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Chronic, non-healing wounds place a significant burden on patients and healthcare systems, resulting in im-
paired mobility, limb amputation, or even death. Chronic wounds result from a disruption in the highly orches-
trated cascade of events involved in wound closure. Significant advances in our understanding of the
pathophysiology of chronic wounds have resulted in the development of drugs designed to target different as-
pects of the impaired processes. However, the hostility of the wound environment rich in degradative enzymes
and its elevated pH, combinedwith differences in the time scales of different physiological processes involved in
tissue regeneration require the use of effective drug delivery systems. In this review, we will first discuss the
pathophysiology of chronicwounds and then thematerials used for engineering drug delivery systems. Different
passive and active drug delivery systems used inwound carewill be reviewed. In addition, the architecture of the
delivery platform and its ability to modulate drug delivery are discussed. Emerging technologies and the oppor-
tunities for engineering more effective wound care devices are also highlighted.
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1. Introduction

Skin is a barrier protecting internal organs from potential environ-
mental hazards [1]. Skin possesses excellent regenerative properties
and injuries or cuts can be healed through a highly orchestrated cascade
of physiological events. However, in some cases, this regenerative prop-
erty is impaired andwounds do not heal in a timely fashion, placing the
patients at a significant health risk. Usually, wounds that do not heal in
90 days are referred to as chronic wounds. The treatment of chronic
wounds and large burns is expensive and laborious as they are suscep-
tible to infection and often require surgical treatment. Compromised
wound healing exerts a massive burden on the healthcare system. In
the US around 4.5 million people need treatment for chronic wounds
and it is estimated that over $25 billion is spent annually on manage-
ment of chronicwounds [2]. Furthermore theburden of chronicwounds
is growing due to the increasing incidence of obesity and diabetes [3,4].
In addition, around 40,000 burn victims are hospitalized every year and
4000 of themdie from their injuries.Managingburnwounds is also very
challenging due to the extent of the injury [5].

Wound care dates back to several millennia. The most ancient ther-
apies were based on covering the wound with leaves and cloth and ap-
plying natural ointments in order to reduce pain, prevent infection, and
keep the wound closed. Although some of these strategies are still in
practice, they have shown to be insufficient for inducing healing in
chronic wounds. In addition, the use of conventional wound care prac-
tices for treatment of deep cuts results in the formation of permanent
scars. Thus, significant efforts have been dedicated towards developing
alternate therapies that restore the regenerative properties of the native
skin [6]. These activities can be broadly divided into the following
groups: 1) identification of biological processes involved in wound
healing and those being disrupted in chronic wounds to find therapeu-
tics that support natural healing mechanisms; 2) development of drug
delivery systems that facilitate the effective delivery of therapeutics at
the right dosage and time into thewound bed; 3) synthesis of materials
that can be used as a scaffold for tissue growth; 4) engineering advanced
dressings that function beyond a physical barrier and can sense wound
environments and provide information of its status.

Drug delivery systems are of particular importance as the ineffective
vasculature in the wound bed can prevent effective delivery of drug to
thehealing tissuewhen thedrug is administered systemically. In addition,
the side effects of some drugs, the low half-life of biological factors, and
the dynamicity of thewound environment require complex drug delivery
systems that can deliver the active factors in proper dosage to the appro-
priate location [7]. Over the past decade, significant progress has been
made in the field and many different systems and platforms have been
developed.

In this manuscript, the recent progress in various areas of wound
care with particular emphasis on drug delivery aspects is critically
reviewed. The physiology of wound healing and the pathophysiology
of chronic wounds will also be discussed. The materials used for
engineering wound dressings and scaffolds for wound care are
reviewed and systems designed for controlled release of drugs and fac-
tors are discussed. Micro and nano-engineered transdermal drug deliv-
ery platforms are also highlighted. A new class of dressings that are
smart and can sense the wound environment and can provide informa-
tion essential for activewound care will also be discussed. The opportu-
nities in the area of drug delivery for effective treatment of wounds will
be highlighted. It should be noted that the focus of this reviewwill be on
the delivery systems rather than on the delivered therapeutics.

1.1. Wound physiology

Wounds can be categorized into acute and chronic types [8]. Acute
wounds are the outcome of traumatic or surgical events that heal predict-
ably following a regular healing process. Burnwounds are another class of
wounds that are caused by heat, chemicals, electricity, sunlight, radiation
or friction [9]. Burns can be classified into superficial (I°), partial-thickness
(II°) and full-thickness burns (III°). I° burns only involve the epidermis
and usually heal in aweekwithout any additional procedures. Superficial
II° burns undergo re-epithelialization similar to split-thickness skin graft
donor sites from dermal appendages in 2–3 weeks with good functional
and cosmetic outcomes. Deep II° burns require weeks, even months, to
re-epithelialize and are associated with prolonged pain and severe scar-
ring. Skin grafting is needed to accelerate the wound coverage. III° burns
can heal only to some extent by epithelialization and contraction, how-
ever, they usually need skin grafting [10].

Dermal wound healing is an intricate physiological process that is
governed by different cell types, growth factors, chemokines, and cyto-
kines [1]. Traditionally, woundhealing processes have been divided into
four overlapping phases of hemostasis, inflammation, proliferation, and
remodeling that each wound needs to go through in order to heal nor-
mally (Fig. 1) [11,12]. The body's immediate response to injury is hemo-
stasis that occurs at the site of the injury to stop the bleeding and
minimize hemorrhage. Platelets and inflammatory cells are the first
cells to arrive at the site of the injury by binding to the exposed collagen
in the extracellular matrix (ECM). The platelets then secrete a number
of proteins such as fibronectin, von Willebrand factor (vWF),
sphingosine-1-phosphate, and thrombospondin to enhance further
platelet stimulation. The release of clotting factors stimulates fibrin ma-
trix deposition to form a stable clot which serves as a provisional matrix
for cells migrating to the wound bed. Also, the aggregation of platelets
induces vasoconstriction that reduces blood flow to the wound bed.
Platelets trapped inside the clot also secrete other important growth
factors including transforming growth factors (TGF-α, TGF-β),
platelet-derived growth factor (PDGF), insulin growth factor (IGF), in-
terleukin 1 (IL-1) to further progress the subsequent phases of wound
healing. TGF-β recruits additional cells, including neutrophils and mac-
rophages. PDGF also helps with vascularization and recruits fibroblasts,
connective tissue cells which deposit collagen and promote repair of the
damaged tissue [13].



Fig. 1. Schematic representation of four stages of wound healing and their time scale.
(Source: Figure is reproduced with permission from references [11].)
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Inflammation phase occurs immediately after the injury and lasts for
about 3 days. During this phase, the complement system activates and
together with coagulation generates various vasoactive mediators and
chemotactic factors that attract leukocytes to the injury site within the
first 24–48 h after wounding. At this stage, mast cells (amember of leu-
kocytes) release granules filled with enzymes, histamine and other ac-
tive amines which are mediators responsible for the characteristic
signs of inflammation around the wound site. The release of these me-
diators causes surrounding vessels to become leaky and allows for the
efficient movement of neutrophils from the vasculature to the injury
site. Fluid accumulation at the wound site causes swelling which is
one of the signs of the inflammation [14].

Neutrophils are the next predominant cells in the inflammatory
phase that are activatedwithin 24h after injury [10]. Themajor function
of the neutrophils is to remove pathogens, foreign material, damaged
matrix components and dead cells by the process of phagocytosis.
Using different chemical signals, neutrophils are attracted to the site
of injury by the process called chemotaxis and attach to endothelial
cells in the nearby vessels surrounding thewound. Then, they stimulate
endothelial cells to express specialized cell adhesionmolecules (CAMs).
CAMs function asmolecular hooks to recruitmore neutrophils to bind to
the endothelial cell surface and squeeze through the cell junctions that
have been made leaky by the mast cell mediator 4–6 [15,16]. In about
two days after wounding, monocytes and lymphocytes stimulated by
cytokines, growth factors, and chemokines migrate to the wound site
and differentiate into macrophages that phagocytose remaining ne-
crotic tissue, pathogens, and debris and initiate the formation of granu-
lation tissue [17]. Therefore, macrophages have a similar function as
neutrophils with better regulation of proteolytic destruction of wound
tissue through the release of protease inhibitors [18]. During the inflam-
matory phase, macrophages also produce important growth factors
(such as TGF-β, PDGF, tumor necrosis factor α, TNF-α) and cytokines
(such as IL-1, IL-6) that are responsible for the proliferation of fibro-
blasts, smooth-muscle cells and endothelial cells aswell as ECM deposi-
tion [19]. At the end of the inflammation phase, neutrophils are
phagocytosed by macrophages. The reduction in the number of inflam-
matory cells and factors in the wound indicate the commencement of
the proliferation phase [13,20,21].

The proliferation phase of wound healing is when the wound is
“rebuilt” by fibroblast proliferation and collagen deposition to replace
the provisional fibrin matrix. The proliferation phase starts around
2–3 days after the injury and continues until the wound is closed. In
this phase angiogenesis, tissue granulation, re-epithelialization, and
wound contraction occur [1]. Endothelial cells form new capillaries
in a process called angiogenesis that is induced by several growth
factors such as vascular endothelial growth factor A (VEGF-A), basic
fibroblast growth factor (bFGF), PDGF, and TGF-β. Angiogenesis is es-
sential for granulation tissue formation during the proliferation
phase. Newly formed capillaries bring oxygen and nutrients to the
growing tissue and take away waste products. The formation of gran-
ulation tissue allows the re-epithelialization to begin. The process is
stimulated by inflammatory cytokines (such as IL-1 and TNF-a) that
stimulate fibroblasts to produce growth factors (such as epidermal
growth factor, EGF; keratinocyte growth factor, KGF; and hepatocyte
growth factor, HGF) which in turn attracts keratinocytes to migrate
to the wound bed [22]. Basal keratinocytes migrate from the wound
edges as well as from the skin appendages to the injured area where
they proliferate, differentiate and eventually form a cover over the
wound. Fibroblasts which have migrated to the wound from bone
marrow activate and begin synthesizing the extracellular matrix by se-
creting various ECM proteins (such as collagens, fibronectin, and
hyaluronan). Macrophages stimulate fibroblasts by secreting PDGF
and EGF [23]. The fibroblast already in the wound bed differentiates
into specific fibroblasts called myofibroblasts that close the injured
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area by pulling the wound edges together in a process called wound
contraction [1].

The last phase ofwound healing is calledmaturation and remodeling
phase. It begins a couple of weeks after wounding and can last over
1 year. During this phase, all the processes activated in the inflammation
and proliferation phases terminate. Endothelial cells, macrophages, and
myofibroblasts that are no longer needed undergo apoptosis or exit the
wound [24]. Small capillaries aggregate into larger blood vessels and the
metabolic activity of wound healing decrease. The ECM of the damaged
area consists mainly of collagen and other ECM proteins. Initial deposi-
tion of type III collagen, known as reticular collagen, gradually replaced
by type I collagen,which is the dominant fibrillar collagen in skin. Fibro-
blasts secrete the lysyl enzyme oxidase, to realign collagen into an orga-
nized networkwhich increases the tensile strength of the tissue to about
80% of normal tissue. This process is orchestrated by various matrix me-
talloproteinases (MMPs), which fibroblasts and other cells secrete
[25,26]. Migration of cells on ECM and remodeling and degradation of
the ECM by MMPs are key elements of wound repair.
1.2. Pathophysiology of chronic wounds

Normally skin repair after wounding is very efficient but under cer-
tain conditions wound healing can become impaired. Abnormal wound
healing results from a dysfunctional alteration in the carefully regulated
biologic processes that characterize normal healing; the restoration of
the tissue is either downregulated when the wounds fail to heal or up-
regulated that results in scarring [27]. The pathophysiology of chronic
wounds is still not completely understood but it is known that instead
of moving forward in the healing process they get stuck in the inflam-
mation phase. Impaired vascularization and consequent hypoxia, the in-
ability to progress to the healing phase, prolonged and increased
inflammation, and inability of immune-cells to control bacterial infec-
tion are all critical challenges inhibiting the physiologic healing of
chronic wounds [28]. The severe hypoxia creates large regions of
avascular/non-viable tissue which is a hospitable environment for bac-
terial growth and biofilm formation. Biofilm further intensifies inflam-
mation, inhibiting ECM deposition and tissue repair. This condition
places the patients in significant danger and recurrent surgical proce-
dures (wound debridement or even tissue amputation) are needed to
avoid life-threatening complications.

Prolonged and overexpression of various interleukins and other in-
flammatory cytokines (such as TNF-α) prevents the healing process
from advancing to the proliferation phase. Hyper inflammation also af-
fects the expression of MMPs that play an important role in wound re-
pair by degrading and removing damaged ECM molecules from the
injured tissue. However, their excess proteolytic activity is associated
with chronic wounds because they destroy growth factors, cell surface
receptors, and temporary ECM essential for cell migration [29,30]. In ad-
dition, lack of growth factors and presence of too many senescent cells
in the injured area may result in the inability of these wounds to heal.
Inadequate microvasculature can lead to chronic non-healing wounds
that are especially common in diabetic patients [28].

Most chronic wounds do not heal through regeneration but through
fibrosis forming excessive amounts of connective tissue. Fibrosis also fol-
lows chronic inflammation and elevated amounts of pro-inflammatory
mediators (such as TGF-β) have been found in the wounds that heal
by fibrosis. Growth factor activity is poorly regulated causing unneces-
sary fibroblast proliferation, neovascularization and increased collagen
and fibronectin synthesis [31]. In addition, excessive and prolonged
wound contraction occurs resulting in a formation of fibrotic scar tissue
[32]. Pathological scars after an injury can be categorized into keloids
and hypertrophic scars. Keloids are an abnormal overgrowth of the
scar tissue. They extend beyond the boundaries of the original wound
and do not regress spontaneously over time. Hypertrophic scars are
more common and do not get as big as keloids by not expanding over
the borders of the wound. They may also spontaneously regress over
time [33].

1.3. Existing wound care systems

As described before, physiologic cutaneous wound healing involves
a complex, precisely regulated set of interrelated biological pathways
[20,34–36]. Any factor leading to a variable disruption of these orches-
trated phenomena can be a cause of pathologic healing in broader
terms. Disrupting factors can be innate (e.g. scarring), exclusively ex-
trinsic (e.g., infections, mechanical stress, et cetera), intrinsic
(e.g., aging, diabetic condition, vascular disease, poor systemic condi-
tions, et cetera) or mixed [20,34–36]. Despite the extremely variable
range of conditions that can impair healing, overall we can identify
two main scenarios: 1) physiologic healing in a healthy patient with
no comorbidities, and 2) pathologic healing in patients with local/sys-
temic comorbidities [2,3,20,29,34–39].

In healthy patients the goal of ideal wound care therapies would be
to 1) protect the wound from external agents (e.g. bacterial infections,
mechanical stress), 2) accelerate closure through maintenance of
wound moisture, and 3) minimize/avoid scarring. In addition to these
goals,wound therapies in patientswith local/systemic disorders leading
to chronic non-healing wounds would include: 1) removing necrotic
tissue and biofilm, 2) modulating inflammation (including edema)
and unlocking the inflammatory phase of healing, and 3) boosting the
reparative phase of healing (e.g. epithelial migration, granulation tissue
formation through collagen deposition and ECM remodeling, angiogen-
esis, and tissue blood perfusion, and lymphangiogenesis)
[2,3,20,29,34–40]. The TIME (tissue, infection/inflammation, moisture
balance and the edge of the wound) guidelines, proposed in 2002, list
some of these factors and try to include them in an integrated therapeu-
tic strategy [41,42]. Other elements of wound care that should be taken
into consideration tomaximize patients'wellness and outcomes include
pain and treatment-related factors such as a decreased frequency of
dressing changes, and the reduction in wound-care associated costs
[2,3,43–45].

Advancedwound dressing should primarily aim to prevent bacterial
infection by adequate sealing of the wound micro-environment from
external contaminants [46]. The dressing should be able to contain bac-
terial (or fungal) proliferation, limit infection morbidity and possibly
eradicate the pathogen [47,48]. One of the wound care approaches
that have become popular is vacuum assisted closure (VAC) of wound
in which a negative pressure is generated at the interface of the
wound [49]. In this approach a foam or sponge is placed on the
wound and the other side of the porous material is connected to a vac-
uum pump, which applies suction. VAC therapy has multiple benefits
including: removal of exudates rich with pro-inflammatory cytokines
and proteins, reducing the chance of infection and biofilm formation,
and increasing the blood supply to the wound bed [50,51]. Similar to
the majority of other wound care products, they are passive and their ef-
fectiveness for treatment of different types of chronicwounds is not clear.
Application of VAC therapy for vast wounds can also be challenging.

Two substantial challenges limit the effectiveness of current wound
care strategies: 1) the inability to properly detect bacterial colonization/
infection (which is based on clinical inspection and confirmation by lab-
oratory analysis) 2) the non-specificity of the topical antimicrobial/anti-
bacterial therapies [52]. As a consequence, diagnosis of wound infection
and administration of therapy are often delayed and are less effective.
Misdiagnosed infected wounds are associated with prolonged healing
and care, several localized and systemic comorbidities (e.g., amputations
in diabetic foot ulcers), andmortality (through bacteremia and septice-
mia) [53]. Dressings loaded with non-specific antimicrobial drugs have
onlyminimally addressed these challenges. Topical antibacterial/antibi-
otic therapy has the advantage to reduce effective doses required to kill
pathogens and limit systemic effects of drugs [54]. However, unneces-
sary delivery of antimicrobial/antibiotic substances can be a cause of
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impaired healing by itself as it can deregulate the cutaneous
microbiome, lead to the development of antibiotic resistance, and
have systemic toxicity. In order to successfully counteract a possible in-
fection, advanced dressings need to provide tightly-regulated patient/
bacteria-specific release of antimicrobial or antibiotic substances [55].

Current wound care strategies mostly rely on the concept of “one
treatment fits all” and have been shown to be outdated, ineffective,
and non-individualized [34,44]. In particular, treatments for chronic
wound are expensive, labor-intensive, often nonspecific, and rely on a
wide range of therapies (including cleansing, debridement, oxygen
therapy, antibiotics, and surgery) that are not always integrated to im-
prove therapeutic effectiveness, optimization of medical resources,
and patient compliance [56].

Maintenance of physiologic wound moisture and gas exchange is a
key feature of effective wound dressings [57,58]. Several studies have
shown that amoist wound environment increasesmigration and prolif-
eration of keratinocytes, promotingwound epithelialization and closure
[59,60]. It also influences the migration of endothelial cells, angiogene-
sis, remodeling of the ECM, and it has been associatedwith a less intense
fibrosis [2]. Wound moisture can be influenced by several patient-
specific factors: while some wounds might present with low levels of
hydration others might show excess exudates. Moisture of a wound
could also vary over time. Most strategies currently available for
wound care adopt a non-specific approach to increase woundmoisture
[61].

Chronic wounds are often characterized by the presence of high
quantities of necrotic tissue which limits healing and is the ideal pabu-
lum for bacterial colonization and growth [8]. Wound debridement can
be performed using several different strategies including surgery, auto-
lytic (endogenous), enzymes substances, or other mechanical methods
[62]. Several commercially-available dressings provide some embedded
debridement capacity. Incorporating substances capable of effectively
removing necrotic tissue in a wound dressing allows for a less painful,
continuous, cost-effective, and more physiologic debridement com-
pared to surgery or other methods relying on expensive and invasive
medical devices [63].

There are a variety ofwound healing products that are currently reg-
ulated by the U.S. Food and Drug Administration for use in the United
States. These products, mostly in form of dressings, can be categorized
as passive, medicated, or interactive dressings [64]. Passive non-drug-
eluting dressings have no direct effect on the wound except for acting
as a physical barrier. Medicated dressings have been used to promote
the healing process either indirectly by removing necrotic tissue, or di-
rectly by enhancing wound healing stages. The active agents contained
in medicated dressings can include cleaning or debriding agents for ne-
crotic tissue removal, growth factors, antimicrobial agents, and mono-
terpenes. The dressings used to deliver these agents to wounds
include hydrogels, hydrocolloids, alginates, polyurethane foam films,
and silicone gels [64]. SANTYL® Ointment is the sole collagenase-
containing biologic debriding agent that has been FDA-approved for
treatment of burns and dermal wounds [65].

Wound dressings containing drug(s) are regulated as combination
products and are designated to an FDA center that retains the primary
regulatory responsibilities and oversight over the product based on
the product's PMOA. Wound dressings containing drugs are regulated
by the Center for Devices and Radiological Health if their PMOA is that
of a medical device and otherwise by the drug authorities at the Center
for Drug Evaluation and Research [66]. Wound dressings containing
drugs are a pre-amendment, unclassified device type that has generally
been subject to a premarket review through the 510(k) pathway and
cleared for marketing if they are shown to be “substantially equivalent”
to a legally marketed predicate device. Wound dressings that do not
meet this criterion are automatically Class III under section 513(f)
(1) of the FD&C Act. For example, the FDA has mandated that dressings
that serve as a replacement for full-thickness skin grafting, accelerate
the normal rate of wound healing, or treat full-thickness (3rd degree)
burns are Class III medical devices. An example of such a dressing is
the Integra® Omnigraft™ Dermal Regeneration Matrix that was ap-
proved through the premarket approval (PMA).

In general, existing wound care products have significantly im-
proved the patient care. However, they usually target only one aspect
of the impaired cascade and cannot address the multifactorial nature
of impaired wound healing. In addition, they are often based on the
“one product fitting everyone” concept, which significantly reduces
their effectiveness. Maintaining the long term activity of fragile mole-
cules and growth factors has been another key challenge preventing
their use in commercial products.

2. Materials used in wound care

The materials used in the treatment of chronic wounds are used for
two different purposes: 1) scaffolding materials that can host the en-
dogenous cells and facilitate their growthandwound closure; 2) tempo-
rary dressings that cover the wound area and maintain a suitable
condition supporting the healing process.

The ideal wound dressings are supposed to cover the wound, pre-
serve the bodywater content, be oxygen permeable to allow oxygen ac-
cess to growing tissue, and prevent the growth of environmental
pathogenswithout interferingwith thewoundhealing [67]. Theutilized
materials should be immunocompatible, non-degradable, and should
not support cell ingrowth and cellular adhesion so to avoid complica-
tions during their removal. Dressing delivering drugs and biological fac-
tors should preserve the activity of the drugs and should be able to
release the drugs at the desired rate. Another important function of
wound dressings is exudate management. Wound exudates contain a
large quantity of inflammatory cytokines and chemokines and are a
suitable for bacterial growth. The effective removal of wound exudates
without dehydrating the tissues is of great importance. The optimalma-
terial should guarantee gas and fluid permeability in order to absorb
odors, maintain moist conditions and avoid dehydration and exudates
accumulation, which can result in the formation of necrotic tissue [68].

Scaffolding materials used for the treatment of chronic wounds
should facilitate the tissue regeneration, restore the tissue function,
and promote a rapid healing process preventing chronic wounds [69].
The material should possess a degradation rate that matches the rate
of tissue growth. In addition, neither the material nor the byproducts
of the degradation process should induce immunogenicity and toxicity
[69]. The scaffolding material should adhere properly to the surround-
ing tissues and its mechanical properties should match those of native
skin to avoid the detachment and breakage over the course of healing.
It should alsomaintain its water content or strategies should be devised
to prevent material dehydration. They should have a limited swelling
capacity andmaintain their shape over time. These scaffoldingmaterials
can also be used as a depot of growth factors and the drugs that are di-
rectly being delivered to the healing tissue. In this frame, engineered
skin substitutes have been explored in order to create a 3 dimensional
(3D) architecture that can mimic the ECM and reproduce the natural
cell microenvironment [70]. Biomimetic materials are considered the
most promising alternative for the production of these constructs. The
optimal material should guarantee gas and fluid permeability in order
to absorb odors, maintain moist conditions and avoid dehydration and
exudates accumulation [68]. In this section, various materials used for
engineering wound dressings and skin scaffolds will be discussed and
their characteristics will be listed.

