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Abstract

Dermal substitutes provide a template for dermal regeneration and reconstruction. They consti-

tutes an ideal clinical treatment for deep skin defects. However, rapid vascularization remains

as a major hurdle to the development and application of dermal substitutes. Several bioactive

factors play an important regulatory role in the process of angiogenesis and an understanding of

the mechanism of achieving their effective delivery and sustained function is vital. Nanomaterials

have great potential for tissue engineering. Effective delivery of bioactive factors (including growth

factors, peptides and nucleic acids) by nanomaterials is of increasing research interest. This paper

discusses the process of dermal substitute angiogenesis and the roles of related bioactive factors

in this process. The application of nanomaterials for the delivery of bioactive factors to enhance

angiogenesis and accelerate wound healing is also reviewed. We focus on new systems and

approaches for delivering bioactive factors for enhancing angiogenesis in dermal substitutes.
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Highlights

• The role of bioactive factors in the process of dermal substitute angiogenesis is discussed.
• Recent progress in the use of nanomaterials for delivery of bioactive factors to enhance angiogenesis and accelerate wound

healing are systematically reviewed.
• New systems and approaches for delivering nucleic acids for enhancing angiogenesis in dermal substitutes are described and

summarized.

Background

Skin tissue defects triggered by various acute and chronic
factors, including mechanical injury, burn, chronic ulcer and
tumour resection, are often seen in clinical practice and

represent a major public health, economic and social problem
[1]. A dermal substitute is a dermal regeneration template that
plays a crucial role in dermal reconstruction/regeneration. It
constitutes an ideal treatment for deep skin defects. However,
insufficient vascularization in dermal substitutes remains a
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challenge [2]. This deficiency is primarily manifested in the
slow growth of new blood vessels during the early stages
of implantation of the dermal substitute, which prolongs
the latency to vascularization. Accordingly, accelerating the
vascularization process is an urgent issue that needs to be
addressed to enhance repair efficiency when using dermal
substitutes [3].

To ensure rapid vascularization of dermal substitutes,
various methods have been established to promote vascular-
ization, including optimization of the scaffold structure [4],
pre-seeding of vascular endothelial cells (ECs) or stem cells
[5] and introduction of vasoactive factors [6]. The structure
(i.e. pore size, porosity and connectivity) of dermal scaffold
has a fundamental regulatory effect on the tissue cell growth
induced by the scaffold. However, simply changing the struc-
tural parameters of the scaffold has a limited effect on vas-
cularization. Pre-seeding cells or stem cells closely related
to angiogenesis into the scaffold is important. Ultimately,
the active components secreted by the cells indirectly affect
the vascularization process of the scaffold [5]. The vascu-
larization process taking place within the dermal substitute
body from angiogenesis to maturation is closely regulated by
various bioactive factors [7]. Enhancing the vascularization
of dermal substitutes by delivering bioactive factors is an
emerging strategy to promote wound healing. However, the
use of bioactive factors in wound tissues is hampered by their
rapid degradation [8,9]. To overcome this problem, another
effective strategy for the delivery of bioactive factors uses
nanomaterials to transfer the gene of a pro-angiogenic factor
into wound cells, such that cells transfected with the target
gene can continuously and stably express the factor within a
certain period of time, thereby promoting angiogenesis. Genes
encoding pro-angiogenic factors have achieved better wound
closure than direct application of bioactive factors [10].

Nano-sized carriers are required for delivery of biologics
that act intracellularly, such as peptides or nucleic acids.
Small size would favour improved drug penetration into
wound beds and increased intracellular uptake [11]. On
the other hand, microparticle-mediated delivery would offer
a more sustained therapeutic effect if only extracellular
delivery is required because the lower surface-to-volume
ratio would slow the release kinetics [12]. In this review,
we summarise recent progress in the use of nanomaterials to
deliver bioactive factors (including growth factors, peptides
and nucleic acids) to improve dermis substitute angiogenesis
(DSA) and accelerate wound healing. In particular, we focus
on new systems and approaches for delivering bioactive
factors to enhance angiogenesis in dermal substitutes.
Additionally, important strategies are proposed to achieve
effective delivery and sustained function of bioactive factors
in the proteolytic environment of wounds.

Review

Dermal substitute angiogenesis in wound healing

The vascularization process of a dermal substitute implanted
into a wound resembles the vascularization process of wound

healing. It is highly complex, involving the interaction of
various cells, including fibroblasts, ECs and pericytes, along
with various bioactive factors including vascular endothe-
lial growth factor (VEGF), fibroblast growth factor (FGF),
epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF) and angiopoietins, extracellular matrix and
proteolytic enzymes (Fiigure 1). Vascularization is a two-stage
process, i.e. angiogenesis followed by vascular maturation.
In the angiogenesis stage, ECs proliferate to form primary
vascular structures by budding, under the regulation of var-
ious factors. Wound healing can be roughly divided into
three phases: inflammatory, proliferative and remodelling.
In the first stage of wound healing, hypoxia causes rapid
infiltration of inflammatory cells, including neutrophils, mast
cells, lymphocytes and macrophages, and the formation of
granulation tissue. Also, VEGF, primarily expressed during
granulation tissue formation (from day 4 to 7) [13], is released
by macrophages, ECs [13], platelets [14], activated epider-
mal cells and fibroblasts following tumour necrosis factor
alpha (TNF-α) induction [15]. VEGF specifically binds to
the VEGFR-2 receptor on the surface of ECs and promotes
the migration, proliferation and primary lumen formation
of ECs. In addition to vascular endothelial cells, other cells,
including keratinocytes and macrophages, express VEGFRs
and directly respond to VEGF [16]. However, the structure
and function of the new blood vessel are immature, reflected
in a narrow lumen, high permeability of the vessel wall and
easy leakage [17,18]. Further vascular maturation improves
the function of new blood vessels.

