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was coined in 1987 by Johnstone et al. [ 2 ]  
 Table    1   details the history of discovery of 
exosomes. However, there are different 
subtypes of vesicles with overlapping com-
position, density, and size. [ 3 ]  Due to the lack 
of specifi c markers for different subtypes, 
the International Society of Extracellular 
Vesicles suggested the term extracellular 
vesicles (EVs) to describe the preparations 
of vesicles from body fl uids and cell cul-
tures. [ 3,4 ]  The term EV broadly includes 
exosomes, microvesicles, prostasomes, 
ectosomes, and oncosomes ( Figure    1  ).   

 The biogenesis of exosomes starts with 
the early endosomes where endocytic vesi-
cles incorporate their content intended for 
recycling, degradation, or exocytosis. The 

early endosome is then transformed into the late endosome 
where contents are sorted into 30–100 nm vesicles that bud 
into the lumen of late endosomes or with intraluminal vesi-
cles (ILV). [ 5 ]  The late endosomes either fuse with lysosomes to 
destroy the content of late endosome or the plasma membrane, 
resulting in the secretion of the 30–100 nm vesicles into the 
extra-cellular milieu. [ 3,6 ]  

 Microvesicles (MVs), also referred to as shedding MVs, are 
large membranous vesicles (50–1000 nm diameter) that are 
produced by budding from the plasma membrane. The molec-
ular mechanism of exosome and MV biogenesis shares a lot of 
similar elements. [ 7 ]  

 Prostasomes are submicron membranous vesicles, secreted 
by the human prostate gland into prostatic fl uid and range 
between 40–500 nm diameters. [ 8 ]  Prostasomes are found to 
infl uence and modify the characteristics of sperm. [ 8,9 ]  However, 
these prostasomes are found to turn against their host after 
50 years of age increasing the prevalence of prostate cancer. [ 9 ]  

 Ectosomes are extracellular vesicles generated by outward 
budding from the plasma membrane. Unlike exosomes, ecto-
somes do not require exocytosis instead it pinches off from 
the plasma membrane and releases to the extracellular space. 
These vesicles are 100–350 nm in diameter. [ 10 ]  As other EVs, 
ectosomes are being studied as a target for new therapies. Le 
et al. (2014) proposed that ectosomes play an important role in 
cancer metastasis by transferring miR-200s from high meta-
static cells to poor metastatic cells. [ 11 ]  Ectosomes are believed 
to promote infl ammation and cell death in rheumatoid arthritis 
and multiple sclerosis. [ 10 ]  

 Oncosomes, as the name suggests, are membranous 
microvesicles containing an active oncogene or oncogenic 

   Wound healing is a complex process and often delayed in patients with 
underlying chronic conditions. The cost of wound care is a signifi cant 
burden to the society, warranting new techniques to prompt wound healing. 
Several studies have reported on the benefi cial effects of mesenchymal stem 
cells (MSCs) function in recruiting host cells, releasing secretory factors 
and matrix proteins thereby increasing wound heal. These secrete bioactive 
trophic factors from MSCs also includes extracellular vesicles (EVs) or 
exosomes. Recent studies have shown that EVs are one of the key secretory 
products of MSCs mediating cell-to-cell communication to enhance wound 
healing. Current knowledge related to the potential use of EVs in wound 
healing is reviewed and the promising future for EVs - a naturally secreted 
nanoparticle - as an alternative to cell-based therapy is discussed. 

  1.     Introduction 

 The skin is the largest organ in the human body and its main 
function is to protect the body from invading pathogens. 
However, the skin is frequently injured by acute and chronic 
wounds caused by diabetic skin ulcerations or extensive burns. 
It not only causes physical and mental suffering in affected 
individuals, but also imposes a huge socioeconomic burden. 
Thus, numerous on-going investigations are focusing on expe-
diting the wound healing process. In recent years there have 
been advances in stem cell transplantation therapy, tissue engi-
neering, exploring the role of microRNA in tissue regeneration 
and also the role of extracellular vesicles (EVs) in healing of 
wound. In this article, we review current knowledge and treat-
ment related to wound healing and the potential use of EVs to 
enhance healing of the wound.  

  2.     Extracellular Vesicles (EVs) 

 Small vesicles were reported to be secreted by sheep reticulo-
cytes in 1980 by Pan and Johnstone [ 1 ]  and the term “exosomes” 
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factor. Oncosomes are secreted from various cancer cells such 
as prostate cancer cells, human brain tumors etc., facilitating 
intercellular transfer of oncogenic information. [ 12,13 ]  These 
oncosomes are also capable of altering the tumor micro-
environment and promoting disease progression. [ 13 ]  

  2.1.     Composition of EVs 

 EVs play an important role in cell-to-cell communication and 
cell-cell interaction. EVs are not only involved in normal physio-
logical processes but also play an important role in the develop-
ment and progression of diseases. [ 3 ]  The cargo content of EVs 
depends on the source of the cell type. EVs cargo consists of 
proteins, microRNA (miRNA), mRNA and lipids. The details of 
the proteins, RNA and lipid content of the EVs can be obtained 
from ExoCarta, [ 14 ]  Vesiclepedia [ 15 ]  and EVpedia. [ 16 ]  A total of 
538 studies (as of July 2015) have been submitted to Vesicle-
pedia – an exosome database. [ 16 ]  Valadi et al. (2007) were the 
fi rst to report that EV cargo consists of mRNAs and miRNAs. [ 17 ]  
Since then there has been 27,642 mRNA and 4,934 miRNA 
entries in the Vesiclepedia database. Interestingly, it has also 
been reported that gene transcripts are exclusively carried by 
EVs, which are undetectable in donor cells. [ 18 ]  

 EVs, being of endosomal origin are known to carry mem-
brane transport proteins, proteins involved in multivesic-
ular body (MVB) biogenesis (Alix, TSG101), fusion proteins 
including GTPases, Annexins, fl otillin and rab proteins, 
which may promote the fusion of MVB with the cell mem-
brane. EVs are also known to carry tetraspannins (CD9, CD63, 
CD81 and CD82), adhesion molecules (CD11b and CD54) 
and heat shock proteins (heat shock cognate 70 and heat 
shock proteins 90; indicative of cellular response to environ-
mental stresses). EVs also carry lipid-related proteins including 
cholesterol, sphingomyelin and ganglioside GM3 [ 19 ]  and 
externalized phosphatidylserine. [ 20 ]  Both lipid-related proteins 
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  Table 1.    History timeline for the discovery and applications of EVs.  

Year Application Discovery Ref

1977 Prostatic and seminal fl uids Extracellular presence of vesicles surrounded by a bilayer membrane  [70] 

1980 Sheep reticulocytes Vesicle formation  [1] 

1987 Sheep reticulocytes Coined the term exosome  [2] 

1996 Human and murine B lymphocytes Adaptive immune response  [71] 

1998 Mouse dendritic cell Promote induction of antitumor responses in mice  [72] 

1999 Mouse dendritic cell Characterized the composition and physical properties of EVs  [73] 

2007 Mouse and human mast cell line, 

primary bone marrow-derived mouse mast cells

Contain messenger 

RNA and microRNA

 [17] 

2009 Different cell types Database of RNA, protein and lipids  [74] 

2008 Glioblastoma tumor cells Promote tumor progression  [75] 

2010 Leishmania donovani Immunosuppressive contributing to the tolerance of an invader  [76] 

2011 Raji B-cell line, Jurkat-derived J77 T cell line, 

and primary dendritic cells

Modulates interactions between 

antigen-presenting cells and T cells

 [77] 

2011 Self-derived dendritic cells Generated targeted-EV by engineering the dendritic cells to 

express Lamp2-fused to the neuron-specifi c RVG peptide

 [63] 
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and phospholipases play an important role in vesicle structure 
and function, and traffi cking of particular proteins to EVs. [ 21 ]  
Packaging of RNA into EVs are selective and consist of micro-
RNAs (miRNAs), small non-coding RNAs (piRNA, snRNA, 
snoRNA, scaRNA, Y RNA), natural antisense RNAs, tRNAs and 
their fragments, mRNAs and their fragments, rRNAs, and long 
non-coding RNAs. [ 22 ]  However, a major limiting factor in the 
fi eld of EV cargo analysis is the use of range of different isola-
tion and characterization methods between different labs.  

