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Oxygen plays a key role inwound healing, and hypoxia is amajor cause of wound healing impairment; therefore,
treatments to improve hemodynamics and increase wound oxygenation are of particular interest for the treat-
ment of chronic wounds. This article describes the roles of oxygen and angiogenesis in wound healing as well
as the tools used to evaluate tissue oxygenation and perfusion and then presents a review of nanomedicines
and gene therapies designed to improve perfusion and oxygenation and accelerate wound healing.
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1. Introduction

Wound healing is a complex and dynamic process that is classically
described to encompass three interrelated and overlapping phases (the
inflammatory, proliferative and remodeling phases) involving the
release of many cytokines and growth factors (GFs) by different cell
types [1]. The inflammatory phase involves the recruitment of
neutrophils and monocytes at the wound site to prevent the wound
from becoming infected. The proliferative phase consists of tissue
reconstruction via the proliferation and migration of fibroblasts,
Fig. 1. The pivotal role of oxygen duringwound healing. During the inflammatory phase, oxygen
favor the bactericidal defense against pathogens. During the proliferative phase, oxygen is used
During the proliferative and remodeling phases, oxygen is necessary for mature collagen produ
endothelial cells (angiogenesis), and keratinocytes (re-epithelializa-
tion). Finally, remodeling of the extracellular matrix (ECM) occurs dur-
ing the third phase. After this sequence of events occurs, wound healing
is achieved. However, chronic wounds fail to complete this sequence of
events, and impaired healing is observed in such cases.

The causes of wound healing impairment are multifactorial [2], but
one major cause is wound hypoxia. As we will describe later, wound
healing is particularly sensitive to tissue perfusion and oxygenation
[3–6] (Fig. 1). Consequently, improving hemodynamics via the delivery
of GFs or compounds that increase oxygenation in wound tissue is an
is highly consumedwithin the phagosome (respiratory burst) to produce oxidants,which
as an energy supplier to generate ATP, which supplies energy to promote cell proliferation.
ction and deposition by fibroblasts.
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emerging strategy to promote the healing of chronic wounds. However,
the use of GFs or other molecules/proteins in chronic wound tissue is
hampered by their rapid degradation [7–9].

In this review article, wewill focus on the potential role of two inno-
vative tools that are nanomedicines and gene therapyGF-based delivery
strategies that are designed to improve perfusion, oxygenation and an-
giogenesis and to accelerate wound healing. These strategies are pro-
posed as they promote a sustained delivery or production of GFs
which is particularly important in the proteolytic environment of
wounds (and more importantly in chronic wounds).

2. Oxygenation and perfusion in wound healing

The pivotal role of oxygen during the wound healing process is well
established [4–6,10] (Fig. 1). We briefly describe its functions in the
three steps of the normal healing process as well as the specific prob-
lems associated with wound hypoxia in diabetic patients.

2.1. Role of oxygen in wound healing

Due to the disruption of blood vessels in the wound site, acute hyp-
oxia is present during the early stage after wounding. This hypoxia trig-
gers the first steps of the healing process: the activation of platelets and
endothelium, the induction of reactive oxygen species (ROS), and cyto-
kine release. However, it is critical that hypoxia remains transient and
does not become chronic, as oxygen is a crucial element during subse-
quent steps of the process and is required to achieve complete healing
[5].

During the inflammatory phase, oxygen promotes the bacteri-
cidal defense against pathogens. After pathogen phagocytosis, oxy-
gen is used by nicotinamide adenine dinucleotide phosphate
(NADPH)-linked oxygenases present in leukocytes to produce su-
peroxide anions. This superoxide anion is then transformed into
other ROS, such as hydrogen peroxide or hydroxyl radicals, and is
also further used by myeloperoxidase to produce hypochlorous
acid [11]. The products of this reaction promote bacterial killing in
wounds [4,10,12]. This oxidant production within the phagosome,
called the respiratory burst, consumes high amounts of oxygen. It
has been reported that approximately 98% of oxygen consumed by
neutrophils is used for this respiratory burst [11]. NADPH-linked
oxygenases require 45–80 mm Hg to reach 50% of their maximum
enzymatic rate (Vmax), and more than 300 mm Hg is required to
reach 90% of the Vmax [4,11]. Thus, resistance to infection is criti-
cally impaired by wound hypoxia [4]. In addition, ROS produced
during the inflammatory phase fulfill other roles in the healing pro-
cess, such as coagulation, cytokine release, cell proliferation, re-
epithelialization, angiogenesis and matrix deposition.

During the proliferative phase, oxygen is used as an energy supplier
by cells. To generate ATP, cells utilize oxygen as the final electron accep-
tor in the aerobic metabolism of glucose during oxidative phosphoryla-
tion in mitochondria [10]. Cell proliferation during wound healing
consumes a high level of energy due to increased glycolytic metabolism
and, to a lesser extent (30%), oxidative metabolism, which increase ox-
ygen consumption in the wound [10,13]. Other roles for ATP in wound
healing have also been described, including stimulation of the immune
system [14], epidermal GF receptor activation in epithelial cells to pro-
mote wound closure [15], and the activation of NADPH-linked
oxygenases. Furthermore, ATP is known to induce vasodilation [16] by
activating plasma adenosine membrane receptors at the vascular
endothelium.

Finally, oxygen is necessary for mature collagen production and de-
position by fibroblasts during the proliferative and remodeling phases.
The hydroxylation of proline and lysine residues of procollagen chains
stabilizes the triple helices of collagen. This reaction is catalyzed by hy-
droxylases and requires high amounts of oxygen (20 mm Hg to reach
50% of the Vmax and more than 150 mm Hg to reach 90% of the
Vmax), iron, ascorbic acid and α-ketoglutarate as cofactors. Addition-
ally, the wound contraction observed during this phase is attributable
to the differentiation of fibroblasts into contractile myofibroblasts.
This differentiation is activated by transforming growth factor (TGF)-
β1, TGF-β2 and platelet-derived growth factor (PDGF) in the presence
of oxygen [5].

2.2. Diabetic wounds

Diabetic foot disease is a common complication of diabetes, affecting
approximately 1 in 6 diabetic patients [17]. Furthermore, approximately
1 in 4 ulcerswill present impaired healing, and it is estimated that 1mil-
lion diabetic persons undergo lower limb amputation each year follow-
ing the impairment of chronic wound healing [18]. Hypoxia is a main
cause of diabeticwound impairment and is caused by two factors: a lim-
ited oxygen supply and a high oxygen consumption rate inside the
wound [4].

In diabetic patients, oxygen supply to the wound is limited due to
vascular dysfunction and neuropathy. Diabetic patients often suffer
from atherosclerosis in large vessels, resulting in decreased blood
flow. At the microvascular level, pathological alterations are also ob-
served. Capillaries exhibit reduced size, basement membrane thicken-
ing and hyalinosis [19,20]. Basement membrane thickening is induced
by increased hydrostatic pressure and shear forces due to a decrease
in the capacity for effective precapillary vasoconstriction [21]. This re-
sults in reduced physiological exchanges (nutrients and gases), altered
leukocyte migration, and the loss of the elastic properties of capillaries,
thus inducing a limited capacity for vasodilation and a decreased
hyperhemic response to injury [19–21]. These capillaries suffer from
an abnormal auto-regulatory capacity and a reduction in nitric oxide
synthase (NOS) [19]. A decrease in NO production induces impaired va-
sorelaxation that contributes to microvascular dysfunction [22]. Shunts
in the microcirculation combined with autonomic neuropathy and de-
nervation induce a maldistribution of blood flow, which is deviated
from nutritional capillaries to subpapillary vessels [19,21]. Limited
blood flow to the wound is also attributable to inadequate pressure
exerted on the foot as a consequence of motor and sympathetic nerve
function impairment (neuropathy) [20]. Periwound fibrosis and
edema, which are often observed in diabetes, limit the oxygen supply
by increasing the distance between the wound and the capillaries [4].

In addition to inadequate oxygen supply, high oxygen consumption
by wound cells during inflammation also induces hypoxia in wounds.
Inflammatory cells consume large amounts of oxygen during respira-
tory bursts. If a sustained inflammatory phase is observed, oxygen avail-
ability will be a limiting factor for the other steps in wound healing.

The consequences of chronic hypoxia in wounds include an inability
to achieve the inflammatory phase, a lack of cellular proliferation and
motility, and a lack of mature collagen production. All of these factors
lead to impaired wound healing. Lack of oxygen induces a decrease in
ATP production.

2.3. Angiogenesis in wounds

Angiogenesis is the process through which new blood vessels form
from pre-existing vessels. Angiogenesis is mainly regulated by vascular
endothelial growth factor (VEGF) and fibroblast growth factor 2 (FGF-
2). FGF-2 is released by fibroblasts, keratinocytes, endothelial cells,
smooth muscle cells, and chondrocytes early in the healing process
[23,24] andmay initiate angiogenesis in wounds. The VEGF family com-
prises 5 members: VEGF-A (commonly named VEGF), VEGF-B, VEGF-C,
VEGF-D, and placental growth factor (PlGF) [25,26]. Different VEGF iso-
forms exist due to alternative mRNA splicing [25]. VEGF binds three dif-
ferent tyrosine kinase receptors: VEGFR-1 (Flt-1), VEGFR-2 (KDR) and
VEGFR-3. While VEGFR-1 and VEGFR-2 play key roles in angiogenesis,
VEGFR-3 plays a role in lymphangiogenesis [25–28]. VEGF, which is
mainly expressed during granulation tissue formation (from day 4 to



Fig. 2.The effects of oxygen on the linewidths of EPR signals and oxygen calibration curves
of the particulate paramagnetic probe lithium phthalocyanine (adapted from [55]).
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7) [29], is released by platelets [30], macrophages, endothelial cells [29],
activated epidermal cells andfibroblasts following tumor necrosis factor
(TNF)-α induction [31]. Furthermore, VEGF promotes migration and
mitogenic stimulation of endothelial cells as well as smooth muscle
cell migration [1,2], which is required to build new blood vessels. Addi-
tionally, VEGF enhances the permeability of vessels. VEGF expression in
wounds is upregulated by EGF, FGF-2, PDGF (synergistically with hyp-
oxia) and by hypoxia through hypoxia-inducible factor 1 (HIF-1) activa-
tion [32]. Under hypoxia, the HIF-1α subunit migrates to the nucleus,
where it binds to the HIF-1β subunit. The formed HIF-1 complex binds
to hypoxia responsive element (HRE), a DNA sequence in the promoters
of target genes implicated in angiogenesis (via VEGF gene expression)
as well as in genes involved in cell mobility, metabolic adaptation (an-
aerobic glycolysis), erythropoiesis, and GF signaling [32]. PlGF is
expressed by keratinocytes and endothelial cells [23]. PlGF release per-
mits monocyte chemotaxis and the mobilization of bone marrow-
derived endothelial progenitor cells (EPCs) [33,34] as well as granula-
tion tissue formation and maturation. PDGF also plays a role in angio-
genesis by promoting the recruitment of pericytes to capillaries to
increase the structural integrity of vessels [35]. SDF-1α promotes angio-
genesis by recruiting EPCs from the circulation to peripheral tissues
[36]. Other molecules, such as angiogenin, angiotropin, angiopoietin 1
(Ang-1), GM-CSF and Thrombospondin 1 released by macrophages
and keratinocytes [37], promote angiogenic activity [38–40] as well as
the migration and proliferation of endothelial cells.