Additionally, endothelial progenitor cells (EPCs) contin-
uously express chemokine receptor 4, a receptor of stromal
cell-derived factor 1 (SDF-1). SDF-1 promotes the regen-
eration of injured blood vessels by mediating the migra-
tion and aggregation of EPCs [19]. FGF-2 is a multifunc-
tional polypeptide released by fibroblasts, keratinocytes, ECs,
smooth muscle cells and chondrocytes during the healing
process [20]. Moreover, it promotes the growth, migration
and differentiation of various cell types, including dermal
fibroblasts, keratinocytes, ECs and melanocytes [21]. FGF-
2 stimulates the expression of VEGF, granulation tissue for-
mation and angiogenesis in wounds [22]. PDGF, EGF and
hypoxia-inducible factor 1 (HIF-1) activation up-regulate the
expression of VEGF in wounds [23,24]. HIF-1 is the core
regulator of angiogenesis under hypoxia and directly partic-
ipates in the entire angiogenesis process by influencing the
expression of other growth factors [25,26]. Under hypoxia,
the HIF-1α subunit migrates to the nucleus and binds to the
HIF-1β subunit. The transcription initiation complex thus
formed binds to the hypoxia response element (HBE) contain-
ing 5′-CGTG-3′ in the 5′ flanking sequence of the target gene,
and triggers the transcription of related target genes, thereby
balancing the oxygen demand of the body [27]. Related target
genes are involved in angiogenesis and remodelling, as well as
energy metabolism, cell migration and apoptosis [23].

Notably, pericytes play a vital role in vascular maturation.
These heterogeneous cell groups, located in the vessel wall, are
generally implicated in vascular rheology and maintenance of



Burns & Trauma, 2022, Vol. 10, tkab049 3

Figure 1. Summary diagram of the cellular and molecular components of

dermal substitute angiogenesis. VEGF vascular endothelial growth factor

receptor, PDGF platelet-derived growth factor, FGF fibroblast growth factor

receptor, VEGFR vascular endothelial growth factor, PDGFR platelet-derived

growth factor, FGFR fibroblast growth factor receptor

homeostasis, including blood flow regulation, angiogenesis,
vascular system stability and vascular permeability. Generally,
pericytes stabilize the newly formed vascular structure via
direct contact with ECs or paracrine during a relatively late
stage of vascularization, thus promoting the maturation of
new blood vessels [28]. Pericytes are closely associated with
ECs, which play crucial roles in the maintenance of blood
vessels and angiogenesis. Physical interactions, through adhe-
sion plaques, ‘peg-and-socket’ junctions and gap junctions
are key for maintaining pericyte–endothelium attachment
[29]. Activated ECs secrete PDGF-B via paracrine to recruit
pericytes and bind to PDGF receptor β (PDGFRβ) expressed
on pericytes [30,31]. Furthermore, the secretion of angiopoi-
etin 1 (Ang-1) by pericytes mediates pericyte–endothelial
attachment via the Tie2 receptor, which is expressed by ECs
[32]. Disruption of the pericyte–EC interaction triggers a loss
of pericyte coverage in the vessels and a leaky vasculature,
resulting in haemorrhage and oedema [33].

Promotion of DSA in wound healing via delivery of

bioactive factors by nanomaterials

Bioactive factors promote vascularization. Besides effectively
stimulating the aggregation and proliferation of ECs and

EPCs, various bioactive factors promote the formation and
development of new blood vessels. However, the effect of
direct application of these expensive bioactive factors is often
unsatisfactory, primarily due to their instability, easy inactiva-
tion and short half-life, making them difficult to be used for
promoting vascularization. To ensure effective delivery and
continuous functioning of angiogenic factors, common strate-
gies involve controlled release of single or multiple active
factors via a delivery system, including hydrogels, scaffold-
like films, sponges, nanofibres (NFs), nanoparticles (NPs) and
nanomicrospheres (NMs) [34,35] (Table 1).

Nanomaterial delivery systems loaded with growth factors
Using growth factors to induce both angiogenesis and
enhance wound closure has been intensively studied. Endoge-
nous growth factors play a critical role in orchestrating the
wound healing process and are essential for DSA and effective
wound healing (Figure 2) [20].

VEGF, a glycosylated secretory polypeptide factor, is a
powerful angiogenic factor that can stimulate the mitosis
of human umbilical vein endothelial cells (HUVECs) and
angiogenesis, as well as improve the permeability of mono-
layer endothelium. Based on the different shearing methods of
mRNA, VEGF produces at least five different protein forms.
Among them, VEGF121, VEGF145 and VEGF165 are solu-
ble proteins, which directly act on vascular ECs and promote
their proliferation. Golub et al. [36] embedded VEGF in poly
(lactic-co-glycolic acid) (PLGA) nanospheres to construct a
controlled release system that could release VEGF within 2–
4 days. In vivo studies showed that this system was beneficial
to induce vascular ingrowth. Chereddy et al. [37] reported
positive effects of VEGF-loaded PLGA NPs on wound healing
and angiogenesis. The release of VEGF from PLGA-VEGF
NPs followed a biphasic pattern (sustained release after initial
sudden release). Most studies have focused on the vascular-
ization of a single growth factor, while the vascularization
process in vivo is often complex, involving multiple bioactive
factors. Therefore, it is essential to investigate the synergy
and antagonism between different pro-angiogenic factors,
as well as the mechanism of sequential regulation of the
vascularization process, to resolve the early vascularization of
dermal scaffolds. The collagen (Col)–hyaluronic acid (HA)–
gelatine (Col–HA–GN) nanofibrous membrane developed by
Lai et al. displayed similar mechanical properties to human
skin, releasing various angiogenic growth factors (VEGF,
PDGF, basic fibroblast growth factor [bFGF] and EGF) in a
programmable manner for up to 1 month. The delivery of
EGF and bFGF in the early stage was expected to accelerate
epithelialization and vasculature sprouting, while the release
of PDGF and VEGF in the late stage was intended to induce
maturation of blood vessels. The results showed that the
Col–HA membrane with four types of growth factor NF
constructs (Col–HAw/4GF) improved HUVEC proliferation
and the formation of vascular-like tubular structures in vitro
and also promoted re-epithelization, dermal reconstruction
and the formation of mature vessels in streptozotocin (STZ)-
induced diabetic rats [38].
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Figure 2. Dual growth factor releasing multi-functional nanofibers for wound healing. (a) Schematic illustration of the nanoparticle embedded electrospun

