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Abstract The skin is the largest organ in the human body; however, it is only a few
millimeters thick. Among the main functions of the skin are to serve as a barrier for
protection against physical and biological insults, as a thermal regulator to control
internal temperatures, and as a sensor of physical stimulus that could lead to pleasant
or harmful experiences. This highly-integrated sensory and regulatory armor is also
capable of self-repair in response to injury, albeit the quality and extent of healing
are determined by the skin condition and the type and size of the wound. In general,
the wound healing process of skin comprehends four stages, which are hemostasis,
inflammation, proliferation, and remodeling. These stages can be affected by inter-
nal physiological conditions and external environmental factors compromising the
healing of the wound, for example, chronic wounds and bacterial infections. This
chapter opens with an overview of the physiology of skin and skin wound healing.
This overview is followed by a review of nanomaterial technologies and methods
that have been investigated for the treatment of skin wounds. The chapter ends with
an outlook of nanotechnology strategies for improving the treatment of skin wounds.

6.1 Introduction

Skin is the largest organ in the human body. The biology of the skin involves amyriad
of cell types and structures that work together to enable key organ functions [1, 2].
We interact with our environment through the skin, which also protects us from
the environment. Our skin plays an essential role in how we present ourselves to
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society—from tanning and tattoos to scars and wrinkles. When the skin is breached
or wounded, the immediate organ response is to initiate a repair process to close the
gap, and while many traditional and modern standard approaches to promote wound
healing have proven effective in saving countless lives, novel approaches enabling
healing of complex wounds and healing by remodeling—without scarring—are still
missing.

6.2 The Basic Biology of Human Skin

The skin consists of two main layers: the top layer is called the epidermis, which
constitutes an epithelium (tissue that covers an inner or outer surface), and the lower
layer is called the dermis, which constitutes a connective tissue (Fig. 6.1).

The epidermis is comprised mainly by a multilayered epithelium, the interfol-
licular epidermis, and adnexal structures. The adnexal structures, like hair follicles,
sebaceous glands, and sweat glands, provide function to the skin [1]. The thickness
of the epidermis and the distribution of adnexal structures vary across body sites. The
main cell type in the epidermis is the keratinocyte. Among the key functions of the

Fig. 6.1 Back skin of mouse illustrating the epidermal and dermal layers; the type and location of
different stem cell populations (LGR6 and LRIG1 are expressed in the follicle isthmus and LGR5
and CD34 in the bulge); and, the specialized mesenchymal cells of the dermal papilla and arrector
pili muscle. Adapted from Watt [1]
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epidermis are the formation of a shielding interface with the outside environment,
corporeal thermal regulation by hairs and sweat, sensory perception of heat, pain,
pressure by nerves, and lubrication of the skin with lipids. Most of these functions
stem from nondividing and terminally differentiated keratinocyte cells, which are in
constant turn over. Keratinocyte cells are replenished through a variety of stem cell
populations that are located in different skin sites, such as hair follicles (Fig. 6.1)
[3]. Under normal physiological conditions, each stem cell cluster produces a subset
of differentiated epidermal cells; however, most stem cells are able to contribute to
the entire variety of differentiated epidermal lineages when the cells are relocated,
or the skin is wounded.

The dermis consists of three layers: the upper layer in contact with the epidermis
is the papillary dermis, the middle layer is the reticular dermis, and the deepest layer
is termed the hypodermis. A basement membrane separates the dermis from the
epidermis. This membrane is extracellular matrix characterized by an abundance of
type IV collagen and laminin. The main cell type in the dermis is the fibroblast, and
its density is higher in the papillary dermis. The reticular dermis is rich in fibrillar
collagen, and the hypodermis is characterized by the presence of white adipocytes.
Two mesenchymal structures important for function in the dermis are the dermal
papilla—a population of cells that regulates the hair cycle and is located at the
base of the follicle—and the arrector pili muscle, which a smooth muscle that upon
contraction straights the hair follicles [1].