2.1. Materials in temporary dressings

Materials used for wound dressing applications vary in terms of the
origin of materials, physical forms, architecture, and properties depend-
ing on the specific circumstances. Simply put, there are several different
types of wound dressing products in the form of gauze, thin film, foam,



Fig. 2.Materials forwounddressings. (a, b) Fabrication of ZnO incorporated chitosan dressing. (c) SEM images showing themicrostructure and the ZnOnanoparticles. (d) The effectiveness
of the chitosan-based dressings with commercial dressings (Kaltostat®) and negative control, confirming the superiority of the engineered dressings. (e) SEM image of Kaltostat®
commercially available dressing. (f, g) Two different alginate-based dressings fabricated by EDC-activated crosslinking of alginate with polyethylene imine (f) and ethylenediamine (g).
(Source: Figures are reproduced with permission from references [76,80].)
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hydrogels, hydrocolloids,membranes each ofwhich is suitable for treat-
ment of a specific wound type.

Medical gauze is themostwidely usedwound dressing product [71].
Gauze is made from woven or nonwoven fabrics based on natural or
synthetic fibers, such as cotton yarns and polyester fibers. Gauzes can
absorb exudate from the wounds and can keep the environment
moist. Moreover, gauzes can be made as sterilized product and can be
used in combination with other additives such as petroleum, saline, an-
tibiotics, and antiseptics, or with otherwound dressing products, which
further expanded their applicability. However, when used alone, gauzes
cannot provide good barrier protection against microorganisms. Also,
the removal of gauze might cause secondary trauma.

Thin film dressing, typically made from polyurethane, is a transpar-
ent and elastic synthetic wound dressing product [72]. The elasticity of
such polymeric materials allows for comfortable movements of the af-
fected body part. Importantly, polyurethane thin films are semi-
permeable, which permits the exchange of oxygen, vapor, and carbon
dioxide, but at the same time serves as a barrier to bacteria. Also, the
transparency of thin film dressing allows for inspection of wound bed
to assess wound healing. However, for wounds with high exudate, the
use of polyurethane thin film might lead to accumulation of body fluids
and maceration.

Foams made of synthetic polymers such as polyesters also have the
mechanical elasticity that accommodates movement of the affected
body part and can absorb more exudate than thin film dressing [73].
Moreover, foams are also able to help maintain the moisture environ-
ment around the wound bed and permit gas exchange, which are im-
portant features to facilitate wound healing. In addition, the porous
structures of foams provide cushioning protection of the wounded tis-
sue as well as good thermal isolation properties. Overall, foams are an
economic and effective wound dressing that are suitable for various
wounds. However, their high water uptake reduces their effectiveness
as drug delivery systems.

Hydrogels are crosslinked three-dimensional (3D) network struc-
tures that can be swollen with a large amount of water [74].
Hydrogel-based wound dressings can be found in amorphous or sheet
forms, or as impregnated gauze [73,75]. Since hydrogels are swollen
with water or glycerin, hydrogel wound dressings can donate moisture
to dry or minimally exuding wounds. Also, hydrogels can be easily
applied to the wound site and can be easily removed when needed.
However, the major concern of hydrogel dressings is their permeability
to both gas and oxygen, which limits their use against infection. Thus,
hydrogel dressing combined with antibacterial compounds has been
developed. Kumar et al. studied a composite wound dressing made by
chitosan hydrogel loaded with ZnO nanoparticles for wound dressings
(Fig. 2a–c). The antibacterial activity of chitosan and ZnO particles com-
binedwith the release of zinc ions improved keratinocytemotility in the
wound area and promoted epithelization and healing (Fig. 2d) [76]. An-
other key concern for the use of hydrogels is their rapid dehydration
without a proper covering. The dehydration, however, might be re-
duced by incorporation of hygroscopic materials [77].

Another type of dressing is made from sodium and calcium alginate
extracted from seaweed. Alginate is a class of natural polysaccharides
with mannuronic and guluronic acid units [78]. Alginate has a unique
capability of high absorbency of water. As a result, when applied to
wounds, the dressing absorbs the exudate to form a hydrogel, which
significantly limits bacteria activity. Therefore, alginate dressings are
particularly useful for highly exuding wounds. Also, the calcium ions
available in the dressing not only physically crosslinked alginate to
form stable physical gels, but also showed bioactivities in certain biolog-
ical processes involved in wound healing [79]. In one study, the effec-
tiveness of Kaltostat® which is a nanofibrous commercially available
dressing was compared with two alginate-based dressings crosslinked
by the utilization of polyethylene imine and ethylenediamine [80]. The
alginate dressings possessed larger pore sizes of about 100–250 μm
and facilitated the air permeation (Fig. 2e–g). They also better managed
thewoundmoisture and as a result, faster wound healingwas achieved
in animal studies comparing to the commercial dressing.

Hydrocolloid dressings refer to colloidal materials, or gel-forming
agents, typically made from gelatin, pectin, or carboxymethylcellulose
[81,82]. When topically applied to wounds, the colloidal materials ab-
sorb the exudate to form a gel state that sticks to the wounds and be-
comes permeable to water and oxygen. Hydrocolloid dressings under
working conditions can provide thermal insulation and amoist environ-
ment, and are easy to remove due to the lack of mechanical stiffness.
Therefore, hydrocolloid dressings are usually produced with a strong
and impermeable film backing, which provides isolation of the wounds
from bacteria and reduces the chances of infection.
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Overall, any of these materials have some advantages, but none of
them can be considered as the perfect dressing. Among them, hydrogel
dressings that can manage the wound moisture and carry different
types of drugs have attracted noticeable attention. The key problem
with these dressings is fabricating dressings that fit large burns and
skin defects. In addition, the dressing should be designed in a way that
could form a conformal contact with the skin and does not constantly
move against the healing tissue. The ease of removal is also important
and hydrogels and alginate are usually easier to remove without induc-
ing damage in the neotissue.

2.2. Biomaterials as skin regeneration scaffolds

The major goals of traditional wound dressings are to protect the
wound beds and provide a favorable environment to promote wound
healing. However, these products cannot replace lost tissue, for exam-
ple, or severely damaged dermis [83]. To help repair chronic ulcers
that are difficult to heal, cellular tissue-engineered skin substitute prod-
ucts have been developed. These substrates can be seeded with cells to
form an engineered skin or can be implanted acellularly to recruit local
cells and facilitate their growth. The presence of scaffolds with certain
bioactivity can solve the challenge of continuous removal of temporary
ECM caused by excessive MMPs presence. To this end, the use of bioac-
tive materials such as collagen, hyaluronic acid (HA), chitosan has be-
come the focus of current research in this area. Specifically, collagen
andHA are the components of the ECM in the living tissues, are biocom-
patible and biodegradable, and have demonstrated promising results
in vivo [84].

The development of substrates with nanofibrous architectures by
the electrospinning technique results in structures that can mimic the
natural collagen fibers in ECM [84]. Since the collagen fibers are
known to play critical roles in maintaining the integrity and strengths
of the skin tissues, electrospun products can provide a scaffold with
biomimicking nanofibrillar structures to promote wound healing. The
high surface area of the electrospun fibers allows exudate accumulation,
while the interconnected nanopores permit gas permeation. Also, the
electrospinning process is compatible with various natural and syn-
thetic polymers. It is possible to use electrospinning to fabricate com-
posite membranes loaded with bioactive species such as antibiotics or
nanoparticles to introduce additional functions [85].

Early substrates used as scaffolds for wound care include films, gels,
sponges, or membranes based on natural biopolymers such as collagen,
chitosan, gelatin, and HA, as well as on synthetic polymers including
polyurethanes and polyesters. Composite scaffolds containing both nat-
ural and synthetic polymersmight provide combined properties such as
bioactivity, stability, and mechanical strength. These scaffolds can also
be pre-seeded with autologous and allograft cells to facilitate the
healing. In this case, the cells either populate and close the wound or
serve as factories for production of biological factors regulating the
wound environment [86]. Currently, one of the major concerns associ-
ated with cell-laden skin substitutes is the relatively high cost for
long-term in vitro culture for maturation. To avoid these steps, the de-
velopment of injectable scaffolds that can encapsulate cells, form tissue
constructs in situ, and promote cellmigration and organization has been
recently demonstrated [87]. Such injectable hydrogels are usually adhe-
sive to the surrounding tissues, fill thewound cavity, and provide a suit-
able environment for wound closure and promote healing process and
tissue regeneration. In vivo studies have demonstrated that full-
thickness skin defects treated with antibacterial injectable hydrogels
showed thicker granulation tissue and higher collagen deposition com-
pared to commercial skin substitutes, showing the excellence of the in-
jectable systems as candidates for wound healing [88]. Current research
efforts in this area are mainly focused on the tuning the adhesion
strength and mechanical properties of these injectable scaffolds as
well as incorporating biological factors, which can regulate the environ-
ment for expedited tissue healing.
2.2.1. Electrospun nanofibrous matrices
Among different scaffolding materials, fibrous substrates have

gained noticeable attention for the fabrication of constructs for wound
healing. It has been demonstrated that fibrous scaffolds are able to influ-
ence cell alignment, shape and function by mimicking the ECM fibrillar
organization [89]. Nanofibrous scaffolds can be produced using various
techniques such as self-assembly, phase separation, and electrospinning
[90]. However, the electrospinning method is the most promising
method to fabricate nanofibrous scaffolds [91]. This simple and efficient
technique is based on an electrical fieldwhich charges a polymeric solu-
tion that is ejected from a syringe and collected on a metallic ground
plate [92]. Electrospun nanofibrous scaffolds show high surface to vol-
ume ratio, interconnected pores and fiber dimensions in the range of
10–100 nmproving that they can properlymimic the ECM native struc-
ture [93].Moreover, electrospunmatrices show very interesting charac-
teristics such as oxygen-permeability, the possibility of fluid exchange
without accumulation (i.e. exudates), suturability and uniform adher-
ence in situ,making them a great candidate forwoundhealing purposes
[94–96]. Electrospunmats of natural proteins such as gelatin and gelatin
methacryloyl (GelMA) have been fabricated and implanted in wound
models [97]. The presence of these nanofibrous materials significantly
improves thewound healing rate by reduction of necrosis and enhance-
ment of vascularization (Fig. 3a–d) [97].

Synthetic polymers such as polycaprolactone (PCL) [93], poly(L-
lactic acid) (PLLA) [98], poly(L-lactic acid-co-glycolic acid) (PLGA) [99]
aremainly used for producing fibrous scaffolds for skin substitutes. Nat-
ural polymers such as gelatin [89], chitosan [100], and collagen [99]
were added during thematerial preparation. Chandrasekaran et al. pro-
posed a biocompatible electrospun scaffold made of poly(L-lactic acid)-
co-poly(ε-caprolactone) (PLACL) combined with gelatin [89]. They
demonstrate that surface plasma treatment can improve the hydrophi-
licity, leading to better cell proliferation and collagen deposition [89].
Similarly, chitosan-based constructs have been also investigated for
wound healing and dressing applications, in lieu of their strong inter-
molecular hydrogen bonds, antibacterial activity, and hemostasis
[101]. Chitosan-based electrospun scaffolds were demonstrated to sup-
port fibroblast viability, adhesion and proliferation in vitro, as well as
promote wound healing in a rat model [101].

Other biomimetic compositions have also been electrospun and suc-
cessfully used for the culture of skin cells [102]. Recently, the encapsula-
tion of bioactive molecules in a synthetic polymeric nanofibrous
structure has also been explored in order to improve the biocompatibil-
ity and overcome the lowbiological properties of synthetic polymers re-
lated to the lack of cell-recognition sites [93,103]. In one example, co-
polymers of PCL-PEG were electrospun and then soaked in rhEGF, 1-
hydroxybenzole (HOBt), and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) solutions to graft EGF [104]. The re-
sults showed superior wound healing in animals receiving functional-
ized nanofibrous scaffolds (Fig. 3e, f) [104]. Anesthetic solutions for
pain relief and antibiotics, such as ampicillin [92], for infection treat-
ment have also been integrated into the scaffold structure [92]. In one
study, an angiogenic peptide (vasoactive intestinal peptide, VIP) was
encapsulated in situ as particles over PCL nanofibers. Electrospun nano-
fibers were first coated with mussel-inspired dopamine (DA), creating
an extremely adhesive layer over the nanofibers [105]. The angiogenic
peptide (VIP) was then absorbed as a layer over PCL/DA nanofibers.
The VIP coated PCL/DAwas then immersed in acetone for in situ forma-
tion of VIP loadedmicrosphereswithin the PCL nanofiber structure. This
encapsulationmethod provided a gradual VIP release over the course of
5 days and the total released amountwas significantly higher compared
to other samples withmicrospheres or thosewithout DA component. In
vivo application of PCL/DA-VIP nanofibers on full thickness wounds on
mice significantly enhanced the wound healing with 96.5% coverage
of the wound area at day 7 post surgery. Immunohistochemistry analy-
ses also showed a significant increase in CD31 expression with PCL/DA-
VIP group, showing increased angiogenesis [105].



Fig. 3. Electrospun scaffolds for the treatment of chronic wounds. (a) The microstructure of electrospun GelMA scaffolds before and after 24 h incubation in PBS. (b, c) The effect of
incorporation of GelMA nanofibers and gelatin constructs on the flap necrosis and vascularization. (d) Images of implanted electrospun nanofibrous membranes and the adjacent skin
flap. Parts d–f is showing the color laser Doppler detection of skin flaps perfusion (7 days post surgery), confirming the better therapeutic outcome of GelMA nanofiber. (e) Schematic
demonstration of the EGF loading into nanofibrous scaffolds. Images showing the effectiveness of inducing wound healing in the diabetic animal receiving nanofibrous scaffolds loaded
with EGF.
(Source: Figures are reproduced with permission from references [97,104].)
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In general, electrospun scaffolds have been shown to preserve the
activity of drugs for relatively long periods of time. In addition, depend-
ing on their composition, they can gradually release the encapsulated
drug over a period of days to months. These properties combined with
their ECM-like composition make them a suitable choice for scaffolding
materials in skin care. However, one key problem that limits their suc-
cess is their small pore size distribution (smaller than 10 μm)which sig-
nificantly reduces the rate of cell infiltration and ingrowth. There have
been efforts to engineer electrospun scaffolds with larger pore sizes
(larger than 20 μm). However, this is an active research area to improve
the controllability of the electrospinning process [106].
2.2.2. Hydrogel scaffolds
Hydrogels are promising materials for designing scaffolds that pro-

mote wound healing [7,74]. Their intrinsic porous and hydrophilic
structure guarantees gas exchange and fluid balance, controlling water
evaporation and absorbing exudate and providing moisture to the
wound area. Moreover, transparency is an interesting aspect for moni-
toring the regeneration. It has been demonstrated that hydrogels can
sufficiently mimic the ECM structure and functionality, for example by
promoting cell adhesion and proliferation and directing cell migration
[107]. The hydrogel composition might also influence cell growth, mi-
gration, and maturation [108,109]. Among synthetic and naturally de-
rived hydrogels, as the main components of ECM glycosaminoglycans
(GAGs), such as HA and chondroitin sulfate, and collagen-based hydro-
gel have been studied the most. Researchers demonstrated that the use
of GAGs in the hydrogel composition can lead to enhanced cell infiltra-
tion, spreading and proliferation. As reported by Kirker et al., HA con-
centration is one of the key factors for hydrogel resilience and
influences cell differentiation and motility [110]. GAG-based hydrogels
showed a significantly superior re-epithelialization and higher collagen
deposition and organization compared to commercial products [110].
On the other hand, collagen is well known to have proper mechanical
and adhesive characteristics but poor angiogenetic properties and fast
degradation rate [111]. Therefore, other naturally derived biomaterials
such as fibrin, chitosan, dextran and alginate have been explored. Fibrin
has been considered for its angiogenic properties and fibrin-based
hydrogels have been successful in promoting vascularization and cell
recruitment, which favors the wound healing process [112]. However,
challenging control over their mechanical properties and degradation
rate, the risk of immune response or infectious disease transmission,
as well as slow crosslinking process limits the successful utilization of
fibrin-based scaffolds in wound care [113]. Among naturally derived
biomaterials, chitosan has also gained much attention because of its
high hydrophilicity which promotes cell adhesion, migration, growth
and differentiation. It is well known for its anticholesterolemic, antimi-
crobial activity and hemostasis which enhance the healing and regener-
ation process [107]. It has been demonstrated that chitosan-based
hydrogels show bactericidal properties if the chitosan concentration is
higher than 188 g/mL [107]. In order to guarantee proper angiogenesis
Sun et al. proposed a dextran-based hydrogel modified with amine
groups to improve adhesion and integration on the wound site. The
rapid degradation of the hydrogel structure permitted easy endothelial
cell penetration into thewound areawhich favored vascularization. It is
reported that the system could guide proper tissue regeneration with
adequate epidermal morphology [114]. In addition to GAG-based
hydrogels, protein-based scaffolds have also beenwidely used in the lit-
erature for promoting wound care. Collagen is the main constituent of
ECM and collagen-based scaffolds have successfully supported wound
healing. Currently, there are commercially available collagen-based
scaffolds that are recommended for the treatment of skin disorders. Gel-
atin is the denatured form of collagen and has been used as scaffolding
materials for skin tissue engineering and wound care [115]. Gelatin-
based hydrogels adhere to surrounding tissues and it has been demon-
strated to support formation of epidermis (Fig. 4a, b) [115].
In general, the hydrogel system should also favor thewound healing
process and protect it against pathogens. The intrinsic structure should
have the potential to support cell growth [112] and encapsulate bioac-
tivemolecules such as drugs [116] and growth factors for efficient tissue
regeneration. Injectability and in situ hydrogel formation are considered
the greatest advantages of the hydrogel structure. The former allows for
site-targeted and minimally invasive scaffold implantation during the
surgery, minimizing the patient pain and discomfort while the latter
permits the obtainment of scaffolds with precise defect shape without
fluting or wrinkling in the wound area. Zeng et al. proposed an inject-
able gelatin hydrogel which provides a suitable and stable environment
for adipose derived stem cell loading and trapping maintaining
stemness and viability for proper in situ cell delivery [111]. Lately,
thermoresponsive hydrogels have also been gaining traction as in situ
formation systems. This typology of hydrogels is very interestingmainly
due to their ability of gelation at body temperature. Miguel et al. inves-
tigated the role of agarose, a marine algae derived biomaterial, in
thermosensitive hydrogel compositions. The agarose-based 3D struc-
ture presented a rigid network with proper mechanical properties. It
has been proven that the system was polymerized in situ at 37 °C due
to its thermal properties and supported cell adhesion and proliferation
[107].

In general, hydrogels are excellent scaffolds supporting tissue in-
growth and eventually wound closure. They offer high water content
and ECM mimicking microarchitecture. Their mechanical properties
can be tailored to match native tissues and usually can be functional-
ized with various proteins. Their relative large pores in comparison to
synthetic hydrophobic polymers result in the quick release of freely
encapsulated compounds, which reduced their effectiveness as drug
delivery tools. Another major shortcoming of hydrogels is their lack
of suturability, making their implantation challenging. However,
recent advances in the engineering of adhesive hydrogels have
somehow solved this major challenge. For example, GelMA and
elastin-based adhesives have been developed that are degradable
and offer up to 20 times the adhesiveness of commercial fibrin glue
[117,118]. Due to abundance of collagen and elastin in the skin
ECM, it is expected that these adhesive hydrogels promote skin re-
generation. Overall, improving their drug perseverance and ability to
release different drugs with suitable release profiles has remained to
be addressed.

2.2.3. Foams and spongy scaffolds
Spongy biomaterial structures, obtained by freezing and subse-

quently freeze-drying of solutions, are already well explored for
wound healing purposes. Their large pore size in the range of 50 μm to
millimeters allows this kind of system to significantly support cell
infiltration, migration and signaling [120]. Porosity and pore size
distribution can be controlled by different material concentrations
and/or freeze-drying parameters. Due to their high porosity, well-
interconnected pores, excellent properties of absorbing fluids and
oxygen permeability, sponges have been successfully applied for the
treatment of different types of leg ulcers. This system has the great ad-
vantage of maintaining physiological moist conditions and promoting
granulation tissue formation [121]. Mainly naturally-derived biomate-
rials such as collagen, gelatin, chitosan, and alginate have been
developed to produce sponges for wound healing applications.
Collagen-based sponges are most commonly used because of their
good mechanical and physicochemical properties which prevent
wound contraction and promote fluid absorption, respectively. These
sponges promote cell adhesion, function, migration, and proliferation
of fibroblasts and keratinocytes cultured on their surfaces [121]. Consid-
ering the poor antibacterial properties of collagen, Ramanathan pro-
posed a collagen sponge loaded with anti-infective bioactive molecules.
Results reported enhanced keratinocyte and fibroblast collagen deposi-
tion and growth factor expression and proper re-epithelialization
14 days post application [121]. However, the major disadvantages of



Fig. 4. (a) Schematic showing theuse ofGelMAhydrogel for epidermal regeneration. (b) The comparison of the stratified epidermis formation onboth collagen andGelMA-based scaffolds,
showing the comparable effectiveness of GelMA hydrogels. (c) The fabrication of composite nanofibers of ZnO and PCL. The incorporation of branched microparticles resulted in the
formation of rose-mimicking structures with nano features. (d) The effect of nanospikes on enhancing the adhesion strength of the rose-mimicking nanofibrous scaffolds to
surrounding tissues. (e) The better effectiveness of composite rose-mimicking scaffolds in inhibiting bacterial growth. (f) The larger pores in the composite scaffolds facilitated
keratinocytes penetration.
(Source: Figures are reproduced with permission from references [115,119].)

147S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
conventional collagen, generally derived from porcine or bovine sources,
are its fast degradation and the risk of human transgenic disease trans-
mission. For these reasons, fish collagen and gelatin have lately gained
interest as a potential material for wound dressings. Chandika et al. suc-
cessfully studied a fish collagen-based sponge scaffold crosslinked with
sodium alginate and chito-oligosaccharides for the formation of biocom-
patible stiff structures with lower biodegradability [122]. Gelatin pro-
vides a suitable degradation profile as well as angiogenic properties
while avoiding the disadvantages associated with collagen. However,
its porosity and water uptake characteristics appeared to be inferior
compared to other naturally derived hydrogels made of HA, chitosan or
alginate. Gelatin has also often been combined with chitosan which can
potentially increase the antibacterial and hemostatic properties of the
construct. However, it is reported that the growth factor injection is
not adequately efficient due to its high diffusivity and the activity of
the biomolecules is not maintained for a long time [123]. In order to
overcome these problems, Jinno et al. proposed a sponge scaffold
composed of 10% acidic gelatin which guarantees the maintenance of
FGF-positive charge. They optimized the FGF release rate and the gel
composition demonstrating that 7 μg/cm2 could accelerate the wound
healing and vascularization [124].

In general, sponges offer larger pore sizes in comparison to the hy-
drogel scaffolds, which facilitate cellular ingrowth. At the same time,
these large pores can potentially affect their mechanical properties
and swelling ratio. Thus, thematerial composition should be engineered
in a way that these properties could be controlled over the course of
wound healing. The large pores of spongymaterials have another nega-
tive effect on the quick dispersion of freely loaded drugs and growth
factors. Overall, hydrogels have attracted more attention than sponges
to engineer scaffolds that can promote wound healing.