  2.2.     Internalization of EVs 

 The recipient cells take up EVs via direct membrane fusion, 
endocytosis or cell-type specifi c phagocytosis. More impor-
tantly, these EVs are well capable of delivering their content of 
miRNA and mRNA into the target cells, affecting their micro-
environment as well as modulating their protein production. [ 23 ]  
Studying the internalization of EVs in detail, Feng et al. (2010) 
reported that EVs (derived from chronic myelogenous leukemia 
(K562) or human T-cell lines (MT4)) are internalized more 
effi ciently by phagocytic cells (RAW 264.7 macrophages, U937 
monocyte-derived macrophages, THP-1 myelomonocytic cells 
and J774A.1 macrophages) than non-phagocytic cells (Jurkat 
T cells, 293T cells, COS-7 kidney cells, HEL299 human lung 
fi broblasts, or mouse fi broblast NIH 3T3 cells). [ 24 ]  Using live-
cell imaging Feng et al. (2010) showed that non-phagocytic cells 
cannot internalize EVs effi ciently but they remain associated 
with their cell membranes. [ 24 ]  EV internalization depends on 
several factors including lipid composition and temperature, 
as it is best at physiological temperature. [ 25 ]  It has also been 
shown that EV internalization in human metastatic melanoma 

cells is increased at acidic pH, which also increases its release. 
In particular the acidic tumor microenvironment might play a 
role in increased EV uptake by the tumor cells. [ 25 ]   

  2.3.     Isolation of EVs 

 EVs can be isolated from a wide range of body fl uids (including 
blood, urine, bronchoalveolar lavage fl uid, breast milk, amni-
otic fl uid, synovial fl uid, pleural effusions, and ascites) and 
also from cell culture supernatants (including T-cells, B-cells, 
dendritic cells, platelets, mast cells, epithelial cells, endothelial 
cells, neuronal cells, cancerous cells and mesenchymal stem 
cells (MSCs)). [ 3 ]  The most widely cited purifi cation method is 
a series of high-speed centrifugation (≈ 100 000 ×g) to isolate 
EVs either from body fl uids or cell culture supernatant. [ 26,27 ]  
However, there are several commercially available kits used for 
isolating EVs both from body fl uids and cell culture superna-
tant, which are less labor-intensive. Invitrogen Total Exosome 
Isolation Kit (Life Technologies, USA) uses low-speed centrif-
ugation (10 000 ×g for 60 min), whereas Exo-spin (Cell Guid-
ance Systems, USA) columns for purifi cation of EVs. ExoQuick 
(System Biosciences (SBI), USA) purifi es EVs by precipitating 
them from body fl uids and cell culture supernatant. 

 Lamparski et al. (2002), isolated EVs from the media con-
ditioned by monocyte-derived dendritic cells (MDDCs). The 
conditioned media was clarifi ed through a 3/0.8 µm Sarto-
clean CA fi lter (500 cm 2 ) to remove cells and cell debris and 
concentrated by ultrafi ltration through a 500 kDa MWCO 
hollow fi ber membrane (UFP-500-C-4A; lumen diameter of 
0.5 mm; surface area of 650 cm 2 ) maintaining a transmem-
brane pressure of 4–7 psi. The conditioned media was further 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504009

www.advmat.de
www.MaterialsViews.com

Exosome Microvesicles 

40-100nm 0.1-1μm

Cells Cancer cells Epididymis

Prostasomes

40-100nm

Oncosomes

1-4μm

oncogenic signaling

characteristics of sperm 

Cells

 Figure 1.    Schematic representation of major populations of extracellular vesicles. Left – Exosomes are the EVs of endosomal origin and formed by the 
inward budding of the inner membrane of the cells. Microvesicle originates from outward budding and fi ssion of plasma membrane. Oncosomes are 
generated from plasma membrane blebs. Prostasomes shed from the epididymal plasma membrane in an apocrine fashion.
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concentrated to 75–100 ml followed by diafi ltration (fi ve times 
with an equal volume of DPBS (i.e., 5 × 75–100 ml)) using the 
same hollow fi ber cartridge. Following this the conditioned 
media was centrifuged (4× ≈25 ml) (Beckman) and underlayed 
with a density cushion composed of 20 mM Tris/30% sucrose/
deuterium oxide (D 2 O) pH 7.4 (4 ml) forming a visible inter-
phase. The samples were then ultracentrifuged at 100 000 × g  
and 4 °C for 75 min (Beckman). The EV–sucrose density cush-
ions was then pooled and diafi ltered into formulation buffer 
(20 mM Tris/1 mM MgCl 2 /5% sucrose/100 µg ml −1  human 
serum albumin pH 7.4) through a 500-kDa miniature hollow 
fi ber cartridge (UFP-500-C-MM01A) as above. Finally, EVs were 
sterile fi ltered through a 0.22 µm Sterivex-GV capsule fi lter 
prior to use in clinical setting. [ 28 ]  

 The other method described by Lamparski et al. (2002), was 
miniscale purifi cation method. This method included removal 
of dead or non-adherent cells from media conditioned by den-
dritic cells by either fi ltration through 0.8 µm fi lter or by cen-
trifugation at 1000 × g  for 10 min. This conditioned media was 
then concentrated by centrifugation for 30 min at 1000 × g  in 
a prerinsed 100 kDa MWCO Centricon Plus-80 capsule fi lter 
to a volume of 1–2 ml. Concentrated EVs were collected and 
resuspended in 70 ml DPBS, then centrifuged at 1000 × g  
for 30–60 min (volume remained was <1.8 ml), followed by 
inverting the sample tube and recentrifuging for an addi-
tional 1 min to isolate EVs. This isolated EVs was ultracentri-
fuged, underlayed with 300 µl of a 30% sucrose/D 2 O density 
cushion at 100 000 × g  and 4 °C for 40 min. Isolated EVs were 
then diluted in DPBS and concentrated by centrifuging for 
30–60 min at 1000 × g  in a prerinsed 100 kDa MWCO Millipore 
Ultrafree-15 capsule fi lter to a desired volume. [ 28 ]   

  2.4.     Characterization of EVs 

 There are different ways to characterize the EVs isolated from 
cell culture supernatant or bodily fl uids. The most important 
characteristics studied are size and protein markers. The size 
of the EVs can be determined using transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), and 
nanoparticle tracking analysis (NTA). [ 29 ]  For detecting some 
of the classical biomarkers (frequently used – TSG101, CD63 
and ALIX), immunogold labelling of EVs can be done before 
visualizing using TEM. [ 26,30 ]  Immunoblotting is the conven-
ient method to characterize the EVs using EV-specifi c protein 
markers. EVs are too small to be analyzed using fl ow cytom-
etry therefore, it has to be fi xed to the beads of a size that is 
in the detection range of a fl ow cytometer before labelling with 
fl uorophore-conjugated antibodies and analyzing by FACS 
(Fluorescence-activated cell sorting). [ 30 ]    

  3.     Mesenchymal Stem (Stromal) Cells 

 Due to the high rate of mortality and morbidity associated with 
wounds, new approaches are being explored to accelerate the 
healing of wounds. There is mounting evidence in the literature, 
which shows the association of mesenchymal stem (stromal) 
cells (MSCs) with tissue repair and wound healing. [ 3,31 ]  Initial 

studies reported that the therapeutic potency of MSCs was due 
to the fact that they easily differentiate into various cell types 
such as chondrocytes, adipocytes, osteoblasts or endothelial 
cells. However, it has now emerged that MSCs may predomi-
nantly act in a paracrine fashion and secretory factors being 
the mediators of tissue repair and wound healing. [ 3,32 ]  EVs are 
one of the many secretory factors released by the MSCs. EVs 
derived from MSCs as well as many other cell lines are known 
to show therapeutic potential and is detailed in  Table    2  .  

  3.1.     Wound Healing: Some Statistics 

 Wound healing is a coordinated effort of different tissues and 
cell lineages to replace/repair the missing cellular structures 
and tissue layers. Most of the wounds heal without problems 
but healing can be delayed in any patient with underlying ill-
ness. Moreover, chronic wounds may take longer to heal, some-
times months or years, or may never heal. Chronic wounds (in 
the case of diabetes) not only lead to increasing healthcare costs 
but also adversely affect the individual’s quality of life. 

 About 382 million diabetes patients are registered globally 
and this number will rise to 592 million by 2035. [ 33 ]  Approxi-
mately 15% of the patients develop diabetic foot ulcer that fre-
quently become infected in an estimated 2 million patients. [ 34 ]  
The annual cost of caring for diabetic foot ulcer patients is 
estimated $5 billion in US alone. The wound healing society 
reported about 15% of older adults in the US suffer from 
chronic wounds, including predominantly venous pressure 
ulcers (bedsores), stasis ulcers, and diabetic (neuropathic) foot 
ulcers and the incidence increases every year with 2 to 3 million 
more diagnosed with various types of chronic wounds. [ 35 ]  
Another cause of wound is domestic or work related burns. 
Nearly 10 million people are burned every year worldwide and 
require medical attention (WHO, Fact sheet N°365). [ 36 ]  Burn 
leads to temporary or permanent disability exceeding billions of 
dollars as direct costs for care.  

  3.2.     Wound Healing Phases 

 Healing of wound includes four phases - haemostasis, infl am-
mation, proliferation, and tissue remodelling or resolu-
tion. [ 37–39 ]  In  Table    3   and  Figure    2   we have summarized the 
mediators, target cells and their effects at different phases of 
wound healing.   

 Haemostasis: Haemostasis in the wound takes place imme-
diately after occurrence of wound and vasoconstriction and 
coagulation commences essentially to prevent exsanguination 
by platelet aggregation and clot formation providing matrix for 
the other host cells required for healing. [ 40 ]  The blood clot also 
traps platelets, growth factors and cytokines attracting neutro-
phils, macrophages, endothelial cells and fi broblasts. [ 41 ]  The 
blood vessels then dilate allowing the infl ux of more thrombo-
cytes and other blood cells. 