In addition to keratinocytes and fibroblasts, other important cell types, which
either reside in the skin or circulate through the skin, are melanocytes, innate and
adaptive immune system cells, peripheral nervous system cells, and cells of blood
vessels [4–6].

6.3 When the Skin Is Wounded

The capacity of the skin to heal after an injury is vital for our survival, and this
capacity is often limited, compromised, and disrupted in a spectrum of conditions
and disorders. The process of skin wound healing is complex, it requires a highly
coordinated response by a multitude of cells, like, immune cells, hematopoietic cells
(immature cells that can differentiate into all types of blood cells), and resident cells of
the skin (keratinocytes, fibroblasts). Skin wound healing is typically divided into four
stages that overlap: hemostasis, inflammation, proliferation, and remodeling. In each
stage, multiple key molecular, cellular, and physiologic events take place, and these
events are coordinated primarily by signaling between immunologic, hematopoietic
and resident skin cells. These stages are schematically represented in Fig. 6.2 and
have been reviewed in detail in [7].
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Fig. 6.2 Overlapping stages of skin wound healing: a hemostasis, b inflammation, c proliferation,
d remodeling. Amultitude of fundamentalmolecular and cellular processes coordinated by amyriad
of secreted factors occur at each stage. The schematic illustrates representative factors from each
stage. Reproduced with permission from Sun et al. [2]

6.3.1 Skin Wound Healing

In humans, immediately after the skin is wounded, hemostasis begins. Multiple
responses are activated to stop blood loss: local vascular smoothmuscle cells constrict
vessels, reducing the blood flow; platelets and coagulation cascade factors produce
fibrin, forming a hemostatic clot and a scaffold for the infiltration of leukocytes, ker-
atinocytes, fibroblasts, and other cells into the wound [8]. The inflammatory stage
begins within hours from the time of injury. Inflammation is driven by mediators
derived from platelets, by-products from bacteria, and chemoattractants secreted in
the wound. The first cell type that infiltrates the wound site is the neutrophil in
order to kill bacteria and degrade matrix proteins that are damaged [9]. Within 24 h,
monocytes cells infiltrate the wound and differentiate into macrophages, which kill
microbes, remove tissue debris, eliminate neutrophils, and enable angiogenesis and
tissue granulation [10].

During the proliferation stage, new cells populate the wound and a multitude of
growth factors and chemokines that induce cell migration and proliferation, and
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matrix formation are released: platelet-derived growth factor (PDGF), fibroblast
growth factors (FGFs), vascular endothelial growth factor (VEGF), and transforming
growth factor -α and -β (TGF-α and TGF-β), among others. In addition, keratinocyte
cells are released from the wound edges and stem cell reservoirs located in the
bulge and isthmus of hair follicles and the interfollicular epidermis. Keratinocytes
proliferate and migrate to close the wound by coverage. Upon contact inhibition,
keratinocytes undergo vertical stratification and differentiation to reinstate all the
layers of the epidermal barrier [11, 12]. Angiogenesis, in synchrony with epidermal
repair, is activated by multiple growth factors, for example, VEGF and FGF. The
combination of new blood vessels, fibroblast and macrophage cells, and matrix pro-
teins forms granulation tissue, which is the soft and pink tissue that forms at the
bottom of a healing skin wound. At the end of the proliferative stage, fibroblast cells
differentiate into contractile myofibroblast cells that pull together the wound edges
[13].

During the remodeling stage, cells from previous stages are removed and colla-
gen deposition in the dermis transitions from type III to type I collagen. Collagen
remodeling involves matrix metalloproteinases, and its synthesis increases the ten-
sile strength of the wounded skin, which recovers approximately 40% of its original
strength in 4weeks and about 70% in1year in normal healing conditions [14].Altered
collagen synthesis during this stage leads to scar formation [15]. Furthermore, poor
or pathologic wound healing originates from failure to initiate, terminate, or regulate
any particular wound healing stage. Examples of poor and pathologic wound heal-
ing outcomes are pyogenic granulomas (excessive formation of granulation tissue),
hypertrophic scars and keloids (accumulation of excess fibrotic components), and
chronic ulcers (prolonged inflammation, poor vascularization, and inability to form
a new epithelium).