nanofibers loaded with two growth factors for the wound healing. (b) Growth factor release kinetics from nanofibers and nanoparticles within fibers as

determined by ELISA. (c) Representative macroscopic appearance of wound closure at 0, 1, 2, and 4 weeks after treatment of skin wound after 0, 1, 2, and

4 weeks. (d) Quantitative measurement of wound size reduction. (∗p<0.05, ∗∗p<0.01). PDGF-BB platelet-derived growth factor-BB, VEGF vascular endothelial

growth factor, GF growth factor, CS chitosan, PEO poly (ethylene oxide), PLGA poly-lactic-co-glycolic acid [49]. (Copyright 2013 Acta Biomaterialia Inc.)

FGFs are a type of multifunctional cell growth factor, being
both mitogens of fibroblasts and chemokines of ECs, which
effectively promote angiogenesis [20]. Among them, bFGF (or
FGF-2) is an important member of the family. bFGF exists
in the basement membrane and subendothelial extracellular
matrix. It stimulates the proliferation of fibroblasts and capil-
lary ECs, thereby promoting angiogenesis and wound healing
[22,39]. Mesoporous silica NPs (MSNs) can be used for
controlled drug release by fine-tuning the surface area-to-
volume ratio, pore size and surface properties. Zhang et al.
delivered bFGF from MSNs with a formulation that allowed
release over 20 days. MSNs represent a new system for
the delivery of growth factors, assist blood vessel regener-
ation and potentiate angiogenesis [40]. Li et al. fabricated
biodegradable GN microspheres containing bFGF, and incor-
porated them into a porous Col/cellulose nanocrystals scaf-
fold as a platform for long-term release (up to 14 days) and

consequent angiogenic promotion. In a subcutaneous implan-
tation model, bFGF-releasing GN microspheres significantly
increased the number of new blood vessels compared to FGF-
2 from the scaffold alone or control group [41]. Arunkumar
et al. [42] developed bFGF-loaded poly (ε- caprolactone)
(PCL) microspheres for sustained release of bFGF and evalu-
ated their angiogenic potential. In vitro bFGF release studies
showed controlled release for up to 30 days. HUVECs treated
with bFGF–PCL-microspheres significantly upregulated the
expression of angiogenic genes (bFGF and VEGFA). Xu et al.
developed liposomes with a hydrogel core of silk fibroin
(SF-LIP) by gelation of liquid SF inside vesicles [43]. SF-LIP
encapsulated bFGF with high efficiency and improved the
stability of bFGF in wound fluid 3-fold relative to free bFGF.
Furthermore, bFGF-incorporated SF-LIP not only accelerated
wound closure in mice with deep second-degree scald but
also induced angiogenesis by improving the stability of bFGF.
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Losi et al. [44] integrated NPs loaded with VEGF and bFGF
into fibrin-based polymer scaffolds. The scaffold comprising
two growth factors induced complete re-epithelialization,
enhanced granulation tissue formation/maturation, promoted
vascularization and Col deposition and accelerated wound
closure.

PDGF-BB locally delivered by peptide NFs reduced the
infarct size after ischaemia/reperfusion [45]. This was partly
because PDGF promoted Col synthesis, recruited pericytes
through neovascularization and regulated the maturation of
infarcted vasculature [46]. However, a major obstacle to
the successful clinical application of PDGF is the delivery
system. Slow-release is key to the in vivo application of PDGF
to promote tissue repair. Jin et al. [47] designed a poly-L-
lactide NF scaffold containing PDGF-BB microspheres and
achieved sustained release of PDGF-BB. By controlling the
molecular weight of the microspheres over the range of 6. 5–
64 kDa, release rates of PDGF were regulated over periods
of weeks to months in vitro. In vivo experiments confirmed
that this controlled release scaffold enhanced cell migration
and angiogenesis, which might be related to the induction of
chemokine-related genes. Simultaneous application of multi-
ple growth factors may provide the extra benefit needed for
use in the clinical environment [48]. Xie et al. [49] successfully
developed a biomimetic NF scaffold loaded with NPs, which
released VEGF and PDGF-BB via a relay mode. Chitosan
and polyethylene oxide were electrospun into NF meshes as
mimics of the extracellular matrix. VEGF was loaded within
the NFs to promote short-term angiogenesis. Furthermore,
PDGF-BB-encapsulated PLGA NPs were embedded inside the
NFs for sustained release of PDGF-BB to accelerate tissue
regeneration and remodelling. A preliminary study using
a full-thickness rat skin wound model demonstrated that
a bionic NF scaffold significantly accelerated the wound
healing process by promoting angiogenesis, increasing re-
epithelization and controlling granulation tissue formation.
In another study, an electrospun NF scaffold of Col and HA
was created that released FGF-2, EGF, VEGF and PDGF-BB
with varying release kinetics. The delivery of EGF and bFGF
during the early stage was expected to accelerate epithelial-
ization and vasculature sprouting, while the release of PDGF
and VEGF in the late stage was intended to induce blood
vessel maturation. This construct accelerated wound closure
and the maturation of blood vessels in the wound beds of rats
with STZ-induced diabetes [38].

