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Chapter

Nanotechnological Interventions
and Mechanistic Insights into
Wound-Healing Events

Sourabh Soni, Rubbel Singla and Yogendra S. Padwad

Abstract

Wound-healing cascade is highly dynamic and composed of four continuous but
overlapping phases that are precisely programmed. Successful healing occurs when
these phases occur sequentially in a specific time frame and thus require multipotent
wound-healing material. Nanotechnology has revolutionized the field of wound
dressings by the development of various types of nanotechnology-based drug delivery
systems and materials to treat hard-to-heal wounds. In this chapter, the advantages
and the limitations associated with nanoparticle-based wound-healing materials as
well as recent trends and applications of nanotechnology-based approaches in
advanced wound therapy for healing of cutaneous, chronic, and burn wounds will be
detailed along with the molecular interventions involved. Efforts are targeted herein
to address the most significant factors affecting cutaneous wound healing and the
molecular mechanisms involved. This chapter describes several nanoparticle (NP)-
based drug delivery systems to improve the healing potential of antimicrobial, anti-
fungal, growth factors, and other bioactive agents. While much remains to be learned,
a better understanding of the factors influencing wound repair and nanotechnological
interventions therein may lead to therapeutics that improve the healing process.

Keywords: nanomaterials, wound-healing process, therapeutics, delivery systems,
wound dressings, molecular mechanisms, wound-healing events

1. Introduction

Wound occurs mainly because of an injury, burn, surgery, infectious disease, or a
pathological condition that leads to a compromise in the overall integrity of the tissue.
Wounds are considered as major healthcare challenge affecting several million people
globally due to the underlying complications resulting from infections and
comorbidities such as diabetes. Lifestyle disorders enhance the risk of complications
and lead to improper/delayed wound-healing processes. Despite of thousands of
marketed products available to treat wounds, it is still considered as a burden to the
individual and to the society at large [1].

Managing wounds is not at all easy, especially due to the various steps involved in
the healing process. Most of the healing methods rely on the “tried and tested”
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approach, but off-late, there has been a high influx of new products in the market, as
well as the latest technologies, to increase the wound repair armamentarium. A vast
majority of the new products in the market are refurbished and updated versions of
the older ones. Most of the newer wound management products are the result of
newer fields of research and investigation. Older wound-healing products, such as
plain gauze, are still being extensively used as dressing in hospitals, but better and
advanced understanding and novel technologies have resulted in certain products that
aid in achieving the ideal moist, protected, and warm wound-healing microenviron-
ment. The bioactive properties such as antimicrobial action and immune modulation
create a microenvironment favorable for healing. The current wound care products in
the market include alginate, cellulose, chitosan, collagen, and hyaluronic acid.

Nobel laureate Richard Feynman in 1959 first predicted the emergence of a new
field of study that deals with structures ranging in the nanoscale. Sixty years later, the
impact that nanotechnology has in our lives these days is huge, it is playing a role in
important fields such as diagnostics and therapeutics via its role in the development of
various medical devices [2]. With the rapid growth of nanotechnology as a research
field worldwide, a plethora of nanomaterials has garnered importance in the biomed-
ical and healthcare sectors. Several nanotechnology-based products are currently
being investigated to aid in wound healing. Owing to their interesting properties at
both chemical and physical levels, nanomaterials have gained a lot of attention in
research [3]. Nanodevices being innovative provide us with a wide range of benefits
such as entry across cellular barriers, nonantigenic, anti-shear stress, and gas-
exchange permeability, modulation of biocompatibility, and bioavailability of drugs as
well as nanodelivery option [4-7]. Nanotherapies lead to improvement of the
healthcare sector by enhancement of currently available medical prognosis and treat-
ments for challenges such as impaired wound healing. Despite the development of
potential biomaterials and nanotechnology-based applications for wound healing, this
scientific knowledge is not translated into an increase of commercially available
wound-healing products containing nanomaterials [8].

2. Wounds and wound types

A wound is generally described as a tissue disruption from the normal anatomic
structure leading to a subsequent loss of function [9]. The classical way to define a
wound is to say that it is a disruption in the anatomic and cellular continuity of a tissue.
Wounds tend to rupture the skin’s epithelial integrity and may occur with or without
microbial infection [10]. Wound may take place on many occasions during an individ-
ual’s lifetime due to chemical, physical, and microbial factors influencing it. The phys-
iological response by an individual to an injury is termed as wound healing, which
involves integrated sbiochemical and cellular events leading to the regaining of func-
tional and structural integrity at the injury site [11]. Healing of a wound starts right
from the time of injury and carries on throughout the wound repair with the duration
and extent varying according to the wound. Wound healing involves the action of many
cells, soluble mediators and growth factors, and cell-extracellular matrix interactions.
The coordinated action of all these events leads to the healing of wound via the process
of hemostasis, inflammation, and epithelization, followed by fibroplasia and angiogen-
esis, finally resulting in wound contraction and remodeling [10, 12].

Humans possess an in situ property of wound healing, that is, self-regeneration,
which depends on a person’s age, gender, living habits, environment, microbial
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infection, and types of wounds [13]. This leads to various criteria for wound classifi-
cation: etiology, level of microbial infection, and morphology. Firstly, based on etiol-
ogy, the wounds could be classified into abrasions, burns, cuts, lacerations, and stab
wounds. Based on microbial infections, wounds have been categorized mainly into
three groups: aseptic, contaminated, and septic wounds. There is one more character-
ization: closed and open wounds. Wounds are termed as closed when the skin shows
no damage, but the underlying layer is injured while in open wounds the skin injury
leads to exposure of the underlying tissue [14]. Finally, the duration of healing is a
prime factor in wound management that leads to other criteria of wound categoriza-
tion: acute and chronic wounds, which are discussed here in detail.

2.1 Acute wounds

A wound that follows an orderly and timely process of healing is termed as acute
wound. These wounds tend to repair themselves following the normal stages of
healing and results in timely restoration of anatomical and functional trait. They are
generally caused by traumatic injury or surgery with healing time ranging from a
week to a maximum of a month [10].

2.2 Chronic wounds

The wounds that fail to follow the normal procedure of the healing process thus
leading to impairment in timely repair are called chronic wounds, which include
diabetic and pressure wounds as well as venous and arterial ulcers. Generally, one or
more than one stages of the wound-healing cascade are prolonged due to various
factors leading to incomplete and disrupted healing [10]. Ulcers tend to remain in the
chronic inflammation stage in pathological conditions and are characterized by an
abundant infiltration of neutrophils and reactive oxygen species that release enzymes
such as collagenase and elastase, leading to the destruction of cells, connective tissue,
and growth factors [15]. These nonhealing wounds have a perpetual inflammation
state, and they frequently relapse due to disrupted and dis-coordinated healing events
[10, 16].

Millions of people globally suffer from chronic wounds affect, accounting for
massive healthcare costs with estimates suggesting an annual burden of about $30
billion in the USA alone [17]. Bacterial infection is the most frequent complication of
chronic wounds, hence the search for effective treatment options that evade infec-
tions has been a continuous process over centuries with antibiotic-resistant strains
emerging as a major concern [18]. The imbalances in various signaling networks
coordinating cellular interactions lead to nonhealing, chronic wounds characterized
by prolonged inflammation, decreased angiogenesis, impaired cellular function, and
bacterial infection [19-21]. The rate of chronic wound healing differs from acute
wounds and shows dependence on the patient’s immunological status [22]. Despite
extensive efforts to develop therapeutic strategies for the effective treatment of
chronic wounds, so far, limited clinical success has been achieved [23].