3. Tools to evaluate oxygenation, perfusion and angiogenesis in
wound healing

Oxygen is an important factor in wound healing, and measurement
of tissue oxygenation is of great interest to better understand the phys-
iopathology of wound healing and to develop new treatments. In clini-
cal practice, measuring oxygen is useful to evaluate wound outcomes
and to evaluate treatment efficacy. Only a few techniques permit the
measurement of oxygenation inside wounds. Therefore, other tech-
niques providing indirect information about tissue oxygenation, such
as blood perfusion or the formation of new vessels (angiogenesis), are
also used. Intensive research is ongoing to overcome existing limita-
tions, such as invasiveness or complexity of use. Belowwe describe cer-
tain reviewed techniques used to evaluate the tissue partial pressure of
oxygen (pO2), angiogenesis and perfusion inwound healing studies and
clinical practice.

3.1. Measurement of pO2 by polarographic electrodes

The use of polarographic electrodes is a direct method to measure
tissue oxygenation. It is based on the electrochemical reduction of oxy-
gen molecules at the electrodes. The use of polarographic Clark elec-
trodes [41] is still considered the gold standard method for measuring
tissue oxygenation [5,42]. However, the introduction of electrodes is in-
vasive and induces injuries that modify the tissue environment.
Electrodes cannot be introduced exactly at the same location on consec-
utive days, preventing reliable longitudinal studies of tissue oxygena-
tion. Additionally, electrodes by themselves consume oxygen during
measurement, modifying the wound environment. Finally, electrodes
cannot be calibrated when introduced inside the tissue. Hunt and his
group, whowere first to study oxygenation inwound healing, improved
the polarographic electrodes [4,43]. Measurements were first made in
human volunteers [44] and then in trauma patients [45,46] and animal
models; all consistently demonstrated the role of hypoxia in impaired
healing [4]. However, this old technique is not currently used in clinical
practice due to its invasiveness.

To overcome the invasiveness of this technique, measurement of
the transcutaneous partial pressure of oxygen (TcPO2) was devel-
oped using heated (42–45 °C) electrodes stitched onto the surface
of the skin [47–49]. Heating the electrodes is believe to dilate the
capillaries, open skin pores, decrease O2 solubility, and shift the oxy-
hemoglobin curve to the right for the ready release of oxygen [50].
Changes induced by the heated electrodes cause “arterialization”
of the skin capillary blood. The capillary pO2 reaches arterial levels
and then diffuses from the capillaries across the skin, where it is
measured. Thus, the recorded O2 is the excess oxygen that is dis-
persed through the skin that is not used for cellular metabolism. As
the amount of oxygen available for diffusion across the skin depends
on oxygen delivery, the release of O2 greatly exceeds the consump-
tion and the TcPO2 is closer to the arterial pO2 with a high cutaneous
flow.With a low cutaneous flow, the TcPO2 decreases. Consequently,
TcPO2 is a measurement of perfusion and vascular reserve rather
than a measurement of oxygenation. This technique is widely used
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in clinical practice despite some important disadvantages: measure-
ments are indirect, heating may induce physiological changes in the
skin, and measurements must be realized near the wound as elec-
trodes cannot be applied inside the wound. Nonetheless, indirect
TcPO2 data are predictive of wound healing [49,51,52], and this
technique is still commonly used in clinical practice to predict
healing or when considering amputation in patients with diabetic
foot disease.

3.2. Measurement of pO2 by electron paramagnetic resonance (EPR)
oximetry

EPR is a technique permitting the direct measurement of tissue
oxygenation. EPR oximetry is based on the paramagnetic proper-
ties of oxygen. As it is not possible to directly measure oxygen dis-
solved in fluids due to broadening of the EPR signal [53], EPR
oximetry is based on the oxygen-dependent signal broadening of
a paramagnetic probe. The interaction between unpaired oxygen
electrons and certain paramagnetic probes (e.g. lithium derivatives
or carbon-centered derivative particulate probes) shortens the T2
relaxation time, which is related to a broadening of the EPR spec-
trum recorded from the probe. Line width broadening is directly
proportional to the surrounding oxygen concentration, and with
appropriate calibration, tissue pO2 is determined from the line
width of the spectrum that is recorded from the paramagnetic ox-
ygen sensor implanted in the tissue [54–56] (Fig. 2).

EPR is minimally invasive: once the oxygen sensor is implanted in
the tissue, EPR spectra are recorded non-invasively in vivo using a
low frequency (L-band) EPR spectrometer [55,56]. Furthermore, it
is possible to record measurements at the same location repeatedly
over a long period of time, as long as several years [57], allowing
for longitudinal studies. EPR oximetry was used to demonstrate hyp-
oxia in ischemic flaps compared to normal skin [58] and to monitor
Fig. 3. Skin microvascular network observed by intravital microscopy in db/+ (left) and db/db
bar = 200 μm) (adapted from [60]).
the influence of Thrombospondin 1, a protein with antiangiogenic
activity, on perfusion and oxygenation of ischemic flaps in a mouse
model [59]. Additionally, EPR oximetry is applicable for monitoring
tissue pO2 during wound healing in acute and chronic diabetic
wounds but is limited to flaps because excisional wound measure-
ments are affected by the diffusion of atmospheric oxygen [60]. The
measurement of wound oxygenation by EPR oximetry permitted
the assessment of the effects of an LL37 peptide-based treatment de-
signed to modulate hypoxia in wounds [61]. Experimental results
obtained in animal studies were sufficiently encouraging to translate
the technique from animals to humans, and EPR oxygenation mea-
surements are now feasible in humans [62,63].

3.3. Measurement of perfusion by laser Doppler imaging

Laser Doppler imaging is a technique that measures blood perfusion
in tissue. It is based on the measurement of the wavelength change of
electromagnetic radiation after reflection on a moving element (Dopp-
ler effect), which in this case is moving red blood cells in vessels [64].
A helium neon laser beam [65] is emitted from a source to the skin,
where it is backscattered. Differences in wavelengths measured be-
tween the emitted and reflected radiation provide information about
the speed of the red blood cells and consequently about blood perfusion
[64].With a flowmeter, a laser Doppler imager scans an entire region of
interest to generate perfusion maps [65]. Measurement depths are typ-
ically between 1 and 1.5 mm, thus limitingmeasurements in the super-
ficial vascularization, which corresponds in humans to arterioles,
capillaries, and postcapillary venules of the upper horizontal plexus
[65] but not the deep horizontal plexus. This limited depth of measure-
ment is a limiting factor for deeper wounds. The information provided
by the measurements is only semi-quantitative [66], and results are
given in relative units. Nonetheless, laser Doppler imaging is commonly
used in clinical practice due to the simplicity of use and the non-invasive
(right) mice. Top: visible light images; bottom: fluorescence images (FITC-dextran) (scale



Table 1
Growth factors released during the healing process and hemodynamics.
(Adapted from [23]).

Growth
factors

Cells releasing the
growth factor

Function

EGF Platelets
Macrophages
Fibroblasts

Re-epithelialization

FGF-2 (=bFGF) Keratinocytes
Mast cells
Fibroblasts
Endothelial cells
Smooth muscle cells
Chondrocytes

Granulation tissue
formation/angiogenesis
Re-epithelialization
Matrix formation and remodeling

IL-1 Neutrophils
Monocytes
Macrophages
Keratinocytes

Inflammation
Re-epithelialization

IL-6 Neutrophils
Macrophages

Inflammation
Re-epithelialization

PDGF Platelets
Keratinocytes
Macrophages
Endothelial cells
Fibroblasts

Inflammation
Granulation tissue
formation/angiogenesis
Re-epithelialization
Matrix formation and remodeling

TGF-β Platelets
Keratinocytes
Macrophages
Lymphocytes
Fibroblasts

Inflammation
Granulation tissue formation
Re-epithelialization
Matrix formation and remodeling

TNF-α Neutrophils
Macrophages

Inflammation
Re-epithelialization

VEGF Platelets
Neutrophils
Macrophages
Endothelial cells
Smooth muscle cells
Fibroblasts

Granulation tissue
formation/angiogenesis
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nature of the technique for the assessment of burn wounds, diabetic
foot ulcers [67], pressure ulcers, venous ulcers and scars [64]. Laser
Doppler imaging was also used in experimental studies with animals,
primarily to evaluate flap reperfusion [68,69] but also to study perfusion
in excisional wounds [70–72] for example, to evaluate the effects of a
treatment.

Another recent laser-based technique permitting the study of perfu-
sion is laser speckle imaging. Photons emitted by a laser source are
reflected and interferewith each other due to irregularities in the tissue,
causing a speckle pattern.Withmoving red blood cells, dynamic speckle
patterns that change with time are created, causing a blurred speckle
pattern in recorded images. A study comparing laser Doppler and laser
speckle imaging in human burn scars showed that the results obtained
with both techniques correlated well [73]. Laser speckle imaging is
more advantageous for clinical applications due to the faster scan
time, higher resolution and reduction in specular reflection artifacts ob-
served using laser Doppler. The technique was used to evaluate blood
flow in free flap surgery in humans [74], to monitor blood flow in full-
thickness skinwounds in pigs [75] and tomonitor flap revascularization
in rats [76,77].

3.4. Measurement of angiogenesis by intravital microscopy

In experimental wound healing studies, intravital microscopy is an
interesting technique to observe angiogenesis as a dynamic process
during a prolonged period of time (2–3 weeks) in a living animal [78]
via the implantation of an observation chamber on the dorsal skinfold.
After placement of the chamber, repeated observations of the microcir-
culation (vessel density, vessel functionality, red blood cell velocity, cell
interactions), skin tissue or striated muscle are performed in a non-
invasivemanner byusing intravitalmicroscopywith orwithoutfluores-
cence, which requires the intravenous administration of a fluorescent
dye such as fluorescein isothiocyanate (FITC)-labeled dextran [79].
Chamber implantation and the tissue preparation procedure have
beenmodified to achieve ideal conditions for the in vivo analysis of pri-
mary and secondary wound healing as well as for revascularization and
blood perfusion of skin grafts, dermal substitutes and myocutaneous
flaps [79]. In an incisional wound model, intravital microscopy allowed
observers to follow changes in microvessel diameter, red blood cell ve-
locity, and the functional density of microvessels during the healing
process via repetitive observations over the course of 12 days. This tech-
nique also permitted the visualization of impaired microvascularization
in a diabetic model for comparison with a non-diabetic model [60]
(Fig. 3).

