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Abstract

Purpose of Review Despite the emergence of various new
wound care products, millions of people continue to suffer
from complications associated with acute and chronic
wounds. Nanomaterials offer a variety of strategies to accel-
erate wound closure and promote appropriate progression
through the stages of healing, which will be detailed in this
review.

Recent Findings The small size of nanomaterials enhances
penetration and permeation of tissues and lends a large surface
area-to-volume ratio, ideal for topical drug delivery.
Furthermore, nanofibers may be utilized to create
nanoscaffold wound dressings that simulate the topographic
appearance of endogenous extracellular matrix, thereby stim-
ulating wound reepithelialization and collagen production.
Summary Together, nanomaterials offer many approaches to
reduce the morbidity associated with acute and chronic
wounds, as demonstrated by a substantial body of pre-
clinical data. Future investigations should aim to address the
paucity of human clinical trial data, essential for translating
wound-healing benefits from bench to bedside.
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Introduction

Wound care is an enormous industry with the global wound
care market estimated to exceed $22 billion USD annually by
2020 [1]. Recent advancements have yielded a variety of new
types of dressings—films, foams, alginates, hydrocolloids,
and hydrogels—in addition to inventive topical therapies with
active ingredients including beta blockers, growth factors, sil-
ver, and honey [2—4]. Although there has been a recent explo-
sion of new products on the market, wound-healing success
rates have improved at a far slower pace. Millions of people
continue to suffer from complications and consequences asso-
ciated with acute and chronic wounds, which pose a signifi-
cant burden to the healthcare system and cause patient and
caregiver stress, economic loss, and decreased quality of life.

Nanomaterials, defined as materials that measure on the
nanoscale (1-100 nm) or that contain nanoscale structures
internally or on their surfaces, represent one of the most prom-
ising strategies for improving the treatment of acute and
chronic wounds [5]. Nanomaterials enable the exploitation
of unique characteristics of matter at the nanoscale, which
typically exhibits chemical, electronic, and optical properties
different from those of the bulk material [6]. The small size of
nanomaterials enhances their penetration and permeation of
tissues, and their surface characteristics can be manipulated
to facilitate selective accumulation within specific target tis-
sues or cell types [7-9]. Their size also lends an extremely
large surface area-to-volume ratio, thereby increasing the in-
teraction of therapeutic agents with their biological targets,
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improving treatment efficacy and decreasing the required
dose.

While nanomaterials share many advantageous properties,
their compositions are widely varied. Some have structures
comprised of one or more substances that provide both phys-
ical architecture and therapeutic activity (e.g., copper nanopar-
ticles, silver-chitosan nanoparticles). By contrast, other
nanomaterials are engineered to deliver therapeutic agents
(e.g., growth factors, oligonucleotides) that otherwise may
not be bioavailable in vivo secondary to poor solubility, short
half-life, or leakage from the site of the wound. Such
nanomaterials can encapsulate or incorporate therapeutic sub-
stances into their structures to be released in vivo in a
sustained manner, and a release rate may be controlled by
altering nanomaterial composition and physical characteris-
tics. Sustained release allows continuous interface between a
therapeutic agent and its biological target without the rapid
saturation and washout of a bolus dose, thereby allowing the
delivery of potent drugs while minimizing side effects, as the
maximum amount of drug is never in contact with the skin at
one time [6, 10].

In addition to these categories of nanomaterials, nanoscale
fibers may be utilized to fabricate nanoscaffold wound dress-
ings, which have increased porosity, and their physical com-
position can be modulated to provide optimal absorbency and
gas permeability for maintaining moist, oxygenated wounds
[11]. The structure of nanoscaffold wound dressings can sim-
ulate the topographic appearance of endogenous extracellular
matrix (ECM), facilitating attachment and spreading of fibro-
blasts and keratinocytes, thereby enhancing collagen synthesis
and reepithelialization [12, 13]. Furthermore, nanoscaffold
wound dressings have an exceedingly large surface area-to-
volume ratio, thus maximizing their interaction with the
wound bed and enabling improved drug delivery when drugs
are incorporated into the dressing.