2.2.4. Composite materials
As reported above, hydrogels constructs are commonly used as scaf-

folds for wound healing. However, some unfavorable properties of their
intrinsic structures such as their low mechanical strength and inade-
quate flexibility and inability to allow for long term drug release have
limited their use for wound healing applications. Several studies have
shown that they do not guarantee wound site protection and they
may fail when high cyclic stress is applied. In order overcome these
problems, researchers have studied the possibility of incorporating ce-
ramic, metallic and polymeric nanoparticles into both hydrogel and
electrospun constructs [125,126]. The encapsulation of nanoparticles
such as zinc oxide, titanium oxide and silver particles as antibacterial
agents in the hydrogel and electrospun scaffolds has also been explored
lately to improve the poor antibacterial properties of the basic struc-
tures, avoiding bacterial colonization, local and internal infections and
unorganized collagen deposition [127,128]. Titanium dioxide particles
were incorporated in a chitosan hydrogel developed by Behera et al. in
order to improve the mechanical and antibacterial properties of the hy-
drogel structure. The incorporation of the nanoparticles improved the
fibroblast attachment, function, spreading and proliferation favoring
thewound healing [129]. The incorporation of biodegradable polymeric
nanoparticles which can load, protect and modulate the release of bio-
active molecules such as growth factors, drugs and proteins have also
been explored lately. In particular, PLGA-based carrier systems are the
most exploited due to the lactate degradation products which they



Table 1
Advantages and disadvantages of various scaffolds developed for the treatment of cutaneous wounds.

Fabrication method Materials Pros Cons

Medical gauze (e.g. textile
fabricated)

Natural/synthetic fibers (e.g. cotton yarns or
polyester fibers)

• Can absorb exudate from the wound
• Can keep the environment moist
• Can be sterilized
• Can be used in combination with other additives such as antibiotics

• Do not provide good barrier protection against microorganisms
• Removal of the gauze might cause a second trauma

Thin film dressing Polyurethane • Elasticity allows comfortable movement of the affected body part
• Semi-permeability allows exchange of gases, but still serves as a barrier
to bacteria

• Transparency allows for visual inspection of the wound bed

• Body fluid accumulation and maceration can occur when used on
wounds with high exudate

Foams/spongy materials Natural or synthetic polymers (e.g. polyesters,
collagen, gelatin, chitosan, alginate)

• Elasticity allows comfortable movement of the affected body part
• Can absorb more exudate than thin film dressings
• Allows gas exchange
• Can maintain moisturised environment around the wound bed
• Porous structure provides cushioning
• Good thermal isolation properties
• Porous structure supports cellular ingrowth

• High water uptake reduces effectiveness as a drug delivery system
• Large pores limit use as a drug delivery tool

Hydrogels Natural or synthetic polymers (e.g. chitosan, fibrin
alginate, HA, dextran)

• Can donate moisture to dry or minimally exuding wounds
• Can absorb exudate from the wound
• Can be easily applied and removed
• Can be injectable and form a hydrogel in situ
• Can mimic ECM structure and functionality

• Limited gas and oxygen permeability limits its use against infection,
requires antibacterial compounds

• Rapid dehydration without proper covering
• Relatively large pores limit use as a drug delivery tool
• Generally posess poor suturability

Hydrocolloid dressings Colloidal or gel-forming agents (e.g. gelatin or pectin
based, carboxymethylcellulose)

• When topically applied, absorb exudate, stick to the wound and
become permeable to water and gas

• Can provide thermal isolation
• Can provide a moist environment
• Easy to remove

• Not suitable for infected wounds, as there is poor water vapor exchange
with the surroundings

Electrospun nanofibrous
matrices

Natural and synthetic polymers or polymer
composites (e.g. PCL, PLLA, PLGA, PCL-PEG, PLACL,
gelatin, GelMA)

• High surface to volume ratio
• Can mimic ECM structure
• Allows gas and fluid exchange
• Good suturability and uniform adherence
• Preserve drug activity relatively long
• Can allow gradual release of encapsulated drug
• Can be coated with active compounds

• Small pore size distribution reduces the rate of cell infiltration and
ingrowth

Composite materials Hydrogels or electrospun constructs with
incorporated nanoparticle formulations made of
ceramic, metallic, or polymeric materials (e.g. zinc
oxide, titanium oxide, silver, PLGA, PCL, hyaluronan,
alginate, etc.)

• Incorporation of particles improves potential as drug delivery tool
• Composite materials combine the beneficial properties of the incorpo-
rated components

• Wide variety of nanoparticles can be incorporated for different
applications

• Fabrication becomes more complex

Bi-layered scaffolds Natural and synthetic polymers (e.g. chitosan) • Layered structure allows local drug release in each skin layer
• Varying functionality and structure of layers can improve full thickness
skin regeneration

• Fabrication becomes more complex and costly
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release during the degradation process. These micro and nanocarriers
will be discussed in details in the following sections. Another advantage
of composite systems is improving the adhesion of the engineering con-
structs. For example, stem rose-mimicking constructs have been gener-
ated by electrospinning of branched ZnO particles and PCL (Fig. 4c–g)
[119]. The generated constructs had slightly larger pore sizes than the
pristine polymeric scaffolds, yet offered sufficient mechanical proper-
ties. The constructs were extremely potent against bacteria cultures,
while supporting the growth of keratinocytes [119].

Overall, the composite systems based on hydrogels or electrospun
scaffolds can combine the beneficial properties of the incorporated
components. Thus, by combining suitable polymers and drug carriers
or biologically relevant micro/nanofeatures, one can engineer scaffolds
that meet both the physical and biological requirements for achieving
rapid wound healing. The incorporation of drug carriers can also solve
the major drawback of hydrogels, which is their insufficient drug re-
lease profile.

2.2.5. Bi-layered scaffolds
Chronicwounds, aswell as traumatic injuries, usually affect different

both dermal and subdermal layers of skin. The dermis possesses low cell
density and is composed of ECM deposited and maintained by fibro-
blasts which support the vascular, lymphatic and nervous systems. Be-
cause of its structure, the dermal regeneration is less efficient and
more complicated than epithelial regeneration [130]. For these reasons,
research groups have recently focused on the development of bi-
layered scaffolds which combine both the epithelial and the dermal
layers [131]. It has been reported that a system which provides a
dense superficial layer and a porous lower layer might be the most
promising alternative for complete full-thickness skin regeneration.
The epithelial layer should prevent bacterial infiltration and dehydra-
tion of the wound site. The ideal dermal layer is instead supposed to
have great fluid absorption properties and should promote fibroblast
penetration. In this frame, Boucard et al. proposed a novel acellular bi-
layered scaffold composed of chitosan hydrogels obtained through a
low energy physical crosslinking method, avoiding any additional
chemical processing. The upper hydrogel layer was optimized to be
rigid and dense in order to guarantee protection, gas exchange and ad-
equatemechanical properties. A soft lower hydrogel layer was designed
to be flexible and able to adapt and adhere to the wound site. A pig an-
imal model was considered for the scaffold implantation evaluation
showing collagen I and IV deposition aswell as angiogenesis andmigra-
tion of inflammatory cells. The scaffold promoted the dermal-epidermal
interphase regeneration and the wound healing of the full-thickness
skin tissue [131].

The fabrication of multi-layer constructs with suitable properties
supporting the growth of different layers can further improve the rate
of tissue generation. Such constructs can be fabricated using
microfabrication techniques such as molding, lithography, and 3D print-
ing. In addition, if the layers aremade fromdifferent compositematerials,
then suitable factors and drugs can be locally released to further enhance
the growth of each layer. The benefits and shortcomings of different scaf-
folds engineered for treatment of wounds are summarized in Table 1.

3. Passive drug delivery systems

The complex process of wound healing involves hemostasis, angio-
genesis, and restoring the skin barrier function. The proper occurrence
of these processes requires the presence of growth factors and cyto-
kines. However, in some cases these factors are not sufficiently present
or are significantly upregulated andmay derail the healing process from
its normal cascade or completely halt it. Therapeutic agents such as
growth factors, cytokines, antibacterial agents, proteins, small mole-
cules, and bioactive agents can improve the rate of physiological pro-
cesses leading to wound healing. There are several factors that should
be considered in deciding the administration route of therapeutics:
1) the dysfunction wound bed vasculature reduces the bioavailability
of compounds administered orally or intravenously; 2) some of the
drugs can have systemic side effects; 3) the wound environment is
rich in various pro-inflammatory cytokines that can deactivate the
drugs; 4) physiological processes are time consuming and the adminis-
tered drugs should be present during that time.

Thus, local delivery of therapeutic agents is compelling compared to
systemic delivery since it reduces the undesired side effects such as tox-
icity or suboptimal delivery. Advances in the field of pharmaceutics and
micro/nanotechnology have enabled researchers to fabricate drug de-
livery system that can control the release of the drug in the wound en-
vironment or directly deliver the drug to the healing tissue or cells.
Localized controlled release provides spatiotemporal control over the
drug dosage at the wound site, protects the drug from metabolic deac-
tivation, and maintains the drug concentration over a prolonged period
of time. An optimal drug delivery system should sequentially and selec-
tively release antibacterial agents, growth factors, cytokines, and other
small molecules in a controlled way so that the wound would follow
the necessary course of healing [132]. The sequential release of thera-
peutic agents is of paramount importance for chronic wound healing.
Chronic wounds suffer from delayed angiogenesis, resulting in extreme
hypoxia, followed by a reduction in the production of reactive oxygen
species by immune cells. As a result, more pro-inflammatory cytokines
are secreted to recruit more immune cells [6]. Continuous infiltration
of immune cells without proper healing results in excessive production
of pro-inflammatory cytokines such as MMPs, which will excessively
degrade the temporary ECM deposited by cells at the injury site and
will prevent tissue regeneration. To disrupt the impaired cycle of ische-
mia, reperfusion, and inflammation, sequential and selective release of
anti-inflammatory agents followed by pro-angiogenic growth factors,
epidermal growth factors, and small molecules have been suggested.
In this section, various drug carriers designed for wound care and tech-
nologies used for their fabrication will be reviewed. We will also high-
light their release mechanisms.

3.1. Controlled-release drug carriers

In drug delivery systems, the encapsulated therapeutics can be re-
leased through different mechanisms which can be broadly classified
as active and passive delivery. In active delivery, the release is triggered
in response to environmental stimuli (pH, temperature, enzymes,
chemical reactions, redox reactions, etc.) or external stimuli (magnetic
field, electric field, light, ultrasound, etc.). In contrast, passive delivery
relies on the diffusion of the drug through the carrier matrix to reach
the surrounding medium [133]. Inorganic porous drug carriers, such
as mesoporous particles, metal-organic frameworks, ceramic or
carbon-based nanotubes have been extensively studied as drug carriers
since they provide encapsulation for poorly soluble drugs and can also
protect the drugs from physiological degradation. Organic carriers
such as lipid-based systems, layer-by-layer systems, and hydrogels
have also been used as passive transdermal drug delivery tools as they
are degradable can pass natural epidermal barrier and can be uptaken
by targeted cells [134–136]. In general, carrier size, shape, porosity, de-
gradability, and electrostatic charge can affect the rate and effectiveness
of the drug release [137].

Polymeric drug delivery systems are formed from nondegradable
or biodegradable polymers and have been widely used since these sys-
tems can be tailored through the physicochemical properties of the
polymers as well as various possible encapsulation methods [138]. In
polymeric systems, the release is affected by parameters such asmolec-
ular weight (Mw), glass transition temperature (Tg), crystallinity, solu-
bility and polymer degradation rate [139,140]. Polymer molecular
weight has a direct effect on the Tg, viscosity, crystallinity, mechanical
properties, and degradation rate. Polymers with lower molecular
weight have a faster degradation rate and higher elastic modulus. This
results in higher deformation and pore expansion upon deformation,
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leading to higher release. In contrast, polymers with higher molecular
weight have lower elasticmodulus and are less deformable upon degra-
dation, limiting the drug release [141]. Polymer Tg defines the tempera-
ture at which amorphous regions transition from glassy to rubbery
state. At temperatures lower than the Tg, amorphous regions are glassy
andhave a limited diffusivity. Above the Tg, the amorphous regionshave
a higher mobility and a significantly higher diffusivity, leading to higher
release rates. Since the permeation occurs through amorphous regions,
polymer crystallinity is also a determining parameter, especially when
working with low molecular weight polymers [142,143]. The hydro-
philic/hydrophobic ratio of the polymer also has an impact on the re-
lease. Hydrophobic polymeric particles go through surface erosion
while hydrophilic polymeric particles swell and the degradation occurs
within the bulk of the polymer [143,144].

Parameters such as polymer chemical composition, molecular
weight, and crystallinity degree canmodify the degree of polymer solu-
bility in aqueous system. Non-degradable polymeric particles are used
to fabricate matrix-type and reservoir-type drug careers. The release
mechanism of these systems is mainly diffusion controlled. In matrix-
type systems, parameters such as diffusion distance, polymer degree
of swelling, and drug concentration gradient determine the diffusion
rate. However, in reservoir-type systems, the thickness and permeabil-
ity of the polymeric particle defines the rate of drug diffusion and re-
lease [145]. Drug release from biodegradable polymeric particles
occurs by two typical degradation/erosion modes. In surface eroding
systems, degradation occurs on the outer surface of the particle while
in bulk erosion systems, degradation takes place homogeneously all
through the polymeric particle [146,147]. Therefore, the degradation
and release can be tuned by developing blends composed of hydrophilic
and hydrophobic polymers. Polyesters such as poly(glycolic acid)(PGA),
poly(lactic acid) (PLA), PLGA have been rigorously studied for drug de-
livery applications [148,149]. PGA is a linear polyester with the simplest
aliphatic structure with a Tg around 35–40 °C and high crystallinity
resulting into poor solubility in aqueous medium. PLA, composed of
poly-L-lactide and poly-D-lactide monomers is hydrophobic and dem-
onstrates different mechanical properties, Tg and degree of crystallinity
based on the ratio of its monomers [150]. While PDLA is amorphous
with a Tg of 55 °C, PLLA is semicrystalline with a Tg of 53 °C. By copoly-
merization of lactide and glycolide monomerswith specific ratios (L:G),
PLGA is obtained, which is one of the most popular materials for engi-
neering drug carries [151,152]. PLGA particles are mainly considered
as bulk-eroding system, providing an initial burst release followed by
a zero-order release. The release kinetics of PLGA systems is influenced
bymultiple factors such as the drug type (hydrophilic vs. hydrophobic),
PLGAmolecular weight, andmonomer composition ratio [153,154]. For
instance PLGA with L:G of 50:50 degrades in 1–2 months. By increasing
the lactide monomer ratio, degradation rate slows down, as PLGA with
L:G of 75:25, and 85–15 degrade in 4–5 months, and 5–6 months re-
spectively. Upon degradation, PLGA breaks down to its original mono-
mers, PLA will be cleared through the tricarboxylic acid (TCA) cycle
and PGA is either removed from the body or converted into other me-
tabolites [146,155].

Various growth factors have been encapsulated in PLGA micro or
nano-particles for wound treatment. In one study, VEGF was encapsu-
lated in 10–60 μm PLGA particles, showed an initial burst release
followed by 14 days of sustained release and an increased endothelial
cells migration and proliferation [156]. EGF was also encapsulated in
PLGA in multiple studies. In one study, EGF was encapsulated in PLGA
nanoparticles (193.5 nm) with a high efficiency (85.6%) [157].
Exhibiting a burst release (around 50%) in the first hr, complete release
was achieved in 24 h. In vitro studies demonstrated that upon exposure
to EGF encapsulated PLGA nanoparticle, fibroblasts growth rate was in-
creased more than 10%. In vivo studies on diabetic mice showed an ini-
tial decreased healing rate on day 3 for the group treated with EGF
loaded PLGA nanoparticles. On day 3, the wound was still in inflamma-
tory stage and PLGA nanoparticles also triggered an inflammatory
response as foreign objects. However, the healing rate of the group
treated with EGF encapsulated PLGA nanoparticles was significantly in-
creased as compared to the control group and the group treated by sol-
uble EGF on days 7, 17, and 21 post surgery [157].

PCL has a linear aliphatic structurewith a very low Tg (−60 °C) and a
rather low melting point (60 °C). PCL has been extensively used a
scaffold for tissue regeneration purposes and has a very slow degrada-
tion rate of about 2–3 years. When degraded, PCL breaks into
hydroxycaproic monomer units which will subsequently be incorpo-
rated into the β-oxidation cycle. PCL degradation rate can be decreased
by copolymerization with other polymers such as PEG, PLGA, HA, gela-
tin, or alginate [158]. PCL drug carriers have been generated in various
forms such as spherical micro and nanoparticles as well as nanofibers,
which were discussed in details in previous sections. Polyaminoacids
are mostly crystalline at room temperature and are capable of encapsu-
lating low molecular weight drugs. The degradation of polyaminoacid-
based particles can be tuned by varying the ratio of hydrophilic
aminoacids within the structure [159]. Poly-L-glutamic acid and poly-
L-lysine have independently been used for oral and chemotherapeutic
drug delivery applications. In a recent study, Wang et al. synthesized a
hydrogel composed of water-soluble ε-polylysine and γ-poly(glutamic
acid) [160]. The composite hydrogel showed increased antimicrobial
properties against Escherichia coli and Staphylococcus aureus [160].
Such systems can become more advanced once growth factor encapsu-
lated particles are also embedded within the hydrogel structure. Poly-
meric systems offer excellent drug perseverance and enable relatively
long term drug release. Since during the fabrication of polymeric drug
carriers harsh and hydrophobic solvents are used, the encapsulation of
fragile molecules carries the risk of deactivation. In addition, usually
the loading efficiency of hydrophilic drugs in polymeric drug carriers
is lower than hydrogel systems.

Natural polymers andhydrogelshave also been frequently used for
fabrication of drug carriers. Naturally occurring polysaccharides such as
alginate, chitosan, dextran, HA, and fibrin provide high biocompatibility
and are abundantly available. Therapeutic agents can be physically en-
capsulated within the scaffold structure or chemically grafted to the
polysaccharide backbone. These polymers have also been used as par-
ticulate drug carriers for wound healing. In a study by Ribeiro et al.
VEGF and EGF were both encapsulated in chitosan microparticles with
255 μm diameter [161]. Growth factor loaded chitosan microparticles
were then embedded inside a dextran-based hydrogel. In vivo experi-
ments onWistar rat burnmodel showed that a single topical application
of the composite hydrogel over the burnwound resulted in an increased
healing rate compared to applying soluble FGF and EGF every 2 days
[161]. Alginate particles crosslinked with calcium chloride have also
been used as VEGF carriers. These particles with a diameter of 300–700
μm, were loaded with 2 and 4 μg VEGF/cm3 [162]. A sustained zero-
order VEGF release was achieved after day 4, until day 21 with a release
rate of 50–90 ng/day and 70–120 ng/day from 2 and 4 μg VEGF/cm3 mi-
crospheres, respectively. In vivowound healing on Wistar rats indicated
an increased capillary network formation at the epigastric groin fascia of
rats treatedwith VEGF encapsulated alginatemicrospheres [162]. HA is a
highly hydrophilic polymer and has been extensively used as a hydrogel
scaffold for wound healing applications. Nanoparticles (130–350 nm) of
hyaluronate and lecithin were used to encapsulate vitamin E. These par-
ticleswere next embedded in a bioadhesivefilm composed of sodium al-
ginate, PEO, and Aloe vera extracts. The proposed formulation provided a
slow and sustained release for about 3 months in vitro [163].

Fibrin, a non-globular protein with high hemostatic properties has
also been used as scaffold for wound healing applications [164]. Apart
from those, fibrin has also been used as drug carrier for wound healing
applications [164]. Antimicrobial and antifungal agents, such as cipro-
floxacin and fluconazole were encapsulated in fibrin nanoparticles
with a low release at pH 7.4. In contrast, upon exposure to higher alka-
line pH 8.5, the release was increased. Ciproflaxin release was increased
3-fold (16% to 48%) and fluconazole release was increasedmore than 4-
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fold (8% to 37%) [165]. Fibrin-based carriers have also been used for
growth factor delivery. In one study, dual release of bFGF and VEGF
was obtained by fabricating a scaffold composed of fibrin coated poly
(ether)urethane–polydimethylsiloxane blend. After the fabrication of
polymer-based scaffold, bFGF and VEGF were added to fibrinogen pre-
cursor. The growth factor containing fibrinogen solution was next
coated over the polymeric scaffold, creating a uniform fibrin layer acting
as the drug carrier.Within the first 2 days, 30% bFGF and 40% VEGFwere
released from the fibrin coated scaffold. In addition, released factors
retained their bioactivity for 7 days [166]. Natural polymers are excel-
lent choice for the encapsulation ofwater solublemolecule. The key lim-
itation of these materials is their large pore sizes in comparison to
polymeric systems, which results in fast release of the encapsulated
drugs.

Lipid-based drug delivery systems are another class of drug carrier
widely employed in drug delivery due to their affinity with cell mem-
branes and ability to pass through biological barriers such as skin
[167]. Among different lipid based drug carriers, liposomes are the
most frequently used [168,169]. Composed of an aqueous core
surrounded with phospholipids with hydrophilic and hydrophobic
heads, liposomes have gained noticeable interest for drug delivery ap-
plications since they provide the possibility of encapsulating both hy-
drophilic and hydrophobic moieties in their aqueous core and lipid
bilayer corona [170]. Stromal cell-derived factor-1 (SDF-1) was encap-
sulated in the liposome core with a high encapsulation efficiency
(80%). SDF-1 loaded liposomes (150 nm) were next dispersed through-
out an acellular dermis, whichwas applied over full thickness wound in
genetically diabetic mice [171]. Results showed that both control group
(acellular dermis with no SDF-1) and the group receiving free SDF-1
only demonstrated similar wound closure rate with full closure on day
28. In contrast, acellular dermis embedded with SDF-1 encapsulated li-
posomes had a 15% higher closure rate and full wound closure was
achieved 21 days post surgery and showed a significant increase in
granulation tissue thickness compared to other groups [171]. The effect
of growth factor encapsulation in liposomes in promoting wound
healing was also highlighted by Pierre et al. rats with scald injuries
[172]. Rats that received liposomes containing IGF-1 with a very low
dose (0.9 μg/kg/week) had a similar effectiveness in promoting wound
re-epithelialization compared to rats that received higher IGF-1 doses
(5.0 μg/kg/week) and growth hormone simultaneously [172]. Some
liposome-based formulations suffer from low stability associated to
burst release. To further increase the encapsulation efficiency and sta-
bility of liposomes, new approaches have been suggested. For instance,
Xu et al. developed a new liposomal formulation with a hydrogel core
composed of silk fibroin [173]. Growth factors, such as bFGF were en-
capsulated in silk fibroin with high efficiency, providing a sustained re-
lease of bFGF from the designed liposome. The bioactivity of bFGF was
retained even after 3 days pre-incubation of designed liposomes with
wound fluids. Designed liposomes increased the wound closure rate in
a mouse model with deep second-degree scald model. The increased
healing rate was associated to promoted angiogenesis and enhanced
cellular proliferation in the dermis and epidermis [173]. Liposomes are
excellent drug carriers, which are biocompatible and could deliver
drugs to both intracellular and extracellular environment. However,
they usually have a shorter drug release in comparison to polymeric sys-
tems and offer lower loading capacity. To overcome the limitations as-
sociated to liposomal structures, solid lipid nanoparticles and
nanostructured lipid carriers have been developed. These formulations
provide higher stability, and encapsulation efficiency [174]. They have
also proved to be potent drug carriers for wound healing applications
[175]. Amphiphilic copolymers have also been used to generate
liposome-like particles for drug delivery applications. These particles
have recently been reviewed elsewhere [176].