3.5. Histology/immunohistochemistry and biochemical measures

Histology (hematoxylin and eosin andMasson's trichrome staining) is
often used to evaluate wound closure, re-epithelialization, inflammation,
fibrosis, infection and angiogenesis. This approach allows the qualitative
evaluation of vascularization, e.g. by scoring. Immunohistochemistry is
better suited for quantification. The use of specific markers to stain ves-
sels permits the quantification of vessel numbers or an area of stained
pixels per random field at one specific moment during the healing pro-
cess. Commonly used markers are platelet-endothelial cell adhesion
molecule-1 (PECAM-1), also known as CD31; CD34; VonWillebrand fac-
tor (vWF), also known as factor VIII; isolectin; and α-smooth muscle
actin (α-SMA). Additionally, histology/immunohistochemistry does not
provide information about blood perfusion or vessel functionality—only
the vascular architecture [80]. Immunohistochemistry is also used to
detect and/or quantify hypoxic areas in wounds. Hypoxic areas are
visualized with the use of nitroimidazoles such as pimonidazole.
Pimonidazole binds to peptide thiol groups in cells when pO2 is less
than 10 mm Hg, forming adducts detectable by immunohistochemistry
[81]. Pimonidazole staining has been used to observe hypoxia in burn
wounds [82], incisional wounds [83,84] and skin flaps [85]. Other
markers often associated with tissue hypoxia such as HIF-1 and/or HIF-
2 [86,87] or carbonic anhydrase (CA) IX [88–90] were also used to ob-
serve hypoxia in wounds in few studies.

Biochemical methods are also used to quantify angiogenesis in
wounds. Among them, we cite the quantification of proteins implicated
in angiogenesis, such as VEGF [85,91–93], VEGFR [91,94], and HIF-1α
[91], by ELISA or Western blot. Quantification of the expression of
genes implicated in angiogenesis (such as VEGF, VEGFR, SDF1α, and
α-SMA) by RT-qPCR has also been performed to quantify angiogenesis
in wounds [91,92,94].

3.6. Measurement of oxygenation, perfusion and angiogenesis in wound
healing in animal models

Experimental studies on animals are needed to investigate the com-
plex mechanisms occurring in wound healing and to evaluate the effi-
cacy of treatments. In this context, numerous studies were performed
in order to create animal models that can reproduce human wounds.

Animal models the most frequently used in wound healing studies
are rodents because of their low cost, high availability, ease to handle.
Also, the numerous existing models of transgenic mice, knockout mice
and other disease models favor the use of these animals to study the
role of some genes in wound healing [95]. But skin morphology of ro-
dents is not similar to human skin morphology. In particular, rodent
skin is characterized by the presence of the panniculus carnosus. This
muscle layer present under the dermis promotes wound closure prefer-
entially by contraction whereas in humans, the skin is fixed to the un-
derlying tissue and the wound closes by re-epithelialization. However,
studies showed that this contraction phenomenon in rodents can be
prevented by fixing a silicone ring around the wound [96,97]. In addi-
tion, other anatomical and physiological differences between rodent
and human skin can influence the wound healing process: rodent skin



268 C.M. Desmet et al. / Advanced Drug Delivery Reviews 129 (2018) 262–284
is thinner than human skin and possesses a different density of hair fol-
licles, sebaceous and sweat glands. Also, until now, rodent models do
not perfectlymimic chronicwounds in humans [98].Most experimental
chronic wounds consist in acute wounds which are realized on models
reflecting pathological conditions linked to impaired healing, such as
hypoxia (ischemic ear model, ischemic flap), diabetes or aging.

Another interesting animal model for wound healing studies is the
pig. It was previously shown that wound healing in pigs had more con-
cordance with human wound healing than other animals. Indeed, pig
skin presents structure similaritieswith the human skin (no fur, skin ad-
herence to underlying structures, similar epidermal cell turn-over, sim-
ilar proteins and lipid composition of the stratum corneum) [99]. The
immune system in pig skin is also described to be similar to human
skin immune system [100]. But it should be noted that the pig dermis
and hair follicles are less vascularized than human skin and the endo-
thelium of cutaneous blood vessels does not produce alkaline phospha-
tase. Also, pig skin possesses more apocrine sweat glands than eccrine
glands whereas human skin possesses more eccrine glands [101].

Concerning more precisely wound oxygenation, perfusion or angio-
genesis, all animalmodels do not have the same relevance. Oxygenation
measurement by polarographic electrodes should be more relevant in
larger animals, due to the size of the implanted electrodes compared
to the skin thickness. Also, EPR oximetry can be applied on small ani-
mals but the skin thickness of rodents can be a limiting factor. Indeed,
crystals needed for oximetry measurements usually measure hundreds
of μm to 1mmwhich represent a rather large size compared to themice
skin thickness [60]. That limits the spatial accuracy and prevents accu-
rate measurements of the different parts of the skin (epidermis, dermis,
and hypodermis). Pig skin which is thicker should be more appropriate
but actually, conventional EPR L-band spectrometers possess a distance
between the magnets which allows the placement of rodents but not
pigs. Perfusion measurements give satisfactory results in all animal
models. Angiogenesis studies by histology and molecular biology
methods are relevant in rodents but can also be applied on all animal
models whereas intravital microscopy is dedicated for studies on
small animals (rodents).

3.7. Concluding remarks on the methods used to assess wound perfusion
and oxygenation

Among all techniques cited, TcPO2 to evaluate oxygenation and laser
Doppler imaging to evaluate perfusion, sometimes complemented by
angiography, are themost commonmethods used to assess wound sta-
tus in clinical practice. In experimental animal studies, angiogenesis
(primarily measured by histology/immunochemistry) and perfusion
(evaluated by laser Doppler imaging) are usually employed. Directmea-
surement of oxygenation (by EPR oximetry or polarographic electrodes)
in experimental models is almost never performed.

4. Nanomedicines for the delivery of growth factor to improve
wound oxygenation and perfusion and to hasten wound healing

Because GFs are important mediators in wound healing (Table 1),
their administration represents a particularly interesting strategy to
treat chronic wounds. Here, we will primarily focus on GFs such as
VEGF, bFGF, and PDGF-BB that are known to promote angiogenesis to
increase perfusion and wound oxygenation levels.

While theoretically promising, only a few clinical studies investigat-
ing GF administration have been performed. To date, only one GF,
human recombinant PDGF, was FDA-approved and commercialized as
Regranex® (Becaplermin) [102]. Overall, there is scant evidence sug-
gesting the efficacy of GF treatment [103–105] due to the instability of
GFs in wounds and the need for sustained exposure. GFs are primarily
administered as solutions, creams, gels or ointments [106]. However, re-
peated high doses of GFs are required to obtain beneficial effects from
treatment [106]. Thus, drug delivery systems have been developed to
overcome the rapid degradation of GFs by proteases and to facilitate
GF release in a sustained and controlled manner. Table 2 summarizes
studies inwhichGFswere included in drug delivery systems to promote
wound healing; when available, information on angiogenesis, blood
vessels and pO2was included. Drug delivery systems used for GF release
include hydrogels, matrices, scaffold-like films and sponges. Nanotech-
nologies have also been employed, including nanoparticles (NPs) and
nanofibers (NFs) produced by electrospinning [106]. Differentmaterials
are used to create NPs and NFs, including synthetic copolymers such as
poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid) (PLA), and poly(ε-
caprolactone) (PCL) as well as natural polymers such as chitosan, gela-
tin, alginate, hyaluronan and lipids [106]. Altering the composition, con-
centration or molecular weight of certain components allows drug
release to be modified. These NPs or NFs can be included in a matrix
or hydrogel that acts as a scaffold [107].

4.1. GFs encapsulated in PLGA

PLGA is one of the most commonly used polymers to produce NPs
and microspheres [106,108]. PLGA is US FDA- and EMA-approved for
use in parenteral products in humans. The polymer is biocompatible
and completely biodegradable. PLGA-associated properties of NPs that
influence drug release can be altered by varying the ratio of lactate
and glycol, the molecular weights of polymers and the production
method [109]. Drug release in NP PLGA systems involves two phases.
During the initial burst phase, the drug is released in a manner depen-
dent on properties such as solubility, hydrophobicity and polymer con-
centration [110]. During the second phase, polymer hydrolysis into
monomers induces the progressive release of the drug via diffusion
and erosion until complete polymer solubilization is achieved [110]. In-
terestingly, PLGA releases lactate during its degradation. Lactate was
shown to promote wound healing by inducing collagen synthesis
through the activation of collagen prolylhydroxylase (PHD) in fibro-
blasts [111,112]. Lactate was shown to stimulate endothelial cell migra-
tion via VEGF production [113]. In addition, during the oxidation of
lactate to pyruvate, lactate dehydrogenase 1 (LDH1) produces NADH
and pyruvate. Pyruvate and ROS produced by NADPH oxidase in the
presence of NADH inhibit HIF PHD, resulting in the stabilization of HIF,
which migrates to the nucleus and promotes the transcription of
genes associated with angiogenesis [114]. Porporato et al. showed that
the administration of exogenous lactate accelerated wound healing,
and PLGA facilitated the sustained delivery of lactate to promote the
healing and reperfusion of ischemic wounds [114].

The positive effects of PLGA NPs alone onwound healing and angio-
genesis were described by Chereddy et al. [94,115,116], who showed
that PLGA (50:50) NPs containing VEGF promoted faster wound
healing, re-epithelialization, granulation tissue formation, and neovas-
cularization in non-diabetic as well as diabetic wounds, whereas VEGF
alone did not exert any beneficial effects on wound healing. Interest-
ingly, the same authors also showed that empty PLGA NPs accelerated
wound healing and promoted re-epithelialization, granulation tissue
formation and neovascularization, which they attributed to lactate re-
leased by hydrolysis of the PLGA NPs (Fig. 4). They concluded that the
beneficial effects of these NPs on wound healing were attributable to
the combined effects of VEGF sustained release and lactate [94]. In an-
other experimental work, Golub et al. studied the effects of PLGA NPs
containing VEGF on hindlimb ischemia in a mouse femoral artery liga-
tion model [117]. Mice receiving encapsulated VEGF experienced in-
creases in total vessel volume and vessel connectivity compared to
treatment with non-encapsulated VEGF and saline. The authors con-
cluded that the treatment induced the enlargement of pre-existing ves-
sels and an increase in vessel interconnection. They did not observe any
effects on vasculogenesis from PLGA NPs alone. The effects of VEGF on
hindlimb ischemia were also tested with a fibrin complex containing
heparin-functionalized NPs in a rabbit model [118]. The heparin-
functionalized NPs promoted sustained release and enhanced the



Table 2
GFs in NPs/NFs used in experimental wound studies.