Activation of EGF up-regulates VEGF expression in the
wound. Chu et al. [50] used a modified double-emulsion
method with PLGA as the carrier to prepare recombinant
human epidermal growth factor (rhEGF) NPs. The rhEGF
NPs were ∼193. 5 nm in diameter, and the particle size
distribution was uniform and dispersible. The encapsulation
efficiency was 85.6% and rhEGF release lasted 24 h. The
results showed that controlled release of rhEGF encapsulated
in the NPs enhanced the stimulatory effects of rhEGF on cell
proliferation, accelerating angiogenesis and shortening the
wound healing time.

The delivery of exogenous growth factors has been shown
to promote wound closure and angiogenesis in animal studies.
However, mixed results from clinical trials and the pro-
hibitive cost of the therapies have slowed clinical adoption of
these treatments. Nevertheless, research continues to develop
more effective growth factor therapies for wound healing.
Future studies including growth factor-based gene therapy
and biomaterial-based drug delivery systems might revolu-
tionize treatment of chronic wounds.

Nanomaterial delivery systems loaded with other peptides
and proteins Angiogenin is implicated in virtually the entire
process from angiogenesis to maturation and regulates angio-
genesis [51]. Angiopoietin was grafted onto a Col–chitosan
porous scaffold to construct a biologically active scaffold with
controlled release of angiogenin. The scaffold rapidly induced
blood vessel growth [52]. However, insufficient stability of the
‘scaffold-loaded protein’ controlled release system, expensive
bioactive factors and a short half-life in vivo limit its further
application. Wang et al. [53] believed that introducing the
plasmid DNA of angiogenin into the scaffold, to obtain a new
gene-active dermal scaffold, might be a feasible approach for
effective delivery of angiogenin and continuous promotion
of vascularization. Despite angiogenin exerting a powerful
angiogenesis-promoting effect, research on its application in
the field of tissue engineering (TE) is still in the exploratory
stage.

Sun et al. [54] grafted granulocyte-macrophage colony-
stimulating factor (GM-CSF) onto heparinized GN–chitosan
scaffold by chemical crosslinking and achieved controlled
release of GM-CSF. In vivo implantation experiments
confirmed that this controlled release scaffold promoted
macrophage aggregation and vascularization. Kohara et al.
[55] embedded the neuropeptide substance P into a biodegrad-
able hydrogel comprising silver ions and achieved controlled
release of substance P. In vivo experiments showed that
this controlled release system was more beneficial for
promoting blood vessels than subcutaneous injection of
substance P. Tang et al. [56] synthesised reactive oxygen
species (ROS)-responsive NPs containing SDF-1α. These NPs
were intravenously infused into mice with full-thickness skin
defects. The experimental results revealed that SDF-1α was
effectively released and targeted the wound, hence promoting
chemotaxis of bone marrow mesenchymal stem cells to the
wound and its surroundings, inducing wound angiogenesis
and accelerating wound healing.

Traditional Chinese medicine ingredients have also been
used to promote angiogenesis. For example, puerarin acti-
vates VEGF, HIF-1 and nitric oxide synthase (NOS) for
pro-vascularization effects [57]. Ginsenoside Rgl enhances
VEGF expression in human ECs by activating the glucocor-
ticoid receptor-related phosphatidylinositol 3-kinase/protein
kinase B (PI3K/Akt) pathway and B-catenin-T cell factor-
related signal pathway [58]. Panax notoginseng saponins
promote the proliferation of ECs and specifically enhance
the expression of VEGF mRNA by activating the PI3K/Akt
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pathway. Application of P. notoginseng extract to zebrafish
enhanced vascularization [59]. Our research group evaluated
the angiogenesis-promoting effect of P. notoginseng saponin
Rg1 in vitro. Here, ginsenoside Rg1 was incorporated into a
Col/chitosan-GN microsphere (CC-GMS) scaffold. The Rg1
released from the CC-GMS scaffold did not lose its activity,
had a significant effect on HUVEC proliferation and pro-
moted HUVEC migration and tube formation [6].

LL37 is an endogenous human host defence peptide that
regulates wound healing and angiogenesis and prevents
infection [60]. The antimicrobial and angiogenic activity
of LL37 renders it a potential drug candidate for wound
healing therapy [61]. Although topical application of free
LL37 did not improve wound healing in mice, encapsulating
LL37 in PLGA NPs enabled sustained release of LL37 [62].
PLGA–LL37 NPs induced faster wound closure, increased
Col production, significantly up-regulated the expression of
interleukin (IL)-6 and VEGF, increased angiogenesis and
regulated the inflammatory response. These effects were
attributed to the combined action of lactic acid release
from NPs after degradation and LL37 release from NPs.
AP-57 is another antibacterial peptide. AP-57 NPs were
encapsulated in a heat-sensitive hydrogel (AP-57-NPs-H) to
promote skin wound repair. The AP-57-NPs-H displayed
prolonged release of AP-57, low cytotoxicity and high
antioxidant activity in vitro. In vivo wound healing testing
demonstrated that AP-57-NPs-H promoted skin wound
healing via granulation tissue formation, thereby increasing
Col deposition and promoting angiogenesis in wound
tissue [63].

