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Stem cell-based therapy is widely accepted to be a promising strategy in tissue regenerative medicine. Nevertheless,
there are several obstacles to applying stem cells in skin regeneration and wound healing, which includes determin-
ing the optimum source, the processing and administration methods of stem cells, and the survival and functions of
stem cells in wound sites. Owing to the limitations of applying stem cells directly, this review aims to discuss several
stem cell-based drug delivery strategies in skin regeneration and wound healing and their potential clinical applica-
tions. We introduced diverse types of stem cells and their roles in wound repair. Moreover, the stem cell-based drug
delivery systems including stem cell membrane-coated nanoparticles, stem cell-derived extracellular vesicles, stem
cell as drug carriers, scaffold-free stem cell sheets, and stem cell-laden scaffolds were further investigated in the field
of skin regeneration and wound healing. More importantly, stem cell membrane-coating nanotechnology confers
great advantages compared to other drug delivery systems in a broad field of biomedical contexts. Taken together,
the stem cell-based drug delivery strategy holds great promise for treating skin regeneration and wound healing.
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Introduction

The skin is widely known to be the largest organ in
humans, which could maintain homeostasis and protect
internal organs. Wounds, especially chronic wounds,
burn wounds, or infective wounds, are often accompa-
nied by delayed recovery and result in immense financial
burdens to society. Besides, the rapidly growing popula-
tion of patients with diabetes or obesity contributes to
the increased prevalence of chronic wounds. About 15%
of diabetic patients suffer from diabetic foot ulcers and
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about 84% of cases of amputation of the lower part of
the foot [1]. The skin is mainly made of three layers: epi-
dermis, dermis, and hypodermis [2]. Mechanically, the
processes of wound healing mainly consist of three over-
lapping but distinct stages including inflammation, prolif-
eration, and remodeling, which are modulated by a great
number of growth factors, cytokines, and chemokines
[3]. Furthermore, the dysregulations of cellular and
molecular signals during the above stages might finally
lead to chronic wounds [4]. Although growing investiga-
tions have been focused on promoting cutaneous wound
healing, in-depth management and novel strategies for
skin regeneration and wound healing remain in urgent
need.

Stem cell-based therapy is widely regarded as a prom-
ising strategy in tissue regenerative medicine. Stem cells
are self-renewable and can differentiate into diverse types
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of cells, which is important for physiologic tissue regen-
eration after injury [5]. Stem cell-based therapy might
not only accelerate earlier wound closure and skin regen-
eration but also prevent wound contracture and scar for-
mation [6]. Previous studies have investigated the roles
of stem cells in skin regeneration and wound repair and
methods of improving the therapeutic effects of stem
cells [6—8]. Nevertheless, there remain several obstacles
to applying stem cells in skin regeneration and wound
healing, including determining the optimum source, the
processing and administration methods of stem cells, and
the survival of stem cells in wound sites [9].

Owing to the limitations of applying stem cells in skin
regeneration and wound healing directly, this review aims
to discuss several stem cell-based drug delivery strategies
in skin regeneration and wound healing and their poten-
tial clinical applications. We first introduced the vari-
ous types of stem cells and their roles in wound repair.
Moreover, the stem cell-based drug delivery systems
including stem cell membrane-coated nanoparticles [10],
stem cell-derived extracellular vesicles [11], stem cell as
drug carriers [12], scaffold-free stem cell sheets [13], and
stem cell-laden scaffolds [14] were further investigated in
the field of skin regeneration and wound healing. More
importantly, stem cell membrane-coating nanotechnol-
ogy confers great advantages compared to other drug
delivery systems in a broad field of biomedical contexts.

Stem cell types in wound healing

To obtain optimal outcomes of wound healing, it is nec-
essary to choose an effective stem cell source. Stem
cells could be mainly divided into embryonic stem cells
(ESCs), adult stem cells (ASCs), and induced pluripotent
stem cells (iPSCs). Among these, ESCs and iPSCs have
higher differentiation potential [15]. Furthermore, ASCs
are composed of a variety of stem cells including mesen-
chymal stem cells (MSCs) and umbilical cord stem cells.

Embryonic stem cells (ESCs)

ESCs are obtained from the blastocyst and characterized
by pluripotent differentiation capability to three germ
layers. Accordingly, there are many limitations before
applying ESCs in medicine such as immunogenicity, tum-
origenicity, invasive harvesting method, and especially
ethical dilemmas and regulatory issues [6].

Mesenchymal stem cells (MSCs)

MSCs, a type of ASCs, have been used more widely
for wound healing. MSCs could exist in many tissues
including bone marrow-derived (BM), adipose tissue-
derived (AD), and fetal tissues-derived (Wharton’s jelly
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(W7), umbilical cord, and placenta) MSCs [16]. A pre-
vious study investigated the functions of four kinds of
MSCs (BM, AD, WJ, and placenta). The most signifi-
cant T-cell inhibition was shown in WJ-MSCs, which
might be used in immunosuppressive action [16].
Another study indicated that BM and placental MSCs
were the appropriate cells to enhance angiogenesis with
the upregulated expressions of angiogenic genes [17].
Accordingly, no single type of MSCs could be optimal
for skin regeneration and wound healing. Based on spe-
cific requirements, it is hard to determine and select the
most appropriate MSCs. Moreover, the invasive obtain-
ment and unsatisfactory therapeutic efficacy of MSCs
have also hindered their clinical applications. Karp
et al. [18] stated that homing receptors, such as C-X-C
chemokine receptor type 4 (CXCR4) that is upregulated
in the bone marrow and in ischemic tissues, are usu-
ally absent on the surface of culture-expanded MSCs.
CXCR4 expression might be much higher in bone mar-
row MSCs than other types of stem cells. However,
more strategies should be taken to improve the homing
capacity of MSCs.

