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Abstract 
 

Worldwide, there are 382 million patients with diabetes and is estimated that this number will 

rise up to 592 million by 2035. Approximately 15% of these individuals have or will develop 

diabetic foot ulcer. The increase in the incidence and prevalence of chronic wounds demands 

the development of more efficient therapies. Advanced therapies including growth factor and 

cell based therapies have been tested with limited success. Recently, small extracellular 

vesicles (SEVs), also known as exosomes, carrying functional proteins and RNA have been 

evaluated as a potential therapeutic platform for chronic wounds. However, some issues need 

to be addressed before any clinical translation including (i) the selection of an ideal source of 

extracellular vesicles for chronic wounds and (ii) the development of deliver systems for the 

efficient release of SEVs.  

In the present work, we have evaluated the skin healing potential of SEVs isolated from 

umbilical cord blood mononuclear cells (hUCBMNCs) and we have further developed an 

advanced delivery system to enhance SEV therapeutic effect. Our results show that diabetic 

chronic wounds treated with the advanced delivery system containing SEVs healed faster, 

presenting, at day 10, a reduction of wound size to approximately 10% versus the reduction to 

approximately 40% observed for non-treated wounds.  

SEVs were collected from the conditioned media hUCBMNCs and isolated by sequential ultra-

centrifugation and characterized for their morphology, surface marker expression, miRNA 

composition (by RNA deep sequencing and miRNAs validated by qRT-PCR) and in vitro and in 

vivo bioactivity tests.  

The SEVs presented a round morphology, size of 100-130 nm and zeta potential of -30mV. 

They show the presence of the following proteins at the surface CD9, CD81, CD63, TSG101 and 

CD45. SEVs were internalized by skin cells, keratinocytes, fibroblasts and endothelial cells in a 

concentration and time dependent manner, reaching a plateau between 16h to 24h. At 4h, 

approximately 50% of keratinocytes and fibroblasts and 20% of endothelial cells presented 

detectable levels of internalized SEVs (3 µg/mL). Our in vitro results demonstrated that SEVs 

increased cell proliferation (up to 50% in all three types of skin cells), enhanced cell survival 

under ischemic conditions (up to 50% in endothelial cells and 15% in fibroblasts and 

keratinocytes), promoted cell migration in a wound healing assay (up to 20% more in scratches 

inflicted in keratinocytes and fibroblasts monolayers) and induced endothelial cells to form 

tubes and a more complex network (from 20% to 30%). Our in vivo results show that SEVs are 

very effective in the treatment of diabetic and non-diabetic wounds. The bi-daily 

administration of low amounts of SEVs (0.02 µg) in wounds of diabetic mice lead to enhanced 

wound healing kinetics of approximately 20%, at day 10, as compared to the control group. 

Additionally, the healing was significantly enhanced by this treatment versus an advanced 

therapy approved by FDA and EMA (PDGFBB).  

In a subsequent stage of the work, we have developed an advanced drug delivery system for 

SEVs based on a light-triggerable hyaluronic acid hydrogel. The motivation here was to allow 

the remote delivery of SEVs according to specific needs. In this case, we have chemically 

immobilized SEVs to hyaluronic acid polymer chains by a photo-cleavable linker (PCL). This PCL 

was cleaved after exposure to UV/blue light releasing the SEVs. Our results show that the 

controlled release of SEVs into the wound site enhanced the wound healing kinetics, as 

evaluated by wound size measurements, histological and gene analyses. Our results further 

identified a very complex miRNA composition and miR-150-5p as the most prevalent in 

hUCBMNCs-SEVs and as partially responsible of the bioactivity of these exosomes by targeting 
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the transcription factor c-Myb. Additionally, the system developed to control and sustain the 

delivery of SEVs to the wound is able to modulate the expression of miRNAs in the skin 

surrounding the wound, normalizing some miRNA levels, e.g. miR-150-5p, which can be 

responsible for better wound resolution. 

In summary, a new platform to delivery therapeutic SEVs was successfully developed and 

represents a promising tool for the treatment of chronic wounds.  
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Resumo 
 

No mundo existem cerca de 382 milhões de doentes diabéticos (2013), um número que se 

estima que chegue aos 592 milhões em 2035. Aproximadamente 15% destes doentes 

desenvolverão ulceras diabéticas, mais conhecidas como pé diabético. O desenvolvimento de 

terapias mais eficientes é necessário para fazer face ao contíno aumento da incidência e 

prevalência de feridas crónicas. Terapias baseadas em fatores de crescimento e cdllulares têm 

vindo a ser desenvolvidas e testadas, embora com sucesso limitado. Recentemente, o 

potencial terapeutico de pequenas vesiculas extracellulares (em inglês: Small Extracellular 

Vesicles – SEVs), comummente conhecidas como exosomas, que transportam biomoleculas 

funcionais (proteinas e RNAs), têm vindo a ser estudado pela comunidade cientifica como uma 

nova plataforma terapêutica para feridas crónicas. Contudo, alguns pontos relevantes têm 

ainda de ser avaliados da translação para o contexto clínico, incluindo (i) a selecção da fonte 

de células ideal para obtenção de vesiculas extracellulares para tratamento destas feridas e (ii) 

o desenvolvimento de um sistema que permita uma entrega eficiente destas vesiculas 

extracellulares na ferida. 

No presente trabalho, avaliamos o potencial regenerativo de SEVs secretadas por células 

mononucleares do sangue do cordão umbilical (em inglês: human Umbilical Cord Blood 

MonoNuclear Cells – hUCBMNCs) e desenvolvemos um sistema avançado para a entrega 

eficiente destas vesiculas na ferida, aumentando o seu potencial terapêutico. Os nossos 

resultados demontraram que feridas crónicas diabeticas tratadas com este sistema avançado 

contendo SEVs cicatrizam mais rapidamente, apresentando, 10 dias após o tratamento, uma 

redução significativa do tamanho da ferida para aproximadamente 10% da área da ferida 

original, versus uma redução até aproximadamente 40% nas feridas não tratadas. 

As SEVs foram obtidas do meio condicionado de hUCBMNCs por ultra-centrifugação sequencial 

e caracterizadas quanto à sua morfologia, expressão de marcadores membranares, 

composição de microRNAs (por RNA deep sequencing seguido de validação por RT-PCR) e 

bioactividade in vitro e in vivo. 

Estas SEVs apresentam uma morfologia esférica com cerca de 100-130 nm de diametro e 

possuem um potencial zeta que ronda os -30mV. Na sua superfície membranar possuem os 

marcadores proteicos típicos de exosomas, CD9, CD81, CD63 e TSG1101 e o marcador típico 

das células secretoras, o CD45. Estas SEVs foram internalizadas por diferentes tipos de células 

da pela, queratinócitos, fibroblastos e células endoteliais, apresentado uma internalização 

dependente da sua concentração e do tempo de incubação, atingindo um plateau entre as 16h 

e 24h. Após 4h de incubação, aproximadamente 50% dos queratinócitos e fibroblastos e 20% 

deas células endoteliais apresentavam valores detectáveis de SEVs (3µg/mL) internalizados. Os 

nossos resultados in vitro demontraram que estas SEVs potenciavam a proliferação celular 

(com aumento de até 50% nos três tipos celulares estudados), aumentavam a sobrevivência 

das células a condições isquémicas (até 15% para queratinócitos e fibroblastos e até 50% para 

as células endoteliais), promoviam migração celular (até cerca de 20% mais, em rasgos 

(scratches) inflingidos numa monocamada de queratinócitos e fibroblastos em cultura) e 

induziam a formação de tubos nas células endoteliais, que apresentavam uma rede mais 

complexa (entre 20% a 30%). Os nossos resultados in vivo demonstraram, por sua vez, que 

estas SEVs são muito eficientes no tratamento de feridas diabéticas e não-diabéticas. A 

Administração bi-diária de baixas quantidades de SEVs (0.02 µg) em feridas infligidas a ratinhos 

diabéticos traduziu-se num aumento da cinética de cicatrização da ferida de aproximadamente 

20% mais, quando comparado com o grupo controlo, ao dia 10 após início de tratamento. 
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Adicionalmente, esta estratégia de tratamento mostrou cicatrização significativamente melhor 

do que a terapia avançada actualmente aprovada pela FDA e EMA (PDGFBB).  

Numa fase subsequente do trabalho, nós desenvolvemos um sistema avançado, que consistia 

num hidrogel de ácido hialurónico para administração de SEVs por acção da luz. O objectivo, 

era desenvolver um Sistema que permitisse controlar a libertação de SEVs de acordo com as 

necessidades específicas da sua aplicação. Neste caso, nós immobilizamos quimicamente as 

SEVs a candeias poliméricas de ácido hialurónico através moléculas fotossensíveis (em inglês: 

photo-cleavable linker - PCL). Este PCL era clivado por exposição à luz UV/azul libertando assim 

as SEVs. Os nossos resultados demontraram que a libertação controlada de SEVs na ferida 

melhorava ainda mais a cinética de cicatrização da mesma, de acordo com analyses de medida 

de área da ferida e análises histológicas e genéticas. Adicionalmente, analisámos a composição 

em microRNAs (miRs) dos exosomal, que se revelou bastante complexa e rica em diferentes 

miRs, e indentificámos o miR-150-5p como o mais prevalente nas SEVs de hUCBMNCs e como 

parcialmente responsável pela bioactividade destas vesiculas, através da modulação da 

expressão do factor de transcrição c-Myb. Adicionalmente, verificámos que o sistema 

desenvolvido para controlar e manter de forma sustentada a administração de SEVs na ferida 

tinha a capacidade de modular a expressão de miRs na pele circundante à ferida, levando à 

normalização dos níveis de alguns miRs, nomeadamente, o miR-150-5p, reforçando a sus 

importância para uma melhor resolução das feridas. 

Resumindo, uma nova plataforma de administração de SEVs foi desenvolvida com sucesso, 

apresentando-se como uma ferramenta de elevado potencial para o tratamento de feridas 

crónicas. 
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Aims and outline of the thesis 
 

The present work presents umbilical cord blood mononuclear cells (hUCBMNCs) as source of 

bioactive small extracellular vesicles (SEVs) with wound healing potential and the development 

of a new platform for an efficient controlled delivery of SEVs, which potentiates their 

therapeutic effect while minimizing the need for manipulation, thus presenting itself as a 

promising new tool to address the chronic wounds global problem.  

This thesis is divided in 4 major sections: an introduction to the work; the communication of 

the results obtained; a general discussion and conclusion; and future work. 

The first section consists of 4 Chapters were the problematic of chronic wounds is explored (I), 

the exosomes are introduced (II), presented as major communication vehicles (III) and as 

potential therapeutic tool for chronic wounds (IV). 

In the second section the results of our work are presented in the form of a scientific 

communication (Abstract, Introduction, Results, Discussion, Materials and methods, and 

Supplemental information). 

In the third section a general discussion of the results obtained is exposed and concludes 

regarding the major outcomes of this work  

In the fourth section, it is presented 3 distinct areas of study that would be scientifically 

interesting to further study in order to address some of the questions that aroused from this 

work and remain unanswered. 
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I. Chronic wounds 
 

1. Definition and social impact of chronic wounds 

Wound is a rupture in skin’s continuity exposing the inner body structure. It can be 

superficial, affecting only the epidermis (also called erosion or abrasion) or more profound, 

penetrating the dermis, constituting an ulcer or a fissure, this last consisting of a sharp incision 

comparing to the previous, in which a boarder skin area is affected. A superficial wound usually 

heals easily without scaring, when the dermis is affected the progress of healing can be 

affected and inconsistent, we may be in the presence of a chronic or non-healing wound [1, 2]. 

Chronic wounds are, by definition, wounds that do not heal within a reasonable interval of 

time, 6 weeks / 3 months, and enter a pathological state of inflammation, failing to evolve in 

the healing process [2, 3]. Chronic wounds have different etiologies: venous ulcers, pressure 

ulcers, diabetic ulcers, neuropathic ulcers, traumatic ulcers and arterial insufficiency ulcers, 

among others. The wound classification is related with several factors, including the (i) cause 

and (ii) underlying predisposition factors for origin and healing impairment, such as a disease 

or other conditions. A major issue in chronic wound development and care is the occurrence of 

infection [1, 2, 4-6].  

Chronic wounds have a high impact in public health, economy and society [7, 8]. In 1999, 

approximately 6.5 million patients had chronic wounds of different etiologies in the USA alone 

[4]. Nowadays, approximately 15% of aged individuals in the USA suffer from chronic wounds 

with increasing incidence of 2 to 3 million a year [4, 9, 10]. In developed countries it is 

estimated that 1% to 2% of the population will experience a non-healing wound during their 

lifetime [4]. A representative part of the diabetic population develops chronic wounds. 

Globally, in 2013 there were around 382 million diabetic patients according to the 

International Diabetes Federation, 36 million more than the reported by the world health 

organization (WHO) in 2012 (Figure - 1), and the number is estimated to rise to 592 million by 

2035 [9, 10]. Approximately 15% - 25% of this patients present or will develop diabetic foot 

ulcer, which represented an estimated cost of $10.9 billion in US and £252 million in UK, in 

2001 [3-5, 10-12]. Additionally, it is estimated that 12% of patients with foot ulcers will need 

amputation [4]. Due to loss of sensation, diabetic patients have 15% higher risk of being 

amputated in consequence of non-healing ulcers than the general population [9, 11].  

 
Figure - 1. Worldwide incidence of diabetes in 2012.  
According to WHO diabetes affected 346 million people all over the world in 2012, a rising condition in, 

both, developed and developing countries [13]. 
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2. Wound healing molecular mechanisms and impairment 

Wound healing comprises a dynamic and intricate network of process and events, 

involving soluble mediators, blood cells, extracellular matrix and parenchymal cells. There are 

3 stages of wound healing that can overlap in time: I. Hemostasis and inflammation, II. New 

tissue formation / proliferation and III. Tissue remodeling [9, 10, 14-21]. 

I. Hemostasis and inflammation.  

This phase should last until about 48 hours after injury. Bacteria, neutrophils and platelets 

are abundant in the wound [10, 15]. Platelets adhere to the damage blood vessels leading to 

clot formation, preventing bleeding, restoring hemostasis and providing protection for the 

wounded area. Additionally, they secrete soluble factors giving rise to a blood-clotting cascade. 

For example, the secreted platelet-derived growth factor (PDGF) attract and activate 

macrophages and fibroblasts. Transforming growth factors (TGFs) attract inflammatory cells, 

such as leukocytes, neutrophils, and macrophages, initiating the inflammatory phase. 

Neutrophils clean the wounded area of foreign particles and bacteria and are then extruded 

with the crust or phagocytosed by macrophages. In response to specific chemoattractants, 

such as fragments of extracellular-matrix protein and transforming growth factor β (TGF-β), 

monocytes also infiltrate the wound site and become activated macrophages. Additionally 

monocytes and macrophages express several factors including colony - stimulating factor 1 

(CSFR1), a cytokine necessary for survival of monocytes and macrophages, tumor necrosis 

factor-α (TNF-α), a potent inflammatory cytokine, PDGF, a potent chemoattractant and 

mitogen for fibroblasts, transforming growth factor-α (TGF-α), interleukin-1 (IL-1) and insulin 

like growth factor I (IGF-I) [9, 14, 16]. 

II. New tissue formation / proliferation. 

This stage occurs about 2–10 days after injury. A crust has formed on the surface of the 

wound and migration of epithelial cells occurs. Most cells from the previous stage of repair 

have migrated from the wound, and new blood vessels now populate the area [15]. As the 

inflammatory phase ends, the proliferative phase begins. Local release of growth factors like 

epidermal growth factor (EGF), TGF-α and keratinocyte growth factor (KGF), produced by 

remaining inflammatory cells and migrating epidermal and dermal cells stimulate and maintain 

cellular proliferation while initiating cellular migration. At this stage it’s very important that a 

robust and sustained angiogenic response occurs to support the formation of granulation 

tissue and epithelialization [14, 16]. A new tissue with granular appearance is formed, it’s rich 

in new capillaries necessary to sustain the newly formed tissue. The macrophages provide a 

continuing source of growth factors (e.g. PDGF, TGF-β and Vascular endothelial growth factor - 

VEGF) necessary to stimulate fibroplasia and angiogenesis. The fibroblasts produce the new 

extracellular matrix (ECM), including hyaluronan (hyaluronic acid), fibronectin, proteoglycans 

and type 1 and type 3 pro-collagen, necessary to support cell ingrowth. The blood vessels carry 

oxygen and nutrients necessary to sustain cell metabolism. Endothelial progenitor cells (EPCs) 

are recruited into the circulation in response to injury and constitute a major intervenient in 

neo-angiogenesis. EPCs mobilization is mediated by nitric oxide (NO), VEGF, and matrix 

metalloproteinases (MMP), particularly MMP-9. In the wound, EPCs engraft into the 

remodeling microvasculature, the engraftment and possibly differentiation occur in response 

to stromal cell–derived factor 1 (SDF1) and IGF. Angiogenesis is also stimulated by fibroblast 

release of basic fibroblast growth factor (FGF-β) [10, 14, 16]. 
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Figure - 2. Wound healing phases, molecular and cellular mechanisms. 

Wound healing includes hemostasis and activation of inflammatory cells (I.), followed by proliferation 
and migration of keratinocytes and fibroblasts, matrix deposition, and angiogenesis (II.), and remodeling 
of ECM, resulting in scar formation and restoration of skin barrier (III.). This process is tightly controlled 
by multiple cell types that secrete numerous growth factors, cytokines, and chemokines (listed below). 
Adapted from [17]. 
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III. Tissue remodeling.  

The final phase of wound healing is the tissue remodeling. It begins 4-5 days after injury 

and lasts for 2 weeks or more, depending on the wound healing environment. 

Reestablishment of a normal blood supply offers the necessary microenvironment for 

epidermal and dermal cell migration and proliferation, promoting epithelization and the 

restoration of epidermis integrity. Fibroblasts proliferate within the wound and synthesize 

ECM forming granulation tissue perfused with newly formed blood vessels. Wound contraction 

involves a complex and orchestrated interaction of cells, ECM and cytokines. Matrix-

remodeling enzymes, such as MMPs, play important roles in remodeling the local matrix 

microenvironment in support of several healing responses, including cellular migration, 

proliferation, and angiogenesis. Contraction is also achieved by differentiated fibroblasts or 

myofibroblasts that, in response to TGF-α, tissue tension, and the presence of certain matrix 

proteins, acquire smooth muscle actin–containing stress fibers. Finally, apoptosis of 

fibroblastic cells occurs, probably triggered by TGF-α, TNF, and FGF-2, leading to the formation 

of a relatively acellular scar tissue whose tensile strength is comparable with unwounded skin 

[9, 14, 16]. 

 

The complexity of the wound-healing process, which involves many cell types and factors, 

is still not completely understood as so are the molecular mechanisms that lead to impairment 

of wound healing, which give rise to two major conditions that require clinical attention: 

excessive scaring and chronic non-healing wounds [9, 14-18, 20, 21]. Excessive scar is related 

with the impairment of phase III of wound healing, tissue remodeling, and leads to 

hypertrophic scar and keloid formation. It is characterized by excess of collagen deposition and 

has been linked with the inability of dermal cells, particularly myofibroblasts, to undergo 

timely apoptosis. This excessive scar formation leads to tissue dysfunction and is the major 

problem associated with acute wound healing, but also occurs upon chronic wounds resolution 

[9, 14, 15, 17]. On the other end, a skin lesion has the potential to become chronic by 

impairment of any of the phases of wound healing, and hence, chronic wounds are classified 

on the basis of their underlying cause. The major causes and categories of non-healing skin 

wounds are diabetes mellitus, vascular insufficiency and local-pressure effects. Additionally, 

factors like infection, compromised nutritional or immunological status, advanced age, chronic 

mechanical stress, and other comorbidities can contribute to delayed healing or even inhibit 

the complete healing of the wound [1, 2, 4-6, 16, 17, 20, 21]. The majority of chronic wounds 

are characterized by a prolonged or excessive inflammatory phase, persistent infections, and 

the inability of dermal or epidermal cells to respond to reparative stimuli [1, 2, 4-6, 16, 17, 20]. 

Diabetic ulcers are a consequence of physiologic and biochemical defects associated with 

a metabolic disease. Diabetic patients are unable to sense and relieve cutaneous pressure 

because of neuropathy. These patients present vascular disease that leads to ischemia in the 

wound and develop wound infections due to their immune-compromised status. Other 

abnormalities associated with diabetic ulcers include prolonged inflammation, decreased 

synthesis of collagen, increased levels of proteinases, and defective macrophage function [9, 

14, 16-18]. In this thesis, we will pay special attention to diabetic chronic wounds, despite not 

being the most common type of ulcers, they have high impact in patients quality of live and 

are more prone to require limb amputation [8, 9, 11]. 
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3. Chronic wounds management and treatment 

The efficacy of chronic wound management and treatment is closely related with their 

etiology and comprehension of mechanisms responsible for healing impairment. In order to 

address this societal problem the Wound Healing Society (WHS) issued guidelines to the 

medical community and multistep approach was established, known by the acronym TIME [5, 

22, 23]. 

 

Table I. TIME approach to wound management [23].  

Tissue- assessment and debridement of nonviable or foreign material (including host necrotic tissue, 

adherent dressing material, multiple organism-related biofilm, or slough, exudate, and debris) on 

the surface of the wound. 

Infection/inflammation- assessment of the etiology of each wound, need for topical antiseptic and/or 

systemic antibiotic use to control infection, and management of inappropriate inflammation 

unrelated to infection. 

Moisture imbalance- assessment of the etiology and management of wound exudate. Edge of wound: 

assessment of non-advancing or undermined wound edges (and state of the surrounding skin). 

 

The debridement of the wound consists in the removing of necrotic or devitalized tissue 

and is essential for wound care. Methods of debridement used in clinical practice include 

surgical, autolytic, biological, and enzymatic approach. Surgical, also known as sharp 

debridement, is performed by excising necrotic tissue with surgical tools. Autolytic 

debridement involves either careful removal of spontaneously separated necrotic tissues or 

the use of moisture-retaining dressings to induce crust softening prior to its removal. Biological 

debridement uses larvae of the green blowfly species (maggot therapy). During enzymatic 

debridement, naturally occurring matrix-degrading enzymes are used [5, 16]. 

The available therapies can be classified in two major groups: (i) topical wound therapies / 

dressings and (ii) advanced therapies.  

 

Topical wound therapies / dressings  

A topical wound dressing should be suitable for the wound, for that an assessment of 

wound type and phase of healing is required [24]. In summary the wound dressing should: (i) 

have the capacity to provide thermal insulation, gaseous exchange, and to help drainage and 

debris removal thus promoting tissue reconstruction processes; (ii) should be biocompatible 

and not provoke any allergic or immune response reaction; (iii) should protect the wound from 

secondary infections; and (iv) should be easily removed without causing trauma [24, 25].  

Initially, wound dressings were first considered to play only a passive and protective role 

in the healing process. However, in recent decades, wound treatment has been revolutionized 

by the discovery that moist dressings can help wounds heal faster. Moist is an important factor 

to induce the proliferation and migration of fibroblasts and keratinocytes as well as to enhance 

collagen synthesis, leading to reduced scar formation [24]. Cotton gauze dressing has been 

considered the standard of care for many years. Nevertheless, many other are commercially 

available, like foams, films, acrylics, alginates, hydrofibers, hydrocolloids, hydrogels, silver and 

honey alginates, among others, that are highly absorbent and moisture retaining, Table II [5, 

23-27].  



 

 
8 

Table II. Common wound dressings and additives.   

Dressing type  Description 

Foam  Inert material which is hydrophilic and non-adherent, modified polyurethane foam 

Transparent film  Polyurethane and polyethylene membrane film coated with a layer of acrylic 

hypoallergenic adhesive. Moisture vapor transmission rates (MVTR) vary 

Hydrocolloid  Gelatin, pectin, carboxymethylcellulose in a polyisobutylene adhesive base with 

polyurethane or film backing. Hydrophilic colloid particles bound to polyurethane 

foam 

Hydrogel  Water or glycerin-based, non-adherent, cross-linked polymer. May or may not be 

supported by a fabric net, high water content, and varying amounts of gel-forming 

material (glycerin, co-polymer, water, propylene glycol, and humectant) 

Calcium alginate  Calcium sodium salts of alginic acid (naturally occurring polymer in seaweed). 

Nonwoven composite of fibers from a cellulose-like polysaccharide which acts via 

an ion exchange mechanism, absorbing serous fluid or exudate and forming a 

hydrophilic gel which conforms to the shape of the wound  

Silver  Topical silver has broad spectrum antimicrobial activity that has been shown to be 

effective against many antibiotic-resistant wound pathogens and can be added to a 

variety of composite dressings 

Honey  Use of or addition of certain honeys as a part of a variety of composite dressings. 

Honey provides a hypertonic environment thought to assist with microbial control 

 

Different synthetic and natural polymer-based biocompatible materials, as well as their 

mixtures or combinations and different processing methodologies, have been proposed and 

assayed both in vitro and in vivo for wound dressing (and, in particular, DFUs) applications. 

