimicrobial activity of
topical agents, which have failed in front of the increased antibiotic resistance rate [47].
Thus, a wide range of nanosized-lipid-based delivery systems such as liposomes [48–50],
transfersomes [51], ethosomes and lipid nanoparticles [52] has been explored to overcome
infections and enhance skin regeneration in burn wounds, with promising results.

In open wounds such as lacerations, where the underlying tissues are cut by sharped-
edged instruments, the imperative treatment is to clean the wound and remove any foreign
bodies or dead tissue [53].

Chronic wounds are associated with an impaired repair process prolonged for more
than three months [10], produced by an extended inflammation phase, persistent infections,
impaired angiogenesis or a high amount of reactive oxygen species. The most common ones
are non-healing ulcers caused by venous insufficiency or diabetes [54]. Current treatments
in chronic wounds focus on nanoparticles containing dressings that can maintain a suitable
moist environment, prevent infection and promote the wound-healing process. Progress in
nanosized-lipid-based drug delivery systems has led to new treatments in chronic wounds,
increasing the half-time and bioavailability of the drugs and reducing the cost, the toxicity
and the number of applications [54]. Several molecules, such as all-trans retinoic acid [55],
20(S)-protopanaxadiol [56], epidermal growth factor (EGF), curcumin [57], phenytoin [58]
and tumor necrosis factor α [59], have been encapsulated in several nanosized-lipid-based
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drug delivery systems to treat wounds associated with diabetes, with promising effects for
different wound healing phases.

Lipid nanoparticles could be more suitable in burn wounds and chronic wounds due
to their occlusive effect on the stratum corneum, which can avoid transepidermal water loss
and keep the wound hydrated. In addition, the nanostructured lipid carriers are presented
as better nano-delivery systems compared with vesicular systems. They exhibit excellent
stability, low toxicity, high drug loading capacity and sustained drug release, which can
help reduce the number of drug administrations and the wound’s healing time [60,61].

Surgical wounds are predisposed to an increased inflammatory reaction due to suture
materials, which can lead to infections, hematomas or dehiscence. These effects prolong
the wound-healing process and delay hospital discharge, increasing the costs and mor-
bidity [62]. In this case, antimicrobial advanced wound dressings are suitable to treat the
wounds [63]. Additionally, nanosized-lipid-based drug delivery systems showed promis-
ing results in treating excisional wounds in rats [52,55–57,64,65]. Furthermore, surgical
wounds may be followed by excessive collagen synthesis in the remodeling phase, leading
to keloid or hypertrophic scars [66].

The skin has an essential protective function against aggressive environmental factors,
but it also prevents the penetration of topical agents. The skin’s primary barrier is the
stratum corneum, which is formed by corneocytes and a lipid-rich matrix (chain ceramides,
free fatty acids and cholesterol). It counteracts the penetration of most hydrophilic and
macromolecular drugs into the skin. Given that the stratum corneum is impenetrable for
most drugs, nanosized-lipid-based drug delivery systems represent a biochemical strategy
to deliver both hydrophilic and hydrophobic drugs into the skin [28].

An active topical substance can penetrate the skin through three pathways: intracel-
lular, intercellular and transfollicular pathways [67]. Liposomes penetrate the skin as an
intracellular delivery system and deposit the drugs into the outer layer of the skin, pro-
viding prolonged release of the drug [68]. Moreover, they cover the wound and maintain
a moist environment at the wound’s surface, promoting healing [69]. On the other hand,
elastic liposomes and transfersomes squeeze through the intercellular parts of the corneous
layer, being able to penetrate intact skin [70]. Ethosomes, due to the presence of ethanol,
are soft, malleable vesicles able to penetrate stratum corneum lipids through fluidization,
delivering active substances beneath the corneous layer [32]. The reported data exhibit
intercellular and transcellular pathways as drug delivery mechanisms of ethosomes [71].

Various studies revealed that nanoparticles might prefer transfollicular and intercellu-
lar pathways for skin penetration [72–75]. Moreover, the transfollicular route can supply a
deeper penetration of the active substances than the intracellular pathway [76]. In addition,
solid lipid nanoparticles express prolonged contact with the corneous layer lipids, facilitat-
ing better penetration of liposoluble substances. On the other hand, nanostructured lipid
carriers, due to the presence of the liquid lipid in the matrix, are associated with a higher
amount of drug skin deposition [77]. Furthermore, lipid nanoparticles can maintain skin
hydration due to an occlusive biofilm formed at the surface of the stratum corneum, and
its adhesion to the corneous layer stimulates regeneration of the skin lipid film. Moreover,
this formed protective lipid film enhances the penetration of the active substances into
the skin [41]. The reported data express that nanoparticles with a size less than 20 nm can
potentially permeate intact and injured skin, and those with a size less than 45 nm but
higher than 21 nm can penetrate only injured skin [78–80]. The anatomical target sites of
nanosized-lipid-based drug delivery systems and their penetration pathways into the skin
are presented in Figure 3.



Appl. Sci. 2021, 11, 4915 7 of 34

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 30 
 

a deeper penetration of the active substances than the intracellular pathway [76]. In addi-
tion, solid lipid nanoparticles express prolonged contact with the corneous layer lipids, 
facilitating better penetration of liposoluble substances. On the other hand, nanostruc-
tured lipid carriers, due to the presence of the liquid lipid in the matrix, are associated 
with a higher amount of drug skin deposition [77]. Furthermore, lipid nanoparticles can 
maintain skin hydration due to an occlusive biofilm formed at the surface of the stratum 
corneum, and its adhesion to the corneous layer stimulates regeneration of the skin lipid 
film. Moreover, this formed protective lipid film enhances the penetration of the active 
substances into the skin [41]. The reported data express that nanoparticles with a size less 
than 20 nm can potentially permeate intact and injured skin, and those with a size less 
than 45 nm but higher than 21 nm can penetrate only injured skin [78–80]. The anatomical 
target sites of nanosized-lipid-based drug delivery systems and their penetration path-
ways into the skin are presented in Figure 3. 

In the following sections, we will detail the most relevant studies regarding the role 
of vesicular systems and lipid nanoparticles in wound care, with the most important re-
sults being presented in Tables 1 and 2. 

 
Figure 3. Schematic illustration of the anatomical target sites and skin penetration pathways of the nanosized-lipid-based 
drug delivery systems. Liposomes penetrate as an intracellular delivery system and deposit the drugs into the stratum 
corneum. They have poor penetration of the drug into the dermis. Transfersomes squeeze through the intercellular parts 
of the corneous layer or penetrate through the transfollicular pathway to release the drug into the dermis. Ethosomes 
penetrate stratum corneum lipids through fluidization, using transfollicular or intercellular pathways and releasing the 
drug into the dermis. Nanostructured lipid carriers (NLCs) and solid lipid nanoparticles (SLNs) penetrate through inter-
cellular and transfollicular pathways into the dermis.  

Figure 3. Schematic illustration of the anatomical target sites and skin penetration pathways of the nanosized-lipid-based
drug delivery systems. Liposomes penetrate as an intracellular delivery system and deposit the drugs into the stratum
corneum. They have poor penetration of the drug into the dermis. Transfersomes squeeze through the intercellular parts of
the corneous layer or penetrate through the transfollicular pathway to release the drug into the dermis. Ethosomes penetrate
stratum corneum lipids through fluidization, using transfollicular or intercellular pathways and releasing the drug into
the dermis. Nanostructured lipid carriers (NLCs) and solid lipid nanoparticles (SLNs) penetrate through intercellular and
transfollicular pathways into the dermis.

In the following sections, we will detail the most relevant studies regarding the role of
vesicular systems and lipid nanoparticles in wound care, with the most important results
being presented in Tables 1 and 2.
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Table 1. Applications of vesicular systems in wound healing.

Drug Loaded in
Vesicular Systems

Properties
PS = Particle Size (nm)

EE = Encapsulation Efficiency (%)
ZP = Zeta Potential (mV)

Experimental Design Administration Effects Refs.