3. Wound-healing cascade

Wound healing, the normal response in mammals to injury, is a complex and
dynamic biological process that is evolutionarily conserved, highly coordinated, and
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spatiotemporally regulated. The wound-healing cascade has three sequential yet
overlapping but distinct phases: inflammation, new tissue formation, and remodeling
[12, 16, 24]. These coordinated phases of healing involve the interaction of immune
and nonimmune cells, as well as soluble mediators and extracellular matrix compo-
nents [16, 25]. Additionally, the dynamic link between skin and the microbial popu-
lation also contributes to the process outcome. Under normal circumstances, wounds
heal by themselves, but depending on the extent of tissue damage, the process varies
[26, 27]. Wound healing is a very interesting research field, with many mechanisms
still not fully understood.

The process of wound healing initiates immediately after injury with the hemosta-
sis phase. The fibrin clot formed here acts like a barrier and leads to moisture retention
[10]. Traditional gauze-based dressings target this healing phase by retaining moisture
and preventing excessive bleeding [28]. This is followed by inflammation (beginning
soon after injury), which may continue for a week with the release of pro-
inflammatory cytokines from injured tissue leading to the attraction of circulating
leucocytes at the site [29]. Subsequently, the proliferation phase starts, which involves
angiogenesis, granulation, epithelialization, and wound contraction. Finally, after
around 3 weeks of injury begins the maturation phase, which might take as long as
2 years for completion [30]. The cascade of wound-healing events along with the
signaling and the cellular changes involved is further discussed in detail and diagram-
matically explained in Figure 1.

Haemostasis Inflammation  Proliferation Remodelling

| Wounding-3 days >
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Figure 1.

Diagrammatic representation of various nanotechnology-based therapies used in different stages of wound healing.
The currently employed nanostrategies for wound management are presented in this figure. The list provided here is
intended to be just an illustration and is not comprehensive.
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3.1 Hemostasis and inflammation phase (begins soon after injury and continues

for 3 days)

Hemostasis and inflammation occur soon after tissue injury and constitute the first
and the foundation phase of wound repair. It leads to the formation of a platelet plug to
prevent blood loss, removal of dead tissues and to prevent infection, and employs the
components of the coagulation, inflammatory, and immune cascade to accomplish these
tasks (Figure 1) [31, 32]. Further, the fibrin matrix acts as a scaffold for the infiltrating
cells that are essential for later phases of wound healing. The clot consists of collagen,
fibrin molecules, fibronectin, platelets, and thrombin. The fibrin clot operates as a scaffold
hence aiding the migration of neutrophils, monocytes, leukocytes, keratinocytes, fibro-
blasts, and endothelial cells, and simultaneously forms a matrix for concentrating cyto-
kines and growth factors [31, 33, 34]. The soluble factors released by these initiate the
inflammatory phase aimed at establishing an immune barrier against infections [10].

In response to complement system activation, the next step is the recruitment of
neutrophils to the wound site [35]. Following the formation of the clot, a stress signal is
transmitted with neutrophils being the first cells to respond. This causes nearby vessels to
vasodilate and accumulation of inflammatory mediators to facilitate the sudden rise in
cellular traffic. Neutrophils release proteolytic enzymes such as proteases, which clean up
the wounded area by removing cellular debris and invading bacteria [18, 31]. Neutrophils
lead to the creation of reactive oxygen species that in combination with chlorine lead to
wound sterilization [31]. In vitro studies have indicated the possibility that neutrophils
could change the cytokine expression and phenotype of macrophages, leading to an innate
immune response during wound healing [36]. This phase is sometimes called as the “lag
phase,” where in the absence of tensile strength in the wound, the recruitment of the
migrating cells and various factors must be managed for the healing process [33].

Approximately 2-3 days post-injury, the monocytes from the neighboring tissue
migrate to the wound site and finally differentiate into macrophages, which are
seemingly crucial for the healing cascade. They cause phagocytosis of cell debris,
apoptotic cells, and pathogens and lead to the secretion of various soluble factors
[37, 38]. Despite their importance, the role of neutrophils and macrophages has not
been well elucidated in wound repair. Reports have suggested that deficiency of one of
these cells can be compensated via redundancy in the inflammation phase [39],
whereas when cells of both types are absent, wound repair still takes place, with a
lesser scarring response [40]. Macrophages synthesize various enzymes such as colla-
genases, cytokines, and growth factors like epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF), interleukins (ILs), platelet-derived growth factor
(PDGF), transforming growth factor-p (TGF-), tumor necrosis factor-o (TNF-«),
and vascular endothelial growth factor (VEGF), leading to the promotion of cell
proliferation and extracellular matrix (ECM) synthesis (Figure 1) [31, 41]. The
inflammatory phase essentially supplies growth factors and cytokines that keep the
wound-healing process intact and are quite crucial in the later stages of wound repair
[25, 42]. Past evidence suggests that the extent of scarring depends on the amount of
inflammation. This is validated by reports that show that the hypothesis behind
scarless healing of fetus wounds is the lack of intrauterine inflammation [43].

3.2 Proliferative phase (Day 3-10)

Proliferation is the second phase of wound healing, which takes place from 3 to
10 days post-injury. This stage is characterized by new tissue formation, cellular
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migration, and proliferation (Figure 1). In this phase, the focus is on covering the
injured surface, the synthesis of granulation tissue, and the reformation of the vascu-
lar network [33, 44, 45]. It indicates the start of angiogenesis and the synthesis of the
ECM components. In the first step, keratinocytes migrate to the injured dermis and
angiogenesis occurs. New capillaries sprout replacing the fibrin clot with granulation
tissue, resulting in a new substrate for migration of keratinocytes during later stages of
the healing (Figure 1). Capillaries help in nutrient supply during the granulation and
tissue deposition phase, in absence of which a chronic wound will develop [31]. The
keratinocytes proliferate and mature to restore the epithelial barrier. There is also
secretion of cytokines such as ILs, TNF-a, enzymes like matrix metalloproteinase
(MMPs), and growth factors like EGF, PDGF, TGF-p, and VEGF by the activated
macrophages and de-granulated platelets (Figure 1) [46]. The concentrations of these
factors vary and are dependent on the immunological state of the individual [42].
Excessive synthesis of granulation tissue and collagen causes scar formation [47].
Several pathways play an important role in restoring the normal anatomy, physiology,
and functional status of the injured tissue with mitogen-activated protein kinases
(MAPK), phosphoinositide 3-kinase (PI3K)/Akt, TGF-f, and Wnt/f-catenin being the
major ones [48].

Vascular system restoration is a complex cascade in the injured tissue involving
various cellular and molecular events. The most important angiogenesis upregulators
are VEGF and FGF [49]. In a study, VEGF application to diabetic animal wounds
normalized the healing process [50]. Later in this phase of repair, fibroblasts differ-
entiate into myofibroblasts upon stimulation by macrophages [51]. Myofibroblasts
being contractile in nature bring the wound edges together over time. Further, in
combination with myofibroblasts, they produce extracellular matrix and lead to col-
lagen and scar formation [52]. Fibroblasts secrete IL-6 and keratinocyte growth fac-
tors (KGFs) that act as stimuli causing migration of neighboring keratinocytes to the
injury site, leading to their proliferation and differentiation into the epidermis [31].
Keratinocytes present at the wound edges cause re-epithelialization of the wound
[53, 54].

Proliferative phase ends with the formation of acute granulation tissue [31]. During
this phase, the proliferating endothelial cells get activated by VEGF, leading to the
formation of new capillaries. By this time, the remodeling phase has already been
initiated. The fibrin-based wound matrix is replaced with scar tissue characterized by
high-cellular density due to fibroblasts, granulocytes, and macrophages, as well as
capillaries and collagen bundles, hence termed granulation tissue [25, 33, 44, 53, 55].
This tissue is highly vascular because angiogenesis is still incomplete. By the end of this
phase, myofibroblasts differentiation reduces the population of maturing fibroblasts,
which are further terminated via apoptosis [56].