Some of these materials are already commercially available and in clinical use (Table III) [24]. 

Furthermore, in order to enhance the general wound dressing activity the incorporation 

of bioactive compounds (e.g. growth factors, peptides, synthetic drugs and/or naturally based 

compounds / extracts) and stem cells has been tested. For example, Regranex®, a therapy that 

consists in recombinant human platelet-derived growth factor administrated in a gel (rhPDGF-

BB incorporated in gel solution of aqueous sodium carboxymethylcellulose), is a bioactive 

product that has been designed to enhance skin regeneration (Table III) [24, 28]. 

 

Table III. Commercial dressings for DFU treatment.  

Commercial dressing  Fabricant  Composition 

Bionect® Dara BioScience  0.2% of sodium salt of hyaluronic acid 

Unite® Biomatrix Synovis Orthopedic 

and WoundCare, Inc. 

Non-reconstituted collagen 

BGC Matrix® Mölnlycke Health 

Care US, LLC 

Collagen and the advanced carbohydrate beta-

glucan 

Promogran Prisma® Matrix Systagenix Collagen, ORC and silver-ORC matrix 

Dermacol/Ag™ Collagen Matrix 

Dressing with Silver 

DermaRite 

Industries 

Collagen, sodium alginate, carboxyl methyl- 

cellulose, ethylenediaminetetraacetic acid (EDTA) 

and silver chloride 

Fibracol® Plus Collagen Wound 

Dressing with Alginate 

Systagenix Collagen and calcium alginate fibers wound 

Aquacel Hydrofiber® Wound 

Dressing 

ConvaTec Antimicrobial hydrofiber containing carboxymethyl 

cellulose with ionic silver 
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Table III. Commercial dressings for DFU treatment (cont.). 

MediHoney® Adhesive 

Honeycolloid Dressing 

Derma Sciences, Inc. 80% active Leptospermum honey with colloidal 

alginate 

MediHoney® Calcium Alginate 

Dressing 

Derma Sciences, Inc. Contains 95% active Leptospermum honey with 

calcium alginate 

Algisite* Calcium Alginate 

Dressing 

Smith & Nephew, Inc. Calcium-alginate 

Sorbalgon®  Hartman USA, Inc. Calcium alginate 

Kaltostat® Dressing ConvaTec Sodium and calcium salts of alginic acid 

Tegaderm™ High Gelling 

Alginate Dressing 

3 M Health Care Polyurethane dressing containing alginate 

GranuDerm™ 

Sentry™ 

Acute Care Solutions, 

LLC 

Alginate hydrocolloid with polyurethane 

Biatain®  

Heel Foam Dressing 

Coloplast Corp. 3-D non-adhesive foam of polyurethane 

Biatain Ibu  

Foam Dressing Nonadhesive 

Coloplast Corp. Combination of polyurethane-foam, polyurethane 

film, polyethylene and ibuprofen 

MANUKAhd® ManukaMed USA, Inc. Polyurethane foam and film in backing and an 

absorbent dressing pad of polyacrylate polymers 

impregnated with ManukaMed® honey 

DuoDERM® CGF® ConvaTec Polyurethane foam 

SOLOSITE® Conformable 

Wound Gel Dressing 

Smith & Nephew, Inc Polyurethane and polyethylene hydrogel 

Silverlon® Island Wound 

Dressing 

Argentum Medical, 

LLC 

Polyurethane film containing silver 

Allevyn Smith & Nephew, Inc. Polyurethane films combined with polyurethane 

foam containing 5% silver sulphadiazine. 

Meliplex Ag Molnlycke Heath Care Polyurethane foam containing a silver compound 

(silver sulphate) 

Ligasano Ligasano Honeycomb-polyurethane foam 

Regranex® Gel Healthpoint 

Biotherapeutics 

rh PDGF-BB incorporated in aqueous sodium 

carboxymethylcellulose 

 

Advanced therapies 

Advanced therapies have been described to heal chronic wounds when conventional 

approach fails. These therapies include negative pressure based treatments, oxygen therapy, 

application of biophysical stimuli, the use of topic growth factors (e.g. PDGF, VEGF, FGF), skin 

substitutes, engineered skin, cell-based therapies (stem cells and vascular progenitor cells) and 

the use of hydrogels, such as hyaluronic acid [4, 16, 17, 23, 26, 29]. 

Wound care protocols advocate the use of standard measures for an initial period of 4 

weeks, after which an assessment of wound area reduction should be made. Wounds failing to 

achieve a 50% area reduction at this time point need to be reassessed and subsequently 

considered for advanced therapies in the absence of underlying disease or nonadherence to 

prescribed basic treatment. Once it is determined that the patient might benefit from an 

advanced therapeutic agent, there are a number of options currently available, summarized in 

Table IV [23]. Advanced wound therapies can be categorized according to the underlying 

technology [23, 29]. 
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1-Negative pressure wound therapy (NPWT). Since its introduction in the mid-1990s, negative 

pressure therapy has assumed a major role in management of traumatic, acute, and chronic 

wounds, as well as for stabilizing skin grafts, flaps, and surgical incisions [30-32]. As an adjunct 

to standard chronic wound care, NPWT very efficiently manages wound drainage and can 

provide expedited granulation tissue development, wound area contraction/reduction, 

preparation for delayed closure or grafting, or primary healing [33, 34].  

2- Hyperbaric oxygen therapy (HBOT). HBOT has been advocated as being beneficial for a 

wide variety of chronic wounds for over two decades [35-38]. Nevertheless a review of HBOT 

in a large observational cohort study by Margolis, in 2013, found that the use of HBOT neither 

improved the likelihood that a wound would heal nor prevented amputation in patients with 

adequate lower limb arterial perfusion [39, 40]. 

3- Biophysical modalities. Electrical stimulation has been the most studied biophysical device 

for healing chronic wounds to date, primarily utilized by physical therapists and physiatrists 

[41-43]. Several studies advocate the beneficial healing effect of electrical stimulation at 

various modes and frequencies for a variety of chronic wounds [44-46]. Other non-thermal 

forms of electromagnetic energy have also been used for wound healing, including pulsed 

radiofrequency energy (PRFE), pulsed shortwave diathermy, and pulsed electromagnetic fields 

[47, 48]. In general, by interacting with endogenous bioelectric currents, electromagnetic fields 

indirectly upregulate the production of nitric oxide and multiple growth factors, resulting in 

cellular mobilization, angiogenesis enhancing wound repair [46]. Ultrasound, most frequently 

used for diagnostic and musculoskeletal therapy purposes, has also assumed a role in wound 

management. Several lower frequency devices are currently available for debridement that 

use the delivery of sound waves to generate cavitation at the wound bed [49, 50]. Wounds 

with thick fibrinous slough and necrosis can thereby be very aggressively debrided with low-

frequency ultrasound (LFU) [49-52]. Extracorporeal shock wave therapy (ESWT) has been used 

for a number of years for a variety of musculoskeletal conditions and has recently been 

adapted for the treatment of cutaneous wounds. ESWT is defined as a series of high-energy 

acoustic pulses delivered to tissues by electrohydraulic, electromagnetic, and piezoelectric 

sources [53]. The pressure pulses generated promote a cascade of cytokine and growth factor 

upregulation leading to enhanced neovascularization, anti-inflammatory response and tissue 

regeneration [54, 55]. 

4- Biological and bioengineered therapies. Biological therapies refer to tissue-based 

treatments (acellular and cellular), autologous platelet-rich plasma (PRP), as well as 

recombinant human growth factor therapies. Despite the enormous amount of preclinical 

research on cytokine and growth factor-mediated wound-repair, currently only a few are 

available to clinicians: human PDGF, FGF and EGF. Numerous other growth factors have been 

investigated, such as VEGF, KGF-2, TGF-β and granulocyte-macrophage colony-stimulating 

factor (GM-CSF), but these currently are not approved for use in wound care [56, 57]. 

Platelet-rich plasma (PRP) and growth factors. Autologus PRP application makes use of a 

cascade of growth factors released from activated platelets during the centrifugation of whole 

blood, which the topical application enhances healing of chronic lower extremity wounds [58-

61]. Based on the potential benefit of topically applied PDGF to chronic wounds, becaplermin 

gel (rhPDGF) was studied in the setting of chronic neuropathic DFUs and became the first 

commercially available advanced therapy for the management of chronic wounds (it is the only 

growth factor approved for use in the US and EU – European Union) [28, 62]. The rhEGF 

growth factor is one of the best studied for cutaneous ulcers and wounds. The use of rhEGF in 
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a clinical setting is available only in Cuba. EGF has been found to enhance the healing of a 

variety of types of cutaneous wounds when applied as a topical cream, or more commonly, by 

intralesional injections [63-66]. FGF has been studied primarily in Asia for a variety of chronic 

wounds and is approved in Japan for this use [67]. FGF, considered a potent angiogenic growth 

factor, also has an isoform (FGF-10) commonly known as KGF-2 or repifermin [57, 68, 69]. The 

topical application of this factor has been evaluated in the US for chronic venous leg ulcers 

(VLUs). The results showed an acceleration in the wound healing [68]. 

Acellular therapies. These therapies are based in the application of decellularized matrixes 

including dermal, amniotic or collagen. Often referred as acellular and/or ECMs, these 

biological products serve as substrates into which cells can migrate and initiate angiogenesis, 

thereby promoting granulation tissue development and tissue regeneration [70]. ECMs are 

now known to play an active part in tissue regeneration through a dynamic interaction with 

growth factors and host cells [71, 72]. ECMs contain structural collagen, glycosaminoglycans, 

proteoglycans, and glycoproteins—all essential components to replace the defective ECM of 

injured tissues [73]. Human dermal allografts have become increasingly popular in recent years 

for augmenting tissue regeneration in chronic lower extremity wounds, like DFUs and VLUs. 

The allografts are harvested from screened donors, and each is prepared with proprietary 

processes to decellularize and cryopreserve the dermis while maintaining the natural structure 

of the ECM [74-77]. Amniotic membranes (AMs) and umbilical cord tissues (UCT) are the 

earliest reported biomaterials used for wound repair. Likely due to the wide availability of 

placental tissues after cesarean deliveries. Due to their rich cellular content in the native state, 

AMs contain a number of cytokines and growth factors bound to the ECM after 

decellularization and preparation that remain available to augment angiogenesis and tissue 

repair when implanted into chronic wounds [78, 79].  

Bioengineered cellular therapies. Two allogeneic bioengineered skin replacement therapies 

based in neonatal expanded cells are approved in the US for chronic wound treatment. 

Apligraf® is a bilayered construct consisting of a bovine collagen matrix seeded with living 

human neonatal fibroblasts and a neonatal keratinocyte neoepidermis [80-82]. Dermagraft®, a 

human fibroblast-derived dermal substitute, is a cryopreserved, absorbable, three-dimensional 

polyglactin mesh substrate seeded with living neonatal dermal fibroblasts [83, 84]. Similar to 

the bilayered skin replacement, these cells secrete a host of growth factors, cytokines, matrix 

proteins, and glycosaminoglycans that induce tissue regeneration through the development of 

granulation tissue and ingrowth of host fibroblasts and keratinocytes [84, 85]. 

Stem cell therapies. Mesenchymal stem / stromal cells (MSCs) have been tested for wound 

healing applications. MSCs are multipotent progenitor cells that can directly differentiate into 

mesenchymal tissues, such as bone, tendon, and cartilage. It is believed that MSC ability to 

improve cutaneous repair is by an indirect paracrine function. MSCs synthesize and secrete 

essential growth factors and cytokines that affect cell migration, proliferation, and metabolic 

activity of host cells and tissues [86, 87]. In this manner, MSCs play an active role in the 

inflammatory, proliferative, and remodelling phases of wound repair. Of special interest are 

the placental tissues—including the umbilical cord, the amnion, and the chorion— as a rich 

source of MSCs that are readily available without the ethical concerns of embryonic stem cells 

[88, 89]. Furthermore, the MSCs in these tissues do not suffer from the age-related effects nor 

decreased cell counts as found in MSCs harvested from adult patients with comorbid diseases 

[23, 87, 90]. 
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Table IV. Advanced wound care technologies [23].  

Negative pressure wound therapy 

Standard electrically powered—VAC® 

Mechanically powered—SNaP® 

Hyperbaric oxygen therapy 

Topical oxygen therapy 

Biophysical 

Electrical stimulation, diathermy, pulsed electromagnetic fields 

Pulsed radiofrequency energy 

Low-frequency noncontact ultrasound—MIST® 

Extracorporeal shock wave therapy–DermaPACE® 

Growth factors 

Becaplermin—platelet-derived growth factor—Regranex® 

Fibroblast growth factor (Japan) 

Epidermal growth factor (Cuba) 

Platelet-rich plasma 

Acellular matrix tissues 

Xenograft dermis 

Primatrix®—bovine neonatal dermis 

Integra®—bovine collagen 

Matriderm®—bovine dermis 

Xenograft acellular matrices 

Oasis®—small intestine submucosa 

Matristem®— porcine urinary bladder matrix 

Ovine forestomach—Endoform® 

Equine pericardium 

Human dermis 

Graftjacket® 

D-cell® 

DermACELL® 

Theraskin® 

Human pericardium 

Placental tissues 

Amniotic tissues/amniotic fluid 

Umbilical cord 

Dehydrated human amnion/chorion membrane (dHACM)—Epifix® 

Bioengineered allogeneic cellular therapies 

Bilayered skin equivalent—Apligraf® 

Dermal replacement therapy—Dermagraft® 

Stem cell therapies 

Autogenous—bone marrow-derived stem cells 

Allogeneic—amniotic matrix with mesenchymal stem/stromal cells—Grafix® 

Miscellaneous 

Hyalomatrix(R) (Hyaluronan) 
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Despite all the efforts made to better understand the pathophysiology of chronic wounds 

and the advances in wound care therapies, some wounds remain nonresponsive to current 

therapies and no new therapy has received FDA efficacy approval for the treatment of chronic 

wounds since 1997, despite the large number of treatments receiving FDA approval for safety 

[21, 23, 27, 91]. The development of a new therapy is costly and time consuming, the clinical 

trials aim to demonstrate more efficacy than the standard of care in a challenging environment 

of complex wound biology (size, duration, position, infection, etc.) and patient co-morbidities 

(such as diabetes, cardiovascular disease, age, etc.), being the full wound clousure the primary 

output accepted by the regulatory agencies, versus functional recovery, which means a 

reduced social and economic impact for healthcare systems and societies [7, 8, 21, 91, 92].  

Development and implementation of wound management strategies, better designed 

studies and clinical trials, and clear guidelines for therapy efficacy evaluation, considering the 

benefits for the patients, is required for the implementation of more efficacious therapies and 

improvement of wound care status [8, 23, 91-93]. Becaplermin gel was a significant advance in 

diabetic foot ulcers whith very promising results. Nevertheless, its usage in a rotine is still not 

established due mainly to the high cost and the need for continued administration [93]. In fact, 

topically applied growth factors are easily degraded in the hostile environment of diabetic 

wounds and therefore have transient effects [93, 94]. 

 The use of stem cells for therapeutic purposes is limited by many risk factors such as 

tumor formation, thrombosis, and unwanted immune responses [95-97]. Additionally, one of 

the major draw-backs is that transplanted cells present low survival and engraftment rates in 

the injuried area. To overcome these limitations cells can be incorporated in a biomaterial that 

can offer protection from the inhospitable environment of the wound, increasing cell viability 

and availability, enhancing their therapeutic effect and significativelly improving wound 

healing [26, 98-102]. 

The field of biomaterials for wound healing applications presents exciting 

opportunities. Nevertheless, the development of biomaterial-based therapies for chronic 

wounds, for application as a standalone therapy or as a complex therapy where the 

biomaterial acts as a scaffold for encapsulating pro-healing factors, faces limitations such as, 

the limited supply (particularly in the case of natural biomaterials), the manufacturability 

(associated with the increasing level of complexity), the toxicity and biocompatibility of the 

materials with the host tissue [103, 104].  

 

4. Development of new therapies for chronic wounds 

An advanced therapy for chronic wounds should be more efficacious as the standard of 

care. With this objective, scientists from different research areas, from pharmaceutics to 

biomaterials, nanotechnology, bioengineering and stem cells, have been studying new 

approaches for chronic wound healing, either by developing new more effective dressings, 

ppliying more effective therapeutical agents, or by improvement of the administration route 

and bioavailability of the therapeutic agents (nanoparticles, antimicrobial agents, cell 

derivatives, stem cell / cell progenitors, etc…), either as a standalone therapy or as a 

conjugated therapy based on two or more of these technologies combining therapeutic agents 

[24, 26, 101]. For example, advanced wound therapies on different biomaterials have been 

used as an approach for treatment of chronic wounds as dressings and scaffolds for native 
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cells, improving skin tissue regeneration, but also, as drug delivery systems, matrixes to 

encapsulate bioactive components, such as proteins (e.g. Growth-factors) and cells, and /or 

nanoparticles with wound healing properties [24-26, 98, 101, 103, 105-107]. 

 

Biomaterial-based therapies  

The biomaterials can be of three sources: metallic, ceramic and polymeric [26]. Hydrogels 

are hydrophilic polymer-based biomaterials that have been used very often in the context of 

wound healing. The mechanical properties of hydrogels, stiffness, viscoelastic behavior, and 

initial state recovery (self-healing) are tunable by copolymerization, nanoparticle 

incorporation, and changing the polymer(s) concentrations and ratios. Various hydrogels based 

on alginate, collagen, agarose, hyaluronic acid (HA), and chitosan, among others materials, 

have been synthesized by using physical crosslinking approaches for engineering different 

tissues [26, 103, 105, 108, 109]. Hydrogel 3D structure offer stability to the incorporated 

bioactive components, such as growth factors, vesicles and nanoparticles, increasing their 

bioavailability in the wound. For example, hydrogels provide an appropriate scaffold for cell 

migration and encapsulation due to their 3D matrix, high levels of water content, physical 

characteristics that resemble the native extracellular matrix and their biodegradability 

properties. Additionally, hydrogels biomimetic structures that mimick the natural 

microenvironment of cellular tissues, enable cell–cell interactions and interactions with the 

surrounding tissue [26, 103, 105, 108, 109].  

Hydrogels have been widely used as a standalone therapy or in combination with other 

therapeutic agents. For example, a dextran-based hydrogel consisting of UV-cross-linked 

dextran-allylisocyanate-ethylamine and polyethylene glycol diacrylate polymers was 

demonstrated to be able to promote skin regeneration in a third-degree burn wound mouse 

model [110]. Glycosaminoglycan-based hydrogels have the ability to capture inflammatory 

chemokines in the wound, thus controlling inflammation and enhancing healing [111]. A 

hydrogel based on carrageenan-coated starch / cellulose nanofibers promote blood clotting, 

thus promoting hemostasis and hemorrhage control [112]. A hypoxia-inducible (HI) hydrogel 

composed of gelatin and ferulic acid was able to guide vascular morphogenesis in vitro via 

hypoxia-inducible factors activation of matrix metalloproteinases (MMPs) and promote rapid 

neovascularization in the host tissue improving subcutaneous wound healing [113]. Hydrogels 

with variable lengths of polypeptides linked to polyethylene glycol (PEG) have been shown to 

have both antibacterial and cell adhesive properties [114]. The incorporation of an antibiotic in 

a PEG hydrogel was able to maintain a sustained antimicrobial activity by light – controlled 

release of the antibiotic in the wound [115]. The encapsulation of growth factors [116-119], 

nucleic acids [120], cells [121, 122] and extracellular vesicles (EVs) [123-126] in different types 

of hydrogels has shown improved wound healing and skin regeneration versus the single 

application of the biomaterial or bioactive component. 

Another class of biomaterials with high expression in terms of wound healing are 

nanomaterials including nanocapsules, nanoparticles, nanofibers and nanosheets [24, 26, 101]. 

This was due to their high surface area, ability to penetrate the skin, capacity to increase drug 

solubility, targeted drug delivery, among others. Nanocapsules have a core-shell structure with 

the inner core cavity acting as a reservoir of the drug or biomolecule and the shell composed 

of a polymeric or lipid support material. Polymeric nanocapsules, lipid core nanocapsules and 
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liposomes are generally classified as nanocapsules. Polymers such as polylactic acid, polylactic-

co-glycolic acid (PLGA), poly (D, L-glycolide), poly-L-lactide (PLA), polycaprolactone (PCL), 

chitosan, gelatin and alginate have been used for nanocapsule preparation. Polymeric 

nanocapsules are inert and do not pose much compatibility issues. Sustained release, 

improved drug bioavailability and decreased drug toxicity are few of the advantages of this 

system. However the drug loading in these polymeric nanocapsules is low, as the percentage 

of the polymer is much higher than its drug counterpart [24, 26, 101]. Nanoparticles can be 

engineered into various shapes like spherical, cubical, hollow or core shell from inorganic or 

polymeric materials. Nanofibers are synthesized from natural (collagen, gelatin, elastin, 

chitosan, fibrinogen, laminin, hyaluronic acid) or synthetic polymers (polylactide-co-glycolide 

(PLGA), poly acrylic acid-poly pyrene methanol (PAAPM) and poly(caprolactone) (PCL). The 

method of fabrication of these nanomaterials include electrospinning, self-assembling and 

phase separation [24, 101].  

Nanomaterials may play different roles during wound healing, including the control of 

infection, immune response, regeneration, among others. For example, some nanomaterials, 

such as silver, copper and zinc exhibit antibacterial properties in their bulk form, other metals 

like iron oxide, titanium dioxide are antibacterial in nanoparticulate form [26, 101]. For 

example, thrombin plays a major role in the process of coagulation, and its bioavailability can 

be enhanced by conjugating it with iron oxide nanoparticles [119, 127]. Other nanomaterials 

containing biomolecules such as peptides [128], proteins [26, 101] or gases (e.g. nitric oxide) 

[129-131] are very effective in enhancing wound healing. Nitric oxide (NO) is a small radical 

synthesized during the early phase of wound healing by inflammatory cells, acting as a 

antimicrobial agent and promoting wound healing by modulating collagen formation, cell 

proliferation, angiogenesis and wound contraction [129-131]. Nanomaterials have been 

engineered to facilitate the storage and delivery of this gas to wounds. For example, a silane 

based hydrogel/glass composite allowed NO to be maintained within the dry nanoporous 

matrix until exposure to moisture, that open the water channels inside the particles, 

facilitating the release of NO for an extended period of time [129, 131]. Nanomaterials can also 

modulate the immune response by the delivery of anti-inflammatory drugs or molecules 

suppressing immune response [101]. Nanofiber/sponges mimicking the ECM containing 

nanoparticles loaded with anti-inflammatory drugs enhanced wound healing by the sustained 

release of anti-inflammatory cytokines [132]. Finally, nanomaterials such as nanofibers may be 

used for the delivery of proteolytic enzymes to enhance wound debridement [133]. Some 

examples of biomaterials application in chronic wounds as standalone therapies or conjugated 

with bioactive molecules are presented in Table V. 

 

Table V. Biomaterials based therapies for wound healing.  

 

Type of material 
 

Molecule 
 

Mechanism of action 
 

Outcomes 
 

Model  
 

Ref. 
Dextran-based 

hydrogel 

_ Increased cell infiltration into 

the wound  

↗ skin regeneration in 

3rd degree burn wound 

Wistar rats 

wound model 

[110]  

Glycosaminoglycan-

based hydrogels 

_ Capture inflammatory 

chemokine 

↘ inflammation 

↗ wound healing 

Db/db mice 

wound model 

[111] 

Gelatin and ferulic acid 

hypoxia-inducible (HI) 

hydrogel 

_ Controllable and stable 

hypoxic environment 

↗ neovascularization Sprague 

dawley rats 

and C57/6 

mice 

[113] 
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Table V. Biomaterials based therapies for wound healing. (Cont.) 

Microporous gel 

scaffold 

_ Increased cell migration and 

infiltration into the wound 

↗ tissue structure and 

regeneration  

↗ wound healing 

BALB/c mice 

wound model 

[107] 

Silane based hydrogel Nitric Oxide 

(NO) 

Increased and sustained NO 

bioavailability  

↘ wound infection and 

inflammation 

↗ wound healing  

BALB/c mouse 

wound / skin 

infection 

model 

[129] 

[131] 

Gold nanoparticles Antimicrobial 

peptide (LL37) 

Antibacterial action 

Keratinocyte migration  

↘ wound infection 

↗ wound healing 

RjHan:NMRI 

mice wound 

model 

[128]  

Iron oxide 

nanoparticles 

Thrombin  Increase thrombin 

bioavailability - promotion 

blood clotting 

↗ hemostasis Wistar rats 

wound model 

[127] 

Collagen latice PDGF-B and 

PDGF-A  

plasmids 

Increased PDGF-B and PDGF-

A bioavailability  

↗ wound healing 

(granulation 

tissue formation and 

epithelialization) 

Dermal ulcer 

wound rabbit 

model 

[134] 

Cationic liposomes FGF plasmid Increased FGF expression 

and bioavailability, upon cell 

transfection. 