Induced pluripotent stem cells (iPSCs)

It is well known that iPSCs are derived by reprogram-
ming somatic cells. Moreover, iPSCs obtain unlimited
self-renewal ability and function as an abundant source
of autologous or donor-matched cells for treatment.
Accordingly, iPSCs have more clinical application
potential than other stem cell types. It is well known
that iPSCs could be differentiated into endothelial cells
(iPSC-ECs) with high efficiency and excellent functions.
Several studies have shown that iPSC-ECs might pro-
mote angiogenesis and perfusion recovery in periph-
eral arterial disease [19, 20]. Another study investigated
the pro-angiogenic ability of iPSC-ECs in wound heal-
ing. The results indicated that iPSC-ECs are capable
of promoting angiogenesis, perfusion, and collagen
deposition and accelerating wound closure in vivo [21].
Nakayama et al. [22] prepared iPSC-MSCs from human
keratinocytes and further investigated the wound-heal-
ing ability of iPSC-MSCs in an immunodeficiency mice
model. In their study, iPSC-MSCs could secrete type
VII collagen and promote epithelialization, thereby
enhancing wound healing via subcutaneous and intra-
venous delivery. Despite the great advantages of iPSCs,
several obstacles such as tumor formation risks, abnor-
malities during reprogramming, and immunogenicity
are warranted to be resolved. To sum up, the engraft-
ment efficiency of iPSCs in skin tissue might be higher,
but various factors need to be taken into account dur-
ing clinical applications in skin tissue.
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Optimal animal models for stem cell-based therapy
in wound healing

The different layers of the skin have their structures and
functions. Because rodents are more accessible among
animal models, it is necessary to distinguish the differ-
ences between human and rat skins in the investigation of
wound healing. The structures of the epidermis, dermis,
and hypodermis are similar in humans and mice. How-
ever, their thicknesses are different [2]. Humans and mice
have different percentages of leukocytes, which might
influence inflammatory reactions during wound healing
[23]. Several other mammals such as pigs are physiologi-
cally closer to humans. Nevertheless, pigs are limited by
inadequate physiological research, higher maintenance
cost in a lab, and complicated surgical operations [24].
Accordingly, mice are more widely utilized for the study
of skin regeneration and wound healing. More impor-
tantly, it is necessary to take the problems of immuno-
genicity into account. Therefore, when using stem cells
such as iPSCs, the immunodeficiency mice are regarded
as the optimal animal models for wound healing [22, 25].

Stem cell-based drug delivery systems

Stem cell membrane-coated nanoparticles

Cell membrane-coated nanovesicles (CMNCs) could
overcome the disadvantages of cell therapy and serve as
more effective and safer strategies than cell therapy [26].
In previous studies, red blood cells (RBCs) and platelets
have been utilized to prepare CMNCs [27], which have
been widely utilized in wound healing and antibacte-
rial infection. The serious infection is mainly induced
by drug-resistant bacteria and relevant toxins. Photo-
thermal therapy has effective antibacterial effects. But
some biomaterials are toxic. Chen et al. constructed an
RBC membrane-coated Fe;O, nanoparticle for treating
serious infections. This nanoparticle could function as
nano-sponges to absorb and eliminate toxins with pho-
tothermal effects. The RBC@Fe;O, nanoparticles with
laser irradiation showed a superior wound-healing effect
in a methicillin-resistant Staphylococcus aureus (MRSA)
wound infection mouse model [28]. The incorporation of
drug delivery nanoparticles inside biomaterial scaffolds is
widely used for tissue regeneration and immune modu-
lation. But nanoparticles could induce inflammation and
hinder the application of biomaterial scaffolds. The strat-
egy of camouflaging RBC membranes on poly(lactic-co-
glycolic acid) nanoparticles (PLGA NPs) could overcome
short-term and long-term inflammatory responses. With
the help of the natural biocompatibility of cell mem-
branes, anti-inflammatory protection might contribute
to the recruitment of stem cells to scaffolds [29]. Tedi-
zolid phosphate (TR-701) could effectively treat gram-
positive bacteria such as MRSA. RBC membrane-coated
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TR-701-loaded PLGA NPs were shown with excellent
biocompatibility, immune escape effect, and exotoxins
neutralization ability. The bacteria inhibition and wound
healing efficacy of the NPs were confirmed in the MRSA-
infected mice model without toxicity [30]. Peng et al. pre-
pared a mesoporous copper silicate microsphere (CSO)
core and a platelet membrane (PM) shell as an antibac-
terial platform. CSO@PM could target bacteria because
of the formyl peptide receptors on the PM and show
effective anti-bactericidal activity with photothermal
therapy. More importantly, CSO@PM was confirmed to
enhance wound repair effectively [31], whereas both RBC
and platelet membranes are lacking in effective targeting
capability to lesions [32] and enough specific modifica-
tion. More importantly, the use of CMNCs derived from
RBCs or platelets is also limited by the cell sources and
the genetic engineering options [33]. Therefore, stem cell
membranes might overcome the above obstacles and are
regarded as the appropriate source for preparing CMNCs
with various advantages.

Vascular endothelial injury and tissue ischemia are
important factors affecting wound healing. The periph-
eral vascular disease could result in remarkable morbidity
and mortality in high-risk populations such as diabetes
and so on [34]. Several studies have developed CMNCs
to treat endothelial injury. A study prepared a nanoplat-
form of antimalarial drug dihydroartemisinin coated by
cell membranes of brain microvascular endothelial cells
(BMECs) [35]. This membrane-coated nanodrug signifi-
cantly inhibited parasites residing in RBCs obstructed
in the BMECs. Mechanically, this nanoplatform might
obtain the self-targeting capability of endothelial cells
[36, 37]. As for choroidal neovascularization (CNV),
hybrid cell membrane-coated nanoparticles were devel-
oped for the noninvasively targeted treatment of CNV
[38]. The membranes of retinal endothelial cells (RECs)
were equipped with homologous targeting ability of
blood vessels. The RBC membranes could protect the
nanoparticles from phagocytosis with immune evasion
ability. These hybrid NPs effectively accumulated in CNV
regions and largely reduced the area and leakage of CNV,
resulting in excellent therapeutic efficacy (Fig. 1).