3.3 Maturation and remodeling phase (Day 10-1 year)

Remodeling is the third and the last phase of wound repair that begins around
2 weeks post-injury and may last up to 1 year or longer, based on various factors [10].
During this stage, all the cellular processes activated post-injury wind down and come
to an end, the new epithelium is formed, and the final scar tissue develops. The
granulation tissue formation ceases via cellular apoptosis, leading to an acellular and
avascular mature wound [57]. Majority of the cellular components exit from the
wound site or undergo apoptosis, and the resulting mass consists of collagen and other
ECM proteins. During wound maturation, the ECM components undergo various
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changes characterized by collagen deposition in a well-arranged network form
(Figure 1). 4-5 weeks post-injury, collagen continues to be synthesized. Stronger
collagen I replace the previously predominant collagen III produced during the pro-
liferative phase [58]. Normally, around 90% of collagen present in skin is type I, but
during the granulation phase in the wounded skin type III, levels reach up to 30% [31].
In cases with excessive collagen formation, generation of hypertrophic scar occurs
[31]. The regulation of skin integrity and homeostasis occurs through the epithelial-
mesenchymal interactions [59].

Further, myofibroblasts lead to wound contractions thereby decreasing the scar
surface [38, 60]. The angiogenesis processes now diminish causing the blood flow in
the wound to decline, and the acute metabolic activity in the wound now slows down
and finally diminishes. However, the injured tissue never tends to regain the proper-
ties of healthy skin. Certain skin components never recover completely such as the
hair follicles and sweat glands that possess no potential to heal potential post-injury
[61]. The epidermal layer of the scar formed differs from surrounding healthy skin
post-healing [33]. Even years after the injury, the collagen in the scar never gets the
fully organized structure seen in healthy skin. Furthermore, the wound strength never
returns to 100% [31].

4. Management of wounds through nanotherapeutic approaches

As described above, wound healing is a dynamic and highly regulated process.
Wound closure can be realized by either regeneration or repair. The process of healing
has been described as a playing orchestra where an organized interplay of various
factors, such as cells, cytokines, and growth factors, leads to tissue repair [55]. How-
ever, when this intricate balance gets disrupted, the healing process is affected with
recent reports suggesting that the absence of a particular cell or a mediator gets
compensated so that the tissue repair process goes on [42]. The currently used wound
management strategies have certain limitations in fulfilling the needs of comprehen-
sive care [62]. Hence, wound healing remains a challenge and a burden [63]. The
treatment modalities in practice are specifically based on the type of wounds, with
inadequate management leading to complications such as chronic wounds, fibrosis,
compromised tissue functioning, or even amputation [64]. The best prevention tech-
nique against undesirable outcomes during healing is the effective management dur-
ing the early stages of the process to prevent wounds to progress to chronic
conditions.

Recent advances in interdisciplinary research have brought bioactive materials to
the forefront as smart wound care materials [8, 65]. Bioactive materials can poten-
tially be exploited to target any phase of the healing process by their direct cellular
interactions or indirectly through ECM. Biopolymers are one of the most widely
exploited bioactive materials used for wound care because they possess useful prop-
erties such as ability to support cell growth, biocompatibility, biodegradability, dura-
bility, and regenerative potential [66]. Dermal substitutes and human skin equivalents
are the two food and drug administration (FDA)-approved biomaterial therapies
promoting healthy healing via their interaction with the wound microenvironment
[67-70]. Due to the increased understanding of the healing process, there has been an
emergence of dressing-based wound-healing materials [71]. Modern dressings have
been designed for successful healing by providing a beneficial wound microenviron-
ment with control on moisture and absorbance of excess exudates. Active dressings
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have been known to alter the wound microenvironment via targeting microbial load
and excessive proteases or aiding tissue growth by alginate, chitosan, hyaluronan, and
collagen matrices acting as scaffolds [72-74]. There have been plenty of reports that
demonstrate the advantages of modern dressings harboring cells and recombinant
growth factors, but still, the majority of the clinical modalities are based on safety
evaluation rather than efficacy [75].

Chronic wounds demand very robust and efficacious therapies that address the
various challenges of a deregulated healing process. Many of the novel approaches
have failed in delivering specific healing outcomes, which have further made way for
the introduction of several nanotechnology-based wound-healing therapies [7]. The
chronic nature and associated complications of nonhealing wounds have led to the
emergence of nanotechnology-based therapies for ultimately repairing the injured
tissue [65]. Multitudes of nanotherapeutic approaches have been introduced to effi-
ciently manage the wounds and remove any related possible complications (Figures 2
and 3) [76]. The advantage of using nanomaterials over other wound dressings is their
tenability, low cytotoxicity, good biocompatibility, drug delivery ability, and versatil-
ity of physicochemical properties endowing them with many unique features [71, 76,
77]. Furthermore, nanoscale helps them in enhanced penetration to the injury site and
a high interaction probability with the biological target [78]. Consequently, NPs
possess the ability of controlled and sustained the release of therapeutics, resulting in
accelerated wound repair [72].

5. Nanoparticles used as therapeutic materials for wound repair

A range of metallic NPs, polymeric NPs, peptide-loaded nanostructures, and
carbon-based nanomaterials have been investigated for applicability in wound repair
due to the astonishing physical, chemical, and biological characteristics, such as their
ease of fabrication, biodegradability, and biocompatibility [79, 80]. The aim of any
injury due to burns or accidents is to achieve healing and epithelialization as soon as
possible without any side effects [81]. A variety of nanomaterials used for the treat-
ment of wounds and their brief mechanistic action are given in detail in the following
sections (Figures 2 and 3).

5.1 Metallic nanoparticles

In the past literature, different varieties of metal or metal oxide NPs were reported
for their wound-healing application. Metal NPs, such as silver, gold, and zinc, are
frequently used for dermal wound treatment due to their ease of use and large
surface-area-to-volume ratio. These metal NPs provide a moist wound environment
and possess strong antimicrobial activity [82]. Silver NPs (AgNPs) are among the ones
used in most of the dressings available in the market. AgNPs as well as silver are
known to show great antimicrobial action against wide spectra of microbes that
include bacteria, fungi, yeast, and even viruses [83]. A nanogel prepared from biolog-
ically synthesized AgNPs from cell-free extract of Saccharomyces boulardii resulted in
superior healing of burn wounds in rats as compared to marketed formulations [81].
AgNPs successfully interrupt the quorum sensing mechanism, resulting in decreased
biofilm formation and detoxification of the bacterial toxins [84]. AgNPs carry the
silver ions (Ag") that are solely responsible for antimicrobial activity by interfering
with the respiratory chains at the cytochrome, damaging cell wall, binding with DNA,
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Haemostasis Inflammation

Proliferation Remodelling

Figure 2.

Schematic vepresentation of the main biological phases and events in the wound healing cascade along with the
most abundant cells and soluble factors present in each phase, which is responsible for wound repair. The arrows at
the top indicate the timeline of healing phases suggesting the overlapping nature of the wound healing cascade.
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Figure 3.
Pictorial representation of the various types of nanotechnology-driven wound repair materials currently under
research/available in the market.
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and inhibiting its replication [85, 86]. In a recent iz vitro study, it was demonstrated
that the use of AgNPs led to a significant decrease in levels of inflammatory cytokines,
oxidative stress in human keratinocytes and dermal fibroblasts that ultimately accel-
erated the rate of healing [87]. In a burn wound model, topical application of AgNPs
tends to reduce the neutrophil count and IL-3 levels along with an increase in levels of
IL-10, TGF-B, VEGF, and interferon-gamma (IFN-y) [88].