LIPOSOMES

Madecassoside
PS = 151

ZP = −54
EE = 70.14

In vivo

Franz diffusion cell
using full-thickness

dorsal skin excised from
Sprague Dawley rats

0.4 mL of madecassoside
liposomes was applied on

the skin tissue

Double emulsion liposomes
loaded with madecassoside
possessed better EE, smaller

size, remarkable stability and a
better capacity to deliver the
active agent at the target site [49]

In vivo
Sprague Dawley rats
with second-degree

burns

Topically, applied once daily
for 12 days

Better therapeutic wound
healing effect

Significantly improved wound
closure

Rosmarinus officinalis
essential oil

and
Salvia triloba essential oil

PS = 203.9 ± 14.13
ZP = −30 ± 7.6

EE = 65
PS = 229.6 ± 15.45

ZP = −30 ± 3.9
EE = 57

In vivo

Selectively permeable
bag membrane (cut-off

3–5 KD)

200µL essential oils
dissolved in 1 mL of

methanol

Linear kinetic of essential oils
release, reaching ~40% in 1 h

and ~100% in 3 h

[81]

2,2-diphenyl-1-
picrylhydrazil (DPPH)

test

Essential oils methanol
solutions of 5 µL/mL
liposome suspensions

Increased antioxidant activity
Preservation of the antioxidant

properties
High anti-lipid peroxidation

activity

Soybean lipoxygenase
inhibition assay

5 mg/mL and 1 mg/mL of
essential oils and liposomes

Moderate anti-inflammatory
activity

Disk inhibition zone
(DIZ) on appropriate

agar plates

Paper disks with 5 µL of
pure essential oil or essential

oil liposomes

Increased diameter of inhibition
compared with unformulated

EOs
Strong inhibitory effect against

Klebsiella pneumoniae
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Table 1. Cont.

Drug Loaded in
Vesicular Systems

Properties
PS = Particle Size (nm)

EE = Encapsulation Efficiency (%)
ZP = Zeta Potential (mV)

Experimental Design Administration Effects Refs.

LIPOSOMES

Epidermal growth factor
(EGF)

PS = 4.44 ± 0.03
ZP = 4.44 ± 0.03

EE = 58.1

In vivo Franz type of diffusion
cells

1 mL of EGF liposome
formulation with a

concentration of 2 Lg/mL

Increased stability of EGF in
liposome formulation

[50]

In vivo
Female Sprague Dawley
rats with second-degree

burned areas

Topically
once daily for 14 days

Fast and increased healing effect
Increased synthesis of collagens

and epidermal thickness

TRANSFERSOMES

Highly skin-permeable
growth factors combined

with hyaluronic acid
(LMWP-fused GF)

PS = 107 ± 0.757
ZP = 56.5 ± 1.13
EE = 81.9 ± 4.63

In vivo
Excised hairless mouse

skin

500 µL of LMWP-fused GF
and hyaluronic acid

combination compared with
native growth factors and

hyaluronic acid

Enhanced skin permeation

[64]
CCD-986sk cells 100 ng/mL LMWP-fused GF Increased cell proliferation

In vivo
Diabetic female C57/BL6

mice
Biopsy punch

Topically
once daily for 11 days

Increased fibroblast proliferation
Enhanced wound healing

activity in diabetic wounds
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Table 1. Cont.

Drug Loaded in
Vesicular Systems

Properties
PS = Particle Size (nm)

EE = Encapsulation Efficiency (%)
ZP = Zeta Potential (mV)

Experimental Design Administration Effects Refs.

ETHOSOMES

Silver sulfadiazine
PS = 206.7 ± 1.18
ZP = −67.3 ± 0.45
EE = 92.03 ± 0.79

In vivo

Dialysis bag diffusion
technique

0.5 mL of formulation
containing silver

sulfadiazine

Reduced drug release correlated
with the increased amount of

lecithin

[82]Bacterial growth
inhibition

Gram-positive bacteria:
Staphylococcus aureus,

Staphylococcus epidermidis,
Bacillus cereus, Bacillus

subtilis and Enterococcus
faecalis

Gram-negative bacteria:
Pseudomonas aeruginosa,

Klebsiella pneumonia

Significantly decreased the
colony count of bacteria

compared with commercial
cream

In vivo
Male adult Wistar rats
Second-degree burn

wounds

Topical gel
once daily for 21 days

Faster wound healing progress
Wounds completely healed with

no scar on the 15th day of
treatment
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Table 2. Applications of lipid nanoparticles in wound healing.

Drug Loaded in
Lipid Nanoparticles

Properties
PS = Particle Size (nm)

ZP = Zeta Potential (mV)
EE = Encapsulation Efficiency (%)

Experimental Design Administration Effects Refs.

Solid Lipid
Nanoparticles (SLNs)

Tetrahydro curcumin
(THC)

PS = 96.6
EE% = 65.95 ± 0.14%

In vivo

Dialysis membrane with
pore size 2.4 nm,

molecular weight cut off
12–14 Kda

THC-SLNs dispersion (0.25
mL), THC-SLNs gel (500
mg), free THC in gel (500

mg), all containing 940 µg of
THC

Higher release of THC incorporated
in SLNs

[83]Ex vivo Pig ear skin and jacketed
Franz glass diffusion cell

THC-SLNs dispersion (0.25
mL), THC-SLNs hydrogel

(500 mg), THC gel (500 mg),
all containing 940 µg of THC

Higher skin permeability
Enhanced penetration as a result of
the increased solubility and small

particle size of THC-SLNs

In vivo Male lacca mice
Excisional wound

Topical hydrogel
treatment, started from the
second day until the 14th

day

Increased anti-inflammatory activity
Angiogenic potential

Enhanced collagenous deposition at
the wound site

All trans-retinoic acid
(ATRA)

PS = 83.0 ± 6
ZP = −19 ± 1
EE = 98 ± 12

In vivo Franz diffusion cells
500 µL solution of ATRA
(200 µg/mL) or chitosan

films

SLN-ATRA and chitosan films
revealed a controlled drug release,
essential to reduce local adverse

effects of ATRA

[55]

In vivo
Diabetic C57BL/6 male

mice
Excisional wound

Topically for 14 days

Accelerated wound healing
Improved collagen deposition
(especially type III collagen)
Reduced scar and leukocyte

infiltration
Decreased infiltration of neutrophils

and macrophages in the wound
No local adverse reactions
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Table 2. Cont.

Drug Loaded in
Lipid Nanoparticles

Properties
PS = Particle Size (nm)

ZP = Zeta Potential (mV)
EE = Encapsulation Efficiency (%)

Experimental Design Administration Effects Refs.

Solid Lipid
Nanoparticles (SLNs)

Chamomile oil PS = 542.1 ± 27.5
ZP = −35.9 ± 0.602 In vivo Adult male Wistar rats

Excisional wound Topically

Accelerated wound-healing process
Increased amount of collagen

deposition
Significantly increased level of

TGF–Beta1
Stimulated the proliferation of
fibroblasts and keratinocytes

[84]

LL37 and Serpin A1
PS of LL37-SLNs = 232.2 ± 7.8

PS of A1-SLNs = 210 ± 5.6
EE > 80

In vivo

BJ fibroblasts
Primary human

epidermal keratinocytes

3 mg/mL LL37-A1-SLNs
5 mg/mL blank SLNs
5 µg/m LLL37 only
20 µg/mL A1 only

Faster cell migration and increased
wound closure for LL37 and Serpin

A1 incorporated in SLNs
Decreased collagen type I production

[85]

Evaluation of the
antibacterial activity

2 mg/mL LL37 and Serpin
A1 encapsulated in SLNs

5 µg/mL LL37
20 µg/mL Serpin A1

The combination LL37 and Serpin A1
had a synergistic antibacterial activity,
especially against S. aureus and E. coli

Ex vivo

Female New Zealand
white rabbits: inner

pinna delipidized skin
Franz diffusion cell

10 mg/mL LL37-A1-SLNs

Increased permeability across the
impaired skin

Higher deposition of the drugs in the
target area

Protected the peptides from
degradation
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Table 2. Cont.

Drug Loaded in
Lipid Nanoparticles

Properties
PS = Particle Size (nm)

ZP = Zeta Potential (mV)
EE = Encapsulation Efficiency (%)

Experimental Design Administration Effects Refs.

Nanostructured lipid
carriers (NLCs)

20(S)-protopanaxadiol
PS = 111.4 ± 5.9
ZP = −33.2 ± 5.5
EE = 97.9 ± 1.51

In vivo
Raw 264.7 cells 10 µM Anti-inflammatory potential

[56]

HUVEC cells 2.5 µM Increased angiogenesis activity

In vivo

Male mice (Lepr
db/JNju, db/db) with

hyperglycemia
Excisional wound

Topically
Every 2 days in 15-µL or

15-mg doses

Decreased inflammatory infiltration
in the inflammatory stage of wound

healing
Increased angiogenesis during the

proliferation phase
Regulation collagen deposition in the

remodeling phase
Wounds closing without scars

Phenytoin PS = 178.2 ± 4.53

In vivo

Modified Franz diffusion
cell with slight

modification using
dyalisis membrane

Hydrogel containing free
drug and Phenytoin-NLC

hydrogel

Phenytoin-NLC hydrogel has shown
a lower release rate than free

phenytoin

[58]

In vivo

Prospective
double-blinded,

randomized, controlled
study

27 patients with diabetes
and neuropathic foot

ulceration

Topically
Hydrogel

Twice daily for
8 weeks

Phenytoin-NLC hydrogel was more
effective in wound closure when

compared to free phenytoin
Reduced healing time
No adverse reactions
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Table 2. Cont.