Inorganicmaterials are also frequently used for engineering of drug
carriers. Gold nanoparticles have received noticeable interest in various
drug delivery applications due to their stability and anti-inflammatory
properties [177]. Inorganic materials lack the proteins in natural sys-
tems and are typically considered to be less immunogenic. In wound
healing, gold nanoparticles have been used for delivery of active com-
pounds such as antioxidants and nucleic acids. Studies have shown
the ability of gold nanoparticles to transiently open the stratum
corneum and as a consequence increase the absorption of antioxidant
and anti-inflammatory components added to the mixture to accelerate
wound healing [178]. Another study, by Lee et al. made use of gold
nanoparticles in combination with phytochemicals to increase particle
stability without cytotoxic side effects that are often encountered
when chemical stabilizers are used [179]. Similar to the previouslymen-
tioned work, these phytochemicals also possess anti-inflammatory and
antioxidative properties. Even though phytochemicals can easily oxi-
dize, in this system the gold nanoparticles prevent the phytochemicals
from being oxidized and the application of these particles showed
in vivo biocompatibility, blood vessel formation and anti-inflammatory
effects in mice burn wound models [179].

Mesoporous silica is another class of drug delivery vehicles that have
received significant attention [180]. These particles possess excellent
drug loading capacity and the electrostatic interaction between the
solidmatrix and the encapsulated compounds can significantly increase
the release time [180,181].Mesoporous particles are oneof the fewdrug
carriers that can offer almost linear release profile [182]. Because of their
biocompatibility,mesoporous silica has been considered for various bio-
medical application [183]. In particular, mesoporous silica drug carriers
both in the form of particles and needles have been used for treatment
of wounds and have demonstrated promising results.

Carbon-based materials such as carbon nanotubes (CNTs) and
graphene have also been studied as drug delivery tools. Both materials
have good affinity against active compounds such as nucleic acids.
There are examples of carbon-based systems used in treatment of
chronic wounds [184]. However, their use in biomedical engineering
has been controversial as they are not bioresorbable and have the po-
tential of inducing chronic toxicity. Detailed reviews on carbon-based
materials for drug delivery applications can be found elsewhere
[185,186].

Overall, the selection of proper material for engineering the drug
carrier is crucial. The charge and their water solubility play a role in se-
lection of the drug carrier. The stability of the drug carrier as well as the
potential effects ofwound environment on the targeteddrug and its sta-
bility is also important to be considered. In addition to material compo-
sition, the shape, size, andmicrostructure of thedrug carriers also can be
used to tailor the release profile. Thus, understanding of techniques that
can be used for shaping different drug carriers is important. In the fol-
lowing section we will discuss these techniques.

3.2. Tools for fabrication of drug carriers

Chronic wounds are usually caused bymultiple causes and different
biological processes are impaired. For this reason, there is a need to
boost all relevant processes involved in tissue regeneration. However,
some of the biological processes do not overlap and have different
durations, requiring releasing factors at different rates. Thus, noticeable
attention has been paid to identification of method to encapsulate
multiple compounds and keep their release methods different. Factors
that can affect the release profile include material composition, carrier
microstructure, carrier shape and geometry, distance from the encapsu-
lated drug to the carrier surface [187,188]. Thus, tools that are used for
the fabrication of these drug carriers are important in terms of their re-
producibility and robustness. For example, particle size plays an impor-
tant role in the release kinetic and effectiveness of drug delivery [189].
Thus, methods that result in the formation of carrier with high polydis-
persity are generally less effective in achieving the targeted temporal
profile. In addition, nanoparticles with diameter less than 10 nm can
be filtered out through kidneys, while larger particles are susceptible
to phagocytosis.



Fig. 5. Techniques for fabrication of drug delivery tools. (a) The process of fabricating PLGA-based drug carriers through double emulsion process. (b, c) Micrographs of the fabricated
particles containing CHX and PDGF-BB. (d) The effect of dual drug delivery on wound healing rate. (e) Droplet-based microfluidic platform for fabrication of porous microgels.
(f) Fabrication of multi-compartment drug carriers using microfluidic systems.
(Source: Figures are reproduced with permission from references [190,193,194].)
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The simplest way for fabrication of drug carriers is simple or dou-
ble emulsification (Fig. 5a) [190]. In this approach, two immiscible
fluids are mixed together and as a result spherical droplets of one
liquid are formed in the second one. This mixture can be further emul-
sified to form double emulsions [191]. Emulsification is the most
common method for the fabrication of polymeric and lipid-based
drug carriers. This approach has also been frequently used for the
fabrication of hydrogel based drug carrier. The particle size can be
controlled by changing the solutions viscosity and the mixing speed.
Nanodroplets can be fabricated by the utilization of ultrasonic probes.
Despite the robustness of emulsification, the formed particles are
usually polydisperse. In addition, the formed particles are usually
spherical. Molding is another method that can be used for particle fab-
rication. The molds can be fabricated using micro and nanofabrication
tools. Molding can be used for the fabrication of both polymeric
particles and hydrogels. The formed particles are usually monodis-
perse, which is a major advantage for achieving predictable drug re-
lease. In addition, molding can be performed under sterile and less
harsh conditions and thus the stability of the drugs can be preserved.
One major limitation of molding is the shape of the formed particles.
Fabrication of spherical particles is challenging, but sheet-like, rod-
shaped, and planar-constructs can be robustly fabricated. The size of
formed particles is also in general larger than those fabricated by
emulsification.
One of the most attractive tools for engineering drug carriers is
microfluidic platforms [192]. Microfluidic platform have the ability of
fabricating multicompartmental droplets (Fig. 5e–f) [193,194]. Droplet
based microfluidic systems work similar to emulsifying systems, with
the exception that particles are formed by flow-induced shear stress.
Thus, formed particles are reproducible and uniform with predictable
release profile. Microfluidic systems enable the fabrication of double
emulsion droplets and have been used for fabrication of both polymeric
and hydrogel drug carriers. Lipid-based particles have also been fabri-
cated. The formed particles using droplet microfluidic systems are usu-
ally microsized and are larger than those that can be achieved with
regular emulsification. Microfluidic fabrication of particles has been
reviewed elsewhere in detail [188]. The key challenge withmicrofluidic
drug carrier fabrication is the low throughput and the limitation of size
and geometry. Electrospraying and self assembly are other approaches
that have also been used for engineering of drug carriers. Detailed infor-
mation about the fabrication of drug carriers using these systems can be
found elsewhere [195,196].

Achieving different release profile for various compounds is desired in
wound healing. This can be achieved through 1) the use of multiple drug
carriers with different sizes or compositions; 2) the use of multi-layer
multicompartmental drug carriers. In one example, double emulsion sys-
tems were used to fabricate PLGA based drug carriers in which PDGF-BB
were encapsulated inside PLGA containing chlorhexidine (CHX), which



Fig. 6. Microneedle arrays as transdermal drug delivery tools in skin care. (a) Schematic showing different types of microneedles used for transdermal drug delivery. (b) Bi-layer
microneedles with dissolvable tips carrying insulin before and after implantation. (c, d) Microneedles with swellable tips used for better adhesion of skin flaps to the surrounding
tissues. (e, f) Swellable microneedles used as self-locking drug delivery tools.
(Source: Figures are reproduced with permission from references [204,207,211,212].)
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has antibacterial activity. This enabled them to release one hydrophilic
andonehydrophobic drugwith different release profiles.Wounds receiv-
ing dual treatments showed reduced infection and enhanced healing
(Fig. 5a–d) [190]. In another example, PDGF-BB were encapsulated in
PLGA nanoparticles and then the mixture of the fabricated particles and
chitosan/poly(ethylene oxide) mixed with VEGF were electrospun to
form nanofibrous scaffolds in which VEGF was released fast and PDGF-
BB was released gradually [197]. The sequential delivery of the growth
factors resulted in enhanced wound healing in diabetic animals.

The ability to release drugs with different profiles is required to pro-
mote healing of complex non-healingwounds. The emergence ofmicro-
and nano-technologies has facilitated the fabrication of uniformly sized
and structured drug carriers with predictable release profile. However,
one key limitation of these fabrication methods is their low throughput
and their scalability.

3.3. Passive transdermal delivery systems

An important factor affecting the outcome of localized drug delivery
is the selection of a suitable point of delivery. Chronic wounds are cov-
eredwith a layer of non-viable tissue, which separates the outside envi-
ronment from the underneath tissue [198]. Thus, if drugs and factors are
delivered topically, they should first pass through the dead tissue filled
with pro-inflammatory cytokines to access the cells that are supposed
to receive the therapy [199]. As a result, a significant amount of drugs
or factorsmay get deactivated before reaching the target tissue. In addi-
tion, the significant exudate production in chronic wounds can further
reduce the rate of penetration of drugs administered topically. The
most traditional way of drug delivery across the skin, hypodermic injec-
tions, is quite unfavorable as it is painful, requires professional assis-
tance and can transmit diseases when the hypodermic needles get in
contact with different patients.

Thus, there has been a significant push to develop tools that can de-
liver drugs transdermally. These tools range from micro/nanocarriers
that could pass through the skin barrier and stratum corneum or
microneedles that could painlessly poke through the barrier and deliver
drugs to the viable tissue underneath. Among different drug carriers,
lipid-based particles in the form of liposomes and polymeric particles
have been widely used. In case of wound therapy, the skin barrier is
breached and thus such drug carriers might not be as necessary as com-
pared to the treatment of other skin disorders.Microneedles are arrays of
short needles that were initially developed for painless delivery of ther-
apeutics transdermally [200]. They are sufficiently small in size to pass
the stratum corneum but not hit the nerves underneath [201]. These
microneedles can be categorized into four groups (Fig. 6a): i) solid
microneedles disrupting the epidermis barrier and enabling the penetra-
tion of topically administered drugs [202], ii) microneedles coated with
drugs that can penetrate the tissue and deliver their payload in there
[203], iii) dissolvable microneedles that penetrate the tissue and stay
there and release their payload gradually as they degrade (Fig. 6b)
[204–206], and iv) hollowmicroneedles that penetrate the tissue and fa-
cilitate the active delivery of drugs into the region of interest [207].

Since the first transdermal drug delivery product, a three-day patch
that released scopolamine for the treatment of motion sickness, was ap-
proved for commercialization on theUnited Statesmarket in 1979,many
more transdermal drug delivery products have hit the market [208].
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Since then microneedle arrays have been used for a wide range of bio-
medical application including the delivery of insulin, vaccines, and pain
medications. However, there has been little interest in them for the treat-
ment of chronic wounds and burns. In one example, Takeda et al. devel-
opedmicroneedles using chondroitin sulfate as the base material loaded
with bFGF, a growth factor that is released during the early stages of
wound healing and triggers endothelial cells to exert behavior typical
for wound healing processes [209]. The needle arrays were tested on
rat models with wounds inflicted using a surgical scalpel. ELISA assays
on bFGF levels in the tissue showed initially elevated concentrations
Fig. 7. Intracellular delivery tools. (a) Schematic of the gold nanoparticle decorated with nuclei
SNA on healing of exuditing wounds in diabetic animals. (d) SEM images ofmesoporous silicon
the nanoneedle arrays. Scale bar = 10 μm. (f, g) Effect of VEGF-165 gene delivery on vasculari
(Source: Figures are reproduced with permission from references [216,218].)
that slowly declined over time [209]. Caffarel et al. developed a dissolv-
ing microneedle system incorporating a photosensitizing compound
that has antimicrobial effects to treat infectedwounds [210]. This mech-
anism making use of a photosensitizing drug, also termed as photody-
namic antimicrobial chemotherapy aims to produce highly reactive
radicals in the tissue upon irradiation of the photosensitizing drug.
Continuing the trend of the use of microneedles for antimicrobial treat-
ment, Park et al. designed antibacterial microneedles loaded with green
tea extracts. Green tea includes polyphenols which have shown to be
potent antibacterial and anti-inflammatory agents. More specifically,
c acids (SNA). (b) The downregulation of GM3S in cells treated with SNA. (c) The effect of
nanoneedles. Scale bars= 2 μm (left) and 200 nm (right). (e) Confocal image of cells over
zation in vivo. Scale bars = 100 μm.
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the catechins present in green tea extracts exhibit inhibitory effects on
various bacteria. To deliver the extract to the wound area, dissolvable
microneedles made of HA were developed [210].

One interesting application ofmicroneedles for the treatment of skin
injuries has been proposed by the development of microneedle arrays
with swellable tips (Fig. 6c, d) [211]. The system was designed in a
way such that once upon penetration of the skin, the needles would
swell and lock themselves in place. These needleswere used for improv-
ing the adhesion of skin flaps frequently used for the treatment of burns
and chronic wounds. In a follow up study, these needles were loaded
with insulin and were used for transdermal and long term delivery
(Fig. 6e, f) [212]. The array proved to be successful in reducing blood
glucose levels in diabetic rodents.

In general, microneedles are an interesting tool that can be fabri-
cated from polymers that are known for their excellent drug protection
and the gradual release of their payload. In these cases the drug can be
released over the time for completion of physiological processes.
These microneedles can be made as composites of different materials
and they can also be developed in a multi-layered way to enable
drugs required for late stage wound healing to be released at a later
time.

3.4. Systems for intracellular delivery

With recent progresses in the field of biology and genetics, recent
years have seen many successful examples in which the cells have
been programmed to achieve a desired phenotype. Chronic wounds re-
sult from dysfunctional cell populations. For example in diabetic pa-
tients, endothelial cells are less responsive and usually take longer to
form functional vasculature in the wound bed [213,214]. In addition,
in wound healing, macrophage phenotype plays an important role in
the tissue regeneration. At the inflammation phase,M1macrophage po-
larization (the pro-inflammatory phenotype) results in the removal of
debris and pathogens. During the proliferation phase, the phenotype
will be polarized towards the anti-inflammatory M2 phenotype [215].
However, in chronic wounds this change of phenotype does not occur
and results in continuous inflammation. Thus, noticeable attention has
been dedicated to transfer genes, plasmids, and active molecules di-
rectly into the cells and different tools have been developed for this pur-
pose. These drug delivery systems are usually active, but there are some
passive systems which will also be discussed here.

Passive systems usually should possess features smaller than cells
that enable them to be internalized. Liposomes and nanoparticles have
been frequently used for silencing or activating genes that are important
for wound healing. In one example, 13 nmgold nanoparticles decorated
with nucleic acid (SNA) were used to downregulate ganglioside-
monosialic acid 3 synthase (GM3), which is over expressed in diabetic
wounds [216]. The use of these nanovectors had a superior effectiveness
on the downregulation of GM3. Upon the treatment of diabetic wound
models, superior healing was observed in comparison to free siRNA de-
livery (Fig. 7a–c) [216]. However, the delivery effectiveness of these
nanoparticles in heavily exuding wounds can be compromised. Thus,
other effective ways which are less prone to being washed away
would be more robust and can be applied to different types of wounds.
Recently, nanoneedles have emerged as a useful tool that can penetrate
cell membranes and delivery plasmids directly in them [217,218]. In
one example, mesoporous silicon nanoneedles were engineered and
were successfully tested for delivery of a number of plasmids to cells
both in vitro and in vivo [218]. In animal studies, VEGF-165 genewas de-
livered using the nanoneedle array to the cells and the results showed a
significant enhancement in vascularization in comparison the animals
receiving the same gene via hypodermic injection (Fig. 7d–g) [218].

The area of cell reprogramming is emerging and it is expected to play
a pivotal role in the future of medicine. Along with the advancement in
the field drug delivery tools are needed to more effectively deliver the
therapeutics into the cells without exerting unwanted damage to cells
or their phenotype. Although the current tools have shown promising
outcomes, these systems are either hard to fabricate or are prone to dis-
location from the targeted site.
3.5. Kinetics of controlled release

The goal of drug delivery systems such as micro- and nano-sized
particles, gels, and fibers is to increase the drug bioavailability and
achieve a sustained biodistribution. Naturally-derived and synthetic
macromolecules have been used to entrap drugs and provide a con-
trolled release. The release rate is defined by at least oneof the following
mechanism: (1) diffusion-based release, (2) degradation-based release,
and (3) affinity-based release, and. Zero-order release kinetics is usually
preferred since a steady drug concentration is maintained between the
minimum effective concentration and maximum toxic concentration
[219]. Although a zero-order release profile is desired, most drug deliv-
ery systems show a thriphasic release profile. The initial phase shows a
rapid release of drug from the reservoir and is referred to as the burst re-
lease. This occurs due to the diffusion andmigration of drugs to the sur-
face of the drug carrier during the fabrication process or during storage.
In phase 2, the release is mostly governed by the diffusion of drug
through the polymeric matrix or through the pores of the drug carrier.
For biodegradable drug carriers, hydrolysis and degradation of the ma-
trix is also initiated at this phase. In phase 3, a faster release is observed
due to erosion of the drug carrier [154,220,221]. Parameters such asma-
trix chemical structure, molecular weight, swelling degree, and poros-
ity, as well as drug-carrier interactions, and drug-drug interactions can
affect the release profile [222]. Upon exposure to water, the pores and
channels of the reservoir become filled with water. Driven by chemical
potential gradient and osmotic pressure, drug molecules diffuse
through these water-filled pores and randomly move towards the
releasing medium. Apart from diffusion through the pores, drug mole-
cules can diffuse through the polymeric matrix and can also be released
due to the erosion of the carrier matrix [223]. Polymeric biodegradable
materials have been widely used as drug carriers. These polymers have
labile bonds such as esters, amides, and anhydrides in their backbone
which will break by hydrolysis or enzymatic degradation resulting in
erosion of the drug carrier. Degradation occurs either from the surface
or the bulk of the polymeric matrix. As water penetrates through the
matrix of the drug carrier, hydrolysis takes place resulting in pore
formation and enlargement which will ultimately alter the kinetics of
drug release. Affinity-based systems rely on transient interactions be-
tween the drug and polymeric matrix [224].

Originally inspired by the controlled release mechanisms observed in
the extracellular matrix, affinity-based drug delivery systems use tran-
sient interactions between the drug (small molecules, proteins or DNA)
and the polymericmatrix. The strength of these affinity interactions is de-
fined by dissociation constant (KD). This value is proportional to the rates
of components association and complex dissociation as well as the equi-
librium concentration of the components (Cdrug, Cmatrix, and Ccomplex).

Therefore, the KD can be calculated as KD½M� ¼ Cmatrix�Cdrug

Ccomplex
¼ dissociation rate

association rate .

Designed polymeric matrices can create strong transient interactions
with therapeutic agents with a strength range of 10−4 to 10−9 M,
resulting into a slow diffusion-based release of drug from polymeric ma-
trix, reducing the chance of burst release [225]. Affinity-based systems
can be divided based on type of interaction between the drug and poly-
meric matrix. Most common systems rely on electrostatic interactions
(heparin-based, heparin-mimetic or non-heparin interactions), while
other novel systems rely on hydrophobic interactions (cyclodextrins in-
teractionwith small hydrophobic molecules) or multiple interaction sys-
tems (protein-protein or aptamer-based interactions) [226]. In general,
understanding the release kinetic and proper modeling of drug diffusion
from these carriers can help with rational design of more effective drug
delivery tools with predictable results.
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Overall, passive drug delivery tools are suitable choices for enhanc-
ing the healing rate in chronic wounds. However, the unpredictability
of these wounds and the fact each wound has its own signature will
be amajor obstacle against achieving optimal therapy using passive sys-
tems. Thus, systems that can be used for on-demand drug delivery has
been developed that enable active intervention in the dysfunction
healing cycle. These systems will be reviewed in the next section.

4. Active drug delivery systems

Controlled release drug delivery systems that allow for steady passive
drug release over time already provide more efficient treatment options
than traditional drug delivery methods. These traditional methods, such
as hypodermic injections, often result in an elevated plasma concentra-
tion of the drug that is outside of the therapeutic windowwhich can re-
sult in side effects and reduce the effectiveness of the treatment. The
ability to passively control release enables the system to contain larger
amounts of drug while maintaining a drug concentration in the blood
within the limits of the therapeutic window, thus allowing the drug to
be used for a longer period of time and in a more efficient manner [227].

Wounds are dynamic environments and the proper timing of admin-
istration of active compounds is important. The treatment of some path-
ophysiological complications, however, might only require drug release
at a certain time. For example, infection is a serious source of complica-
tions associated with chronic wounds. Administration of antibiotics as
prophylactic therapy has been suggested to prevent infection. However,
the excessive use of antibiotics negatively affects the healing process
and can result in formation of antibiotic resistant strains. The emergence
of antibiotic resistant strains so called “superbugs” is one of the biggest
challenges that medicine is facing in the next few years. Current clinical
practice includes the treatment of infection through systemic or topical
delivery of antibiotics once infection detected by clinicians and confirmed
Fig. 8. Stimuli responsive self responding drug delivery systems. (a) Stimuli responsible for sw
tannic acid crosslinked with zinc ions for the automatic release of tannic acid as an antibacteri
the wound. (d) Effect of α-amylase on the activity of rhEGF. (e) Stability of free rhEGF and dex
(Source: Figures are reproduced with permission from references [236,243].)
by culture of wound swabs. Thus, for treatment of infected wounds, drug
delivery systems should be designed that can release antibiotics only as
needed with the correct dosage. This feature can be achieved through
the use of systems that can either be triggered externally or self-
respond to changes in physiological conditions such as pH, temperature
or other microenvironmental changes in the tissue. Such systems are
called stimuli responsive and over the past two decades various stimuli-
responsive drug delivery systems have been developed. Polymers are
the most used material for engineering stimuli-responsive systems due
to their tunable character allowing for precise control over mechanical
and physicochemical characteristics of the material and sharp changes
in material properties in response to stimuli [228].

On-demand and stimuli-responsive systems have many advantages
compared to passive release systems. As a result of their ability for spa-
tial, temporal and dosage control over the drug release, these systems
require a lower drug loading while also decreasing the adverse effects
to the patient. This makes drug delivery therapies more efficient,
cheaper and safer [229]. In this part we will review both self-
responding and externally controlled systems.

4.1. Self-responding drug delivery systems

Developing systems that can respond to their environment and
change their state has been attractive for many biomedical engineering
applications and in particular for drug delivery systems. To achieve this
goal, hydrogels and materials that can swell or change their state in re-
sponse to environmental and external responses has been developed
(Fig. 8a). In the wound environment, physical and chemical properties
such as temperature and pH are indicators of wound status that fluctu-
ate by variation in the level of inflammation, oxygenation, and infection.
Usually, skin temperature is in the range of 32 °C to 34 °C; however, it
may locally increase due to inflammation. After a skin cut, the exposure
elling of hydrogels for controlling drug delivery. (b) pH responsive hydrogels of agarose/
al and anti-inflammatory drug. (c) The mechanism of action dextrin–rhEGF conjugates in
trin-rhEGF in presence of neutrophil elastase.
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of blood and body fluids temporarily increases the local pH to about 7.
This value will be reduced to a slightly acidic value of 4–5 during the
healing process. However, bacterial infection can change the pH [181].
It has been reported that the environment of infected wounds is either
extremely acidic or slightly alkaline depending on the type of bacteria
and wound condition. The level of oxygenation also affects wound pH.
In chronic and non-healing wounds which contain significant necrotic
tissue, for instance, the pH becomes alkaline locally. Thus, significant ef-
fort has been dedicated to the development of drug delivery systems
that respond to variations of the environment temperature and pH.