Engineered stem cell therapy is widely investigated
owing to the excellent functions of stem cells [39],
whereas the application of stem cells for peripheral vas-
cular disease is limited owing to safety, scalability, and
reproducibility. Based on this, stem cell membrane-coat-
ing nanotechnology has been utilized to resolve the above
problems in wound healing and vascular disease [27, 33].
It has been confirmed that the ischemic tissue-directed
stem cell homing ability mainly relies on the interactions
between CXCR4 on stem cell membranes and stromal-
derived factor (SDF) secreted by injured lesions [40].
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Fig. 1 Schematic illustration of hybrid cell-membrane-cloaked biomimetic nanoparticles designed for noninvasive targeted treatment of
laser-induced CNV [38]. The membranes of retinal endothelial cells (RECs) and red blood cells (RBCs) were used to prepare the hybrid cell
membranes. Reproduced from Li et al. with permission from American Chemical Society, Copyright 2021

Chemokine and cytokine receptors including CXCR1/2
and CCR1/2 are highly expressed on stem cell mem-
branes, which contribute to stem cell migration toward
inflammatory or injury lesions [41]. One study reported
that overexpression of CXCR4 and CXCR12 could result
in stem cells targeting inflammatory and ischemic sites
[42]. Numerous studies have bioengineered stem cells to
enhance their functions by expressing some novel mol-
ecules. Moreover, several genetic engineering methods
are utilized to enhance stem cell homing to injury lesions
[43, 44]. Stem cells are characterized by their prominent
properties of low immunogenicity and immunomodu-
lation and might function as a promising therapeutic
tool. For example, one study prepared engineered stem
cell membrane-coated nanovesicles for enhancing tar-
geted delivery to ischemic hindlimbs [45]. Based on the
CXCR4-induced homing mechanisms, the adipose-
derived stem cells were designed to overexpress CXCR4
and utilized for coating VEGF-loaded nanocarriers,
which showed effective limb recovery in ischemic tis-
sues (Fig. 2). Stem cell membranes significantly reduced
the immune clearance of NPs and enhanced penetration
across inflamed endothelial layers.

Taken together, stem cell membrane-coated nanovesi-
cles have the following advantages: (a) stem cell mem-
brane-coated nanovesicles could contribute to targeting
ischemic lesions, thereby promoting blood perfusion
and limb salvage, (b) stem cell membrane coating signifi-
cantly reduces the uptake by immune cells with the abil-
ity to immune escape, and (c) stem cell membrane might
also enhance the translocation across endothelial barri-
ers. Because of the benefits of scalable stem cell sources,
stem cell membrane-coated nanovesicles are supposed to
have tremendous potential for targeted drug delivery in
the treatment of skin regeneration and wound healing.

Stem cell-derived extracellular vesicles

Stem cell-derived extracellular vesicles might be
another effective cell-free therapy rather than cell-
based therapy. It has been confirmed that stem cells
play a vital role in tissue regeneration via paracrine
abilities rather than differentiation [6]. The cytoplasm
membrane and the multivesicular bodies formed by
invagination could fuse to secret exosomes. Exosomes
could transfer functional molecules including various
RNAs and proteins and promote the communication
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Fig. 2 Characterization of bioengineered stem cell membrane nanocarriers (BSMNCs) and revascularization of ischemic limb and reduction of limb
loss of BSMNCs and stem cell membrane nanocarriers (SMNCs) in a murine hindlimb ischemia model [45]. A Schematic showing the preparation
of BSMNCs. B Representative laser Doppler perfusion imaging of hindlimb ischemia treated with SMNCs or VEGF-BSMNCs. C Physiological status of
ischemic hind limb before and 28 days after injection. Reproduced from Bose et al. with permission from Elsevier Ltd., Copyright 2018

among cells and the mediation of paracrine [46, 47].
The therapeutic roles of exosomes gradually obtain a
wide interest in promoting tissue repair and regenera-
tion. Zhang et al. [11] investigated the role of exosomes
derived from induced pluripotent stem cell-derived
mesenchymal stem cells (iPSC-MSCs) in treating cuta-
neous wounds. In their study, iPSC-MSC exosomes
might promote reepithelialization and collagen matu-
rity and decrease scar widths. Another study showed
that miRNAs in exosomes derived from MSCs might
promote the function of skin fibroblasts [48]. Moreo-
ver, MSCs-derived exosomes with upregulated miRNA-
181c might inhibit the Toll-like receptor 4 pathway,
thereby modulating inflammation in burn injury [49].
Lu et al. [50] aimed to detect the effects of autolo-
gous iPSCs and exosomes in wound healing. In their
study, all of the autologous and allogeneic iPSCs and
exosomes could promote wound healing (Fig. 3). How-
ever, allogeneic iPSC exosomes are recommended to be
the preferred choice because of the mass production
and no risk of teratoma formation. Nevertheless, the
therapeutic molecules in exosomes and the underlying
mechanisms should be further investigated.

Cell-free therapy is a promising strategy in tissue repair
and regeneration by replacing stem cells themselves with
exosomes. The main advantages include overcoming
poor cell engraftment and reducing immune rejection in
cell-based therapy. More importantly, exosomes could be
stored safely and easily when compared with stem cells,
which is important to cut down the cost. Taken together,
similar to the stem cell membrane-coated nanovesicles,
exosomes could obtain the functions of their parent cells
and deliver therapeutic agents.