Drug Loaded in
Lipid Nanoparticles

Properties
PS = Particle Size (nm)

ZP = Zeta Potential (mV)
EE = Encapsulation Efficiency (%)

Experimental Design Administration Effects Refs.

Nanostructured lipid
carriers (NLCs)

LL37
PS = 273.6 ± 27.64
ZP = −31.63 ± 1.94
EE = 96.40 ± 0.41

In vivo

Human foreskin
Fibroblasts: RAW 264.7

cells
5000 ng/mL Encapsulation of LL37 in NCLs did

not affect its bioactivity

[86]
Evaluation of the

antimicrobial activity 20 µg/mL Increased antimicrobial activity
against E. coli

In vivo
Balb/c mice

male db/db mice
Punch biopsy wound

Topically, spread over the
wound bed on days 1 and 4

after wound induction

Significantly higher grade of
reepithelization

Accelerated anti-inflammatory effect
Increased collagen deposition

Eucalyptus oil
PS = 220 to 300

ZP = −22.07 ± 0.29
EE = ~100

In vivo

Normal human dermal
fibroblasts from juvenile

foreskin

200 µL nanoparticles
suspensions Increased cell proliferation

[52]
Evaluation of the

antimicrobial activity

Nanoparticles and
eucalyptus oil dispersed in

lecithin solution

Increased antibacterial effect on
Streptococcus pyogenes compared with
free drug and similar antimicrobial

effect on Staphylococcus Aureus
compared with free drug

In vivo
Wistar Male rats

Burn injuries followed
by biopsy punch at 24 h

Topically daily for 18 days
Decreased lesion area at 4 days of

treatment
Promoted wound healing
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Table 2. Cont.

Drug Loaded in
Lipid Nanoparticles

Properties
PS = Particle Size (nm)

ZP = Zeta Potential (mV)
EE = Encapsulation Efficiency (%)

Experimental Design Administration Effects Refs.

Nanostructured lipid
carriers (NLCs)

Peppermint essential oil
PS = 40–250

ZP = −10 to −15
EE = 93.2 ± 1.2

In vivo Evaluation of the
antimicrobial activity

100 µL peppermint
oil/peppermint oil loaded in

NLCs

Same effect on most bacterial strains
between the encapsulated drug and

the free drug

[87]

In vivo Mice
Punch biopsy

Topically
Gel formulation

Applied once daily

Significantly diminished the infected
wound

Increased wound healing rate
Increased fibroblast proliferation and

collagen synthesis

Epidermal Growth
Factor (EGF) and

Curcumin

PS = 331.8 nm
ZP = −6.64 ± 0.51

EE = 81.1–99.4

In vivo NIH 3T3 fibroblasts and
HaCaT keratinocytes

EGF–Cur-NLC (10 ng/mL
EGF and 100 ng/mL

curcumin)

Enhanced proliferation of fibroblasts
and keratinocytes

[57]

In vivo
Male Sprague Dawley

diabetic rats
Biopsy punch

Topically
Increased cell proliferation
Accelerated wound closure

Decreased risk of bacterial infection
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3.1. Vesicular Systems
3.1.1. Conventional Liposomes in Wound Healing

Liposomes are small spherical vesicles prepared based on natural phospholipids,
such as lecithin, with a structure similar to most biological membranes’ lipids [88] (see
Figure 2a). The phosphatidylcholine represents another frequently used phospholipid,
which is obtained from soybean or egg yolk. The physicochemical properties of liposomes,
such as the lipid composition, particle size, membrane rigidity or elasticity, surface charge,
number of lamellae and drug storing potential, determine their stability and drug delivery
abilities [89]. Several methods of preparations of liposomes are represented by hand
shaking, membrane extrusion, thin-film hydration, sonication or ethanol injection [90].
The stability of the liposomes is fragile, being influenced by several factors such as the
composition of the lipid bilayer, the quantity of external water or the interaction between
the drug and the bilayer. In addition, the shelf life of liposomes can be affected during
flocculation or aggregation processes, modifying their size and stimulating the fusion of the
vesicles. Lyophilization, or storage of the liposome in a dry state, is an effective technique
to overcome the instability of the liposomes, specifically to develop stable boundaries
between the vesicles [91,92]. A maximum drug loading capacity associated with prolonged
storage would be around 15–20% [93].

The amphiphilic property of liposomes helps them to encapsulate both hydrosoluble
and liposoluble drugs. Liposomal encapsulation also enhances the solubility and transder-
mal penetration for some hard-to-dissolve pharmacological agents [68]. Regarding the size
of the liposomes, it modifies the capacity of penetration into the skin. Liposomes larger
than 600 nm cannot deliver substances into the deep skin layers, while smaller vesicles can
provide maximal penetrability [40]. According to their classification, multilamellar vesicles
present a size range of 1–5 µ. Large unilamellar vesicles have a size range between 100 and
250 nm, and small unilamellar vesicles show a size range between 20 and 100 nm [94].

The encapsulation efficiency (EE%) is an important quantitative parameter expressing
the amount of the active agent enclosed in the nanosized-lipid-based systems. Liposomes
present a typical drug delivery EE% less than 30% [95].

Another fundamental parameter is the zeta potential, which measures the electrical
charge on the particle surface and provides information about particle stability. The surface
charge of vesicles plays a crucial role in their capacity to penetrate deeper skin layers. It
has been highlighted that cationic vesicles have a higher absorption rate across the skin
layers than anionic liposomes [96]. Cationic liposomes can work as gene delivery systems
by forming complexes with the negatively charged nucleic acids. Moreover, cationic lipid
nanoparticles have been studied widely for small systemic interfering (siRNA) delivery and
have shown promising results in topical applications. RNA interference (RNAi) can be a
crucial tool for silence-targeted genes, but the poor availability of safe and effective delivery
systems has limited its therapeutic use for cutaneous diseases. In this case, topical delivery
is preferred over systemic delivery. Striving to manage this problem, scientists have ex-
plored nanosized-lipid-based drug delivery systems. For instance, Rabbani et al. developed
cationic liposomes and peptide-based ternary complexes to increase the transfection of
Keap1 siRNA. This molecule stimulates antioxidant mechanisms and establishes tissue
regeneration [97]. Human diabetic ulcers express a significantly reduced micro-RNA-132
compared with normal skin wounds. An effective wound closure, along with an increased
proliferation of wound edge keratinocytes and reduced inflammation, has been revealed
after local replenishment of microRNA-132 in the wounds of diabetic mice [98]. Further-
more, Li et al. mixed liposome-formulated micro-RNA-132 mimics with pluronic F-127 gel.
This mixture was topically applied onto human ex vivo skin wounds immediately after
injury, resulting in an increased level of micro-RNA-132 in the wounds a few days after
the beginning of treatment. The healing process was reinforced, which greatly accelerated
wound closure, repressed inflammation and increased keratinocyte proliferation [99].
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Encapsulation of adenosine triphosphate (ATP) in unilamellar lipid vesicles was used
for intracellular energy delivery and was tested on ear skin wounds in rabbits. The essential
finding of this study was the extremely rapid granulation tissue growth in ischemic and
non-ischemic rabbit ear skin treated with intracellular ATP liposomes compared with a
saline-treated group [100].

The impairment of wound healing is mainly caused by inadequate blood perfusion,
leading to hypoxia within the wound area. Buflomedil hydrochloride is a vasoactive drug
that has been encapsulated in liposomes, causing significant wound epithelialization and
a reduced period until complete wound closure [101]. Topical formulation, applied daily
until complete neovascularization, has been shown to be beneficial in wound care, thus
overcoming the side effects of systemic administration [101].