Thermo-responsive polymers have been widely used for engineer-
ing self-responding drug delivery systems. Thermo-responsive poly-
mers can be divided into two classes based on the way they respond
to heat: lower critical solution temperature (LCST) polymers and
upper critical solution temperature (UCST) polymers. The first class of
polymers exhibits desolvation upon exposure to heat, while the second
class becomes soluble when heated [230]. These critical temperatures
can be tuned and are dependent on many factors such as molecular
weight, polymer concentration and, if applicable, any other materials
that are added in the system such as drug formulations [231]. The criti-
cal temperature is important, it should be high enough to not get trig-
gered in room temperature and not too high such that high
temperatures that can negatively affect the healthy tissue and the activ-
ity of the encapsulated drug are required for the material's state to
change. Thus, the suitable range for critical temperature is 35 °C–45 °C
[229,232].

Poly(N-isopropylacrylamide) (pNIPAM)-based polymers have been
widely used for engineering thermo-responsive drug delivery systems.
The critical temperature of pNIPAM is around 32 °C, which is close to
skin temperature. pNIPAM is hydrophilic below its critical temperature
and becomes hydrophobic above that, where the aqueous solution con-
taining hydrophilic drug will be pushed out of the drug carriers. Due to
the low critical temperature of pristine pNIPAM, it can be used for engi-
neering systems that can release their content once placed on thewound
surface. Tran et al. designed such a thermo-responsive system by
electrospinning pNIPAM and PCL to create nanofibers with a high
surface-area-to-volume ratio [233]. After incorporation of ibuprofen
into the nanofibers, their drug release was tested at 22 °C and 37 °C
and a significant change in release profile was observed. The composite
nanofibers showed a reduced burst release aswell as a controlled release
profile over 4 h compared to fibers made of only pNIPAM [233]. How-
ever, the critical temperature of pNIPAM can be increased by grafting
other monomers to the NIPAM chains and can reach over 37 °C. In addi-
tion, it has been shown the generation of hybrid pNIPAM-based systems
can increase their critical temperature. In one example, the critical tem-
perature of hybrid particles of NIPAM-poly(ethylen diacrylate) (PEGDA)
was increased to close to 37 °C minimizing the passive release of antibi-
otics at room temperature. Other thermoresponsive drug carriers based
on Pluronic F-127 and chitosan have also been successfully synthesized
and tested for engineering self responding systems. In one example,
curcumin and DsiRNA were loaded into pluronic hydrogels and the
effectiveness of the drug release for modulation of inflammation in
diabetic wounds was demonstrated in vitro [234].

PH responsive materials, often ionisable polymers that are weak
acids or bases, function through a change in their ionization state
resulting in changes in the polymer conformational state [235]. In the
case of hydrogels, a change in conformational state means a change in
swelling behaviour which can be utilized to control drug release [231].
Ninan et al. developed a pH-sensitive hydrogels consisting of tannic
acid-carboxylated agarose, in which tannic acid was used for its
antibacterial properties (Fig. 8b) [236]. Additionally, zinc(II) chloride
was crosslinkedwith the hydrogel. Zinc salts stimulate cell proliferation,
have antioxidative properties, and have been shown to be beneficial for
wound healing through promoting the synthesis of new ECM, reducing
free radical activity, and limiting the growth of bacteria. To study the
responsiveness of the hydrogel, the release of tannic acid at different
pH values was studied and a minimal release was shown at a pH of
7.4 as opposed to acidic conditions where controlled release was
observed. Furthermore, the constructs were minimally toxic to 3T3
fibroblasts as tested in vitro and exerted antimicrobial effects that
were comparable to gentamicin, a commercial antibiotic, as tested on
E. coli bacteria [236].

To develop materials that respond to variation in both pH and tem-
perature, copolymers of pH and temperature responsive materials have
been developed and used for engineering drug delivery systems. For in-
stance, Garbern et al. synthesized NIPAM and propylacrylic acid (PAA)
co-polymers through reversible addition fragmentation chain transfer
meant for drug delivery in regions with an acidic pH [237]. This copoly-
mer response to pH changed in the range of 4.5 to 6 as well as temper-
atures ranging from 20 °C to 50 °C. Depending on modifications in the
random copolymer as well as polymer concentrations, the transition
characteristics of the hydrogel were tuned. The hydrogel exerted a con-
trolled release of the growth factor VEGF at pH values of 5 and 6, which
are relevant in wound healing applications. Interestingly, drug release
ratewas not only controlled by polymer dissolution, but also by electro-
static effects between the protein and the polymer's unreacted anionic
groups. In a less acidic environment, fewer carboxylate groups were
protonated leading to the possibility of electrostatic interactions with
the VEGF, hindering protein release [237].

Another class of materials that has recently been explored as an op-
tion for responsive systems are materials that respond to the level of
chemokines and cytokines in the wound bed [238,239]. For example,
the level of pro-inflammatory enzymes such as elastase and cathepsin
have been demonstrated to be highly upregulated in chronic infected
wounds [240,241]. Thus, the use of protease cleavable peptides that
can link suitable drugs to the polymeric backbones can result in the for-
mation of polymers with a drug release rate that is proportional to the
concentration of the targeted chemicals. In one example, HA capped-
mesoporous particles were engineered to carry drugs [242]. The cap-
ping HA could be degraded by hyaluronidase-1, resulting in the release
of drugs. In another example, rhEGF was conjugated to dextran to be
protected against environmental conditions [243]. Upon delivery and
exposure of the caged growth factor, dextran was degraded by α-
amylase, exposing the protein. The protected growth factors had a bet-
ter long term effect on keratinocyte growth (Fig. 8c–e) [243]. Currently,
such systems are widely being used as diagnostic tools for detection of
hyper-inflammation and infection, but they may serve as an excellent
tool for engineering self-responding materials that can modulate the
level of inflammation or automatically eradicate infection. In another in-
teresting study, thrombin-responsive microneedles were fabricated
that could release heparin in response to localized upregulation of
thrombin to avoid thrombosis [244]. Such technologies can be used
for wound care by incorporation of drugs that can regulate the wound
microenvironment.

Self-responding systems are excellent drug delivery tools that are
helpful for treatment of patients with limited access tomedical facilities
and for diabetic patients inwhich any skin cut can potentially turn into a
chronic wound. However, the key limitation of these systems is their
loading capacity, especially for systems responding to biological cues.
These materials are also usually not FDA approved for internal use and
are limited to temporary dressings. Thus, there will be a gap between
the delivery point and the healing tissue, which can negatively affect
the therapeutic outcome. Overall, these materials can potentially revo-
lutionize the wound care if these challenges are solved.

4.2. Externally triggered drug delivery systems

Another class of active drug delivery systems is those that can be
triggered externally. Such systems should ideally offer zero passive
release rate and the targeted drug would be only released once needed.
Although such systems have numerous applications in medicine, in
wound care they are mainly suitable for the delivery of antibiotics,



Fig. 9. Externally triggered thermoresponsive drug delivery platforms for wound care. (a) A photograph and micrograph of thermoresponsive drug carriers encapsulated in an alginate
layer casted on a flexible heater. (b, c) The effect of temperature on the response of the engineered thermoresponsive particles and the release of encapsulated compounds (c). (d) The
effect of polymer concentration of the changes of the diameter of thermoresponsive particles. (e) The release profile of FTIC-dextran as a model molecule. (f, g) Nanofibrous meshes in
which thermoresponsive nanocarriers were embedded within the nanofibers. A flexible heater was directly sputterd on the nanofibrous mesh. (h, i) Cumulative release of cefazolin
from the engineered nanofibrous platform in response of continuous (h) and cyclic (i) application of heat.
(Source: Figures are reproduced with permission from references [246,247].)
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anti-inflammatory drugs, and pain medication. In these systems, an ex-
ternally triggered module drives the drug towards or through the skin
[245]. Recent advances in the area of microfabrication and flexible elec-
tronics have further enabled the development of such systems. For ex-
ample, the combination of stimuli responsive drug carriers and
flexible heaters has led to development of wearable devices that can re-
lease drugs on demand. In one example, Bagherifard et al. fabricated
flexible heaters and casted a layer of alginate hydrogel containing
pNIPAM microparticles on top of it. The platform was integrated with
a driver that enabled the triggering of the heater and drug delivery
(Fig. 9a–e) [246]. In another example, nanofibrous meshes were fabri-
cated in which thermoresponsive drug nanocarriers were embedded
into elastic nanofibrous meshes [247]. These meshes possess morphol-
ogy similar to paper and have been used as a substrate for fabrication
of flexible electronics. However, to avoid the triggering of the drug car-
riers a low temperature radio frequency sputtering was used to deposit
metallic heaters from various metals including gold, silver, magnesium,
and zinc (Fig. 9f, g). It demonstrated that the release profile of the drugs



Fig. 10. Active delivery of different drugs and oxygen to wounds. (a) Schematics of a thread-based patch for the transdermal drug delivery in which each fiber was comprised of a core
heater coated by a layer of hydrogel carrying thermoresponsive particles. The fibers were individually addressed. (b) Schematic of the engineered multi-compartment fibers in which
cotton thread was coated with a conductive ink as a core, and covered with drug-loaded hydrogel. (c) Numerical simulation showing the temperature distribution when two fibers are
triggered. (d) The release profile of cefazolin from the fibers at different temperatures. (e) The effect of number of activated fibers on cefazolin release from a textile patch. (f) An
optical image of the patch on the wound model. (g) The effect of VEGF delivery from the patch on granulation tissue deposition. (h) Side view schematic of oxygen-releasing platform.
(i) An image of a typical patch with multiple oxygen generation points.
(Source: Figures are reproduced with permission from references [248,252].)
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could be controlled by the applied voltage and the generated heat. The
released antibiotics were potent against culture of different bacteria.
The device could be triggered using a smartphone (Fig. 9h, i) [247].
Usually skin disorders are multifactorial and different drugs at
different stages of wound healing are required. Also, for patients who
are living in remote areas, having a patch which is already loaded with



Fig. 11. Transdermal delivery of drugs using iontophoresis and liquid jet injectors. (a) Schematic showing the mechanism of operation iontophoretic drug delivery. (b) Schematic
demonstrating the use of liquid jet injectors for delivery of drugs into skin. (c, d) The comparison of wound healing in wounded animals receiving prednisolone/HFG using jet injector
(c) versus the control without receiving any therapies (d) 7 days post surgery. (e) The comparison of wound healing between groups receiving prednisolone/HFG using jet injector or
regular hypodermic needles. The data showed better effectiveness of the jet injector in inducing wound healing.
(Source: Figures are reproduced with permission from reference [259].)

160 S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
potentially needed drugs in which they can be triggered as needed is
helpful. However, releasing different drugs with independent profiles is
challenging. In a recent study,Mostafalu et al. formedmulticompartment
fibers with a core thread heater coated by a layer of alginate-based hy-
drogel [248]. Thermoresponsive microparticles of pNIPAM-PEGDA
were fabricated using a microfluidic systems and incorporated into the
hydrogel coating. The fibers were then woven into a patch and each
fiber was connected to a controller that enabled addressing them inde-
pendently (Fig. 10a, b). It was shown that the fibers could be triggered
one by one or together and the number of triggered fibers would result
in the release of specific quantity of the drug (Fig. 10c–e). The system
was effective for preventing bacterial growth. Also, the release of VEGF
from the engineered patches helped with improved vascularization
and wound healing both in vitro and in diabetic animal models
(Fig. 10f, g) [248].

One interesting example of active delivery for wound care is topical
oxygen delivery [249]. It is known that the tissue oxygenation can sig-
nificantly improve the rate of wound healing. Currently hyperbaric ox-
ygen therapy (HBOT) and topical oxygen therapy (TOT) are being
practiced for treatment of diabetic and chronicwounds [250,251]. How-
ever, oxygen therapy usually requires the presence of sophisticated de-
vices which are not portable. In addition, these systems carry the risk of
oxygen poisoning in patients. To address these challenges, recently a
wearable dressing was developed by Ochoa et al. in which hydrophobic
porous substrates were coated with catalyst particles and were bonded
to a PDMS layer containing microchannels [252]. A manual pump was
used for pushing H2O2 through the channels. In contact with catalyst
particles, H2O2 was broken into water and oxygen. Only oxygen could
permeate through the hydrophobic membrane towards skin (Fig. 10h,
i) [252].

An alternative to thermoresponsive drug carriers for engineering
externally triggered systems is the iontophoretic drug delivery
platforms [253]. In these systems, charged drug molecules or drug
carriers are placed between two electrodes and are moved along
the electrical field to penetrate the skin (Fig. 11a). These systems
have been previously used for transdermal delivery of drugs. For exam-
ple, in an example, sweat generating drugs were delivered to enhance
the rate of sweat generation in human subjects [254]. These systems
can also be applied to wound care as they enable precise control over
drug delivery. Iontophoretic delivery of nitric oxide was compared with
its subcutaneous delivery for wound healing after skin flap surgery
[255]. The results indicated superiority of the iontophoretic delivery in
improving flap survival.

In the past decade, the use of jet injections has gained attention for
transdermal delivery of therapeutics. Jet injectors generate high-speed
fluid streams to penetrate the skin and deliver compounds to deeper
layers of the skin (Fig. 11b). Jet injectors have already seen use in a clin-
ical setting in the fields of skin remodeling and rejuvenation and are
being explored for use in wound healing [256,257]. Kobus et al. show-
cased the capability of the AirGent, a microjet injection device that is
used to deliver compounds into the skin in a minimally invasive man-
ner, to induce wound healing [256]. Kwon et al. used a similar injector
called the INNOJECTOR™ to investigate the process of skin rejuvenation
through HA injection. They discovered that the microtrauma which
stimulated surrounding tissue to an increase in collagen synthesis was
caused by the activation of vimentin, a protein that plays a role in
wound healing [258].

Different approaches such as gene transfer using jet injectors are
also receiving attention. Gene therapy generally relies on the use of
viral vectors or nanoparticles, which possess safety issues and are lim-
ited in efficiency. The use of needles for gene transfer into rats has pre-
viously been established, however jet injectors showed a 100 fold
higher efficiency. Kunugiza et al. used the Shima Jet®, a jet injector
that has already seen use in humans, to co-inject HGF and prostacyclin
synthase (PGIS). Treatment ofmicemodels using this approach resulted
in promoted wound healing (Fig. 11c–e) [259].
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One important area of active delivery systems is the use of externally
triggeredmicroneedle-based platform. In one study,microfabricated ta-
pered microneedles were used for insulin injection. The successful of
these systems led to effective control in blood sugar level. These
microneedles can be integrated with other actuation mechanisms
such as ultrasonication devices, piezoelectric systems, and micropumps
for active drug delivery [260].

Overall, the active delivery of drugs for wound care is a relatively
new and less explored area, which has significant potential for chang-
ing the current wound care practice. Identifying mechanism that can
eliminate the unwanted drug release is important, but realization of
such platforms would significantly reduce the pain and morbidity of
chronic wounds. Also, finding effective tools that allow the efficient
transport of drug into deeper layers of skin and wound in a minimally
invasive fashion could further improve the outcome of the utilized
therapeutics.
Fig. 12. Smart and automated bandages for treatment of chronic wounds. (a) Schematic of mul
can process the data and trigger the drug delivery if needed. (b) A photograph of the wearable
bandage with colorimetric pH sensor and drug delivery capability. (d) Effect of bacterial cultur
(Source: Figures are reproduced with permission from references [77,265].)
4.3. Smart and automated systems

Automated drug delivery devices are mostly used to maintain the
level of cytokines, drugs, and other conditions at a desirable level
[261]. Current medical devices usually either have the capability of
monitoring or delivery of therapeutics. In this approach,medical profes-
sionals are considered the decision makers, who can interpret the data
and decide about proper course of therapy. Recent advances in electron-
ics have enabled the packaging of systemswith high processing capacity
in portable and wearable formats. These electrical devices can also be
connected to remote devices through internet or Bluetooth communi-
cation. Thus, the data can be easily processed on board or online and
the decisions can be made automatically for proper treatment. Chronic
wounds affect a large number of populations and the continuous need
for hospital visit by patients to be assessed on the wound healing prog-
ress place substantial pressure on medical professionals and patients
ti-layer dressing with both sensing and drug delivery capabilities. The onboard electronics
bandage with both sensing and drug delivery capabilities. (c) Schematic of a 3D printed
e on the color of the engineered bandage.
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[262]. Thus, systems that can automatically monitor the wound envi-
ronment as well as patients' health while being capable of therapeutic
delivery have become attractive for wound care. As a result, significant
attention has been paid to the development of sensors for wound care,
which have been recently reviewed elsewhere [266].

Although various smart systems with both sensing and delivery ca-
pabilities have been reported for controlling blood sugar level or treat-
ment of movement disorders, there are only a few examples of smart
bandages. One of the challenges that have significantly affected the
progress of the field has been identifying specific markers that can
lead to specific diagnosis in wound care [263]. Wound pH and temper-
ature have been related to the status of wound [264]. Elevated temper-
ature is an indication of inflammation and elevated or significantly
acidic pH can be an indication of non-healingwoundswhich are usually
contaminated with pathogens [264]. In two different studies, auto-
mated bandages were developed that were equipped with either elec-
trochemical or colorimetric pH sensors as well as drug delivery
modules (Fig. 12) [77,265]. Mostafalu et al. were the first to engineer
an integrated multilayer bandage in which an array of electrochemical
pH sensors were embedded within a hydrogel layer carrying
thermoresponsive drug carriers casted on a flexible heater [265]. The
sensors and heater were connected to a microcontroller that could
also communicate with smartphones. Critical pH values were set on
the controller and once the pH was outside the acceptable range the
heater was triggered to release antibiotics (Fig. 12a, b) [265,267].

Overall, this area is developing and it is expected that more ad-
vanced automated devices to be engineered. Along with advances in
wound biology, more specific markers and wearable sensors for their
detection should be identified to enable specific diagnostics and treat-
ment. The integration of multi-drug delivery systems such as the one
published by Mostafalu et al. [248] with these automated bandages is
essential as there is usually not a single drug needed to inducing healing
or alleviating the symptoms in patients.

5. Concluding remarks and future directions

The field of wound healing has been growing rapidly and a large
number of groups are investigating various aspects of wound pathogen-
esis and providingmechanistic insights about the healing process. In ad-
dition, advances in biology and pharmaceutical sciences have resulted
in the production of new active molecules that improve the tissue re-
generation rate and expedite the halted physiologic processes. Along
with these advances, better and more reliable drug delivery systems
should be designed and tested to improve the bioavailability of these
therapeutics at the site of injury. One key area that requires substantial
improvement is in the design of drug carriers that address themultifac-
torial nature of chronic wound occurrence and support the sequence of
physiologic processes essential for proper wound healing.

Reducing the distance from the delivery point to the growing cells is
also of great importance. For this reason, better transdermal delivery
systems that can bypass the necrotic tissuewithout the need for surgical
debridement is essential. Microneedle arrays are excellent tools for this
purpose, but their penetration depth, release profile, and release mech-
anism should be optimized to ensure effective healing.

As medicine moves towards from one fits all to personalized thera-
pies, the area of wound care will undergo fundamental changes. Each
type of wound has its own signature and the sequence of events leading
to disruption of healing cycle is different in each case. Thus, developing
smart systems that automatically respond to the abnormal changes
could significantly advance the field. This goal can be achieved through
two approaches: 1) development of advanced smart materials that can
respond to the wound environment and release therapeutics that can
mend the dysfunctional processes; 2) engineer automated systems
that can sense the wound environment, analyze the data, and deliver
therapeutics automatically or after consultation with medical profes-
sionals. In the first approach, finding ways to enhance the loading
capacity of these systems as well as preserving the activity and proper-
ties of the incorporated drugs is of great importance. The latter approach
requires combining advances in biosensing, flexible electronics, and
wearable devices. Better sensingmodalities that are stable inwound ex-
udate rich with various chemokines should be generated. In addition,
delivery systems that can ensure on-demand delivery of the targeted
drugs or even drug carriers are off great importance. Through these ef-
forts, we can begin to tackle the significant health and financial burden
associated with chronic wounds.
Acknowledgements

The authors declare no conflict of interests in this work. This re-
search has been partially supported by the National Institutes of Health
(HL092836, DE019024, EB012597, AR057837, DE021468, HL099073,
EB008392). A.T. acknowledges financial support from the University of
Nebraska, Lincoln and Nebraska Tobacco Settlement Biomedical Re-
search Enhancement Funds. S.S thanks Belgian American Educational
Foundation (BAEF) and King Baudouin Foundation (KBS) for Henri Ben-
edictus postdoctoral fellowship. C.R. would like to thank the funding
from the National Centre for Research and Development in the frame
of START project (STRATEGMED1/233224/10/NCBR/2014).

References

[1] A.J. Singer, R.A. Clark, Cutaneous wound healing, N. Engl. J. Med. 341 (1999)
738–746.

[2] R.G. Frykberg, J. Banks, Challenges in the treatment of chronic wounds, Advances in
Wound Care 4 (2015) 560–582.

[3] C.K. Sen, G.M. Gordillo, S. Roy, R. Kirsner, L. Lambert, T.K. Hunt, F. Gottrup, G.C.
Gurtner, M.T. Longaker, Human skin wounds: a major and snowballing threat to
public health and the economy, Wound Repair Regen. 17 (2009) 763–771.

[4] C.E. Fife, M.J. Carter, Wound care outcomes and associated cost among patients
treated in US outpatient wound centers: data from the US wound registry,
Wounds 24 (2012) 10–17.

[5] N.A. Richmond, S.A. Lamel, J.M. Davidson, M. Martins-Green, C.K. Sen, M. Tomic-
Canic, A.C. Vivas, L.R. Braun, R.S. Kirsner, US–National Institutes of Health-funded
research for cutaneous wounds in 2012,Wound Repair Regen. 21 (2013) 789–792.

[6] R.F. Diegelmann,M.C. Evans, Wound healing: an overview of acute, fibrotic and de-
layed healing, Front. Biosci. 9 (2004) 283–289.

[7] J.S. Boateng, K.H. Matthews, H.N.E. Stevens, G.M. Eccleston, Wound healing dress-
ings and drug delivery systems: a review, J. Pharm. Sci. 97 (2008) 2892–2923.

[8] T.N. Demidova-Rice, M.R. Hamblin, I.M. Herman, Acute and impaired wound
healing: pathophysiology and current methods for drug delivery, part 1: normal
and chronic wounds: biology, causes, and approaches to care, Adv. Skin Wound
Care 25 (2012) 304–314.

[9] L.F. Rose, R.K. Chan, The burn wound microenvironment, Advances in wound care
5 (2016) 106–118.

[10] S.M. Milner, M.J. Feldman, Total Burn Care, Elsevier Inc., 2012
[11] N.S. Greaves, K.J. Ashcroft, M. Baguneid, A. Bayat, Current understanding of molec-

ular and cellular mechanisms in fibroplasia and angiogenesis during acute wound
healing, J. Dermatol. Sci. 72 (2013) 206–217.

[12] B.K. Sun, Z. Siprashvili, P.A. Khavari, Advances in skin grafting and treatment of cu-
taneous wounds, Science 346 (2014) 941–945.

[13] K.A. Bielefeld, S. Amini-Nik, B.A. Alman, Cutaneous wound healing: recruiting de-
velopmental pathways for regeneration, Cell. Mol. Life Sci. 70 (2013) 2059–2081.

[14] M. Artuc, B. Hermes, U.M. Steckelings, A. Grutzkau, B.M. Henz, Mast cells and their
mediators in cutaneous wound healing—active participants or innocent by-
standers? Exp. Dermatol. 8 (1999) 1–16.