6.4 Nanomaterials for Engineering Skin Wound Healing

The skin endures and heals injuries throughout our lives. And healing is influenced
by a wide variety of factors that affect skin wounding and the speed and quality of
healing. These factors include a number of common conditions, diseases, and treat-
ments, underscoring the far-reaching relevance of skin wound healing to medicine,
public health, and the global burden of disease. Surgical incisions, thermal burns, and
chronic ulcers are among the conditions that significantly burden (or delay) wound
healing [2]. Current clinical approaches to promotewound healing have proven effec-
tive in saving lives; however, novel approaches enabling healing of complex wounds
and healing by remodeling—without scarring—are still missing. Nanomedicine has
demonstrated its potential to advance healthcare by developing nanoscale meth-
ods and technology to address a broad range of clinical limitations in drug deliv-
ery, biosensing, imaging, tissue regeneration, diagnostics, cancer, and other diseases
treatments [16–18]. Nanomaterials have been extensively investigated for improved
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skin wound-healing and have demonstrated, mostly in animal models, their ability
in regulating skin wound healing at different stages.

Next, we present an illustrative summary of the type of nanomaterials that have
been tested in animal models of skin wounds, leaving out cell studies for succinct-
ness and including only a few human studies because there are not many. A variety
of nanomaterial frameworks—polymer nanoparticles, dendrimers, liposomes, met-
als, ceramics, fullerenes, nanotubes, nanoemulsions, nanopores, quantum dots—
have been utilized to address specific healing limitations [19]. The unique prop-
erties of nanomaterials and their potential applications for the treatment of tissues
other than skin—bone, bladder, cartilage, neural, vascular, etc.—are reviewed in [16,
20–22]. Excellent reviews about nanomaterials in skin wound healing can be found
in [23–25].

6.4.1 Carbon

Carbon nanomaterials have been used for imaging, drug delivery, and gene delivery,
among other applications [26, 27]. This type of nanomaterials includes fullerenes,
carbon nanohorns, carbon nanotubes, and graphene. Fullerene is a powerful antioxi-
dant capable of scavenging ROS and reactive nitrogen species and, consequently, of
modulating inflammatory and proliferative processes [28]. In combinationwith light,
fullerene has also been used to rescue mice with wounds infected with pathogenic
gram-negative bacteria [28]. The biocompatibility of carbon nanomaterials remains
controversial [26], and most studies in the literature are limited to in vitro cell studies
[29–31].

6.4.2 Ceramics

Ceramic nanomaterials based on silica, calcium salts and hydroxyapatite have
been investigated as nanoparticles for applications in wound healing. Intravenously
administered calcium-based nanoparticles, synthesized using CaCl2 with β-glycerol-
phosphate, were used to modulate local calcium levels and calcium homeostasis
in open wounds in mice. These nanoparticles decreased the size of the wound by
contraction, which was attributed to the release of ionized calcium into the wound
bed as the pH-sensitive nanoparticles dissolved in the acidic wound microenviron-
ment [32]. Variations in local pH levels in the wound bed are known to promote or
inhibit bacteria growth, regulate enzyme prevalence, and change oxygen supply [33].
A similar approach utilized nitric NO-releasing nanoparticles, which were synthe-
sized by means of combining chitosan, glucose, tetramethyl orthosilicate, sodium
nitrite, and polyethylene glycol. In clean and infected wounds in mice, the wounds
treatedwithNO-NPs presented reduced inflammation, increased collagen deposition,
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and increased blood vessel formation. NO stimulated migration and proliferation of
fibroblasts and synthesis of collagen type III [34, 35].