Physical nanomaterials, drug-releasing nanomaterials, and
nanoscaffold wound dressings represent promising therapeu-
tic platforms for improving wound care. Given the social,
emotional, and economic burdens presently posed by
protracted healing and delayed closure, wound care products
that accelerate the healing process and improve closure suc-
cess rates are sorely needed. Here, we present a brief overview
of the wound-healing process followed by a review of inno-
vative nanomaterials that may fill this unmet therapeutic need.

Wound Healing

Wound healing is a dynamic process defined by three simul-
taneous, overlapping phases. Following fibrin clot formation,
wound healing begins with an inflammatory phase marked by
the recruitment of neutrophils and macrophages. These cells
release pro-inflammatory cytokines and clear pathogens and

debris via phagocytosis and release of reactive oxygen species
and matrix metalloproteinases [14, 15]. Next, collagen depo-
sition and angiogenesis occur during the proliferative phase to
form granulation tissue, characterized by high vascularity
and immature type III collagen. During this phase,
reepithelialization and contraction of myofibroblasts occur
[16, 17]. Finally, the remodeling phase includes the replace-
ment of type III collagen by type I collagen, leading to the
formation of a less vascularized scar with improved mechan-
ical strength [18].

Under ideal healing conditions, acute wounds progress lin-
early through these phases. By contrast, chronic wounds are
characterized by arrest, typically in the inflammatory phase,
with wound physiology that represents a pathologic cycle.
Unlike normal wounds that are typically rich in essential
growth factors and pro-healing cytokines, chronic wounds
feature an excess of pro-inflammatory cytokines and factors
[19]. Chronic wounds may exhibit decreased angiogenesis,
increased hyperkeratotic tissue, accumulation of devitalized
tissue, malodorous exudates, and biofilm formation. These
wounds tend to arise in patients with inadequate tissue perfu-
sion, suppressed immune systems, and/or chronic inflamma-
tory states as seen in diabetes mellitus, sickle cell disease,
cancer, peripheral arterial and venous stasis diseases, obesity,
smoking, and malnutrition. In such patients, therapies that
accelerate wound physiology through the phases of healing
are essential to ensure that the inflammatory phase is suffi-
ciently limited and avoid development of a chronic wound
[14].

Physical Nanomaterials
Silver

Metal nanomaterials have demonstrated significant wound-
healing benefits alone, as conjugates, in wound dressings
and in conjunction with activating light sources. They are well
known for aiding the clearance of microbes, which may oth-
erwise prolong the inflammatory phase of healing. Of all met-
al nanomaterials, silver nanoparticles (Ag-np) are perhaps the
most frequently utilized; they have been incorporated into
burn ointments, wound dressings, and medical devices to ef-
fectively prevent infection [20]. Ag-np are known for their
potent, broad spectrum antimicrobial activity, effectively kill-
ing gram-positive and gram-negative bacteria as well as fungi
[21], viruses [22], and protozoa [23]. Ag-np can counteract
bacterial virulence factors by inhibiting biofilm formation [24,
25], neutralizing bacterial toxins [25] and interfering with
quorum sensing [26]. Furthermore, they demonstrate synergy
with conventional antimicrobial drugs, enabling killing of mi-
crobes that would otherwise be unaffected or resistant [27].
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Ag-np are oxidized in vivo leading to silver ion release
under acidic conditions. It is the silver ions, not Ag-np them-
selves, that are credited for providing antimicrobial activity by
compromising microbial membranes, damaging DNA,
inhibiting ATP production, and generating reactive oxygen
species (ROS) [28]. The antimicrobial activity of Ag-np is
particularly intriguing as it inhibits microbes via multiple,
non-specific mechanisms. Unlike conventional antibiotics
with a single biological target, multi-mechanistic
nanomaterials such as Ag-np may circumvent antimicrobial
resistance as multiple, simultaneous mutations would need to
occur in the same organism for resistance to occur. Ag-np
have also been shown to evade non-specific resistance mech-
anisms such as drug efflux [29] and biofilm formation [24].