GF Delivery mode Wound model Results References

VEGF PLGA 50:50 NPs Excisional wound in NMRI and db/db
mice

↗ wound kinetics closure
↗ angiogenesis (CD34)
↗ VEGFR-2 expression

[115]

PLGA 50:50 NPs Hindlimb ischemia in 7- to 8- week-old
female 129/Sv

↗ angiogenesis (microCT angiography) [117]

Pluronic - PLGA 75:25 heparin-conjugated in
fibrin gel complex

Hindlimb ischemia in male New Zealand
White rabbits

↗ calf blood pressure (Doppler Blood
Pressure System)
↗ angiogenesis (angiography, H&E, vWF)

[118]

VEGF (in combination
with HBOT)

Gelatine microspheres Modified McFarlane flap model in male
Sprague Dawley rats (3 × 9 cm2)

↗ skin flap survival
↗ angiogenesis (H&E)

[138]

bFGF Liposomes Male and female Sprague Dawley rats
with deep second degree burn wounds

↘ inflammation
↗ angiogenesis (H&E)
↗ wound closure kinetics
↗TGFβ
↗ cell proliferation PCNA
↗ collagen content

[136]

PDGF-BB PLGA microspheres in nanofibrous PLLA
scaffold

Mid-sagittal incisions on Sprague Dawley
rats

↗ angiogenesis (vWF)
Upregulation CXCL1, 2, 5, CCL 21b;
Downregulation of CCL22
Upregulation muscle-related or
cell-backbone-related genes
Upregulation of IL-1 related genes

[120]

Hyaluronan-based porous NPs/microparticles
HYAFF11

Excisional wound (1 cm diameter) in
male Wistar rats

↗ wound closure kinetics
↗ fibroblasts, macrophages, collagen,
endothelial cells

[137]

PDGF-BB (in
combination with
chlorhexidine)

PLGA 50:50 and 85:15 microspheres + CHX Sprague Dawley rats with 8-mm infected
with P. aeruginosa

↘ infection (for 85:15)
↗ wound closure kinetics
↗ angiogenesis (CD31 and α-SMA)

[119]

SDF-1alpha ROS-responsive NPs
PPADT (poly-(1,4-phenyleneacetone
dimethylene thioketal)

Full-thickness skin excisional wound (8
mm diameter) in 6-week-old male nude
mice

↗ BMSC chemotaxis
↗ angiogenesis
↗ wound closure kinetics

[125]

EGF (in combination
with curcumin)

L-lactic acid (L-LA) and reverse Pluronic®10R5
(10R5) NPs in hydrogel system

Male SD rats with full-thickness excision
skin 2 × 2 cm2

↗ wound closure kinetics
↗granulation tissue quality/maturity of
dermis and epidermis/collagen deposition
(H&E + MT)
↗ angiogenesis (CD31)
↗ TGF-β1 staining

[139]

Combination of GFs
PDGF-BB-VEGF PLGA NP(PBGF-BB)-CS/PEO NFs (VEGF) Full-thickness excisional wound (5 mm

diameter) in Sprague Dawley rats
↗ wound closure kinetics
↗ angiogenesis (H&E)
↗ granulation tissue (H&E)
↗ collagen deposition (MT)

[140]

PDGF-A-EGF-IGF-1 Nanocomplex Poloxamer 188 containing the
GF conjugated to
low-molecular-weight-protamine

Full-thickness excisional wound (6 mm
diameter) in female hairless mice

↗ levels and proliferation of dermal
fibroblasts
↗ granulation tissue formation
↗collagen content in the wound 9 days after
acute wound healing (H&E)
↗ wound closure kinetics

[144]

VEGF-bFGF PEtU-PDMS fibrin scaffold with
PLGA 50:50-Pluronic F-127 NPs

Full-thickness dorsal wound (8 mm
diameter) in 12 week-old db/db mice

↗ wound closure kinetics
↗ re-epithelialization
↘ inflammation
↗ granulation tissue + angiogenesis (H&E)
↗ collagen
↗ proliferation (Ki67)
No significant changes compared to GFs alone

[142]

bFGF-VEGF-EGF-PDGF Hyaluronic NFs loaded with bFGF and
VEGF-loaded gelatine NPs
Collagen NFs loaded with EGF and
PDGF-loaded gelatine NPs

Excisional wound (15 mm diameter) in
male Sprague Dawley rats STZ induced

↗ wound closure kinetics
↗ re-epithelialization
↗ angiogenesis (H&E, CD31, α-SMA)
↗ collagen

[141]

VEGF-EGF CS microparticles in dextran-based hydrogel Burn wound (2 cm diameter) in Wistar
rats

↗ wound closure kinetics
↗ re-epithelialization
↗ granulation tissue (H&E)

[143]

PRP Fragmin-protamine micro-nanoparticles Split-thickness skin graft donor site
model in male Fisher 344 rats (3 × 4 ×
0.04 cm)

↗ re-epithelialization
↗ angiogenesis (H&E)

[148]

Heparin-conjugated PLGA nanospheres in
fibrin gel

2 × 2 cm excisional skin wound in 4
week-old female Balb/c nude mice

↗ wound closure kinetics
↗ re-epithelialization
↗ angiogenesis (vWF)
↗ PECAM-1 expression (RT-PCR)
↗ cell proliferation (PCNA)

[147]
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efficacy of VEGF. Fibrin acted as a matrix for cell migration and as a sup-
port for proliferative vessels. Moreover, the inclusion of NPs in a fibrin
scaffold (aswell as other forms ofmatrix, described hereafter) permitted
the slower release of GFs inside the wound than NPs alone. In vitro free
VEGF was completely released from fibrin within 7 days, with 80%
released on the first day, whereas 80% of VEGF loaded in NPs in fibrin



Fig. 4. Effects of PLGA-VEGF NPs onwound closure kinetics and angiogenesis. Effects of VEGF, PLGA NP and PLGA-VEGF NPs onwound healing: representative pictures of wounds (A) and
thewound kinetics of closure. (B) Effects of VEGF, PLGANP, and PLGA-VEGFNPs on angiogenesis: representative images of CD34 staining in thewound at days 10 and 18 (arrows indicate
blood vessels). (C) Quantification of vessel surface area and (D) quantification of VEGFR-2 expression in wounds. The results are expressed as the mean ± standard deviation (SD)
(adapted from [94]).
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was released over more than 4 weeks with a reduced initial burst. This
system promoted angiogenesis, unlike free VEGF in fibrin [118].

PLGAwas also used to preparemicrospheres releasingGFs. PLGAmi-
croparticles containing PDGF-BB and chlorhexidine were tested in exci-
sional wounds infected via P. aeruginosa inoculation [119]. PLGA 85:15
was more efficient at decreasing infection, accelerating wound healing
and stabilizing vascularization, as determined by increased CD31 and
α-SMA staining. In this way, PLGA 85:15 demonstrated a better-
adapted active drug release profile [119]. PDGF-BB was also encapsu-
lated in PLGA microspheres incorporated in a poly(L-lactic acid)
(PLLA) nanofibrous scaffold [120]. In vitro studies showed that PDGF
was released in a sustained manner that was controlled by the molecu-
lar weight of the PLGA forming the microspheres [121]. Sustained re-
lease of PDGF from the microspheres in the NF delivery system also
promoted cell migration and angiogenesis in vivo. One week after im-
plantation in a surgical pocket in rats, scaffolds containing PLGA micro-
spheres loaded with PDGF-BB presented notable tissue invasion and
neovascularization (quantified by vWF staining) compared to controls.
This scaffold also promoted the upregulation of several chemokines,
such as CXCL1, 2, 5 and CCL21b, IL-1 [120].

4.2. GFs encapsulated in chitosan

Another material frequently used to produce GF delivery systems is
chitosan (CS). In addition to its biocompatibility and biodegradability,
an advantage of CS for wound healing lies in its antimicrobial properties
[122]. Mechanisms underlying the antimicrobial actions of CS are still
not fully understood, but CS, which is positively charged, interacts with
the negatively charged microbial cell membrane, leading to alterations
in cell permeability [122–125] and/ormicrobial cellmembranedisruption
that induces microbial cell death [123,124,126,127]. CS also promotes
wound healing by increasing the functions of inflammatory cells
[128–130] and fibroblasts [129,131,132] and increasing the tensile
strength of a wound [133]. Bertoncelj et al. developed CS/poly(ethylene
oxide) (PEO) NFs loaded with platelet-rich plasma (PRP) [134], which is
enriched for several GFs, including PDGF, VEGF, and TGF-β. The authors
showed that electrospinning enabled the production of CS/PEO NFswith-
outmodifying the biological activities of GFs. NFs demonstrated favorable
properties in vitro (stimulation of keratinocyte and fibroblast metabolic
activities, cell proliferation, and appropriatemorphology) andmaintained
their morphology in a moist environment, making them a suitable sup-
port for cell adhesion and growth. CS NPs were also used to obtain
hydrophobically modified CS via ionic interactions with either oleic and
linoleic acid [135], as unsaturated fatty acids accelerate tissue repair
mechanisms and encapsulate clarithromycin [135].

4.3. GFs encapsulated in other materials

In terms other materials that have been used to produce
nanomedicines or microparticles releasing GFs in experimental wound
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healing studies, illustrative examples include liposomes containing
bFGF [136], hyaluronan-based porous NPs loaded with PDGF-BB [137],
gelatin microspheres loaded with VEGF [138], and mesoporous silica
NPs containing bFGF.

To achieve the sustained and specific release of a chemokine in a
wound, an illustrative example used ROS-responsive NPs for the
sustained release of SDF-1α, the chemokine that facilitates the mobili-
zation and homing of EPCs to the wound site [125]. The rationale for
using ROS-responsive NPs is that higher amounts of ROS are present
in wounds than in normal tissues. Thus, this difference provides an effi-
cient opportunity to target wound treatment because the system only
dissociates in the wound, which is rich in ROS, and remains intact in
normal tissues. The material used for this purpose was poly-(1,4-
phenyleneacetone dimethylene thioketal) (PPADT), a polymer contain-
ing ROS-reactive thioketals. Thioketal bonds are cleaved in the presence
of ROS, leading to depolymerization of the NPs and the release of SDF-
1α in the wound. After daily intravenous injection in mice with exci-
sional skin wounds, the wounds were specifically targeted by NPs,
which accelerated wound closure, promoted wound vascularization,
and promoted bone marrow-derived stem cells chemotaxis into the
wound [125]. Importantly, pathologies such as diabetes also induce ele-
vated levels of ROS in some tissues [22], therefore potentially leading to
drug release in non-specific tissues, which would provoke side effects.