 Infl ammation: As the skin is damaged there is a loss of bar-
rier or protection against invading micro-organisms, the infl am-
mation phase creates an immune barrier by initiating a series 
of molecular events. Neutrophils, monocytes and macrophages 
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  Table 2.    Summarizing therapeutic potential of EVs.  

Type of EV Host cell Disease model Mode of application Results Ref

Engineered EVs- expressing 

transmembrane domain of 

platelet-derived growth factor 

receptor fused to GE11 peptide

Human embryonic kidney 

(HEK) cell line 293

Xenograft breast cancer 

tissue in RAG2 –/–  mice

Intravenous 

injection

Effectively target EGFR-expressing 

cancerous tissues 

with nucleic acid drugs

 [64] 

Engineered EVs- expressing 

suicide gene mRNA and pro-

tein–cytosine deaminase (CD) 

fused to uracil phosphoribosyl-

transferase (UPRT)

HEK-293T Nerve sheath 

tumors in 

athymic mice

Intratumoral 

injection

Effectively deliver therapeutic 

mRNA/proteins to 

treatment of diseases

 [78] 

Exosome-mimetic nanovesicles 

loaded with doxorubicin

Human umbilical vein 

endothelial cells and CT26 

colorectal carcinoma cells

Malignant tumor - BALB/c 

mice bearing subcutane-

ously transplanted CT26 

cells

Intravenous 

injection

Effectively deliver chemotherapeutics 

to treat malignant 

tumors

 [79] 

Exosome-like nanoparticles Grapes Dextran sulfate sodium -

induced colitis mice

Oral Modulate intestinal tissue renewal 

processes and remodelling 

in response to pathological triggers

 [80] 

Exosome expressing Tspan8 at 

a high and CD49d at a medium 

level (LnStr-α4)

Lymph node 

stroma line

BDX rats Intravenous injection Dye-labeled LnStr-α4-exosomes binds 

more effi ciently to peritoneal 

exudate cells, kidney and pancreas

 [81] 

Exosomes encapsulated 

curcumin

EL-4 murine 

lymphoma cells

Lipopolysaccharide (LPS)-

induced brain infl ammation 

model, experimental 

autoimmune encephalitis 

and a GL26 brain tumor 

model

Intranasal non-invasive Protected from LPS-induced brain infl am-

mation, the progression of myelin oligo-

dendrocyte glycoprotein peptide induced 

experimental autoimmune encephalomy-

elitis, and had signifi cantly delayed brain 

tumor growth in the GL26 tumor model

 [82] 

Exosomes encapsulated 

curcumin

EL-4 (mouse lymphoma 

cell line)

Lipopolysaccharide 

(LPS)-induced septic 

shock mouse model

Intraperitoneal 

injection

Enhanced anti-infl ammatory activity of 

curcumin

 [83] 

Exosome-like 

nanovesicles + miR-150

T cells Trinitrophenyl- or 

Oxazolone 

sensitized mice

Intraperitoneal, 

intravenous and oral

Exosome-like nanovesicles deliver 

inhibitory miRNA to target effector T 

cells in an antigen-specifi c manner by a 

surface coating of antibody light chains

 [84] 

miR-146-expressing 

exosome

Mesenchymal 

stem cells

Fischer rats xenografted 

intracranially with 2.5 × 10 5  

9L gliosarcoma cells

Intratumoral injection Signifi cantly reduced glioma xenograft 

growth in a rat model of primary brain 

tumor

 [85] 

Folate receptor-α-positive 

exosomes

Z310 choroid plexus epithe-

lial cells

Healthy C57BL/6 Intraventricular injections Effi cient exosome-mediated folate delivery 

into the brain parenchyma

 [86]  

miR-143 overexpressing 

exosome

HEK-293 cells and PNT-2 

prostate cells

BALB/c mice -PC-3M 

cells injected 

subcutaneously

Intratumoral injection Secretory tumor-suppressive miRNAs can 

act as a death signal in a cell competitive 

process

 [87] 

GDNF incorporated 

exosomes

Raw 264.7 macrophages 6-OHDA-intoxicated 

BALB/C mice

Intravenous injection Attenuate and reverse progression 

of Parkinson’s disease

 [88] 

EV Mesenchymal stem cells Focal cerebral ischemia 

in C57BL6 mice

Intravenous injection Attenuates the effects of focal 

cerebral ischemia

 [89] 

Exosome Induced pluripotent stem 

cells-MSCs

Mice with femoral artery 

excision

Injected into left 

quadriceps muscle

Attenuate limb ischemia and 

promote angiogenesis

 [90] 

Exosomes/microvesicles Mouse cardiac fi broblast 

(CF)-derived iPS cells

Ischemic 

myocardium mice

Intramyocardial 

injection

Effective at transmitting cytoprotective 

signals to cardiomyocytes

 [91] 

Exosome Neuroblastoma Immunosuppressed mice 

with tumor (CHLA-255 and 

human monocytes) and 

transfected with miR-155

NA Role of exosomic miR-21 and miR-155 

in the cross-talk between NBL cells and 

human monocytes in the resistance to 

chemotherapy

 [92] 

Exosome Blood of adult rats and 

human volunteers

Ischemia-reperfusion 

Sprague Dawley rats

Intravenous tail vein 

injection

Activate cardioprotective 

pathways

 [93] 
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are attracted to the wound site within 24 – 72 hours after injury. 
Phagocytosis is induced by neutrophils to remove bacteria, 
foreign particles and damaged tissue. [ 42,43 ]  After completing 
the task, neutrophils undergo apoptosis followed by phagocy-
tosis by macrophages to eliminate apoptotic bodies and cell 
remnants. [ 43,44 ]  Macrophages also act as a key regulatory cell 
in activating keratinocytes, fi broblasts, and endothelial cells. [ 40 ]  
If the microbial clearance is not complete it can elongate the 
infl ammatory phase and the wound may enter a chronic state, 
failing to heal. [ 37 ]  

 Proliferation: The infl ammatory phase is followed by the 
proliferative phase. On day three fi broblasts appear and start 
proliferating and producing matrix proteins including hyalu-
ronan, fi bronectin, proteoglycans and type 1 and type 3 pro-
collagen. Collagen plays an important role in proliferative and 
remodelling phase of wound repair process providing a founda-
tion to the matrix formation. Epidermal cells, fi broblasts, mac-
rophages, and vascular endothelial cells also initiate angiogen-
esis forming microvascular network. [ 45 ]  During the prolifera-
tion stage, epithelial cells can also be found to start migrating 
towards the wounded area from the edges. [ 46 ]  

 Remodelling: The fi nal phase of wound healing is remodel-
ling. It starts 4 or 5 days after injury and lasts for more than 
2 weeks, depending on the wound-healing environment. Col-
lagen is constantly degraded and extracellular matrix is remod-
eled to provide strength to the wound and decrease wound 
thickness. [ 46 ]  The underlying connective tissue shrinks in size 
and brings the wound margins closer together.  

  3.3.     MSCs in Wound Healing – Clinical Studies 

 In the fi rst randomized trial Dash et al. (2009) recruited patients 
with chronic non-healing ulcers including diabetic foot ulcers 
and Buerger disease and treated them with autologous bone 
marrow-derived MSCs (BM-MSC). Intramuscular or subcu-
taneous injection of BM-MSC showed a signifi cant decrease 
in ulcer size. [ 47 ]  Earlier, a study carried out on patients with 
chronic cutaneous ulcerations, analyzed healing of wound by 
directly applying fresh autologous bone marrow aspirate as 

well as injecting into the edges of the wound. Additionally, 
these patients were also treated with cultured bone marrow 
cells applied topically to the wound. [ 48 ]  Topically applied bone 
marrow cells lead to both dermal rebuilding and reduced scar-
ring and ultimately resulting in closure of non-healing chronic 
wounds. [ 48 ]  

 Topical application of autologous MSCs was also studied 
in patients with acute wounds (n = 5) due to skin cancer sur-
gery and chronic, long-standing, non-healing lower extremity 
wounds (n = 8). [ 49 ]  Cultured autologous MSCs were applied 
onto the wounds using a fi brin polymer spray system that 
resulted in decreased chronic wound size. [ 49 ]  Authors also 
reported that topical application of autologous MSCs resulted 
in closure of full-thickness wounds in diabetic mice. [ 49 ]    

  4.     Chronic Wound Treatment Using EVs 

  4.1.     Proliferation/Growth 

 To understand the effect of EVs on healing of wound, Zhang 
et al. (2014) established a rat second-degree burn injury model. 
Authors reported signifi cantly enhanced re-epithelialisation of 
the wound, when treated with both human umbilical cord MSC 
(hucMSC)-derived EVs (200 µg) and hucMSC (1 × 10 6  cells 
suspended in 200 µl PBS) compared to human lung fi bro-
blasts (HFL1) or HFL1-Ex groups when injected subcutane-
ously at three sites. [ 50 ]  Increased proliferation of skin cells was 
also found to be associated with increased level of cytokeratin 
19 (CK19) and proliferating cell nuclear antigen (PCNA). It was 
found that hucMSC-EVs inhibited heat stress-induced apoptosis 
in HaCAT (keratinocytes cells) and DFL (Dermal fi broblasts) 
cells by reducing the level of Bax, a pro-apoptotic protein. [ 50 ]  

 Increased migration of fi broblasts was observed in the pres-
ence of both 50 µg ml −1  and 100 µg ml −1  hiPSC-MSC-EVs at 
12 and 24 hours compared to control. [ 51 ]  Zhang et al. (2015) also 
found increased migration in HUVECs using both 50 µg ml −1  
and 100 µg ml −1  hiPSC-MSC-EVs. 