↗ wound healing 

(re-epithelialization and 

regeneration of connective 

tissue ) 

Db/db mice 

wound model 

[135] 

Photocrosslinkabe 

chitosan hydrogel 

FGF-2 Sustained delivery of FGF-2 ↗ wound healing 

(contraction, 

epithelialization, and tissue 

filling) 

Db/db and 

db/+ mice 

wound model  

[116] 

Dextran hydrogel EGF, IGF-I, 

PDGF-A, bFGF, 

QCN + O2 

Sustained delivery of growth-

factors, quercetin and 

oxygen  

↗ wound healing 

(re-epithelialization and 

regeneration of connective 

tissue ) 

Db/db mice 

wound model 

[117] 

Dextran hydrogel with 

chitosan spherical 

microparticles  

VEGF and EGF Sustained delivery of growth-

factors 

↗ wound healing 

(production of new 

extracellular matrix and 

angiogenesis) 

Wistar rats 

burn wound 

model 

[118]  

Hyaluronic-based 

porous hydrogels 

VEGF plasmid Increased cell infiltration and 

angiogenesis 

↗ wound healing Db/db mice 

wound model 

[119] 

Hyaluronic Acid – MMP 

porous hydrogel 

VEGF plasmid Increased VEGF expression 

and bioavailability, upon cell 

transfection. 

↗ wound healing 

↗ granulation tissue 

formation 

Db/db mice 

wound model 

[120] 

β-cyclodextrin and 

poly(amidoamine) 

cationic star-shaped 

polymer 

MMP-9 siRNA Reduced MMP-9 expression 

in skin fibroblast cells, upon 

cell transfection. 

↗ wound clousure 

 

Sprague 

Dawley rats 

diabetic (STZ) 

wound model 

[136] 

Photolabile cage Anti-miR-92a downregulate miR-92a and 

derepresses its targets Itga5 

and Sirt1, upon cell 

transfection. 

↗ wound healing 

(cell proliferation and 

angiogenesis) 

Db/db mice 

wound model 

[137] 

QCN – quercetin (naturally occurring flavonoid found in vegetables, tea, and berries. It has anti-ulcer, -inflammatory, and -infective 

activities due to its ability to scavenge oxygen free-radicals and inhibit lipid peroxidation.) O2 – oxygen molecules. 

 

Cytokine and growth factor-based therapies 

Cytokines and growth factors govern the progression of the healing process through the 

modulation of the cellular and molecular components involved in proliferation and skin 

restoration [138, 139]. Chronic wounds show decreased levels of several growth factors, like 

EGF, FGF-2, TGF-β, PDGF and VEGF, and cytokines, IL-1, IL-6 and TNF-α, known to regulate 

several skin cells activity. The down regulation in the expression of growth factors and 

cytokines impair wound healing process at different stages, from inflammation to granulation 

tissue formation, reepithelization and remodeling [139]. Based on these findings several 

growth factors were tested as topical treatments to enhance wound healing (Table VI – 
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adapted from [56] and [23]). For example, a topical spray with KGF-2 (or FGF-10), a potent 

angiogenic growth factor, has been studied in the United States [23, 68]. However, these 

growth factor therapies have shown limited success in clinical trials (Table II), reviewed in [23].  

 

Table VI. Growth factor therapies for chronic ulcers.  

Growth factor   

Mechanism of action 
 

Outcomes 
 

Phase  
 

Ref. 

EGF  Mitogenic effect on 

keratinocytes, fibroblasts. 

↗ healing of human 

acute wounds and ulcers. 

Clinical use in 

Cuba 

[63-65, 

138, 140] 

FGF  Cellular proliferation, migration, 

angiogenesis and morphogenesis. 

↗ healing in rats;    

↗ healing human 

pressure ulcers. 

Clinical use in 

Japan. 

[67, 138, 

141, 142] 

KGF – 2  

Topical spray 

Selective action on epithelial 

cells, fibroblasts recruiting. 

↗ granulation tissue;  

↗ healing human ulcers. 

Clinical trial. [57, 68, 

69] 

PDGF  Proliferation of fibroblasts and 

smooth muscle cells.  

↗ granulation tissue;  

↗ healing human ulcers. 

Clinical use in 

USA + EU. 

[28, 62, 

143] 

GM-CSF  Neutrophils proliferation and 

enhanced activity.  

↗ healing human venous 

ulcers. 

Clinical trial. [57, 144, 

145] 

TGF-β  Stimulates fibroblasts and 

endothelial cells.  

↗ healing in animal 

models. 

Pre-clinical. [57, 138] 

FGF-2  

Chitosan hydrogel 

Cellular proliferation, migration, 

angiogenesis and morphogenesis 

↗ healing in animal 

models 

Pre-clinical [116] 

EGF, IGF-I, PDGF-A, 

bFGF + QCN + O2  

Dextran hydrogel 

Enhanced scratch clousure rate 

(in vitro)  

Stimulation of reepithelialization 

and regeneration of connective 

tissue (in vivo). 

↗ healing in animal 

models 

Pre-clinical [117] 

VEGF, EGF Stimulates production of new 

extracellular matrix and promote 

angiogenesis 

↗ healing in animal 

models 

Pre-clinical [118] 

QCN – quercetin (naturally occurring flavonoid found in vegetables, tea, and berries. It has anti-ulcer, -inflammatory, and -infective 

activities due to its ability to scavenge oxygen free-radicals and inhibit lipid peroxidation.) O2 – oxygen molecules 

 

The immobilization of growth factors on biomaterials may increase their life-time and 

controlled release in the wound [93, 106, 146]. PDGF-BB daily treatment for chronic pressure 

ulcers was first described in 1992, in a phase I/II, double-blind, placebo controlled study, 

where patients treated with 100 µg/mL presented significantly better healing than the placebo 

group [147, 148]. More recently, rhPDGF administration in a gel wound dressing presentation 

(becaplermin gel) has been shown to increase significantly the effect of this growth factor in 

chronic neuropathic ulcers, becoming the first FDA approved advanced therapy for chronic 

wound management [23, 28, 56, 93]. Nevertheless, this approach still requires daily 

application [56]. Sustained delivery of growth factors may reduce the need for frequent 

application by incorporation in hydrogels, for example, a photocrosslinkabe chitosan hydrogel 

containing FGF-2 improve wound closure in diabetic mice [116]. The combination of several 

growth-factors and other molecules as also been tested with promising results, reducing the 

interval of application from 2 to 7 days [117]. The combination of different biomaterials can 

also be a strategy to improve growth factor delivery and effect in chronic wounds. For 

example, a dextran hydrogel loaded with chitosan spherical microparticles containing VEGF 

and EGF, demonstrated significant improvement of wound healing versus the administration 

of free VEGF and EGF every two days [106, 118].  
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DNA and RNA-based therapies 

Gene expression profile studies during the cutaneous wound healing has motivated the 

development of gene delivery strategies to facilitate wound healing [149]. DNA-based 

therapeutics may restore the expression of growth factors or inhibit the expression of 

upregulated genes (e.g. MMP-9); however, the delivery of these therapies is still a major issue.  

They may be deliver by viral vectors including recombinant retrovirus, adenovirus and herpes 

simplex virus-1, and non-viral techniques, such as direct application, injection (followed or not 

by electroporation), plasmid DNA and nanoparticles [150]. For example, an adenoviral 

mediated gene transfer of PDGF-B was found to enhance wound healing in type I and type II 

diabetic animal model [151]. Electroporation of the wound after direct injection of KGF-1 DNA 

plasmid was also able to accelerate wound closure [152]. Biomaterial-based delivery systems 

may enhance the uptake of DNA-based therapies by reducing degradation and improving 

control of the treatment dose [26, 101]. For example, collagen matrixes encapsulating DNA 

encoding the PDGF-BB gene were effective in accelerating wound healing in ischemic dermal 

ulcers in New Zealand white rabbits [134]. In addition, hyaluronic acid-based porous hydrogels 

containing a MMP-degradable linker to VEGF plasmid DNA resulted in enhanced wound 

healing in mice, due to cell infiltration of the hydrogel upon matrix degradation [120]. 

Moreover, a plasmid encoding FGF encapsulated in cationic liposomes improved wound 

healing in db/+ and db/db mice [135]. Gene modulation may also be obtained by manipulating 

the patient cells in vitro with a vector containing the therapeutic DNA of interest, selecting the 

transfected cells and then administrating the transgenic cells into the patient, which can be 

done by incorporation in biodegradable matrix (biological, synthetic) that is applied in the 

patient wound. This approach conjugates gene and cell therapy techniques [150]. 

RNA-based therapeutics, including siRNA, lncRNA, piRNA, miRNA or shRNA, are under 

intense scrutiny of the scientific community for wound healing applications. Small interfering 

RNA (siRNA) can provide gene-specific silencing and present a safe and effective way for 

knockdown of inflammatory or other target proteins in chronic skin wounds. The silence of 

MMP-9 by siRNA complexed on cationic star-shaped polymers improved wound healing on 

diabetic mice [136]. Micro RNAs (miRNAs/miRs) constitue a very appealing therapy because 

they target multiple genes at the same time regulating multiple biological events. Imbalance 

on miRNAs levels have been observed in chronic / diabetic wounds versus acute wounds, such 

as miRNAs from the let-7 family, miR-16, miR-21 and many others [153-156]. Nevertheless, 

despite the progresses, the research in this area is still in an embryonic status and still little is 

known about miRNAs delivery, stabilization in the wound and full impact of its administration 

[156, 157]. MiRNAs display many common features with small interfering RNA (siRNA), sharing 

several molecular machineries and similar mechanisms of action. Thus, technological solutions 

adopted for therapeutic protocols using siRNA may find use for miRNAs as well [157]. Two 

studies report induction of miRNA overexpression, both related with miR-21 effect in acute 

wound models. In the first work miR-21 was administrated in phosphate buffered saline 

solution (PBS) directly in the rat skin, previously (2 days) to wound infliction, this treatment 

inhibited epithelization and granulation tissue formation [158]. In the second reported an 

injection of miR-21 expressing plasmid in the wound edge, after wound creation, enhanced 

wound contraction and granulation tissue formation [159]. These contradictory findings may 

be explained by several reasons including the time of administration (skin conditioning can 

occur by the administration previously to wounding) to the effective quantity of miRNA 
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delivered to the cells and intrinsic differences of the animal model used. In fact, the 

knockdown of endogenous miR-21 by a specific antagomir delayed wound reepithelization in 

mice [160]. On the other end, the inhibition of miR-21 in a hypertrophic scar model reduced 

collagen deposition [161]. Inhibition of miRNA expression by different approaches have been 

reported by different groups to enhance wound healing, namely, miR-26a, which the down-

regulation was achieved by LNA-anti-miR injection prior to wounding, and miR-92a, inhibited 

by topically application of a specific anti-miR entrapped in a photolabile protecting cage 

followed by skin irradiation ten minutes after [137, 162]. 

 

Cell-based therapies 

Stem cells might be a promising therapy for several skin pathologies. Stem cells therapies 

can be categorized based on their source of procurement into allogenic (donor and recipient 

are different persons) and autologous (donor and recipient are the same person). Stem cells 

for allogenic applications include placental or amnion-derived mesenchymal stem/stromal 

cells (A-MSCs), pluripotent stem cells (PSCs), endothelial progenitor cells (EPCs), bone-marrow 

(BM), umbilical cord blood (UCB) and umbilical cord (UC, wharton jelly) mesenchymal 

stem/stromal cells (MSCs), BM and UCB hematopoietic stem cells (HSCs), mesenchymal 

stem/stromal cells derived from adipose tissue (ASCs) and skin and hair follicles stem cells. 

Stem cells from various sources have been used to modulate the healing response of acute and 

chronic wounds [86, 88, 89, 98-100, 163-176]. MSCs and ASCs are able to regulate and control 

the inflammatory state of the wound [88, 89, 98, 165, 169], recruit endogenous stem cells, 

progenitor cells and somatic cells to the wound site [86, 88, 98, 165-169] and engraft in the 

wounded tissue [86, 98, 99, 165, 166, 168], where they can differentiate into several different 

cell types helping to restore the skin tissue. HSCs exert a pro-angiogenic effect and once 

engrafted can differentiate into endothelial cells [99, 170]. Mononuclear cells (MNCs), which 

include HSCs, or BM lysates are also used for wound healing applications [171]. EPCs promote 

wound healing by releasing pro-angiogenic factors and/or by the differentiation into 

endothelial cells (ECs) [98, 99, 163, 174, 175]. Table VI displays examples of cell-based 

therapies for wound healing. 

 

Table VII. Cell-based therapies for chronic wounds.  

Cells Biomaterial Condition Model Outcomes Ref 

UCB-
MNCs 

Fibrin platelet glue Chronic 
wounds 

Human patients ↗ wound healing [172] 

BM-MSCs _ Chronic 
wounds 

NOD/SCID mice ↗ wound closure and 
epithelization 

[165] 

UC-MSCs _ Diabetic 
wounds 

Db/db mice ↗ wound closure and 
angiogenesis 

[167]  

BM-MSCs _ Diabetic and 
acute wounds 

BALB/c; db/db mice 
+ normal littermates 

↗ wound closure and 
epithelization 

[166] 

BM-MSCs Fibrin polymer 
spray 

Diabetic and 
acute wounds 

human and C57BL/6 
and db/db mice  

↗ wound closure;  
↘ chronic wound size 

[177] 

BM-MSCs Polyethylene glycol 
diacrylate (PEGDA) 
hybrid hydrogel 

Diabetic 
wounds 

C57BKS Cg-m+ /+ 
Leprdb 

↗ wound closure, 
granulation tissue and ECM 
formation, angiogenesis, 
and reepithelialization 

[121] 
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Table VII. Cell-based therapies for chronic wounds. (Cont.) 

PB-MNCs _ Diabetic 
wounds 

Diabetes I nude 
mice (STZ) 

↗ wound closure and 
vascularization 

[170] 

UCB-
MNCs 

_ Diabetic 
wounds 

Diabetes I rat model 
(STZ) 

↗ wound closure and 
epithelization 

[171] 

PB-HSCs _ Diabetic 
wounds 

Diabetes I nude 
mice (STZ) 

↗ wound closure and 
vascularization 

[170] 

UCB-HSCs _ Diabetic 
wounds 

Diabetes I rat model 
(STZ) 

↗ wound maturation [173] 

UCB-HSCs 
UCB-HSCs 
+dECs 

Fibrin gel Diabetic 
wounds 

Diabetes I mice (STZ) ↗ wound healing [174] 

Mature B 
cells 

_ Diabetic and 
acute wounds 

C57BL/6 & 
B6.BKS(D) – Leprdb /J 
mice 

↗ wound closure [178] 

BM-MSCs Composite silk 
nanofiber hydrogel 
+ microgels 

Acute 
wounds 

Sprague-Dawley (SD) 
rat 

↗ wound healing, 
angiogenesis 
↘ inflammation 

[122] 

UC-MSCs, 
UCB-MSCs 

_ Acute 
wounds 

Nude mice Less scar of the wound, 
ECM remodeling 

[89] 

ASCs Cytocare ® 532 (HA 
solution) 

Acute 
wounds 

Nude mice ↗ wound closure and 
maturation 

[169] 

ASCs Collagen gel Acute 
wounds 

BALB/c nude mice ↗ wound closure and scar 
thickness 

[179] 

Expanded 
UCB-HSCs 

Nanofiber mesh Acute 
wounds 

NOD/SCID mice ↗ wound healing 
↘ inflammation 

[180] 

PB-EPCs _ Acute 
wounds 

Athymic nude mice ↗ wound maturation and 
vascularization 

[175] 

Dermal 
fibroblasts 

Collagen gel Acute 
wounds 

BALB/c nude mice ↗ wound closure and scar 
thickness 

[179] 

BM-MSCs Collagen-chitosan 
sponge scaffold 

Hindlimb 
ischemia 

Diabetes I rat model 
(STZ) 

↗ wound closure and 
angiogenesis 

[181] 

ASCs _ Radiation 
ulcers 

Sprague-Dawley (SD) 
rat 

↗ wound closure and 
vascularization 

[168] 

BM - Bone marrow; UC - Umbilical cord (Wharton jelly); UCB - Umbilical cord blood; PB - Peripheral blood; MNCs – 

mononuclear cells; MSCs - Mesenchymal stem/stromal cells; ASCs - Adipose tissue stem cells; HSCs - Hematopoietic 
stem cells; dECs – UCB-HSCs derived endothelial cells; EPCs - Endothelial progenitor cells. 

 

The major limitation of cell-based therapies is low cell survival and cell engraftment. To 

overcome this, biomaterials have been used for encapsulating cells [26, 98-101]. For example, 

autologous BM-MSCs delivered in a fibrin spray accelerate healing in murine and human 

cutaneous wounds [177]. Expanded human UCB-derived CD34+ (HSCs) cells administrated on a 

nanofiber mesh to the wounds inflicted in immunocompromised murine model (NOD/SCID) 

increased wound healing by attenuating the pro-inflammatory factors [180]. A biocompatible 

multifunctional crosslinker based temperature sensitive hydrogel developed to deliver BM-

MSCs promoted granulation tissue formation, angiogenesis, extracellular matrix secretion, 

wound contraction, and re-epithelialization [121]. A composite of silk nanofiber hydrogels and 

MSC-laden microgels increased wound healing and form scarless tissues with hair follicles, by 

protecting and stabilizing MSCs in the wound, promoting angiogenesis and M1-M2 phenotype 

switching of macrophages [122]. Furthermore, hypoxia pretreatment of a skin substitute 

composed of BM-MSCs seeded in collagen-chitosan sponge scaffolds accelerated wound 

closure via reduction of inflammation and promotion of angiogenesis in diabetic rats with 

hindlimb ischemia [181]. More examples can be found on Table VI. 
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Several registries of cell therapies clinical trials for wound healing, all over the world. A 

total of 33 studies were found when searching for ‘cell therapy’ + ‘chronic Ulcer’ in 

clinicaltrials.gov, Figure - 3 [182]. Of the 33 clinical trials found, 31 were interventional and 2 

were observational studies. In the majority of the interventions (9), bone marrow or peripheral 

blood cells were administrated, which include one trial in Phase III (Treatment of Chronic 

Critical Limb Ischemia with G-CSF-mobilized Autologous Peripheral Blood Mononuclear Cells – 

NCT01853384). Adipose derived stem cells (2) and mesenchymal stem/stromal cells (1) were 

administrated in 3 trials. The search also included 3 studies in which platelet rich plasma (PRP – 

2 trials) or platelet gel (1 trial in phase III, NCT00273234) was applied. Skin grafts have been 

evaluated in 3 different trials, one in phase III (NCT00368693). Several studies for commercial 

labelled therapies were found (7), 3 in phase III (NCT01421966; NCT02130310; NCT01853384) 

and one already in phase IV (NCT01596920).  

 

Figure - 3. Registered clinical trials of cell therapies for Chronic Ulcers. 

The map presents the locations of 33 Studies found for the following research terms: ‘cell therapy’ + ‘chronic Ulcer’. 

Data from clinicaltrials.gov accessed in 2018 Jan 26. Studies with no locations are not included in the counts or on 

the map. Studies with multiple locations are included in each region containing locations [183].  

The regenerative effect of cell-based therapies seems to be related to their paracrine 

effect than cell engraftment effect [98, 163, 184]. For example, the application of BM-MSCs or 

BM-MSC-conditioned media was found to enhance wound reepithelization and increase 

endothelial cell tube formation [165, 166]. In addition, UCB-MSC- conditioned media was able 

to induce accelerated wound closure and angiogenesis in db/db mice wounds [167]. Moreover, 

UCB-HSCs (CD34+ cells) administration on rat diabetic wounds improved wound healing by 

increasing FGF1, IL-1, TGF-β and VEGF expression [173]. Interestingly, the wound healing after 

topical administration of UCB hemodialysate on streptozotocin (STZ) induced diabetic rat 

wounds was higher than the injection of UCB-MNCs in the wound. Indicating the present of 

micro- or nano-soluble components with pro-healing bioactivity [171]. Peripheral blood (PB) 

MNCs secretome (APOSECTM) has been also studied for chronic wound healing purposes. 

APOSECTM enhanced skin regeneration and vascularization in a mice wound-healing model and 

porcine skin third degree burn model and a Phase I clinical trial have recently demonstrated 

the safety and tolerability of this product in healthy volunteers with artificial dermal wounds, 

although it did not affect wound closure [185-187]. 
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Extracellular-vesicle-based therapies  

The application of cell paracrine factors seems to be a good alternative to the 

transplantation of cells because they do not present constrains related to low cell retention 

and poor survival [184, 188, 189], they offer no risk of aneuploidy, and they are relatively easy 

to process and have a competitive cost [188-190]. Extracellular vesicles (EVs) are membrane-

enclosed vesicles that are released into the extracellular environment by various cell types, 

which can be classified as apoptotic bodies, microvesicles and exosomes [191-197]. Apoptotic 

bodies are the largest vesicle population, with a diameter ranging from 1 to 5 µm and have a 

heterogeneous morphology. Apoptotic bodies are released when cells undergo apoptosis and 

therefore they contain various components from their parental cells often including organelles 

and DNA fragments [198]. Microvesicles, also known as “ectosomes”, are the second largest 

vesicle type between 100 and 1000 nm in diameter, which are formed by the outward budding 

and fission of the plasma membrane [199]. Exosomes are the smallest class of EVs with 

diameters between 40 and 100 nm and a cup shape morphology according to previous studies 

using electron microscopy [200, 201]. Cancer cells also generate several types of vesicles, 

including, a particular type particular type of EVs are produced by cancer cells, oncosomes and 

large oncosomes (LOs), with sizes ranging from 100 to 500 nm and 1 e 10 mm, respectively. 

Like MVs, oncosomes and LOs are produced by budding of the plasma membrane [194].  

 

Figure - 4. Types of extracellular vesicles (EVs). 
Exosomes are formed in multivesicular bodies (MVBs), which fuse with the plasma membrane and release the 

exosomes. Microvesicles (MVs) are formed by budding of the plasma. Apoptotic bodies are produced by dying cells, 

and they have a wide range of sizes. Adapted from [194] 

 

EVs contain proteins, lipids, RNA, characteristics of their secreting cells, and are thought 

to play an important role in cellular communication, between neighbouring cells or distant 

cells [10, 191-193, 197, 202-205]. In the context of wound healing, EVs from different sources 

have shown promising regenerative results, both in in vitro and in vivo experiments [10, 191, 

206-215]. In addition, the combination of biomaterials with EVs is a promising area that is 

expected to increase in terms of visibility and impact in the upcoming years. So far, only a few 

studies reported the use of biomaterials for the delivery of EVs [123-126, 216-221]. A summary 

of studies of EVs for wound healing may be found in Table VIII.  
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Table VIII. EVs studies on wound healing.  

Source In Vitro (a) In Vivo (b) Outcomes (in vitro (a) & in vivo (b)) Ref. 

hPRP * Endothelial cells 
Fibroblasts 

Diabetic (STZ) 
wound rat 
model  

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization and angiogenesis, 

collagen remodeling 

[125] 

hUCB – 
EPCs  

Endothelial cells Diabetic (STZ) 
wound rat 
model  

(a) ↗ cell proliferation, migration and angiogenesis;  
(b) ↗ wound closure, reepithelization, collagen maturity and 

angiogenesis, ↘ scar 

[207] 

hUCB – 
EPCs 

Endothelial cells Diabetic (STZ) 
wound rat 
model  

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure 

[222] 

hUC – 
MSCs  
(LPS condit.) 