[15] T. Velnar, T. Bailey, V. Smrkolj, The wound healing process: an overview of the cel-
lular and molecular mechanisms, J. Int. Med. Res. 37 (2009) 1528–1542.

[16] S.M. Albelda, C.A. Buck, Integrins and other cell adhesion molecules, FASEB J. 4
(1990) 2868–2880.

[17] M. Schäffer, A. Barbul, Lymphocyte function inwound healing and following injury,
Br. J. Surg. 85 (1998) 444–460.

[18] R.F. Diegelmann, I.K. Cohen, A.M. Kaplan, The role of macrophages in wound re-
pair: a review, Plast. Reconstr. Surg. 68 (1981) 107–113.

[19] S. Leibovich, R. Ross, The role of the macrophage in wound repair. A study with hy-
drocortisone and antimacrophage serum, Am. J. Pathol. 78 (1975) 71.

[20] G.C. Gurtner, S. Werner, Y. Barrandon, M.T. Longaker, Wound repair and regenera-
tion, Nature 453 (2008) 314–321.

[21] G. Broughton 2nd, J.E. Janis, C.E. Attinger, The basic science of wound healing, Plast.
Reconstr. Surg. 117 (2006) 12S–34S.

[22] E. Kiwanuka, J. Junker, E. Eriksson, Harnessing growth factors to influence wound
healing, Clin. Plast. Surg. 39 (2012) 239–248.

[23] G.F. Pierce, T.A. Mustoe, B.W. Altrock, T.F. Deuel, A. Thomason, Role of platelet-
derived growth factor in wound healing, J. Cell. Biochem. 45 (1991) 319–326.

http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0005
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0005
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0010
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0010
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0020
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0020
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0020
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0025
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0025
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0025
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0030
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0030
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0045
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0045
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0050
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0065
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0065
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0075
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0075
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0080
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0080
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0085
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0085
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0090
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0090
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0095
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0095
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0100
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0100
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0105
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0105
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0110
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0110
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0115
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0115


163S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
[24] T.K. Hunt, H. Hopf, Z. Hussain, Physiology of wound healing, Adv. SkinWound Care
13 (2000) 6.

[25] M.P. Caley, V.L. Martins, E.A. O'Toole, Metalloproteinases and wound healing, Ad-
vances in wound care 4 (2015) 225–234.

[26] V.L. Martins, M. Caley, E.A. O'Toole, Matrix metalloproteinases and epidermal
wound repair, Cell Tissue Res. 351 (2013) 255–268.

[27] S.A. Eming, P. Martin, M. Tomic-Canic, Wound repair and regeneration: mecha-
nisms, signaling, and translation, Sci. Transl. Med. 6 (2014) (265sr266-265sr266).

[28] T.A. Mustoe, K. O'Shaughnessy, O. Kloeters, Chronic wound pathogenesis and cur-
rent treatment strategies: a unifying hypothesis, Plast. Reconstr. Surg. 117 (2006)
35S–41S.

[29] R. Zhao, H. Liang, E. Clarke, C. Jackson,M. Xue, Inflammation in chronic wounds, Int.
J. Mol. Sci. 17 (2016) 2085.

[30] K. Jung, S. Covington, C.K. Sen, M. Januszyk, R.S. Kirsner, G.C. Gurtner, N.H. Shah,
Rapid identification of slow healing wounds, Wound Repair Regen. 24 (1)
(2016) 181–188.

[31] L. Butzelaar, M. Ulrich, A.M. van der Molen, F. Niessen, R. Beelen, Currently known
risk factors for hypertrophic skin scarring: a review, J. Plast. Reconstr. Aesthet. Surg.
69 (2016) 163–169.

[32] K. Fujio, T. Komai, M. Inoue, K. Morita, T. Okamura, K. Yamamoto, Revisiting the
regulatory roles of the TGF-β family of cytokines, Autoimmun. Rev. 15 (2016)
917–922.

[33] A.I. Arno, G.G. Gauglitz, J.P. Barret, M.G. Jeschke, Up-to-date approach to manage
keloids and hypertrophic scars: a useful guide, Burns 40 (2014) 1255–1266.

[34] E.R. Zielins, D.A. Atashroo, Z.N. Maan, D. Duscher, G.G.Walmsley, O. Marecic, M. Hu,
K. Senarath-Yapa, A. McArdle, R. Tevlin, Wound healing: an update, Regen. Med. 9
(2014) 817–830.

[35] G.C. Gurtner, M.A. Chapman, Regenerative medicine: charting a new course in
wound healing, Adv. Wound Care 5 (2016) 314–328.

[36] G.G. Walmsley, Z.N. Maan, V.W. Wong, D. Duscher, M.S. Hu, E.R. Zielins, T. Wearda,
E. Muhonen, A. McArdle, R. Tevlin, Scarless wound healing: chasing the holy grail,
Plast. Reconstr. Surg. 135 (2015) 907–917.

[37] A.J. Whittam, Z.N. Maan, D. Duscher, V.W. Wong, J.A. Barrera, M. Januszyk, G.C.
Gurtner, Challenges and opportunities in drug delivery for wound healing, Ad-
vances in wound care 5 (2016) 79–88.

[38] I.V. Yannas, D.P. Orgill, J.F. Burke, Template for skin regeneration, Plast. Reconstr.
Surg. 127 (2011) 60S–70S.

[39] C.M. Zelen, D.P. Orgill, T. Serena, R. Galiano, M.J. Carter, L.A. DiDomenico, J. Keller, J.
Kaufman, W.W. Li, A prospective, randomised, controlled, multicentre clinical trial
examining healing rates, safety and cost to closure of an acellular reticular allo-
genic human dermis versus standard of care in the treatment of chronic diabetic
foot ulcers, Int. Wound J. 14 (2) (2016) 307–315.

[40] L. Lancerotto, D.P. Orgill, Mechanoregulation of angiogenesis inwound healing, Ad-
vances in wound care 3 (2014) 626–634.

[41] R.L. Harries, D.C. Bosanquet, K.G. Harding,Wound bed preparation: TIME for an up-
date, Int. Wound J. 13 (2016) 8–14.

[42] D.J. Leaper, G. Schultz, K. Carville, J. Fletcher, T. Swanson, R. Drake, Extending the
TIME concept: what have we learned in the past 10 years? Int. Wound J. 9
(2012) 1–19.

[43] J. Boateng, O. Catanzano, Advanced therapeutic dressings for effective wound
healing—a review, J. Pharm. Sci. 104 (2015) 3653–3680.

[44] S. Marola, A. Ferrarese, M. Solej, S. Enrico, M. Nano, V. Martino, Management of ve-
nous ulcers: state of the art, Int. J. Surg. 33 (2016) S132–S134.

[45] M.J. Westby, G. Norman, J.C. Dumville, N. Stubbs, N. Cullum, Protease-modulating
matrix treatments for healing venous leg ulcers, Cochrane Libr 12 (2015).

[46] P.G. Bowler, B.I. Duerden, D.G. Armstrong, Wound microbiology and associ-
ated approaches to wound management, Clin. Microbiol. Rev. 14 (2001)
244–269.

[47] K. Zhu, S.R. Shin, T. van Kempen, Y.C. Li, V. Ponraj, A. Nasajpour, S. Mandla, N. Hu, X.
Liu, J. Leijten, Gold nanocomposite bioink for printing 3D cardiac constructs, Adv.
Funct. Mater. 27 (2017).

[48] D. Queen, H. Orsted, H. Sanada, G. Sussman, A dressing history, Int. Wound J. 1
(2004) 59–77.

[49] A. Wackenfors, J. Sjögren, R. Gustafsson, L. Algotsson, R. Ingemansson, M. Malmsjö,
Effects of vacuum-assisted closure therapy on inguinal wound edge microvascular
blood flow, Wound Repair Regen. 12 (2004) 600–606.

[50] C.M. Mouës, M.C. Vos, G.J.C.M.V.D. Bemd, T. Stijnen, S.E.R. Hovius, Bacterial load in
relation to vacuum-assisted closure wound therapy: a prospective randomized
trial, Wound Repair Regen. 12 (2004) 11–17.

[51] K.V. Lambert, P. Hayes, M. McCarthy, Vacuum assisted closure: a review of develop-
ment and current applications, Eur. J. Vasc. Endovasc. Surg. 29 (2005) 219–226.

[52] T. Kamperman, S. Henke, A. van den Berg, S.R. Shin, A. Tamayol, A. Khademhosseini,
M. Karperien, J. Leijten, Single cell microgel based modular bioinks for uncoupled
cellular micro-and macroenvironments, Adv. Healthcare Mater. 6 (2017).

[53] S. Guo, L.A. Dipietro, Factors affecting wound healing, J. Dent. Res. 89 (2010)
219–229.

[54] M.W. Tibbitt, K.S. Anseth, Hydrogels as extracellular matrix mimics for 3D cell cul-
ture, Biotechnol. Bioeng. 103 (2009) 655–663.

[55] S.D. Anker, A.J. Coats, G. Cristian, D. Dragomir, E. Pusineri, M. Piredda, L. Bettari, R.
Dowling, M. Volterrani, B.-A. Kirwan, A prospective comparison of alginate-
hydrogel with standard medical therapy to determine impact on functional capac-
ity and clinical outcomes in patients with advanced heart failure (AUGMENT-HF
trial), Eur. Heart J. 36 (2015) 2297–2309.

[56] N. Greer, N.A. Foman, R. MacDonald, J. Dorrian, P. Fitzgerald, I. Rutks, T.J. Wilt, Ad-
vanced wound care therapies for nonhealing diabetic, venous, and arterial ulcers a
systematic review, Ann. Intern. Med. 159 (2013) 532–542.
[57] J. Yu, K.T. Du, Q. Fang, Y. Gu, S.S. Mihardja, R.E. Sievers, J.C. Wu, R.J. Lee, The use of
human mesenchymal stem cells encapsulated in RGD modified alginate micro-
spheres in the repair of myocardial infarction in the rat, Biomaterials 31 (2010)
7012–7020.

[58] V. Cervelli, P. Gentile, M.G. Scioli, M. Grimaldi, C.U. Casciani, L.G. Spagnoli, A.
Orlandi, Application of platelet-rich plasma in plastic surgery: clinical and
in vitro evaluation, Tissue Eng. Part C Methods 15 (2009) 625–634.

[59] F. Strodtbeck, Physiology of wound healing, Newborn Infant Nurs Rev 1 (2001)
43–52.

[60] P. Beldon, Basic science of wound healing, Surgery (Oxford) 28 (2010) 409–412.
[61] C.J. Ferris, K.J. Gilmore, S. Beirne, D. McCallum, G.G. Wallace, Bio-ink for on-demand

printing of living cells, Biomater. Sci. 1 (2013) 224–230.
[62] J. Panuncialman, V. Falanga, The science of wound bed preparation, Surg. Clin.

North Am. 89 (2009) 611–626.
[63] V. Falanga, The chronic wound: impaired healing and solutions in the context of

wound bed preparation, Blood Cell Mol. Dis. 32 (2004) 88–94.
[64] S. Dhivya, V.V. Padma, E. Santhini, Wound dressings – a review, Biomedicine 5

(2015) 22.
[65] A.R. Sheets, T.N. Demidova-Rice, L. Shi, V. Ronfard, K.V. Grover, I.M. Herman, Iden-

tification and characterization of novel matrix-derived bioactive peptides: a role
for collagenase from Santyl® ointment in post-debridement wound healing?
PLoS One 11 (2016), e0159598. .

[66] C.S. Hankin, J. Knispel, M. Lopes, A. Bronstone, E. Maus, Clinical and cost efficacy of
advanced wound care matrices for venous ulcers, J. Manag. Care Pharm. 18 (2012)
375–384.

[67] J.D. Vuerstaek, T. Vainas, J. Wuite, P. Nelemans, M.H. Neumann, J.C. Veraart, State-
of-the-art treatment of chronic leg ulcers: a randomized controlled trial comparing
vacuum-assisted closure (VAC) with modern wound dressings, J. Vasc. Surg. 44
(2006) 1029–1037.

[68] K.F. Cutting, Wound exudate: composition and functions, Br. J. Community Nurs. 8
(2003) Suppl 4-9.

[69] E. Chong, T. Phan, I. Lim, Y. Zhang, B. Bay, S. Ramakrishna, C. Lim, Evaluation of
electrospun PCL/gelatin nanofibrous scaffold for wound healing and layered der-
mal reconstitution, Acta Biomater. 3 (2007) 321–330.

[70] S. Das, A.B. Baker, Biomaterials and nanotherapeutics for enhancing skin wound
healing, Front. Bioeng. Biotechnol. 4 (2016) 82.

[71] V.J. Jones, The use of gauze: will it ever change? Int. Wound J. 3 (2006) 79–88.
[72] S. Thomas, P. Loveless, N. Hay, Comparative review of the properties of six semi-

permeable film dressings, Pharm. J. 240 (1988) 785–787.
[73] H. Vermeulen, D.T. Ubbink, A. Goossens, R. de Vos, D.A. Legemate, Systematic re-

view of dressings and topical agents for surgical wounds healing by secondary in-
tention, Br. J. Surg. 92 (2005) 665–672.

[74] N. Annabi, A. Tamayol, J.A. Uquillas, M. Akbari, L.E. Bertassoni, C. Cha, G. Camci-
Unal, M.R. Dokmeci, N.A. Peppas, A. Khademhosseini, 25th anniversary article: ra-
tional design and applications of hydrogels in regenerative medicine, Adv. Mater.
26 (2014) 85–124.

[75] K. Lay-Flurrie, The properties of hydrogel dressings and their impact on wound
healing, Prof. Nurse 19 (2004) 269–273.

[76] P.T. Sudheesh Kumar, V.-K. Lakshmanan, T.V. Anilkumar, C. Ramya, P. Reshmi, A.G.
Unnikrishnan, S.V. Nair, R. Jayakumar, Flexible andmicroporous chitosan hydrogel/
nano ZnO composite bandages for wound dressing: in vitro and in vivo evaluation,
ACS Appl. Mater. Interfaces 4 (2012) 2618–2629.

[77] B. Mirani, E. Pagan, B. Currie, M.A. Siddiqui, R. Hosseinzadeh, P. Mostafalu, Y.S.
Zhang, A. Ghahary, M. Akbari, An advanced multifunctional hydrogel-based dress-
ing for wound monitoring and drug delivery, Advanced Healthcare Materials 6
(2017) (n/a-n/a).

[78] S. Thomas, Alginate dressings in surgery and wound management—part 1, J.
Wound Care 9 (2000) 56–60.

[79] J. Sayag, S. Meaume, S. Bohbot, Healing properties of calcium alginate dressings, J.
Wound Care 5 (1996) 357–362.

[80] C.-T. Chiu, J.-S. Lee, C.-S. Chu, Y.-P. Chang, Y.-J. Wang, Development of two alginate-
based wound dressings, J. Mater. Sci. Mater. Med. 19 (2008) 2503–2513.

[81] C. Dealey, Role of hydrocolloids in woundmanagement, Br. J. Nurs. 2 (1993) (Mark
Allen Publishing). (358, 360, 362 passim).

[82] J. Fletcher, Understandingwound dressings: hydrocolloids, Nurs. Times 101 (2005)
51.

[83] S.P. Zhong, Y.Z. Zhang, C.T. Lim, Tissue scaffolds for skin wound healing and dermal
reconstruction, Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2 (2010)
510–525.

[84] E. Mele, Electrospinning of natural polymers for advancedwound care: towards re-
sponsive and adaptive dressings, J. Mater. Chem. B 4 (2016) 4801–4812.

[85] K. Sung Eun, H. Dong Nyoung, L. Jung Bok, K. Jong Ryul, P. Sang Hyuk, J. Seong Ho,
K. Il Keun, Electrospun gelatin/polyurethane blended nanofibers for wound
healing, Biomed. Mater. 4 (2009), 044106. .

[86] A.I. Caplan, J.E. Dennis, Mesenchymal stem cells as trophic mediators, J. Cell.
Biochem. 98 (2006) 1076–1084.

[87] D.R. Griffin, W.M. Weaver, P.O. Scumpia, D. Di Carlo, T. Segura, Accelerated wound
healing by injectable microporous gel scaffolds assembled from annealed building
blocks, Nat. Mater. 14 (2015) 737–744.

[88] X. Zhao, H. Wu, B. Guo, R. Dong, Y. Qiu, P.X. Ma, Antibacterial anti-oxidant
electroactive injectable hydrogel as self-healing wound dressing with hemosta-
sis and adhesiveness for cutaneous wound healing, Biomaterials 122 (2017)
34–47.

[89] A.R. Chandrasekaran, J. Venugopal, S. Sundarrajan, S. Ramakrishna, Fabrication of a
nanofibrous scaffold with improved bioactivity for culture of human dermal fibro-
blasts for skin regeneration, Biomed. Mater. 6 (2011), 015001.

http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0120
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0120
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0125
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0125
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0130
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0130
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0135
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0135
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0140
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0140
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0140
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0165
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0165
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0175
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0175
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0185
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0185
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0185
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0190
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0190
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0200
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0200
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0205
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0205
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0210
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0210
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0210
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf8000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf8000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0230
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0230
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0230
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0235
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0235
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0235
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0240
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0240
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0250
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0250
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0250
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0260
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0260
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0260
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0265
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0265
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0270
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0270
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0290
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0290
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0290
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0295
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0295
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0300
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0305
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0305
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0315
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0315
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0320
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0320
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0325
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0325
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0325
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0325
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0330
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0330
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0330
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0335
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0335
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0335
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0335
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf7000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf7000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0345
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0345
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0345
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0350
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0350
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0355
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0360
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0360
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0365
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0365
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0365
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0370
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0370
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0370
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0370
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0375
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0375
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0380
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0380
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0380
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0380
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0385
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0385
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0385
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0385
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0390
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0390
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0395
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0395
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0400
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0400
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0405
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0405
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0410
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0410
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0415
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0415
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0415
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0420
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0420
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0425
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0425
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0425
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0430
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0430
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0435
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0435
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0435
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0440
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0440
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0440
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0440
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0445
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0445
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0445


164 S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
[90] A. Tamayol, M. Akbari, N. Annabi, A. Paul, A. Khademhosseini, D. Juncker, Fiber-
based tissue engineering: progress, challenges, and opportunities, Biotechnol.
Adv. 31 (2013) 669–687.

[91] W.-J. Li, C.T. Laurencin, E.J. Caterson, R.S. Tuan, F.K. Ko, Electrospun nanofibrous struc-
ture: a novel scaffold for tissue engineering, J. Biomed.Mater. Res. 60 (2002) 613–621.

[92] M. Wang, A.K. Roy, T.J. Webster, Development of chitosan/poly(vinyl alcohol)
electrospun nanofibers for infection related wound healing, Front. Physiol. 7
(2016) 683.

[93] G.C. Ingavle, J.K. Leach, Advancements in electrospinning of polymeric nanofibrous
scaffolds for tissue engineering, Tissue Eng. Part B. 20 (2013) 277–293.

[94] K.S. Rho, L. Jeong, G. Lee, B.-M. Seo, Y.J. Park, S.-D. Hong, S. Roh, J.J. Cho, W.H. Park,
B.-M. Min, Electrospinning of collagen nanofibers: effects on the behavior of nor-
mal human keratinocytes and early-stage wound healing, Biomaterials 27 (2006)
1452–1461.

[95] M.-S. Khil, D.-I. Cha, H.-Y. Kim, I.-S. Kim, N. Bhattarai, Electrospun nanofibrous poly-
urethane membrane as wound dressing, J Biomed Mater Res B Appl Biomater 67B
(2003) 675–679.

[96] A.H. Najafabadi, A. Tamayol, N. Annabi, M. Ochoa, P. Mostafalu, M. Akbari, M.
Nikkhah, R. Rahimi, M.R. Dokmeci, S. Sonkusale, B. Ziaie, A. Khademhosseini, Bio-
degradable nanofibrous polymeric substrates for generating elastic and flexible
electronics, Adv. Mater. 26 (2014) 5823–5830.

[97] X. Sun, Q. Lang, H. Zhang, L. Cheng, Y. Zhang, G. Pan, X. Zhao, H. Yang, Y. Zhang,
H.A. Santos, W. Cui, Electrospun photocrosslinkable hydrogel fibrous scaffolds for
rapid in vivo vascularized skin flap regeneration, Adv. Funct. Mater. 27 (2017)
(n/a-n/a).

[98] R.A. Thakur, C.A. Florek, J. Kohn, B.B. Michniak, Electrospun nanofibrous polymeric
scaffold with targeted drug release profiles for potential application as wound
dressing, Int. J. Pharm. 364 (2008) 87–93.

[99] A.R. Sadeghi-Avalshahr, M. Khorsand-Ghayeni, S. Nokhasteh, A.M. Molavi, H.
Naderi-Meshkin, Synthesis and characterization of PLGA/collagen composite scaf-
folds as skin substitute produced by electrospinning through two different ap-
proaches, J. Mater. Sci. Mater. Med. 28 (2017) 14.

[100] V.T. Tchemtchoua, G. Atanasova, A. Aqil, P. Filee, N. Garbacki, O. Vanhooteghem, C.
Deroanne, A. Noel, C. Jerome, B. Nusgens, Y. Poumay, A. Colige, Development of a
chitosan nanofibrillar scaffold for skin repair and regeneration, Biomacromolecules
12 (2011) 3194–3204.

[101] B. Veleirinho, D.S. Coelho, P.F. Dias, M. Maraschin, R.M. Ribeiro-do-Valle, J.A. Lopes-
da-Silva, Nanofibrous poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/chitosan
scaffolds for skin regeneration, Int. J. Biol. Macromol. 51 (2012) 343–350.

[102] S. Khalili, S. Nouri Khorasani, M. Razavi, B. Hashemi Beni, F. Heydari, A. Tamayol,
Nanofibrous scaffolds with biomimetic structure, J. Biomed. Mater. Res. A 106 (2)
(2018) 370–376.

[103] S. Zhang, C. Vlémincq, D.R. Wong, D. Magnin, K. Glinel, S. Demoustier-Champagne,
A.M. Jonas, Nanopapers of layer-by-layer nanotubes, J. Mater. Chem. B 4 (2016)
7651–7661.

[104] J.S. Choi, K.W. Leong, H.S. Yoo, In vivo wound healing of diabetic ulcers using
electrospun nanofibers immobilized with human epidermal growth factor (EGF),
Biomaterials 29 (2008) 587–596.

[105] B.J. Kim, H. Cheong, E.-S. Choi, S.-H. Yun, B.-H. Choi, K.-S. Park, I.S. Kim, D.-H. Park,
H.J. Cha, Accelerated skin wound healing using electrospun nanofibrous mats
blended with mussel adhesive protein and polycaprolactone, J. Biomed. Mater.
Res. A 105 (2017) 218–225.

[106] J.L. Lowery, N. Datta, G.C. Rutledge, Effect of fiber diameter, pore size and seeding
method on growth of human dermal fibroblasts in electrospun poly(ɛ-
caprolactone) fibrous mats, Biomaterials 31 (2010) 491–504.

[107] S.P. Miguel, M.P. Ribeiro, H. Brancal, P. Coutinho, I.J. Correia, Thermoresponsive
chitosan-agarose hydrogel for skin regeneration, Carbohydr. Polym. 111 (2014)
366–373.

[108] J.L. Drury, D.J. Mooney, Hydrogels for tissue engineering: scaffold design variables
and applications, Biomaterials 24 (2003) 4337–4351.

[109] A. Tamayol, A.H. Najafabadi, B. Aliakbarian, E. Arab-Tehrany,M. Akbari, N. Annabi, D.
Juncker, A. Khademhosseini, Hydrogel templates for rapid manufacturing of bioac-
tive fibers and 3D constructs, Advanced Healthcare Materials 4 (2015) 2146–2153.