Ag-np’s antimicrobial properties support the critical elimi-
nation of microbes that may otherwise prevent efficient pro-
gression through the phases of healing. Further, Ag-np may
modulate local and systemic inflammatory processes to sup-
port the healing process independently of their antimicrobial
activity. A study of Ag-np impact on human keratinocytes and
dermal fibroblasts indicated that they attenuate the production
of pro-inflammatory cytokines and factors [30], while another
study of Ag-np dressings applied to burn wounds in mice
demonstrated a reduction in wound neutrophils and IL-6 as-
sociated with increased IL-10, TGF-3, VEGF, and IFN-y in
Ag-np treated wounds. Additionally, pro-inflammatory acute-
phase proteins in the serum of Ag-np treated mice showed an
accelerated return to baseline [31]. These findings may sup-
port a larger role for Ag-np in wound healing, in addition to
microbial clearance.

A common technique for utilizing Ag-np involves their
incorporation into dressings. For example, dressings made of
biocompatible bacterial cellulose have been impregnated with
Ag-np, demonstrating activity against Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa and
facilitating attachment and growth of keratinocytes while
maintaining an ideal moist, absorbent barrier [13]. In another
study, Ag-np were incorporated into a mussel-inspired nano-
fiber poly(dopamine methacrylamide-co-methyl methacry-
late) (MADO) wound dressing, which effectively inhibited
E. coli, S. aureus, and P. aeruginosa (Fig. 1) [32]. This dress-
ing displayed 13 % initial silver ion release on the first day of
application, corresponding to a dose that is toxic to bacteria
but not mammalian cells. This burst was followed by a slower,
sustained release for at least 7 days under physiological con-
ditions. When applied to partial-thickness wounds in rats,
those treated with MADO-Ag-np dressings demonstrated
92 % healing over 15 days compared to 65 and 51 % in
wounds receiving plain MADO and simple gauze dressings,
respectively [32]. Although the ECM-like properties of the
nanofiber MADO dressing exhibited a positive effect com-
pared to simple gauze dressing, Ag-np had an even more
significant impact on the acceleration of wound healing.
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Fig. 1 Ag-np were incorporated into poly(dopamine methacrylamide-
co-methyl methacrylate) (MADO) nanofiber wound dressing. Field
emission scanning electron microscopy was used to image electrospun
MADO nanofibers alone (a), as well as following Ag-np incorporation
(b). On high-resolution transmission electron microscopy, the
incorporated Ag-np were compared following 24-h (¢) versus 12-h (d)
incubation of MADO nanofibers with silver nitrate. The average Ag-np
diameter was shown to increase as a function of incubation time.
Reprinted with permission from [32]

Thus far, multiple studies have concluded that Ag-np’s bi-
ological effects are due to silver ion release and that Ag-np
themselves provide negligible direct activity [28, 33-35]. To
challenge this concept, Zhou et al. synthesized silver-silver
chloride nanoparticles complexed with reduced graphene ox-
ide (Ag/AgCl/rGO nanomaterial), which demonstrated negli-
gible release of silver ions under physiological conditions
[36°]. Although Ag/AgCl/rGO nanomaterial did not release
silver ions, it generated a large amount of oxidative radicals,
exhibiting potent bactericidal activity against gram-positive
and gram-negative bacteria. When functionalized with
poly(diallyldimethylammonium chloride) (PDDA), Ag/
AgCl/rGO nanomaterial demonstrated high adsorptive capac-
ity and enhanced bactericidal activity. Furthermore, Ag/AgCl/
rGO nanomaterial augmented wound healing when
applied to partial-thickness burn wounds in mice. Earlier
reepithelialization, increased deposition of organized colla-
gen, and faster rates of wound closure were observed [36¢].