Macrophages Diabetic (STZ) 
wound rat 
model  

(a) ↗ M2 differentiation 
(b) ↗ wound closure and angiogenesis, ↘ inflammatory cell 

infiltration 

[223] 

mouse 
ASCs * 

Endothelial cells 
 

Diabetic (STZ) 
wound mouse 
model  

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization, collagen deposition and 

angiogenesis 

[123, 
224] 

human 
SMSCs * 
(+ miR-126-3p) 

Endothelial cells 
Fibroblasts 

Diabetic (STZ) 
wound rat 
model  

(a) ↗ cell proliferation 
(b) ↗ wound closure, reepithelization, collagen maturity and 

angiogenesis 

[217] 

human 
GMSCs * 

_ Diabetic (STZ) 
wound rat 
model  

(b) ↗ wound closure, reepithelization, collagen maturity; 

angiogenesis and neuronal ingrowth 

[124] 

mouse 
M2 *§      
(+ miR-223) 

Endothelial cells 
Fibroblasts 
 

Diabetic (STZ) 
wound mouse 
model  

(a) ↗ cell survival, proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization, granulation tissue 

formation and angiogenesis; ↘ infection and ROS damage 

[218] 

human 
fibrocyte 

Endothelial cells 
Fibroblasts 
Diabetic 
keratinocytes 

Diabetic (db/db) 
wound mouse 
model  

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure 

[225] 

hUCB – 
MNCs 
(CD34-) * 

Endothelial cells 
Keratinocytes 
Fibroblasts 

Diabetic (STZ 
and db/db) and 
acute wound 
mouse model  

(a) ↗ cell survival, cell proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization, remodeling and 

angiogenesis 

[126] 

hUC – 
MSCs * 

Endothelial cells 
 

Diabetic (STZ) 
and acute 
wound rat 
model  

(a) ↗ proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization, remodeling, maturation 

and angiogenesis 

[219] 

hUCB 
plasma 

Endothelial cells 
Fibroblasts 

Acute wound 
mouse model 

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization and angiogenesis, ↘ scar 

[226] 

hUC – 
MSCs * 

Fibroblasts Acute wound 
(nude) mouse 
model  

(a) ↗ proliferation and migration; ↘ myofibroblast 
differentiation 

(b) ↗ wound closure, ↘ scar 

[216] 

cBM – 
MSCs  

_ Acute wound 
dog model  

(b) ↗ wound closure, reepithelization, collagen maturity and 

angiogenesis 

[227] 

human 
ASCs * 

Keratinocytes 
Fibroblasts 

Acute wound 
rat model 

(a) ↗ cell proliferation and migration 
(b) ↗ wound closure 

[228] 

human 
ASCs 

Fibroblasts Acute wound 
mouse model 

(a) ↗ cell proliferation, migration and collagen synthesis 
(b) ↗ wound closure and maturation, ↘ scar 

[229] 

human 
ASCs 

Fibroblasts Acute wound 
mouse model 

(a) ↘ differentiation fibroblast myofibroblast 
(b) ↘ scar; ↗ collagen and extracellular matrix maturation  

[230] 

rat       
ASC * 

Endothelial cells 
 

Acute wound 
mouse model  

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure and angiogenesis 

[220] 

hiPSC – 
MSCs 

Endothelial cells 
Fibroblasts 

Acute wound 
rat model 

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ wound closure, reepithelization, collagen maturity and 

angiogenesis 

[231] 

human 
AECs 

Fibroblasts Acute wound 
rat model 

(a) ↗ cell proliferation and migration 
(b) ↗ wound closure and collagen-fibers organization; ↘ scar 

[232] 

mouse 
fibroblast
s * 

Endothelial cells 
Fibroblasts 
 

Acute wound 
mouse model  

(a) ↗ cell proliferation, migration, and angiogenesis 
(b) ↗ wound closure, reepithelization, collagen maturity and 

angiogenesis 

[221] 

hBM – 
MSCs  

Endothelial cells 
Keratinocytes 
Fibroblasts  

Acute wound 
mouse model  

(a) ↗ cell proliferation, migration, and angiogenesis 
(b) ↗ wound collagen maturity and angiogenesis 

[215] 
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Table VIII. EVs studies on wound healing. (Cont.) 

hPB – 
EPCs 

_ Ischemic hind 
limb (SCID) 
mouse model  

(b) ↗ limb perfusion, vascularity,  
↘ limb amputation 

[233] 

hPB – 
HSCs 
(CD34+) 

Endothelial cells 
 

Ischemic hind 
limb mouse 
model 

(a) ↗ angiogenesis 
(b) ↗ limb perfusion, vascularity, motor function; ↘ limb 

amputation 

[206] 

hUC – 
MSCs  

Keratinocytes 
Fibroblasts 

Skin burn rat 
model 

(a) ↗ cell survival; ↘ apoptosis 
(b) ↗ burn repair, reepithelization and collagen maturity 

[234] 

hUC – 
MSCs  

Endothelial cells Skin burn rat 
model 

(a) ↗ cell proliferation, migration and angiogenesis 
(b) ↗ burn repair, angiogenesis 

[235] 

hUC – 
MSCs  

Macrophages Skin burn rat 
model 

(a) (b) ↘ inflammation [236] 

hBM – 
MSCs  

Endothelial cells 
Patient’s skin 
fibroblasts  

_ (a) ↗ normal and diabetic cell proliferation and migration  

↗ angiogenesis 

[237] 

hPRP – human platelet-rich plasma; hUCB – human umbilical cord blood; hUC – human umbilical cord (wharton jelly); hPB – 
human peripheral blood; hBM – human bone marrow; cBM – canine bone marrow; EPCs – endothelial progenitor cells; MNCs – 
mononuclear cells; HSCs – hematopoietic stem cells (CD34+); MSCs – mesenchymal stem/stromal cells; ASCs – adipose tissue stem 
cells; SMSCs – synovial mesenchymal stem/stromal cells; GMSCs – gingival mesenchymal stem/stromal cells; hiPSCs – human 
induced pluripotent stem cells; AECs – amniotic epithelial cells; M2- M2 phenotype macrophages; LPS condit.- lipopolysaccharide 
conditioning; STZ – streptozotocin; ROS – reactive oxygen species - oxidative stress. * Studies where biomaterials were used as 
scaffold and allowed delayed and sustained release of EVs in the wound. § FGF-2 was administered with EVs to the wound. 

 

The majority of the studies regarding the use of EVs on wound healing are at pre-clinical stage. 

Nevertheless, Kumamoto University is leading a phase 1 clinical trial. In this study autologous 

plasma-derived exosomes are applied in chronic ulcers with the aim of inducing faster wound 

closure and relief of patient’s pain [238]. 

 

II. Biogenesis, composition and isolation of exosomes 
 

1. Biogenesis and secretion 

Cells secrete different types of vesicles to the extracellular environment. These vesicles 

may be originated on multivesicular bodies (MVBs) (exosomes) or by the budding of the 

plasma membrane (microvesicles, MVs) [191-196, 239]. Exosome biogenesis involves 4 main 

stages: 1) inward budding of the cell membrane creating endocytic vesicles; 2) early endosome 

formation and early endosome membrane budding forming intra-lumminal vesicles (ILVs); 3) 

evolution to multivesicular bodies (MVBs, or multivesicular endosomes – MVEs); and 4) fusion 

of MVBs with the plasma membrane and subsequent exosome release to the extracellular 

milieu. Not all MVBs fuse with the plasma membrane, some are targeted for the lysosome, and 

once in the lysosomal pathway, MVBs are prone to fuse with lysosomes for degradation of 

their contents (Figure - 5) [239]. 

The formation of endocytic vesicles can be both clathrin- or non-clathrin-mediated 

endocytosis at the plasma membrane. These vesicles are then transported to early endosomes 

that develop to late endosomes develop by acidification, changes in their protein content and 

their tendency to fuse with vesicles or other membranes [240]. These different vesicles can be 

distinguished by their physical shape and cellular location. In particular, early endosomes 

display a tubular appearance and are located at the outer margin of the cell, whereas late 

endosomes are spherical in shape and are located close to the nucleus. The key step in the 

formation of MVBs from late endosomes is reversed budding. During this process, the limiting 

membrane of late endosomes buds into their lumen, which results in a continuous enrichment 
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ILVs. MVBs can then degraded by fusing with the lysosome or fuse with the plasma membrane 

secreting exosomes (Figure - 5) [239, 241-244].  

 

Figure - 5. Exosome biogenesis and secretion. 
Clathrin-coated vesicles (CCVs) bud from the plasma membrane, and exosomes (smaller vesicles of 

different sizes) are formed by budding into early endosomes and MVEs that posteriorly fuse with the 

plasma membrane. Other MVEs fuse with lysosomes. Red spots symbolize clathrin associated with 

vesicles at the plasma membrane or bilayered clathrin coats at endosomes. Membrane-associated and 

transmembrane proteins on vesicles are represented as triangles and rectangles, respectively. Arrows 

represent proposed directions of exosome biogenesis and secretion and lysosome degradation 

pathways [239]. 

 

Exosome designation was initially applied to name a broad range of vesicles (40 nm – 1 

µm) released by cultured cells [245]. Later, the term exosome, was limited to the designation 

of vesicles of endosomal origin (40–100-nm), released by MVBs fusion with the plasma 

membrane during reticulocyte differentiation [246-248]. In the late 1990 secretion of similar 

vesicles (exosomes) by fusion of MVBs with the plasma membrane was also described for B 

lymphocytes and dendritic cells [249, 250].  

There are distinct populations of MVBs coexisting in the cell, although morphologically 

identical, one is enriched in cholesterol and another have low amounts of cholesterol. The 

cholesterol-rich population is related with exosome secretion and the other, poor in 

cholesterol, is targeted for lysosomal fusing and degradation [251, 252]. On the other end, 

lysobisphosphatidic acid seem to target MVBs for lysosomal degradation, since it’s absent of 

exosomes, but present in MVBs containing EGF destined for lysosome degradation [253, 254].  

The molecular machineries related to MVBs biogenesis and degradation and/or fusion 

with the plasma membrane involves evolutionarily conserved proteins, namely four 

multiprotein complexes: endosomal sorting complex responsible for transport (ESCRT) -0, -I, -

II, and –III; and accessory proteins (e.g., TSG101, Alix and VPS4). ESCRT-0 is responsible for 

cargo clustering in an ubiquitin-dependent manner, ESCRT-I and ESCRT-II induce bud 

formation, ESCRT-III drives vesicle scission, some accessory proteins allow for the dissociation 

and recycling of the ESCRT machinery [243, 255-259]. One example where ESCRT components 

have been implicated in EV formation involves the transferrin receptor, which is fated for 
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exosome secretion in reticulocytes, this receptor interacts with the ESCRT accessory protein 

Alix during its sorting at MVBs [260]. This protein, Alix, was also shown to interact with 

syntenin and syndecans in exosome biogenesis and sorting [261]. In denditric cells, the ESCRT-

0 component Hrs (Hepatocyte growth factor–associated tyrosine kinase) has been reported to 

be involved in exosome formation and secretion [262]. Also in dendritic cells, the ESCRT family 

was demonstrated to interact with TSG101 and Alix [263]. Additionally, p53 activity has been 

linked to the ESCRT-III component Chmp1A, indicating that p53 plays a role in MVB and 

exosome biogenesis [264]. The p53 and its transcriptional target TSAP6 was already been 

implicated in the regulation of exosome secretion [265]. Moreover, the depletion of TSG101, 

an ESCRT-I component, also leads to reduced exosome secretion in the tumor cells HeLa-CIITA 

and MCF-7, and in immortalized RPE1 epithelial cells [261, 266] 

Actually, there are 2 types of exosome biogenesis, at least partially demonstrated, an 

ESCRT-dependent and a ESCRT-independent mechanism and different cells seem to prefer 

specific exosomal biogenesis pathways [239, 243, 258, 259, 267]. The existence of ESCRT-

independent mechanisms for MVB formation is supported by the finding that cells 

concomitantly depleted of four subunits of the ESCRT complex are still able to generate CD63-

positive MVBs [265]. CD63 have been demonstrated to function in ESCRT-independent sorting 

to ILVs of the melanosomal protein PMEL, a protein that is targeted to exosomes in melanoma 

cells [268, 269]. In oligodendroglial cell lines the biogenesis of exosome and secretion but are 

dependent on sphingomyelinase, an enzyme that produces ceramide, and do not require 

ESCRT involvement [270]. Moreover, tetraspanins, transmembrane proteins highly enriched in 

MVBs, seem also to be related to exosome biogenesis [271]. Tetraspanins are involved in with 

large protein complexes and appear associated with MHC class II molecules in exosomes [253, 

272]. In fact, denditric cells recruit MHC II to exosomes, for storage and processing before 

presentation of the antigen loaded MHC II molecules in the cell membrane, in a way that is 

independent of the ESCRT machinery [242, 272]. In neuronal cells, plasma membrane 

depolarization increases the rapid secretion of exosomes [273, 274]. Increasing intracellular 

Ca2+ levels was also demonstrated to be related with the release of EVs in a human 

erythroleukemia cell line and mast cells [275, 276]. 

Some mechanistic elements are shared by MVBs and MVs. The processes related to MV 

release and MVB mobilization, docking and fusion with the cell membrane require the 

cytoskeleton (actin and microtubules), associated molecular motors (kinesins and myosins), 

molecular switches (small GTPases, Rabs), and the fusion machinery (SNAREs and tethering 

factors) [239, 243, 258, 259, 277, 278]. The SNARE complex involved in Ca2+ regulated 

exocytosis of lysosomes includes VAMP7 and Ca2+ binding synaptotagmin VII [279]. Similarly 

exosome secretion by maturing reticulocytes appeared to be dependent on VAMP7 function 

(Fader et al., 2009), whereas in MDCK (Madin-Darby canine kidney) cell lines the expression of 

the the Longin domain of VAMP7 impairs lysosomal secretion and seems to play a role in the 

endocytic system, without affecting exosome release [280, 281]. Other study, demonstrated 

that secretion of exosomes carrying the morphogen Wnt is dependent on the R-SNARE Ykt6 

(Gross et al., 2012). The Rab GTPases relation to exosome secretion was shown on reticulocyte 

cell lines via Rab 11 involvement [275, 282]. Other Rab GTPase, Rab27, associated with 

secretory lysosome–related organelles, could be involved directly or indirectly in the transport 

and tethering at the cell periphery of the secretory MVBs [283]. In fact, Rab27a or Rab27b 

knockdown, or silencing of 2 known Rab27 effectors Slp4 (synaptotagmin-like 4, or SYTL4) and 

Slac2b (or exophilin 5 - EXPH5), was demonstrated to reduce significantly exosome secretion 

[284]. Additionally, the knockdown of the Rab GTPase-activating proteins TBC1D10A–C and/or 

interference with its effector, Rab35, also resulted in reduced exosome secretion [285]. In 

summary, Rab11, Rab27, and Rab35 appear to be involved in exosome release, but its selective 
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inactivation only partially impacted this pathway. The roles of these GTPases could be either 

complementary, cell type dependent, or only indirect by regulating pathways upstream of 

exosome secretion [239]. 

 

2. Exosome packaging and composition  

The first time exosomes were described they were being secreted by reticulocytes 

cultured in vitro [246, 247]. But, exosomes, and EVs in general, are released from several 

different type of cells including stem cells, progenitor cells, somatic cells and cancer cells [10, 

189, 200, 206-208, 249, 250, 271, 286]. Exosomes can be found present in all body fluids, like 

blood, saliva, urine, amniotic fluid, semen, breast milk, and cerebrospinal fluid, they carry 

several bioactive molecules, such as lipids, proteins and RNAs [239, 287-298]. 

As referred, exosomes are release by different cells types and in different ways, therefore 

it is expected that their composition will differ depending on the cell type and the environment 

and/or stimuli cells are exposed to. Exosomes are mainly composed of lipids, proteins (soluble 

and membrane linked) and nucleic acids (small RNAs), that present a particular profile related 

to the endosomal pathway and cell of origin [239, 259]. Nowadays, there are 3 comprehensive 

online databases were EV researchers register, annotate and review information regarding 

exosome and EVs composition, exosomal lipids, proteins and nucleic acids: Exocarta 

(www.exocarta.org), EVpedia (www.evpedia.info), and Vesiclepedia (www.microvesicles.org) 

[192, 193, 204, 205]. 

Exosomes present a particular profile related to the endosomal pathway and cell of origin, 

regarding their lipid, protein and RNA content [239, 259, 299]. For example, MSCs originated 

from bone marrow (BM-MSCs), adipose tissue (ASCs), and umbilical cord (UC-MSCs) present 

different growth factor composition, with VEGF-A, FGF-2, HGF and PDGF-BB present in 

exosomes from all the three sources and TGF-β only being present in exosomes from UC-MSCs, 

which exerted a greater effect in keratinocytes as opposed BM-MSCs exosomes that had a 

higher effect in fibroblasts [300]. Cell donor health status also impacts EVs composition. 

Diabetes have been found to impair progenitor cells regenerative potential and number, 

namely EPC cells were found to be present in less number in diabetic patients and to be 

dysfunctional, thus with less pro-angiogenic capability [163, 301]. Moreover, expression of 

certain exosomal cargo, such as miR-126 was significantly lower under high-glucose or 

diabetes conditions in human CD34+ exosomes, indicating that the exosomal cargo is 

dependent on the physiological condition of the cell of their origin [206]. Age also represent a 

major factor on EVs regenerative potential. Effectively old bone marrow was demonstrated to 

inhibit skin wound vascularization[302]. At a EV / exosome level, cardiac progenitor cell (CPC) 

derived exosomes isolated from neonatal patients were found to have higher regenerative 

potential for cardiac tissue repair compared to CPC exosomes from older children, 

demonstrating the high potential associated to young or perinatal cells [217, 218, 223, 303, 

304]. Additionally, a significant reduction of circulating EVs numbers were found in older 

individuals [305]. When comparing MSCs EVs composition from different age stage groups, 

newborn, infant young, pre-pubertal, pubertal and adult individuals an overall decrease on EVs 

miRNAs levels that would transduce in altered bioactivity, namely in regulating inflammatory 

response [306]. 

Stimulation of exosome secretion as well as exosome content modulation has been 

reported by several groups upon application of different stimuli to their secreting cells, 

incubation with growth factors, calcium, LPS or specific miRs, or cells irradiation to induce 

apoptosis [215, 223, 225, 236, 307, 308]. Cells conditioning by culture under hypoxia and/or 

http://www.exocarta.org/
http://www.evpedia.info/
http://www.microvesicles.org/


 

 
28 

ischemic conditions was found to increase their regenerative potential towards wound repair, 

enhancing wound healing and angiogenesis [181, 188]. With this purpose, hypoxia or ischemia 

can be applied to enhance cells bioactivity and also to stimulate EVs secretion and modulate 

their composition [181, 188, 309-311].  

 

Lipid composition 

Exosomes are double membrane vesicles, therefore, rich in lipids. The exosome 

membrane is similar to the plasma membrane, including integral and pheripheral proteins in a 

lipid bilayer composed of phospholipids (glycerophospholipids, like, phosphatidyl choline - PC, 

lysophosphatidyl choline, phosphatidyl serine – PS, phosphatidyl ethanolamine- PE, 

phosphatidyl inositol – PI, and phosphosphingolipids, namely, sphingomyelin – SM), glycolipids 

(sphingoglycolipids, cerebrosides and gangliosides) and steroids (cholesterol - CHOL). The lipid 

composition of exosomes presents unique features relatively to other small vesicles secreted 

by cells. For example, the phospholipid distribution is not asymmetric like in the plasma 

membrane, where PS and PE are exclusive to the intracellular leafet [278, 312-315]. In 

addition, exosomal membrane is rich in cholesterol (CHOL) [251, 315]. Similarly, SM and PS are 

present in high levels, nearly 15 times the amount present in the plasma membrane, at the 

expense of PC and PE [253, 314-317]. Additionally, exosomes contain ceramides in their 

membrane that are absent on other EVs [253, 314, 315, 318]. The fatty acids in exosomes are 

mostly saturated or monounsaturated.  

Until now, few studies have investigated exosomal lipid composition and exosomal lipid 

biological function. Nevertheless, sphingolipids seem to present an important role in binding 

and endocytosis, probably related with CHOL-rich domain [319]. In addition, internal 

membranes of MVBs are enriched in lipids, such as lysobisphosphatidic acid (LBPA) that plays 

an important role in exosome biogenesis, by interacting with Alix it can induce internal 

budding of small vesicles from large liposomes when in a lipid mixture similar to MVB 

membrane composition [320-323]. 

 

Protein composition 

Exosome composition in proteins is closely related to their endosomal origin, exosomes 

from different cell types contain endosome-associated proteins involved in membrane 

transport and fusion (e.g., Rab GTPase, SNAREs, Annexins, and flotillin), proteins involved in 

MVB biogenesis (e.g., Alix and Tsg101), protein families associated with lipid microdomains, 

such as integrins and tetraspanins, such as CD63, CD81, CD82, CD53, and CD37, a family of 

proteins that are composed of four transmembrane domains, and associated with lipid rafts, 

including glycosylphosphatidylinositol-anchored proteins and flotillin [243, 253, 278, 315, 321, 

324-327]. Exosome protein content includes both conserved proteins, identified in almost all 

exosomes despite their origin, and cell-type-specific proteins [321, 328]. 

Cytosolic constituents are recruited into exosomes probably by the involvement of 

chaperones such as Hsc70, found in exosomes from most cell types [260, 263]. The 

development of quantitative mass spectrometry allowed the identification of many other 

cytosolic proteins by analysis of exosomal lysates, such as Hsp90, 14–3-3 epsilon, and PKM2, 

that, together with tetraspanins, coimmunoprecipitated with MHC II [329]. Moreover, other 

frequently found proteins are linked to cytoskeleton (β-actin, myosin, cofilin and tubulins) or 

to metabolism (e.g., glyceraldehyde 3-phosphate dehydrogenase (GADPH, ENO1). Of interest, 

exosomes contain also proteins involved in cell signaling pathways, like β-catenin, Wnt5B or 
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Notch ligand, Delta-like 4, mediators of intercellular cell signaling, like interleukins, TNF-α or 

TGF- β, cytokines, and growth factors depending on the cell source [278, 315, 321, 330]. 

 

RNA composition 

A major breakthrough in EV field was the discovery that exosomes, or EVs, isolated from 

cell cultures and body fluids, contain nucleic acids, such as mRNA and miRNA , and that mRNAs 

could be translated into proteins by target cells [202, 331]. Many RNAs that were isolated 

within EVs were found to be enriched relative to the RNA profiles of the originating cells, 

indicating that RNA molecules are selectively incorporated into EVs [202, 258, 278, 315, 328, 

331, 332]. Examples of miRNAs deteted in EVs from different sources are presented in Table IX. 

 

Table IX. MicroRNAs composition of EVs according to their cell source.  

EVs source  Expressed microRNAs Ref 

hPB plasma 
(patients) 

Let-7a-5p; Let-7b-5p; miR-15b-5p; miR-23a-3p; miR-23b-3p; miR-26b-5p; miR-126-3p;            
miR-126-5p; miR-151a-3p; miR-374b-5p; miR-632; miR-1972 

[333] 

hPB – HSCs 
(CD34+) 

miR-10a; miR-10b; miR-92b; miR-99a; miR-100; miR-125b; miR-126-3p; miR-130a; miR-335;     
miR-551b 

[206] 

hPB – MNCs 
(CD34-) 

miR-21; miR-22; miR-132; miR-143; miR-150; miR-765; miR-3184; miR-4286 [206] 

hUCB plasma 
 

miR-21-3p; miR-19b; miR-27b; miR-125b; miR-126; miR-214 [226] 

hUCB – MNCs 
(CD34-) 

Let-7a-5p;Let-7f-5p; Let-7g-5p; miR-16-5p; miR-19b-3p; miR-20a-5p; miR-21-5p; miR-23a-5p;    
miR-26a-5p; miR-142-3p; miR-150-5p; miR-181a-5p; miR-223-3p; miR-342-3p; miR-451a 

[126] 

hUC – MSCs 
 

miR-21; miR-23a; miR-125b; miR-145 [216] 

hUC – MSCs 
(LPS cond.) 

Let-7b, miR-133a; miR-183; miR-550b; miR-1180 [223] 

human 
fibrocyte 

miR-21; miR-124a; miR-125b; miR-126; miR-130; miR-132 [225] 

human        
CDCs 

miR-19a; miR-19b; miR-22; miR-24; miR-27a; miR-27b; miR-140-3p; miR-150; miR-210 i[334] 

human 
melanoma cells 

Let-7c; miR-23b; miR-25; miR-27a; miR-34a; miR-125b; miR-130a; miR-138; miR-146a; miR-149; 
miR-196a; miR-199-3p; miR-200b; miR-205; miR-146a 

[335] 

porcine ASCs 
 

Let-7f; miR-148a; miR-378; miR-32-5p [336] 

rat CPCs 
 

miR-15b; miR-17; miR-20a; miR-199a-5p; miR-210; miR-292-5p; miR-292-3p [337] 

hUCB – human umbilical cord blood; hUC – human umbilical cord; hPB – human peripheral blood; EPCs – endothelial progenitor 
cells; MSCs – mesenchymal stem/stromal cells; ASCs – adipose tissue stem cells; CPCs – cardiac progenitor cells; CDCs – 
cardiosphere-derived cells. 

 

How RNA species are sorted into EVs is still unknown. Six potential modes for sorting of 

miRNAs into exosomes have been proposed, although the underlying mechanisms remain 

largely unclear: 1) neural sphingomyelinase 2 (nSMase2)-dependent; 2) miRNA motif and 

sumoylated heterogeneous nuclear ribonucleoproteins (hnRNPs)-dependent; 3) 3’-end miRNA 

sequence-dependent; 4) miRNA induced silencing complex (miRISC)-related; 5) IL-4 cellular 

activation dependent; and 6) KRAS-dependent (Figure - 6) [338-346].  
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Figure - 6. Cellular mechanisms of miRNA sorting to exosomes.  
Different cellular mechanisms have been proposed to regulate sorting of miRNA into exosomes: (1) 
nSMase2-dependent; (2) hnRNPA2B1-dependent; (3) miRNA 3’ end base modifications; (4) miRISC-
dependent; (5) IL-4 cellular activation dependent; and (6) KRAS-dependent. Reviewed in [340]. 