[110] K.R. Kirker, Y. Luo, J.H. Nielson, J. Shelby, G.D. Prestwich, Glycosaminoglycan hydro-
gel films as bio-interactive dressings for wound healing, Biomaterials 23 (2002)
3661–3671.

[111] Y. Zeng, L. Zhu, Q. Han,W. Liu, X. Mao, Y. Li, N. Yu, S. Feng, Q. Fu, X.Wang, Y. Du, R.C.
Zhao, Preformed gelatin microcryogels as injectable cell carriers for enhanced skin
wound healing, Acta Biomater. 25 (2015) 291–303.

[112] E. Chung, V.Y. Rybalko, P.L. Hsieh, S.L. Leal, M.A. Samano, A.N. Willauer, R.S.
Stowers, S. Natesan, D.O. Zamora, R.J. Christy, L.J. Suggs, Fibrin-based stem cell con-
taining scaffold improves the dynamics of burn wound healing, Wound Repair
Regen. 24 (2016) 810–819.

[113] P.A. Janmey, J.P. Winer, J.W. Weisel, Fibrin gels and their clinical and bioengineer-
ing applications, J. R. Soc. Interface 6 (2009) 1–10.

[114] G. Sun, X. Zhang, Y.I. Shen, R. Sebastian, L.E. Dickinson, K. Fox-Talbot, M. Reinblatt,
C. Steenbergen, J.W. Harmon, S. Gerecht, Dextran hydrogel scaffolds enhance an-
giogenic responses and promote complete skin regeneration during burn wound
healing, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) 20976–20981.

[115] X. Zhao, Q. Lang, L. Yildirimer, Z.Y. Lin, W. Cui, N. Annabi, K.W. Ng, M.R. Dokmeci,
A.M. Ghaemmaghami, A. Khademhosseini, Photocrosslinkable gelatin hydrogel
for epidermal tissue engineering, Adv. Healthcare Mater. 5 (2016) 108–118.

[116] J.O. Kim, J.K. Park, J.H. Kim, S.G. Jin, C.S. Yong, D.X. Li, J.Y. Choi, J.S. Woo, B.K. Yoo,
W.S. Lyoo, J.A. Kim, H.G. Choi, Development of polyvinyl alcohol-sodium alginate
gel-matrix-based wound dressing system containing nitrofurazone, Int. J. Pharm.
359 (2008) 79–86.
[117] A. Assmann, A. Vegh, M. Ghasemi-Rad, S. Bagherifard, G. Cheng, E.S. Sani, G.U. Ruiz-
Esparza, I. Noshadi, A.D. Lassaletta, S. Gangadharan, A. Tamayol, A. Khademhosseini,
N. Annabi, A highly adhesive and naturally derived sealant, Biomaterials 140
(2017) 115–127.

[118] N. Annabi, Y.-N. Zhang, A. Assmann, E.S. Sani, G. Cheng, A.D. Lassaletta, A. Vegh, B.
Dehghani, G.U. Ruiz-Esparza, X. Wang, S. Gangadharan, A.S. Weiss, A.
Khademhosseini, Engineering a highly elastic human protein–based sealant for
surgical applications, Sci. Transl. Med. 9 (2017).

[119] A. Nasajpour, S.Mandla, S. Shree, E.Mostafavi, R. Sharifi, A. Khalilpour, S. Saghazadeh,
S. Hassan,M.J. Mitchell, J. Leijten, X.Hou, A.Moshaverinia, N. Annabi, R. Adelung, Y.K.
Mishra, S.R. Shin, A. Tamayol, A. Khademhosseini, Nanostructured fibrous mem-
branes with rose spike-like architecture, Nano Lett. 17 (2017) 6235–6240.

[120] K. Katoh, T. Tanabe, K. Yamauchi, Novel approach to fabricate keratin sponge scaf-
folds with controlled pore size and porosity, Biomaterials 25 (2004) 4255–4262.

[121] G. Ramanathan, S. Singaravelu, T. Muthukumar, S. Thyagarajan, P.T. Perumal, U.T.
Sivagnanam, Design and characterization of 3D hybrid collagen matrixes as a der-
mal substitute in skin tissue engineering, Mater Sci Eng C Mater Biol Appl 72
(2017) 359–370.

[122] P. Chandika, S.C. Ko, G.W. Oh, S.Y. Heo, V.T. Nguyen, Y.J. Jeon, B. Lee, C.H. Jang, G.
Kim, W.S. Park, W. Chang, I.W. Choi, W.K. Jung, Fish collagen/alginate/
chitooligosaccharides integrated scaffold for skin tissue regeneration application,
Int. J. Biol. Macromol. 81 (2015) 504–513.

[123] W. Wang, S. Lin, Y. Xiao, Y. Huang, Y. Tan, L. Cai, X. Li, Acceleration of diabetic
wound healing with chitosan-crosslinked collagen sponge containing recombinant
human acidic fibroblast growth factor in healing-impaired STZ diabetic rats, Life
Sci. 82 (2008) 190–204.

[124] C. Jinno, N. Morimoto, R. Ito, M. Sakamoto, S. Ogino, T. Taira, S. Suzuki, A compari-
son of conventional collagen sponge and collagen-gelatin sponge in wound
healing, Biomed. Res. Int. 2016 (2016) 4567146.

[125] M. Kokabi, M. Sirousazar, Z.M. Hassan, PVA–clay nanocomposite hydrogels for
wound dressing, Eur. Polym. J. 43 (2007) 773–781.

[126] P.-o. Rujitanaroj, N. Pimpha, P. Supaphol, Wound-dressing materials with antibac-
terial activity from electrospun gelatin fiber mats containing silver nanoparticles,
Polymer 49 (2008) 4723–4732.

[127] A. Memic, M. Aldhahri, A. Tamayol, P. Mostafalu, M.S. Abdel-Wahab, M. Samandari,
K.M. Moghaddam, N. Annabi, S.A. Bencherif, A. Khademhosseini, Nanofibrous silver-
coated polymeric scaffolds with tunable electrical properties, Nano 7 (2017) 63.

[128] A. Nasajpour, S. Ansari, C. Rinoldi, A.S. Rad, T. Aghaloo, S.R. Shin, Y.K. Mishra, R.
Adelung, W. Swieszkowski, N. Annabi, A. Khademhosseini, A. Moshaverinia, A.
Tamayol, A multifunctional polymeric periodontal membrane with osteogenic
and antibacterial characteristics, Adv. Funct. Mater. (2018).

[129] S.S. Behera, U. Das, A. Kumar, A. Bissoyi, A.K. Singh, Chitosan/TiO2 composite mem-
brane improves proliferation and survival of L929 fibroblast cells: application in
wound dressing and skin regeneration, Int. J. Biol. Macromol. 98 (2017) 329–340.

[130] E.J. Chong, T.T. Phan, I.J. Lim, Y.Z. Zhang, B.H. Bay, S. Ramakrishna, C.T. Lim, Evalua-
tion of electrospun PCL/gelatin nanofibrous scaffold for wound healing and layered
dermal reconstitution, Acta Biomater. 3 (2007) 321–330.

[131] N. Boucard, C. Viton, D. Agay, E. Mari, T. Roger, Y. Chancerelle, A. Domard, The use
of physical hydrogels of chitosan for skin regeneration following third-degree
burns, Biomaterials 28 (2007) 3478–3488.

[132] N.S. Bhise, R.B. Shmueli, J.C. Sunshine, S.Y. Tzeng, J.J. Green, Drug delivery strategies
for therapeutic angiogenesis and antiangiogenesis, Expert opinion on drug delivery
8 (2011) 485–504.

[133] N. Kamaly, B. Yameen, J. Wu, O.C. Farokhzad, Degradable controlled-release poly-
mers and polymeric nanoparticles: mechanisms of controlling drug release,
Chem. Rev. 116 (2016) 2602–2663.

[134] F. Roesken, E. Uhl, S.B. Curri,M.D.Menger, K.Messmer, Acceleration ofwoundhealing
by topical drug delivery via liposomes, Langenbeck's Arch. Surg. 385 (2000) 42–49.

[135] D.G. Ramírez-Wong, S. Saghazadeh, S. Van Herck, B.G. De Geest, A.M. Jonas, S.
Demoustier-Champagne, Uptake of long protein-polyelectrolyte nanotubes by
dendritic cells, Biomacromolecules 18 (12) (2017) 4299–4306.

[136] P.T. Hammond, Building biomedical materials layer-by-layer, Mater. Today 15
(2012) 196–206.

[137] L. Pachuau, Recent developments in novel drug delivery systems for wound
healing, Expert opinion on drug delivery 12 (2015) 1895–1909.

[138] A. Kakkar, G. Traverso, O.C. Farokhzad, R. Weissleder, R. Langer, Evolution of mac-
romolecular complexity in drug delivery systems, Nat. Rev. Chemistry 1 (2017)
(s41570-41017-40063).

[139] C. Maderuelo, A. Zarzuelo, J.M. Lanao, Critical factors in the release of drugs from
sustained release hydrophilic matrices, J. Control. Release 154 (2011) 2–19.

[140] R. Langer, N. Peppas, Chemical and physical structure of polymers as carriers for
controlled release of bioactive agents: a review, J. Macromol. Sci., Rev. Macromol.
Chem. Phys. 23 (1983) 61–126.

[141] J. Braunecker, M. Baba, G.E. Milroy, R.E. Cameron, The effects of molecular weight
and porosity on the degradation and drug release from polyglycolide, Int. J.
Pharm. 282 (2004) 19–34.

[142] V. Karavelidis, E. Karavas, D. Giliopoulos, S. Papadimitriou, D. Bikiaris, Evaluating
the effects of crystallinity in new biocompatible polyester nanocarriers on drug re-
lease behavior, Int. J. Nanomedicine 6 (2011) 3021–3032.

[143] A.M. Kaushal, P. Gupta, A.K. Bansal, Amorphous drug delivery systems: molecular
aspects, design, and performance, Crit. Rev. Ther. Drug Carrier Syst. 21 (2004).

[144] Y. Fu, W.J. Kao, Drug release kinetics and transport mechanisms of non-degradable
and degradable polymeric delivery systems, Expert opinion on drug delivery 7
(2010) 429–444.

[145] B. Narasimhan, Mathematical models describing polymer dissolution: conse-
quences for drug delivery, Adv. Drug Deliv. Rev. 48 (2001) 195–210.

http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0450
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0450
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0450
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0455
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0455
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0460
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0460
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0460
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0470
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0470
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0470
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0470
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0475
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0475
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0475
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0480
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0480
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0480
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0480
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0485
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0485
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0485
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0485
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0490
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0490
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0490
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0495
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0495
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0495
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0495
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0500
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0500
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0500
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0500
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0505
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0505
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0505
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf5510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf5510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf5510
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0515
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0515
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0515
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0520
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0520
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0520
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0520
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0525
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0525
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0525
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0530
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0530
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0530
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0535
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0535
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0540
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0540
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0540
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0545
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0545
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0545
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0550
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0550
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0550
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0555
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0555
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0555
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0555
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0560
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0560
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0565
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0565
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0565
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0565
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0570
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0570
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0570
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0575
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0575
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0575
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0575
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0580
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0580
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0580
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0580
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0585
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0585
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0585
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0585
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0590
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0590
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0590
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0590
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0595
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0595
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0600
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0600
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0600
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0600
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0605
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0605
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0605
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0605
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0610
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0610
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0610
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0610
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0615
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0615
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0615
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0620
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0620
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0625
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0625
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0625
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0630
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0630
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0630
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0635
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0635
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0635
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0635
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9640
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0645
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0645
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0645
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0650
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0650
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0650
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0655
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0655
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0655
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0660
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0660
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0665
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0665
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0665
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0670
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0670
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0675
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0675
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0680
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0680
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0680
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0685
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0685
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0690
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0690
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0690
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0695
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0695
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0695
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0700
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0700
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0700
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0705
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0705
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0710
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0710
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0710
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0715
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0715


165S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
[146] B.D. Ulery, L.S. Nair, C.T. Laurencin, Biomedical applications of biodegradable poly-
mers, J. Polym. Sci. B Polym. Phys. 49 (2011) 832–864.

[147] J.P. Jain, D. Chitkara, N. Kumar, Polyanhydrides as localized drug delivery carrier: an
update, Expert Opin. Drug Deliv. 5 (2008) 889–907.

[148] K.K. Chereddy, G. Vandermeulen, V. Préat, PLGA based drug delivery systems: prom-
ising carriers for wound healing activity, Wound Repair Regen. 24 (2016) 223–236.

[149] G. Gainza, J.J. Aguirre, J.L. Pedraz, R.M. Hernández, M. Igartua, rhEGF-loaded PLGA-
alginate microspheres enhance the healing of full-thickness excisional wounds in
diabetised Wistar rats, Eur. J. Pharm. Sci. 50 (2013) 243–252.

[150] M. Jamshidian, E.A. Tehrany, M. Imran, M. Jacquot, S. Desobry, Poly-lactic acid: pro-
duction, applications, nanocomposites, and release studies, Compr. Rev. Food Sci.
Food Saf. 9 (2010) 552–571.

[151] H.K. Makadia, S.J. Siegel, Poly lactic-co-glycolic acid (PLGA) as biodegradable con-
trolled drug delivery carrier, Polymer 3 (2011) 1377–1397.

[152] I. Bala, S. Hariharan, M.R. Kumar, PLGA nanoparticles in drug delivery: the state of
the art, Crit. Rev. Ther. Drug Carrier Syst. 21 (2004).

[153] Y. Xu, C.S. Kim, D.M. Saylor, D. Koo, Polymer degradation and drug delivery in
PLGA-based drug–polymer applications: a review of experiments and theories, J
Biomed Mater Res B Appl Biomater 105 (2017) 1692–1716.

[154] S. Fredenberg, M. Wahlgren, M. Reslow, A. Axelsson, The mechanisms of drug re-
lease in poly(lactic-co-glycolic acid)-based drug delivery systems—a review, Int.
J. Pharm. 415 (2011) 34–52.

[155] R. Steendam, M.J. van Steenbergen, W.E. Hennink, H.W. Frijlink, C.F. Lerk, Effect of
molecular weight and glass transition on relaxation and release behaviour of poly
(DL-lactic acid) tablets, J. Control. Release 70 (2001) 71–82.

[156] Y. Chu, D. Yu, P. Wang, J. Xu, D. Li, M. Ding, Nanotechnology promotes the full-
thickness diabetic wound healing effect of recombinant human epidermal growth
factor in diabetic rats, Wound Repair Regen. 18 (2010) 499–505.

[157] X. Dong, J. Xu, W. Wang, H. Luo, X. Liang, L. Zhang, H. Wang, P. Wang, J. Chang, Re-
pair effect of diabetic ulcers with recombinant human epidermal growth factor
loaded by sustained-release microspheres, Sci. China Ser. C Life Sci. 51 (2008)
1039–1044.

[158] G. Gainza, S. Villullas, J.L. Pedraz, R.M. Hernandez, M. Igartua, Advances in drug de-
livery systems (DDSs) to release growth factors for wound healing and skin regen-
eration, Nanomedicine 11 (2015) 1551–1573.

[159] I.-L. Shih, Y.-T. Van, M.-H. Shen, Biomedical applications of chemically and microbi-
ologically synthesized poly (glutamic acid) and poly (lysine), Mini-Rev. Med.
Chem. 4 (2004) 179–188.

[160] R. Wang, B. Zhou, D.-l. Xu, H. Xu, L. Liang, X.-h. Feng, P.-k. Ouyang, B. Chi,
Antimicrobial and biocompatible ε-polylysine–γ-poly(glutamic acid)–based hy-
drogel system for wound healing, J. Bioact. Compat. Polym. 31 (2016) 242–259.

[161] M.P. Ribeiro, P.I. Morgado, S.P. Miguel, P. Coutinho, I.J. Correia, Dextran-based hy-
drogel containing chitosan microparticles loaded with growth factors to be used
in wound healing, Mater. Sci. Eng. C 33 (2013) 2958–2966.

[162] Y.M. Elçin, V. Dixit, G. Gitnick, Extensive in vivo angiogenesis following controlled
release of human vascular endothelial cell growth factor: implications for tissue
engineering and wound healing, Artif. Organs 25 (2001) 558–565.

[163] G.G. Pereira, S.S. Guterres, A.G. Balducci, P. Colombo, F. Sonvico, Polymeric films
loaded with vitamin E and Aloe vera for topical application in the treatment of
burn wounds, Biomed. Res. Int. 2014 (2014).

[164] D. Whelan, N.M. Caplice, A.J.P. Clover, Fibrin as a delivery system in wound healing
tissue engineering applications, J. Control. Release 196 (2014) 1–8.

[165] B.M. Alphonsa, P.S. Kumar, G. Praveen, R. Biswas, K. Chennazhi, R. Jayakumar, An-
timicrobial drugs encapsulated in fibrin nanoparticles for treating microbial
infested wounds, Pharm. Res. 31 (2014) 1338–1351.

[166] P. Losi, E. Briganti, C. Errico, A. Lisella, E. Sanguinetti, F. Chiellini, G. Soldani, Fibrin-
based scaffold incorporating VEGF- and bFGF-loaded nanoparticles stimulates
wound healing in diabetic mice, Acta Biomater. 9 (2013) 7814–7821.

[167] S. Latifi, A. Tamayol, R. Habibey, R. Sabzevari, C. Kahn, D. Geny, E. Eftekharpour, N.
Annabi, A. Blau, M. Linder, Natural lecithin promotes neural network complexity
and activity, Sci. Rep. 6 (2016).

[168] V.P. Torchilin, Recent advances with liposomes as pharmaceutical carriers, Nat.
Rev. Drug Discov. 4 (2005) 145–160.

[169] M. Hasan, G.B. Messaoud, F. Michaux, A. Tamayol, C. Kahn, N. Belhaj, M. Linder, E.
Arab-Tehrany, Chitosan-coated liposomes encapsulating curcumin: study of
lipid–polysaccharide interactions and nanovesicle behavior, RSC Adv. 6 (2016)
45290–45304.

[170] Y. Barenholz, D. Peer, Liposomes and other assemblies as drugs and nano-drugs:
from basic and translational research to the clinics, J. Control. Release 160 (2012)
115–116.

[171] M.A.P. Olekson, R. Faulknor, A. Bandekar, M. Sempkowski, H.C. Hsia, F. Berthiaume,
SDF-1 liposomes promote sustained cell proliferation in mouse diabetic wounds,
Wound Repair Regen. 23 (2015) 711–723.

[172] E. Pierre, J.R. Perez-Polo, A.T. Mitchell, S. Matin, H.L. Foyt, D.N. Herndon, Insulin-like
growth factor-I liposomal gene transfer and systemic growth hormone stimulate
wound healing, J. Burn Care Res. 18 (1997) 287–291.

[173] H.-L. Xu, P.-P. Chen, D.-L. ZhuGe, Q.-Y. Zhu, B.-H. Jin, B.-X. Shen, J. Xiao, Y.-Z. Zhao,
Liposomes with silk fibroin hydrogel core to stabilize bFGF and promote the
wound healing of mice with deep second-degree scald, Advanced Healthcare Ma-
terials 6 (2017) (n/a-n/a).

[174] R.H. Müller, M. Radtke, S.A.Wissing, Solid lipid nanoparticles (SLN) and nanostruc-
tured lipid carriers (NLC) in cosmetic and dermatological preparations, Adv. Drug
Deliv. Rev. 54 (2002) S131–S155.

[175] G. Gainza, W.S. Chu, R.H. Guy, J.L. Pedraz, R.M. Hernandez, B. Delgado-Charro, M.
Igartua, Development and in vitro evaluation of lipid nanoparticle-based dressings
for topical treatment of chronic wounds, Int. J. Pharm. 490 (2015) 404–411.
[176] X. Hu, Y. Zhang, Z. Xie, X. Jing, A. Bellotti, Z. Gu, Stimuli-responsive polymersomes
for biomedical applications, Biomacromolecules 18 (2017) 649–673.

[177] P. Ghosh, G. Han, M. De, C.K. Kim, V.M. Rotello, Gold nanoparticles in delivery ap-
plications, Adv. Drug Deliv. Rev. 60 (2008) 1307–1315.

[178] J.-G. Leu, S.-A. Chen, H.-M. Chen, W.-M. Wu, C.-F. Hung, Y.-D. Yao, C.-S. Tu, Y.-J.
Liang, The effects of gold nanoparticles in wound healing with antioxidant epi-
gallocatechin gallate and α-lipoic acid, Nanomedicine 8 (2012) 767–775.

[179] J. Lee, J. Kim, J. Go, J.H. Lee, D.-W. Han, D. Hwang, J. Lee, Transdermal treatment of
the surgical and burnedwound skin via phytochemical-capped gold nanoparticles,
Colloids Surf. B: Biointerfaces 135 (2015) 166–174.

[180] I.I. Slowing, J.L. Vivero-Escoto, C.-W.Wu, V.S.Y. Lin, Mesoporous silica nanoparticles
as controlled release drug delivery and gene transfection carriers, Adv. Drug Deliv.
Rev. 60 (2008) 1278–1288.

[181] A. Tamayol, M. Akbari, Y. Zilberman, M. Comotto, E. Lesha, L. Serex, S. Bagherifard,
Y. Chen, G. Fu, S.K. Ameri, W. Ruan, E.L. Miller, M.R. Dokmeci, S. Sonkusale, A.
Khademhosseini, Flexible pH-sensing hydrogel fibers for epidermal applications,
Advanced Healthcare Materials 5 (2016) 711–719.

[182] N. Gargiulo, I. De Santo, F. Causa, D. Caputo, P.A. Netti, Confined mesoporous silica
membranes for albumin zero-order release, Microporous Mesoporous Mater. 167
(2013) 71–75.

[183] T. Asefa, Z. Tao, Biocompatibility of mesoporous silica nanoparticles, Chem. Res.
Toxicol. 25 (2012) 2265–2284.

[184] Z. Fan, B. Liu, J. Wang, S. Zhang, Q. Lin, P. Gong, L. Ma, S. Yang, A novel wound dress-
ing based on Ag/graphene polymer hydrogel: effectively kill bacteria and acceler-
ate wound healing, Adv. Funct. Mater. 24 (2014) 3933–3943.

[185] A. Bianco, K. Kostarelos, M. Prato, Applications of carbon nanotubes in drug deliv-
ery, Curr. Opin. Chem. Biol. 9 (2005) 674–679.

[186] S.R. Shin, Y.-C. Li, H.L. Jang, P. Khoshakhlagh, M. Akbari, A. Nasajpour, Y.S. Zhang, A.
Tamayol, A. Khademhosseini, Graphene-based materials for tissue engineering,
Adv. Drug Deliv. Rev. 105 (2016) 255–274.

[187] J.A. Champion, Y.K. Katare, S. Mitragotri, Particle shape: a new design parameter for
micro- and nanoscale drug delivery carriers, J. Control. Release 121 (2007) 3–9.

[188] R. Riahi, A. Tamayol, S.A.M. Shaegh, A.M. Ghaemmaghami, M.R. Dokmeci, A.
Khademhosseini, Microfluidics for advanced drug delivery systems, Curr. Opin.
Chem. Eng. 7 (2015) 101–112.

[189] S.L. Tao, T.A. Desai, Microfabricated drug delivery systems: from particles to pores,
Adv. Drug Deliv. Rev. 55 (2003) 315–328.

[190] B. Jiang, G. Zhang, E.M. Brey, Dual delivery of chlorhexidine and platelet-derived
growth factor-BB for enhanced wound healing and infection control, Acta
Biomater. 9 (2013) 4976–4984.