Stem cells as drug carriers

Compared with MSCs, iPSCs have attracted growing
interest because of easily generated by reprogramming
differentiated somatic cells with just transcription
factors [51]. Accordingly, iPSCs might serve as drug
delivery carriers in various diseases. Recently, previous
study has investigated the feasibility of using iPSC [52]
as carriers for anti-tumor drugs. The results showed
that iPSCs could effectively target tumor tissues and
further be killed by the photothermal effects induced
by gold NPs [52]. Mitomycin-treated iPSCs could also
perform excellent tumor-targeting capability [53] and
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iPS-MnO,@Ce6

Ce6. B Confocal laser scanning microscopy images of iPSCs treated with Ce6 and MnO,@Ce6. C Representative transmission electron microscope
images of iPSCs incubated with nanoprobes. The red arrows indicate the nanoprobe without degradation, and the green indicates the nanoprobe
with degradation. Reproduced from Liu et al. with permission from Springer, Copyright 2020

were used to deliver MnO,@Ce6 nanoparticles into
tumors for synthetic photodynamic and immuno-
therapy [12]. In their study, the MnO,@Ce6-loaded
iPSCs could target tumors in vivo and contribute to
anti-tumor immune response efficiently (Fig. 4). Based
on the above studies, stem cells as drug carriers are
regarded to have tremendous potential for skin regen-
eration and wound healing based on targeted delivery.

However, as shown in other studies, iPSCs might dis-
tribute in other normal tissues [54], which induces side
effects because of these residual stem cells. Accord-
ingly, it is supposed that when stem cells as drug car-
riers have targeted and accumulated in lesions, stem
cells must further die in the entire body after the ther-
apeutic effects. To improve the side effect of iPSCs,
engineered neural stem cells derived from iPSCs were
utilized to exhibit therapeutic effects in the tumor,
which showed no toxicity to normal nontargeted
organs [55]. Taken together, despite the great advan-
tages of iPSCs compared with MSCs, the safety of
iPSCs in skin regeneration and wound healing should
be further investigated in future studies.

Scaffold-free stem cell sheets

Scaffold-free skin equivalents could utilize cellular
functions to mimic native skin tissue [13]. Cell sheet
technology serves as an important scaffold-free method
because of the simple preparation process [56], good
fusion with native skin tissue [57], and the possibility
of fabricating from the patient’s cells [58]. Cell sheets
form two- or three-dimensional geometry in appropri-
ate conditions without scaffolds. Different cell types
such as skin keratinocytes, fibroblasts, and stem cells
are grown on a plastic culture plate to mimic their
naive structure [59], whereas there are several technical
obstacles to using scaffold-free cell sheets including a
prolonged culture period, limited volume for implanta-
tion, inherent physical weakness, and poor vasculariza-
tion [60]. Accordingly, engineering technologies such
as hydrogels and scaffolds should be applied to resolve
these disadvantages of scaffold-free cell sheets [61].

Stem cell-laden scaffolds
During the delivery of stem cells in wound sites, the
survival and function of cells are of great importance in
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ensuring cell efficacy [6]. Local injection and intravenous
infusion have their disadvantages. For example, the local
injection might influence the cell membrane integrity
because of the mechanical stresses induced by the needle.
Although intravenous infusion could be less invasive, the
number of stem cells accumulating in wound sites might
be limited [62]. Accordingly, stem cell-laden scaffolds are
necessary to be prepared to improve stem cell survival,
thereby promoting transplantation efficiency.

Hydrogels are one of the most common scaffolds that
could safely load cells and biological factors. Most impor-
tantly, hydrogels could be used in defective skin sites
and are degradable to promote skin repair [63]. Vari-
ous hydrogels are commonly used to deliver stem cells
for skin regeneration and wound healing [64, 65]. Many
types of cells such as stem cells are utilized to prepare
stem cell-enabled biomimetic ECM structure and skin
regeneration [66, 67]. Stem cells in hydrogels have the fol-
lowing functions: (a) promoting wound healing by secret-
ing a variety of growth factors such as TGF-p and (b)
differentiating into specific cell types involved in wound
repair including keratinocytes, fibroblasts, and endothe-
lial cells. Taken together, stem cells in hydrogels could
promote wound healing by enhancing vascularization
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and reepithelialization and reducing granulation forma-
tion [68, 69].

Compared with single hydrogel, the bilayer nanofiber/
hydrogel hybrid skin grafts are capable of mimicking the
skin structure of the epidermis and dermis and the bio-
logical and mechanical functions. One study constructed
a hybrid made of PLCL/poloxamer nanofiber and dex-
tran/gelatin hydrogel for skin repair [14]. The hybrid
scaffolds showed improved mechanical functions and
enhanced proliferation and differentiation of adipose-
derived stem cells. This kind of hybrid scaffold might
have the potential to be a temporary skin replacement.

Conclusions and future outlooks

Among the three common drug delivery systems includ-
ing stem cell membrane-coated NPs, stem cell-derived
extracellular vesicles, and stem cell as drug carriers, they
have their advantages and disadvantages (Table 1). The
applications of stem cell-derived extracellular vesicles are
hindered by the high cost and difficult purification pro-
cess. As for stem cells as drug carriers, the safety in vivo
should be further resolved. For instance, Yamanaka et al.
[70] and Zhong et al. [71] try to diminish the tumo-
rigenesis risk of iPSC technology, including optimizing

Table 1 The summary of stem cell-based drug delivery strategy for skin regeneration and wound healing

Strategy Advantages

Disadvantages

Stem cell membrane-coated nanoparticles Targeting ischemic lesions

Insufficient product quality

Reducing the uptake by immune cells with the

ability to immune escape

Enhancing the translocation across endothelial

barriers

Reducing the risk of teratoma formation

Easy to the mass production

Lower cost when compared with preparing

extracellular vesicles
Stem cell-derived extracellular vesicles

Overcoming poor cell engraftment and reducing

Hard to achieve the mass production

immune rejection in cell-based therapy

Extracellular vesicles could be stored safely and

easily

Higher cost

Extracellular vesicles could obtain the functions
of their parent cells and deliver therapeutic

agents

No risk of teratoma formation

Stem cells as drug carriers

Scaffold-free stem cell sheets

from the patient’s cells

Stem cell-laden scaffolds
transplantation efficiency

iPSCs could effectively target injured tissues

The simple preparation process, good fusion with
native skin tissue, the possibility of fabricating