 Shabbir et al. (2015) studied the effect of EVs on normal 
fi broblast cells and reported a signifi cant and dose-dependent 
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  Table 3.    Summary of the mediators, target cells and their effects at different phases of wound healing.  

Wound healing phase Mediators Target Effects Ref

Haemostasis/Coagulation Platelet-derived growth factor (PDGF); transforming growth 

factors A1 and 2 (TGF-A1 and TGF-2); epidermal growth 

factor, insulin-like growth factors

Endothelial cells, 

Platelets

Blanching, Clot formation  [40,46,94] 

Infl ammation TGF-β, tumor necrosis factor-α (TNF-α), 

heparin binding epidermal growth factor, fi broblast 

growth factor (FGF), interleukin-1 (IL-1)

Activating keratinocytes, 

endothelial cells, leukocytes, 

neutrophils, macrophages

Phagocytosis -removes 

foreign material, 

bacteria, dead cells, 

and damaged ECM

 [40,95] 

Proliferation Interleukins, FGFs, TNF-α vascular endothelial cell growth 

factor (VEGF), basic fi broblast growth factor (bFGF), TGF-β, 

tissue inhibitor of metalloproteinases (TIMP) vascular 

endothelial cell growth factor (VEGF), basic fi broblast growth 

factor (bFGF), and TGF-β, PDGF, angiogenin

Fibroblasts Matrix production, 

Angiogenesis, 

Collagen synthesis

 [45,95] 

Remodelling PDGF, TGF-β, α–smooth muscle actin, 

TIMPs, and FGFs

Myofi broblasts, fi broblasts, 

Endothelial cells

“switching” of fi broblasts to 

myofi broblasts

 [39,96,97] 
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increase in growth when treated with MSC-EVs. Conversely, 
Shabbir et al. (2015) also reported that the growth of diabetic 
wound fi broblasts was signifi cantly diminished when treated 
with MSC-EVs. [ 52 ]  When studying the rate of migration in 
normal and diabetic wound fi broblasts, the authors observed 
enhanced migration in both normal and diabetic wound fi bro-
blasts when treated with MSC-EVs. [ 52 ]  

 Timely and effi cient repairing of intestinal mucosal wound 
and resolving infl ammation, is critical in maintaining mucosal 
homeostasis. EVs isolated from intestinal epithelial cells (IECs) 
showed that annexin A1 (ANXA1) is released as one of its EV-
content. These ANXA1-containing EVs were associated with 
signifi cantly enhanced wound repair in IEC cells. ANXA1 
enriched EVs were also isolated from leukocytes after injury, 
and were found to orchestrate epithelial wound repair. [ 53 ]  
Human induced pluripotent stem cell-derived mesenchymal 
stem cells (hiPSC-MSCs)-derived EV increased proliferation of 
both fi broblasts and Human Umbilical Vein Endothelial Cells 
(HUVEC) in a dose dependent manner (using 50 µg ml −1  and 
100 µg ml −1 ), probably by inducing the protein expression of 
fi bronectin, Type I, III collagen and elastin. [ 51 ]  Further, authors 
also observed reduced scar widths with increased collagen 

maturity in a rat skin wound model treated with hiPSC-MSC-
EVs compared to either controls or untreated groups. [ 51 ]   

  4.2.     Angiogenesis 

 One of the important components of wound healing is forma-
tion of new blood vessels. There are several studies reporting 
the function of EVs in increasing angiogenesis in several wound 
heal models. The study of tubule formation in HUVECs, after 
treating with 100 µg ml −1  hiPSC-MSC-EVs, revealed enhanced 
tube formation at 4, 6, and 18 hours compared to control 
cells. [ 51 ]  MSC-EVs were also found to enhance tubule forma-
tion compared with controls (vehicle and depleted medium) 
at all dosages. Depleted medium had a small, yet statistically 
signifi cant, ability to induce tubular formation compared with 
vehicle. [ 52 ]  

 As CD34 +  cells were found to be signifi cantly inducing angio-
genesis in ischemic tissue, Sahoo et al. (2011), further explored 
the effect CD34 +  EVs on angiogenesis. Length of the tubule 
formed was signifi cantly greater in HUVECs incubated with 
CD34 +  cell-CM or with CD34 +  EVs than in HUVECs incubated 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504009

www.advmat.de
www.MaterialsViews.com

a

b

c

Fibrin clot 
Epidermis  

Platelet plug

Blood vessel 

Neutrophils 

Fat 

Dermis 

Macrophages 

24 hours 

New capillaries  
Granulation tissue 
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3-7 days
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Epidermis  

Epidermis  
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Dermis 
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 Figure 2.    Stages of acute wound healing response under normal physiologic conditions. a) Blood clotting, platelet aggregation, and migration of neu-
trophils and macrophages to the site of injury is initiated due to injury. Within 24 hours, a blood clot is initiated that is composed of fi brin and fi bronectin 
providing a scaffold for cell migration and aggregated platelets and are known to secrete growth factors into the surrounding tissue. b) By 3 days 
numerous neutrophils and macrophages are recruited to the site of injury, phagocytosing and killing microorganisms as well as producing growth 
factors into the wound environment. By 5 days tissue granulation starts that is composed of fi broblasts, additional macrophages, and neovasculature. 
The last phase includes epidermal migration and ingrowths of granulation tissue.
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with PBS. [ 54 ]  No tubule formation was observed when HUVECs 
were incubated with the EV-depleted CM. Although the under-
lying mechanism of enhanced angiogenesis is not fully under-
stood Sahoo et al. (2011) determined that CD34 + -EVs are 
enriched with pro-angiogenic microRNAs including miR-126 
and miR-130a. [ 54 ]   

  4.3.     Mechanisms of Wound Healing 

 The mechanism of wound healing might depend on the origin 
of EVs. Here we discuss the mechanism of action of EVs, 
derived from different cell lines, in wound healing. 

 β-catenin signaling plays a signifi cant role in skin devel-
opment as well as cutaneous wound healing. Zhang et al. 
(2015) studied the expression of Wnt family members and 
found that Wnt4 was signifi cantly higher in hucMSCs com-
pared to HFL1 cells and was also confi rmed in hucMSC-Ex. 
The authors further confi rmed that hucMSC-Ex-mediated 
Wnt4 activated β-catenin and thereby enhanced wound 
healing. [ 50 ]  Investigating the mechanism of hucMSC-EV in 
wound healing, Zhang et al. (2015) proposed that EVs deliv-
ered Wnt4 to activate Wnt/β-catenin in skin cells, thereby 
inhibiting acute heat stress-induced skin cell apoptosis via 
AKT pathway activation. [ 50 ]  Another study by Zhang et al. 
(2015), reported β-catenin nuclear translocation was promoted 
by hucMSC-Ex that induces the expression of proliferating 
cell nuclear antigen, cyclin D3, N-cadherin, and β-catenin and 
decreases the expression of E-cadherin. [ 55 ]  β-catenin activation 
in endothelial cells induced by hucMSC-Ex-mediated Wnt4 
increases proangiogenic effects thereby enhancing cutaneous 
wound healing. [ 55 ]  

 MSC-EVs was also found to activate several intracellular 
signaling pathways including AKT, ERK, and STAT3 and 
also induce expression of cell cycle genes and growth factors 
(including hepatocyte growth factor (HGF), insulin-like growth 
factor-1 (IGF1), nerve growth factor (NGF), and stromal-derived 
growth factor-1 (SDF1)). [ 52 ]  STAT3 signaling plays an important 
role in cellular proliferation, migration, and angiogenesis medi-
ating normal wound healing and response to injury. [ 56 ]  STAT3 
also regulates cell cycle control (c-myc and cyclin) and encodes 
cytokines and growth factors (IL-6, HGF, and VEGF). [ 52,57 ]   

  4.4.     Engineering EVs 

 EVs are naturally secreted vesicles playing a crucial role in the 
horizontal transfer of RNA to neighboring or distant recipient 
cells. To harness this property, EVs can also be further engi-
neered for targeted up take by the specifi c cells. It has been 
proven that RNAi delivery has therapeutic potential in several 
diseases including cancer, Parkinson’s disease and HIV infec-
tions. [ 58 ]  RNAi therapy and liposomal drug delivery holds great 
potential but their successful implementation is hampered by 
low bioavailability, inability to cross the blood-brain-barrier 
(BBB), non-internalization, [ 59 ]  premature contents leakage [ 33,60 ]  
and acute immunological reaction. [ 61,62 ]  Apparent lack of 
RNAi therapy in clinical trials could be attributed to unap-
proved clinical delivery system. [ 62 ]  EVs are able to overcome 

the conventional barriers of drug delivery systems. EVs are 
internalized by fusing through the cell membrane. [ 60 ]  As EVs 
are naturally produced nanovesicles it is complimented with 
reduced toxicity and immune response with the ability to cross 
BBB. [ 63 ]  