Nanomaterial delivery systems loaded with nucleic acids
Currently, DSA gene therapy mostly uses bioactive factors
as therapeutic genes. Two main methods are used to deliver
target genes to target cells, i.e. a viral vector delivery system
(VVDM) and a non-viral vector delivery system (nVVDM)
(Table 2). Viral vectors, which include adenovirus, lentivirus
and retrovirus vectors, transfect cells in large quantities, lead-
ing to high transfection rates and life-long expression of the
transgenes or regulation of the host genome. However, inser-
tion mutations and other adverse effects have been reported
during post-transfection periods after viral gene delivery [64],
resulting in uncertainty and controversy regarding the appli-
cation of viral vectors for tissue repair and regeneration.
The nVVDMs include plasmid injection, gene gun, electro-
poration, cationic polymers, liposome and liposome com-
plexes. Non-viral vectors have several advantages over viral
delivery, including lower immunogenicity and toxicity, better
cell specificity, better modifiability and higher productivity
[65]. They are a better alternative to deliver genes for the
repair and regeneration of damaged tissues. However, the
transfection efficiency of a non-viral vector is often lower,
thereby limiting its application compared to a viral vector
[66] and the efficiency varies depending on the type of vector
and target cell (Table 3). Furthermore, as an emerging drug
delivery system, DNA nanomaterials have great potential to

achieve drug delivery [67,68]. The delivery system of DNA
nanomaterials has unique characteristics such as uniform size,
clear shape, accurate spatial positioning, surface function-
alization of specific sites, excellent biocompatibility and so
on. Therefore, it has incomparable advantages in biomedical
applications [69,70].

Viral gene delivery

Viral gene transfer has been used to enhance the expres-
sion of bioactive factors during wound healing, specifically
the expression of bioactive factors involved in angiogenesis.
Deodato et al. [73] found that recombinant adeno-associated
virus (rAAV) vectors effectively transferred VEGF165 to rat
skin and gene expression from these vectors was sustained
and persistent over time. Histological examination of treated
wounds revealed accelerated remodelling of epidermis and
dermis and the formation of a thick granular layer com-
prising numerous newly formed capillaries and vessels of
larger size, which shortened the healing time. Galeano et al.
[74] also discovered that the r AAV vector was highly effec-
tive for gene transfer to skin tissue. The rAAV-VEGF165
gene improved wound healing in diabetic mice through the
stimulation of angiogenesis and re-epithelization, synthesis
and maturation of the extracellular matrix. Moreover, the
rAAV encoding human VEGF165 increased the breaking
strength of the wound and enhanced the wound content of
VEGF. Brem et al. [75] constructed an adenoviral vector by
cloning human VEGF165 into the multiple cloning sites of
an adenovirus shuttle vector (pXC1) with adenovirus type 5
sequences (bp 22–5, 790) and a Rous sarcoma virus promoter.
The ADV/VEGF accelerated wound closure by stimulating
angiogenesis, epithelialization and Col deposition. Saaristo
et al. [76] overexpressed vascular VEGF-C via an adenoviral
vector to improve the healing of full-thickness punch biopsy
wounds in genetically diabetic (db/db) mice. They found that
VEGF-C enhanced angiogenesis and lymphangiogenesis in
the wound and significantly accelerated wound healing com-
pared to control wounds. Numerous studies have combined
gene therapy with several bioactive factors to act at differ-
ent levels throughout the complex vascularization process.
Jazwa et al. [77] observed the fastest healing in mice injected
with bicistronic AAV-FGF4-IRES-VEGF-A vector (day 17).
This was accompanied by significantly increased granulation
tissue formation, vascularity and dermal matrix deposition.
Mechanistically, FGF4 stimulated matrix metalloproteinase-9
(MMP-9) and VEGF receptor-1 expression in dermal fibrob-
lasts of mice, thereby enhancing their migration when deliv-
ered in combination with VEGF-A. Liu et al. [78] showed that
the combined use of VEGF165 and bFGF cDNA improved
flap vitality and neovascularization.

PDGF-B is another common bioactive factor that
promotes angiogenesis. Keswani et al. [79] confirmed that
adenoviral-mediated overexpression of PDGF-B enhanced
wound healing, improved neovascularization and recruited
EPCs to the epithelial wound in diabetic mouse models. EPC
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Table 2. Different types of gene delivery and their characteristics

Type Method Principle Feature References

Non-viral vector
delivery

Chemical
transfection

Calcium phosphate Complex of calcium
phosphate and DNA is
endocytosed by cell via
absorbtion to cell
membrane.

Easy to operate but with low
repeatability.
Not fit for every types of cell.

[71]

Cationic
polymer-liposome

Complex of liposome
with positive electricity
and negative phosphate
group of DNA is
endocytosed by cell.

Wild applicability, high transfection
efficiency and repeatability. Need serum.
Transfection effects vary with cell type.

[95,96]

Physical
transfection

Electroporation High-pulse voltage
destroys cell membrane
potential, DNA enters
cells by pores in
membrane.

Wild applicability but with high cell
fatality rate.
Considerable quantity of DNA and
cells.

[88]

DNA injection Using microscope to
inject DNA into cell
nucleus directly.

Limited quantity of transfected cells.
Often applied to gene engineering
modification or embryonic cells of
transgenic animals.

[86]

Gene gun Using gold or tungsten
as the probe and helium
pressure as the power to
carry DNA plasmid into
cells.

Can carry multiple genes at the same
time.
Short gene expression time.
Surrounding cells damage.

[87–89]

Viral vector
delivery

Biological
transfection

Virus induction Combining exogenous
genes to chromosome
via infecting host cells.

Can be applied to cells that are difficult
to transfect, primary cells, cells in vivo.

[64]

Retrovirus Small target gene.
Cells should be in mitotic phase.
Security should be considered.

[72]

Adenovirus Can be applied to cells that are difficult
to transfect.
Security should be considered.

[73,74]

recruitment was positively correlated with neovascularization
and wound healing, and PDGF-B-mediated augmentation of
EPC recruitment to the wound bed might be a fundamental
mechanism underlying these findings. Hepatocyte growth
factor (HGF) is a potent angiogenic factor that stimulates the
production of blood vessels in ischaemic tissue. Studies have
used adenovirus expressing HGF for gene therapy to enhance
flap survival. In the HGF virus group, the number of CD31-
positive vessels and VEGF expression were significantly
upregulated [80].