Improving stem cell survival and promoting

iPSCs might distribute in other normal tissues,
which induces side effects

The risk of teratoma formation

A prolonged culture period, limited volume for
implantation, inherent physical weakness, and poor
vascularization

The risk of teratoma formation

Mimicking the skin structure of the epidermis

and dermis
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Fig. 5 Stem cell-based drug delivery strategy for skin regeneration and wound healing: potential clinical applications. Stem cell-based drug
delivery strategies include stem cell membrane-coated NPs, stem cell-derived extracellular vesicles, stem cell as drug carriers, and stem cell-laden
scaffolds. Stem cell-based drug delivery systems hold considerable promise as novel strategies for the treatment of skin regeneration and wound

healing

the cocktail of reprogramming factors, using the strat-
egy of chemical inductive reprogramming, controlling
mutagenesis of host gene caused by retroviral insertion
via exogenous DNA-free vectors, eliminating aberrant
cells via drug-inducible suicide system, and increasing
purity of iPSC samples. Stem cell membrane-coating
nanotechnology is regarded as a novel drug delivery sys-
tem with the great advantages of both natural and syn-
thetic components. As a biological component, stem cell
membranes obtain specific surface properties including
targeting capability to injure lesions. Furthermore, the
core NPs could load drugs for different purposes. With
these promising functions, stem cell membrane-coated
NPs have greater potential for clinical applications than
other stem cell-based drug delivery systems, whereas fur-
ther improvement of stem cell membrane-coating tech-
nology is still necessary. The ligands on the surface of
stem cell membranes are of great importance in the tar-
geting and homing abilities of stem cells. Compared with
the traditional extrusion or sonication technologies for
cell membrane coating, a novel approach via microfluidic
and electroporation technology [72] could contribute to
improved membrane-coating processes and membrane
functions.

The complexity and heterogeneity of stem cell mem-
branes have novel advantages over other cell membranes.
However, it should not be ignored that cell membrane
nanotechnology is still at an early stage, and it remains
to be further explored. For example, the hybrid cell mem-
branes could obtain different functions from a variety
of cell membrane sources such as RBCs and bacteria

that express self-recognition molecules. In this way, NPs
coated with hybrids of the stem cell membrane and other
cells could be characterized by longer retention time,
better inflammation targeting, and excellent immune
evasion, which is deemed to be a promising drug deliv-
ery system shortly. Moreover, it is necessary to apply cell
membrane-coating nanobiotechnology in other areas.
Zhang et al. coated beta-cell membranes onto electro-
spun nanofibrous scaffolds to promote cell survival and
tissue regeneration [73]. Accordingly, cell membrane-
coating nanobiotechnology is capable of changing the
surface properties of scaffolds to promote tissue regener-
ation, which might be further utilized in stem cell-laden
scaffolds for wound healing.

The recent development of 3D bioprinting technol-
ogy might offer architectural organization of native skin
precisely, whereas more bioactive bioinks are warranted
to be prepared to construct 3D-bioprinted constructs
in the application of wound healing. Furthermore, cells
such as fibroblasts, epidermal progenitors, and endothe-
lial cells are combined with optimal bioinks to mimic
the skin-specific microenvironment, thereby promoting
functional recapitulation of native skin. More interest-
ingly, we believe that a handheld 3D bioprinter might be
developed to conveniently apply a stem cell-laden scaf-
fold to the wounds especially in operation room [65].
One previous review of Ojeh et al. [7] concluded some
of the ongoing or completed clinical trials registered on
www.clinicaltrials.gov. In these clinical trials, stem cells
can be delivered to the skin wounds either directly or via
skin scaffolds. Accordingly, the preliminary exploration
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of clinical application using stem cell-based drug delivery
strategy in the area of skin regeneration and wound heal-
ing has begun.

Taken together, stem cell-based drug delivery systems
hold considerable promise as novel strategies for the
treatment of skin regeneration and wound healing. Espe-
cially, stem cell membrane-coating nanotechnology con-
fers great advantages compared to other drug delivery
systems and might be utilized in a broad field of biomedi-
cal contexts (Fig. 5).

Acknowledgements
All authors have given final approval for this version of the manuscript to be
published.

Authors’ contributions

WYZ, conceptualization, investigation, methodology, and writing—original
draft; XH and WYZ, funding acquisition, software, supervision, and writing—
review and editing. All authors have given final approval for this version of the
manuscript to be published.

Funding

This study is supported by National Natural Science Foundation of China
(82203059), Hubei Natural Science Foundation (2022CFB656), and the China
Postdoctoral Science Foundation (2021M701335).

Availability of data and materials
All data generated or analyzed during this study are available from the cor-
responding author.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 10 March 2023 Accepted: 20 June 2023
Published online: 30 June 2023

References

1. Mahmoudvand G, Karimi Rouzbahani A, Razavi ZS, Mahjoor M, Afkhami
H. Mesenchymal stem cell therapy for non-healing diabetic foot ulcer
infection: new insight. Front Bioeng Biotechnol. 2023;11:1158484.

2. JoH,Brito S, Kwak BM, Park S, Lee MG, Bin BH. Applications of mesen-
chymal stem cells in skin regeneration and rejuvenation. Int J Mol Sci.
2021;22(5):2410.

3. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and
regeneration. Nature, 2008;453(7193):314-21.

4. LauK, Paus R, Tiede S, Day P, Bayat A. Exploring the role of stem cells in
cutaneous wound healing. Exp Dermatol. 2009;18(11):921-33.