4.4. Delivery systems loaded with multiple GFs

An increasing number of studies have recently used combined ther-
apies (several GFs or other drugs) rather than only oneGF to identify ef-
ficient treatments for chronic wounds. As described previously, wound
healing is a complex phenomenon involving many GFs and cytokines.
Therefore, acting on only oneGFmaynot be sufficient to reverse healing
impairments. For example, Li et al. [139] designed a dual drug co-loaded
in situ in a gel-forming NP/hydrogel system (EGF-Cur-NP/H), which
acted not only as a supportive matrix for the regenerative tissue but
also as a sustained drug depot for EGF and curcumin (Cur). This system
was shown to accelerate the healing of full-thickness excisional wounds
in rats and to increase granulation tissue, collagen deposition and angio-
genesis, effects that were enhanced by the combination of EGF and Cur
compared to the separate administration of each drug [139]. VEGF was
loaded into CS/PEO NFs to promote angiogenesis in the short term
(rapid release of VEGF within one day). In addition, PDGF-BB-
encapsulated PLGA nanoparticles were embedded inside NFs to gener-
ate the sustained release of PDGF-BB (40% released by day 7) for accel-
erated tissue regeneration and remodeling [140]. In excisional wounds
in rats, a scaffold increased capillary formation, collagen deposition,
and epithelial regeneration [140]. Using a sequential GF-release system,
Lai et al. [141] showed that excisional wounds in diabetic rats exhibited
more rapid wound healing and enhanced vessel formation when ad-
ministered a scaffold composed of hyaluronic acid NFs and collagen
NFs loaded with bFGF plus VEGF-loaded gelatin NPs and EGF plus
PDGF-loaded gelatin NPs, respectively. Losi et al. [142] used a fibrin-
based scaffold incorporating VEGF and bFGF-loaded NPs to stimulate
wound healing in full-thickness excisional wounds in db/db mice. This
scaffold was composed of a fibrin and poly(ether)urethane-polydi-
methylsiloxane (PEtU-PDMS) layer, which provided mechanical resis-
tance and improved the ease of handling. The encapsulation of GFs in
PLGA 50:50 NPs did not improve treatment because faster wound
healing was observed with free GFs in the fibrin scaffold. In addition,
collagen deposition and vascularization were improved either with
GFs encapsulated in NPs or free GFs. Ribeiro et al. [143] administered a
dextran-based hydrogel containing CS microparticles loaded with
VEGF and EGF inWistar rat burnwounds. Hydrogel served as a dressing
that mitigated tissue dehydration and bacterial contamination, and
slow drug releasewas observed from themicroparticles. This system fa-
cilitated faster healing and improved re-epithelialization and angiogen-
esis in wounds [143]. PDGF-A, EGF and IGF-1 [144] were administered
in Poloxamer 188 nanocomplexes after their fusion with a highly posi-
tively charged low-molecular-weight protamine and their combination
with low-molecular-weight heparin. EGF conjugation to protamine in-
creased skin permeability in vitro and significantly accelerated wound
healing, an effect that was attributed to higher absorption in the
wound area [144–146]. No single GF promoted wound healing, unlike
combined therapy. Encapsulation of the protamine-conjugated GFs in
NPs significantly accelerated wound healing by protecting the GFs
from proteolytic inactivation and promoting fibroblast proliferation
and granulation tissue formation. Native GF complexes did not improve
wound healing. Notably, it was necessary to administer the treatment
twice per day over 9 days. Additionally, PRPs have been used in some
studies because they contain several different GFs [147,148].

4.5. Delivery of other drugs

Molecules other than GFs exert beneficial effects on angiogenesis
and wound healing. Similar to the use of GFs, strategies for NP/NF for-
mulations to protect these molecules from degradation and prolong
their release in wounds have been described. Among them, we cite
NO, Cur, and antibacterial peptides such as LL37 (Table 3).

NO is a gaseous radical species with multiple roles in several physi-
ological conditions and pathologies. Notably, in the case of wound
healing, NO is present at each step of the process. NO acts as a vasodila-
tor, has antimicrobial properties, prevents platelet aggregation, and in-
duces vascular permeability during inflammation. NO also promotes
angiogenesis through the activation of VEGF, bFGF and TGF-β and stim-
ulates re-epithelialization by attracting IL-1 during the proliferative
phase. Finally, NO promotes fibroblast activation and collagen produc-
tion [149,150]. Decreased NO levels are observed in chronic wounds
such as diabetic wounds [149]. Various NP formulations have been in-
vestigated to sustainably deliver NO into wounds [151]. Several studies
demonstrated the antimicrobial or anti-fungal effects of NO released
from NPs [152–154] or NFs [155,156] in wounds as well as beneficial
effects on wound vascularization and wound healing [157,158]. Han
et al. synthesized a hydrogel-glass composite using a mixture of
tetramethylorthosilicate, polyethylene glycol, CS, glucose and so-
dium nitrite in sodium phosphate buffer. NO was produced via re-
duction of the nitrite inside the hydrogel. Mice receiving daily
topical applications exhibited enhanced wound healing compared
to non-treated mice or mice receiving empty NPs. Lower levels of in-
flammation and increased fibroblast migration and collagen deposi-
tion were observed. NPs modified leukocyte migration into the
wounds and increased TGF-β production in wounds, promoting an-
giogenesis [158]. The same group used this system to improve
wound healing in mice presenting immune deficiency and diabetes
(NOD-SCID mice). NPs releasing NO were administered topically
every 2 days, and decreased wound size was observed compared to
the group receiving only NPs or a synthetic donor that spontaneously
released NO. Beneficial effects were also observed in immunodefi-
cient diabetic mice. Reduced numbers of inflammatory cells and in-
creased fibroblast numbers were observed. Collagen deposition
was significantly increased in mice compared to other groups.
Neovascularization was also improved as demonstrated by CD34
staining.

Curcumin (Cur), a polyphenol extracted from the rhizome of
Curcuma longa, has been described to promote wound healing [159].
Cur possesses antioxidant, anti-inflammatory and antimicrobial proper-
ties and also promotes granulation tissue formation, re-epithelialization,
fibroblast proliferation, angiogenesis, collagen deposition and tissue
remodeling [159]. Cur is highly hydrophobic and has poor stability,
but its encapsulation in NPs or NFs improves wound healing. Many
studies have demonstrated the antibacterial, anti-inflammatory and an-
tioxidant activities of Cur encapsulated in NPs or NFs to favor wound
healing [115,160–169]. Some studies also showed that Cur enhanced
angiogenesis duringwoundhealing [139,165,168,170]. Themechanisms



Table 3
Other wound therapies in NPs/NFs.

Molecules Delivery mode Wound model Results References

NO Hydrogel-glass composite NPs (composed by
tetramethylorthosilicate, polyethylene
glycol, chitosan, glucose)

Full-thickness excisional skin wounds (5 mm diameter)
in female 6–8 week-old Balb/c mice

↗ wound closure kinetics
↗ inflammation
↗ neutrophils infiltration
↗ macrophages infiltration
↗ fibroblasts migration
↗ collagen deposition
↗ TGF β
↗ angiogenesis (CD34)

[158]

Full-thickness excisional skin wounds (5 mm diameter)
in female 6–8 week-old NOD.SCID/NCr mice

↗ wound closure kinetics
↗ granulation tissue
↘ inflammatory cells
↗ fibroblast-like cells
↗ collagen
↗ angiogenesis (CD34)

[157]

Curcumin Tetramethyl orthosilicate NPs Burn injuries (5 mm diameter) in female 6–8 week-old
Balb/c mice infected or not with MRSA

↘ bacterial count in infected
wounds
↗ wound closure kinetics
↗ granulation tissue
↗ collagen deposition
↗ angiogenesis (CD34)

[165]

Gum tragacanth/poly(ε-caprolactone)
electrospun nanofibers

Full-thickness excisional skin wounds (10 mm diameter)
in male adult Sprague Dawley rats STZ induced diabetic

↗ wound closure kinetics
↗ epithelial gap closure
↗ granulation tissue
↗ collagen deposition
↗ angiogenesis (H&E)

[168]

Methoxy poly(ethylene glycol)-b-poly
(ε-caprolactone) copolymer NPs loaded in
CCS-OA hydrogel

Full-thickness excisional skin wounds (2 × 1.5 cm) in
male adult Sprague Dawley rats STZ induced diabetic

↗ wound closure kinetics
↗ re-epithelialization
↗ collagen deposition
↗ granulation tissue
↗ angiogenesis (α-SMA)
↗ DNA and protein content

[170]

LL37 PLGA 50:50 NPs Full-thickness excisional skin wounds (8 mm) in 6–7
week-old male NMRI mice

↗ wound closure kinetics
↗ re-epithelialization
↗ granulation tissue formation
↗ collagen deposition
↗ IL-6 and VEGFa expression
↗ angiogenesis (CD31)
↘ myeloperoxidase activity

[116]

Nanostructured lipid carriers Full-thickness excisional skin wounds (8 mm) in 8
week-old male db/db mice

↗ wound closure kinetics
↗ re-epithelialization
Accelerated inflammation
recovery
↗ granulation tissue
↗ angiogenesis (CD31) but not
significantly
↗ collagen deposition but not
significantly

[177]

LL37 in
combination
with Serpin A1

Solid lipid NPs (glyceryl monostearate and
α-L-phosphatidylcholine)

In vitro wound healing assay and BJ fibroblast cells and
keratinocytes

↗ in vitro wound closure
↗ proinflammatory cytokines
production (IL-6, IL-1β,
TNF-α)
↗ collagen deposition
↗ antibacterial activity against
S. aureus and E. coli

[178]

AP-57 Pluronic® L35 NPs in hydrogel Full-thickness excisional skin wounds (2 × 2 cm) in male
Sprague-Dawley rats

↗ wound closure kinetics
↗ re-epithelialization
↗ granulation tissue formation
↗ dermal remodeling
↗ angiogenesis (CD31)
↗ collagen deposition

[179]
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underlying the enhancement of angiogenesis are still unknown, but
Krautz et al. suggested that the effects of Cur on angiogenesis are medi-
ated by NO synthase [165].

Human cationic antimicrobial protein (hCAP18)/LL37 is a 37-amino
acid host defense peptide that belongs to the cathelicidin family [171].
In addition to its well-described role in innate and adaptive immunology
[171,172], proangiogenic activity has been reported for this peptide
[172–174]; this activity may be mediated by the formyl peptide
receptor-like 1 (FPRL1) receptor without implicating VEGF [173] or by
VEGF itself [116,175,176]. Its antimicrobial and angiogenic activities
make LL37 a potential candidate for wound healing treatments. While
topical administration of free LL37 did not improve wound healing in
mice, the encapsulation of LL37 in PLGA NPs allowed the sustained re-
lease of LL37 [116]. LL37 in PLGA NPs induced faster wound closure, in-
creased collagen production, upregulated IL-6 expression, increased
VEGF expression, and increased angiogenesis [116]. The beneficial effects
of the treatment were attributed to the sustained release of LL37 and to
the intrinsic activity of lactate released from the NPs after degradation.
LL37 was also encapsulated in nanostructured lipid carriers (NLCs)
[177]. When administered in excisional wounds in db/db mice, LL37
NLCs promoted faster wound closure, increased re-epithelialization,
and accelerated resolution of inflammation compared to untreated



Table 4
Gene therapies with GFs used in experimental wound studies.