Gold

Gold nanomaterials comprise another group of physical
nanomaterials that can be utilized to improve wound healing.
Unlike silver, gold nanomaterials alone do not offer antimi-
crobial activity [29]. Rather, they can be conjugated with
existing antimicrobial drugs, thereby increasing their potency
and broadening their spectrum of activity to effectively kill
organisms that would otherwise be resistant or unaffected.
For instance, vancomycin-conjugated gold nanoparticles
(Au-Vanc-np) increased vancomycin’s activity against
vancomycin-resistant enterococci (VRE) 50-fold, and Au-
Vanc-np exhibited significant activity against E. coli, a
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gram-negative bacterium that is usually unaffected by vanco-
mycin [37]. In addition to antimicrobial drugs, gold
nanomaterials may be conjugated with pathogen-specific an-
tibodies for photothermal therapy [38, 39] or photosensitizing
molecules for photodynamic therapy (PDT) [40] to achieve
microbial clearance from wounds. For example, gold
nanoparticle-conjugated photosensitizers used for PDT have
demonstrated superior fungal depletion from Candida
albicans-infected wounds in mice [41].

In addition to improving wound healing by enhancing an-
timicrobial therapies, gold nanomaterials exhibit healing prop-
erties when administered to wounds as a topical monotherapy.
In a study of full-thickness excision wounds in rats, gold
nanoparticles (Au-np) enhanced the healing process, as char-
acterized by increased reepithelialization, alignment of gran-
ulation tissue, and deposition of collagen fibers compared to
untreated controls [42]. These differences were especially pro-
nounced in earlier wound stages, thereby reducing the overall
duration of healing. When compared to topical Ag-np mono-
therapy, Au-np demonstrated greater radical scavenging activ-
ity in vitro, in addition to greater wound-healing improve-
ments in rats [42].

Wound-healing properties of Au-np may be further en-
hanced in combination with polymers or stem cells [42—44].
Polymer nanocomposites such as chitosan-Au-np increase the
antioxidant activity of Au-np severalfold and offer improved
biocompatibility. Further, polycationic chitosan may be dou-
bly utilized as a mediator of Au-np synthesis. In surgical
wounds in rats, chitosan-Au-np significantly enhanced hemo-
stasis and reepithelialization with improved overall healing
compared to chitosan alone or standard Tegaderm dressings.
Furthermore, chitosan-Au-np were shown to increase prolif-
eration of human fibroblasts in vitro [43]. Another study com-
bined Au-np with cryopreserved human fibroblasts (CrHFC-
Au-np), which were then applied to third-degree burn wounds
in rats. CrHFC-Au-np-treated wounds demonstrated faster tis-
sue recovery, less infiltration of inflammatory cells, and great-
er deposition of type I and III collagen compared to untreated
controls or CrHFC alone [44].

Finally, gold nanoshells represent a newer class of gold
nanomaterials characterized by thin metal shells that surround
a dielectric core. One study utilized gold nanoshells with a
silica core, designed to absorb near infrared (NIR) light for
NIR laser tissue welding [45]. While laser tissue welding of-
fers advantages over suture wound closure such as speed,
reduced tissue trauma, immediate watertight anastomoses,
and accelerated healing, the decreased wound strength pro-
duced by tissue welding has thus far limited its use. Gold
nanoshells have demonstrated strong absorptive properties
and large absorption cross-sections without photobleaching,
which may enable laser tissue welding that is more focused,
as well as more powerful. In the aforementioned study, gold
nanoshells were used for NIR tissue welding in vivo following

creation of full-thickness incisions in rat skin [45]. Wound
samples revealed tensile strengths equaling that of uncut tis-
sue, and histological investigations showed a robust wound-
healing response, demonstrating yet another method by which
gold nanomaterials may be utilized to improve wound healing
and accelerate closure.