Gold NPs (AuNPs) are way more biocompatible than other metallic NPs. It is very
exciting to describe that AuNPs alone or along with other drugs have also been
examined for their wound-healing efficacy [71]. The proteasome inhibitory activity,
antibacterial, and antioxidant potential of AuNPs synthesized using aqueous extract of
the rind of Citrullus lanatus may serve as potential candidates for wound healing [89].
Electrospun scaffold containing pharmaceutical intermediate-capped AuNPs pro-
vided a remedy for the treatment of full-thickness wounds infected by multi-drug
resistant (MDR) bacteria [90]. The antibacterial mechanism of action of AuNPs
illustrates that AuNPs alter the membrane potential and inhibit the ATP synthase
enzyme that ultimately causes a collapse in the energy metabolism of the cell and cell
death [91].

The inherent antibacterial nature of zinc oxide (ZnO) NPs promotes the applica-
bility of such nanomaterials in numerous hydrogel-based wound dressings. In a study,
cotton wound dressings impregnated with AgNPs, ZnO NPs, and mixed Ag/ZnO NPs
resulted in high antibacterial action of wound dressings (Figure 3). Bandages impreg-
nated with a liquid solution of AgNPs showed more antibacterial activity as compared
to ZnO and mixed Ag/ZnO NPs [92]. ZnO-NPs successfully prepared from aqueous
leaf extract of the plant Barleria gibsoni exhibited a remarkable wound-healing poten-
tial in rats and acted as an effective and better topical antimicrobial formulation to
treat burn wounds [93]. In another study, the authors explored the healing potential
of Ag-ZnO composite NPs in Wistar rats and showed comparatively faster healing in
10 days as compared to pure AgNPs and dermazin (the standard drug) [94]. Topical
administration of antibacterial ZnO NPs also decreased bacterial skin infections in
mice model by the induction of disintegration of the cell membrane and oxidative
stress response in macrophages [95]. Iron oxide NPs were also evaluated for wound
healing purposes. Fe,03 NPs conjugated with thrombin significantly stimulated
incisional wound healing by improving the tensile strength of the skin and reducing
scar formation [96].

5.2 Nanoparticles containing polymers

Wound dressing materials are often based on polymeric nanostructures that
include either synthetic or natural polymers. Mainly, poly(lactic-co-glycolic acid)
(PLGA), poly(ethylene glycol) (PEG), poly(lactic acid) (PLA), and polycaprolactone
(PCL) are the mostly used synthetic polymers to engineer biomaterials for wound care
applications [97]. Natural biodegradable polymers are chitosan, cellulose, alginates,
and hyaluronic acids, which have played a well-versed role in the healing of wounds.
In a study, electrospun nanofibers prepared from the blend of PLA and
hyperbranched polyglycerol and loaded with curcumin showed wound-healing
potential. In vitro scratch assay results indicated that the curcumin-loaded electrospun
nanofibers were able to completely cover the wound within 36 h [98]. In another
study, curcumin-PLGA nanostructures resulted in two-fold increase in wound-
healing potential when compared to either PLGA or curcumin. Curcumin-loaded
PLGA NPs reduced reactive oxidative species (ROS) and downregulated expression of
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anti-oxidative molecules (glutathione peroxidase and NFkp) that are responsible for
reducing the inflammatory responses (Figures 2 and 3) [99]. A hybrid alginate
hydrogel cross-linked by calcium gluconate crystals deposited in PCL-PEG-PCL was
shown to promote wound regeneration in a full-thickness skin defect model of rats
that suggested their great potential in skin tissue engineering [100].

Another important biopolymer, collagen is structural component of the extracel-
lular matrix and is known for providing excellent strength to tissues [101]. Collagen
nanofibers mat incorporated with AgNPs resulted in accelerated re-epithelialization,
collagen production, and better wound contraction compared with plain collagen
nanofibers. Due to its excellent biocompatibility and bioadhesive nature, collagen
nanofibers mat promotes cell adhesion and interacts with cells and regulates cell
migration, proliferation, and survival. Collagen dressings also result in accelerated
fibroblast production and promote wound healing [102]. Another collagen-derived
biopolymer, that is, gelatin has been used mainly in the establishment of biocompat-
ible and biodegradable wound dressings. The porosity and interfiber distance of
gelatin structure tend to promote healing. In a report, topical administration of gelatin
wound scaffolds resulted in rapid wound closure and faster wound repair in a rat
model [103]. Chitosan is another natural polymer that acts as an optimum wound-
healing material as it bears film-forming capacity, gel-forming characteristics, positive
charge, and a strong tissue adhesive trait in response to increased coagulation of blood
[104]. Its analogous structure with glycosaminoglycan (main component of extracel-
lular matrix) plays a great role in its utility in tissue engineering biomaterials [105]. In
a study, chitosan-Ag-ZnO nanocomposite dressing enhanced the wound healing and
promoted re-epithelialization and collagen deposition [106]. Similarly, a spongy
bilayer wound dressing material composed of chitosan-Ag NPs and chitosan-Bletilla
striata polysaccharide also showed hastened healing of skin wounds of mice, and the
bilayer displayed improved mature epidermization and less inflammation on day 7
[107]. In another report, insulin-delivering chitosan NPs coated onto the electrospun
PCL/collagen demonstrated nearly full wound closure when compared to the sterile
gauze, which showed approximately 45% of wound closure [108].

Cellulose, another important biopolymer occurring abundantly, has been used
widely in wound dressing applications due to its biodegradability, biocompatibility,
and high tensile strength. Methylcellulose-containing AgNPs showed excellent
antibacterial action and burn wound healing [109]. Nanocomposites containing cellu-
lose nanocrystals (CNCs) incorporated with silver NPs have also been used for acute
and diabetic wound healing in mice. The nanocellulose in these nanocomposites pos-
sessed good water-absorbing capacity and porous nature that assisted in the rapid
healing of acute and diabetic wounds [110-112].

5.3 Peptide encapsulated nanostructures

Peptides of various types possess astonishing functions for wound-healing appli-
cations. But the controlled and prolonged delivery of peptides to the wound site is
quite challenging. The use of NPs for encapsulation of peptides serves as a platform to
provide sustained and controlled delivery of peptides and protect the peptides from
degradation, thus promoting rapid healing of wounds [113]. In a study, solid lipid
nanoparticle (SLN) encapsulating simultaneously LL37 and serpin Al was used to
deliver the agent at specific ratios. The developed nanostructures resulted in faster
wound repair by promoting wound closure in fibroblasts and keratinocytes and
increasing antibacterial action against bacteria S. aureus and E. coli as compared to
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bare LL37 or serpin Al alone. LL37 is well-known endogenous host defense peptide
possessing the antimicrobial trait and takes part in the regulation of the healing
process. Further, Serpin Al, an elastase inhibitor has been reported to demonstrate
healing properties [114]. In another report, a recombinant fusion protein comprised of
stromal cell-derived growth factor-1 (SDF1) and elastin-like peptide (ELPs) was
developed, which possess the tendency to self-assemble into NPs. SDF1 is known to
promote neovascularization for early re-epithelialization of cutaneous wounds in dia-
betic mice. ELPs are non-immunogenic, non-pyrogenic, and biologically compatible
derivatives of tropoelastin. The topical application of wounds treated with SDF1-ELP
NPs resulted in 95% closure of full-thickness wounds by day 21, and complete closure
by day 28. On the other hand, only 80% of wound closure was achieved by treatment
with free SDF1, ELP alone, or vehicle control by day 21, and the wounds took 42 days
for complete closure [115]. In another study, heparin mimetic peptide nanofibers
angiogenic scaffolds were developed for slow release of growth factors and protection
from degradation. Heparin mimetic peptide nanofibers have the potential to bind and
enhance the activity and production of major angiogenic growth factors, such as
VEGF, and thus provided a therapeutic way to accelerate the healing of diabetic
wounds [116]. Another similar study demonstrated the use of heparin-mimetic
peptide nanofiber gel for increasing the rate of healing of burn injuries [117].