 Alvarez-Erviti et al. (2011), used EVs from self-derived den-
dritic cells to deliver short interfering (si)RNA to the brain in 
mice. Dendritic cells were engineered to express an EV mem-
brane protein Lamp2b, fused to the neuron-specifi c rabies viral 
glycoprotein (RVG peptide) to generate targeting EVs. [ 63 ]  Beta-
secretase 1 specifi c siRNA was loaded in the targeting EVs using 
electroporation and was administered to normal C57BL/6 mice, 
resulting in signifi cant decrease in BACE1 mRNA levels. [ 63 ]  

 Another study reported the effi cient delivery of microRNA 
(miRNA) to epidermal growth factor receptor (EGFR)-
expressing breast cancer cells. Targeting was achieved by engi-
neering the human embryonic kidney cell line 293 (HEK293) 
cells to express the transmembrane domain of platelet-derived 
growth factor receptor fused to the GE11 peptide. [ 64 ]  HEK293 
cells expressing GE11 were further transfected with synthetic 
Let-7a before isolating EVs. Tumor-bearing (xenograft HCC70 
cells) mice were injected with Let-7a–containing GE11-positive 
EVs and control EVs via the tail vein. [ 64 ]  The authors reported 
suppressed tumor growth in Let-7a–containing GE11-positive 
EVs compared to control EVs. [ 64 ]  

 Tian et al. (2014) used murine immature dendritic cells 
(imDCs) to isolate EVs to reduce immunogenicity and tox-
icity. imDCs were further engineered using membrane protein 
Lamp2b fused to αv integrin-specifi c iRGD peptide to facilitate 
tumor targeting. EVs were loaded with doxorubicin (Dox) using 
electroporation. [ 65 ]  Tian et al. (2014) reported that targeting EVs 
were effi ciently able to deliver Dox to αv integrin-positive breast 
cancer cells in vitro. When intravenously injected these targeted 
EVs effi ciently delivered Dox, specifi cally to tumor tissues, 
inhibiting tumor growth without apparent toxicity. [ 65 ]  

 There have been several studies showing expression of 
targeting peptides on the surface of the EVs, which could be 
degraded during biogenesis by endosomal proteases. To pre-
vent these targeting peptides from degrading, Hung et al. 
(2015) proposed to include glycosylation motif at various posi-
tions. [ 66 ]  This glycosylation motif not only prevented degrada-
tion of the target peptides but also increased their expression.  

  4.5.     EVs in Clinical Trials 

 A phase I clinical trial for immunization of stage III/IV mela-
noma patients evaluated EVs purifi ed autologous monocyte 
derived- dendritic cell (DC) cultures. [ 67 ]  Fifteen patients were 
recruited (with criteria - stage IIIB and IV, HLA-A1 + , or -B35 +  
and HLA-DPO4 +  leukocyte phenotype, tumor expressing 
MAGE3 antigen) from year 2000–2002 and received four 
EV vaccinations. This trial reported tumor shrinkage in one 
patient, minor response in one patient and stabilization in two 
patients highlighting the safety of EV administration. [ 67 ]  

 A similar phase I study enrolled HLA A2+ patients with pre-
treated Stage IIIb (n = 4) and IV (n = 9) non-small cell lung 
cancer with tumor expression of MAGE-A3 or MAGE-A4. [ 68 ]  
EVs were purifi ed from autologous DC pulsed with the MAGE 
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tumor antigens. This clinical trial also concluded that EV based 
vaccine is feasible and well tolerated in patients with advanced 
NSCLC. [ 68 ]  

 Yet another clinical trial was conducted for colorectal cancer 
treatments using ascites-derived exosomes (Aex) in combi-
nation with the granulocyte-macrophage colony-stimulating 
factor (GM-CSF). A total of 40 patients (HLA-A0201(+)CEA(+)) 
with advanced colorectal cancer were recruited and randomly 
assigned to treatments with Aex alone or Aex plus GM-CSF. [ 69 ]  
This clinical trial reported that Aex plus GM-CSF but not Aex 
alone induced benefi cial tumor-specifi c antitumor cytotoxic T 
lymphocyte response. In this study the authors suggested that 
immunotherapy of colorectal cancer using Aex combined with 
GM-CSF is feasible and safe. [ 69 ]    

  5.     Conclusion 

 EVs portray a promising future in providing cell-free therapy 
for several diseases requiring regeneration of tissues. Based on 
the extensive review of current publications, here we hypothe-
size that EVs derived from stem cells could be the next “off-the-
shelf” product for wound healing. EVs are proven to contribute 
to an important mechanism for cutaneous wound healing 
including proangiogenic effects, activating wound-healing 
pathways as well as promoting growth factor secretion and col-
lagen synthesis. EVs are naturally produced nano-vesicles and 
are complimented with both reduced toxicity and immune 
response with the ability to cross the cell membrane. EVs can 
be used as a nanoparticle and can be modifi ed for targeted 
therapy. It can also be used as nanovehicle to transfer RNAi 
therapy as well as drugs to the target cells reducing the toxicity.  

  Acknowledgments 
 This work was supported by grants from the Health Research Board of 
Ireland (grant number HRA_POR/2013/341 (S.R. and T.R.) and Science 
Foundation Ireland grant number 12/IA/1624 (T.R.).   

Received:  August 17, 2015 
Revised:  October 2, 2015 

Published online:     

[1]     B. T.    Pan  ,   R. M.    Johnstone  ,  Cell    1983 ,  33 ,  967 .  
[2]     R. M.    Johnstone  ,   M.    Adam  ,   J. R.    Hammond  ,   L.    Orr  ,   C.    Turbide  , 

 J. Biol. Chem.    1987 ,  262 ,  9412 .  
[3]     S.    Rani  ,   A. E.    Ryan  ,   M. D.    Griffi n  ,   T.    Ritter  ,  Mol. Ther.    2015 ,  23 ,  812 .  
[4]     S. J.    Gould  ,   G.    Raposo  ,  J. Extracell. Vesicles    2013 ,  2 , DOI: 10.3402/

jev.v2i0.20389.  
[5]     J.    Kowal  ,   M.    Tkach  ,   C.    Thery  ,  Curr. Opin. Cell. Biol.    2014 ,  29 ,  116 .  
[6]     J. C.    Akers  ,   D.    Gonda  ,   R.    Kim  ,   B. S.    Carter  ,   C. C.    Chen  ,  J. Neuro-

Oncol.    2013 ,  113 ,  1 .  
[7]     G.    Raposo  ,   W.    Stoorvogel  ,  J. Cell Biol.    2013 ,  200 ,  373 .  
[8]     M.    Aalberts  ,   T. A.    Stout  ,   W.    Stoorvogel  ,  Reproduction    2014 ,  147 ,  R1 .  
[9]     G.    Ronquist  ,   B. O.    Nilsson  ,  Prostate Cancer Prostatic Dis.    2004 ,  7 , 

 21 .  
[10]     E.    Cocucci  ,   J.    Meldolesi  ,  Trends Cell Biol.    2015 ,  25 ,  364 .  
[11]     M. T.    Le  ,   P.    Hamar  ,   C.    Guo  ,   E.    Basar  ,   R.    Perdigao-Henriques  , 

  L.    Balaj  ,   J.    Lieberman  ,  J. Clin. Invest.    2014 ,  124 ,  5109 .  

[12]     K.    Al-Nedawi  ,   B.    Meehan  ,   J.    Micallef  ,   V.    Lhotak  ,   L.    May  ,   A.    Guha  , 
  J.    Rak  ,  Nat. Cell Biol.    2008 ,  10 ,  619 .  

[13]     D.    Di Vizio  ,   J.    Kim  ,   M. H.    Hager  ,   M.    Morello  ,   W.    Yang  ,   C. J.    Lafargue  , 
  L. D.    True  ,   M. A.    Rubin  ,   R. M.    Adam  ,   R.    Beroukhim  ,   F.    Demichelis  , 
  M. R.    Freeman  ,  Cancer Res.    2009 ,  69 ,  5601 .  

[14]     S.    Mathivanan  ,   C. J.    Fahner  ,   G. E.    Reid  ,   R. J.    Simpson  ,  Nucleic Acids 
Res.    2012 ,  40 ,  D1241 .  