 

As referred, exosomes are enriched in cholesterol, sphingomyelin, glycosphingolipids and 

phosphatidylcholine with saturated fatty acids because ILVs are created during the 

spontaneous inward budding of the raft-like region of the MVB limiting membrane, a proposed 

mechanism for RNA loading into exosomes is that the first step occurs before this budding 

process, when an RNA molecule binds to this raft-like region, and this RNAs internalization will 

depend on: (1) the presence of a lipid-bilayer binding motif within the RNA sequence; (2) RNA 

hydrophobic modifications; (3) RNA concentration in cytoplasm; and (4) the presence of raft-

like regions, enriched in specific lipids, in the MVB limiting membrane [347]. RNAs in EVs seem 

to share specific sequence motifs that may potentially function as elements for targeting to 

EVs [348]. ESCRT-II also acts as an RNA binding complex, therefore it may also function to 

select RNA [349]. Additionally, MVBs are sites of miRNA-loaded RISC (RNA-induced silencing 

complex) accumulation and exosome-like vesicles are considerably enriched in GW182 and 

AGO2 which can play a role in RNA sorting to exosomes [239, 321, 341]. An interesting finding 

is that, also endogenous RNAs play a role on miRNA sorting to exosomes, using a macrophages 

and endothelial cells (ECs) as a model of heterotypic cell communication, it was demonstrated 

that miRNA sorting to exosomes is modulated by cell activation-dependent changes of miRNA 

target levels in the producer cells [342]. This study further showed that the transferred 

miRNAs were active in receptor cells and modulated cellular miRNA expression [342]. 

Exosomes released by immune cells have been demonstrated to selectively incorporate miRNA 

that can be functionally transferred as a consequence of fusion with recipient cells [350, 351]. 

This transferred miRNAs were also suggested to be functional in target cells, as miRNAs from 

T-cell exosomes caused inhibition of target genes in dendritic cells (DCs), miRNAs of exosomes 

from Epstein-Barr virus infected B-cells affected the expression of target genes in monocytes, 

and apoptosis of pancreatic beta-cells has been demonstrated to be induced by exosomal 

miRNA transfer from neighboring cells [350, 352, 353].  

Deep sequencing RNA analysis demonstrated that, in addition to mRNA and miRNA, 

exosomes and EVs also contain a large variety of other small noncoding RNA species, including 

RNA transcripts overlapping with protein coding regions, repeat sequences, structural RNAs, 

tRNA fragments, small interfering RNAs, among others [315, 336, 354-356]. An important fact 

is that extracellular RNAs also have been found to be available in biological fluid and cell 

culture media in RNA–protein complexes that can be co-isolated with EVs [357]. Also, different 

RNA isolation methods give extensive variation in exosomal RNA yield and patterns [358]. 
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3. Isolation and characterization  

One major challenge in the field of EVs is to improve and standardize methods for EV 

isolation and analysis. Currently, EVs are mostly isolated from the supernatants of cultured 

cells and body fluids by differential ultracentrifugation [359]. Nevertheless, circulating vesicles 

are likely composed of exosomes, microvesicles (MVs), and other small EVs (SEVs), which the 

currently available purification methods do not allow to fully discriminate [239, 258, 328]. 

Exosomes can be more efficiently separated from contaminating particles, such as protein 

aggregates, by using their relatively low buoyant density, applying a density gradient 

centrifugation [249, 253, 326]. Additionally, differences in floatation velocity can be used to 

separate differently sized classes of EVs [295]. Additional purification can be achieved by 

immunoadsorption using a protein of interest, which also selects for vesicles with an 

exoplasmic or outward orientation [253]. More recently, size exclusion chromatography has 

been proved to efficiently isolate exosomes from other vesicles and contaminants [360]. 

Several commercial kits are also available, claiming fast and simple exosome-purification 

procedures without ultracentrifugation [244] 

In general, EVs are characterized by complementary techniques, such as immunoblotting, 

mass spectrometry, nanoparticle tracking analyses and imaging (e.g. transmission electron 

microscopy - TEM). Large EVs may be analyzed by conventional electron microscopy, but, small 

EVs can only be observed as “whole mount” samples when deposited without sectioning on 

electron microscopy grids [249]. In this case, EVs may collapse during drying, resulting in a cup-

shaped morphology, which is often considered erroneously as a typical feature of exosomes 

[239, 249]. The size and charge of EVs can be characterized by dynamic light scattering (DLS) 

and zeta potential analyses, respectively. Nanoparticle tracking analysis (NTA) allows also the 

determination of the size distribution of isolated EVs based on the Brownian motion of vesicles 

in suspension [361]. Conventional flow cytometers cannot distinguish between vesicles that 

are <300 nm, but a novel high resolution flow cytometry–based method has been recently 

developed for quantitative high throughput analysis of individual (immunolabeled) nanosized 

vesicles [362, 363].  

 

Table X. Extracellular vesicles characterization.  

EVs Size Biogenesis Isolation  Detection  Markers Contents 

Exos 40- 
100 
nm 

Exocytosis of 
MVBs 

Ultracentrifugation 
(UC) and gradient UC 
(100.000-200.0000g) 

DLS, NTA, TEM, 
WB, Flow 
cytometry, MS. 

CD9, CD 63, CD81, 
TSG101, Alix, 
LAMP1, flotilin 

Proteins and 
ncRNAs (e. g. 
mRNA, miRNA) 

MVs 100- 
1000 
nm 

Budding from 
PM 

Differential 
centrifugation 
(18.000 – 20.000g) 

Flow cytometry, 
capture based 
assays 

Integrins, selectins, 
CD40 
ligand 

Proteins and 
ncRNAs (e. g. 
mRNA, miRNA) 

ABs 1- 5 
µm 

Blebs release - 
apoptotic cells 

No stablished 
protocol 

Flow cytometry DNA content, 
Phosphatidyl-serine 

Nuclear 
fractions, cell 
organelles 

Exos – exosomes; MVs – microvesicles; ABs – apoptotic bodies; MVB – multivesicular bodies; PM – plasma 
membrane; DLS – dynamic light scattering; MS – mass spectrometry. Adapted from [196] and [197] 

 

A major challenge in the EV field is the establishment of methods that allows one to 

discriminate exosomes from other small EVs (SEVs) and MVs [252, 364]. Differences in 

properties such as size, morphology, buoyant density, and protein composition seems 

insufficient for a clear distinction [239, 365]. To help in the standardization and coordination of 
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research in EVs area, the International Society for Extracellular Vesicles was launched in 2011. 

This is a global society of leading exosomes and microvesicle researchers focused guiding EV 

research and to advance the understanding of EV biology. In 2012, the Journal of Extracellular 

Vesicles (JEV) was launched with this purpose [366]. The society promotes annual meetings 

with top researchers in the field and regularly holds regional workshops. In addition, ISEV has 

developed a MOOC (Massive Open Online Course) through Coursera. More importantly, ISEV 

issued several guidelines and studies regarding EVs classification, analysis and overall 

characterization and of EVs components [339, 367-371]. And recently formed a consortium for 

transparent report and centralization of knowledge in EVs [372]. 

 

III. Exosome communication, stability and targeting 
 

1. Exosomes in cell communication 

Intercellular communication is an essential hallmark of multicellular organisms and can be 

mediated through direct cell–cell contact or transfer of secreted molecules. EVs represent an 

important mode of intercellular communication by serving as vehicles for transfer bioactive 

molecules (lipids, proteins and RNAs) between cells [239]. It is well established that exosomes 

induce physiological changes in recipient cells upon interaction [328]. Although lipids are 

expected to have a biological role, not much is known about this molecules contribution for 

intercellular communication, but have been shown to carry functional lipid-related enzymes 

[314]. Nevertheless, exosome-mediated transfer of lipids seems to be related with lipid 

metabolic diseases [373]. On the other end, several exosomal proteins and RNAs have already 

been described as playing important roles in neighboring and distant cells activity [242, 258, 

259, 328, 339].  

 

 
Figure - 7. Schematic representation of EV mediated protein and RNA transfer. 
Membrane-associated (triangles) and transmembrane proteins (rectangles) and RNAs (curved symbols) are 

selectively incorporated into the ILV of MVEs or into MVs budding from the plasma membrane. MVEs fuse with the 

plasma membrane to release exosomes into the extracellular milieu. MVs and exosomes may dock at the plasma 

membrane of a target cell (1). Bound vesicles may either fuse directly with the plasma membrane (2) or be 

endocytosed (3). Endocytosed vesicles may then fuse with the delimiting membrane of an endocytic compartment 

(4). Both pathways result in the delivery of proteins and RNA into the membrane or cytosol of the target cell. Fusion 

and endocytosis are only represented for exosomal vesicles [239]. 



 

 
33 

 

As referred, exosomes contain proteins involved in cell signaling pathways, like β-catenin, 

Wnt5B or the Notch ligand, Delta-like 4 [321]. Additionally, cell signaling mediators, like 

interleukin-1β, TNF-α or TGF- β, have also been found in exosomes [321, 330]. Exosomes also 

play a role in immunologic response, e.g. by transporting MHC II proteins, they can either 

stimulate or repress immunologic response, especially in the case of cancer cell-derived 

exosomes [249, 250, 374, 375]. During pregnancy, serum exosomes were related with 

suppression of T-cell signaling components, contributing to a state of immune privilege that 

correlates with term versus pre-term pregnancies [376]. A study demonstrated that MSCs 

secrete exosomes with TSG-6, an anti-inflammatory protein that seems to have a beneficial 

effect in myocardial infractions [377]. Exosome are also known to contribute to the 

communication in the central nervous system, either between neurons, or between different 

cells types, like microglia, oligodendroglia cells and neurons [378-380]. In neurodegenerative 

disorders exosomes were also found to transport disease specific deleterious peptides, like β-

amyloid, α-synuclein, tau protein and prions [242, 297, 381, 382]. 

Since the first report showing that exosomes could transfer mRNAs and miRNAs, many 

research groups have been actively studying  the impact of this transfer in different contexts 

[202, 339, 350, 351, 383]. For example, mast cell exosomes can transfer bioactive mRNA, 

leading to protein expression in the recipient cells [202]; miRNAs from T-cells can be 

transferred via CD63+ exosomes to dendritic cells (DCs), modulating gene expression in DCs 

cells [350]; endothelial cells (ECs) secrete exosomes containing miR-214, which suppress 

senescence and stimulates an angiogenic program in target cells, both human and mouse ECs 

[384]; exosomes derived from K562 cells with enforced miR-92a expression were able to 

enhance ECs migration and tube formation [385]; exosomes secreted by keratinocytes 

enhance melanin synthesis by increasing both the expression and activity of melanosomal 

proteins in recipient cells [386]. All these findings demonstrate the broad range of action of 

exosomes as cellular communication vehicles.  

 

2. Exosome stability and targeting 

Exosomes, and EVs in general, are released from different types of cells and can be found 

in all body fluids, allowing for intercellular communication even at distant sites Exosomes, and 

EVs in general, are released from different types of cells and can be found in all body fluids, 

allowing for intercellular communication even at distant sites [239, 242, 258, 259, 287-298, 

328, 339]. How far can these vesicles travel in the body? For how long are they stable? How do 

they target the recipient cells and modulate their fate? The answers to these questions remain 

scarce…  

Exosomes / EVs pharmacokinetics and is closely related to intrinsic characteristics of these 

vesicles and it is determined by cell source, route of administration and targeting [387]. The 

pharmacokinetics of exosomes and EVs is one of the most important aspects when developing 

therapeutic systems since their bioavailability at the target site is paramount to elicit the 

desired biological effect [388, 389]. To study sEVs pharmacokinetics, several labelling methods 

are commonly used such as fluorescent dyes capable of labelling the outer and/or inner 

leaflet, luciferase labelling and radiolabeling, being the latter capable of providing both 

qualitative and quantitative information regarding sEVs pharmacokinetics (Table XI) [388, 389]. 
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Table XI. sEV labelling methods for pharmacokinetic Study. Adapted from [389].  

sEV labelling 
methods 

Example Advantages Disadvantages Reported application 

Qualitative analysis 
Fluorescent dye 

 
PKH dye, DiI 

 
Easy to use 

 
Low sensitivity 
Labelling of  
contaminants  

 
Cellular uptake 

Near-IR dye DiR, DiD Easy to use  
Low absorption of 
biological molecules 

Low sensitivity 
Labelling of 
contaminants 

Tissue distribution (in vivo 
and ex vivo) 

Quantitative analysis 
Reporter proteins 

 
Luciferase 

 
High sensitivity  
High quantitation 

 
High cost 

 
Tissue distribution (in vivo)  
Blood clearance 

Radio Isotopes (RI) 125I, 111In, 
99mTc 

High sensitivity  
High quantitation 

High cost 
Dedicated facilities 

Tissue distribution (in vivo 
and ex vivo)  
Blood clearance 

Magnetic nanoparticles SPION5 Spatial resolution 
Clinical translation  

Low sensitivity  
High half-life 

Tissue distribution (in vivo 
and ex vivo)  
Blood clearance 

IR – Infrared region; RI – Radio isotopes; PKH –PKH26 red dye / PKH67 green dye; DiI – 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate; DiR – 1,10-dioctadecyltetramethyl indotricarbocyanine iodide; DiD – 1,10-dioctadecyl-
3,3,30,30-tetramethylindodicarbocyanine perchlorate; 125I – iodine-125; 111In – indium-111; 99mTc – technetium-99m; SPION5 - 5-
nm superparamagnetic iron oxide nanoparticles.  

Fluorescent probes have been widely used in studies aimed at evaluating the cellular 

uptake of EVs. Lipophilic fluorescent dyes, such as PKH26, PKH67 and DiI, have been the most 

frequently used dyes to label EV membranes since the labelling can be accomplished upon a  

simple and quick mixing step followed by hydrophobic interaction between the dye and the 

membrane [389]. In addition to these dyes, near-infrared dyes (DiR, DiD) have also been 

frequently used. EVs labelled with PKH26 were found to be taken up by lung epithelial cells 

and liver macrophages (Kupffer cells) [390, 391]. EVs labelled with NIR dyes were tracked in 

vivo by whole-body imaging at organ level [392] and their biodistribution was evaluated as a 

function of time by ex vivo imaging of organs excised from mice after injection [387, 393]. 

However, results should be carefully considered given the labelling stability of lipophilic dye. 

The hydrophobic-based interaction between the sEV membrane and the lipophilic dye is a 

reversible reaction and therefore the lipophilic dye can be released from the sEV membrane 

and transferred to lipoprotein particles after systemic administration into mice [394]. 

Luciferase labelling presents high sensitivity which allows for sequential in vivo tracking of 

labelled EVs by genetic engineering the EVs secreting cells [389]. A fusion protein consisting of 

gLuc, a reporter protein that emits chemiluminescence, and lactadherin (LA), a protein located 

on the outer surface of sEVs, was developed and gLuc-LA-labeled sEVs were successfully 

obtained by collecting sEVs from B16-BL6 murine melanoma cells after transfection with a 

plasmid DNA encoding gLuc-LA. The in vivo distribution of the gLuc-LA-labeled B16-BL6 sEVs 

was visualized by detecting chemiluminescence emitted from gLuc-LA after intravenous 

injection [395-397]. Luciferase labeling is also possible at the inner side of sEV membranes 

using the Gag protein [398]. B16-BL6 melanoma cells through transfection with a plasmid 

encoding a fusion protein consisting of Gag protein and gLuc (Gag-gLuc) secrete labelled sEVs 

[389]. Gag localizes at the inside of the plasma membrane through interaction between the 

polybasic region of the Gag protein and phosphatidylinositol 4,5-bisphosphate in the plasma 

membrane [399, 400] 

Radiolabeling can be used to study EVs pharmacokinetics in a more quantitative manner 

[393, 401-403]. Genetically engineered B16-BL6-derived sEVs were labelled with iodine-125 

(125I) using a streptavidin (SAV)-biotin system. A plasmid vector encoding the fusion protein 

SAV-LA was constructed and B16-BL6 cells were transfected with the plasmid to obtain SAV-LA 

labelled sEVs. SAV-LA-labeled sEVs were then incubated with (3-125I-iodobenzoyl) 
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norbiotinamide (125I-IBB) to obtain 125I-labeled B16-BL6 sEVs. Single-photon emission 

computed tomography (SPECT)/CT imaging studies of the B16-BL6 sEVs were carried out in 

mice after intravenous injection to quantitatively analyze sEV biodistribution [401]. 

Magnetic resonance imaging (MRI) can also be used for EV tracking. For example, 

melanoma cells (B16-F10) exosomes were loaded by electroporation with 5-nm 

superparamagnetic iron oxide nanoparticles (SPION5) and administered to mice by footpad 

injection. Accumulation of SPION5-loaded B16-F10 exosomes in popliteal lymph nodes could 

be detected by magnetic resonance [404].  

Radionuclide-based imaging (PET and SPECT) can be easily translated from animals to 

humans and, given its high sensitivity, this method can be used to perform whole-body 

imaging in a quantitative manner [403]. SPECT, PET and MRI-based methods provide good 

imaging depth but it is important to note that these labelling compounds have a half-life 

longer than the EVs and thus may generate a signal even after EVs are degraded [393, 401-403, 

405]. 

 

Stability  

The levels of exosomes and EVs in circulation should reflect the balance between their 

generation/secretion and clearance. Analysis of exosomes and EVs pharmacokinetic profiles, 

(half-life in circulation or time to elimination from the blood circulation, and biodistribution or 

bioaccumulation in the organs) has been limited due to lack of sensitivity and quantitative 

capacity of the available methodology [388, 389].  

Studies indicate that the half-life of exogenous exosomes and EVs, artificially introduced 

into circulation (systemic administration), is very short. For instance, in one study, exosomes 

were labelled with gLuc-LA (Gaussia luciferase (gLuc) and lactadherin (LA)) and administrated 

by intravenous injection into mice. This gLuc-LA labelled sEVs quickly disappeared from the 

blood circulation, with a half-life of approximately 2 min, and in vivo imaging revealed that the 

exosomes mainly distributed to the lung, spleen, and liver [395]. In a separate study, exosomes 

from different murine cell sources (B16BL6 melanoma cells, C2C12 myoblast cells, NIH3T3 

fibroblasts, MAEC aortic endothelial cells, and RAW264.7 macrophage-like cells) rapidly 

disappeared (half-life of approximately 2 to 4 min) from the blood circulation after intravenous 

injection into mice and mainly distributed to the liver [406]. PC3 EVs labelled with 111In rapidly 

disappeared from blood circulation and were primarily distributed to the liver (12% injection 

dose/g at 24 h) after intravenous injection [393]. Similarly, radioactivity derived from B16-BL6 
125I-labeled EVs disappeared from the blood rapidly and accumulated in the liver (40%/dose), 

lung (10%/dose) and spleen (3%/dose) [401]. Biotinylated EVs were shown to be cleared from 

rabbit circulation in approximately 10 min [407]. Other exosomes/EVs from splenocyte 

supernatants and derived from red blood cells showed a clearance of more than 90% after 30 

min [408, 409]. Expi293F-derived EVs labelled with a nanoluciferase reporter (palmGRET) 

administered intravenously (IV) to a non-human primate model (Macaca nemestrina) had 

markedly longer circulation times in plasma than reported in mice and were detectable in 

Cerebrospinal fluid (CSF) after 30-60 minutes. EV uptake by PBMCs, most notably B-cells, was 

observed only after one minute of IV administration. Additionally, EVs were detected in the 

liver and spleen within one hour of IV administration [410]. However, human platelet 

concentrate-derived EVs, or platelet-derived microparticles (PMP), remained in the circulation 

with a half-life of 5.5 hours, evaluated in thrombocytopenic patients undergoing apheresis 

procedures [411]. Whereas, mouse plasma-derived sEVs (MP-sEVs) presented a half-life of 



 

 
36 

approximately 7 min in the blood [412]. These data suggest that EVs clearance from the blood 

can be accelerated in small animal models versus larger animals and humans. 

These data suggest that EVs or exosomes clearance from circulation is most likely due to 

retention and uptake by specific cells that interact with certain components of EVs membrane 

regardless of the origin of the producing cells [388, 389, 406, 413]. It has been shown that 

macrophages are responsible for the hepatic and splenic uptake of B16-BL6 exosomes and 

endothelial cells are responsible for the uptake in the lungs [391]. Macrophages are well-

known for their capacity to uptake negatively charged nanoparticles, such as chemically 

modified lipoproteins and anionic liposomes, by recognition by scavenger receptors [414]. 

Exosomes and EVs display a negative charge due to the presence of the negatively charged 

membrane phospholipid phosphatidylserine (PS) that is abundantly present at the surface 

regardless of the EV origin. Pre-injection of PS-containing liposomes significantly delayed 

elimination of gLuc-labeled B16BL6 EVs from blood circulation and decreased accumulation of 
125I labelled EVs in the liver after intravenous injection in mice [415]. Moreover, in 

macrophage-depleted mice, the clearance of EVs from the blood circulation was extremely 

delayed compared with that in untreated mice, highlighting the importance of macrophages in 

the pharmacokinetics of intravenously injected exosomes [391, 412]. Exosomes collected from 

C2C12 cells, NIH3T3 cells, MAEC cells and RAW264.7 cells were mainly taken up by 

macrophages in the liver after intravenous administration [406]. Polyethylene glycol (PEG) lipid 

modification improved retention of EVs in blood after systemic administration with no 

significant effect on the liver and spleen accumulation  [416]. Additionally, protease treatment 

significantly decreased the accumulation of EVs into the lungs after intravenous injection 

without affecting the accumulation in the liver, suggesting that surface proteins play an 

important role in the uptake by the lung [391, 398]. These findings are in agreement with a 

report that pulmonary epithelial cells recognize tetraspanin proteins and integrins present on 

the EVs surface [390]. 

After local injection, nanoparticles, including EVs, are absorbed predominantly into 

lymphatic capillaries rather than into blood capillaries given the larger size of the former [417]. 

After subcutaneous injection in mice, EVs labelled with fluorescent dyes are rapidly 

transported (within minutes) from the periphery to the lymph node by lymphatics being 

macrophages and B cells key players in EV uptake [418]. 

EVs labelled with PKH67 were retained for 3 days in the wound after topical application to 

the wound [226]. Nevertheless, PKH67 is a lipophilic membrane dye that can diffuse to the cell 

membrane and emit fluorescence despite the integrity of the vesicles [394]. 

 

Biodistribution  

The distribution of exosomes and their subsequent cellular uptake are the main steps 

governing their pharmacokinetics. Quantitative information regarding the EV elimination 

profile and their biodistribution is of utmost importance for the successful development of EV-

based therapies [388, 389]. When evaluating exosomes/EVs biodistribution, most studies 

reveal that systemic administrated EVs accumulate mainly in the liver, spleen, lung, 

gastrointestinal tract, bone, skin, muscle and kidney, regardless of the EV type/origin [387, 

395, 407, 419]. Macrophages commonly mediate the uptake in most tissues, while endothelial 

cells preferentially mediate the uptake in the lungs [390, 391, 406]. For example, PKH26-

labeled B16- BL6 sEVs were taken up by macrophages in the liver while PKH26-labeled sEVs 

were taken up by endothelial cells in the lung [391]. Moreover, 4 h after intravenous injection 

of 125I-labelled B16-BL6-derived EVs, the radioactivity was distributed among the liver 
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(28%/dose), spleen (1.6%/dose) and lung (7%/dose) and accumulated to 40%/dose in the liver, 

10%/dose in the lung and 3%/dose in the spleen [401]. The PC3 EVs labelled with 111In were 

detected in the liver in a percentage of 12% dose /g at 24 hours [393]. For example, tumor-

derived EVs labelled with PKH26 were taken up by lung epithelial cells and liver macrophages 

(Kupffer cells) through specific recognition by integrins [390]. 

Intratumoral injection allows longer exosome detection in tumours [420]. After 

intratumoral injection of 125I labelled sEVs, most of the radioactivity was detected within the 

tumour tissues of mice whilst some signal was also detected in the liver and the lungs. Detailed 

analysis of the cells present in the tumour tissue showed that PKH26-labeled sEVs were mainly 

taken up by B16-BL6 cells. Interestingly, tumour growth was significantly promoted after 

intratumoral injection of the sEVs suggesting that B16-BL6 cells secrete and take up their own 

sEVs to induce their proliferation and inhibit their apoptosis, thereby promoting tumour 

progression [421]. 

Oral administration of exosomes/EVs shows biodistribution to most organs, including 

liver, lung, kidney, pancreas, spleen, ovaries, colon and brain [388, 419, 422]. Intranasal 

administration favours delivery to the brain [423, 424] whereas local injections favour 

exosomes/EVs biodistribution in nearby lymph nodes [404, 418, 425, 426]. Accumulation of 

SPION5-loaded B16-F10 exosomes in popliteal lymph nodes closest to the injection site could 

be detected by magnetic resonance [404] whereas PKH26-labeled EVs were transported into 

lymph nodes after subcutaneous injection in mice [425]. Serum-derived sEVs (< 50 nm in size) 

and cell-derived sEVs (> 100 nm in size) were delivered to lymph nodes in a size-dependent 

manner, suggesting that smaller serum-derived sEVs might serve as efficient carrier systems of 

immune stimulators to lymph nodes for desired immune responses [426]. Interaction between 

glycans on sEVs and lectins on the recipient cells might play an important role in EVs 

pharmacokinetics after local administration [389]. 