A different study reported the simple one-step cross-linking strategy for the prepa-
ration of collagen peptide with recombinant human collagen (RHC)-chitosan
nanofibers for wound healing. The results showed rapid epidermalization and angio-
genesis in Sprague-Dawley (SD) rat scalding model after treatment with iz situ cross-
linked nanofibers (Figure 3). The in situ cross-linked nanofibers behaved well as a
scaffold showing better cell attachment and proliferation. The breakdown products of
RHC played a role as chemotactic agents for the faster synthesis of granulation tissue for
showing better healing performance [118]. A different type of hybrid multifunctional
nanofibrous matrix composed of poly(citrate)-¢-poly-lysine and PCL was designed to
inhibit MDR bacteria and enhance full-thickness wound healing [119].

5.4 Carbon-based nanomaterials

Carbon nanomaterials, such as graphene oxide (GO)-NPs, carbon dots, and fuller-
enes, possess the potential to be used as skin repair agents (Figure 3). The application
of carbon nanotubes (CNTs) to wound healing provides enhanced functionality for
dressing, delivery of antiseptics in a controlled manner, and real-time monitoring of
healing events. Polyvinyl alcohol (PVA) functionalized multi-walled CNTs further
conjugated with glucose oxidase enzyme showed antibacterial activity against bacte-
rial pathogens due to the generation of hydrogen peroxide. The antibacterial activity
of the developed nanomaterials opened innovative ways for the potential of such
materials in wound-healing applications [120]. In a study, GO nanosheets incorpo-
rated in ultrafine biopolymer fibers were tested for skin wound-healing potential in
adult male rats. From the iz vivo studies, it was found that a large open wound
(1.5 x 1.5 cm?) was completely regenerated after 14-day of injury. Pathological studies
confirmed the formation of thick dermal tissue and complete epithelialization in the
presence of 1.5wt% GO nanosheets [121]. In a different study, a novel 3D collagen
scaffold containing carbon-based 2D layered material, GO was characterized for peri-
odontal healing of dogs. GO scaffold was implanted into dog class II furcation defects,
and periodontal healing was examined after 4 weeks of surgery. The outcomes
suggested that GO scaffold was biocompatible and possessed excellent bone and
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periodontal tissue formation ability [122]. Onion-derived carbon nanodots that com-
prised hydrophilic group-decorated amorphous nanodots exhibited accelerated
healing in a full-thickness wound model of rat model attributed to its radical scaveng-
ing action [123]. Carbon Cgg fullerenes exhibited fascinating properties that balance
several pathological mechanisms accountable for hampering the wound repair path-
way [124]. In a different study, Cgo fullerene functionalized with cationic three
dimethyl pyrrolidinium groups was examined to rescue mice from fatal wound infec-
tions of Gram-negative species, Proteus mirabilis and Pseudomonas aeruginosa. The
study results successfully revealed that mice infected with P. mirabilis showed 82%
survival due to the photodynamic therapy of fullerenes as compared to only 8%
survival of mice without treatment [125].

5.5 Solid lipid nanomaterials

Various kinds of lipid nanomaterials, such as SLN, liposomes, micelles, nanostruc-
tured lipid carriers (NLC), or vesicles, have been used as therapies for wound healing
(Figure 3). SLNPs encapsulated with morphine were reported to increase
keratinocyte migration, proliferation, and differentiation responsible for accelerated
wound repair [126]. In this context, liposome with silk fibroin hydrogel core was
designed to stabilize bFGF. The study indicated that the skin permeability of bFGF
was significantly enhanced by the developed liposomal system, and a major part of the
encapsulated growth factor penetrated the skin dermis. Application of bFGF encap-
sulated liposomes resulted in improvement in the morphology of hair follicles at the
wound site with hair regrowth shown on a deep second scald mice model. The healing
action was mainly found to be associated with inhibiting scar formation and promot-
ing vascular growth in dermis, which may serve as a potential candidate to improve
wound healing [127]. In another study, liposomes were loaded with dexamethasone-
phosphate. The liposomes were further surface modified with either PEG or
phosphatidylserine. Both formulations resulted in decreased IL-6 and TNF-a release
and increased efferocytosis activity. A faster uptake and a higher potency were
induced by phosphatidylserine-modified liposomes as compared to PEG-modified
liposomes. Liposomes after shell modification with phosphatidylserine promoted
dexamethasone delivery to macrophages and induced a phenotype favorable for
chronic wound healing [128]. The topical administration of recombinant human EGF
loaded into lipid nanocarriers showed accelerated healing of full-thickness cutaneous
wounds in a porcine model. The administration of 20 pg of nanoencapsulated lipid
carriers twice a week increased the wound closure rate, as well as improved the wound
quality in iz vivo experiments [129].

Micelles were also proposed as suitable candidates for the delivery of hydrophobic
molecules to the wound site for the healing of chronic wounds. In this respect, a
biodegradable hydrogel system cutaneous wound dressing was developed containing
curcumin encapsulated in micelles. Curcumin suffers from problems such as low
water solubility, poor oral bioavailability, and rapid first-pass metabolism. The appli-
cation of developed micelles in both incision and excision wound models showed
higher collagen level, better granulation, remarkable reduction in superoxide
dismutase content, and small increase in catalase activity causing an enhancement in
the healing of cutaneous wounds [130]. Another study demonstrated that
clarithromycin-loaded micelles were prepared via self-assembly of chitosan with a
mixture of linoleic and oleic acids. These micelles exhibited good biocompatibility,
induced cell proliferation, and showed 20-times greater clarithromycin loading

13



Wound Healing - Recent Advances and Future Opportunities

capacity in comparison to its water-saturated solution, suggesting the potential of
micelles in wound-healing applications [131].

6. Nanomaterials as delivery agents carrying therapeutic molecules

Many therapeutic molecules such as nitric oxide, various antibiotics and anti-
oxidative compounds, bioactive molecules, and vitamins possess great potential for
wound healing. But each of these has few problems associated with solubility, stabil-
ity, degradation by enzymes, temperature sensitivity, and so on. Because of these
problems, the topical applicability of these compounds decreases to a large extent.
Therefore, a need was felt to develop nanotechnology-based carriers to encapsulate
these compounds for enhancing their efficacy.