5. Chen M, Przyborowski M, Berthiaume F. Stem cells for skin tissue engi-
neering and wound healing. Crit Rev Biomed Eng. 2009;37(4-5):399-421.

6. ZhaoY,Wang M, Liang F, Li J. Recent strategies for enhancing the
therapeutic efficacy of stem cells in wound healing. Stem Cell Res Ther.
2021;12(1):588.

7. Ojeh N, Pastar |, Tomic-Canic M, Stojadinovic O. Stem cells in skin
regeneration, wound healing, and their clinical applications. Int J Mol Sci.
2015;16(10):25476-501.

20.

AR

22.

23.

24,

25.

26.

27.

28.

Page 10 of 11

Nourian Dehkordi A, Mirahmadi Babaheydari F, Chehelgerdi M, Raeisi
DS. Skin tissue engineering: wound healing based on stem-cell-based
therapeutic strategies. Stem Cell Res Ther. 2019;10(1):111.

Butler KL, Goverman J, Ma H, Fischman A, Yu YM, Bilodeau M, et al. Stem
cells and burns: review and therapeutic implications. J Burn Care Res.
2010;31(6):874-81.

. Zhang W, Huang X. Stem cell membrane-camouflaged targeted delivery

system in tumor. Mater Today Bio. 2022;16: 100377.

. Zhang J, Guan J,Niu X, Hu G, Guo S, Li Q, et al. Exosomes released from

human induced pluripotent stem cells-derived MSCs facilitate cutaneous
wound healing by promoting collagen synthesis and angiogenesis. J
Transl Med. 2015;13:49.

. LiuY,Yang J, Liu B, Cao W, Zhang J, Yang Y, et al. Human iPS cells loaded

with MnO(2)-based nanoprobes for photodynamic and simultaneous
enhanced immunotherapy against cancer. Nanomicro Lett. 2020;12(1):127.

. DuRaine GD, Brown WE, Hu JC, Athanasiou KA. Emergence of scaffold-

free approaches for tissue engineering musculoskeletal cartilages. Ann
Biomed Eng. 2015;43(3):543-54.

. Pan JF, Liu NH, Sun H, Xu F. Preparation and characterization of electro-

spun PLCL/poloxamer nanofibers and dextran/gelatin hydrogels for skin
tissue engineering. PLoS ONE. 2014;9(11):e112885.

. Duscher D, Barrera J, Wong VW, Maan ZN, Whittam AJ, Januszyk M, et al.

Stem cells in wound healing: the future of regenerative medicine? A
mini-review. Gerontology. 2016;62(2):216-25.

. Li X, BaiJ, Ji X, Li R, Xuan'Y, Wang Y. Comprehensive characterization of

four different populations of human mesenchymal stem cells as regards
their immune properties, proliferation and differentiation. Int J Mol Med.
2014;34(3):695-704.

. DuWJ, ChiY, Yang ZX, Li ZJ, Cui JJ, Song BQ, et al. Heterogeneity of

proangiogenic features in mesenchymal stem cells derived from bone
marrow, adipose tissue, umbilical cord, and placenta. Stem Cell Res Ther.
2016;7(1):163.

. Karp JM, Leng Teo GS. Mesenchymal stem cell homing: the devil is in the

details. Cell Stem Cell. 2009;4(3):206-16.

. Rufaihah AJ, Huang NF, Jamé S, Lee JC, Nguyen HN, Byers B, et al.

Endothelial cells derived from human iPSCS increase capillary density
and improve perfusion in a mouse model of peripheral arterial disease.
Arterioscler Thromb Vasc Biol. 2011;31(11):e72-79.

Clayton ZE, Yuen GS, Sadeghipour S, Hywood JD, Wong JW, Huang NF,
et al. A comparison of the pro-angiogenic potential of human induced
pluripotent stem cell derived endothelial cells and induced endothe-
lial cells in a murine model of peripheral arterial disease. Int J Cardiol.
2017;234:81-9.

Clayton ZE, Tan RP, Miravet MM, Lennartsson K, Cooke JP, Bursill CA, et al.
Induced pluripotent stem cell-derived endothelial cells promote angio-
genesis and accelerate wound closure in a murine excisional wound
healing model. Biosci Rep. 2018;38(4):BSR20180563.

Nakayama C, Fujita Y, Matsumura W, Ujiie |, Takashima S, Shinkuma S, et al.
The development of induced pluripotent stem cell-derived mesen-
chymal stem/stromal cells from normal human and RDEB epidermal
keratinocytes. J Dermatol Sci. 2018;91(3):301-10.

Doeing DC, Borowicz JL, Crockett ET. Gender dimorphism in differential
peripheral blood leukocyte counts in mice using cardiac, tail, foot, and
saphenous vein puncture methods. BMC Clin Pathol. 2003;3(1):3.

Cibelli J, Emborg ME, Prockop DJ, Roberts M, Schatten G, Rao M, et al.
Strategies for improving animal models for regenerative medicine. Cell
Stem Cell. 2013;12(3):271-4.

Kashpur O, Smith A, Gerami-Naini B, Maione AG, Calabrese R, Tellechea
A, et al. Differentiation of diabetic foot ulcer-derived induced pluripo-
tent stem cells reveals distinct cellular and tissue phenotypes. Faseb j.
2019;33(1):1262-77.

Dehaini D, Wei X, Fang RH, Masson S, Angsantikul P, Luk BT, et al.
Erythrocyte-Platelet Hybrid Membrane Coating for Enhanced Nanoparti-
cle Functionalization. Adv Mater. 2017;29(16):10.1002/adma.201606209.
Bose RJ, Lee SH, Park H. Biofunctionalized nanoparticles: an emerging
drug delivery platform for various disease treatments. Drug Discov Today.
2016;21(8):1303-12.