6.4.3 Lipids

Nanoparticle treatment approaches for accelerating wound closure have been devel-
oped using liposomes [36, 37], and tested in porcine models. Lipids obtained from
the cell membranes of rabbit red blood cells were combined with α-gal epitopes
to make submicroscopic liposomes (Gll-Phl-Chol-α-gal). Anti-Gal is an antibody
that interacts specifically with a carbohydrate antigen, the α-gal epitope (Galα1-
3Galβ1-4GlcNAc-R), on glycolipids and glycoproteins in a wound and activates the
complement system. Among the products generated from this complement activa-
tion, there are complement cleavage chemotactic factors, such as C5a and C3a. The
increment in local concentrations of chemotactic factors within thewound stimulated
rapid recruitment and migration of macrophages to the wound site [36, 37]. α-Gal
nanoparticles binding to the membrane receptors of macrophages were able to acti-
vate the production of cytokines and accelerate healing and wound closure, which
was demonstrated in pig wounds treated topically with nanoparticles deposited as a
thin film [36].

A different approach incorporated plant-derived compounds quercetin and cur-
cumin in liposomes. The drug and carrier efficacy were evaluated by in vitro skin
distribution and in vivo ability to reduce oxidative inflammation and neutrophil infil-
tration in mice subjected to 12-O-tetradecanoylphorbol-13-acetate (TPA, a potent
tumor promoter). These plant-based drugs present antioxidant and anti-inflammatory
properties and were able to inhibit the onset of skin wounds during the application
of TP [38]. A different study utilized phospholipid bilayer vesicles loaded with
hemoglobin and coated with polyethylene glycol (HbVs) to improve the oxygena-
tion of ischemic skin wounds in mice models [39]. Relative to controls, tissue sur-
vival improved by 24% and the wound-healing rate increased twofold. Immunohis-
tochemical analysis showed a higher density of capillaries and a higher expression of
endothelial NO synthase 3 in the wounds treated with HbVs. A different study inves-
tigated liposome-encapsulated hemoglobin with high O2 affinity for the treatment of
full-thickness dorsal wounds in mice [40]. The treatment significantly accelerated
granulation, increased epithelial thickness, suppressed early granulocyte infiltration,
and increased Ki67 expression.

Another approach synthesized adenosine triphosphate (ATP)-vesicles and tested
them as a topical nonionic cream for improved wound healing. ATP-vesicles con-
structed using phospholipids, trehalose, and a liposomal transfection reagent, were
combined with a nonionic commercial cream moisturizer. For both non-ischemic
and ischemic wounds, the ATP-vesicle provided a source of energy for survival of
cells and improved granulation and re-epithelialization in diabetic wounds in rabbits
[41].
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Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are two
major types of lipid-based nanoparticles. SLNs advantages are good release profiles
and targeted drug delivery with excellent physical stability and, consequently, have
overcome the limitations of other colloidal carriers, like emulsions, liposomes, and
polymeric nanoparticles. Topical administration of SLNPs and NLCs loaded with
rhEGF improved re-epithelialization and restoration of the inflammatory process in
diabetic wounds in mice [42]. A different approach developed silica (SiO2) nanopar-
ticles as an alternative to conventional wound closure methods, such as sutures and
adhesives like Dermabond (2-octyl cyano-acrylate). SiO2 nanoparticles synthesized
by the Stöber method were applied to full-thickness dorsal skin wounds. The wound
edgesweremaintained in contactmanually for less than oneminute, which is the time
that took to close thewound.Macroscopic analysis shows the absence of pathological
inflammation or necrosis [43]. A class of biomaterials that have been successfully
implanted in millions of patients worldwide to repair bone and dental defects are
bioactive glasses, primarily 45S5 glass compositions [44]. Many other bioactive
glass compositions have been proposed for applications like soft tissue repair and
drug delivery. A bioactive glass-based nanoformulation was applied to full-thickness
wounds in a diabetic rat model. This nanoformulation promoted the proliferation of
fibroblasts and deposition of granulation tissue while stimulating the production of
growth factors such as VEGF and FGF2 [45].