6.1 Nanoparticles containing bioactive molecules for healing

Nanoencapsulated bioactive molecules also served as promising approach for skin
tissue engineering. NPs encapsulated with bioactive ingredients help in slow and
sustained release of the active moiety to the target site and increase the stability of
molecules [132]. As an important natural molecule, curcumin suffers from limitations
of poor solubility and fast degradation rate that hinder its applicability as an anti-
oxidative and antimicrobial agent. To overcome these limitations, curcumin-loaded
NPs have been synthesized, which enhanced the wound healing in the murine model
as compared to pure curcumin [133]. In another report, efforts have been made to
prepare curcumin-loaded chitosan NPs that were then impregnated into collagen-
alginate scaffolds. Such prepared nanoscaffolds resulted in complete epithelization
and granulation tissue formation for rapid healing of wounds in diabetic mice
(Figures 2 and 3) [134]. An important study demonstrated the effect of
guanidinylated chitosan NPs loaded with five different bioactive molecules (EGF,
ascorbic acid, hydrocortisone, insulin, and 1,25-dihydroxyvitamin D3). These biomol-
ecules are beneficial for stimulating skin fibroblasts and keratinocyte proliferation but
have limited applicability as they are unstable in wound dressing fabrication and
storage. The prepared wound dressings resulted in stable delivery of bioactive factors
and enhancement of skin wound healing in Wistar rats [135]. In a similar study,
curcumin NPs were embedded in gelation microsphere hydrogels. These
thermosensitive and MMP-9 responsive hydrogels induced drug release at the wound
bed and resulted in acceleration of diabetic skin wound healing due to their ability to
promote cell migration and antioxidant nature [136].

Another important flavonoid, quercetin, is also known for its antioxidant nature.
But its topical application is limited due to low solubility, low stability, and less release
after application. To overcome these limitations, quercetin was encapsulated into
mesoporous silica NPs carrying a copolymer. These NPs showed thermoresponsive
behavior that acts to provide the potential of such particles in dermal delivery [137]. In
another study, topical application of chitosan-fibrin scaffolds impregnated with quer-
cetin significantly accelerated the process of wound healing [138]. Similarly, baicalin-
loaded nanohydrogels comprised of a dispersion of cholesterol-derivatized gellan in
phosphate buffer. Baicalin (a flavone glycoside)-loaded nanohydrogels demonstrated
complete skin restoration and inhibition of specific inflammatory markers causing
rapid skin wound healing in iz vivo mice [139].
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6.2 Nanoparticles for nitric oxide delivery

Nitric oxide is an important diatomic molecule that is synthesized by three differ-
ent isoforms of enzyme nitric oxide synthases by the conversion of amino acid L-
arginine. In the skin, different forms of nitric oxide are produced and released by
various cells involved, such as macrophages, keratinocytes, melanocytes, and fibro-
blasts. In wound healing, nitric oxide is synthesized in the early inflammatory phase
by inflammatory macrophage cells, whereas many cells secrete nitric oxide in the
proliferative phase during wound healing. Nitric oxide being lipophilic in nature
possesses the tendency to interact with various biomolecules. It can cross various
biological barriers to reach the target site and diffuse along a concentration gradient to
rapidly move from cell to cell. Nitric oxide is antibacterial in nature, modulates the
immune response, maintains homeostasis and regulates wound healing, and helps in
collagen deposition, cell proliferation, and wound contraction [140]. In this context,
topical application of nitric oxide for acute and chronic wound healing always
remained a challenge. To meet this challenge, engineering NPs mediated nitric oxide
release to the wound bed served as a novel approach to allow its free radicals to exert
antibacterial action [141].

In this respect for nitric oxide delivery, nitric oxide released from NPs system
constituted of composite of polymer/glass hydrogel was tested for its efficacy in
methicillin-resistant Staphylococcus aureus (MRSA) abscesses in mice. The study
results documented that antibacterial nitric oxide-NPs treatment of abscesses reduced
the involved area and bacterial load, and ultimately improved the skin architecture
[142]. In a recent study, a novel wound-healing material was formulated by combin-
ing chitosan with electrospun PCL nonwoven mat for the loading of nitric oxide.
Nitric oxide was released in a sustained fashion from the developed wound dressing
under the physiological conditions. Iz vivo wound healing evaluated in full-thickness
cutaneous wounds of mice resulted in accelerated wound healing through re-
epithelialization and granulation formation due to immunomodulation and enhanced
collagen synthesis provided by the sustained release of nitric oxide [143]. Nitric oxide
released from silica NPs has been demonstrated to exert a bactericidal activity against
P. aeruginosa, which is one of the important pathogens causing wound infections in
hospitals [144]. In a different report, nitric oxide donor precursor glutathione was
encapsulated chitosan NPs with an encapsulation efficiency of 99.60% (Figure 2).
Small size and positive zeta of chitosan NPs led to the delivery of nitric oxide through
the skin for topical applications due to the affinity of positively charged chitosan NPs
with negatively charged phospholipids that further result in changing the permeabil-
ity of the skin membrane and reducing the skin barriers [145].

6.3 Antibiotics-loaded nanoparticles for wound repair

There are many types of wounds that fail to heal and turn into chronic wounds
[146]. The major cause of delayed healing of such wounds is the persistence of
infectious agents or microbial growth around the wound bed [147]. The major goal of
any wound-healing treatment is to control the microbial infections to allow normal
healing to proceed. Conventional therapies to treat microbial infections are based on
either the systemic administration of antibiotics or the topical application of antibiotic
formulations [146]. The systemic administration of antibiotics causes toxicity along
with kidney and liver complications, but topical application of antibiotics provides
high local concentration with a short residence time on the wound surface [148].
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Therefore, an appropriate antimicrobial therapy of the wound to control microbial
colonization is still required for optimum wound care. The delivery of antibiotic
therapy via NPs offers great potential advantages, such as slow and sustained delivery,
targeted delivery, and decrease in toxicity and improvement in antimicrobial and
pharmacokinetic properties (Figure 2) [149].

In this respect, a novel wound dressing based on the Spanish Broom fibers
impregnated with vancomycin-loaded chitosan NPs was designed, which showed an
increased antibacterial action against S. aureus and was not toxic to HaCaT
keratinocytes as compared to the fibers containing vancomycin without NPs [150]. In
another study, chitosan nanofibers mat was functionalized with thiol groups, and
gentamicin-loaded liposomes (17% loading efficiency) were immobilized covalently.
Liposomes showed sustained and controlled release of gentamicin during 16 h,
achieving a steady state at 24 h [151]. Nanofibers of small diameter exhibit unique
properties such as excellent mechanical properties, flexibility in surface functionali-
ties, and high specific surface area for wound healing [152]. Chitosan is used in such
dressings because its biodegradable, cell adhesive, and possesses hemostatic activity
and high mechanic strength [153]. In another study, ZnO NPs were coated with
gentamicin and integrated into the chitosan matrix to yield a ZnO/gentamicin-
chitosan gel (Figure 2). The resulting gel showed 91% of gentamicin release after 8 h
and evidenced a four-fold minimum inhibitory concentration (MIC) reduction for S.
aureus and 2-fold reduction of MIC for P. aeruginosa. The resulting antibacterial gels
could serve as potential candidates for wound healing [154]. Few other reports well-
documented the loading of antibiotics in NPs or nanofibers matrix for the sustained
release of antibiotic drugs to prepare wound dressings. Ampicillin-incorporated
electrospun polyurethane scaffolds [155], PVA films containing tetracycline
hydrochloride-loaded quaternized chitosan NPs [156], tetracycline hydrochloride-
loaded electrospun nanofibers mats based on chitosan, and PVA NPs [157] wound
dressings have shown biocompatibility and strong antibacterial activity against dif-
ferent strains of bacteria.