Chen B, Li F, Zhu XK, Xie W, Hu X, Zan MH, et al. Highly biocompatible
and recyclable biomimetic nanoparticles for antibiotic-resistant bacteria
infection. Biomater Sci. 2021;9(3):826-34.



Zhang and Huang Inflammation and Regeneration (2023) 43:33

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51

Fan Z, Li PY, Deng J, Bady SC, Cheng H. Cell membrane coating for reduc-
ing nanoparticle-induced inflammatory responses to scaffold constructs.
Nano Res. 2018;11(10):5573-83.

Wu X, LiY, Raza F, Wang X, Zhang S, Rong R, et al. Red blood cell membrane-
camouflaged tedizolid phosphate-loaded PLGA nanoparticles for bacterial-
infection therapy. Pharmaceutics. 2021;13(1):99.

Peng Z, Zhang X, Yuan L, LiT, Chen Y, Tian H, et al. Integrated endotoxin-
adsorption and antibacterial properties of platelet-membrane-coated cop-
per silicate hollow microspheres for wound healing. J Nanobiotechnology.
2021;19(1):383.

Zhou H, Fan Z, Lemons PK, Cheng H. A facile approach to functionalize cell
membrane-coated nanoparticles. Theranostics. 2016,6(7):1012-22.

Luk BT, Zhang L. Cell membrane-camouflaged nanoparticles for drug
delivery. J Control Release. 2015;220(Pt B):600-7.

Tu C, Das S, Baker AB, Zoldan J, Suggs LJ. Nanoscale strategies: treatment
for peripheral vascular disease and critical limb ischemia. ACS Nano.
2015,9(4):3436-52.

WeiW, Cheng W, Dai W, Lu F, Cheng Y, Jiang T, et al. A nanodrug coated
with membrane from brain microvascular endothelial cells protects against
experimental cerebral malaria. Nano Lett. 2022;22(1):211-9.

Angsantikul P, Thamphiwatana S, Zhang Q, Spiekermann K, Zhuang J, Fang
RH, et al. Coating nanoparticles with gastric epithelial cell membrane for
targeted antibiotic delivery against Helicobacter pylori infection. Adv Ther
(Weinh). 2018;1(2):1800016.

Sun J,Huang Y, Gong J, Wang J, Fan Y, Cai J, et al. Transplantation of hPSC-
derived pericyte-like cells promotes functional recovery in ischemic stroke
mice. Nat Commun. 2020;11(1):5196.

Li M, Xu Z, Zhang L, Cui M, Zhu M, Guo Y, et al. Targeted noninvasive treat-
ment of choroidal neovascularization by hybrid cell-membrane-cloaked
biomimetic nanoparticles. ACS Nano. 2021;15(6):9808-19.

Deveza L, Choi J, Lee J, Huang N, Cooke J, Yang F. Polymer-DNA nanopar-
ticle-induced CXCR4 overexpression improves stem cell engraftment and
tissue regeneration in a mouse hindlimb ischemia model. Theranostics.
2016;6(8):1176-89.

Yellowley C. CXCL12/CXCR4 signaling and other recruitment and homing
pathways in fracture repair. Bonekey Rep. 2013;2:300.

Ringe J, Strassburg S, Neumann K, Endres M, Notter M, Burmester GR, et al.
Towards in situ tissue repair: human mesenchymal stem cells express
chemokine receptors CXCR1, CXCR2 and CCR2, and migrate upon stimula-
tion with CXCL8 but not CCL2. J Cell Biochem. 2007;101(1):135-46.

Aicher A, Heeschen C, Mildner-Rihm C, Urbich C, Thling C, Technau-lhling

K, et al. Essential role of endothelial nitric oxide synthase for mobilization of
stem and progenitor cells. Nat Med. 2003;9(11):1370-6.

Won YW, Patel AN, Bull DA. Cell surface engineering to enhance mes-
enchymal stem cell migration toward an SDF-1 gradient. Biomaterials.
2014;35(21):5627-35.

. Wang Z,Wang Y, Wang Z, Gutkind JS, Wang Z, Wang F, et al. Engineered

mesenchymal stem cells with enhanced tropism and paracrine secretion
of cytokines and growth factors to treat traumatic brain injury. Stem Cells.
2015;33(2):456-67.

Bose RJ, Kim BJ, Arai Y, Han IB, Moon JJ, Paulmurugan R, et al. Bioengineered
stem cell membrane functionalized nanocarriers for therapeutic targeting
of severe hindlimb ischemia. Biomaterials. 2018;185:360-70.

Huang X, Wu W, Jing D, Yang L, Guo H, Wang L, et al. Engineered exosome as
targeted INcCRNA MEGS3 delivery vehicles for osteosarcoma therapy. J Control
Release. 2022;343:107-17.

Yang L, Huang X, Guo H, Wang L, Yang W, Wu W, et al. Exosomes as efficient
nanocarriers in osteosarcoma: biological functions and potential clinical
applications. Front Cell Dev Biol. 2021;9:737314.

Choi EW, Seo MK, Woo EY, Kim SH, Park EJ, Kim S. Exosomes from human
adipose-derived stem cells promote proliferation and migration of skin
fibroblasts. Exp Dermatol. 2018;27(10):1170-2.

Li X, Liu L, Yang J, Yu, Chai J, Wang L, et al. Exosome derived from human
umbilical cord mesenchymal stem cell mediates MiR-181c attenuating
burn-induced excessive inflammation. EBioMedicine. 2016;8:72-82.

Lu M, Peng L, Ming X, Wang X, Cui A, LiY, et al. Enhanced wound healing
promotion by immune response-free monkey autologous iPSCs and
exosomes vs. their allogeneic counterparts. EBioMedicine. 2019;42:443-57.
Takahashi K, Yamanaka S. Induction of pluripotent stem cells from

mouse embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126(4):663-76.