Ang-1 applied to wounds via gene therapy improves
wound healing and promotes skin tissue regeneration and
angiogenesis. Bitto et al. [81] discovered that rAAV-Ang-
1 significantly improved the healing process, stimulating
re-epithelization and Col maturation, increasing breaking
strength and significantly increasing the number of new
vessels. However, Ang-1 gene transfer did not modify the
downregulated expression of VEGF mRNA and protein in
diabetic mice. In contrast, Ang-1 upregulated the expression
of endothelial nitric oxide synthase (eNOS) and augmented

wound nitrate content as well as VEGFR-2 immunostaining
and protein expression. Ang-1 gene transfer did not
alter vascular permeability. This strongly indicates that
Ang-1 gene transfer enhanced delayed wound repair in
diabetes by inducing angiogenesis in a VEGF-independent
manner.

Several lines of evidence indicate that nitric oxide plays
a role in normal wound repair [82,83]. Wound closure was
delayed by 31% in iNOS knockout mice compared to wild-
type animals. One study discovered that the application of
an adenovirus vector with human iNOS cDNA (AdeNOS)
could completely reverse the delayed wound healing seen
in iNOS-deficient mice, promoting wound angiogenesis
[84]. Breen et al. [85] evaluated whether a fibrin scaffold
enhanced the delivery of adenovirus encoding eNOS, which
is one of the enzymes responsible for NO production; they
observed greater NO production and enhanced healing. It
was concluded that fibrin delivery of AdeNOS enhanced
eNOS expression, the inflammatory response and the rate of
re-epithelialization.
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Non-viral gene delivery

Non-viral gene transfer is an area of major interest due to its
biological safety and unlimited gene-size transferability [65].
Several commonly used non-viral vectors are summarised
below.

Naked DNA injection Gene therapy using plasmid DNA
encoding VEGF is a promising strategy to promote vascular-
ization. O’Toole et al. [86] evaluated three plasmids encoding
different VEGF isoforms (VEGF A165, VEGF B167 and
VEGF B186). The survival of flaps treated with VEGF A165
or B167 cDNA was significantly greater than that of controls.
However, no difference in the number or size of blood vessels
was observed through angiography and histology, indicating
that the protective effect of microvascular repair and preven-
tion of microvascular regression by VEGF were sufficient to
enhance flap survival. The efficacy of plasmid injection was
not high due to the fragility of the naked plasmid structure in
the extracellular environment and to charge rejection [87,88].

Gene gun The gene gun uses 1–5 μm of gold or tungsten
particles as the probe and helium pressure as the power
source to transport various DNA plasmids via ballistic micro-
emission to skin cells [87]. The gene gun can simultaneously
transport multiple genes or even tissue. However, the gene
expression time is short (high expression within 1–3 days
after injection) and genes penetrating epidermal cells account
for ∼10% of the total; they also damage surrounding cells
[89]. Dileo et al. [90] devised a specially enhanced gene gun
that could efficiently express genes in the epidermis, dermis
and muscle, with expression peaking at 24 h, spanning at least
1 week and causing little damage to surrounding tissues. In
short, the application of a gene gun is frequently limited due
to low transfection rate and low activity of manipulated cells,
causing poor angiogenesis, tissue repair and regeneration.

Electroporation Electroporation is a physical process that
temporarily creates micropores in the cell membrane under
the action of a pulsed electric field, resulting in a significant
increase in the exchange of molecules inside and outside the
cell. It is conducive to the absorption of various drugs, genetic
materials, proteins and other macromolecules. Glasspool-
Malone et al. [91] found that the transfection efficiency
of naked DNA transferred by electric pulses was 115-fold
higher. The optimal electroporation protocol had no adverse
effect on wound healing and might promote wound healing
in gene therapy [88]. Liu et al. [92] transferred a Gwiz-
CA5 plasmid into the full-thickness defect wound surface of
diabetic mice via electroporation to stimulate the production
of HIF-la and up-regulate the expression of VEGF, placental
growth factor (PGF), PDGF and angiopoietin, thus promoting
epithelization of the wound surface and angiogenesis. Ferraro
et al. [93] used direct injection and electroporation methods
to transfect the VEGF plasmid into the defect wounds of rats.
The expression of VEGF in the electroporation gene trans-
fection model was significantly upregulated, which promoted

angiogenesis and wound healing. Impaired angiogenesis is a
major clinical issue that affects wound healing in diabetic
patients. Improving angiogenesis is a reasonable approach to
increase healing of diabetic wounds. Studies have successfully
used syringe electrodes for electroporation. For example, elec-
trotherapy for delivery of the TGF-β1 gene promoted epithe-
lial regeneration, granulation tissue formation and angiogen-
esis and enhanced diabetic wound healing in db/db mice [94].

Cationic polymers and liposome transfer The key require-
ments of non-viral gene therapy for DSA include effi-
cient biocompatibility and high transfection efficiency
[95,96]. Derivatives of natural cationic polymers, including
N,N,N-trimethyl chitosan chloride (TMC), are frequently
used in TE research. Plasmid DNA encoding VEGF-
165/TMC complexes were loaded into bilayered porous Col–
chitosan/silicone membrane dermal equivalents (BDEs) and
used for the treatment of full-thickness burn wounds. The
DNA released from the BDEs remained in its supercoiled
structure and transfected HEK293 cells in vitro with less
efficiency. Studies demonstrated a significant increase in the
number of newly formed and mature vessels and dermal
regeneration was fastest in the TMC/pDNA-VEGF group.
Also, the tensile strength of the repaired tissue increased
with prolongation of the post-grafting period, resulting in
∼70% normal skin at 105 days [97]. Reckhenrich et al.
[98] activated an FDA-approved Col scaffold for dermal
regeneration by incorporating copolymer-protected gene
vectors to induce temporary release of VEGF. In vitro studies
noted transient release of VEGF for up to 3 weeks. The
gene-activated skin scaffolds applied to a full-thickness
nude mouse skin defect model promoted the formation
of blood vessels in the skin construct. McKnight et al.
[99] examined the revascularization potential of plasmid
DNA encoding VEGF within a polycation complex (jet
PEI) mixed with the human fibrin sealant CROSSEAL. The
study used a rat fasciocutaneous flap model and statistically
significant enhancement of the survival of fasciocutaneous
flaps compared to the control group was demonstrated. The
enhanced survival was linked to an improvement in flap
revascularization. Therefore, this study demonstrated the
potential of gene therapy to enhance revascularization of
the fasciocutaneous flap.