In another study, an improved wound closure rate and reduced inflammation were
obtained by delivering syndecan-4 into liposomes along with platelet-derived growth factor
BB, all embedded in alginate dressing [102]. Recent studies have highlighted that epidermal
growth factor (EGF) or related peptides play essential roles in healing wounds resulting
from burn lesions. However, these peptides have shown low stability in conventional
formulations. An in vivo experiment evaluated the stability and effects of EGF loaded
in liposomes as follows. Researchers inflicted second-degree burn wounds on female
Sprague Dawley rats and split them into six groups. The rats treated with a liposome
formulation containing 10 µg/mL EGF, applied daily for two weeks, recorded the best
healing effect [50]. Furthermore, the same research group performed a study where
multilamellar EGF-loaded liposomes carried in chitosan gel were developed and assessed
for burn wounds. Chitosan is a polysaccharide with excellent biological properties, such as
hemostatic activity, biocompatibility, antimicrobial activity and the capacity to accelerate
wound healing when administered as a wound dressing. At the end of the treatment, the
EGF-loaded liposome group’s epithelization rate was the highest when considering the
histochemical results among all the other groups [103].

Regarding natural agents, we found studies that evaluated their incorporation in
vesicles as a wound treatment. Essential oils (EO) loaded in vesicular systems represent
a practical approach to enhancing their biopharmaceutical properties. Despite the wide
use of these plant extracts on account of their antiseptic properties, issues such as high
volatility and low stability led to limited use in clinical practice [65]. In an in vivo study,
Rosmarinus officinalis and Salvia triloba essential oils were loaded into liposomes. Due
to the strength of the anionic charge repulsion into their surfaces and a zeta potential
of −30 mV, these systems were highly stable. There was no significant variability in
the stability of each formulation. The antimicrobial effect of these vesicles was tested
using different bacterial strains. As a result, EO effectively counteracted bacterial growth,
with a substantial inhibitory effect on Klebsiella pneumoniae. Additionally, the antioxidant
properties of the EO were preserved [81]. Another study loaded liposomes with citral and
pompia EO, promoting their dermal delivery and enhancing their antimicrobial activity
against all the assayed microorganisms [104].

Liposome encapsulation also exceeded the reduced membrane permeability of a
highly potent compound used in treating wounds called madecassoside (MA). Researchers
evaluated the potential effects on wound healing of MA liposomes prepared by a double
emulsion method. They revealed a formulation with a small particle size, remarkable
long-term stability and high EE%. Moreover, in vivo experiments showed that MA double
emulsion liposomes improved transdermal penetration and wound healing [49]. Another
study on MA liposomes showed that the storage temperature is essential to its stability.
A lower temperature (4 ◦C) was optimal for the storage of MA liposomes with a higher
EE% [105].
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In the section above, we found studies that incorporated vasoactive drugs, genes, plant
extracts, intracellular molecules or growth factors in liposomes. Even though liposomes are
nontoxic, biodegradable and biocompatible with skin [106], these molecules face significant
obstacles to their expansion in clinical use: low stability, low reproducibility and rapid
drug leakage [107].

3.1.2. Ultra-Deformable Liposomes or Transfersomes in Wound Healing

Currently, conventional liposomes are less utilized as transdermal delivery systems
due to the development of new vesicular systems named ultra-deformable liposomes,
elastic vesicles or transfersomes [108].

The chemical structure of transfersomes consists of a phospholipid bilayer, an edge
activator and water [40] (see Figure 2b). Surfactants such as sodium deoxycholate, sorbitan
monostearate, sorbitan monooleate (Span 80), sorbitan monolaurate or polysorbate 80
(Tween 80) are commonly used edge activators [109]. Moreover, Span 80 is more effective
than Tween 80, and sodium deoxycholate provides maximum deformability to the vesicle
membrane pores [110]. The evaporation of water when the lipid suspension is dispersed
on the skin surface determines the penetration capacity. The elasticity of vesicles helps
them deform and penetrate, as intact vesicles, skin pores that are much smaller than their
diameters. Edge activators play an important role in this remarkable deformability of
transfersomes, having the potential to solubilize and fluidize the skin lipids, leading to a
higher permeation capability [111]. Two standard techniques were reported in order to
manufacture transfersomes, which are the thin-film hydration and modified handshaking
methods. Transfersomes are chemically unstable during storage as a consequence of their
propensity to oxidative degradation. Hence, lyophilization is a method used to increase
the storage stability of the transfersomes with satisfactory results [112]. In most cases, they
present a high EE% of 90%, particularly for lipophilic drugs [111], a high drug loading
capacity [113] and a size range between 100 and 400 nm [114].

These novel carriers combine the benefits of traditional liposomes and exhibit more
advantages in topical treatment, enabling the controlled release of the active substance and
augmenting the stability of unsteady drugs [115].

Several studies have explored the encapsulation of peptides, such as growth factors, to
ensure optimal delivery. For instance, recombinant human epidermal growth factor (rhEGF)
is an endogenous polypeptide that regulates cell proliferation and differentiation [116].
This peptide can be an excellent formulation for skin conditions such as chronic wounds,
diabetic ulcers or burns. Nevertheless, its instability is prone to affect the properties of the
product, also diminishing its biochemical actions [117]. A great approach to enhancing
their penetration was the encapsulation of rhEGF in transfersomes. The skin penetra-
tion of rhEGF was increased using transfersomal rather than non-transfersomal emulgel
formulation. In this study, the best formulation of transfersomes was achieved with a
vesicle-to-active-ingredient ratio of 200:1. These newly formed vesicles were spherical and
unilamellar, with a size range of less than 200 nm and a zeta potential less than −30 mV,
demonstrating great stability, excellent deformability and high entrapment efficiency. The
emulgel formulation used in this study can be more advantageous, enhancing the drug
stability and release compared with gel base-incorporated active substances [116].

In another experiment on growth factors, a topical delivery system for the low-
molecular-weight-protamine (LMWP)-fused growth factors (GFs) combined with hyaluronic
acid (HA) was developed. In this study, cationic elastic liposomes, along with the GF-HA
complexes, were explored as better suited carriers in diabetic wound therapy. This formu-
lation allowed for extended exposure of the GF-HA vesicles in the wound bed, reducing
the required dose for GFs. Transfersomes containing the LMWP-fused GFs along with HA
improved the wound healing capacity in a diabetic mouse model, inducing a decrease in
wound size of approximately 65% [64].
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Recent research on diabetic rats evaluated the healing capacity of deferoxamine-loaded
transfersomes in pressure ulcers. Deferoxamine-loaded transfersomal gel represents a
potential type of therapy for treating human diabetic ulcers because it increases the rate of
neovascularization, collagen fiber production and the overall healing process of ulcers [118].

Transfersomes can increase the transdermal flux, extend drug release and enhance the
site specificity of bioactive molecules [110]. However, transfersomes also have limitations,
such as their instability and tendency for oxidative degradation. Another disadvantage is
the expensive equipment required for their production [111].

3.1.3. Ethosomes in Wound Healing

Ethosomes are updated versions of conventional liposomes and are composed of phos-
pholipids, cholesterol and a large amount of alcohol (20–45%) [40,109] (see Figure 2c). Their
lipid membranes are less tightly packed than other vesicle membranes, allowing them to be
more flexible. Commonly used phospholipids for the preparation of ethosomes are phos-
phatidylcholine, phosphatidic acid, phosphatidylserine and phosphatidylethanolamine.
Some preferred alcohols are ethanol and isopropyl alcohol [119]. The presence of ethanol
determines a negative surface charge that prevents the aggregation of vesicles due to
electrostatic repulsion. Ethanol is an efficient penetration enhancer and, due to its prop-
erties, ethosomal formulations have shown higher permeation, more prolonged action
and long-term stability in storage [40]. Furthermore, increasing the ethanol concentration
increases the EE% of the ethosomes [120], which is typically reported as high [121].

Ethosomes also improved the access for both highly hydrophobic [122] and highly
hydrophilic drugs to the deep skin layers [123]. This improvement of drug permeability
is a result of the ethanol effect. The synergy between ethanol and the polar head of
the lipid molecules creates increased fluidity and diminished density in the lipid layers,
releasing the drug into the deep layers of the skin [124]. The size range of the ethosomes
is 103–200 nm, depending on the amount of ethanol [125]. Therefore, the storage stability
of the vesicular systems is a significant concern. However, ethosomes present superior
stability compared with conventional liposomes [126]. The lyophilization (freeze-drying)
process had different results in terms of drug-containing ethosomes. Although the evidence
showed no difference before or after this process in a study [127], other authors expressed
that this method is suitable to increase the stability of ethosomes [125]. Ethosomes are easy
to scale up through the cold process, which is the most-used technique for preparation, or
the hot method [125].