Extracellular vesicle in vivo biodistribution is determined by cell source, route of 

administration and targeting [387]. A simple characteristic such as exosome/EVs size 

influences transport and biodistribution, as larger EVs preferentially accumulate in bones, 

lymph nodes and liver [392]. More detailed studies comparing different injection sites, donor 

cells and healthy or disease conditions are necessary to establish clearance and organ uptake 

of EVs and to better understand the mechanisms governing the cellular recognition of EVs 

[388, 413]. 

 

Targeting and delivery  

Vesicles interact with recipient cells by binding at the cell surface via specific receptors 

followed by internalization by endocytosis or micropinocytosis, and/or fusion with the plasma 

membrane or membranes of internal compartments (Figure - 8) [197]. EV surface molecules, 

including phospholipids and proteins, are important factors in determining the in vivo 

behaviour of exosomes and specific targeting, reviewed in [239, 321, 388, 389, 406]. After 

binding to recipient cells, EVs may remain stably associated with the plasma membrane, 

directly fuse with the plasma membrane or be internalized through distinct endocytic 

pathways [239, 272, 278, 328, 351, 413, 427]. Exosomes are recruited as single vesicles to the 

cell body and guided by filopodia to endocytic hot spots at the filopodial base [428]. After 

internalization, exosomes shuttle within endocytic vesicles to scan the endoplasmic reticulum 

before being sorted into the lysosome as their final intracellular destination, a process that 

resembles the mechanisms used by the virus [428]. 
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Figure - 8. Biogenesis of extracellular vesicles and their interactions with recipient cells. 
Extracellular vesicles can be regarded as signalosomes for several biological processes. They can be 

involved in antigen presentation, transfer of both major histocompatibility complex (MHC) molecules 

and antigens, participating in immune regulation, can directly activate cell surface receptors via protein 

and bioactive lipid ligands, transfer cell surface receptors or deliver effectors. Additionally can fuse with 

the plasma membrane, delivering bioactive molecules directly to the cytoplasm, or be internalized by 

endocytosis or micropinocytosis. Adapted from [197]. 

Macrophages present scavenger receptor class A family (SR-A) receptors that recognize 

negatively charged molecules and thus partially explain the tropism of EVs to macrophages. 

Pulmonary epithelial cells recognize tetraspanin proteins and integrins present on exosomes 

surface [390, 391]. Interaction between glycans on sEVs and lectins on the recipient cells might 

also play an important role in EVs pharmacokinetics after local administration [389]. In lymph 

nodes, internalization of the EVs by antigen-presenting cells (APCs) is observed, particularly by 

those expressing CD11b positive for cell-surface-bound sialic acid-binding immunoglobulin-like 

lectins (siglecs), but not by APCs negative for siglecs, suggesting that cellular uptake of 

exosomes involved recognition of sialic acids by siglecs [409, 425]. Additionally, carbohydrate 

moieties on the exosomes contributed to the uptake of exosomes by cells, C-type lectin and 

mannose-rich CLR was determined to be involved in exosome uptake by dendritic cells (DV), As 

determined by a study were DCOVA-derived EXO, harbouring MHC class I and II, CD11b, CD11c, 

CD54, CD80, CD86 chemokine receptor CCR7, mannose-rich C-type lectin receptor DEC205, 

TLR4 and TLR9, were internalized by DC, and stimulated the expression of immunologically 

important molecules such as MHC class II, CD40, CD54 and CD80 on DC [429].  

These findings allow researchers to take advantage of exosomes biology to leverage their 

therapeutic use, since they are rich in bioactive molecules and, more importantly, their 

content and membrane composition can be modulated to improve their bioactivity and/or 

targeting potential [217, 236, 388]. Some examples of exosome/EVs surface modifications 

methods and applications are summarized in Table XII. 
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Table XII. Application Examples of Surface Modification. In [430]  

Surface 
Modification 
Methods 

Targeting Method Drug Loading Targeted Tissues 
and Applications 

Ref. 

Genetic 
Engineering 

Dendritic cells (DCs) are genetically 
modified to express fusion proteins 
containing the membrane protein 
Lamp2b and RVG peptides, and 
engineered exosomes are harvested 
from the cells. 

siRNA 
(Electroporation) 

Targeting the central 
nervous system 
(neurons, microglia, 
oligodendrocytes) to 
treat Alzheimer’s 
disease 

[431] 

Chemical 
reaction 
combined with 
post-insertion 

c (RGDyK) is a tumor-targeting peptide. 
DSPE-PEG 2000-cRGDyK is prepared by 
chemical reaction. The ligand is 
spontaneously inserted into the 
exosomal lipid bilayer through 
hydrophobic interactions and 
combined to obtain the targeted 
exosomes. 

PTX (Co-
incubation) 

It can penetrate the 
blood-brain barrier, 
target glioblastomas, 
and significantly 
reduce the activity of 
cancer cells. 

[432] 

Genetic 
Engineering 

Donor cells are engineered to express 
the transmembrane domain of the 
platelet-derived growth factor receptor 
fused to the GE11 peptide to achieve 
targeting, thereby assimilating 
exosomes from this source. 

let-7a miRNA 
(Transfection) 

Targeting breast 
cancer tissues 
expressing EGFR to 
treat breast cancer 

[433] 

Genetic 
Engineering 

Engineered mouse immature dendritic 
cells expressing Lamp2b fused to iRGD 
peptide to produce tumour-targeted 
exosomes. 

DOX 
(Electroporation) 

It targets tumour 
tissues, inhibits the 
growth of the 
tumour, and has good 
antitumor activity. 

[434] 

Chemical 
reaction 

Extracellular vesicles containing azide 
lipids were firstly prepared and then 
conjugated to the targeted peptide 
using a copper-free catalytic click 
chemistry. 

PTX, TPZ (Loaded 
on liposomes) 

Targeting tumour 
cells 

[435] 

Electrostatic 
interaction 

The complex formed by a cationic lipid 
and a pH-sensitive fusion peptide binds 
exosomes through electrostatic 
interaction to target the receptor cell 
membrane. 

Dextran, Saponin 
(Electroporation) 

Targeting the 
receptor’s cell 
membrane to 
enhance cell uptake 
and cytoplasmic 
release of exosomes 

[436] 

Magnetic 
nanoparticle 
technology 

The SPMN-Tf conjugates were co-
incubated with pre- dialyzed serum to 
form SMNC-Exo through interaction 
with the Tf-Tf receptor. After drug 
loading, SMNC-Exos were concentrated 
in the tumour region in the presence of 
an external magnetic field. 

DOX (Co-
incubation) 

Targeting mouse 
subcutaneous H22 
cells to inhibit the 
growth of tumour 

[437] 

 

Increasing EVs stability and bioavailability would, in an indirect manner, increase EVs 

delivery to the target tissue/cells. Biomaterials can confer stabilization and prolong the 

bioavailability of these vesicles in the targeted site. For example, different strategies were 

applied to entrap exosomes and sustain their delivery, and ultimately their bioavailability, in 

the wound, and the results showed better wound healing kinetics, regardless of the delivery 

time during the wound healing process [124, 125, 216, 217, 228]. 
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IV. Clinical potential of exosomes and EVs 
 

1. EVs in the clinic – guidelines and requirements 

EVs, such as exosomes and microvesicles, are released by different cell types and 

participate in physiological and pathophysiological processes by mediating intercellular 

communication. EVs of defined cell types may serve as novel tools for various therapeutic 

approaches, including (a) immune-modulatory therapy, (b) vaccination (anti-tumour or anti-

pathogen), (c) regenerative therapies and (d) drug delivery [278, 369, 438, 439].  

 
Figure - 9. Extracellular vesicles (EVs) potential for clinical applications. 
Natural or modified EVs have high potential as new therapeutic tools: (a) immune-modulatory therapy, 
(b) vaccines, (c) regenerative agents and (d) drug delivery. MSCs – mesenchymal stem cells; iDCs – 
immature dendritic cells; DCs – dendritic cells; GVHD – graft-versus-host disease; APC – antigen 
presenting cells; B-cells – B lymphocytes DDS – drug delivery system; .Image from [438] 

 

The translation of EVs into clinical therapies requires the categorization of EV-based 

therapeutics in compliance with existing regulatory frameworks, namely, requirements for 

manufacturing, quality control and clinical investigation, and definition if EVs will act as active 

drugs/therapy or will serve as drug/therapy delivery vehicles [369]. Since the EV-based 

therapeutics can be defined as biological medicine and belong to the pharmaceutical class of 

biologicals should be subjected to the regulatory frameworks concerning biological medicinal 

products, available in the EU, US, Australia and Japan. Regulatory aspects of manufacturing 

and application of new therapeutics have to be implemented and safety aspects must be taken 

into account (e.g. donor, recipient, product, manufacturing, clinical application, biovigilance). 

The medicinal product framework addresses the safety standards for inadvertent microbial 

and viral contamination and demands GxP standards (GxP: Good Manufacturing/ Good 

Laboratory/ Good Distribution/ Good Clinical/ Good Scientific Practice or GMP/ GLP/ GDP/ 

GCP/ GSP) for the production and quality control of corresponding therapeutics. Furthermore, 

it regulates the conduct of clinical trials [369]. 
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For the development of EV-based therapeutics ATMP guidance may be relevant, since EVs 

are produced, in many cases, from human material by a manufacturing process comparable to 

ATMP production. According to the legislation for tissues and cells, and ATMPs, a panel of 

minimal criteria to characterize human cell-based medicinal products have to be considered 

before use in clinical trials. It has to be addressed if the product is (a) of autologous, allogeneic 

or xenogeneic origin; (b) extensively or minimally manipulated and (c) immunologically active 

or neutral. Additionally, have to be defined (d) the proliferative capacity of cells; (e) the cell or 

tissue-like organization as well as the dynamic interaction between cells and with structural 

components and (f) the intended use. It is anticipated that requirements (a-d) and (f) will be 

relevant for the characterization of sources of EVs used to generate EV-based therapeutics and 

this information should be provided by the producing manufacturers. Reviewed in [369].  

 

Table XIII. Proposed ISEV requirements for EVs evaluation before clinical application. In [369] .  

- Source of the starting material 

- Donor inclusion/exclusion, donor release criteria 

- Autologous, allogeneic, xenogeneic, bacterial, pathogen or plant EVs 

- EV-source characterization (donors, donor cells/tissues/ fluids, culture reagents) 

- EV isolation and storage 

- Isolation techniques and standardization 

- Purity and impurities 

- Scalability of technology 

- Storage conditions 

- Adequate quality of reagents and materials 

- In-process controls 

- Quality control 

Molecular and physical characterization 

- Quantitative Analyses (counts and size) 

- Qualitative Analyses (presence of EV marker(s), purity) 

- Composition (surrogate marker) 

- Contamination (viral, microbiological, endotoxins, toxins, allergens) 

In vitro biological characterization 

- Complexity and heterogeneity 

- Mode of Action 

- Potency of EVs (in vitro bioassays) 

- Quality release criteria 

- In vivo analyses/EV application 

- Selection of relevant animal models (disease specificity? / species specificity?) 

- Dose selection (single / multiple applications) 

- Route of application (local, systemic) 

- Pharmacokinetics/ADME: Absorption _ Distribution _Metabolism _ Excretion 

- Toxicity 

- Immunogenicity, Immunotoxicity 

- Tumourigenicity 

- Biodistribution 

- Potency of EVs (in vivo bioassays) 

- Before clinical trial 

- Informed consent of donors and host 

- Study protocol 

- Investigational medicinal product dossier 

- Investigators brochure 

- Ethics committee approval 

- Register Entry (EMA, EudraCT or NIH, www.ClinicalTrials.gov) 
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2. EVs in clinical trials 

There are several registries of exosome clinical trials all over the world. A total of 70 

studies were found when searching for ‘exosome’ in clinicaltrials.gov (Figure - 10) [440]. When 

searching for ‘extracellular vesicles’ we found 11 studies (1 registered in Canada, 1 in the US; 2 

in China and 6 in the EU), 6 of which represent different studies than the found in the previous 

research [441]. A more detailed analysis of the registered clinical trials revealed that 3 of them 

did not refer directly to the use of exosomes or EVs, neither as markers or therapeutic / 

regenerative tools. So, in total we can account for 73 clinical trials involving exosomes and/or 

EVs registered in the clinicaltrils.gov (US database) up to date. 

 

 

Figure - 10. Exosome registered clinical trials. 
The map presents the locations of 70 studies found in clinicaltrials.gov with the research term: 
‘exosome’ accessed in 2018 Feb. 5. Studies with no locations are not included in the counts or on the 
map. Studies with multiple locations are included in each region containing locations. Studies found for 
search of ‘extracellular vesicles’ are also not present in the map. In [442].  
 

The majority of the clinical trials explore exosomes and/or EVs as ‘markers’ (63). Indeed, 

these EVs can be used as diagnostic and prognostic markers for patient/disease follow-up and 

for preventive medicine (they can be use as indicators of risk, allowing individuals and 

clinicians to adopt measures to prevent or delay a disease onset). Table XIV presents a list of 

the clinical trials involving exosomes and EVs as markers.  

Table XIV. Clinical trials with exosomes and EVs for disease diagnosis and monitoring   

Trial Code Base Source Condition Observations Phase 

NCT02702856 Exos Plasma Prostate Cancer   
NCT03236688 Exos Plasma Prostate Cancer Metastatic Castrate Resistant  
NCT03031418 Exos Urine Prostate Cancer   
NCT03235687 Exos Urine Prostate Cancer   
NCT02935816 Exos Blood Prostate Cancer Radiotherapy  
NCT00578240 Exos / DNA Blood, BF Prostate Cancer   
NCT02890849 Exos Plasma, tissue NSCLC   
NCT02869685 Exos Plasma, tissue NSCLC Radiotherapy  
NCT02921854 Exos Serum NSCLC Radiotherapy  
NCT03228277 Exos / EVs BLF NSCLC  2 
NCT03236675 Exos Plasma NSCLC Drug treatment  
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Trial Code Base Source Condition Observations Phase 

NCT03317080 Exos/ CTCs Blood Lung Cancer   
NCT03109873 Exos / Ctk _ Oropharyngeal Cancer Radiotherapy / Drug treat. Early 1 
NCT02147418 Exos Blood / saliva Oropharyngeal Cancer  HPV  
NCT02464930 Exos Serum, bile, EsoCs Esophagus Adenocarcinoma Other esophagus diseases  
NCT01779583 Exos Plasma Gastric Cancer   
NCT03102268 Exos / EVs Plasma Cholangiocarcinoma Benign Biliary Stricture  
NCT02393703 Exos Blood, tissue Pancreatic Cancer  Benign Pancreatic Disease  
NCT03032913 Exos/ CTCs Blood Pancreatic cancer Ductal Adenocarcinoma   
NCT03334708 Exos Blood Pancreatic Cancer Other pancreatic diseases  
NCT03109847 Exos Serum, saliva Thyroid Cancer Drug: metformin 2 
NCT02862470 Exos Urine Thyroid Cancer Drugs treatment (2)  
NCT01344109 Exos Plasma Cancer / chemotherapy Breast Neoplasms  
NCT02063464 Exos Monoc Ovarian Cancer / Neoplasms   

NCT02977468 Exos Serum Breast Cancer Triple neg. / Drug treatment 1 
NCT03108677 Exos Blood Osteosarcoma Lung Metastases  
NCT03217266 Exos Blood (?) Soft Tissue Sarcoma  Drug treatment 1 
NCT02310451 Exos Blood Metastatic Melanoma   
NCT02071719 Exos Serum, urine Renal Cell Cancer Drugs (5)  
NCT02662621 Exos / EVs Blood, urine Cancer All kinds  
NCT03262311 EVs Blood Cancer Several.  
NCT03264976 Exos Serum Diabetic Retinopathy   
NCT03392441 Exos Blood Diabetes I /   Insulin Deprivation  
NCT03106246 Exos /EVs Blood Diabetes I / II Islet Cell Transplantation  
NCT02649465 Exos Blood (?) Diabetes II, FLD  Drugs treatment (2) 4 
NCT03027726 Exos Blood Diabetes II Risk Overweight Children   
NCT00285805 Exos Urine Insulin resistance Drug  
NCT02957279 Exos DCs Sepsis  Antibiotic administration  
NCT03267160 Exos Blood / urine Sepsis   
NCT03222986 Exos Blood / urine Sepsis  MOD  
NCT03280576 Exos Plasma Sepsis   
NCT01860118 Exos Blood / urine Dementia (Parkinson's) Drug treatment   

NCT03275363 Exos 
Serum, plasma, 
BC 

Dementias   

NCT01811381 Exos Plasma Dementia / MCI Drug: curcumin 2 
NCT03381482 EVs Plasma, CSF  Dementia Alzheimer disease  
NCT03419000 Exos Blood Epilepsy Drug Resistant   
NCT02931045 EVs Platelets Myocardial Infarction Antiplatelet therapy 4 
NCT03372174 EVs Blood (?) Cardiopulmonary bypass  mechanical ventilation  
NCT02890147 Exos Plasma, urine Autoimmune Diseases Healthy Subjects  
NCT02890134 Exos Plasma, urine SAD - Healthy   
NCT02890121 Exos Plasma, urine SAD   
NCT02226055 Exos Blood, urine CKD Unknown etiology  
NCT03227055 Exos Urine CKD   
NCT02327403 EVs Urine Proteinuria  Drug treatment (Belatacept) 2 

NCT03049202 Exos 
Serum, plasma, 
urine 

COPD  Other pulmonary disorders  

NCT02653339 Exos Blood, urine Rhinitis, Allergic, Perennial Drugs treatment (2)  
NCT03203512 EVs Blood Cardiovascular diseases Risk / Dietary supplement  
NCT03034265 Exos Urine Hypertension   
NCT02822131 Exos Urine Hypertension Diet Suppl. vs Drugs (3)  
NCT02823613 Exos Urine Healthy  Salted diet  
NCT02748369 Exos Blood Healthy  Somastostatin / Glucagon  
NCT02737267 Exos Blood, serum Healthy high protein diet   
NCT02797834 Exos / EVs End.F  Healthy   
NCT02051101 Exos Biopsy, blood Nevus flammeus Port-Wine Stain 1 
Exos – exosomes; EVs – extracellular vesicles; CTCs – circulating tumor cells; Ctk – cytokines; BF – body fluids; BLF - 

bronchoalveolar lavage fluid; EsoCs - esophageal cells; DCs – dendritic cells; BC – buffy coat; CSF – cerebrospinal fluid; End.F – 

endometrial fluid; NSCLC – non small cell lung cancer; FLD - fatty liver disease (non-alcoholic); MCI - mild cognitive impairment; 

SAD - systemic autoimmune diseases; CKD – chronic kidney disease; COPD – chronic obstructive pulmonary disease; HPV – human 

papillomavirus; MOD - multiple organ dysfunction. 
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The samples used for these studies vary from body fluids, cells to biopsy tissues, but 

commonly is used blood, including plasma and serum, and urine. The majority of the studies 

are evaluating EVs/exosomes as biomarkers of cancer on patient diagnosis, prognosis and 

follow-up upon treatment (Figure - 11). There is also a set of studies that are evaluating 

EVs/exosomes as biomarkers of diseases such as diabetes, sepsis, heart/ brain/ lung/ kidney 

disorders, autoimmune diseases and evaluation of healthy individuals to diet, supplements or 

some drugs (Figure - 12). The majority of the clinical trials are without phases (for example, 

studies of devices or behavioral interventions). In 2 trials, exosomes and EVs are used to 

monitor patient follow-up on 2 conditions upon therapy administration, namely, non-alcoholic 

fatty liver disease (diabetes II related) and myocardial infarction. A study has registered the 

intent of using exosomes for prevention of diabetes II. Three studies are referred as 

exploratory: (i) a study to evaluate diet impact on healthy individuals, (ii) a study to evaluate 

endometrial fluids of healthy women for the establishment of potential markers and (iii) a 

study to evaluate the pathogenesis of nevus flammeus (port-wine stain). 

 
Figure - 11. Clinical trials studying exosomes and EVs as cancer markers.  
Graphs present de percentage of studies for different cancers (Total = 30 clinical trials). NSCLC refers to 
non-small cell lung cancer, digestive tube cancers englobes lip, oral cavity, larynx, pharynx, esophagus, 
gastric and bile duct tumours. Sarcoma includes osteosarcoma (with lung metastases) and soft tissue 
sarcoma. Unspecific refers to 2 trials, 1 that englobes several types of cancers and other that do not 
refer the type of cancer. 

 
Figure - 12. Clinical trials studying exosomes and EVs as disease markers (except cancer).  
Graphs present de percentage of studies for different diseases/conditions (Total = 33 clinical trials). 
Diabetes related diseases englobes diabetes I and II, diabetic retinopathy, fatty liver disease and insulin 
resistance studies. Brain related studies includes 4 studies of dementia (1 mild cognitive impairment) 
and 1 of epilepsy. Heart conditions its 1 myocardial infarction a 1 cardiopulmonary bypass study. Kidney 
related diseases are 2 chronic kidney diseases and 1 of proteinuria (commonly related with kidney 
failure). Lung related is 1 study of chronic obstructive pulmonary disease and 1 of allergic rhinitis. 
Cardiovascular, hypertension and diet related englobes several studies evaluating the effect of diet or 
specific drugs in the cardiovascular or global health state of the individuals enrolled. 
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From the 73 clinical trials with exosomes and/or EVs, 10 applied them for therapy or 

regenerative purposes. Interestingly, in 4 of the 10 studies, exosomes were used to 

encapsulate drugs (Table XI). 

Table XV. Clinical trials with exosomes and EVs for therapy and regenerative purposes.   

Trial Code Base Source Manipulation Application Condition Phase 

NCT01550523 Exos ATCs 
Cells treated with 
IGF-1R/AS ODN 

Autologous Malignant Glioma of Brain 1 

NCT02507583 Exos ATCs 
Cells treated with 
IGF-1R/AS ODN 

Autologous Malignant Glioma / Neoplasms 1 

NCT01159288 Exos DCs Dex2 loaded Autologous (?) Non Small Cell Lung Cancer 2 
NCT01294072 Exos Plant Curcumin loaded Xenogenic Colon Cancer 1 

NCT01668849 Exos Grape _ Xenogenic 
Head and Neck Cancer|Oral 
Mucositis 

1 

NCT02138331 
Exos / 
MVs 

UCB-MSCs _ Allogenic Diabetes Mellitus Type 1 2|3 

NCT03384433 Exos MSCs _ Allogenic Cerebrovascular Disorders 1|2 

NCT02565264 Exos Plasma 
Exos enriched 
plasma 

Autologous Ulcer (Chronic Wounds) Early 1 

NCT02594345 Exos RBCs _ Autologous 
Blood Coagulation / Platelet 
Function 

 

Exos – exosomes; MVs – microvesicles; ATCs – apoptotic tumor cells; DCs – dendritic cells; Monoc – monocytes; UCB – umbilical 

cord blood; MSCs – mesenchymal stem cells; RBCs – Red blood cells 

 

In most studies, EVs/exosomes were isolated from autologous human cells (7, being 5 of 

autologous origin and 2 of allogenic origin). In 2 studies, EVs/exosomes were isolated from 

plants (xenogenic use). Most of the trials are still in phase 1 (4), one is in phase 1/2, another in 

phase 2, and other applying UCB-MSCs for diabetes mellitus I is already in phase 2/3. For ulcers 

plasma enriched in exosomes is being used as therapeutic and regenerative agent (Figure - 

13B). 

 

Figure - 13. Clinical trials with exosomes and EVs for therapy or tissue regeneration. 
Graphs present de percentage of studies for different diseases/conditions. Cancer includes 5 different 
types of cancer (malignant glioma, non-small cell lung cancer, ovarian cancer, colon cancer, and head 
and neck cancer). Stroke refers to one study of cerebrovascular disorders. Coagulation refers to one 
study talking with coagulation and platelet dysfunction. 
 

The application in a clinic setting of exosome and / or EVs derived products is still in its 

infancy, nevertheless, there are already several companies with the purpose of developing EV-

based products (Table XII) [443].  