In another study, 100- and 60-μm porous and nonporous
HA-MMP hydrogels with encapsulated reporter (pGFPluc)
or proangiogenic (pVEGF) plasmids were used to investigate
scaffold-mediated gene delivery for local gene therapy in a
mouse model of diabetic wound healing. The study showed
that the delivery of pDNA/PEI polyplexes positively pro-
moted granulation tissue formation, even when the DNA did
not encode an angiogenic protein. However, pVEGF delivery
did not further enhance the angiogenic response, although
the presence of transfected cells demonstrated a potential use
of polyplex-loaded porous hydrogels for local gene delivery
in the treatment of diabetic wounds [100]. HIF-1a is the
main oxygen-dependent regulatory subunit of heterodimer



Burns & Trauma, 2022, Vol. 10, tkab049 11

Table 4. Comparison of different delivery systems for nanomaterials

Delivery systems Bioactive factors Advantages Drawbacks References

Degradable polymers
(Nanoparticle, nanofibers,
etc.)

Cationic polymers

Liposomes

VEGF, bFGF, PDGF,
LL37 NO

Small interfering RNA,
LL37, VEGF plasmid,
PDGF plasmid
bFGF, VEGF plasmid,
PDGF plasmid, Ang-1
plasmid, KGF

Versatile degradation kinetics.
Controlled drug release properties.
Inherent wound healing property by
supplying lactate byproducts.
Intrinsic bio-adhesiveness to the
mucosal surface of wound.

Increased residence time due to similar
lipoid composition to the skin.
Superior drug penetration into skin.
Strong hydrophobic interaction with
drugs.
Easy surface modification of liposomal
membrane.

Collateral tissue damage
caused by acidic
byproducts.

Dose limit due to their
inherent cytotoxicity.

Usage of organic solvent or
oil for particle formation.
Drug leakage.
Coalescence issue

[20,37,38,45]

[62,98,99,131]

[41,105]

DNA nanomaterials Tetrahedral framework
nucleic acids

Good mechanical properties.
Structural stability against nuclease
degradation.
Having the ability to access cells.

Mostly confined to in vitro
studies.

[115,116,124,125]

VEGF vascular endothelial growth factor receptor, bFGF basicfibroblast growth factor, PDGF platelet-derived growth factor, Ang1 angiopoietin-1, KGF
keratinocyte growth factor

transcription factor HIF-1, which regulates angiogenesis in
other physiological pathways. Thiersch et al. [101] described
a system of transient gene expression based on pegylated
poly-l-lysine (PLL-g-PEG) polymer-mediated plasmid DNA
delivery in vitro. The PLL-g-PEG polymer prevented cytotox-
icity of the highly cationic polymer, indicating that it could be
used for effective transport and delivery of therapeutic DNA
[102–104]. Moreover, PLL-g-PEG polymer-mediated HIF-1α

plasmid DNA delivery transiently induced the expression of
the angiogenesis-related genes Acta2 and Pecam1, as well as
the HIF-1α target gene VEGF, in vivo. Furthermore, HIF-1α

gene delivery increased the number of ECs and smooth muscle
cells (precursors of mature blood vessels) during wound
healing.

Jeschke and Klein [105] confirmed that gene transfer of
two genes might be more effective than single-gene therapy.
They delivered insulin-like growth factor I (IGF-I) and ker-
atinocyte growth factor (KGF) together via liposome gene
transfer. In contrast to the control and single-gene groups,
IGF-I/KGF cDNA gene transfer increased the concentration
of VEGF, thereby increasing the formation of new blood
vessels. Moreover, GF-I/KGF cDNA gene transfer exhibited
the most rapid linear wound re-epithelization, indicating
enhanced epidermal regeneration. Therefore, gene therapy
with multiple genes is feasible and the transfer of multiple
genes can enhance and accelerate physiological and biolog-
ical effects. Elsewhere, PEI was mixed with pDNA in solu-
tion, emulsified with PELA and PEG, electrospun into fibres
and lyophilized. Multiple releases of polyplexes of VEGF
and bFGF plasmids from electrospun fibrous scaffolds led
to the regeneration of mature blood vessels in an animal
model of subcutaneous wounds [106]. In vitro investigations
of HUVECs revealed that sustained release of pDNA from

fibrous mats promoted cell attachment, viability and transfec-
tion, as well as protein expression and extracellular secretion
of Col IV and laminin. The density of mature vessels was
significantly enhanced by combined treatment with pbFGF
and pVEGF compared to those incorporating pDNA alone.