Several studies have investigated the relevance of ethosomes in wound-healing treat-
ment and have shown the superior skin delivery of active substances loaded in ethosomes
compared with liposomes or classical formulations.

Recent studies found that encapsulated natural substances and antibacterial agents
increase their efficacy in the treatment of burn wounds. For instance, curcumin, a natural
compound of turmeric, was encapsulated in ethosomes to evaluate its wound-healing
effects in rats with second-degree burns [128]. This formulation presented a mean size of
the particle of ~120 nm and an optimum EE% for curcumin of approximately 85%. The
results suggest that curcumin loaded in ethosomes has a potent antibacterial effect, as
well as a strong wound-healing capacity better than that of free curcumin, in burn wound
therapy [128]. Zhao et al. evaluated the particle sizes and drug release behavior of curcumin
loaded in ethosomes and other vesicular systems. Ethosomal curcumin formulation with
a mean particle size of 289 nm presented a higher EE% and higher skin deposition of
curcumin compared with classical liposomes [129].

In another study, ethosomes loaded with silver sulfadiazine (SSD), a topical antibiotic
considered the gold standard in burn wounds, were tested in vivo and in vitro to evaluate
their capacity to reduce bacterial infections and healing times in second-degree burns [82].
An increased ethanol concentration in this formulation and lecithin levels of 1% led to a
decrease in vesicle size. Moreover, a higher level of lecithin and alcohol enhanced the EE%
and drug release stability. The study results revealed that topical application of the SSD
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ethosome along with Carbopol gel 974 could overcome the disadvantages of commercial
cream, enhancing the wound contraction rate in Wistar rats by 30% compared with the
control group. Furthermore, this formulation presented a significant in vivo antimicrobial
activity on the tested bacterial strains [82]. A previous study by Jain et al. evaluated an
ethosome-loaded Carbopol hydrogel and exposed the suitable physicochemical properties
of Carbopol 974, acting as an efficient carrier system for ethosomal vesicles [130]. Skin
inflammation involves complex mechanisms that can activate numerous cellular and molec-
ular factors, and maintaining an inflammatory microenvironment, as happens in chronic
wounds, can even promote carcinogenic processes. Thus, the identification of new ways of
evaluation and modulation of inflammatory reactions in wound-healing phases represent
important topics of interest in scientific research [131–133]. A promising therapeutic ap-
proach is the transdermal delivery of the nonsteroidal anti-inflammatory drug piroxicam,
encapsulated in ethosomes and combined with iontophoresis. This formulation presented
particle sizes smaller than 170 nm. Significant differences were found between the transder-
mal penetration of the free drug and nanoethosomal piroxicam formulation combined with
iontophoresis. Furthermore, iontophoresis significantly increased ethosomal piroxicam
diffusion compared with the control group [134].

Thymosin β-4 is a hydrophilic macromolecular protein that plays an essential role
in cellular regeneration but has inadequate transdermal permeation and a reduced EE%.
Therefore, researchers have provided a new design for the ethosomal gel system using
thymosin β-4 ethosomes prepared through the ethanol infusion method. This study
revealed that ethosomal gel formulation presented a better drug transdermal diffusion rate
than the control group and significantly reduced the skin wound healing time [135].

Ethosomes can be a great opportunity for the noninvasive delivery of small-to-large-
sized active substances [124]. In comparison with other vesicular lipid systems, ethosomes
have several advantages, such as enhancing the permeability of a large group of drugs,
more efficient delivery to the skin in terms of quantity and depth, a low-risk profile and
administration in gel or cream formulations, which leads to better patient compliance [124].

3.2. Lipid Nanoparticles in Wound Healing

Lipid nanoparticles have proven to be efficient topical carriers due to their increased
biocompatibility and capacity to incorporate several natural and semi-synthetic agents,
maximum drug incorporation and wide production capacity. Their occlusive characteristics,
based on their lipid structures, minimize cutaneous water loss and increase skin hydration,
making them proper carriers for damaged skin. Wound hydration is known as a key factor
in accelerating the wound-healing process. Nonetheless, their occlusive effect depends
on the lipids’ melting point, the incorporated liquid lipids and the size of the formed
nanoparticles [42,136]. Small-sized particles and low melting points were associated with
the maximum occlusion effect [137].

Two generations of lipid nanoparticles are acclaimed, with the first generation being
solid lipid nanoparticles (SLNs) and the second generation being nanostructured lipid
carriers (NLCs).

3.2.1. Solid Lipid Nanoparticles in Wound Healing

SLNs were described as alternative drug delivery systems to emulsions and liposomes.
They consist of 0.1–30% w/w solid lipid dispersed in an aqueous medium and can be
stabilized with 0.5–5% w/w surfactant (see Figure 2d). Several of the solid lipids used
are free fatty acids (stearic acid and palmitic acid), waxes (cetyl palmitate), triglycerides
(tri-stearin), monoglycerides, diglycerides, fatty alcohols and glycerol esters [45]. The
mean particle sizes of SLNs range from 40 to 1000 nm [138]. They are composed of
substances recognized as safe; most lipids are biodegradable, also presenting low local
adverse reactions and low cytotoxic effects on the human cells [45]. SLNs showed the
ability to shield active substances against physicochemical degradation, also maintaining
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a controlled release over an extended period. Aside from that, they are more affordable,
biodegradable and easy to sterilize [45,139].

The reported data showed that SLNs have a typical EE% between 50% and 100% [140],
a mean particle size between 50 and 500 nm [141] and a drug loading capacity up to
33%. During storage, due to its solid lipid structure, the rigid core formed conducts the
drug expulsion through the matrix [142]. Hence, the lyophilization process is a suitable
method to increase the physical and chemical stability of SLNs [143]. Moreover, they can
be easily scaled up to industrial-scale through homogenization at 500 bar pressure [144].
Other available methods to produce SLNs are ultrasonication, double emulsion, high
shear homogenization, spray drying methods, solvent injection, melt dispersion or using
microemulsions [41,145].

Based on these properties, several studies have investigated the advantages of SLNs
for cutaneous application, evaluating their release profile and potential use for wound-
healing treatments. Additionally, many studies have used the encapsulation of molecules
in SLNs to increase collagen settlement and reduce inflammation. For instance, all-trans
retinoic acid (ATRA) is a derivative of vitamin A that has been suggested as a possible
efficient wound-healing medication [55]. However, several issues, such as its insolubility
in water, instability and the high risk of adverse reactions, have limited the topical use of
ATRA. ATRA was encapsulated in SLNs and incorporated in a chitosan film to overcome
these problems, presenting a high encapsulation efficiency and controlled drug release. In
in vivo studies on diabetic mice, SLNs exhibited accelerated wound healing rates, improved
collagen deposition and reduced scar and leukocyte infiltration. Moreover, no local adverse
reactions were observed [55].

An in vivo study on HaCaT cells highlighted that tristearin encapsulation and hyaluronic
acid in SLNs significantly improved wound healing [146].

Regarding chamomile oil, one of the most frequently used herbs with a great effect
in stimulating wound healing, it has a limited application as a topical treatment due to
its inadequate tissue permeability and rapid degradation after exposure to environmental
factors. Encapsulation of chamomile oil in SLN (CM-SLN) revealed an enhancement in
wound contraction and accelerated healing activity, restoring skin integrity. Moreover, rats
treated with CM-SLNs presented higher levels of transforming growth factor-β1 (TGF-
B1) compared with the control group, with this factor playing a pivotal role in fibroblast
contraction and collagen settlement [84].

In another complex study with in vivo, ex vivo and in vitro research, tetrahydrocur-
cumin (THC), a substance with great antioxidant and anti-inflammatory features, was
incorporated in SLNs in order to elevate its topical bioavailability. The results indicated
a faster and better wound healing rate in the mice treated with THC-SLN gel. This new
formulation showed higher skin permeability and extended the drug release for more than
24 h. THC-SLN gel can be a safer alternative to the currently available products, increasing
patient compliance with treatment due to its non-staining, non-irritating, non-greasy and
easily spreadable properties [83].

Concerning drugs with antimicrobial activity, we found many studies that used
SLN encapsulation to enhance this effect. Cefadroxil-loaded SLN-based topical gels were
evaluated for in vivo wound healing activity in male rats. This formulation could eradicate
bacterial growth and effectively treat an infectious wound in a short span of time [147].