GF Delivery mode Wound model Results References

VEGF Adenoviral vector Full-thickness excisional skin wounds (3.5 mm
diameter) in CD1 diabetic (STZ) mice

↗ wound closure kinetics
↗ granulation tissue
↗ angiogenesis (CD31)

[180]

Full-thickness excisional skin wounds (1.4 cm
diameter) and 3-cm linear incisional wound in 8
week-old db/db mice and 24–27 week-old NOD
mice

↗ wound closure kinetics
↗ re-epithelialization
↗ tensile stiffness
↗ wound contraction (through collagen
deposition)
↗ granulation tissue deposition
↗ angiogenesis (H&E)
Thicker epidermal layer

[181]

Quadrangular flap (2 × 8 cm) on abdominal wall of
male Sprague-Dawley rats

↗ flap survival (if applied 3 or 7 days prior
surgery)
↗ perfusion (if applied 7 days prior surgery)
↗ angiogenesis (CD31)

[182]

Full-thickness excisional skin wounds (25 × 25 mm)
in female Yucatan minipigs 4–6 years-old (old) and
Yorkshire pigs

No effect on vascularization
No effect on re-epithelialization

[187]

VEGF-C Adenoviral vector Full-thickness excisional skin wounds (3–5 mm
diameter) in 10 week old db/db mice

↗ wound closure kinetics
↗ hematopoietic cells (CD45) and
macrophages (MOMA2) recruitment ↗
angiogenesis (CD31)
↗ lymphangiogenesis (LYVE)

[188]

Recombinant adeno-associated virus
(rAAV) gene transfer

Full-thickness excisional skin wounds (8 mm
diameter) in male Wistar rats

↗ wound closure kinetics
↗ angiogenesis (α-SMA)

[189]

Two full thickness longitudinal incisions (4 cm) in
14 week-old db/db mice

↗ re-epithelialization
↗ synthesis/maturation of ECM
↗ breaking strength
↗ angiogenesis (histological score on H&E)

[190]

Right-sided axial pattern skin flaps
(6 cm × 3 cm) in female Sprague-Dawley rats

↗ flap survival
↗ angiogenesis (H&E)

[191]

Plasmid injection
(VEGF-A165, VEGF-B167 or VEGF-B186)

Ischaemic skin square flaps of 8 cm length in
Sprague-Dawley rats

↗ flap survival (but not significant for
VEGF-B186)
↗ angiogenesis (H&E) (but not significant)
No changes in the calibre of vessels
(angiography)

[197]

Plasmid in polycation complex and
human fibrin sealant CROSSEAL

Fasciocutaneous flap (3 × 6 cm) in Sprague-Dawley
rats

↗ flap survival [199]

Plasmid in porous hyaluronic acid
hydrogel

Full-thickness excisional skin wounds (6 mm
diameter) in female 10–12 week-old db/db mice and
Balb/c mice.

↗ wound closure kinetics with empty porous
hydrogel but no enhancement of wound
closure with incorporation of VEGF plasmid
↗ angiogenesis with empty porous hydrogel
but no enhancement of wound closure with
incorporation of VEGF plasmid

[200]

Random pattern skin flaps (8 × 3 cm) in male
Sprague-Dawley rats

↗ skin flap survival
↗ perfusion (Doppler)
↗ expression VEGF
↗ expression eNOS
↘ inflammation

[69]

Plasmid injection and electroporation
using a non-invasive multi-electrode
array

Random pattern skin flaps (8 × 3 cm) in male
Sprague-Dawley rats

↗ skin flap survival
↗ perfusion (Doppler)

[68]

Sonoporation with minicircle DNA Full-thickness excisional skin wounds (6 mm
diameter) in C57BL/6J mice injected with STZ (1
week diabetes)

↗ wound kinetics closure
↗ perfusion (Doppler)
↗ angiogenesis (CD31, H&E)

[72]

Full-thickness excisional skin wounds (6 mm
diameter) in C57BL/6J mice injected with STZ (1
week diabetes)

↗ wound closure kinetics
↗ neoangiogenesis (Doppler)
↗ histological findings

[202]

L-arginine-grafted polyamidoamine
(PAM-RG4)/mini-circles complexes

Full-thickness excisional skin wounds (6 mm
diameter) in C57BL/6J mice injected with STZ (1
week diabetes)

↗ wound closure kinetics
↗ re-epithelialization
↗ collagen deposition
↗ angiogenesis (CD31)

[203]

TGF-β Plasmid electroporation with a syringe
electrode

Full-thickness excisional skin wounds (7 × 7 mm) in
7–9 week-old db/db mice

↗ wound closure kinetics
↗ re-epithelialization
↗ cell density in granulation tissue
↗ angiogenesis (vWF)

[205]

PDGF-B Adenoviral vector Full-thickness excisional skin wounds (8 mm
diameter) in db/db, NOD and C57BLKS/J
STZ-induced diabetic mice

↗ wound closure kinetics
↗ re-epithelialization
↗ granulation tissue formation
↗ angiogenesis (CD31)
↗ EPCs recruitment

[194]

aFGF Plasmid topically applied once a day
during 3 days

Full-thickness excisional skin wounds (6 mm
diameter) and insicional wound (2 cm) in
8-week-old female db/db mice

↗ wound closure kinetics
↗ breaking strength (incisional wound)

[240]

(continued on next page)
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Table 4 (continued)

GF Delivery mode Wound model Results References

HGF Plasmid injection and electroporation Dorsal skin flap (McFarlane) in male Wistar rats ↗ flap survival
↗ flap perfusion (laser Doppler)
↗ angiogenesis

[212]

HIF-1α Plasmid injection and
(custom-designed pin electrode)

Full-thickness excisional skin wounds (5 mm
diameter) in young (1.5–2 months) vs old (4–6
months) db/db mice

↗ wound closure kinetics
↗ mRNA expression VEFG, PLGF, PDGF-B,
ANGPT1, ANGPT2
↗ circulating angiogenic cells
↗ angiogenesis (CD31)

[206]

Plasmid + PLL20-g8-PEG5-TG or
PLL20-g3-PEG5-polyR to form a
nanocondensates contained in a 3D
fibrin matrix

Full-thickness excisional skin wounds (10 mm
diameter) in Sprague-Dawley rats (healthy or
STZ-induced diabetic)

↗ VEGF, Pecam1 (CD31) and Acta2 (α-SMA)
expression (in normal rats and also STZ rats
but in a lesser extent)
↗ angiogenesis (CD31 and α-SMA) in normal,
but not significant, and no effect in STZ rats

[207]

CMV-Hif-αΔODD plasmid pellets placed
directly in the wound

Full-thickness excisional skin wounds (2 cm
diameter) in 8 to 14-week-old db/db mice

↗ wound closure kinetics
↗ overall wound histological score
↗ angiogenesis (CD31)
↗ expression VEGF, HMOX1, NOS2

[208]

Combination of GFs
IGF-I-KGF Liposomes Full-thickness scald burn on back of Sprague-Dawley

rats
↗ VEGF, IGF-I, IGFBP-3, KGF production (↗↗
combination)
↗ re-epithelialization (↗↗ combination)
↗ cell proliferation (↗↗ combination)
↘ apoptosis (↘↘ combination)
↗ collagen deposition (↗↗ combination)
↗ angiogenesis (H&E) (↗↗ combination)

[215]

VEGF-bFGF-PDGF Plasmid Random pattern McFarlane flaps (3 × 10 cm) in
female Sprague-Dawley rats

↗ skin flap survival for VEGF, bFGF, VEGF +
bFGF, VEGF + PDGF
but ↘ skin flap survival for VEGF + bFGF +
PDGF
↗ angiogenesis (↗↗ combination)

[214]

VEGF-FGF4 AAV vector Full-thickness excisional skin wounds (4 mm
diameter) in 14-week-old db/db mice

↗ wound closure kinetics (VEGF and ↗↗
combination)
↗ epithelium thickness
↗ cell density
↗ granulation tissue formation
↗ collagen deposition
↗ angiogenesis (isolectin staining)
↗ proliferation of fibroblasts

[213]
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wounds and wounds treated with free LL37 [177]. Wound healing was
also enhanced after the administration of solid lipid nanoparticles
(SLNs) containing LL37 and Serpin A1, an elastase inhibitor with
wound healing activity. This treatment demonstrated in vitro antibacte-
rial and anti-inflammatory activity, but its effects on angiogenesis were
not investigated [178]. Another antimicrobial peptide, antimicrobial pep-
tide 57 (AP-57), was tested following encapsulation in poly(L-lactic
acid)-pluronic L35-poly(L-lactic acid) NPs, which were further included
in a thermosensitive hydrogel (AP-57-NPs-H) [179] to allow the slow re-
lease of AP-57. AP-57-NPs-H induced more rapid wound closure of full-
thickness excisional wounds in rats and increased granulation tissue for-
mation, collagen deposition and angiogenesis compared to untreated,
empty NPs or AP-57-NPs.

5. Gene therapy in wound healing

In the context of wound healing, gene therapy may be used to coun-
teract the underexpression of certain genes induced by pathologies
(e.g., diabetes) or the rapid degradation of proteins and GFs in chronic
wounds. Gene therapy is easily applicable to the skin and wounds due
to the ease of tissue access. Additionally, cells in the skin have rapid
turnover, leading to transient gene expression. Notwithstanding, gene
therapy has been mainly investigated in preclinical studies.