Advanced non-viral gene delivery systems mediated by
DSA include gene-activated scaffold platforms [107,108],
genetically engineered stem cell therapies [109–112] and
microRNA and siRNA delivery [113,114]. For future clinical
applications, transfection efficiency, cytotoxicity, economy
and ease of use should be considered. Based on these
considerations, non-viral gene delivery systems for vascu-
larization face the following challenges. Firstly, regarding the
design of new non-viral vectors, an optimal balance between
transfection rate and cytotoxicity has yet to be achieved.
When applying non-viral gene delivery systems for DSA,
achieving sufficient therapeutic effects while minimizing
side effects remains a major challenge. Second, better
understanding of the physiological and pathological effects
of different genes involved in DSA is needed, along with
the selection of appropriate genes and combinations thereof.
A few genes have demonstrated excellent TRR-promoting
effects, including FGF2, PDGF and VEGF, for angiogenesis.

Tetrahedral framework nucleic acids

Tetrahedral framework nucleic acids (tFNAs) are self-
assembled nucleic acids that can be easily synthesised and
used; they have favourable safety profiles due to the biological
nature of nucleic acids (Figure 3) [115,116]. Self-assembled
tFNAs comprise four single-stranded DNAs based on
complementary base pairings [117,118]. tFNAs can be taken
up in abundance, unassisted, through caveolin-mediated
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Figure 3. Angiogenic Aptamer-modified tetrahedral framework nucleic acid promotes angiogenesis in vitro and in vivo. (a) Schematic diagram of tFNA,

tFNA-Apt02, and tFNA-AptVEGF promoting angiogenesis in vivo. (b) Sprouting assay after treatment with nanoparticles. And semiquantification analysis

of the number of sprouts. (c) Photographs of a Matrigel plug assay after treatment with nanoparticles (ss-DNA, Apt02, AptVEGF, tFNA, tFNA-Apt02,

and tFNA-AptVEGF). Scale bars are 500 μm. (d) H&E staining of the gel plug assay and plenty of capillaries can be seen. Scale bars are 100 μm.

And quantification analysis of the number of blood vessels with red blood cells. (∗p<0.05, ∗∗p<0.01). tFNA tetrahedral framework nucleic acid, tFNA-Apt02

tetrahedral framework nucleic acid-aptamer 02 nanostructures, tFNA-AptVEGF tetrahedral framework nucleic acid-aptamer, VEGF nanostructures, VEGF vascular

endothelial growth factor, VEGFR vascular endothelial growth factor receptor [125]. (Copyright 2021 American Chemical Society)

endocytosis [119,120], promoting cell proliferation and
migration and reducing inflammatory reactions [121,122]. In
addition, tFNAs may influence various signalling pathways,

such as the Wnt and Nrf2 pathways [121,123]. Zhu et al.
[124] showed that tFNAs can increase secretion of VEGF
and bFGF in HSF cells and reduce the production of TNF-α
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and IL-1β in HaCaT cells by activating the AKT-signalling
pathway. Zhao et al. [125] modified tFNAs using two differ-
ent angiogenic DNA aptamers to derive the aptamer-tFNA
nanostructures tFNA-Apt02 and tFNA-AptVEGF. Their
study confirmed that tFNA-Apt02 and tFNA-AptVEGF had
greater ability to accelerate EC proliferation and migration,
tubule formation, spheroid sprouting and angiogenesis in
vivo. There are a few reports indicating that nucleic acid
nanophase materials can directly affect the skin wound
healing process without delivery assistance.

In short, to ensure effective delivery and a sustained
effect of pro-angiogenesis factors, advanced drug delivery
systems, including various nanocarriers, are necessary to
avoid degradation of bioactive factors by proteases for
sustained release during vascularization, unless high and
repeated doses are administered. Extensive preclinical data
indicates that nanomedicines can be used to vascularize
dermal substitutes and promote wound healing (Table 4).
Various genes, scaffolds and nanospheres have been used
for this purpose. However, at present, nanomedicines for
accelerating the vascularization of dermal substitutes are
still at the animal experiment stage, thus limiting clinical
application. There are two main reasons for this. Firstly,
there is no validated pre-clinical animal model of chronic
wound healing that correlates well with human wound
healing in the clinic. While many approaches have been
used to promote vascularization and accelerate wound
healing in animal models, there is no consensus regarding
the model with the closest correspondence to compromised
wound healing in humans [126,127]. Second, effective dermal
substitute vascularization is a temporal process that can
be compromised by disease or infection in a number of
ways, including increased proteolysis [128], alterations in
the inflammatory response [129] and ROS signalling [130].
It is difficult to envisage that treatment with any single agent
could address more than a few of these factors, pointing to
the need for combination therapies tailored to the patient’s
particular wound and diagnostic assays to determine when
a particular compound should be used. The biology of
wound healing and any compromised mechanisms must be
considered when designing and developing treatments and
delivery platforms for dermal substitute vascularization.

Conclusions

Among the various innovative strategies for the delivery
of bioactive factors for vascularization of dermal substi-
tutes, nano-scaffold-mediated bioactive factors are particu-
larly well-suited for accelerating vascularization and improv-
ing wound healing, because the scaffold can act as a barrier
against infections and maintain a moist environment, in
addition to serving as a ‘bioactive factor reservoir’ providing
specific biochemical agents depending on the wound stage.
Furthermore, cell-laden scaffolds can exploit the power of
cell therapy and TE and are particularly advantageous for

the regeneration of large-area skin defects. Regarding cell-
based dermal substitutes, vascularization is preferred over
delivering soluble bioactive factors because the cells can
respond to the local environment and release multiple factors.
Future studies should focus on ways to enhance the stability,
efficacy and specificity of delivered bioactive factors. Micro-
bial infection is a major challenge for wound management.
Bacterial metabolites, such as enzymes, degrade bioactive
factors and form biofilms that interfere with the diffusion and
receptor binding of bioactive factors. Use of an antibacterial
membrane or bioactive factor delivery device at the wound
site would be beneficial. Molecular engineering technology
could improve the affinity of bioactive factors for matrices
and molecules, which would increase the specificity of bioac-
tive factors. Research progress in these and related areas is
expected over the coming decades.
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