6.4.4 Metal

Avariety ofmetal nanoparticles has been investigated and developed for wound heal-
ing applications. Colloidal solutions of silver (Ag) nanoparticles possess a remark-
ably wide spectrum of antimicrobial properties, effectively reducing or preventing
wound infections caused by a broad range of microbes [46, 47]. AgNPs are also
effective against fungi, yeast, and viruses [48]. The origin and antimicrobial activity
of these particles, including the actual contribution of ionic silver to the antimicrobial
activity, is an ongoing discussion [49, 50]. However, it is well established that ade-
quate surfaces are required for producing biologically active nanoparticles [51–58].
As a function of size and concentration, AgNPs have shown anti-inflammatory prop-
erties and the ability to minimize ROS production and improve the tensile strength of
skin by modulating collagen alignment [59–61]. The production of stable and non-
toxic nanosilver under physiological conditions constitutes a development approach
for the translation of silver nanocomposites to the clinic. Cumulative data to date
highlights the fundamental role of bio-inspired protecting agents to produce stable
nanosilver structures that do not have toxic side effects on primary human cells and
mice, i.e., protective agents like collagen and the thiol-modified LL37 antimicrobial
peptide [62]. In situ preparation of fibers with AgNPs utilizing electrospinning was
developed for use as a wound dressing. Nanofibrous membranes enabled the con-
tinuous release of Ag ions, which resulted in broad-spectrum antimicrobial activity
against Staphylococcus aureus and Escherichia coli. These antibacterial nanofibrous
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membranes were able to reduce the inflammatory response and accelerate wound
healing in Wistar rats [63].

In addition to silver, iron oxide, copper, and gold have been investigated forwound
healing applications. Thrombin-conjugated γ-Fe2O3 nanoparticles accelerated the
closure of incisional wounds in rats, improving skin tensile strength and reducing
stitch-induced scarring [64]. Copper nanoparticles within a methylcellulose-based
ointment were shown to induce pro-inflammatory mediators that increased blood
vessel formation in full-thickness wounds in mice skin [65]. Small-sized gold nano-
materials are stable and nontoxic, whichmakes them an attractive platform for devel-
opment of biofunctional nanomaterials. Photoluminescent gold nanodots were con-
structed using etching and codeposition of hybridized ligands, an antimicrobial pep-
tide (surfactant), and 1-dodecanethiol, on gold nanoparticles. In rats, wounds infected
with Methicillin-Resistant S. aureus showed faster healing, improved epithelializa-
tion, and higher collagen deposition when photoluminescent gold nanodots are used
as a dressing material [66].

Metals of the lanthanide group have also been investigated in wound healing
[67]. Nanoceria (cerium oxide nanoparticles) is an ROS scavenger material that
stabilizes HIF-1α expression stimulating angiogenesis via upregulation of VEGF
andmodulating oxygen levels in the wound [24, 68]. Nanoceria/PU/cellulose acetate
fibers applied to wounds exhibited anti-bacterial properties due to the release of free
cerium ions [69].

6.4.5 Polymers

Polymeric nanomaterials have been used for drug delivery, imaging and sensing
applications [70]. In wound healing, polymeric nanomaterials are often combined
with wound dressings [71, 72]. Poly (lactide-co-glycolide) (PLGA), polycaprolac-
tone (PCL) and polyethylene glycol (PEG) have been used to develop nanomateri-
als for improving wound closure outcomes in normal and infected wounds. PLGA
nanoparticles loaded with curcumin reduced the inflammatory response, acceler-
ated re-epithelialization and improved the formation of granulation tissue in mice
wounds [73]. Curcumin, an organic molecule found in the spice turmeric, exhibits
anti-inflammatory, antioxidant and bactericidal properties [74, 75]. PLGA nanopar-
ticles loaded with recombinant human epidermal growth factor (rhEGF) increased
the healing rate of full-thickness wounds in diabetic rats [76]. The release of rhEGH
was sustained for 24 h enhancing fibroblast proliferation. The application of PCL-
PEG nanoparticles loaded with hypericin (Hy) to wounds infected with methicillin-
resistant S. aureus resulted in reduced expression of TNF—tumor necrosis factor, a
cytokine involved in systemic inflammation—improved epithelialization and colla-
gen synthesis in a rat model [77].