Nanomaterials for Therapeutic Delivery
Protein Delivery

A large class of nanomaterials with significant possibilities for
wound healing are those that have been engineered to deliver
therapeutic agents. Although many agents stand to benefit
from nanomaterial delivery, those with short half-lives or poor
in vivo solubility have the most to gain, as these limitations
may otherwise prohibit their use. For example, human antimi-
crobial peptide LL37 is known to improve wound healing,
although it must be administered at very high doses with fre-
quent dosing schedules given rapid in vivo degradation [46].
LL37 offers several benefits due to its broad spectrum antimi-
crobial activity, enhancement of angiogenesis, epithelial cell
migration and proliferation, and modulation of immune re-
sponse; however, in vivo administration without the use of
nanomaterials has proven to be impractical [46, 47¢].
Progress was made when one group encapsulated LL37 in
poly(lactic-co-glycolic acid) (PLGA) nanoparticles, produc-
ing significant wound-healing improvements at lower doses
of LL37; however, these nanoparticles required intradermal
injection for optimal effect [48]. More recently, LL37 was
encapsulated in nanostructured lipid carriers (NLCs), a type
of lipid nanoparticle with enhanced loading capacity capable
of creating an ultrafine film for controlled occlusion, which is
advantageous for topical therapeutic delivery [47]. LL37
retained its properties following NLC encapsulation without
toxicity against human fibroblasts and significantly improved
wound-healing outcomes when applied topically to full-
thickness diabetic mouse wounds compared to untreated con-
trols or free LL37. Specifically, NLC-LL37 accelerated clo-
sure and resolution of inflammatory processes and improved
reepithelialization following only three topical administrations
over a 96-h period at a low dose [47¢].

In addition to antimicrobial peptides, nanomaterials may be
used to enable the delivery of growth factors, another category
of endogenous molecules with otherwise limited delivery op-
tions due to in vivo degradation. Especially in chronic wounds
where there is excessive inflammation and proteolytic activity,
pro-healing proteins and growth factors are degraded even
more rapidly, potentiating the cycle of aberrant healing. A
major mediator of wound healing, stromal cell-derived factor
1 (SDF1), acts via recruitment of endothelial progenitor cells
to contribute to revascularization and support the
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reepithelialization process [49, 50]. As with LL37, frequent
topical application of SDF1 at high doses has demonstrated
therapeutic healing effects; however, this is expensive and
impractical [51]. Yeboah et al. combined SDF1 with elastin-
like peptide to generate a nanoparticulate fusion protein
(SDF1-ELP), which exhibited greater in vivo activity com-
pared to free SDF1. When administered topically to full-
thickness diabetic mouse wounds, SDF1-ELP led to 95 %
closure by day 21 and full wound closure by day 28. By
contrast, only 80 % closure by day 21 was seen with free
SDF1, ELP alone, or vehicle controls, which required 42 days
to achieve complete healing [50]. These results in refractory
diabetic wounds warrant further exploration of SDF1-ELP for
other chronic wound states.

Oligonucleotide Delivery

Therapeutic oligonucleotides have potential benefits for wound
healing. They can affect a myriad of therapeutic targets via small
interfering RNA (siRNA)-mediated gene knockdown, and anti-
sense inhibitors can be used to target pathologic oligonucleo-
tides. However, as with growth factors and antimicrobial pep-
tides, oligonucleotides suffer from increased degradation
in vivo, particularly in the setting of chronic wounds. To over-
come this limitation, one group delivered an oligonucleotide
antisense inhibitor using lipid nanoparticles to specifically target
a pathologic microRNA (miRNA) that inhibits endogenous
messenger RNA (mRNA) in the setting of ischemic wounds.
Peripheral vasculopathies cause wound ischemia, which can
lead to increased local levels of hypoxia-induced miRNAs
(hypoxamiR). The specific hypoxamiR targeted in this study,
miR-210, has drawn interest as a target of therapeutic inhibition
due to its suppression of mitochondrial metabolism and inhibi-
tion of cellular proliferation necessary for proper healing. Lipid
nanoparticles loaded with antisense miR-210 inhibitor were
injected intradermally in bipedicle flap wounds created in mice
prone to diabetes and atherosclerosis. After only one treatment,
the nanoparticles led to significantly reduced miR-210 levels in
ischemic wound edge tissue, which demonstrated rescued
keratinocyte proliferation and increased ATP production, as well
as improved wound closure [52¢].