Other research evaluated the potential therapeutic effects of combining LL37 and
Serpin A1 into a single nanoparticle formulation using SLNs as a delivery system. LL37 is
a human peptide with broad antimicrobial activity. It also plays an efficient role in angio-
genesis and epithelial cell migration. Regarding Serpin A1, also known as α1-antitrypsin, it
is a major physiological elastase inhibitor and immunomodulator. The in vivo experiments
on BJ fibroblasts and keratinocytes showed an accelerated wound healing effect, stimulat-
ing wound closure. Moreover, this formulation increased antibacterial activity, especially
against S. aureus and E. coli, and presented anti-inflammatory effects [85].
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As mentioned before, one of the preferred antimicrobial agents in burn wound ther-
apy is silver sulfadiazine (SSD). However, in several cases, the wound-healing process
was delayed due to its toxicity on fibroblasts and keratinocytes [148]. Hence, a chitosan
gel rich in SLN-SSD along with deoxyribonuclease-I was tested and showed an essen-
tial cytoprotective activity with fibroblasts. Moreover, this new formulation improved
the therapeutic effect of SSD on biofilm resistance associated with wound infection and
significantly increased the wound closure [145]. Another study evaluated curcumin and
ampicillin SLNs incorporated in semi-solid formulations (ointments and gels) as potential
forms of therapy in burn wounds. Both SLN-based formulations presented a mean particle
size of 112–121 nm, low zeta potential and increased wound healing rate in vivo without
any sign of toxicity. Moreover, they exhibited a synergistic antibacterial effect [149].

A recent study evaluated another antiseptic drug used in wound healing therapy,
povidone-iodine, incorporated in SLNs. The povidone-iodine encapsulation in SLNs
created a formulation with good stability, a mean particle size of 285.4 nm and an optimal
EE% [150].

Topically applied opioids have shown an enhancing keratinocyte migration effect,
which can hasten wound healing, but their poor concentration at the target site failed
to maintain pain control. Therefore, researchers attempted to improve wound healing
through a new human-based, 3D wound-healing model using morphine-loaded SLNs with
a mean size of about 180 nm. This unique formulation, compared with the conventional
one, improved wound closure, with lower cytotoxicity and irritation risk, associated with a
prolonged morphine release [151].

Valsartan, an antagonist of the angiotensin 1-receptor, was used in an experimental
study to increase the diabetic wound-healing process. Based on previous studies, which
reported its efficacy in chronic diabetic wounds [152,153], Valsartan was encapsulated in
SLNs and integrated into a gel composition in order to improve its dermal permeability.
Evaluation of valsartan SLNs showed a small particle size, sustained drug release and
high EE%. In vivo investigation revealed complete healing of the diabetic ulcers in rats in
12 days [154].

Even though SLNs have broad applicability in wound-healing therapy, these nanopar-
ticles have encountered several disadvantages, such as a propensity to gelation, a low
incorporation rate due to their crystalline structure or lipid particle growth [42], thus
encouraging further research for the discovery of new, more efficient carriers.

3.2.2. Nanostructured Lipid Carriers in Wound Healing

NCLs represent the second generation of lipid nanoparticles [41] and are produced
by employing blends of solid and liquid lipids (oils), the combination thereof being solid
at body temperature (see Figure 2e). To acquire the blends for the particle matrix, solid
lipids are mixed with liquid lipids, ideally at a ratio of 70:30 up to a ratio of 99.9:0.1 [138].
Liquid lipid incorporation generates changes in the solid lipid structure, leading to a
less ordered crystalline arrangement that averts drug leakage, supplies a high drug load
and has great stability during storage [43,142]. Moreover, these nanocarriers possess the
ability to deliver both hydrophilic and lipophilic drugs. Hence, they have gained wide
applicability in wound-healing treatment. The manufacturing process of NCLs is similar
to that used for SLNs. It is noteworthy that they are easy to scale up through high-pressure
homogenization, which is the first choice for the method of production [155]. In addition,
the freeze-drying process has been investigated for several molecules encapsulated into
NCL with satisfactory results in terms of stability [156–159]. NCLs have a typical EE% of
NCLs around 85%, a high drug loading capacity [160] and a mean particle size between 50
and 300 nm [161].

Given their small size, the contact of NCLs with the stratum corneum is enhanced, and
a higher quantity of active agents penetrates through the skin. Thus, NLCs are adequate
to enlarge the spectrum of drug delivery systems and surpass various disadvantages
concerning conventional nanosized-lipid-based carriers.
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NLCs are viewed as an improved generation of SLNs due to several advantages: the
increased loading capability of active substances, enhanced stability, reduced risk of drug
extrusion and improved overall benefit/risk ratio. In terms of biotoxicity and the action
mechanism, no significant differences have been found between SLNs and NCLs [162].

However, the incorporation of drugs in NCLs can be an innovative and suitable
approach to overcome SLN formulation limitations. Thus, a comparison between SLN
and NCL encapsulation of RhEGF showed an EE% higher in NCL-rhEGF than SLN-rhEGF.
Nevertheless, there were no differences between the uptake capacity of SLN-rhEGF and
that of NLC-rhEGF in the cell cultures being studied. Both doses of SLN-rhEGF and NLC-
rhEGF achieved significantly higher wound area reduction than the empty nanoparticle
control group. In this study, the bioactivity of the nanoparticle formulations was better in
all of the study cell cultures than that of the free rhEGF [163]. Another in vivo and in vitro
study compared the effect of SLNs and NLCs loaded with eucalyptus oil or rosemary oil.
The oils encapsulated in SLNs showed poor bio-adhesion properties compared with the
oils encapsulated in NCLs. This result was an effect of the olive oil presented in the NCL
composition, known for its excellent proliferation improvement. Furthermore, eucalyptus
oil encapsulated in NCLs, based on olive oil, achieved the best outcome in the proliferation
and cell migration tests [52].

As was previously stated, LL37 is an antimicrobial agent produced by human skin
which impacts the wound-healing process. In an interesting study, researchers encapsu-
lated LL37 in NLCs to optimize its administration in terms of the dose, delivery pattern
and lack of side effects. The particle size of NLCs is a critical factor in determining the
rate of drug release and drug absorption. In this study, the obtained NLC formulation
revealed the optimal physicochemical properties allowing for better drug release and ab-
sorption. Topical administration of LL37-loaded NCLs improved wound healing in terms
of the wound closure rate, re-epithelialization and inflammation diminishment compared
with free LL37 administration. LL37-loaded NCLs also showed significant antimicrobial
effects [86].

Various studies have evaluated the potential of nanoparticles to enhance the bioavail-
ability of natural antimicrobial agents such as EO. For instance, in vivo and in vitro research
assessed the efficiency of eucalyptus essential oil loaded in NCLs as potential therapy for
skin wounds. NCLs were prepared with cocoa butter (solid lipid) and olive oil (liquid
lipid). As a surfactant, lecithin was used to increase stability and prevent aggregation.
This formulation increased the bioavailability and efficiency of eucalyptus oil regarding
antimicrobial effects and proliferation enhancement. A high level of oleic acid present in
olive oil could be the reason for these better effects [52]. Another recent study evaluated
the efficiency of peppermint essential oil loaded in NLCs. Peppermint oil loaded in NLCs
presented an optimal EE% and particle size and was better than free peppermint oil in
terms of neovascularization, the wound contraction ratio and re-epithelialization. The
in vivo study results emphasized significant antibacterial activity against S. epidermidis, S.
aureus, L. monocytogenes, E. coli and P. aeruginosa species [87]. Mentha pulegium, another
essential oil with antiseptic and anti-oxidant effects, was also encapsulated in NCLs, and
in vivo research showed an important effect against the same bacterial species. More-
over, an in vivo study on BALB/c mice showed that this new formulation reduced the
inflammatory phase and accelerated wound healing [164].

Another concern is the oxidative stress associated with chronic inflammation. Oxida-
tive stress is caused by an imbalance between the production of pro-oxidants on the one
hand and the capacity of a biological system for the rapid detoxification of free radicals on
the other. Oxidative stress is involved in various conditions affecting the skin [165–168] and
also is frequently encountered in association with diabetes-induced chronic wounds [169].
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A wound-healing natural compound with bifunctional properties that can respond
to oxygen species and increases antioxidant enzyme production is curcumin (diferuloyl-
methane), an active substance of turmeric. While various studies in the last decade have
shown numerous properties of curcumin, such as anti-inflammatory, antineoplastic or
antimicrobial effects, its clinical applications are limited due to its low bioavailability
caused by reduced water solubility and stability [170]. Hence, encapsulation of curcumin
in nanoparticles was investigated in order to increase its delivery capacity. A recent
article evaluated the encapsulation of curcumin and epidermal growth factor (EGF) in
NCLs, showing excellent results in stimulating wound healing in a diabetic murine model.
EGF plays a paramount role in cell proliferation and the migration of fibroblasts and
keratinocytes, and its administration into wounds leads to rapid re-epithelialization and
reduces the risk of infection. In vivo research showed better cell migration when NCLs
were loaded with both EGF and curcumin. The in vivo studies on diabetic rats revealed a
shorter half-healing time associated with this formulation [57].