[15]     H.    Kalra  ,   R. J.    Simpson  ,   H.    Ji  ,   E.    Aikawa  ,   P.    Altevogt  ,   P.    Askenase  , 
  V. C.    Bond  ,   F. E.    Borras  ,   X.    Breakefi eld  ,   V.    Budnik  ,   E.    Buzas  , 
  G.    Camussi  ,   A.    Clayton  ,   E.    Cocucci  ,   J. M.    Falcon-Perez  , 
  S.    Gabrielsson  ,   Y. S.    Gho  ,   D.    Gupta  ,   H. C.    Harsha  ,   A.    Hendrix  , 
  A. F.    Hill  ,   J. M.    Inal  ,   G.    Jenster  ,   E. M.    Kramer-Albers  ,   S. K.    Lim  , 
  A.    Llorente  ,   J.    Lotvall  ,   A.    Marcilla  ,   L.    Mincheva-Nilsson  , 
  I.    Nazarenko  ,   R.    Nieuwland  ,   E. N.    Nolte-’t Hoen  ,   A.    Pandey  , 
  T.    Patel  ,   M. G.    Piper  ,   S.    Pluchino  ,   T. S.    Prasad  ,   L.    Rajendran  , 
  G.    Raposo  ,   M.    Record  ,   G. E.    Reid  ,   F.    Sanchez-Madrid  , 
  R. M.    Schiffelers  ,   P.    Siljander  ,   A.    Stensballe  ,   W.    Stoorvogel  , 
  D.    Taylor  ,   C.    Thery  ,   H.    Valadi  ,   B. W.    van Balkom  ,   J.    Vazquez  , 
  M.    Vidal  ,   M. H.    Wauben  ,   M.    Yanez-Mo  ,   M.    Zoeller  ,   S.    Mathivanan  , 
 PLoS Biol.    2012 ,  10 ,  e1001450 .  

[16]     D. K.    Kim  ,   B.    Kang  ,   O. Y.    Kim  ,   D. S.    Choi  ,   J.    Lee  ,   S. R.    Kim  ,   G.    Go  , 
  Y. J.    Yoon  ,   J. H.    Kim  ,   S. C.    Jang  ,   K. S.    Park  ,   E. J.    Choi  ,   K. P.    Kim  , 
  D. M.    Desiderio  ,   Y. K.    Kim  ,   J.    Lotvall  ,   D.    Hwang  ,   Y. S.    Gho  , 
 J. Extracell. Vesicles    2013 ,  2 , DOI:10.3402/jev.v2i0.20384.  

[17]     H.    Valadi  ,   K.    Ekstrom  ,   A.    Bossios  ,   M.    Sjostrand  ,   J. J.    Lee  , 
  J. O.    Lotvall  ,  Nat. Cell Biol.    2007 ,  9 ,  654 .  

[18]     M.    Record  ,   C.    Subra  ,   S.    Silvente-Poirot  ,   M.    Poirot  ,  Biochem. Phar-
macol.    2011 ,  81 ,  1171 .  

[19]     R.    Wubbolts  ,   R. S.    Leckie  ,   P. T.    Veenhuizen  ,   G.    Schwarzmann  , 
  W.    Mobius  ,   J.    Hoernschemeyer  ,   J. W.    Slot  ,   H. J.    Geuze  , 
  W.    Stoorvogel  ,  J. Bio. Chem.    2003 ,  278 ,  10963 .  

[20]     A. E.    Morelli  ,   A. T.    Larregina  ,   W. J.    Shufesky  ,   M. L.    Sullivan  , 
  D. B.    Stolz  ,   G. D.    Papworth  ,   A. F.    Zahorchak  ,   A. J.    Logar  ,   Z.    Wang  , 
  S. C.    Watkins  ,   L. D.    Falo  Jr.  ,   A. W.    Thomson  ,  Blood    2004 ,  104 ,  3257 .  

[21]     A.    de Gassart  ,   C.    Geminard  ,   B.    Fevrier  ,   G.    Raposo  ,   M.    Vidal  ,  Blood   
 2003 ,  102 ,  4336 .  

[22]     T.    Janas  ,   M. M.    Janas  ,   K.    Sapon  ,  FEBS Lett.    2015 ,  589 ,  1391 .  
[23]     J.    Skog  ,   T.    Wurdinger  ,   S.    van Rijn  ,   D. H.    Meijer  ,   L.    Gainche  , 

  M.    Sena-Esteves  ,   W. T.    Curry   Jr.  ,   B. S.    Carter  ,   A. M.    Krichevsky  , 
  X. O.    Breakefi eld  ,  Nat. Cell Biol.    2008 ,  10 ,  1470 .  

[24]     D.    Feng  ,   W. L.    Zhao  ,   Y. Y.    Ye  ,   X. C.    Bai  ,   R. Q.    Liu  ,   L. F.    Chang  , 
  Q.    Zhou  ,   S. F.    Sui  ,  Traffi c    2010 ,  11 ,  675 .  

[25]     I.    Parolini  ,   C.    Federici  ,   C.    Raggi  ,   L.    Lugini  ,   S.    Palleschi  ,   A.    De Milito  , 
  C.    Coscia  ,   E.    Iessi  ,   M.    Logozzi  ,   A.    Molinari  ,   M.    Colone  ,   M.    Tatti  , 
  M.    Sargiacomo  ,   S.    Fais  ,  J. Biol. Chem.    2009 ,  284 ,  34211 .  

[26]     S.    Rani  ,   K.    O’Brien  ,   F. C.    Kelleher  ,   C.    Corcoran  ,   S.    Germano  , 
  M. W.    Radomski  ,   J.    Crown  ,   L.    O’Driscoll  ,  Methods Mol. Biol. (NY)   
 2011 ,  784 ,  181 .  

[27]     S.    Rani  ,  Methods Mol. Biol. (NY)    2014 ,  1182 ,  131 .  
[28]     H. G.    Lamparski  ,   A.    Metha-Damani  ,   J. Y.    Yao  ,   S.    Patel  ,   D. H.    Hsu  , 

  C.    Ruegg  ,   J. B.    Le Pecq  ,  J. Immunol. Methods    2002 ,  270 ,  211 .  
[29]     V.    Sokolova  ,   A. K.    Ludwig  ,   S.    Hornung  ,   O.    Rotan  ,   P. A.    Horn  , 

  M.    Epple  ,   B.    Giebel  ,  Colloid Surface B    2011 ,  87 ,  146 .  
[30]     C.    Thery  ,   S.    Amigorena  ,   G.    Raposo  ,   A.    Clayton  ,  Curr. Protoc.    2006 ,  3 ,  3.22 .  
[31]     F. P.    Barry  ,   J. M.    Murphy  ,  Int. J. Biochem. Cell Biol.    2004 ,  36 ,  568 .  
[32]     F.    Togel  ,   K.    Weiss  ,   Y.    Yang  ,   Z.    Hu  ,   P.    Zhang  ,   C.    Westenfelder  ,  Am. J. 

Physiol.: Renal Physiol.    2007 ,  292 ,  F1626 .  
[33]     T. M.    Allen  ,   P. R.    Cullis  ,  Adv. Drug Delivery Rev.    2013 ,  65 ,  36 .  
[34]     A. K.    Arya  ,   R.    Tripathi  ,   S.    Kumar  ,   K.    Tripathi  ,  World J. Diabetes    2014 , 

 5 ,  756 .  
[35]     G. A.    Rahman  ,   I. A.    Adigun  ,   A.    Fadeyi  ,  Ann. Afr. Med.    2010 ,  9 ,  1 .  
[36]     C. K.    Anders  ,   C. R.    Acharya  ,   D. S.    Hsu  ,   G.    Broadwater  ,   K.    Garman  , 

  J. A.    Foekens  ,   Y.    Zhang  ,   Y.    Wang  ,   K.    Marcom  ,   J. R.    Marks  , 
  S.    Mukherjee  ,   J. R.    Nevins  ,   K. L.    Blackwell  ,   A.    Potti  ,  PLoS One    2008 , 
 3 ,  e1373 .  

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504009

www.advmat.de
www.MaterialsViews.com



10 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

P
R
O

G
R
ES

S
 R

EP
O

R
T

[37]     S.    Guo  ,   L. A.    Dipietro  ,  J. Dent. Res.    2010 ,  89 ,  219 .  
[38]     H.    Khalil  ,   M.    Cullen  ,   H.    Chambers  ,   M.    Carroll  ,   J.    Walker  ,  Wound 

Repair Regen.    2015 .  
[39]     P.    Martin  ,  Science    1997 ,  276 ,  75 .  
[40]     T.    Velnar  ,   T.    Bailey  ,   V.    Smrkolj  ,  J. Int. Med. Res.    2009 ,  37 ,  1528 .  
[41]     J. L.    Monaco  ,   W. T.    Lawrence  ,  Clin. Plastic Surg.    2003 ,  30 ,  1 .  
[42]     J.    Hart  ,  J. Wound Care    2002 ,  11 ,  205 .  
[43]     M. C.    Robson  ,   D. L.    Steed  ,   M. G.    Franz  ,  Curr Probl Surg    2001 ,  38 ,  72 .  
[44]   a)   G.    Broughton   2nd  ,   J. E.    Janis  ,   C. E.    Attinger  ,  Plast. Reconstr. Surg.   

 2006 ,  117 ,  1e ;    b)   T. K.    Hunt  ,   H.    Hopf  ,   Z.    Hussain  ,  Adv. Skin Wound 
Care    2000 ,  13 ,  6 .  

[45]     M. G.    Tonnesen  ,   X.    Feng  ,   R. A.    Clark  ,  J. Investig. Dermatol. Symp. 
Proc.    2000 ,  5 ,  40 .  