 

A B 
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Table XVI. Companies with EV- based services and products. Adapted from [443]   

Company Base Source Product Therapeutic target Web address 

Anjarium 
Biosciences 

EVs * 
Exos * 

NA HybridosomeTM - delivery 
of drugs 

Broad range of severe diseases anjarium.com 

Aposcience AG Secr PBMNCs APOSECTM – Secr. of 
apototic PBMNCs 

Stroke, spinal cord injury, skin 
lesions, acute and chronic 
myocardial infarction 

aposcience.at 

Capricor 
Therapeutics 

Cells 
Exos 

CDCs CAP-1002 – cell product 
CAP-2003 – exos  

Cardiovascular and non-
cardiovascular diseases 

capricor.com 

Codiak 
Biosciences 

Exos * NA Exos for targeted drug 
delivery and diagnostic 

Pancreatic cancer codiakbio.com 

The Cell Factory 
(Esperite Group) 

Cells 
EVs / 
Exos 

MSCs autologous stem cells; 
allogenic “off-the-shelf” 
EVs and exos 

Various diseases: 
Crohn’s disease, epilepsy, … 
Cerebral palsy, tissue eng., … 

cell-factory.com 
esperite.com 
 

Evox 
Therapeutics 

Exos * NA Targeted delivery  Serious life-threatening 
diseases (inflammatory and 
neurological diseases) 

evoxtherapeutics.
com 

ExoCyte 
Therapeutics 

Exos * DCs *  Cancer vaccines (Autologous 

DCs electroporated with tumor 
-derived exosomes, co-adm. 
with checkpoint inhibitor) 

Cancer exocytetherapeuti
cs.com 

Exogenus 
Therapeutics 

Exos NA Exo-Wound Skin lesions exogenus-t.com 

Exovita 
Biosciences 

Exos * NIC Exos that are cytotoxic to 
cancer cell 

Diverse Cancers exovitabio.com 

Kimera Labs Exos 
fluids 

MSCs 
AMNIO 

XoGloTM 
Amnio2xTM 

Orthopedic, cosmetic and 
regenerative medicine 

kimeralabs.com 

Paracrine 
Therapeutics 

EVs ESC-MSCs Embryonic stem cell-
derived MCS-EVs 

Stroke, MI, osteochondral 
defect, GVHD 

paracrinetherape
utics.com 

ReCyte 
Therapeutics 

Cells 
Secr 
EVs 

Embryonic 
PCs 

Embryonic progenitor cells 
and their secreted factors, 
including EVs 

Vascular disorders recyte.com 

ReNeuron Cells 
EVs 

RPCs 
NPCs 

RPCs and NPCs, and 
secreted EVs 

Neurologic and ophthalmologic 
disorders 

reneuron.com 

Stemedica Cell 
Technologies, 
Inc. 

Cells 
Secr 

MSCs 
NSCs 

Ischemia-tolerant MSCs 
and NSCs; stem cell factors 
from MSCs 

Cardiovascular diseases, 
traumatic brain injury, 
cutaneous photoaging, 
Alzheimer’s disease 

stemedica.com 

ZenBio Exos Pre-Adip; 
pMSCs; CB 

Exos from pre-adip., 
pMSCs and CB serum 

Skin lesions zen-bio.com 

Secr – secretome; Exos – exosomes; EVs – extracellular vesicles; NA – not available; PBMNCs – Peripheral blood mononuclear 

cells; CDCs – cardiosphere cells; MSCs – mesenchymal stem cells; DCs – dendritic cells; NIC – non-immune cell type whith anti-

cancer properties; AMNIO – amniotic fluid; ESC-MSCs – embryonic stem cells derived mesenchymal stem cells; PCs – progenitor 

cells; RPCs – retinal progenitor cells; NPCs – neural progenitor cells; NSCs – neural stem cells; Pre-Adip – pre-adipocytes; pMSCs – 

placental mesenchymal stem cells; CB – cord blood; MI – myocardial infarction; GVHD – graft-versus-host disease. * Manipulated 

product. Adapted from [443] 

 

The high number of companies pursuing this new field of research for clinical purposes, 

and the broad range of different diseases / conditions being targeted, reflects the recognized 

potential of the field. Interestingly, 3 companies are actually developing secretome / exosome-

based products, from different cell sources (peripheral blood mononuclear cells, pre-

adipocytes, placental mesenchymal stem cells and cord blood), for skin lesions, which would 

include chronic wounds, the focus of this work. 

 

3. EVs in wound healing – underlying mechanisms 

The wound healing process is a complex process, requiring the coordination of many 

cellular and extracellular processes, like cell migration and proliferation, angiogenesis, collagen 

synthesis and deposition, and skin tissue remodeling [9, 10, 14-20]. Any impairment in this 
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cascade leads to chronic non-healing wounds such as diabetic ulcers or pathological scarring 

such as keloid scars [1, 2, 4, 5, 9, 14-18]. As described earlier, different approaches have been 

studied to tackle with this urgent issue, including the administration of growth factors, DNA 

and RNA-based therapies, biomaterials, among others [16, 23, 56, 139, 150]. The wound is a 

harsh environment, rich in proteolytic enzymes, which can lead to the degradation of growth 

factors administered to the wound, or secreted by the skin cells, disrupting the subsequent 

signaling cascades and, thus contributing to an impaired wound healing [444, 445]. Because 

EVs are lipid bilayer vesicles, they offer protection from proteolytic degradation to the 

enclosed biomolecules, enhancing their availability and consequently increasing the targeting 

of skin cells [10, 191-193, 197, 202-205]. Additionally, these vesicles offer advantages relatively 

to cell-based therapies, since they offer no risk of aneuploidy and limited possibility of 

immunological response in an allogenic context, are easier to manipulate and maintain with 

low costs [188-190]. 

In the context of wound healing, it has been demonstrated that exosomes have the 

capacity to mediate several signaling pathways relevant for wound healing, like PI3K/Akt, 

MAPK/ERK, JAK/STAT, Hippo/YAP, Wnt/β-Catenin, TLR4/NF-κB, and TGF-β/SMAD2 pathways, 

which, in turn modulate gene expression and induce a specific response from the cell [19, 446-

464]. Exosome-containing biomolecules important for wound healing as well as their target 

genes and pathways are presented on Table XVI. The identified pathways are known to play 

critical roles in wound healing at different stages, modulating crucial biological processes, such 

as cell proliferation, migration, and angiogenesis [125, 207, 216, 217, 223, 225, 226, 228, 230, 

234-237]. Furthermore the modulation of these pathways was demonstrated to be, at least in 

part, mediated by biomolecules transported by exosomes, proteins, growth factors and 

different miRNAs [125, 216, 217, 223, 225, 226, 228, 234-237]. 

The majority of the studies that attempt to unravel the molecular mechanisms beyond 

exosome regenerative properties in wounds refer to exosomes secreted by mesenchymal stem 

/ stromal cells (MSCs), from different tissue sources, namely, umbilical cord (UC), bone-

marrow (BM), adipose tissue (also named as adipose-derived stem cells – ASCs), synovium or 

stratum synovial, and derived from induced pluripotent stem cells (iPSCs) [216, 217, 223, 225, 

228-231, 234-237]. One study reported the use of exosomes derived from fibrocytes, a group 

of bone marrow-derived mesenchymal progenitor cells [225]. Two studies were based on 

exosomes from endothelial progenitor cells (EPCs), in one study EPCs were obtained from 

umbilical cord blood (UCB) and the respective exosomes were used in excessive scar, in the 

other exosomes derived of EPCs from peripheral blood (PB) were applied in ischemic hind limb 

animal model [207, 233]. Furthermore, platelet rich plasma (PRP), UCB plasma, hematopoietic 

stem cells (HSCs) from PB and amniotic epithelial cells (AECs) are also reported as sources of 

exosomes in studies regarding their molecular mechanism in the context of wound healing 

[125, 206, 226, 232]. 

From all wound healing studies involving exosomes, it is difficult to evaluate the 

importance of the exosome source in the final therapeutic effect and action mechanism 

because it is difficult to normalize the effect between different animal models, concentration 

of exosomes, and methodologies adopted to identify the action mechanism. In case of PRP, 

UCB plasma and EPC exosomes, their effect seems to target skin regeneration and tissue 

maturation (with less scaring), via the PI3K/Akt, MAPK/ERK, and Hippo/YAP pathways [125, 

207, 226].  
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Table XVII. Underlying mechanisms of EVs in wound healing. Adapted from [443].  

Source Outcome(s)  Molecule(s) Proposed mechanism(s) Ref 

hPRP * ↗ ECs and fib. proliferation, migration 
and angiogenesis; ↗ STZ-rat wound 
closure, reepithelization, angiogenesis 
and collagen remodeling 

PDGF-BB; TGF-β1; 
bFGF; VEGF. 

YAP pathway: YAP dephosphorylation / 
activation trough Rho-ROCK axis  
translocation to nucleus  reepithelization 
PI3K/Akt + ERK pathways: Akt and ERK 
activation / phosphorylation  angiogenesis 

[125] 

hUCB – 
EPCs  

↗ ECs proliferation, migration and 
angiogenesis; ↗ STZ-rat wound closure, 
angiogenesis, reepithelization and 
collagen maturation; ↘ scar 

_ ERK pathway: ERK phosporylation / 
activation cell proliferation, migration 
and angiogenesis 

[207] 

hUC – 
MSCs  
(LPS cond.) 

↗ M2 differentiation; ↗ STZ rat wound 
closure and angiogenesis, ↘ 
inflammation 

Let-7b 
(miR-133a; miR-183; 
miR-550b; miR-1180) 

TLR4/NF-κB/STAT3/Akt pathway: ↘ TLR4; 
phosphorylation P65; STAT3 and Akt  M1 
to M2 macrophage polarization 

[223] 

human 
SMSCs * 
 

↗ ECs and fib. cell proliferation; ↗ STZ 
rat wound closure, angiogenesis, 
reepithelization, collagen maturation 

+ miR-126-3p 
(…) 

Akt/ERK pathway: phosphorylation Akt and 
ERK  cell proliferation and angiogenesis 

[217] 

Human 
fibrocyte 

↗ ECs, fib., diabetic ker. proliferation, 
migration and angiogenesis; ↗ Diabetic 
mice wound closure 

HSP-90α; STAT3; 
(miRs …) 

↗ COL1; COL3 and α-SMA 
STAT3 pathway activation  

[225] 

hUCB 
plasma 

↗ ECs and fib. cell proliferation, 
migration and angiogenesis; ↗ Mice 
acute wound closure, reepithelization 
and angiogenesis; ↘ scar  

miR-21-3p (miR-
19b; miR-27b; miR-
125b; miR-126; 
miR-214) 

Inhibition of PTEN and SPRY1 
PI3K/Akt + ERK pathways: Akt and ERK 
phosphorylation / activation cell 
proliferation, migration and angiogenesis 

[226] 

hUC – 
MSCs * 

↗ Fib. proliferation and migration; ↘ 
myofibroblast differentiation ;↗ Mice 
wound closure, ↘ scar 

miR-21; miR-23a; 
miR-125b; miR-145 

TGF-β/SMAD2 pathway: inhibition TGF-β2; 
TGF-βR2 and SMAD2. 
Inhibition excess α-SMA 

[216] 

human 
ASCs 

↗ Fib. proliferation, migration and 
collagen synthesis; ↗ Mice wound 
closure and maturation, ↘ scar 

_ ↗ PCNA; cyclin-1; cyclin-D3, N-cadherin, 
elastin, collagen I and III 
 

[229] 

human 
ASCs 

↘ Differentiation fib.  myofib.; ↗ 
diabetic mice wound closure, 
reepithelization, angiogenesis and 
collagen remodeling ↘ scar 

_  ERK/MAPK pathway: phosphorylation 
ERK1/2  ↗ MMP3; ↗ COL3A1, TGF-β3; 
↘ α-SMA, COL1A1 

[230] 

human 
ASCs 

↘ Differentiation fib.  myofib.; ↘ 
Mice wound scar; ↗ collagen 
maturation 

_  ERK/MAPK pathway: phosphorylation 
ERK1/2  ↗ MMP3; ↗ COL3A1, TGF-β3; 
↘ α-SMA, COL1A1 

[230] 

human 
ASCs 

↗Ker. and fib. proliferation and 
migration; ↗ Rat wound closure 

miR-205 Akt pathway: Akt phosporylation  Bcl-2 
 cell survival; proliferation, and migration 
MSC EVs modulated miR-205 expression 

[228] 

human 
AECs 

↗ Fib. proliferation and migration; ↗ 
Rat wound closure and collagen-fibers 
organization; ↘ scar 

_  ↗ MMP-1; ↘ collagen I and III  ↘ scar [232] 

hiPSC – 
MSCs 

↗ ECs and fib. proliferation, migration 
and angiogenesis; ↗ Rat wound closure, 
reepithelization, collagen maturation 
and angiogenesis 

_  ↗ elastin, collagen I and III 
 

[231] 

hPB – 
EPCs 

↗ Mice ischemic hind limb perfusion, 
vascularity, ↘ limb amputation 

(miR-126; miR-296) _ [233] 

hPB – 
HSCs 
(CD34+) 

↗ ECs angiogenesis; ↗ Mice ischemic 
hind limb perfusion, vascularity, ↘ limb 
amputation 

miR-126-3p (…) Inhibition of SPRED-1 [206] 

hUC – 
MSCs  

↗ Ker. and Fib. survival, migration and 
proliferation; ↗ Rat skin burn repair, 
reepithelization and collagen 
maturation 

Wnt4 
PDGF-BB; G-CSF; 
VEGF; MCP-1; IL-6 
and IL-8 

Wnt/β-catenin pathway: β-catenin 
translocation to nucleus  ↗ PCNA; cyclin-
D1; cyclin-D3 and N-cadherin 
Akt pathway: : Akt phosporylation  Bcl-2 
 cell survival; proliferation, and migration  

[234] 

hUC – 
MSCs  

↗ ECs proliferation, migration and 
angiogenesis; ↗ Rat skin burn repair, 
angiogenesis 

Wnt4 
 

Wnt/β-catenin pathway: β-catenin 
translocation to the nucleus  ↗ PCNA; 
cyclin-D3  angiogenesis 

[235] 

hUC – 
MSCs  

↘ Macrophage inflammation; ↗ Rat 
skin burn repair, ↘ inflammation 

+ miR-181c 
(…) 

TLR4/NF-κB pathway: ↘ TLR4; 
phosphorylation P65;  
↘ TNF-α, IL-1β; ↗ IL-10 

[236] 

hBM – 
MSCs  

↗ Normal and diabetic fib. proliferation 
and migration; ↗ ECs angiogenesis 

 
STAT3 and p-STAT3 

STAT3/Akt/ERK1/2 pathway: 
phosphorylation STAT3; Akt and ERK     
↗ c-myc; cyclin-A1; cyclin-D2; HGF; IGF1; 
NGF; SDF1; and IL-6. 

[237] 

hPRP – human platelet-rich plasma; hUCB – human umbilical cord blood; hUC – human umbilical cord (Wharton jelly); hPB – human peripheral blood; 
hBM – human bone marrow; EPCs – endothelial progenitor cells; HSCs – hematopoietic stem cells; MSCs – mesenchymal stem/stromal cells; ASCs – 
adipose tissue stem cells; SMSCs – synovial mesenchymal stem/stromal cells; iPSCs – induced pluripotent stem cells; AECs – amniotic epithelial cells; STZ 
– streptozotocin; ECs – endothelial cells; Fib. – fibroblasts; Ker. – keratinocytes; PI3K - phosphoinositide 3-kinase; Akt – protein kinase B; MAPK - mitogen-
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activated protein kinases; ERK - extracellular signal-regulated kinases; JAK – janus kinase; STAT - signal transducer and activator of transcription; Hippo - 
protein kinase hippo; YAP – yes associated protein; TLR4- toll-like receptor 4, NF-κB - nuclear factor kappa B. * Studies where biomaterials were used as 
scaffold and allowed delayed and sustained release of EVs in the wound. 

 

 

In case of MSC exosomes they seem to act at 3 different levels: (i) reduction of 

inflammation, (ii) improvement in skin regeneration, and (iii) induction of tissue maturation 

with low scaring, by acting in several pathways, namely PI3K/Akt, MAPK/ERK, JAK/STAT, 

Wnt/β-Catenin, TLR4/NF-κB, and TGF-β/SMAD2 pathways [216, 217, 223, 225, 228-230, 234-

237]. It is important to note that Akt and ERK signaling pathways were the focus of the 

majority of the studies reported so far (Table XIII). The activation of these pathways leads to 

the phosphorylation of Akt and ERK, which then translocate to the nucleus and induce the 

expression of specific genes (e.g. PCNA, c-myc, cyclins, MMP3, etc.), leading to an increase in 

skin cells proliferation, migration and survival, and angiogenesis and ultimately enhancing 

wound healing [125, 207, 217, 223, 226, 228, 234, 237]. The Wnt/β-catenin and STAT3 

pathways seem to have also an important role in the wound healing effect of exosomes. These 

pathways respond to exosomes from MSCs and fibrocyte (only STAT3) transporting signaling 

molecules (Wnt4 and STAT3) in the activated and inactivated form [223, 234, 235, 237]. The 

activation of these pathways leads to increased cell proliferation and angiogenesis [234, 235, 

237].  

The therapeutic effect of exosomes seems to be mediated by both miRNAs and proteins. 

Proteins such as Wnt4, PDGF-BB, G-CSF, VEGF, MCP-1/CCL2, IL-6 and IL-8 mediated the 

bioactive effect of UC-MSC exosomes, through the activation of Akt signaling pathway [234]. In 

addition, proteins such as bFGF, PDGF-BB, TGF-β and VEGF on PRP exosomes lead to an 

increase in skin reepithelization by the activation of YAP, Akt and ERK pathways [125]. 

Moreover, proteins such as STAT3 and heat shock protein HSP-90α mediated the wound 

healing effect of fibrocyte derived exosomes [225]. Yet, some miRNAs have been also 

described to mediate the healing effect of exosomes [216, 223, 226, 228, 236]. For example, 

miRNAs (e.g. miR-181c) on UC-MSC exosomes mediated the TLR4 pathway inhibition and 

reduction of inflammation [223, 236]; let-7b on UC-MSCs exosomes mediated their wound 

healing properties [223]; miR-21-3p on UCB plasma- derived exosomes induce in vitro 

proliferation and migration of fibroblasts and endothelial cells and in vivo cutaneous wound 

healing by the activation of Akt and ERK pathways [226]; miR-21 along with miR-23a, miR-125b 

and miR-145 on MSC exosome mediated TGF-β pathway inhibition and reduction of excessive 

scar during wound healing [216]; miR-126-3p on SMSC exosomes mediated skin cell 

proliferation and survival by the activation of Akt and ERK signalling pathways [217]. 

The modulation of exosome content it’s a very interesting possibility, not only because 

exosomes are a biocompatible vehicle offering protection for the encapsulated biomolecules, 

but also by the possibility of enhancing their native bioactivity, and the targeting of specific 

pathways, genes and even cell types or tissues [217, 236]. One study, used exosomes secreted 

by MSCs treated with LPS, which correlated to presence of Let-7b an anti-inflammatory agent 

and M2 macrophage activator [223]. 

To the best of our knowledge, only 2 studies addressed the bioavailability of exosomes 

during wound healing [226, 229]. Hu, Y. et al, stained exosomes from UCB plasma with PKH67 

and monitored the fluorescence by microscopy until 8 days after exosome injection in the 

wound, concluding that exosomes were retained in the skin cells of the wound for only 3 days 

[226]. On the other end, Hu, L. et al, were able to detect ASCs derived exosomes in vivo in the 

wound site by bioluminescence 7 days after tail vein injection [229]. Additionally, tail vein 

injection of exosomes induced faster healing than locally injected exosomes, a difference that 
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the authors attributed to wound disturbance by direct injection of the exosomes to the wound 

[229]. 

As exosomes and EVs offer protection to their cargo, different biomaterials compositions 

are being used to protect these vesicles of the harsh environment of the wound, and increase 

their bioavailability in the wound site. From the reported studies 3 involved the combination of 

biomaterials with exosomes, which should lead to a delayed and sustained delivery in the 

wound bed [125, 216, 217]. Guo et al, used a sodium alginate hydrogel (SAH) for exosome 

derived from PRP delivery to the wound, and compared the effect with PRP direct application, 

observing an increased healing kinetics [125]. A HydroMatrix, a commercially available 

composition, was also used as a scaffold for administration of MSCs derived exosomes to the 

wound [216]. The SMSCs derived exosomes were entrapped in a chitosan (CS) hydrogel before 

application in the wound [217]. Unfortunately, in all the studies reported, it was difficult to 

evaluate the advantages of the controlled release of exosomes by the biomaterial as compared 

to the application of exosomes alone (i.e. without the biomaterial) [125, 216, 217]. 

 

 

 

Figure - 14. Exosomes for wound regeneration. 
Exosomes from several sources, plasma (including platelet rich plasma), endothelial progenitor cells (EPCs), 

hematopoietic stem cells (HSCs), mesenchymal stem / stromal cells and similar (MSCs, including adipose derived 

stem cells, ASCs, synovial mesenchymal stem / stromal cells, SMSCs, and fibrocytes), and amniotic epithelial cells 

(AECs), are able to enhance wound healing by delivery of growth factors, signalling proteins, messenger RNAs 

(mRNAs), and microRNAs (miRNAs), targeting and modulating skin cells proliferation, migration, survival and 

angiogenesis, which translate in improved wound closure, new tissue formation and higher maturation of the 

tissue, extracellular matrix and blood vessels. 
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ABSTRACT.  

Small extracellular vesicles (SEVs) offer a promising strategy for tissue regeneration, 

yet their short lifetime at the injured tissue limits their efficacy. Here, we show that kinetics of 

SEV delivery impacts tissue regeneration at tissue, cellular and molecular levels. We show that 

multiple carefully timed applications of SEVs had superior regeneration than a single dose of 

the same total concentration of SEVs. Importantly, diabetic and non-diabetic wounds treated 

with a single time point dose of an injectable light-triggerable hydrogel containing SEVs 

demonstrated a robust increase in closure kinetics relative to wounds treated with a single or 

multiple doses of SEVs or platelet derived growth factor BB, an FDA-approved wound 

regenerative therapy. The pro-healing activity of released SEVs was mediated at tissue/cell 

level by an increase in skin neovascularization and re-epithelization and at molecular level by 

an alteration in the expression of 7 miRNAs at different times during wound healing. This 

includes an alteration of has-miR-150-5p, identified here to be important for skin regeneration.  

 

KEYWORDS. small extracellular vesicles, exosomes, hydrogel, light-triggerable, skin 
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SEVs, commonly designated as exosomes, are cell-based vesicles with a diameter of 

50-200 nm, containing a cocktail of miRNAs as well as other biomolecules (e.g. proteins, lipids, 

mRNA), with an important role in cell/tissue communication.1,2 The transfer of SEV 

biomolecules modulates the biological functions of acceptor cells which in turn may have 

impact in tissue regeneration.3-5 For example, the transfer of miRNAs 3, 6,7 as well as proteins 5 

from SEVs collected from different sources (mesenchymal,3 blood cells,6 stem or progenitor 

cells 7,8) to heart,7,8 pancreas,9 limb ischemia 6 or skin 3, 10 cells has been demonstrated to 

control neovascularization, cell proliferation and migration, among other biologic functions. 

The effect of SEVs largely depends in their source, isolation method, administration route, 

dose and target tissue. The systemic administration of SEVs leads to a predominant 

accumulation of SEVs in the spleen and liver, and most of SEVs are cleared from the animals by 

6 h postinjection.11 The local administration, at the injured tissue, increases SEV targeting 

efficacy; however, the vesicles not affected by proteases or changes in pH present a short 

lifespan because they are rapidly taken up by tissue cells, including immune and endothelial 

cells. 12, 13 These vesicles are uptake as single vesicles within minutes and they cluster into 

filopodia active regions.13 Interestingly, a significant portion of SEVs (40-60%) seem to 

accumulate in lysosomes after several hours and thus their content is likely degraded.13 The 

remaining portion of SEVs releases their content in cell cytoplasm. Because tissue regeneration 

requires the intervention of multiple biomolecules at different times,14-16 a single 

administration of SEVs is not desirable to maximize their regenerative effect.    

The hypothesis of the current work is that the regenerative impact of SEVs depends in 

their delivery kinetics to the injured tissue. We have tested this hypothesis in the context of 

chronic wounds (topical application). Wound healing is a complex process involving the 

intervention of multiple biomolecules at different times.17 For example, miR-16, miR-21 and 

miR-29b have separate roles at the inflammatory, proliferation and maturation phases, 

respectively, which occur at different times during wound healing.18 Conventional treatment of 

chronic wounds includes regular wound debridement (i.e. removal of necrotic tissue, foreign 

debris and infection) in order to stimulate the healing process and the protection of the wound 

by a specific dressing.19 With the exception of Regranex (platelet derived growth factor BB, 

PDGFBB, formulation) approved in 1997 to stimulate the healing in chronic lower extremity 

diabetic neuropathic ulcers,17 there is a lack of formulations to accelerate the regeneration of 

chronic wounds. Recent pre-clinical studies have demonstrated that SEVs have the capacity to 

help regenerate chronic wounds by accelerating re-epithelization and neovascularization,3-5, 20-

22 yet the regeneration program is limited because of the short lifespan of SEVs. The short 

lifespan of SEVs necessitates multiple doses, which is not desirable because it would require 

medical staff assistance for each application and each administration could disrupt the wound 

healing process. Therefore, it would be desirable a single application of a formulation 

containing SEVs, such as a hydrogel, able to release SEVs overtime and provide a temporary 

extracellular matrix for cell infiltration and adhesion. During hydrogel degradation, cells would 

infiltrate the space occupied by the hydrogel and would be modulated by the released SEVs.  