5.1. Viral gene transfer to enhance GF expression

Viral gene transfers have been used to enhance the expression of GFs
during wound healing, notably GFs involved in angiogenesis (Table 4).
Adenoviral vector AdCMV·VEGF165, carrying theVEGF165 gene,was suc-
cessfully administered in CD1 streptozotocin-induced diabetic mice in
which faster wound closure, increased granulation tissue formation
and angiogenesis were observed compared to non-treated mice [180].
Brem et al. [181] constructed an adenoviral vector by cloning human
VEGF165 into the multiple cloning site of an adenovirus shuttle vector
(pXC1) containing adenovirus type 5 sequences (bp 22–5790) and a
Rous sarcoma virus promoter. In diabetic mouse models (db/db and
NOD), the administration of this adenoviral vector promoted wound
healing, re-epithelialization, wound contraction, granulation tissue de-
position and angiogenesis compared to the control group. In addition,
the treatment increased skin tensile stiffness in db/db and NOD mice.
Adenoviral vectors carrying the VEGF gene, administered before sur-
gery, were also shown to improve skin flap survival and perfusion
[182–186]. Vranckx administered a VEGF-expressing adenoviral vector
via microseeding in aged pig wounds [187].While increased expression
of VEGF was observed during the 5 days of monitoring, the administra-
tion of high doses of VEGF (1011 particles per wound) impaired healing.
At adenovirus doses that were able to increase VEGF expression in
wounds (109 particles per wound), no effects on wound healing and
vascularization were observed. This could be because the time frame
for VEGF expression was not adapted to wound healing, as the major
peak of VEGF expression occurred two days after treatment, whereas
VEGF acts in the later phase of wound healing [187]. Saaristo et al.
[188] used adenoviruses to transfer a VEGF-C gene that promoted an-
giogenesis, lymphangiogenesis and wound healing in diabetic mice.
The generation of new lymphatic vessels was described to be important
inwoundhealing because it facilitates the removal of excessfluid and leu-
kocytes andhelps reduce the edemaassociatedwith the inflammatory re-
sponse [188]. Deodato [189] and Galeano [190] used recombinant
adeno-associated virus for VEGF gene transfer. Deodato et al. admin-
istered the treatment in excisional wounds in Wistar rats, while
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Galeano et al. administered it in incisional wounds realized in db/+
and db/db mice. Deodato et al. observed increased angiogenesis
(via α-SMA staining), increased granulation tissue formation, in-
creased re-epithelialization as estimated by histological scoring
and faster wound closure [189]. Galeano et al. also observed that
the treatment significantly improved histological scores of angio-
genesis, re-epithelialization, granulation tissue formation, and
wound breaking strength in db/+ mice as well as correction of the
poor results obtained in db/db mice [190]. A VEGF-expressing
adeno-associated virus vector in liposomes was administered by
intra-arterial infusion in Sprague-Dawley rats with skin flaps [191].
This treatment promoted flap survival and angiogenesis, as in-
creased vascularity and smaller-size vessels were observed com-
pared to saline or vector treatments.

PDGF-B is another GF implicated in angiogenesis. Liechty et al.
[192] showed that the administration of an adenoviral vector medi-
ated overexpression PDGF-B promoted healing in an ischemic rabbit
ear model of impaired excisional wound healing, significantly im-
proved re-epithelialization compared to non-treated wounds or
wounds receiving PDGF-B protein, and increased granulation tissue
formation. In this study, vessel formation was not evaluated [193].
The beneficial effects of an adenoviral vector expressing PDFG-B
on wound healing and granulation tissue formation were also de-
scribed by Keswani et al. [194] in three models of diabetic mice
(streptozotocin-induced, db/dbmice and NODmice). The treatment
promoted angiogenesis and the recruitment of EPCs to wounds,
which was correlated with wound healing and angiogenesis [194].

Hepatocyte growth factor (HGF) has also been administered via
gene therapy in wounds because this GF improves wound healing and
Fig. 5. Effects of VEGF plasmid electroporation in flaps in Sprague-Dawley rats. Representative
treatment on perfusion evaluated by laser Doppler imaging: the percentage of perfusion rela
perfusion (D). P-E-: no treatment (no plasmid, no electroporation), pVAXE+: electroporatio
electroporation, pVEGFE+: electroporation of the VEGF plasmid (adapted from [69]).
promotes dermal tissue regeneration and angiogenesis [195]. An adeno-
viral vector expressing HGF was shown to improve wound healing and
reduce scarring [196].

5.2. Non-viral gene transfer to enhance GF expression in wounds

Although non-viral gene therapymay lower the risk of triggering im-
mune responses and carcinogenesis compared to viral vectors, a safe
and efficient method such electroporation or sonoporation is required
to enhance plasmid delivery in targeted cells (Table 4). O'Toole et al.
[197] tested a plasmid encoding different VEGF isoforms. Injection of
the plasmid, which expressed VEGF-A165 and VEGF-B167, in flaps in
Sprague-Dawley rats significantly improved flap survival compared to
flaps receiving saline. However, no differences in vessel number or size
were observed by angiography and histology, suggesting that the pro-
tective effects of microvessel repair and the prevention of microvessel
regression by VEGF were sufficient to improve flap survival [197].

As plasmid injection is not very efficient [198], a VEGF-expressing
plasmid was included in a polymer matrix carrier, specifically a
polycation complex mixed with the human fibrin sealant Crosseal, to
stabilize it and prolong its release, which resulted in increased flap sur-
vival at day 5 post-surgery compared to controls receiving the matrix
alone [199]. This effect was attributed to increased angiogenesis. No dif-
ferences in flap survival were observed between the group of Sprague-
Dawley rats receiving VEGF protein (the control group) in the matrix
and the animals receiving VEGF-expressing plasmid in the matrix at
this time point [199]. Porous hyaluronic acid-matrix metalloproteinase
hydrogel was also tested as a scaffold for DNA delivery. Porous hydrogel
containing a VEGF-expressingplasmidwas applied inmicewounds. The
pictures of a flap (A) and quantification of the percentage of flap survival (B). Effects of
tive to baseline perfusion (C) and the percentage of perfusion relative to postoperative
n of the pVAX plasmid (control), pVEGFE-: administration of the VEGF plasmid without



Table 5
Other gene therapies used in experimental wound studies.

Molecules Delivery mode Wound model Results References

Ang-1 rAAV Incisional skin wound in 14 week-old db/db ↗ wound closure kinetics
↗ re-epithelialization, collagen maturation
↗ breaking strength
↗ angiogenesis (CD31)
↗expression eNOS and VEGFR-2
No change in VEGF expression

[218]

LL37 Plasmid followed by
electroporation

Full-thickness excisional skin wounds (4 mm diameter) in 7-week-old C57BL/6 and db/db mice and
ischemic hindlimb model in 7-week-old C57BL/6 mice

↗ wound closure kinetics
↗ VEGFa expression in wounds
Upregulation of IL-6
↗ perfusion in hindlimb muscle (Laser Doppler)
↘ muscular atrophy in hindlimb ischemia model
↗ angiogenic cytokines (VEGFa, VEGFR-1, SDF-1a and CXCR-4)
expression in ischemic hindlimb muscles

[176]

Adenoviral vector Full-thickness excisional skin wounds (4 mm diameter) and incisional wound (2 cm) in 8–10-week-old
female ob/ob mice

↗ wound closure kinetics
↗ re-epithelialization
↗ granulation tissue formation

[219]

iNOS Adenoviral vector Full-thickness excisional skin wounds (1.5 × 1.5 cm) in mice with targeted disruption of the iNOS gene ↗ wound closure kinetics [221]
eNOS Adenoviral vector in a

fibrin scaffold
Full-thickness excisional skin wounds (6 mm diameter) on the ear of New Zealand white rabbits ↗ eNOS expression

↗ re-epithelialization
↘ inflammation
↗ angiogenesis (surface and length) (CD31)

[223]

ORP150 Adenoviral vector Full-thickness excisional skin wounds (6 or 12 mm diameter) in 8-week-old C57BL/6 and db/db ↗ wound closure kinetics
↗ angiogenesis
↗ tissue levels of extracellular VEGF

[224]

IL10 Plasmid injection and
electroporation

↘ flap necrosis
↗ cutaneous perfusion
↗ vessel density

[225]
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Table 6
Gene therapies with GFs used in clinical studies.

GF Delivery mode Patients/wounds Results References

VEGF Arterial gene transfer of a phVEGF165 plasmid applied to hydrogel polymer coating of an
angioplasty balloon

1 patient with ischemic limb ↗ collateral vessels
↗ distal flow
↗ angiogenesis
Presence of oedema

[227]

Intra-arterial or intramuscular phVEGF165 gene transfer Patients with critical limb ischemia or
claudication

↗ vascular permeability and oedema
↘ rest pain
↗ collateral vessels
↗ hemodynamics (ankle/toe-brachial index)

[228]

Catheter mediated delivery of VEGF-adenovirus or VEGF-plasmid/liposome Patients with critical limb ischemia ↗ vascularity
No change in major amputation
No effect on ulcer healing
No effect on rest pain

[229]

Intramuscular injection of pCK-VEGF165 plasmid Patients with peripheral arterial disease ↘ rest pain
↗ ulcers healing
↗ ankle-brachial index
↗ collateral vessels
Transient oedema

[230]

Intramuscular injection of phVEGF165 plasmid Patients with critical limb ischemia ↗ ankle-brachial index
↗ distal flow
↗ ulcers healing
↘ rest pain

[231]

Intramuscular injection of a phVEGF165 plasmid Diabetic patients with critical limb ischemia ↗ hemodynamics (ankle/toe-brachial index)
↗ ulcers healing
↘ pain
No significant reduction in amputation rates

[232]

PDGF Adenoviral vector H5.020CMV.PDGF-β administered subcutaneously around the wound edge Chronic venous leg ulcers ↘ wound size
↗ recruitment immature bone marrow derived endothelial
progenitor cells
↗ angiogenesis (CD31) but not significantly

[233]

Topical application of the adenoviral vector Ad-5PDGF-B incorporated into a gene-activated
matrix (GAM501)

Chronic diabetic ulcers ↘ wound size [234]

HGF Intramuscular injection of AMG0001 plasmid Patients with lower extremity ischemic
tissue loss

↗ toe-brachial index
↗ TcPO2

↘ rest pain
No significant different rate of wound healing
No difference in major amputation rate

[235]

Intramuscular injection of a pVAX1-HGF plasmid Patients with critical limb ischemia ↗ ankle brachial index
↗ toe brachial index
No changes inTcPO2

↘ rest pain
↘ wound size
↗ maximum walking distance

[236]

Intramuscular injection of a pUDK-HGF plasmid Patients with critical limb ischemia ↘ pain
↗ healing
↗ TcPO2 but not significantly
↗ ankle brachial index but not significantly

[237]

Intramuscular injection of a VM202 plasmid (expressing 2 isoforms of HGF) Patients with critical limb ischemia ↘ ulcer size
↗ TcPO2 (high dose)
No effect on ankle or toe-brachial index, rest pain, amputation rate

[238]
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hydrogel by itself was shown to improve wound healing; however, the
presence of the VEGF-expressing plasmid did not significantly increase
angiogenesis compared to hydrogel containing a control plasmid ex-
pressing reporter genes [200].

Electroporation has also been used to transfer genes encoding VEGF
expression with good results, notably in terms of flap survival and flap
perfusion. Ferraro et al. administered a plasmid expressing VEGF by
electroporation 2 days after flap surgery in rats. Peak expression of
VEGF occurred at the onset of the proliferative phase. Compared to
flaps receiving VEGF-expressing plasmid without electroporation, elec-
troporation induced significantly higher levels of transgene expression.
VEGF and eNOS expression was increased. Additionally, skin flap sur-
vival and flap perfusion were improved [69] (Fig. 5). The same group
developed a non-invasive microelectrode array to efficiently transfer
geneswith significantly lessmuscle twitching anddiscomfort compared
to the traditionally used electrodes. Different plasmid dosages and elec-
troporation protocols were tested to optimize the treatment: 50–100 μg
of plasmid delivered by electroporation at two sites on the flap during
the first two days after flap surgery [201].