Melatonin, a molecule known for its anti-oxidant and anti-inflammatory effects, was
investigated in several studies for its possible role in wound dressings [171,172]. Recently, a
group of researchers developed a hybrid system of melatonin integrated into NLC-loaded,
chitosan-based microspheres, a wound-dressing innovation for moderate exuding wounds.
Melatonin NCLs presented a small size particle, a positive zeta potential, a great EE% and
a sustained drug release. Furthermore, in vivo research manifested antimicrobial effects
against planktonic bacteria and Staphylococcus aureus [171].

Additional studies have explored the potential of various drugs incorporated in NCLs
to decrease inflammation. For instance, in interesting research, thymol, a compound with
anti-inflammatory properties, was encapsulated in NCLs to enhance its bioavailability. The
study on the murine skin inflammation model revealed that NCL-thymol had stronger
anti-inflammatory effects than free thymol [173].

A molecule widely used for treating hemorrhage, blood stasis, bruises, swelling and
pain is 20(S)-protopanaxadiol. Studies also reported its effectiveness in diabetic wound
healing, given its anti-inflammatory and pro-neovascularization effects. Contrary to these
great properties, its applicability in commercial use is limited due to its low solubility. Sun
et al. developed a new formulation consisting of silicone elastomer, a polymer reported
as being effective in wound healing [174], and 20(S)-protopanaxadiol loaded in NLCs.
20(S)-protopanaxadiol-NCLs resulted in a good EE% and sustained drug release properties.
Aside from that, the in vivo studies showed the anti-inflammatory potential of this new
formulation. In vivo experiments on a murine model revealed the enhancement of all
wound-healing phases, the regulation of collagen settlement, inflammation decreases and
angiogenesis promotion [56].

A recent study evaluated the efficacy of phenytoin loaded in NCLs as a topical
treatment for patients with neuropathic diabetic foot ulcerations. Previous experimental
research has emphasized that topical phenytoin can stimulate collagen synthesis, improve
fibroblast proliferation and enhance wound healing. Still, local adverse reactions associated
with commercially available products have restricted its application. In this study, the
application of phenytoin loaded in NCLs has shown a more extended release of the active
substance, leading to a significant reduction in wound size and healing time [58].

NLCs represent a chemically and physically stable drug delivery system with in-
creased drug loading ability and enhanced bioavailability. The aforementioned properties
proved the ability to overcome the shortcomings of SLNs, the first generation of lipid
nanoparticles.

4. Future Perspectives

Nanosized-lipid-based drug delivery systems have proven to be an area of active
research in wound care, providing efficient topical formulations in different types of
wounds such as burn wounds or diabetic chronic wounds. However, new innovative
approaches are needed to overcome current limitations.
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Nanosized-lipid-based drug delivery systems have been validated for nucleic acid
delivery in many areas of medical research, such as oncology, rare diseases or infectious dis-
eases, enabling the release of the first commercial synthetic short interfering RNA (siRNA)
drug [175–177]. Furthermore, ionizable cationic lipid nanoparticles were a breakthrough in
these fields, overcoming previous issues with delivering siRNA into cells.

Nucleic acids such as microRNA or siRNA have essential roles in wound-healing
phases, such as promoting keratinocyte growth, regulating the inflammatory process, an-
giogenesis and promoting proliferation, and they have been correlated with abnormalities
in their regulations concerning chronic wounds or abnormal scars [176,178]. Many different
types of microRNA can be used in wound care, targeting pathways involved in scarless
healing such as transforming growth factor β or SMAD proteins [179–181].

As we previously stated, several studies have explored lipid nanoparticles loaded
with nucleic acids in wound care. A topical treatment for diabetic wound healing was
optimized using cationic lipid nanoparticles combined with an edge activator sodium
cholate, resulting in a stable lipoproteoplex nanoparticle to increase the topical delivery of
siRNA [97]. However, the precise mechanism of the cellular uptake of nucleic acids is still
unknown. That notwithstanding, some studies reported that the size of the nanoparticle
might influence the mechanism. For instance, a size range between 4 and 10 nm leads
to direct penetration of the nanoparticles through the cell membrane compared with
particles with a size range between 10 and 120 nm, which may be delivered through
endocytosis [182]. In vivo research on diabetic mice showed excellent penetration of the
siRNA nanoparticle in the target site with an ongoing deposition of the substance five days
after administration, which led to accelerated wound closure. Another important aspect
was the low cytotoxic in vivo effect of the formulation, making it a safe and viable form of
treatment of a diabetic wound [97].

Another approach to lipid nanoparticles loaded with nucleic acids was to develop an
excellent formulation for chronic ischemic wounds associated with peripheral vasculopathy
and a high level of micro-RNA-210. This formulation succeeded in decreasing the level
of micro-RNA-210, which has been correlated with a reduced rate of keratinocyte prolif-
eration [183]. Furthermore, the same research group explored the application of topical,
lyophilized, keratinocyte-targeted lipid nanoparticles loaded with locked nucleic acid-
modified anti-microRNA in burn wound therapy. The results of the in vivo studies on mice
exhibited an accelerated wound closure rate. It should be noted that in this formulation,
the lipid nanoparticles were lyophilized to extend the storage stability [184]. Another study
previously presented showed the important role of micro-RNA-132 in wound healing [99].

Based on their essential role in maintaining an optimal wound healing environment,
topically delivering nucleic acids can be a suitable formula in wound care to avoid systemic
toxicity and maximize therapeutic potential [185–187]. However, further in vivo research
in this field should be embraced, including nanosized-lipid-based drug delivery systems.

Another interesting topic for further research is the lipid–polymer hybrid nanoparticle
(LPN) technology. This novel technology combines the liposome and polymeric nanopar-
ticle properties formed by a core–shell structure with a lower rate of drug leakage, high
bioavailability and storage stability [188]. Several in vivo studies exhibited excellent re-
sults in drug delivery [189–191]; thus, they have possible applications in wound care. For
instance, to treat skin inflammation, Desai et al. encapsulated capsaicin and anti-TNF
α in novel cyclic cationic head LPN. The study showed that this formulation was able
to efficiently penetrate deep skin layers, delivering active molecules such as anti-TNF α

and capsaicin with no cytotoxic effects [192]. Another work designed a new approach for
fusidic acid using LPNs in order to encounter MRSA burn wound infections. This study
showed excellent results regarding permeability, microbial activity and wound closure
compared with conventional formulations [193]. The fusidic acid was also encapsulated in
LPNs by other authors, with similar results [194]. The applicability of LPNs to overcome
burn wound infection has been reinforced by another study that used them to deliver
norfloxacin [195].
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Scaling up the nanosized-lipid-based drug delivery systems is another challenge.
Reported data showed that vesicular systems, such as liposomes, are difficult to scale
up or require expensive methods compared with lipid nanoparticles, which are easy to
scale up [196,197]. However, a suitable process for this is represented by hot or cold
high-pressure homogenization [162].

Another important topic for future development is to translate nanosized-lipid-based
drug delivery systems into clinical practice and provide reliable large-scale manufacturing.
Thus, the comprehensive research on clinical trials in different types of wounds comparing
the efficiency of different topical formulations with conventional treatments is imperative
to obtain more information about possible adverse reactions in human subjects and develop
newly approved therapies in wound care.

5. Conclusions

The applications of nanosized-lipid-based drug delivery systems in wound care
showed potential in overcoming impediments such as the inadequate bioavailability of
active agents with low solubility. Furthermore, they can increase the stability of drugs
used in wound-healing therapy, with better efficacy and insignificant adverse effects
compared with conventional formulations. Most of the encapsulated drugs presented in
this review exhibited an improvement in the wound healing rate correlated with their
physiochemical properties. Nanosized-lipid-based drug delivery systems can also increase
the drug concentrations in the treated skin area and enhance the efficacy of wound-healing
therapies.

Further studies should continue the assessment of nanosized-lipid-based drug deliv-
ery systems in order to improve skin permeability for pharmacological substances and
achieve increased bioavailability and better control of the drug release, providing the
clinician with more effective forms of therapy for wound care.