By investigating the physiology of chronic wound processes,
scientists have been able to develop improved therapies capable
of targeting specific wound pathology, as demonstrated by a
nanoparticulate antisense miR-210 inhibitor. In another exam-
ple, the study of notoriously difficult diabetic foot ulcers has led
to the observation of increased macrophage infiltrates, which
cause TNF-« overproduction, thereby instigating fibroblast ap-
optosis, collagen dismantling, and decreased angiogenesis [53].
Given this knowledge, one group designed lipidoid nanoparti-
cles loaded with siRNA targeting TNF-x-encoding mRNA via
RNA interference pathways. These nanoparticles were assessed
in a macrophage/fibroblast co-culture designed to mimic the
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wound environment, where they were found to silence TNF-
mRNA and protein expression at doses that did not cause non-
specific gene silencing or cell death. Since TNF-« induces fi-
broblast production of monocyte chemoattractant protein-1
(MCP-1), the group also demonstrated MCP-1 downregulation
in vitro, which could inhibit the recruitment of additional mac-
rophages in wounds [53].

In addition to silencing TNF-«, siRNA-loaded nanoparti-
cles have been employed to knock down a microtubule-
severing enzyme and regulator of cell migration called
fidgetin-like 2 (FL2). Charafeddine et al. demonstrated that
in vitro siRNA-mediated FL2 knockdown can more than dou-
ble the rate of migration in a variety of cell types, including
human keratinocytes, osteosarcoma cells, and mouse fibro-
blasts in a standard scratch assay [54¢]. Next, FL2-targeting
siRNA was loaded into nanoparticles and applied topically in
murine full-thickness excisional and burn wounds. With either
a single treatment on day 0 or two total treatments on days 0
and 2, the nanoparticles significantly accelerated wound clo-
sure in both wound models (Fig. 2). Furthermore, the addition
of a second treatment on day 2 accelerated closure even more
than the single treatment group, indicating that cells did not
become refractory to siRNA, and healing could still be further
enhanced. After only 7 days post-wounding in the excision
model, the nanoparticles were shown to yield a completely
reepithelialized epidermis with basket weaving stratum
corneum, a less inflammatory dermis infiltrated with parallel
fibroblasts, well-organized collagen, and a normal subcutis
indicative of healthy scar formation. By contrast, untreated
wounds revealed a very thin epidermal layer with mounds of
serum crust and an inflammatory, disorganized dermis without
evidence of subcutis, as a characteristic of a wound that is still
early in the proliferative phase of healing [54¢].

Finally, Zheng et al. utilized spherical nucleic acids (SNAs)
that consist of an Au-np core surrounded by dense layers of
covalently-attached, highly oriented siRNA (Fig. 3) [55]. In
addition to providing protection from nucleases, SNAs offer
rapid cellular entry via receptor-mediated endocytosis, as well
as protection from off-target effects or other cellular toxicities
[56°]. Preliminary studies with keratinocytes in vitro demon-
strated that SNAs were more than 100-fold more potent and
suppressed their genetic target longer than siRNA that was
delivered with commercial lipid agents [55]. Given these ben-
efits, the same group investigated the use of SNAs to target
ganglioside-monosialic acid 3 (GM3), a sialylated
glycosphingolipid related to insulin resistance and poor
healing. Levels of GM3 and GM3 synthase (GM3S) are sig-
nificantly elevated in diabetic skin samples, and studies have
shown that GM3S knockout improves insulin resistance in
adipose tissue and muscle, as well as skin. This effectively
reverses wound-healing impairments associated with diabetes
as evidenced by increased cell migration and proliferation and
levels of pro-healing factors [56¢]. Following creation of
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Fig. 2 Fidgetin-like 2-targeting siRNA-loaded nanoparticles (FL2 NPsi)
were applied topically in murine full-thickness excisional wounds, either
one dose (day 0) or two doses (days 0 and 2) post-wounding.
Representative images (a) show closure of untreated wounds (upper
panel) versus wounds treated with two doses of FL2 NPsi. Scale
bar = 4 mm. Plots comparing relative wound area of untreated wounds,
non-FL2 targeting nanoparticle (control NPsi) treated wounds, and FL2
NPsi treated wounds (b) showed that FL2 NPsi treatment lead to