Sonoporation was used to deliver minicircles expressing VEGF in
wounds. Minicircle DNA delivery demonstrated more robust and
prolonged transgene expression than plasmids and improved wound
healing and angiogenesis were observed in streptozotocin-induced dia-
betic mice [72,202]. Minicircle VEGF DNA was also administered in the
form of complexes after its combination with arginine-grafted cationic
dendrimers (PAM-RG4) into the wounds of streptozotocin-induced di-
abetic mice, leading to effective wound healing and the promotion of
angiogenesis [203].

Ex vivo transfection was performed to promote VEGF expression in
wounds. Rinsch et al. [204] introduced vectors expressing VEGF or
FGF-2 in vitro in myofibroblasts to produce high levels of proteins.
These cells were then encapsulated in a microporous polymer mem-
brane to form an implant that would potentially be removed from the
wound after healing and facilitate the isolation of the cells fromhost im-
mune reactions. Cells expressing FGF-2 improved flap survival, while
cells expressing VEGF did not increase angiogenesis compared to cells
expressing FGF-2. This absence of an effect exerted by cells expressing
VEGF was explained by the potentially inappropriate dosing of VEGF,
the use of an inappropriate implantation site, and the inappropriate
timing of administration, inducing angiogenesis too late to promote
wound healing.

Electroporation with a syringe electrode was also successfully
used to treat wounds with a plasmid expressing the TGF-β gene:
TGF-β expression promoted re-epithelialization, granulation tis-
sue formation, angiogenesis, and wound closure [205]. A HIF-1α-
expressing plasmid was administered by electroporation and im-
proved wound healing and angiogenesis [206]. Additionally, a
HIF-1-encoding plasmid was encapsulated in nanocondensates in
a 3D fibrin matrix [207] and directly administered in the form of
pellets into the wound [208]. All of these treatments promoted
wound healing and angiogenesis.

Injection of a plasmid encoding HGF induced angiogenesis in a
rabbit hind limb ischemia model, a rat hind limb ischemia model
[209] and a rat diabetic ischemia model [210]. This technique also
improved angiogenesis in a hind limb ischemic model in transgenic
mice that presented impaired collateral vessel formation [211]. Fur-
thermore, electroporation of HGF decreased flap necrosis and signif-
icantly improved angiogenesis and perfusion of the skin flaps, as
observed by CD31 staining in histological sections and laser Doppler
imaging [212].

5.3. Gene transfer to improve the expression of several GFs

Some groups have combined gene therapy with several GFs to act at
different levels throughout the complex process of wound healing.
Jazwa et al. [213] demonstrated improved wound healing using a
combination of VEGF and FGF4 expressed from adeno-associated viral
vectors. Liu et al. showed improved flap survival and angiogenesis
with combined therapy using the plasmid VEGF165 in combination
with bFGF, whereas combined therapy with VEGF165, bFGF and PDGF
improved angiogenesis but impaired flap survival under experimental
conditions [214]. Jeschke et al. showed the beneficial effects of IGF-I
combined with KGF liposomal gene transfer on wound healing,
angiogenesis, and re-epithelialization [215]. Kunugiza et al. reported
improved wound healing, increased blood flow, and increased neo-
vascularization after the administration of HGF and a prostacyclin
synthase-expressing plasmid by Shima Jet, a technique first devel-
oped for the non-needle administration of insulin in diabetic pa-
tients [216].
5.4. Gene transfer of other peptides and proteins

Other factors have also been administered via gene therapy to
promote wound healing. These include angiogenesis-promoting
treatments (Table 5). For example, Ang-1, known to stimulate angio-
genesis, promoted angiogenesis in in vitro studies and in an in vivo
matrigel assay when administered using a recombinant adeno-
associated viral vector [217]. When administered in diabetic mice,
Ang-1 improved wound healing and increased wound breaking
strength, eNOS expression, wound NO content, angiogenesis, and
VEGFR2 levels. As VEGF levels were not restored by this treatment,
it was proposed that Ang-1 promoted angiogenesis without impli-
cating VEGF [218].

The LL37 antimicrobial peptide also favors wound healing and an-
giogenesis when administered in obese and diabetic mice either by
electroporation or by using adenoviral vectors [176,219]. Additionally,
an adenoviral vector expressing LL37 improved burn wound healing
and decreased bacterial growth [220].

iNOS gene therapy is another promising strategy to treat chronic
wounds. Indeed, iNOS produces NO, which is notably involved in cell
proliferation and angiogenesis during wound healing. Low levels of
iNOS have also been described in diabetic wounds with impaired
healing. Using iNOS-deficient mice, Yamasaki et al. demonstrated the
important role of iNOS in wound healing. By treating iNOS-deficient
mice with an adenovirus promoting iNOS expression, wound healing
was restored to the normal levels observed in healthy mice [221].
eNOS gene therapy was shown to improve wound healing in type I dia-
betic mice. Administration of eNOS by an adenoviral vector improved
healing by decreasing the superoxide anion content present in the
wounds. Additionally, the same effect was observed with the adminis-
tration of manganese superoxide dismutase [222]. Furthermore, Breen
et al. showed that adenoviral vectors expressing eNOS encapsulated in
a fibrin scaffold promoted wound healing, demonstrating increased ep-
ithelial coverage, decreased inflammation, and the promotion of angio-
genesis compared to non-treated fibrin alone or adenoviral vector alone
[223].

Ozawa et al. administered a 150-kDa oxygen-regulated protein
(ORP150) with an adenoviral vector to promote wound healing in
C57BL6/J and db/dbmice [224]. ORP150 is an inducible endoplasmic re-
ticulum chaperone expressed in a range of pathologic situations and is
proposed to contribute to the cellular response to environmental stress.
ORP150 overexpression with an adenoviral vector accelerated wound
closure and correlated with angiogenesis and the overexpression of
VEGF [224].

Electroporation-mediated IL-10 gene transfer decreased percentage
of flap necrosis and increased cutaneous perfusion compared to the
control group: significantly higher mean CD31+ vessel density was de-
tected and semi-quantitative image analysis showed lower inflamma-
tory cell count. In vivo electroporation-mediated IL-10 gene transfer
reduced necrosis, enhanced survival and vascularity in the ischemic
skin flap [225].
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6. Conclusions and clinical perspectives

Perfusion and oxygenation play key roles in the different steps of
wound healing. Hence, enhancing hemodynamics and pO2 in wounds
is crucial to accelerate the healing of acute or chronic wounds. Numer-
ous preclinical studies have shown that the delivery of angiogenic GFs
promotes wound healing in normal and diabetic rodents. However, un-
less high doses and repeated administrations are achieved, advanced
drug delivery systems such as (nano)carriers or gene therapies are re-
quired to avoid GF degradation by proteases and to induce their
sustained release during the healing process. Moreover, the carrier can
be included in a matrix or hydrogel that can act as a scaffold, moister
the wound, act as a dressing, further sustain and control drug release
or act as a dual delivery system [107].While the efficacy of such systems
has been experimentally demonstrated (see Sections 4 and 5), only a
few clinical studies have been performed to translate this approach
from bench to bedside.

Wound cleaning, wound debridement and the selection of wound
dressings favoring a moist environment remain the first choices for
the treatment of diabetic foot ulcers. The use of hyperbaric oxygen ther-
apy (topical or systemic) is still controversial and requires further clin-
ical study to evaluate the benefits of this treatment [226]. This is also
true for negative pressure wound therapy [226]. The use of GFs to
treat diabetic ulcers is limited due to a lack of evidence regarding the
treatment efficacy. Certain clinical studies described below gave en-
couraging results thatmust be confirmed in larger blinded and random-
ized trials (Table 6).

Whereas VEGF is a potent proangiogenic factor showing interesting
results in experimental wound healing studies, clinical studies have
demonstrated the variable efficacy of gene therapy in lower limb ische-
mia [227–231]. Another clinical study showed that the intramuscular
injection of a VEGF-expressing plasmid (phVEGF165) improved hemo-
dynamics (determined by the ankle and toe brachial index) and healing
but did not significantly reduce amputation rates [232].

The feasibility of PDGF administration via gene therapy to improve
wound healing and angiogenesis has been investigated in 2 clinical
studies [233,234]. A phase 1 study applied the adenoviral vector
H5.020CMV·PDGF-β in chronic venous leg ulcers [233]. The plasmid
demonstrated safety and efficacy accompanied by a reduction in
wound size. Histological studies performed on biopsies showed the re-
cruitment of increased numbers of immature bonemarrow-derived en-
dothelial progenitor cells in wounds as well as increased angiogenesis
[233]. A phase 1/2 trial was carried out with an adenoviral vector ex-
pressing PDGF-B (Ad-5PDGF-B) incorporated into a gene-activatedma-
trix (GAM501) [234]. This collagen-containing matrix stabilized the
vector and acted as a support for proliferating cells during the prolifera-
tive phase. The application of a GAM501-containing PDGF adenoviral vec-
tor was shown to be safe and to promote wound healing with a more
rapid decrease inwound size, but the effects of the treatment onhemody-
namics were not investigated [234]. These 2 small studies provided en-
couraging results, but their findings must be confirmed in larger studies.

As an alternative to VEGF and PDGF, other clinical studies have in-
vestigated HGF administered by gene therapy to promote ulcer healing.
Four groups showed the safety and efficacy of intravascular HGF plas-
mid gene injection inwound healing in patients with critical limb ische-
mia. In the HGF-0205 trial, one group demonstrated that limb perfusion
and TcPO2 were increased and resting pain was decreased after admin-
istration of the plasmid AMG0001 [235]. However, no differences in
major amputation were observed in this study. The second group
showed that intramuscular HGF gene therapy was safe, improved the
ankle brachial index and decreased ulcer size during 6-month follow-
up [236]. Using a pUDK plasmid, a third group demonstrated decreased
pain and improved healing after treatment. This group also showed im-
proved hemodynamics (evaluated by TcPO2 and the ankle brachial
index), although this was not statistically significant [237]. A fourth
group showed the safety of VM202 use and demonstrated that a low
dose of an HGF-expressing plasmid was sufficient to decrease ulcer
size, whereas a high dose significantly improved complete healing and
the TcPO2 [238]. Again, the results obtained with HGF gene therapy
must be confirmed by larger studies.

In conclusion, the results of these small studies are encouraging, but
there is insufficient evidence to suggest that the use of GFs administered
by gene therapy improves hemodynamics and wound healing in pa-
tients. Also, concerning NPs, even if their use in the clinical practice
might present several advantages upon gene therapy, no clinical trial
using this type of material in wound healing studies is described. How-
ever, experimental studies showed the interest of NPs that could be in-
corporated in several scaffolds already approved by regulatory agencies
(such as hydrogels or carboxymethylcellulose dressing) in the clinical
practice. Such “nanocomposite smart materials” are promising and
should promote clinical research on wound treatment [107,239].
Based on the preclinical studies providing proof of concept and on the
selection of systems that can easily be translated to humans (e.g. PLGA
particles), larger clinical trials are required to determine the efficacy of
GF therapies for wound oxygenation and wound healing.
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