7. Engineered scaffolds and nanocomposites for wound healing

One most important feature of the modern dressings used for the therapeutic
purpose for skin tissue repair involves the designing of engineered biocompatible
nanoscaffolds to mimic the structure of ECM (Figures 2 and 3). Such nanoscaffolds
should possess the properties such as porous nature, biocompatibility, tendency to
incorporate and release various growth factors/antibiotics in a controlled manner, and
support for the attachment of cells and their proliferation [158]. Scaffold-based tissue-
engineered nanocomposites have been known to accelerate chronic wound healing by
improvement in angiogenesis [159]. Various nanotechnology-based methods such as
electrospinning, phase separation, and self-assembly have been devised for the for-
mation of such scaffolds [65]. Electrospinning is the most favored method among all
these methods for the preparation of nanofibrous scaffolds for skin tissue engineering
[160]. For promoting diabetic wound healing and increasing collagen content,
nanofibrous glucophage-loaded collagen/PLGA scaffolds were fabricated by
electrospinning [161]. In another study, electrospun PCL scaffolds resulted in fibro-
blast attachment and proliferation. Full-thickness skin wounds of guinea pigs healed
within 35 days after treatment with these membranes [162]. Similarly, electrospun
membrane of PCL/chitosan nanofibers/aloe vera was fabricated to mimic both the
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layers of skin. Top dense layer was composed of PCL to provide mechanical strength
to the wounded site, and bottom layer of the dressing consisted of chitosan nanofibers
and aloe vera to provide bactericidal activity for promoting skin wound healing [163].
Electrospun chitosan-poly(ethylene oxide) (PEO) nanofibrous scaffold-incorporated
PLGA NPs were studied for in vivo wound healing [164]. In another report, chitosan
NPs and TiO, NPs were incorporated in polyurethane nanocomposites membranes,
which showed 71.5% improvement in swelling when compared to neat polyurethane
membrane and resulted in increase in tensile strength and antibacterial activity suit-
able for wound healing [165]. Multilayer wound dressing prepared by electrospun
polyurethane nanofibers loaded with Semellil extract and other layer chitosan
nanofiber resulted in 94% wound closure after 14 days [166].

Another material, that is, nanocomposites have also been proved beneficial for
wound healing due to the properties possessed by its dispersed phase and reinforcing
fillers. The nanocomposites serve as optimum wound dressing materials as they pro-
vide better mechanical strength due to the synergistic action of both the components.
In a study, nanocomposites of collagen sponges and AuNPs showed greater tensile
strength and indicated a faster wound healing [167]. In a different report, cerium
nanocrystals were immobilized onto mesoporous silica NPs to develop ROS scaveng-
ing nanocomposites for wound healing. Ceria nanocrystals are known to reduce ROS
and to protect the cell from oxidative damage. Silica NPs act as nanobridge between
nanomaterial and tissue matrix for rapid wound closure. The nanocomposite prepared
from both the components resulted in accelerated wound healing due to their syner-
gistic action [168]. Another type of nanocomposites was prepared by using bacterial
cellulose and hyaluronic acid. Bacterial cellulose has high-water-absorbing capacity
and porous nature responsible for enhancing the wound-healing rate, whereas
hyaluronic acid is biocompatible and possesses gel-forming capacity. The developed
nanocomposites facilitated the growth of fibroblast cells and promoted the tissue
repair [169]. Nanocomposites wound dressing for chronic wounds prepared from
halloysite and chitosan oligosaccharides showed better skin re-epithelization and
reorganization as compared to halloysite or chitosan alone [170].

8. Nanomaterials incorporated with growth factors for healing

Healing occurs as a cellular response to wounding/injury, and it involves a variety
of cells such as macrophages, fibroblasts, keratinocytes, and neutrophils. In general,
the wound-healing process is regulated by various factors, such as microbial infec-
tions, wound type, patient conditions, lesser growth factors, and cytokine release.
Impaired or delayed wound healing is very much affected by the decreased produc-
tion of different growth factors by the cells that will ultimately cause the lengthening
of healing time and leads to various other complications [171]. Various growth factors
such as VEGF, EGF, PDGF, FGF, and TGF-p play a great role in promoting the
wound-healing process via decreasing inflammation, promoting cell proliferation of
fibroblasts and epithelial cells, increasing angiogenesis and ultimately re-
epithelialization [158]. Topical administration of growth factors as wound dressings is
quite unsatisfactory due to their low biodegradability, instability of protein structure
under certain physiological conditions, and enzymatic degradation [172]. In this
regard, new drug delivery systems to deliver growth factors at the target wound site in
a controlled fashion were developed using nanotechnology (Figures 2 and 3) [173].
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In this context, gold NPs have been used to conjugate the keratinocyte growth
factor. The gold NPs effectively promoted the proliferation of keratinocytes in con-
trast to unloaded gold NPs or keratinocyte growth factor. Iz vivo full-thickness wound
model resulted in enhanced of healing by promoting re-epithelialization by the appli-
cation of growth factor conjugated NPs. In this study, gold NPs were favored for use
due to their biocompatibility and versatile nature for surface functionalization [174].
In another study, recombinant human EGF-loaded nanostructured lipid carriers
(NLCs) were checked for their wound-healing efficacy in full-thickness excisional
wound porcine model. Iz vivo healing experiments showed that topical application of
20 pg of recombinant human epidermal growth factor (thEGF)-NLC enhanced the
percentage rate of wound closure by day 25 as compared to administration of 75 pg of
free rhEGF and NLC by migration and proliferation of fibroblast cells and deposition
of collagen in the newly healed wound [129]. Human EGF was loaded into thiolated
heparin and diacrylated PEG hydrogels via photopolymerization for wound healing.
In vivo full-thickness wounds in mice showed accelerated wound closure as compared
to EGF solution due to sustained release of EGF from biocompatible hydrogel [175]. In
a similar manner, wound dressing composed of chitosan-hyaluronic acid composite
sponge containing VEGF encapsulated fibrin NPs was designed for diabetic wounds.
From the released studies, it was found that 64% of the encapsulated VEGF in NPs
was released in 72 h with an initial burst release of 29% in 2 h, which was supposed for
the initial sprouting of blood vessels. Iz vitro studies showed that endothelial cells
seeded on these hydrogels showed capillary-like tube formation beneficial in wound-
healing angiogenesis [176]. From all these studies, it can be inferred that NPs enhance
the release of growth factors and thus accelerate the wound-healing process.

9. Gene (RNAi and siRNA) delivery by nanotherapeutic agents for wound
repair

It is a well-known fact that miRNAs can be critical regulators of wound repair
[177], but the miRNAs involved and their specific role in wound healing remains
unclear. Recently, a new method for the identification of functional miRNAs, which
get elevated during skin injury, has been described. This group has identified miR-223
as a new potential therapeutic target influencing acute inflammation in wounds that
are S. aureus infected [178].

RNAI therapy has been used to specifically silence gene expression of
overexpressed targets in chronic wounds [179]. NP-based approach has been
implemented to protect the effector molecule in siRNA from degradation via intra-
cellular RNases leading to targeted delivery [180]. Of late, gold NP conjugates with
spherical nucleic acid (SNA) have also been employed for efficient in vivo siRNA
delivery [181]. The importance of SNA nanotechnology lies in its ability to cross the
epidermal barrier, thereby permitting its use in topical therapeutics (Figures 2 and 3).
Nevertheless, a pertinent demand for more efficacious and refined novel RNAi-based
therapeutics for tissue repair. Such products should overcome the drawbacks of pres-
ently available materials in use and provide for better retention, bioavailability, effec-
tiveness, safety, and selective targeting [180].

A combination of gene therapy and tissue engineering commonly called as gene-
activated matrix therapy has come to the fore as a method to enhance or knockdown a
specific target gene playing a role in bone, cartilage, or skin regeneration [182]. The
major advantage of this approach is the higher stability of DNA in comparison to the
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growth factor therapy [182, 183]. However, the major flaw of this technique is the
need for repeated injections of colloidal and naked DNA to the wound site and the
short-term and inconsistent gene expression [183]. To overcome these issues, nucleic
acids have been impregnated into electrospun nanofibrous meshes to increase tissue
regeneration and to decrease scarring [183]. More recently, polyester scaffolds have
been used for the management of cutaneous wounds [179, 184]. Furthermore,
electrospun scaffolds having a mixture of PLA and PCL were employed for the deliv-
ery of plasmid that encodes keratinocytes’ growth factor [184].