Biodegradable poly(b-amino esters) (PBAEs) and copolymers ofmaleic acid have
been exploited to develop gene delivery and drug release systems for wound-healing
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applications [78, 79]. PBAEs nanoparticles carrying the sonic hedgehog gene pro-
moted angiogenesis and tissue regeneration by activating angiogenic signaling path-
ways in mice wound model [80]. Chitosan, an organic polysaccharide exhibiting
biocompatibility, biodegradability, mucoadhesivity and anti-infection activity, has
been extensively investigated for biomedical applications [81]. Chitosan nanoparti-
cles have shown significant bactericidal effects on different types of bacteria without
cell toxicity on mouse fibroblast cells [82]. The N-acetyl glucosamine in chitosan is
also present in the dermal connective tissue in elastin, which is a highly-elastic struc-
tural and cell-signaling protein [83]. Synthesized chimeric nanoparticles, formed via
spontaneous self-assembling of elastin-like peptides (ELP) and loaded with ker-
atinocytes growth factors, improved re-epithelialization and granulation in diabetic
mice wounds [84].

Dendrimers, like polyamidoamine (PAMAM), have been used for cellular delivery
of plasmid DNA by forming a stable complex with limited degradation. An arginine-
grafted cationic dendrimer (PAM) was used to deliver minicircle plasmid DNA
encoding VEGF into diabetic wounds in mice. This polycomplex PAM-RG4) con-
sists of a highly ordered PAMAM dendrimer backbone. Relative to control wounds,
PAM-RG4 improved the proliferation of basal cells and the deposition of collagen,
and it also reduced the formation of immature blood vessels. Diabetic skin wounds
healed within 6 days displaying a well-ordered dermal structure [85]. The structure
of dendrimers exhibits internal cavities and surface channels, making them suitable
to accommodate small molecules and carry high drug loads that can be used for the
treatment of complex wounds. Dendrimers have also been used in the development
of nanotechnology for delivering short RNAmolecules to wounds. RNA interference
(RNAi) is a biological process in which small interfering RNAs (siRNAs) silence
gene expression by degrading targeted mRNA molecules. Sirnaomics Inc., is devel-
oping nanoparticle formulations containing siRNA for reducing the expression of
TGFβ1 and Cox-2 (cyclooxygenase-2), which are implicated in many tissue inflam-
mation and fibrosis processes. Among other applications, Sirnaomics Inc., is testing
formulations for the treatment of hypertrophic scars in phase II clinical trials.

6.5 Emerging Technologies

As illustrated in the previous section, the vast majority of the nanomaterial applica-
tions investigated for skin wound healing consist in utilizing them either to modulate
different wound healing processes by direct interaction with the wound microenvi-
ronment or to deliver cargo that modulates the wound healing process. Alternative
emerging technologies utilize nanomaterials in synergy with novel technologies in
other fields [86].

Photosensitized crosslinking of proteins is being developed for medical treat-
ments and many potential benefits have already been demonstrated in preclinical
and clinical studies. Applications include sealing wounds, reattaching severed tis-
sues, stiffening and strengthening tissues, decreasing inflammatory responses, and
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bioengineering tissues [87–90]. These treatments rely on light-initiated formation
of covalent crosslinks between proteins on the surfaces of two tissues or between
proteins within a tissue. Two dyes, rose Bengal (RB2−) and riboflavin-5-phosphate
(R5P2−), has been used almost exclusively for medical applications of photosen-
sitized protein crosslinking. The treatment procedure for photo-crosslinking tissue
proteins is simple. In fact, the simplicity of this technique is one of its clinical advan-
tages. An aqueous solution of the dye typically is applied to the tissue, which is then
exposed for a few minutes to light wavelengths absorbed by the dye. Crosslinking
occurs during the irradiation and is followed by healing processes. The light-induced
effects appear to result largely from crosslinks in collagen, the major connective
tissue protein, with possible crosslinking to the proteoglycans that surround colla-
gen fibrils and to other proteins. This technique has been regarded as an effective
alternative to stapling or traditional suturing. Absorption and scattering of light in
tissue results from fundamental light–matter interactions and have enabled a vari-
ety of powerful optical techniques for therapy and imaging [91]. However, these
interactions are also problematic as they limit the penetration of light in tissues.
A poly(allylamine) (PAAm)-modified upconversion nanoparticle/hyaluronate–rose
bengal (UCNP/PAAm/HA-RB) conjugate complex was developed for photochemi-
cal bonding of deep tissue with near-infrared (NIR) light illumination [92]. In a mice
study, the UCNP/PAAm/HA-RB conjugate complex was efficiently delivered into
deep tissue and accelerated tissue bonding upon NIR light illumination. HA in the
outer layer of the complex facilitated the penetration of RB into the collagen layer
of the dermis.