[46]     C. L.    Baum  ,   C. J.    Arpey  ,  Dermatol. Surg.    2005 ,  31 ,  674 .  
[47]     N. R.    Dash  ,   S. N.    Dash  ,   P.    Routray  ,   S.    Mohapatra  ,   P. C.    Mohapatra  , 

 Rejuvenation Res.    2009 ,  12 ,  359 .  
[48]     E. V.    Badiavas  ,   V.    Falanga  ,  Arch. Dermatol.    2003 ,  139 ,  510 .  
[49]     V.    Falanga  ,   S.    Iwamoto  ,   M.    Chartier  ,   T.    Yufi t  ,   J.    Butmarc  ,   N.    Kouttab  , 

  D.    Shrayer  ,   P.    Carson  ,  Tissue Eng.    2007 ,  13 ,  1299 .  
[50]     B.    Zhang  ,   M.    Wang  ,   A.    Gong  ,   X.    Zhang  ,   X.    Wu  ,   Y.    Zhu  ,   H.    Shi  , 

  L.    Wu  ,   W.    Zhu  ,   H.    Qian  ,   W.    Xu  ,  Stem Cells    2014 ,  33 ,  2158 .  
[51]     J.    Zhang  ,   J.    Guan  ,   X.    Niu  ,   G.    Hu  ,   S.    Guo  ,   Q.    Li  ,   Z.    Xie  ,   C.    Zhang  , 

  Y.    Wang  ,  J. Transl. Med.    2015 ,  13 ,  49 .  
[52]     A.    Shabbir  ,   A.    Cox  ,   L.    Rodriguez-Menocal  ,   M.    Salgado  , 

  E. V.    Badiavas  ,  Stem Cells Dev.    2015 ,  24 ,  1635 .  
[53]     G.    Leoni  ,   P. A.    Neumann  ,   N.    Kamaly  ,   M.    Quiros  ,   H.    Nishio  , 

  H. R.    Jones  ,   R.    Sumagin  ,   R. S.    Hilgarth  ,   A.    Alam  ,   G.    Fredman  , 
  I.    Argyris  ,   E.    Rijcken  ,   D.    Kusters  ,   C.    Reutelingsperger  ,   M.    Perretti  , 
  C. A.    Parkos  ,   O. C.    Farokhzad  ,   A. S.    Neish  ,   A.    Nusrat  ,  J. Clin. Invest.   
 2015 ,  125 ,  1215 .  

[54]     S.    Sahoo  ,   E.    Klychko  ,   T.    Thorne  ,   S.    Misener  ,   K. M.    Schultz  , 
  M.    Millay  ,   A.    Ito  ,   T.    Liu  ,   C.    Kamide  ,   H.    Agrawal  ,   H.    Perlman  ,   G.    Qin  , 
  R.    Kishore  ,   D. W.    Losordo  ,  Circ. Res.    2011 ,  109 ,  724 .  

[55]     B.    Zhang  ,   X.    Wu  ,   X.    Zhang  ,   Y.    Sun  ,   Y.    Yan  ,   H.    Shi  ,   Y.    Zhu  ,   L.    Wu  , 
  Z.    Pan  ,   W.    Zhu  ,   H.    Qian  ,   W.    Xu  ,  Stem Cells Transl. Med.    2015 ,  4 ,  513 .  

[56]     D. J.    Dauer  ,   B.    Ferraro  ,   L.    Song  ,   B.    Yu  ,   L.    Mora  ,   R.    Buettner  , 
  S.    Enkemann  ,   R.    Jove  ,   E. B.    Haura  ,  Oncogene    2005 ,  24 ,  3397 .  

[57]     W. L.    Huang  ,   H. H.    Yeh  ,   C. C.    Lin  ,   W. W.    Lai  ,   J. Y.    Chang  , 
  W. T.    Chang  ,   W. C.    Su  ,  Mol. Cancer    2010 ,  9 ,  309 .  

[58]   a)   J.    Kota  ,   R. R.    Chivukula  ,   K. A.    O’Donnell  ,   E. A.    Wentzel  , 
  C. L.    Montgomery  ,   H. W.    Hwang  ,   T. C.    Chang  ,   P.    Vivekanandan  , 
  M.    Torbenson  ,   K. R.    Clark  ,   J. R.    Mendell  ,   J. T.    Mendell  ,  Cell    2009 , 
 137 ,  1005 ;    b)   P.    Kumar  ,   H. S.    Ban  ,   S. S.    Kim  ,   H.    Wu  ,   T.    Pearson  , 
  D. L.    Greiner  ,   A.    Laouar  ,   J.    Yao  ,   V.    Haridas  ,   K.    Habiro  ,   Y. G.    Yang  , 
  J. H.    Jeong  ,   K. Y.    Lee  ,   Y. H.    Kim  ,   S. W.    Kim  ,   M.    Peipp  ,   G. H.    Fey  , 
  N.    Manjunath  ,   L. D.    Shultz  ,   S. K.    Lee  ,   P.    Shankar  ,  Cell    2008 ,  134 , 
 577 ;    c)   C. R.    Sibley  ,   M. J.    Wood  ,  PloS One    2011 ,  6 ,  e26194 .  

[59]   a)   T.    Lammers  ,   F.    Kiessling  ,   W. E.    Hennink  ,   G.    Storm  ,  J. Controlled 
Release    2012 ,  161 ,  175 ;    b)   P.    Sapra  ,   T. M.    Allen  ,  Cancer Res.    2002 , 
 62 ,  7190 .  

[60]     R.    van der Meel  ,   M. H.    Fens  ,   P.    Vader  ,   W. W.    van Solinge  , 
  O.    Eniola-Adefeso  ,   R. M.    Schiffelers  ,  J. Controlled Release    2014 ,  195 ,  72 .  

[61]     E.    Marshall  ,  Science    1999 ,  286 ,  2244 .  
[62]     Y.    Zhang  ,   Z.    Wang  ,   R. A.    Gemeinhart  ,  J. Controlled Release    2013 , 

 172 ,  962 .  
[63]     L.    Alvarez-Erviti  ,   Y.    Seow  ,   H.    Yin  ,   C.    Betts  ,   S.    Lakhal  ,   M. J.    Wood  , 

 Nature Biotechnol.    2011 ,  29 ,  341 .  
[64]     S.    Ohno  ,   M.    Takanashi  ,   K.    Sudo  ,   S.    Ueda  ,   A.    Ishikawa  , 

  N.    Matsuyama  ,   K.    Fujita  ,   T.    Mizutani  ,   T.    Ohgi  ,   T.    Ochiya  ,   N.    Gotoh  , 
  M.    Kuroda  ,  Mol. Ther.    2013 ,  21 ,  185 .  

[65]     Y.    Tian  ,   S.    Li  ,   J.    Song  ,   T.    Ji  ,   M.    Zhu  ,   G. J.    Anderson  ,   J.    Wei  ,   G.    Nie  , 
 Biomaterials    2014 ,  35 ,  2383 .  

[66]     M. E.    Hung  ,   J. N.    Leonard  ,  J. Biol. Chem.    2015 ,  290 ,  8166 .  
[67]     B.    Escudier  ,   T.    Dorval  ,   N.    Chaput  ,   F.    Andre  ,   M. P.    Caby  ,   S.    Novault  , 

  C.    Flament  ,   C.    Leboulaire  ,   C.    Borg  ,   S.    Amigorena  ,   C.    Boccaccio  , 

  C.    Bonnerot  ,   O.    Dhellin  ,   M.    Movassagh  ,   S.    Piperno  ,   C.    Robert  , 
  V.    Serra  ,   N.    Valente  ,   J. B.    Le Pecq  ,   A.    Spatz  ,   O.    Lantz  ,   T.    Tursz  , 
  E.    Angevin  ,   L.    Zitvogel  ,  J. Transl. Med.    2005 ,  3 ,  10 .  

[68]     M. A.    Morse  ,   J.    Garst  ,   T.    Osada  ,   S.    Khan  ,   A.    Hobeika  ,   T. M.    Clay  , 
  N.    Valente  ,   R.    Shreeniwas  ,   M. A.    Sutton  ,   A.    Delcayre  ,   D. H.    Hsu  , 
  J. B.    Le Pecq  ,   H. K.    Lyerly  ,  J. Transl. Med.    2005 ,  3 ,  9 .  

[69]     S.    Dai  ,   D.    Wei  ,   Z.    Wu  ,   X.    Zhou  ,   X.    Wei  ,   H.    Huang  ,   G.    Li  ,  Mol. Ther.   
 2008 ,  16 ,  782 .  

[70]     G.    Ronquist  ,   M.    Hedstrom  ,  Biochim Biophys Acta    1977 ,  483 ,  483 .  
[71]     G.    Raposo  ,   H. W.    Nijman  ,   W.    Stoorvogel  ,   R.    Liejendekker  , 

  C. V.    Harding  ,   C. J.    Melief  ,   H. J.    Geuze  ,  J. Exp. Med.    1996 ,  183 ,  1161 .  
[72]     L.    Zitvogel  ,   A.    Regnault  ,   A.    Lozier  ,   J.    Wolfers  ,   C.    Flament  ,   D.    Tenza  , 

  P.    Ricciardi-Castagnoli  ,   G.    Raposo  ,   S.    Amigorena  ,  Nat. Med.    1998 , 
 4 ,  594 .  

[73]     C.    Thery  ,   A.   Regnault  ,   J.    Garin  ,   J.    Wolfers  ,   L.    Zitvogel  , 
  P.    Ricciardi-Castagnoli  ,   G.    Raposo  ,   S.    Amigorena  ,  J. Cell Biol.    1999 , 
 147 ,  599 .  