10. Nanomaterials incorporated with stem cells to prompt healing

Therapeutic approaches for wound healing that involves stem cells have been
studied extensively in the past, and they have shown great promise in promoting
angiogenesis and facilitating re-epithelialization [185]. Adipose-derived stromal cells
(ASCs), bone marrow (BM)-derived endothelial progenitor cells, BM-derived mesen-
chymal stem cells (BM-MSCs), BM-derived mononuclear cells (BM-MNCs), placenta-
derived SCs, and umbilical cord-derived MSCs have been shown to have a therapeutic
role in wound repair [185, 186]. The probable mechanism of action is, however, not
well elucidated, but the hypothesis says that SC therapy tends to provide a dynamic
wound microenvironment via their paracrine effect, hence, hastening the healing
cascade [187]. In a recent study, it was shown that when MSCs are directly delivered
to the wound site, they induce cell death; this effect was then attenuated by using
bioengineered delivery platform for therapies [188].

Currently, SCs are used for local administration to wounds by the way of dressings,
injections, sprays, and systemic administration. Recently, nanotechnology-driven
approaches were employed to synthesize nanomatrices possessing customized bio-
physical properties, leading to controlled differentiation of SCs. BM-MSCs attached to
collagen/PLGA nanofiber scaffold showcased faster closure of wounds [189]. The BM-
MSC/nanoscaffold composite approach was explored for wound healing and regener-
ation (Figures 2 and 3). Subsequently, a mixture of MSCs, growth factors, and the
matrix was used in the production of nanoscaffolds to mimic human skin characteris-
tics [187, 190]. Polymeric nanofibers having biomimetic potential can simulate the
native tissue thereby forming an ideal SC niche. Despite significant advancements in
this field in the past, no SC therapy for chronic wound management has yet been FDA
approved [185]. It is highly likely that in the future, viable treatments will use SCs in
combination with other local/systemic therapies.

11. Nanotechnology-driven targeted delivery achieves cell-type specificity

The field of targeted/site-specific delivery of nanomaterials is still in its young days
in comparison to various other nanotechnologies used for wound-healing applications.
Targeted delivery of therapeutics is highly recommended and significant to reduce
side effects, improve efficacy, and reduce therapy costs [180]. This also overcomes the
limitation of a low viable cell number homing the target tissue that has often been
associated with systemic stem cell therapy. This platform is highly versatile and can be
customized for the targeted delivery of cells, DNA, proteins siRNA, and small drugs,
to any target tissue. This is achieved by complexing the NP with the therapeutic agent
and with the aid of a molecular recognition molecule integrated within the NP.
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Recently, SDF1 was used for targeted delivery to the injury site employing ROS
stimulus-responsive polymeric NPs as delivery vehicles [191]. The nanocarrier-
targeted delivery platform demonstrated high efficiency and biocompatibility to
direct SCs to the injured tissues, resulting in enhanced angiogenesis and repair of
injury with no toxicity or immunogenicity involved.

12. Advantages of nanotechnology over conventional methods for healing

Nanotechnology offers several advantages to nanomaterial dressings as compared
to dressings prepared by conventional methods for wound healing applications. The
various advantages of nanomaterials considered for skin tissue engineering include:
(i) nano-dimensions impart proper structure to cells/tissues for their adhesion, dif-
ferentiation, and proliferation, (ii) due to particular chemical composition and phys-
ical structure, nanomaterials serve as analogous structures to extracellular matrix
[192], (iii) nanomaterials have high mechanical strength due to which these can act to
reinforce various organic/synthetic scaffolds for tissue engineering [193], (iv) high
conductivity of carbon-based nanomaterials provides electrical stimulation to scaf-
folds for skin tissue repair [194, 195], (v) micro/nanoencapsulation of important
growth factors/bioactive agents help them to release these molecules in a slow and
sustained manner at the target wound site [196, 197], (vi) NPs impart better biocom-
patibility, bioactivity and enhance interactions of scaffolds to cells or proteins [198],
and (vii) NPs possess astonishing properties that are far better in terms of high
Young’s modulus, high tensile strength, and high surface-area-to-volume ratio as
compared to the bulk materials from which nanomaterials are being prepared. All
these advantages of NPs make them successful candidates for tissue repair and wound
healing applicability.

13. Conclusions and future perspectives

Millions of people around the globe are being affected by chronic wounds, with
current research showing limited success in producing FDA-approved efficacious
therapeutic agents. This may be attributed to the fact that chronic wound pathology is
highly complex as is the tissue repair process. Hence, researchers are in dire need to
develop alternative therapeutic approaches for the management of nonhealing
wounds that would be viable and efficient as per the FDA norms. The factors that are
known to impede the development of therapeutics for chronic wounds include vari-
ability of patients and comorbidities, limited understanding of patient pathophysiol-
ogy, complexity and costs associated with clinical trials, and the general lack of
awareness in the public.

Despite a multitude of previously existing materials, healing in chronic conditions
is still compromised. Hence, the future wound repair materials should possess a
plethora of functions and properties such as antimicrobial, biomimetic, bioresponsive,
and hemostasis to provide a suitable microenvironment for wound repair. Therefore,
developing an appropriate combinational therapy that targets dysfunctional cellular
processes remains the major challenge. Future advances in the understanding of the
complex wound healing process will surely aid in this front. The emergence of
multifunctional nanotechnologies, in the wound healing arena, showcases the high
expectations toward this field. However, gaining in-depth information about their
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physicochemical properties and their possible toxicity remains a huge hurdle in pro-
moting these nanotechnologies for human use. Recent developments in the nano-field
have led to the development of matrices, scaffolds, skin substitutes, embedded/loaded
dressings, etc., which mimic the integrity of the skin. Soon unique phenotype—geno-
type characteristics will lead way to tailored therapies. This will provide a platform to
create new nanotechnology-driven approaches, hence, streamlining and facilitating
personalized treatment plans.

For the clinical translation of nanotechnology-based products, there is an urgent
need for improved tools and better analytical methods. Comprehensive efforts are
necessary to develop chronic wound care products with target and site-specificity to
negate the undesirable effects of the nanosystems in humans. In due course of time
and with the ever-increasing reports about exciting new nanotechnology platforms,
the day is not far when the international standards on biocompatibility and toxicity of
various nanotherapies are met with. In a nutshell, our current knowledge about the
development of nanotherapeutics, together with our understanding of phenotype-
genotype characteristics and chronic wound pathology, will be instrumental in pro-
moting and conceptualizing next-generation wound repair nanotechnologies.
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PEO
PI3K
PLA
PLGA
PVA
RHC
rhEGF
ROS
SC

SD
SDF1
SLN
SNA
TGF-p
TNF-a
VEGF
Zn0O
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multi-drug resistant

minimum inhibitory concentration
metalloproteinase
methicillin-resistant S. aureus
nanostructured lipid carriers
nanoparticle(s)

polycaprolactone

platelet-derived growth factor
poly(ethylene glycol)
poly(ethylene oxide)
phosphoinositide 3-kinase
poly(lactic acid)
poly(lactic-co-glycolic acid)
poly(vinyl alcohol)

recombinant human collagen
recombinant human epidermal growth factor
reactive oxidative species

stem cell(s)

sprague dawley

stromal cell-derived growth factor-1
solid lipid nanoparticle

spherical nucleic acid
transforming growth factor-p
tumor necrosis factor-o

vascular endothelial growth factor
zinc oxide
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