Skin grafting requires removing a layer of skin tissue from a donor site to transfer
it to the wounded site. Skin grafts can be classified as split-thickness skin grafts
(STSGs), consisting of the epidermis and the upper part of the dermis, or full-
thickness skin grafts (FTSGs), consisting of the epidermis and the full-thickness
dermis. A major limitation of this procedure is scarring at the donor site and, in
STSGs, the absence of the deep dermal adnexal structures that give function to skin,
such as hair follicles, sweat glands, and sebaceous glands. FTSGs require to cre-
ate a full-thickness wound at the donor site and a good vascular bed for survival at
the wounded site. Therefore, standard clinical outcomes are scarring at the donor
and wounded site, and lack of skin function at the wounded site. Innovations in
surgical grafting techniques have advanced skin grafting, but grafting methods are
still limited [2, 93]. In mice and porcine models, a new approach that grafts thou-
sands of full-thickness skin micrografts have been shown to eliminate scarring at the
donor site while transferring the deep adnexal structure to the wound site [94, 95].
Again, the simplicity of this technique is one of its clinical advantages [96, 97]. This
fractional grafting approach places the micrografts randomly in the wounded site,
that is, micrografts are not oriented. Current development efforts are geared toward
developing nanomaterials that could serve as functional scaffolds to “copy skin” by
enabling controlling the spacing and orientation of micrografts, which presumably
would result in faster healing and functional skin resembling the original skin, and
manipulation of this hybrid construct (autologous tissue in a synthetic biomaterial)
by clinicians. The concept is illustrated in Fig. 6.3. The flexibility and broad reach
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Fig. 6.3 Full-thickness microscopic skin tissue columns (MSTCs) are harvested from the healthy
donor site and placed into a scaffold matrix to assemble a hybrid skin construct for wound repair.
Nanomaterials enable functionalization of the matrix for different wound environments and mod-
ifying the wound to establish favorable conditions, for example, the combination with a silver
nanoparticles spray for infected wounds



6 Nanomaterials for Engineering the Treatment of Skin Wounds 119

of nanomaterials in wound healing could enable a fractional skin grafting platform
with the capability of customizing scaffolds for different wound environments; for
example, in infected wounds by functionalizing the scaffold to kill bacteria while
preserving the micrografts.

6.6 Summary and Conclusions

Wound healing interventions aim to repair or promote the repair of the structure
and function of organs, tissues, and cells. When the skin is wounded, repair implies
restoration of all functional components, including hair follicles, sweat glands, and
nerves in clean and impaired healing conditions. Although there is no perfect repair
method currently available for complex wounds, rapid developments in understand-
ing skin development and wound repair, together with advances in related fields like
stem cell, tissue bioengineering, and nanomedicine, provide hope that such meth-
ods represent a tractable goal in the future. Nanomaterials have a high surface area
to mass ratio that enables favorable interactions with wound environment and con-
stituents. Cells naturally interact with the extracellular matrix which can be better
modulated by nanoscale materials. Nanomaterials will have a critical role to play in
the engineering of novel clinical strategies that enable healing of large and complex
wounds by remodeling without scarring.
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