SNAs with siRNA targeting GM3S (GM3S-SNAs), the
nanomaterials were delivered topically in mouse and human
skin, without the need for epidermal disruption, where they
effectively knocked down GM3S. In diabetic mouse wounds,
GM3S-SNAs significantly accelerated wound healing com-
pared to vehicle, Au-np alone, or siRNA alone. SNA-treated
wounds were completely healed 12 days post-wounding while
control wounds were less than 50 % healed at this time point.
At day 12, SNA-treated wounds demonstrated fourfold great-
er area of granulation tissue and twofold greater vascularity on
CD31 staining, in addition to significantly greater insulin-like
growth factor-1 receptor (IGF1R) and epidermal growth factor
receptor (EGFR) activation in wound edge tissue [56°].

Nanoscaffold Wound Dressings

Bacterial Nanocellulose

While nanoparticle therapies have presented many promising
advances for wound healing, nanofibers have also been
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significantly accelerated closure compared to controls. Furthermore,
wound closure could be further accelerated with two doses versus one
dose of FL2 NPsi. Quantitative PCR (c¢) of FL2 mRNA performed on
days 2 and 8 showed a significant reduction in mRNA in FL2 NPsi
treated but not control NPsi treated wounds. *P < 0.05; **P < 0.005;
##4P < 0.0005. Error bars denote SEM. Reprinted with permission from
[54]

utilized to enhance wound dressings, an essential component
of the wound care armamentarium. Ideal dressings accelerate
healing by lowering microbial burden, providing a moist, ox-
ygenated environment, and facilitating cellular attachment and
reepithalialization. To create such dressings, bacterial
nanocellulose (BNC) has drawn considerable interest given
its hydrogel properties, biocompatibility, and ultra-high sur-
face area and nanofibrillar structure, distinct from that of plant
cellulose or anything that can currently be achieved syntheti-
cally [57]. BNC resembles natural collagen in nanostructure
and morphology and its innate properties enhance the healing
of wounds [58]. Due to its multiple advantageous properties,
BNC has been utilized in dressings, skin substitutes, and im-
planted medical devices such as artificial menisci and vascular
grafts [57].

To harness BNC for wound healing, it is necessary to im-
prove its tensile strength, which is inadequate particularly
when BNC is in a highly swollen state. Although a variety
of strengthing modifications have been employed, many alter
BNC'’s natural structure and/or chemical composition, thereby
altering its wound-healing properties, as well. To circumvent
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Fig. 3 Spherical nucleic acids (SNAs) (a) consist of 13 nm gold cores
surrounded by dense layers of covalently-attached, highly oriented
thiolated siRNA duplexes that target ganglioside-monosialic acid 3
synthase (GM3S). Dynamic light scattering (b) revealed an average
hydrodynamic diameter of 32 nm. Quantification studies (¢) showed
that approximately 40 siRNA duplexes are anchored to each gold
nanoparticle, and this remains stable over at least 75 days. Reprinted

with permission from [56]

this issue, Zhang et al. recently manufactured a BNC-chitosan
(BNC-CS) hydrogel dressing reinforced with a fabric skeleton
that provided enhanced mechanical properties without signif-
icantly altering BNC’s native features [57]. The addition of
chitosan, a biocompatible, antimicrobial, and anti-
inflammatory polysaccharide derived from chitin, a compo-
nent of crustacean exoskeletons, was achieved using dynamic
cultures in a rotating bioreactor so that chitosan’s antimicro-
bial properties would not stunt the production of BNC [57].
Analysis of the fabric-reinforced BNC-CS hydrogel dressing
on field emission scanning electron microscopy demonstrated
conservation of BNC nanofibrillar networks and covering of
CS on BNC. Infrared spectrophotometry revealed improved
water absorption capacity following addition of CS, and ten-
sile strength testing showed excellent mechanical properties
and tensile fracture strength. BNC-CS fabric-reinforced hy-
drogel dressings effectively inhibited E. coli and S. aureus
in vitro, thus presenting this dressing as an attractive new
therapeutic for wound care.