Page 11 of 11

52. LiuY,Yang M, Zhang J, Zhi X, Li C, Zhang C, et al. Human induced pluripo-
tent stem cells for tumor targeted delivery of gold nanorods and enhanced
photothermal therapy. ACS Nano. 2016;10(2):2375-85.

53. Yang M, LiuY, Hou W, Zhi X, Zhang C, Jiang X, et al. Mitomycin C-treated
human-induced pluripotent stem cells as a safe delivery system of gold
nanorods for targeted photothermal therapy of gastric cancer. Nanoscale.
2017;9(1):334-40.

54. Yang J, Lam DH, Goh SS, Lee EX, ZhaoY, Tay FC, et al. Tumor tropism of
intravenously injected human-induced pluripotent stem cell-derived neural
stem cells and their gene therapy application in a metastatic breast cancer
model. Stem Cells. 2012;30(5):1021-9.

55. Zhu D, Lam DH, Purwanti Y1, Goh SL, Wu C, Zeng J, et al. Systemic delivery
of fusogenic membrane glycoprotein-expressing neural stem cells to
selectively kill tumor cells. Mol Ther. 2013;21(8):1621-30.

56. Ng KW, Hutmacher DW. Reduced contraction of skin equivalent engineered
using cell sheets cultured in 3D matrices. Biomaterials. 2006;27(26):4591-8.

57. Athanasiou KA, Eswaramoorthy R, Hadidi P, Hu JC. Self-organization and
the self-assembling process in tissue engineering. Annu Rev Biomed Eng.
2013;15:115-36.

58. Laplante AF, Germain L, Auger FA, Moulin V. Mechanisms of wound
reepithelialization: hints from a tissue-engineered reconstructed skin to
long-standing questions. Faseb j. 2001;15(13):2377-89.

59. LinYC, GrahovacT, Oh SJ, leraci M, Rubin JP, Marra KG. Evaluation of a multi-
layer adipose-derived stem cell sheet in a full-thickness wound healing
model. Acta Biomater. 2013;9(2):5243-50.

60. Elloumi-Hannachil, Yamato M, Okano T. Cell sheet engineering: a unique
nanotechnology for scaffold-free tissue reconstruction with clinical applica-
tions in regenerative medicine. J Intern Med. 2010;,267(1):54-70.

61. Fukuda J, Khademhosseini A, Yeh J, Eng G, Cheng J, Farokhzad OC, et al.
Micropatterned cell co-cultures using layer-by-layer deposition of extracel-
lular matrix components. Biomaterials. 2006,27(8):1479-86.

62. Hare JM, Traverse JH, Henry TD, Dib N, Strumpf RK, Schulman SP, et al. A
randomized, double-blind, placebo-controlled, dose-escalation study of
intravenous adult human mesenchymal stem cells (prochymal) after acute
myocardial infarction. J Am Coll Cardiol. 2009;54(24):2277-86.

63. Huang S, Fu X. Naturally derived materials-based cell and drug delivery
systems in skin regeneration. J Control Release. 2010;142(2):149-59.

64. Nicholas MN, Jeschke MG, Amini-Nik S. Cellularized bilayer pullulan-gelatin
hydrogel for skin regeneration. Tissue Eng Part A. 2016;22(9-10):754-64.

65. Kim HS, Sun X, Lee JH, Kim HW, Fu X, Leong KW. Advanced drug delivery
systems and artificial skin grafts for skin wound healing. Adv Drug Deliv Rev.
2019;146:209-39.

66. Rustad KC, Wong VW, Sorkin M, Glotzbach JP, Major MR, Rajadas J, et al.
Enhancement of mesenchymal stem cell angiogenic capacity and
stemness by a biomimetic hydrogel scaffold. Biomaterials. 2012,33(1):80-90.

67. XuK, Cantu DA, FuY, Kim J, Zheng X, Hematti P, et al. Thiol-ene Michael-
type formation of gelatin/poly(ethylene glycol) biomatrices for three-
dimensional mesenchymal stromal/stem cell administration to cutaneous
wounds. Acta Biomater. 2013;9(11):8802-14.

68. Burdick JA, Mauck RL, Gerecht S.To serve and protect: hydrogels to improve
stem cell-based therapies. Cell Stem Cell. 2016;18(1):13-5.

69. Lutolf MP, Gilbert PM, Blau HM. Designing materials to direct stem-cell fate.
Nature. 2009;462(7272):433-41.

70. Yamanaka S. Pluripotent stem cell-based cell therapy-promise and chal-
lenges. Cell Stem Cell. 2020,27(4):523-31.

71. Zhong C, Liu M, Pan X, Zhu H. Tumorigenicity risk of iPSCs in vivo: nip it in
the bud. Precis Clin Med. 2022;5(1):pbac004.

72. Rao L, CaiB, BuLL, Liao QQ, Guo SS, Zhao XZ, et al. Microfluidic electropo-
ration-facilitated synthesis of erythrocyte membrane-coated magnetic
nanoparticles for enhanced imaging-guided cancer therapy. ACS Nano.
2017;11(4):3496-505.

73. ChenW, Zhang Q, Luk BT, Fang RH, Liu Y, Gao W, et al. Coating nanofiber
scaffolds with beta cell membrane to promote cell proliferation and func-
tion. Nanoscale. 2016;8(19):10364-70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Stem cell-based drug delivery strategy for skin regeneration and wound healing: potential clinical applications
	Abstract 
	Introduction
	Stem cell types in wound healing
	Embryonic stem cells (ESCs)
	Mesenchymal stem cells (MSCs)
	Induced pluripotent stem cells (iPSCs)

	Optimal animal models for stem cell-based therapy in wound healing
	Stem cell-based drug delivery systems
	Stem cell membrane-coated nanoparticles
	Stem cell-derived extracellular vesicles
	Stem cells as drug carriers
	Scaffold-free stem cell sheets
	Stem cell-laden scaffolds

	Conclusions and future outlooks
	Acknowledgements
	References