Author Contributions: Conceptualization, A.-M.M., C.C.; methodology, A.-M.M. and C.C.; writing—
original draft preparation, A.-M.M., C.C., M.T., S.R.G., C.M., M.M.C., T.V.C., D.C., D.A.C., I.A.B.,
C.S. and A.C.; writing—review and editing, A.-M.M., C.C., M.T. and A.C.; supervision, C.C.; project
administration, C.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research and the APC were partially funded by the Romanian Ministry of Research
and Innovation, CCCDI-UEFISCDI, [project number 61PCCDI⁄2018 PN-III-P1-1.2-PCCDI-2017-0341],
within PNCDI-III.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Ellis, S.; Lin, E.J.; Tartar, D. Immunology of Wound Healing. Curr. Dermatol. Rep. 2018, 7, 350–358. [CrossRef] [PubMed]
2. Rodrigues, M.; Kosaric, N.; Bonham, C.A.; Gurtner, G.C. Wound Healing: A Cellular Perspective. Physiol. Rev. 2019, 99, 665–706.

[CrossRef]
3. Werner, S.; Krieg, T.; Smola, H. Keratinocyte-Fibroblast Interactions in Wound Healing. J. Investig. Dermatol. 2007, 127, 998–1008.

[CrossRef] [PubMed]
4. Gurtner, G.C.; Werner, S.; Barrandon, Y.; Longaker, M.T. Wound Repair and Regeneration. Nature 2008, 453, 314–321. [CrossRef]

[PubMed]
5. Tottoli, E.M.; Dorati, R.; Genta, I.; Chiesa, E.; Pisani, S.; Conti, B. Skin Wound Healing Process and New Emerging Technologies

for Skin Wound Care and Regeneration. Pharmaceutics 2020, 12, 735. [CrossRef] [PubMed]
6. Li, J.; Chen, J.; Kirsner, R. Pathophysiology of Acute Wound Healing. Clin. Dermatol. 2007, 25, 9–18. [CrossRef]
7. Petca, A.; Negoita, S.; Petca, R.-C.; Calo, O.; Diana Sinescu, R. Ether-Based Polyurethane Foam for Vacuum-Assisted Closure

(V.A.C.) of Complicated Postoperative Abdominal Wound Dehiscence. Mater. Plast. 2020, 57, 32–38. [CrossRef]
8. Matei, A.-M.; Draghici-Ionescu, A.-M.; Cioplea, M.; Zurac, S.; Boda, D.; Serban, I.; Caruntu, C.; Ilie, M.; Gyula, L. Skin

Endometriosis: A Case Report and Review of the Literature. Exp. Ther. Med. 2021, 21, 1–5. [CrossRef]

http://doi.org/10.1007/s13671-018-0234-9
http://www.ncbi.nlm.nih.gov/pubmed/30524911
http://doi.org/10.1152/physrev.00067.2017
http://doi.org/10.1038/sj.jid.5700786
http://www.ncbi.nlm.nih.gov/pubmed/17435785
http://doi.org/10.1038/nature07039
http://www.ncbi.nlm.nih.gov/pubmed/18480812
http://doi.org/10.3390/pharmaceutics12080735
http://www.ncbi.nlm.nih.gov/pubmed/32764269
http://doi.org/10.1016/j.clindermatol.2006.09.007
http://doi.org/10.37358/MP.20.2.5348
http://doi.org/10.3892/etm.2021.9964


Appl. Sci. 2021, 11, 4915 27 of 34

9. Fatima, K.; Khanani, S. Scar Endometriosis: An Entity Not to Be Forgotten. J. Pak. Med. Assoc. 2017, 67, 140–142.
10. Han, G.; Ceilley, R. Chronic Wound Healing: A Review of Current Management and Treatments. Adv. Ther. 2017, 34, 599–610.

[CrossRef]
11. Lindholm, C.; Searle, R. Wound Management for the 21st Century: Combining Effectiveness and Efficiency. Int. Wound J. 2016, 13,

5–15. [CrossRef] [PubMed]
12. Sen, C.K.; Gordillo, G.M.; Roy, S.; Kirsner, R.; Lambert, L.; Hunt, T.K.; Gottrup, F.; Gurtner, G.C.; Longaker, M.T. Human Skin

Wounds: A Major and Snowballing Threat to Public Health and the Economy: PERSPECTIVE ARTICLE. Wound Repair Regen.
2009, 17, 763–771. [CrossRef] [PubMed]

13. Menke, N.B.; Ward, K.R.; Witten, T.M.; Bonchev, D.G.; Diegelmann, R.F. Impaired Wound Healing. Clin. Dermatol. 2007, 25, 19–25.
[CrossRef] [PubMed]

14. Sen, C.K. Human Wounds and Its Burden: An Updated Compendium of Estimates. Adv. Wound Care 2019, 8, 39–48. [CrossRef]
[PubMed]

15. Vowden, K.; Vowden, P.; Posnett, J. The Resource Costs of Wound Care in Bradford and Airedale Primary Care Trust in the UK. J.
Wound Care 2009, 18. [CrossRef]

16. Eming, S.A.; Martin, P.; Tomic-Canic, M. Wound Repair and Regeneration: Mechanisms, Signaling, and Translation. Sci. Transl.
Med. 2014, 6, 265sr6. [CrossRef] [PubMed]

17. Brem, H.; Tomic-Canic, M. Cellular and Molecular Basis of Wound Healing in Diabetes. J. Clin. Investig. 2007, 117, 1219–1222.
[CrossRef]

18. Grey, J.E.; Enoch, S.; Harding, K.G. Wound Assessment. BMJ 2006, 332, 285–288. [CrossRef]
19. Bock, O.; Schmid-Ott, G.; Malewski, P.; Mrowietz, U. Quality of Life of Patients with Keloid and Hypertrophic Scarring. Arch.

Dermatol. Res. 2006, 297, 433–438. [CrossRef]
20. Bijlard, E.; Kouwenberg, C.A.E.; Timman, R.; Hovius, S.E.R.; Busschbach, J.J.V.; Mureau, M.A.M. Burden of Keloid Disease: A

Cross-Sectional Health-Related Quality of Life Assessment. Acta Derm. Venereol. 2017, 97, 225–229. [CrossRef]
21. Lyons, A.B.; Peacock, A.; Braunberger, T.L.; Viola, K.V.; Ozog, D.M. Disease Severity and Quality of Life Outcome Measurements

in Patients with Keloids: A Systematic Review. Dermatol. Surg. 2019, 45, 1477–1483. [CrossRef]
22. Armstrong, D.G.; Wrobel, J.; Robbins, J.M. Guest Editorial: Are Diabetes-Related Wounds and Amputations Worse than Cancer?

Int. Wound J. 2007, 4, 286–287. [CrossRef]
23. Partridge, L.; Gems, D. Mechanisms of Ageing: Public or Private? Nat. Rev. Genet. 2002, 165–175. [CrossRef] [PubMed]
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Enriched Chitosan Microspheres—Hybrid Dressing for Moderate Exuding Wounds. J. Drug Deliv. Sci. Technol. 2019, 52, 431–439.
[CrossRef]

http://doi.org/10.3923/ijp.2020.298.309
http://doi.org/10.1016/j.burns.2003.09.030
http://doi.org/10.15171/apb.2018.046
http://doi.org/10.1089/adt.2020.1029
http://doi.org/10.1016/j.jbiotec.2010.01.001
http://doi.org/10.1016/j.jvs.2005.12.059
http://doi.org/10.1016/j.jid.2017.09.030
http://doi.org/10.1016/j.ijpharm.2020.120091
http://doi.org/10.1016/j.ejbas.2017.02.001
http://doi.org/10.3390/pharmaceutics11020097
http://www.ncbi.nlm.nih.gov/pubmed/30823545
http://doi.org/10.33320/maced.pharm.bull.2020.66.03.109
http://doi.org/10.4028/www.scientific.net/MSF.694.365
http://doi.org/10.1007/s11051-020-04848-0
http://doi.org/10.3390/pharmaceutics12030288
http://doi.org/10.15171/apb.2015.043
http://doi.org/10.1016/j.jconrel.2014.04.032
http://www.ncbi.nlm.nih.gov/pubmed/24794895
http://doi.org/10.1016/j.colsurfa.2020.124414
http://doi.org/10.1155/2018/5823684
http://doi.org/10.37358/RC.17.1.5385
http://doi.org/10.1016/j.nano.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25240595
http://doi.org/10.1016/j.jddst.2019.05.004


Appl. Sci. 2021, 11, 4915 33 of 34
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