Instead of adding chitosan for antimicrobial activity, anoth-
er group engineered BNC wound dressing with incorporated
polyhexamethylene biguanide (PHMB), an antimicrobial
agent, as well as sericin, a compound that accelerates wound
healing. Various loading sequences and concentrations were
studied to yield optimal antimicrobial activity and improved
collagen production [59]. In vitro, the dressing was non-toxic
to mouse fibroblasts and promoted cell migration. When
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applied to full-thickness wounds in rats, wounds treated with
the novel BNC dressing demonstrated significantly reduced
wound sizes and greater collagen deposition, and when im-
planted in rats subcutaneously, a reduced inflammatory re-
sponse was observed compared to conventional dressing.
Finally, a clinical trial patch test involving dressing application
to normal skin of healthy volunteers indicated that BNC dress-
ing with PHMB and sericin is non-irritating and may warrant
further investigation in clinical wound studies [59].

Silk Fibroin

Silk fibroin has also emerged as a key biomaterial for tissue
engineering and wound healing due to its superior mechanical
properties, biocompatibility, and ability to promote
hemostatsis, as well as adhesion and proliferation of
keratinocytes and fibroblasts [60]. In one study, Ju et al. fab-
ricated a silk fibroin nanomatrix via electrospinning. When
applied in a rat burn wound model, the silk fibroin nanomatrix
demonstrated decreased wound size and increased
reepithelialization, with enhanced collagen organization in
the dermis compared to simple gauze controls. Compared to
controls, the silk fibroin nanomatrix reduced wound levels of
pro-inflammatory cytokine IL-1o after 7 days post-wounding.
Furthermore, TGF-f31, a mediator of cell proliferation and
differentiation, peaked after 21 days in the nanomatrix group
versus peaking after 7 days in the gauze controls, thus present-
ing silk fibroin nanomatrix wound dressings as a potential
treatment for burn wounds [60].

In addition to an acute burn wound environment, silk fibro-
in nanomatrix has been assessed in diabetic rats prone to
chronic wounds. Specifically, silk fibroin (SF) was combined
with poly(lactide-co-glycolic acid) (PLGA), a biocompatible
polymer used for a variety of biomedical and pharmaceutical
applications, to create PLGA-SF hybrid nanofiber scaffold
dressings. In diabetic rats, PGLA-SF nanofiber dressings de-
creased wound size after 15 days compared to traditional
dressings, and in vitro assessment showed enhanced fibroblast
attachment and proliferation, essential for encouraging forma-
tion of new ECM and granulation tissue [12].

Conclusions

The data presented here illustrate the vast potential of
nanoscaffold wound dressings, physical nanomaterials, and
nanomaterials engineered for therapeutic delivery to acceler-
ate healing and reduce the morbidity associated with acute and
chronic wounds. In spite of this evidence, it would be impru-
dent to overlook the fact that nanomaterials for wound healing
comprise a relatively new and emerging field, and more in
depth studies are needed to determine any potential toxic ef-
fects associated with these therapies. Thus far, many
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investigations have uncovered limited toxicity without signif-
icant evidence of nanomaterial absorption systemically; how-
ever, standardized methods for assessing the safety of
nanomaterials have yet to be established. Given the extensive
pre-clinical data regarding nanomaterials for wound healing,
there is a paucity of human clinical trial data, and the lack of
standardized safety assessments may contribute to this dispar-
ity. As the application of nanomaterials for wound healing
continues to advance, investigators should pursue standard-
ized methodology for assessing local and systemic effects of
nanomaterials. If investigations continue to provide reassuring
safety data, clinical studies should be undertaken with urgency
to stem patient suffering and economic losses currently caused
by acute and chronic wounds.
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