[74]     S.    Mathivanan  ,   R. J.    Simpson  ,  Proteomics    2009 ,  9 ,  4997 .  
[75]     J.    Skog  ,   T.    Wurdinger  ,   S.    van Rijn  ,   D. H.    Meijer  ,   L.    Gainche  , 

  M.    Sena-Esteves  ,   W. T.    Curry   Jr.  ,   B. S.    Carter  ,   A. M.    Krichevsky  , 
  X. O.    Breakefi eld  ,  Nat. Cell Biol.    2008 ,  10 ,  1470 .  

[76]     J. M.    Silverman  ,   J.    Clos  ,   E.    Horakova  ,   A. Y.    Wang  ,   M.    Wiesgigl  , 
  I.    Kelly  ,   M. A.    Lynn  ,   W. R.    McMaster  ,   L. J.    Foster  ,   M. K.    Levings  , 
  N. E.    Reiner  ,  J. Immunol.    2010 ,  185 ,  5011 .  

[77]     M.    Mittelbrunn  ,   C.    Gutierrez-Vazquez  ,   C.    Villarroya-Beltri  , 
  S.    Gonzalez  ,   F.    Sanchez-Cabo  ,   M. A.    Gonzalez  ,   A.    Bernad  , 
  F.    Sanchez-Madrid  ,  Nat. Commun.    2011 ,  2 ,  282 .  

[78]     A.    Mizrak  ,   M. F.    Bolukbasi  ,   G. B.    Ozdener  ,   G. J.    Brenner  , 
  S.    Madlener  ,   E. P.    Erkan  ,   T.    Strobel  ,   X. O.    Breakefi eld  ,   O.    Saydam  , 
 Mol. Ther.    2013 ,  21 ,  101 .  

[79]     S. C.    Jang  ,   O. Y.    Kim  ,   C. M.    Yoon  ,   D. S.    Choi  ,   T. Y.    Roh  , 
  J.    Park  ,   J.    Nilsson  ,   J.    Lotvall  ,   Y. K.    Kim  ,   Y. S.    Gho  ,  ACS Nano    2013 , 
 7 ,  7698 .  

[80]     S.    Ju  ,   J.    Mu  ,   T.    Dokland  ,   X.    Zhuang  ,   Q.    Wang  ,   H.    Jiang  ,   X.    Xiang  , 
  Z. B.    Deng  ,   B.    Wang  ,   L.    Zhang  ,   M.    Roth  ,   R.    Welti  ,   J.    Mobley  ,   Y.    Jun  , 
  D.    Miller  ,   H. G.    Zhang  ,  Mol. Ther.    2013 ,  21 ,  1345 .  

[81]     S.    Rana  ,   S.    Yue  ,   D.    Stadel  ,   M.    Zoller  ,  Int. J. Biochem. Cell Biol.    2012 , 
 44 ,  1574 .  

[82]     X.    Zhuang  ,   X.    Xiang  ,   W.    Grizzle  ,   D.    Sun  ,   S.    Zhang  ,   R. C.    Axtell  , 
  S.    Ju  ,   J.    Mu  ,   L.    Zhang  ,   L.    Steinman  ,   D.    Miller  ,   H. G.    Zhang  ,  Mol. 
Ther.    2011 ,  19 ,  1769 .  

[83]     D.    Sun  ,   X.    Zhuang  ,   X.    Xiang  ,   Y.    Liu  ,   S.    Zhang  ,   C.    Liu  ,   S.    Barnes  , 
  W.    Grizzle  ,   D.    Miller  ,   H. G.    Zhang  ,  Mol. Ther.    2010 ,  18 , 
 1606 .  

[84]     K.    Bryniarski  ,   W.    Ptak  ,   A.    Jayakumar  ,   K.    Pullmann  ,   M. J.    Caplan  , 
  A.    Chairoungdua  ,   J.    Lu  ,   B. D.    Adams  ,   E.    Sikora  ,   K.    Nazimek  , 
  S.    Marquez  ,   S. H.    Kleinstein  ,   P.    Sangwung  ,   Y.    Iwakiri  ,   E.    Delgato  , 
  F.    Redegeld  ,   B. R.    Blokhuis  ,   J.    Wojcikowski  ,   A. W.    Daniel  , 
  T.    Groot Kormelink  ,   P. W.    Askenase  ,  J. Allergy Clin. Immunol.    2013 , 
 132 ,  170 .  

[85]     M.    Katakowski  ,   B.    Buller  ,   X.    Zheng  ,   Y.    Lu  ,   T.    Rogers  ,   O.    Osobamiro  , 
  W.    Shu  ,   F.    Jiang  ,   M.    Chopp  ,  Cancer Lett.    2013 ,  335 ,  201 .  

[86]     M.    Grapp  ,   A.    Wrede  ,   M.    Schweizer  ,   S.    Huwel  ,   H. J.    Galla  , 
  N.    Snaidero  ,   M.    Simons  ,   J.    Buckers  ,   P. S.    Low  ,   H.    Urlaub  ,   J.    Gartner  , 
  R.    Steinfeld  ,  Nat. Commun.    2013 ,  4 ,  2123 .  

[87]     N.    Kosaka  ,   H.    Iguchi  ,   Y.    Yoshioka  ,   K.    Hagiwara  ,   F.    Takeshita  , 
  T.    Ochiya  ,  J. Biol. Chem.    2012 ,  287 ,  1397 .  

[88]     Y.    Zhao  ,   M. J.    Haney  ,   R.    Gupta  ,   J. P.    Bohnsack  ,   Z.    He  ,   A. V.    Kabanov  , 
  E. V.    Batrakova  ,  PloS One    2014 ,  9 ,  e106867 .  

[89]     T. R.    Doeppner  ,   J.    Herz  ,   A.    Gorgens  ,   J.    Schlechter  ,   A. K.    Ludwig  , 
  S.    Radtke  ,   K.    de Miroschedji  ,   P. A.    Horn  ,   B.    Giebel  ,   D. M.    Hermann  , 
 Stem Cells Transl. Med.    2015 ,  4 ,  1131 .  

[90]     G. W.    Hu  ,   Q.    Li  ,   X.    Niu  ,   B.    Hu  ,   J.    Liu  ,   S. M.    Zhou  ,   S. C.    Guo  , 
  H. L.    Lang  ,   C. Q.    Zhang  ,   Y.    Wang  ,   Z. F.    Deng  ,  Stem Cell Res. Ther.   
 2015 ,  6 ,  10 .  

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504009

www.advmat.de
www.MaterialsViews.com



11wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

P
R
O

G
R
ES

S
 R

EP
O

R
T

Adv. Mater. 2015, 
DOI: 10.1002/adma.201504009

www.advmat.de
www.MaterialsViews.com

[91]     Y.    Wang  ,   L.    Zhang  ,   Y.    Li  ,   L.    Chen  ,   X.    Wang  ,   W.    Guo  ,   X.    Zhang  , 
  G.    Qin  ,   S. H.    He  ,   A.    Zimmerman  ,   Y.    Liu  ,   I. M.    Kim  ,   N. L.    Weintraub  , 
  Y.    Tang  ,  Int. J. Cardiol.    2015 ,  192 ,  61 .  

[92]     K. B.    Challagundla  ,   P. M.    Wise  ,   P.    Neviani  ,   H.    Chava  ,   M.    Murtadha  , 
  T.    Xu  ,   R.    Kennedy  ,   C.    Ivan  ,   X.    Zhang  ,   I.    Vannini  ,   F.    Fanini  , 
  D.    Amadori  ,   G. A.    Calin  ,   M.    Hadjidaniel  ,   H.    Shimada  ,   A.    Jong  , 
  R. C.    Seeger  ,   S.    Asgharzadeh  ,   A.    Goldkorn  ,   M.    Fabbri  ,  J. Natl. Cancer 
Inst.    2015 ,  107 , DOI: 10.1093/jnci/djv135.  

[93]     J. M.    Vicencio  ,   D. M.    Yellon  ,   V.    Sivaraman  ,   D.    Das  ,   C.    Boi-Doku  , 
  S.    Arjun  ,   Y.    Zheng  ,   J. A.    Riquelme  ,   J.    Kearney  ,   V.    Sharma  ,   G.    Multhoff  , 
  A. R.    Hall  ,   S. M.    Davidson  ,  J. Am. Coll. Cardiol.    2015 ,  65 ,  1525 .  

[94]     A. J.    Singer  ,   R. A.    Clark  ,  N. Engl. J. Med.    1999 ,  341 ,  738 .  
[95]     R. F.    Diegelmann  ,   M. C.    Evans  ,  Front. Biosci.    2004 ,  9 ,  283 .  
[96]     S.    Barrientos  ,   H.    Brem  ,   O.    Stojadinovic  ,   M.    Tomic-Canic  ,  Wound 

Repair Regen.    2014 ,  22 ,  569 .  
[97]     G. S.    Schultz  ,   A.    Wysocki  ,  Wound Repair Regen.    2009 ,  17 ,  153 .   