[191] K.S. Soppimath, T.M. Aminabhavi, A.R. Kulkarni, W.E. Rudzinski, Biodegradable
polymeric nanoparticles as drug delivery devices, J. Control. Release 70 (2001)
1–20.

[192] Q. Xu, M. Hashimoto, T.T. Dang, T. Hoare, D.S. Kohane, G.M. Whitesides, R. Langer,
D.G. Anderson, Preparation of monodisperse biodegradable polymer microparti-
cles using a microfluidic flow-focusing device for controlled drug delivery, Small
5 (2009) 1575–1581.

[193] W.J. Duncanson, T. Lin, A.R. Abate, S. Seiffert, R.K. Shah, D.A. Weitz, Microfluidic
synthesis of advanced microparticles for encapsulation and controlled release,
Lab Chip 12 (2012) 2135–2145.

[194] C.-L. Mou, X.-J. Ju, L. Zhang, R. Xie, W. Wang, N.-N. Deng, J. Wei, Q. Chen, L.-Y. Chu,
Monodisperse and fast-responsive poly(N-isopropylacrylamide) microgels with
open-celled porous structure, Langmuir 30 (2014) 1455–1464.

[195] J.K. Oh, R. Drumright, D.J. Siegwart, K. Matyjaszewski, The development of
microgels/nanogels for drug delivery applications, Prog. Polym. Sci. 33 (2008)
448–477.

[196] A. Jaworek, Micro- and nanoparticle production by electrospraying, Powder
Technol. 176 (2007) 18–35.

[197] Z. Xie, C.B. Paras, H. Weng, P. Punnakitikashem, L.-C. Su, K. Vu, L. Tang, J. Yang, K.T.
Nguyen, Dual growth factor releasing multi-functional nanofibers for wound
healing, Acta Biomater. 9 (2013)https://doi.org/10.1016/j.actbio.2013.1007.1030.

[198] D.C. Chan, D.H. Fong, J.Y. Leung, N. Patil, G.K. Leung, Maggot debridement therapy
in chronic wound care, Hong Kong Med. J. 13 (5) (2007) 382–386.

[199] M.A. Fonder, G.S. Lazarus, D.A. Cowan, B. Aronson-Cook, A.R. Kohli, A.J. Mamelak,
Treating the chronic wound: a practical approach to the care of nonhealing
wounds and wound care dressings, J. Am. Acad. Dermatol. 58 (2008) 185–206.

[200] M.R. Prausnitz, Microneedles for transdermal drug delivery, Adv. Drug Deliv. Rev.
56 (2004) 581–587.

[201] G. Ma, C. Wu, Microneedle, bio-microneedle and bio-inspired microneedle: a re-
view, J. Control. Release 251 (2017) 11–23.

[202] L. Wei-Ze, H. Mei-Rong, Z. Jian-Ping, Z. Yong-Qiang, H. Bao-Hua, L. Ting, Z. Yong,
Super-short solid silicon microneedles for transdermal drug delivery applications,
Int. J. Pharm. 389 (2010) 122–129.

[203] M. Ameri, S.C. Fan, Y.-F. Maa, Parathyroid hormone PTH (1-34) formulation that
enables uniform coating on a novel transdermal microprojection delivery system,
Pharm. Res. 27 (2010) 303–313.

[204] Y. Ito, T. Yamazaki, N. Sugioka, K. Takada, Self-dissolving micropile array tips for
percutaneous administration of insulin, J. Mater. Sci. Mater. Med. 21 (2010)
835–841.

[205] Y. Ito, T. Maeda, K. Fukushima, N. Sugioka, K. Takada, Permeation enhancement of
ascorbic acid by self-dissolving micropile array tip through rat skin, Chem. Pharm.
Bull. 58 (2010) 458–463.

[206] M. Kim, B. Jung, J.-H. Park, Hydrogel swelling as a trigger to release biodegradable
polymer microneedles in skin, Biomaterials 33 (2012) 668–678.

[207] Y.-C. Kim, J.-H. Park, M.R. Prausnitz, Microneedles for drug and vaccine delivery,
Adv. Drug Deliv. Rev. 64 (2012) 1547–1568.

http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0720
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0720
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0725
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0725
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0730
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0730
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0735
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0735
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0735
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0740
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0740
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0740
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0745
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0745
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0750
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0750
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0755
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0755
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0755
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0760
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0760
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0760
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0765
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0765
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0765
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0765
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0765
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0770
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0770
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0770
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0775
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0775
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0775
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0775
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0780
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0780
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0780
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0785
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0785
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0785
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0790
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0790
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0790
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0795
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0795
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0795
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0800
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0800
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0800
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0805
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0805
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0805
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0810
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0810
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0815
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0815
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0815
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0820
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0820
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0820
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0825
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0825
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0825
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0830
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0830
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0835
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0835
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0835
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0835
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0840
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0840
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0840
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0845
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0845
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0845
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0850
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0850
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0850
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0855
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0855
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0855
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0855
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0860
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0860
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0860
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0865
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0865
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0865
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0870
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0870
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0875
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0875
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0880
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0880
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0880
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0885
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0885
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0885
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0890
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0890
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0890
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0895
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0895
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0895
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0895
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0900
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0900
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0900
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0905
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0905
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0910
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0910
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0910
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0915
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0915
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0920
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0920
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0920
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0925
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0925
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0930
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0930
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0930
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0935
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0935
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0940
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0940
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0940
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0945
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0945
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0945
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0950
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0950
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0950
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0950
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0955
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0955
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0955
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0960
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0960
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0960
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0965
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0965
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0965
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0970
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0970
https://doi.org/10.1016/j.actbio.2013.1007.1030
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0980
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0980
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0985
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0985
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0985
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0990
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0990
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0995
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf0995
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1000
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1005
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1005
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1005
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1010
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1010
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1010
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1015
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1020
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1020
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1025
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1025


166 S. Saghazadeh et al. / Advanced Drug Delivery Reviews 127 (2018) 138–166
[208] M.R. Prausnitz, S. Mitragotri, R. Langer, Current status and future potential of trans-
dermal drug delivery, Nat. Rev. Drug Discov. 3 (2004) 115–124.

[209] K. Takada, Y. Ito, K. Matsumoto, Y. Sato, M. Nishio, Y. Tadano, Y. Kamei, Y.
Takemura, N. Inoue, Y. Akasaka, Usefulness of basic fibroblast growth factor
(bFGF) loaded dissolving microneedles for local therapy of skin wounds, Journal
of Biomaterials and Nanobiotechnology 4 (2013) 256.

[210] E. Caffarel-Salvador, M.-C. Kearney, R. Mairs, L. Gallo, S.A. Stewart, A.J. Brady, R.F.
Donnelly, Methylene blue-loaded dissolving microneedles: potential use in photo-
dynamic antimicrobial chemotherapy of infected wounds, Pharmaceutics. 7
(2015) 397–412.

[211] S.Y. Yang, E.D. O'Cearbhaill, G.C. Sisk, K.M. Park,W.K. Cho, M. Villiger, B.E. Bouma, B.
Pomahac, J.M. Karp, A bio-inspired swellable microneedle adhesive for mechanical
interlocking with tissue, Nat. Commun. 4 (2013) 1702.

[212] K.-Y. Seong, M.-S. Seo, D.Y. Hwang, E.D. O'Cearbhaill, S. Sreenan, J.M. Karp, S.Y.
Yang, A self-adherent, bullet-shapedmicroneedle patch for controlled transdermal
delivery of insulin, J. Control. Release 265 (2017) 48–56.

[213] J.-L. Wautier, C. Zoukourian, O. Chappey, M.-P. Wautier, P.-J. Guillausseau, R. Cao, O.
Hori, D. Stern, A.M. Schmidt, Receptor-mediated endothelial cell dysfunction in di-
abetic vasculopathy. Soluble receptor for advanced glycation end products blocks
hyperpermeability in diabetic rats, J. Clin. Investig. 97 (1996) 238.

[214] O.M. Tepper, R.D. Galiano, J.M. Capla, C. Kalka, P.J. Gagne, G.R. Jacobowitz, J.P.
Levine, G.C. Gurtner, Human endothelial progenitor cells from type II diabetics ex-
hibit impaired proliferation, adhesion, and incorporation into vascular structures,
Circulation 106 (2002) 2781–2786.

[215] C.J. Ferrante, S.J. Leibovich, Regulation of macrophage polarization and wound
healing, Adv. Wound Care 1 (2012) 10–16.

[216] P.S. Randeria, M.A. Seeger, X.-Q. Wang, H. Wilson, D. Shipp, C.A. Mirkin, A.S. Paller,
siRNA-based spherical nucleic acids reverse impaired wound healing in diabetic
mice by ganglioside GM3 synthase knockdown, Proc. Natl. Acad. Sci. 112 (2015)
5573–5578.

[217] C. Chiappini, J.O. Martinez, E. De Rosa, C.S. Almeida, E. Tasciotti, M.M. Stevens, Bio-
degradable nanoneedles for localized delivery of nanoparticles in vivo: exploring
the biointerface, ACS Nano 9 (2015) 5500–5509.

[218] C. Chiappini, E. De Rosa, J. Martinez, X. Liu, J. Steele, M. Stevens, E. Tasciotti, Biode-
gradable silicon nanoneedles delivering nucleic acids intracellularly induce local-
ized in vivo neovascularization, Nat. Mater. 14 (2015) 532–539.

[219] M.A. Trojer, L. Nordstierna, M. Nordin, M. Nydén, K. Holmberg, Encapsulation of ac-
tives for sustained release, Phys. Chem. Chem. Phys. 15 (2013) 17727–17741.

[220] N.S. Berchane, K.H. Carson, A.C. Rice-Ficht, M.J. Andrews, Effect of mean diameter
and polydispersity of PLG microspheres on drug release: experiment and theory,
Int. J. Pharm. 337 (2007) 118–126.

[221] X. Huang, C.S. Brazel, On the importance and mechanisms of burst release in
matrix-controlled drug delivery systems, J. Control. Release 73 (2001) 121–136.

[222] J. Kang, O. Lambert, M. Ausborn, S.P. Schwendeman, Stability of proteins encapsu-
lated in injectable and biodegradable poly(lactide-co-glycolide)-glucose
millicylinders, Int. J. Pharm. 357 (2008) 235–243.

[223] J. Siepmann, F. Siepmann,Modeling of diffusion controlled drug delivery, J. Control.
Release 161 (2012) 351–362.

[224] A.N. Ford Versypt, D.W. Pack, R.D. Braatz, Mathematical modeling of drug delivery
from autocatalytically degradable PLGA microspheres — a review, J. Control. Re-
lease 165 (2013) 29–37.

[225] V. Delplace, J. Obermeyer, M.S. Shoichet, Local affinity release, ACS Nano 10 (2016)
6433–6436.

[226] K. Vulic, M.S. Shoichet, Affinity-based drug delivery systems for tissue repair and
regeneration, Biomacromolecules 15 (2014) 3867–3880.

[227] P. Bawa, V. Pillay, Y.E. Choonara, L.C. Du Toit, Stimuli-responsive polymers and
their applications in drug delivery, Biomed. Mater. 4 (2009), 022001.

[228] M. Wei, Y. Gao, X. Li, M.J. Serpe, Stimuli-responsive polymers and their applica-
tions, Polym. Chem. 8 (2017) 127–143.

[229] H. Almeida, M.H. Amaral, P. Lobão, Temperature and pH stimuli-responsive poly-
mers and their applications in controlled and selfregulated drug delivery, (2012).

[230] A. Gandhi, A. Paul, S.O. Sen, K.K. Sen, Studies on thermoresponsive polymers: phase
behaviour, drug delivery and biomedical applications, Asian J. Pharm. Sci. 10
(2015) 99–107.

[231] D. Schmaljohann, Thermo- and pH-responsive polymers in drug delivery, Adv.
Drug Deliv. Rev. 58 (2006) 1655–1670.

[232] M. Asadian-Birjand, J. Bergueiro, F. Rancan, J.C. Cuggino, R.C. Mutihac, K. Achazi, J.
Dernedde, U. Blume-Peytayi, A. Vogt, M. Calderon, Engineering thermoresponsive
polyether-based nanogels for temperature dependent skin penetration, Polym.
Chem. 6 (2015) 5827–5831.

[233] T. Tran, M. Hernandez, D. Patel, E. Burns, V. Peterman, J. Wu, Controllable and
switchable drug delivery of ibuprofen from temperature responsive composite
nanofibers, Nano Convergence 2 (2015) 15.

[234] H. Katas, C.Y. Wen, M.I. Siddique, Z. Hussain, F.H. Mohd Fadhil, Thermoresponsive
curcumin/DsiRNA nanoparticle gels for the treatment of diabetic wounds: synthe-
sis and drug release, Ther. Deliv. 8 (2017) 137–150.

[235] F.B. Zeynabad, R. Salehi, M. Mahkam, Design of pH-responsive antimicrobial nano-
composite as dual drug delivery system for tumor therapy, Appl. Clay Sci. 141
(2017) 23–35.

[236] N. Ninan, A. Forget, V.P. Shastri, N.H. Voelcker, A. Blencowe, Antibacterial and anti-
inflammatory pH-responsive tannic acid-carboxylated agarose composite
hydrogels for wound healing, ACS Appl. Mater. Interfaces 8 (2016) 28511–28521.

[237] J.C. Garbern, A.S. Hoffman, P.S. Stayton, Injectable pH- and temperature-responsive
poly(N-isopropylacrylamide-co-propylacrylic acid) copolymers for delivery of an-
giogenic growth factors, Biomacromolecules 11 (2010) 1833–1839.
[238] B. Law, R. Weissleder, C.-H. Tung, Peptide-based biomaterials for protease-
enhanced drug delivery, Biomacromolecules 7 (2006) 1261–1265.

[239] C. Wang, W. Sun, G. Wright, A.Z. Wang, Z. Gu, Inflammation-triggered cancer im-
munotherapy by programmed delivery of CpG and anti-PD1 antibody, Adv.
Mater. 28 (2016) 8912–8920.

[240] R.D. Wolcott, D.D. Rhoads, S.E. Dowd, Biofilms and chronic wound inflammation, J.
Wound Care 17 (2008).

[241] A.A. Aimetti, M.W. Tibbitt, K.S. Anseth, Human neutrophil elastase responsive de-
livery from poly (ethylene glycol) hydrogels, Biomacromolecules 10 (2009)
1484–1489.

[242] Z. Chen, Z. Li, Y. Lin, M. Yin, J. Ren, X. Qu, Bioresponsive hyaluronic acid-capped
mesoporous silica nanoparticles for targeted drug delivery, Chem. Eur. J. 19
(2013) 1778–1783.

[243] J. Hardwicke, E.L. Ferguson, R. Moseley, P. Stephens, D.W. Thomas, R. Duncan,
Dextrin–rhEGF conjugates as bioresponsive nanomedicines for wound repair, J.
Control. Release 130 (2008) 275–283.

[244] Y. Zhang, J. Yu, J. Wang, N.J. Hanne, Z. Cui, C. Qian, C. Wang, H. Xin, J.H. Cole, C.M.
Gallippi, Y. Zhu, Z. Gu, Thrombin-responsive transcutaneous patch for auto-
anticoagulant regulation, Adv. Mater. 29 (2017) (n/a-n/a).

[245] T. Garg, S. Singh, A.K. Goyal, Stimuli-sensitive hydrogels: an excellent carrier for
drug and cell delivery, Crit. Rev. Ther. Drug Carrier Syst. 30 (2013) 369–409.

[246] S. Bagherifard, A. Tamayol, P. Mostafalu, M. Akbari, M. Comotto, N. Annabi, M.
Ghaderi, S. Sonkusale, M.R. Dokmeci, A. Khademhosseini, Dermal patch with inte-
grated flexible heater for on demand drug delivery, Advanced Healt`hcare Mate-
rials 5 (2016) 175–184.

[247] A. Tamayol, A.H. Najafabadi, P. Mostafalu, A.K. Yetisen, M. Commotto, M. Aldhahri,
M.S. Abdel-Wahab, Z.I. Najafabadi, S. Latifi, M. Akbari, N. Annabi, S.H. Yun, A.
Memic, M.R. Dokmeci, A. Khademhosseini, Biodegradable elastic nanofibrous plat-
forms with integrated flexible heaters for on-demand drug delivery, Sci. Rep. 7
(2017) 9220.

[248] P. Mostafalu, G. Kiaee, G. Giatsidis, A. Khalilpour, M. Nabavinia, M.R. Dokmeci, S.
Sonkusale, D.P. Orgill, A. Tamayol, A. Khademhosseini, A textile dressing for tempo-
ral and dosage controlled drug delivery, Adv. Funct. Mater. 27 (2017) (n/a-n/a).

[249] P.G. Rodriguez, F.N. Felix, D.T. Woodley, E.K. Shim, The role of oxygen in wound
healing: a review of the literature, Dermatol. Surg. 34 (2008) 1159–1169.

[250] P.M. Tibbles, J.S. Edelsberg, Hyperbaric-oxygen therapy, N. Engl. J. Med. 334 (1996)
1642–1648.

[251] J.A. Thackham, D. McElwain, R.J. Long, The use of hyperbaric oxygen therapy to
treat chronic wounds: a review, Wound Repair Regen. 16 (2008) 321–330.

[252] M. Ochoa, R. Rahimi, T.L. Huang, N. Alemdar, A. Khademhosseini, M.R. Dokmeci, B.
Ziaie, A paper-based oxygen generating platform with spatially defined catalytic
regions, Sensors Actuators B Chem. 198 (2014) 472–478.

[253] M.R. Prausnitz, R. Langer, Transdermal drug delivery, Nat. Biotechnol. 26 (2008)
1261–1268.

[254] S. Emaminejad, W. Gao, E. Wu, Z.A. Davies, H.Y.Y. Nyein, S. Challa, S.P. Ryan, H.M.
Fahad, K. Chen, Z. Shahpar, Autonomous sweat extraction and analysis applied to
cystic fibrosis and glucose monitoring using a fully integrated wearable platform,
Proc. Natl. Acad. Sci. 201701740 (2017).

[255] J.A. Russell, N.P. Connor, G.K. Hartig, Iontophoretic delivery of a nitric oxide donor
improves local skin flap viability, J. Rehabil. Res. Dev. 47 (2010) 61.

[256] K.F. Kobus, T. Dydymski, Quantitative dermal measurements following treatment
with AirGent, Aesthet. Surg. J. 30 (2010) 725–729.

[257] A. Levenberg, S. Halachmi, A. Arad-Cohen, D. Ad-El, D. Cassuto, M. Lapidoth, Clinical
results of skin remodeling using a novel pneumatic technology, Int. J. Dermatol. 49
(2010) 1432–1439.

[258] T.-R. Kwon, J. Seok, J.-H. Jang, M.K. Kwon, C.T. Oh, E.J. Choi, H.K. Hong, Y.S. Choi, J.
Bae, B.J. Kim, Needle-free jet injection of hyaluronic acid improves skin remodeling
in a mouse model, Eur. J. Pharm. Biopharm. 105 (2016) 69–74.

[259] Y. Kunugiza, N. Tomita, Y. Taniyama, T. Tomita, M.K. Osako, K. Tamai, T. Tanabe, Y.
Kaneda, H. Yoshikawa, R. Morishita, Acceleration of wound healing by combined
gene transfer of hepatocyte growth factor and prostacyclin synthase with Shima
Jet, Gene Ther. 13 (2006) 1143–1152.

[260] N.-T. Nguyen, S.A.M. Shaegh, N. Kashaninejad, D.-T. Phan, Design, fabrication and
characterization of drug delivery systems based on lab-on-a-chip technology,
Adv. Drug Deliv. Rev. 65 (2013) 1403–1419.

[261] V.N. Kasagana, S.S. Karumuri, T. M, Recent advances in smart drug delivery sys-
tems, Int J Nov Drug Deliv Tech 1 (2011) 201–207.

[262] T. Botsis, G. Hartvigsen, Current status and future perspectives in telecare for el-
derly people suffering from chronic diseases, J. Telemed. Telecare 14 (2008)
195–203.

[263] T.R. Dargaville, B.L. Farrugia, J.A. Broadbent, S. Pace, Z. Upton, N.H. Voelcker, Sensors
and imaging for wound healing: a review, Biosens. Bioelectron. 41 (2013) 30–42.

[264] S. Schreml, R.M. Szeimies, S. Karrer, J. Heinlin, M. Landthaler, P. Babilas, The impact
of the pH value on skin integrity and cutaneous wound healing, J. Eur. Acad.
Dermatol. Venereol. 24 (2010) 373–378.

[265] P. Mostafalu, S. Amugothu, A. Tamayol, S. Bagherifard, M. Akbari, M.R. Dokmeci, A.
Khademhosseini, S. Sonkusale, Smart flexible wound dressing with wireless drug
delivery, Biomedical Circuits and Systems Conference (BioCAS), 2015 IEEE, IEEE
2015, pp. 1–4.

[266] M. Ochoa, R. Rahimi, B. Ziaie, Flexible Sensors for Chronic Wound Management,
IEEE Rev. Biomed. Eng. 7 (2013) 73–86.

[267] P. Mostafalu, A. Tamayol, R. Rahimi, M. Ochoa, A. Khalilpour, G. Kiaee, I.K. Yazdi, S.
Bagherifard, M.R. Dokmeci, B. Ziaie, S.R. Sonkusale, A. Khademhosseini, Smart ban-
dage for monitoring and treatment of chronic wounds, Small (2018) In press.

http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1030
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1030
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1035
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1040
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1045
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1045
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1045
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1050
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1050
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1050
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1055
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1060
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1065
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1065
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1070
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1075
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1075
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1075
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1080
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1080
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1080
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1085
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1085
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1090
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1090
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1090
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1095
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1095
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1100
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1100
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1100
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1105
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1105
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1110
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1110
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1110
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1115
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1115
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1120
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1120
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1125
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1125
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1130
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1130
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1135
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1135
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1135
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1140
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1140
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1145
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1150
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1155
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1160
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1165
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1165
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1165
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1170
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1175
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1175
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1180
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1185
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1185
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1190
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1190
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1190
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1195
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1200
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1200
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1200
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1205
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1205
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1205
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf6805
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf6805
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1215
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1220
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1225
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1225
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1225
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1230
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1230
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1235
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1235
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1240
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1240
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1245
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1250
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1250
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1255
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1260
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1260
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1265
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1265
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1270
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1270
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1270
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1275
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1280
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1285
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1290
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1290
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1295
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1295
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1295
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1300
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1300
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1305
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1305
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1305
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf1310
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9750
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9750
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9800
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9800
http://refhub.elsevier.com/S0169-409X(18)30060-7/rf9800

	Drug delivery systems and materials for wound healing applications
	1. Introduction
	1.1. Wound physiology
	1.2. Pathophysiology of chronic wounds
	1.3. Existing wound care systems

	2. Materials used in wound care
	2.1. Materials in temporary dressings
	2.2. Biomaterials as skin regeneration scaffolds
	2.2.1. Electrospun nanofibrous matrices
	2.2.2. Hydrogel scaffolds
	2.2.3. Foams and spongy scaffolds
	2.2.4. Composite materials
	2.2.5. Bi-layered scaffolds


	3. Passive drug delivery systems
	3.1. Controlled-release drug carriers
	3.2. Tools for fabrication of drug carriers
	3.3. Passive transdermal delivery systems
	3.4. Systems for intracellular delivery
	3.5. Kinetics of controlled release

	4. Active drug delivery systems
	4.1. Self-responding drug delivery systems
	4.2. Externally triggered drug delivery systems
	4.3. Smart and automated systems

	5. Concluding remarks and future directions
	Acknowledgements
	References