Engineered biomaterials with capacity to control the temporal release of SEVs may 

provide an opportunity to enhance the regenerative process. Towards this goal, it is important 

that the hydrogel releases SEVs over the duration of the healing process and the space 

occupied by the hydrogel should be replaced by cells that proliferate and migrate from the 

proximity (Figure 1A). The application of SEVs in scaffolds, including hydrogels, has been 

demonstrated in previous studies; however, (i) the controlled release of SEVs from pre-formed 

scaffolds was not compared to a single dose of SEVs and thus the advantage of controlled 

release was not demonstrated,8, 22, 23 (ii) often the controlled release of SEVs have exhibited 

only modest regenerative effects (up to 20% improvement beyond the scaffold alone without 
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SEVs or SEVs alone),22-25 (iii) the in vivo SEV release was not demonstrated 22, 23, 26 and (iv) the 

molecular mechanism of the released SEVs was not evaluated.8, 22-24, 26 To the best of our 

knowledge, no study has demonstrated the impact of SEV delivery kinetics in tissue 

regeneration at tissue, cell and molecular levels.    

In this work, we have studied the impact of SEV delivery kinetics in 2 different ways: (i) 

using single or multiple administrations of the same total concentration of SEVs or (ii) using a 

single administration of an injectable SEV-containing light-disassembly hydrogel, with or 

without activation. The hydrogel was prepared by the crosslinking of hyaluronic acid, a 

polymer used in the clinic on wound dressings,27 by a photo-cleavable linker (PCL) that is either 

attached to SEVs by one moiety or alone. The wound healing properties of SEVs isolated from 

human umbilical cord blood mononuclear cells (hUCBMNCs) from different donors was 

evaluated in three full-thickness excision wound models (wild type, streptozotocin-induced 

type I diabetes, and diabetes type II using the db/db genetic model). To demonstrate the full 

potential of SEV-containing hydrogel, its wound healing activity was compared with a FDA-

approved treatment based on PDGFBB (8 µg of the growth factor per cm2 of wound).28 To 

monitor the in vivo distribution and stability of SEVs we have developed a Forster resonance 

energy transfer system based on lipid-conjugated dyes. In this case, the FRET efficiency 

decreased once SEVs were disrupted. Moreover, the pro-healing activity of SEVs was studied at 

tissue, cellular and molecular level. The expression of miRNAs released by SEVs in skin as well 

as a miRNA that has not been reported in the context of wound healing was evaluated. By 

combining injectability, ability to maintain the integrity and bioactivity of SEVs, ability to 

release SEVs with temporal control that might match the in vivo healing profile, we have 

designed a formulation for efficient tissue regeneration.   

 

Results and discussion 
 

SEV properties and skin cell internalization studies. We have used SEVs secreted from 

hUCBMNCs (approximately 60% of the cells were monocytes, see Figure S1A) because these 

cells are easily obtained from multiple banks. These cells have demonstrated regenerative 

potential in the setting of wound healing 29, 30 and SEVs isolated from neonatal cells have 

shown improved regenerative properties compared to the ones isolated from adult cells.31 To 

isolate SEVs we have cultured cryopreserved hUCBMNCs in serum-free cell culture medium 

under hypoxia for 18 h, collected the conditioned media from the cells and isolated SEVs by 

sequential ultra-centrifugation.32 Hypoxic conditions were selected because it has been shown 

that SEVs isolated under these conditions had enhanced regenerative properties.7, 31 The 

isolated SEVs presented variable morphology (Figure 1B), an average diameter of 100-130 nm 

(by DLS and NTA measurements) (Figures 1C-1D) and a negative zeta potential (-30 mV) (Figure 

1C). NTA analyses also showed that isolated SEVs did not have measurable protein aggregates 

as well as large extracellular vesicles. The vesicles expressed typical SEV surface markers such 

as CD9, TSG101, CD63 and CD81, and they showed lower levels of the hematopoietic marker 

CD45 as compared to the secreting cells (Figures 1E-F, Fig. S1B).  
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Figure 15. Concept and characterization of SEVs.  
(A) Schematic representation of the proposed function of SEV-containing vesicles. SEV-containing hydrogels are 

applied topically in a single administration followed by their incorporation into the wound (A.1). Both the 

degradation of the hydrogel and the linker that immobilizes the SEVs (A.2) are controlled remotely by a light. During 

hydrogel degradation, cells infiltrate the space occupied by the hydrogel and are modulated by the released SEVs. 

This strategy contrasts with single or multiple applications of SEVs, where a scaffold does not exist to provide a 

temporary extracellular matrix for cell adhesion and where the stability of SEVs is low due to pH conditions, tissue 

remodeling enzymes and inflammatory cells. (B) Representative TEM images of SEVs. Bar corresponds to 100 nm. 

(C) Size and Zeta potential of SEVs fraction, as evaluated by DLS. Results are average ± SEM, n=4-17. (D) Size and 

particle concentration of SEVs, as evaluated by NTA analyses. (E) Expression of proteins in SEVs as evaluated by flow 

cytometry. Results are average ± SEM, n=4. (F) Representative western blot image of CD63 expression in total 

protein lysates of SEVs and secreting cells. SEVs present 2.14 ± 1.08 (n=4 donors) fold more CD63 than secreting 

cells.  

 

To determine whether skin cells could internalize SEVs, endothelial cells, fibroblasts 

and keratinocytes were incubated for 24 h with fluorescently-labeled SEVs (under non-

cytotoxic concentrations, Figure S2A) and monitored by high-content microscopy (Figure S2B) 

or flow cytometry (Figure S2F) to evaluate their internalization rate and they were imaged by 

confocal microscopy (Figures S2C-S2E) to confirm their intracellular location. High-content 

microscopy images show the internalization of SEVs in all three cell types. At 24 h, most of 

SEVs were located outside the lysosomal compartment as evaluated by co-localization of the 
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SEV label (PKH67) with lysotracker red (Figures S2C-S2E). Since SEVs accumulate in lysosomes 

but also in multivesicular bodies13, which are located in the same cellular region of the 

lysosomes but not stained with lysotracker, it is likely that part of SEVs outside the lysosomes 

are in multivesicular bodies. The uptake kinetics and magnitude were dependent on the cell 

type, with keratinocytes and fibroblasts the most efficient in the uptake of SEVs compared to 

endothelial cells. The differential uptake might be due to differences in the expression of 

caveolin-1 and clathrin in each cell type, that mediate caveolae-dependent and clathrin-

dependent endocytosis of SEVs.33 The differential uptake was also confirmed by flow 

cytometry (Figure S2F). In the 3 cell types, SEVs accumulated in a time dependent manner in 

the overall cytoplasm of the cell, which peaked at approximately 16 h of incubation. 

Importantly, SEVs did not interfere with the biological signature of somatic cells such as 

endothelial cells. Endothelial cells transfected with SEVs for 48 h had similar levels of 

endothelial markers (CD31, VECAD and vWF), at gene (Figure S2G) and protein (Figure S2H) 

levels. Collectively, SEVs have typical size, zeta potential and surface markers and they are 

internalized by skin cells at variable magnitudes.  

 

SEVs skin bioactivity. We then asked whether SEVs could enhance the biological 

properties of skin cells. SEVs increased up to 40-50% the survival of endothelial cells cultured 

under ischemic conditions (Figures S3A-S3B). SEVs obtained from hUCBMNCs with CD34+ cells 

had equivalent bioactivity compared to SEVs obtained from hUCBMNCs without CD34+ cells at 

by NTA) (Figures S3A-S3C). Therefore, the therapeutic value of SEVs was not entirely due to 

the CD34+ cell population. We decided to characterize more deeply SEVs obtained from 

CD34+-depleted hUCBMNCs. In this case, SEVs were able to increase fibroblasts and 

keratinocytes survival up to 10% (Figure S3C). The survival studies were then extended to cell 

proliferation, migration and angiogenesis. The SEVs induced skin cell proliferation (up to ≈50%) 

(Figure 2A), enhanced fibroblasts and keratinocytes migration (up to ≈15%) (Figure S3D) and 

increased endothelial cells network complexity (up to ≈25%) (Figure S3E). In most cases, the 

bioactivity was dependent on SEV concentration.  

The in vivo wound healing effect of SEVs was initially evaluated on type I diabetic mice 

(Figure 2B). A single topical application of a low dose of SEVs (0.4 µg) immediately after wound 

induction had no significant impact on wound healing kinetics (Figure 2C). However, a single 

topical application of a high dose of SEVs (2 µg) improved wound-healing kinetics, particularly 

from day 7 onwards. Interestingly, wounds treated with a very small dose (0.02 µg) every day 

(2 applications per day) for 10 days (0.4 µg of SEVs in total) showed the highest acceleration on 

wound healing. This effect was even superior to the FDA-approved growth factor therapy 

based in the administration of a daily dose of PDGFBB 34 (Figure 2D). At day 10, wounds 

treated with a bi-daily administration of SEVs had completed re-epithelization and showed 

higher tissue remodeling as compared to the control group (Figure 2E). Importantly, the 

therapeutic effect of a bi-daily administration of SEVs was extensive to SEVs obtained from 

different donors (Figure S4A) and to different animal models, i.e., non-diabetic mice (Figure 

S4B) and type II diabetic mice (Figure S4C). In this last case (type II), the healing time of 

wounds treated with SEV (approx. 17 days) is 4 days earlier than the control treatment.  
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Figure 16. In vitro and in vivo bioactivity of SEVs.  
(A) Proliferation of endothelial cells, fibroblasts and keratinocytes upon treatment with SEVs. Vascular endothelial 

growth factor (VEGF, 50 ng/mL) and platelet derived growth factor (PDGF-BB, 50 ng/mL) were used as controls. 

Results are average ± SEM, n= 3 SEVs from different donors, 3 replicates per condition. Statistical analyses were 

performed by a Mann-Whitney test. (B) Schematic representation of wound treatments in a type I diabetic mice 

model. Topical application of 0.4 μg or 2 μg (in both cases a single application at day 0) or twice a day of 0.02 μg (for 

10 days). Control wounds received a saline solution (PBS) only. (C) Wound area as a function of time, normalized by 

the initial wound area. Results are average ± SEM, n=12. Statistical analyses were performed by a two-way ANOVA 

followed by a Bonferroni's multiple comparisons test. (D) Wound area in type I diabetic mice treated by topical 

application of PDGF-BB or bi-daily doses of SEVs. Results are average ± SEM, n=12. Statistical analyses with t-test. (E)  

Representative images of H&E-stained histological sections of control, SEV (2 μg) and SEV (2X/day) groups at day 10 

post-treatment. In A, C and D, *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

Overall, our in vitro results showed that SEVs modulated skin cell activity including cell 

proliferation, migration, survival and angiogenesis. Moreover, our in vivo results showed that 

SEVs enhanced wound healing activity, being the activity dependent on the dose and 

application frequency of SEVs while independent of the donor and the diabetic animal model.  
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Preparation and characterization of a light-triggerable hydrogel for the controlled 

release of SEVs. Previous studies have demonstrated the positive effect of HA hydrogels in 

maintaining a moist wound environment and thus in enhancing wound healing.27 In addition, 

HA (non-crosslinked) has its own bioactivity since it promotes keratinocyte proliferation and 

migration.35 Here, we have developed a light-triggerable HA hydrogel for the remote release 

control of SEVs. Our hypothesis was that a remotely triggerable hydrogel could be more 

efficient to orchestrate SEV release with the dynamics of skin tissue formation. To prepare the 

HA hydrogels we have initially conjugated the HA with cysteine to have HA with thiol groups 

(Figure 3A and Figure S5A). Low viscosity HA with a degree of substitution of 15-20% of L-

cysteine ethyl ester (HA-SH, 50% of free thiols as evaluated by an Ellman test) was used for the 

preparation of the hydrogel. In a separate reaction, the thiol groups of SEVs (ca. 80%) were 

reacted with a PCL (Figure 3B). The PCL is composed by a photolabile ortho-nitrobenzyl ester 

moiety that is sensitive to UV/blue light. The light sensitivity of PCL-conjugated SEVs was 

confirmed after exposure to UV irradiation for 5 min (Figure 3C). Both HA-SH (5%, w/v) and 

PCL-conjugated SEVs containing a large excess of non-reacted PCL (1:10, thiol: acrylate) were 

reacted. The reaction between PCL-conjugated SEVs and HA-SH was confirmed by a reduction 

in the percentage of free thiols in HA-SH (Figure 3D) by the detection of acrylate groups on the 

surface of SEVs (Figure 3 E) and by an increase in the complex viscosity of the mixture (Figure 

3F). The gel point occurred after 35 min (Figure 3G). The hydrogel incubated for 96 h in PBS 

had a G´/G´´ that is approximately 70% of the initial G´/G´´, and thus able to preserve a 

significant part of its mechanical properties in absence of light (Figure S5B). The hydrogel 

swelling ratio was 53±5 (average±SD, n=3) and showed the capacity of the hydrogel to retain 

high levels of water.  

To demonstrate that the hydrogel was light-disassembled with the capacity to release 

SEVs, we exposed the hydrogel to sequential irradiations (405 nm, 80 mW or UV-Light 365 

nm,). The release of SEVs was dependent on the number of irradiations (Figure 3H) and on the 

exposure time (Figure S5). Importantly, the SEVs released were bioactive as evaluated by a 

keratinocyte proliferation assay (Figure S5D). Moreover, irradiation of keratynocytes with a 

405 nm laser up to 3 min does not induce significant toxicity (Figure S5F).Taken together, we 

have developed a light-triggerable hydrogel for the controlled release of SEVs. The formulation 

released cumulative levels of SEVs according to the number of irradiations.  

 

Wound healing efficacy of SEVs released from a light-triggerable hydrogel. Next, we 

asked whether light-triggerable HA hydrogel containing SEVs could improve the closure of 

diabetic type I full-thickness wounds. Therefore, wounds were treated with: (i) HA hydrogel 

without SEVs but light activated each day for 1 min during the 10 days of the experiment 

(named as Gel + Light), (ii) HA hydrogel containing 2 µg of SEVs but not light-activated (Gel + 

SEV) and (iii) HA hydrogel containing 2 µg of SEVs and light-activated (Gel + SEV + Light) each 

day for 1 min during the 10 days of the experiment (Figure 4A1). The progress of wound 

healing was monitored daily by measuring the wound area. A significant acceleration of wound 

closure was observed in animals treated with Gel + SEV or Gel + SEV + Light during the first 5 

days (Figure 4A2). At day 10, the group Gel + SEV + Light presented 30% improvement on the 

wound closure compared to control group (PBS) and 10% relative to Gel + Light and Gel + SEV 

(Figure 4A2). Importantly, the wound closure monitored in wounds treated with Gel + SEV + 

Light, was significantly faster relative to the bi-daily administration of SEVs (2X/day) (Figure 

4B). To confirm that the controlled released of SEVs was indeed mediating the enhancement 

on wound closure, we compared the wound healing in animals treated with Gel + SEV + Light 

and animals treated with SEVs (2 µg) plus HA hydrogel on top (Gel over SEVs + Light) without 
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reaction. Significant differences were observed from early stages up to 10 days, demonstrating 

the importance of the controlled release system to enhance wound healing (Figure 4C). 

 

 

Figure 17. Characterization of a light-triggerable hydrogel for the controlled release of SEVs. 
(A) HA was conjugated with cysteine to have terminal thiol groups while the SEV membrane thiol groups were 

reacted with a PCL containing terminal acrylate groups. The mixture of both components at 37ºC yielded a gel. Gel 

is translucid (A1, gel swollen in PBS; A2, gel swollen in DMEM media). (B) Conjugation yield of SEVs with PCL (1:10 

mol of thiol:acrylate). Average ± SEM (n=4). (C) Absorption spectra of the soluble linker after irradiation (5 min) and 

separation from SEVs using a 7 kDa cut-off filter. (D) HA free thiol groups after 10 min reaction of HA-SH with PCL-

modified SEVs. (E) Relative amount of acrylate groups on the surface of SEVs determined after reacting FAM-thiol 

with SEVs or SEVs-PCL.  Average ± SEM (n=3). In B, D and E statistical analyses were performed by an unpaired t-
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test. (F and G) Complex viscosity (F) as well as G´and G´´(G) as a function of time. (H) Time course photo-cleavage of 

HA hydrogel containing SEV-PCL (100 μg) stained with Syto RNASelect ™. The gel localized in the top part of the 

transwell was irradiated with a UV light (405 nm) for 2 min, followed by 45 min of equilibrium under agitation. In 

each experimental timepoint an aliquot was withdraw from the bottom of the transwell and used to read the 

fluorescence intensity at 530 nm. Results are Mean ± SEM (n=3-4). Statistical analyses by a two-way ANOVA test 

followed by a Bonferroni's multiple comparisons test. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. * denotes 

comparison between UV-Light and non-irradiated, # denotes comparison between Blue-Light and non-irradiated. 

 

To evaluate the wound healing process at the tissue and cellular levels, we performed 

histology and immunofluorescence analyses (Figures 4D and 4E). At day 5 post-wounding, low 

epidermal regrowth and relatively low/moderate vessel density was observed in wounds 

treated with PBS or Gel + Light. Wounds treated with Gel + SEV were partially covered by 

epidermis and showed moderate vessel density, while wounds treated with Gel + SEV + Light 

showed the highest epidermal regrowth, vessel density and wound score. The epidermal 

regrowth in animals treated with Gel + SEV + Light was characterized by a high number of cells 

expressing keratin 14 at the wound edges (Figure S6). This keratin is synthesized by epidermal 

keratinocytes in the basal proliferative layer.36 At day 10 post-wounding, wounds treated with 

PBS or Gel + Light showed a granulation tissue with low levels of macrophages and incomplete 

epithelialization while wounds treated with Gel + SEV + Light showed late stages of 

remodeling, high vessel density and complete epithelialization (Figure S6A). 

Overall, our results demonstrate the importance of SEV controlled release to enhance 

wound healing, characterized at a cellular level by increased skin re-epithelization and 

neovascularization. The formulation proposed in this work is applied topically in a single 

administration followed by their incorporation in the wound. This approach decreases 

significantly the number of applications for the treatment of chronic wounds and consequently 

the interference in the wound healing process. Besides the clinical impact, the strategy 

proposed here can reduce the cost of the treatment and reduce the pain and discomfort in 

patients. The incorporation of the gel in the wound is likely beneficial to support cell migration 

to the wound bed as has demonstrated in previous studies after topical administration of 

soluble hyaluronic acid in diabetic mice.27 Specifically, the degradation of hyaluronic acid by 

hyaluronidases leads to the formation of low molecular weight hyaluronan fragments that are 

angiogenic and immunostimulatory.27 This might explain in part the wound healing properties 

of HA gel + light (without SEVs). Although formulations for SEV delivery have been reported 

during the preparation of this manuscript, 22, 24, 26, 37 those studies did not demonstrate the 

effect of SEV delivery kinetics in tissue regeneration at tissue, cellular and molecular levels. 

Few studies have highlighted the effect of SEV retention in injured tissue but not the effect of 

SEV´s kinetics delivery.8, 24 Our results show that the controlled delivery of SEVs during skin 

healing enhanced tissue regeneration. This was confirmed at two different levels: by the 

administration of a single or multiple doses of the same total concentration of SEVs and by the 

use of a hydrogel that allowed temporal controlled release. In the last case, our results showed 

that the non-activation of the hydrogel (and thus the release of SEVs depending in the 

degradation of the hydrogel) led to inferior wound healing results. This clearly showed that the 

kinetics of the sustained release had a significant impact in tissue regeneration. Further 

corroborating the advantages of our approach, a previous study has shown that the absence of 

temporal control in SEV release and scaffold degradation only increased healing up to 15% 

relative to wounds treated with scaffold without SEVs 22 while in our case we had an increase 

of more than 40%. 
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Figure 18. Healing effect of a light-triggerable hydrogel containing SEVs in type I diabetic chronic wounds.  
(A) Schematic representation of the in vivo testing. Type I diabetic mice were treated topically with: (i) PBS, (ii) light-

triggerable HA hydrogel irradiated everyday by a blue laser (405 nm) for 1 min, for 10 days, (iii and iv) light-

triggerable HA hydrogel containing SEVs without (iii) or with (iv) blue laser (405 nm, 1 min) irradiation, once a day 

for 10 days. Results are average ± SEM, n=7-14. (B) Percentage of wound area after treatment with Gel + SEV + Light 

(2 𝜇g of SEVs per wound) or bi-daily doses of SEVs (2×0.02 𝜇g day/wound). Results are average ± SEM, n=14-34. (C) 

Percentage of wound area after topical treatment with Gel + SEV (2 𝜇g of SEVs per gel; the SEVs were crosslinked 

within the gel) or with SEVs (2 𝜇g) which were then covered by a Gel (in this case SEVs were not crosslinked). In 

both cases, the gels were irradiated (405 nm, 1 min), once a day for 10 days. Results are average ± SEM, n=6-14. 

(D1) Representative images of H&E-stained histological sections of explants at day 5. (D2) Wound healing score 

obtained after a graded qualitative analysis of H&E histological tissue samples of the different experimental groups 

at day 5. Results are average ± SEM, n=5. (E1) Representative images of CD31 staining after 5 and 10 days. (E2) 

Vessel density quantification based on vessel positive for CD31 marker. Results are average ± SEM, n=12-19. Two-

way ANOVA and Newman-Keuls multiple comparisons test (A e D) or uncorrected Fisher's LSD (B, D and E) were 

used, statistical differences: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.  

 

In vivo biodistribution of SEVs. To evaluate the biodistribution of SEVs after wound 

administration, SEVs were labeled with lipid-conjugated dyes and monitored by an IVIS 

imaging system. The two lipid-conjugated dyes were synthetized by reacting DPPE with Cy5.5 

or Cy7 dyes (Figure 5A) and their absorbance and emission profiles successfully confirmed 

(Figure 5B). SEVs labeled with Cy7- DPPE, purified by ultracentrifugation (Figure S5B) and 
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applied topically in the wound bed were rapidly eliminated since 70% of their fluorescence was 

lost after two days (Figure 5C). In contrast, fluorescently-labeled SEVs chemically immobilized 

in the light-triggerable gel and administered in the wound bed maintained the same 

concentration for at least 3 days in the absence of light; however, the concentration decreased 

after light activation and consequent release in the wound bed (Figure 5D).  

We then asked whether the hydrogel could preserve the in vivo integrity of SEVs. To address 

this issue, we have incorporated a FRET system in the membrane of SEVs. Cy5.5 and Cy7 

present good overlap between the emission spectra of Cy5.5 and the absorbance spectra of 

Cy7 and a large separation between the emission bands, resulting in a good FRET pair (Figure 

5E1). The topical administration of a SEV solution in the wound bed leads to a rapid loss in 

FRET efficiency (ca. 20% in the first 1 h) as opposed to the one monitored on SEVs chemically 

crosslinked in a light-triggerable hydrogel (Figure 5E2). After 24 h, the decrease in FRET 

efficiency was around 50%, 20% and 30% in the groups SEVs, Gel + SEV and Gel + SEV + Light, 

respectively. These results indicate that when SEVs were chemically conjugated to the light-

triggerable hydrogel, their stability increased. Taken together, the hydrogel maintained SEV 

integrity and sustained the topic release at the wound bed.  

 

 

Figure 19. Biodistribution and integrity of SEVs administrated in the wound site.  
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(A) Schematic representation of the synthesis of lipid-conjugated dyes. DPPE was conjugated either with Cy5.5 or 

Cy7. The lipids (one dye or a pair of dyes in 1:1 molar ratio) were then incorporated in the SEVs followed by their 

purification with a column. (B) Normalized absorbance (solid line) and emission (dotted line) spectra for the DPPE-

fluorophore conjugates. Cy5.5-DPPE (grey) and Cy7-DPPE (red). (C and D) SEVs biodistribution in the skin wound as 

evaluated by IVIS imaging. Two excisional wounds (two spots in each mice) were made in the backs of the mice. 

SEVs in solution or in a gel were topically applied to each wound. In (C) a single dose of SEVs labelled with DPPE-Cy7 

in solution (2 μg) was administered while in (D) SEVs labelled with DPPE-Cy7 were administered in a gel (with and 

without light activation; 2 μg of SEVs per gel). (C1) Representative images by IVIS (λex: 745nm, λem: 810-875nm). 

(C2) Epifluorescence quantifications of IVIS. Results are average ± SEM, n=3-10. *p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001, denotes statistical difference relatively to 1 h post-delivery of SEVs. (E) Integrity of SEVs labelled with 

FRET pair (DPPE-Cy5.5 and DPPE-Cy7) in the skin wound as evaluated by FRET overtime. (E1) FRET effect in SEVs 

before administration (in case of emission spectra the λex was 640nm). (E2) FRET efficiency (%) evaluated overtime 

in skin wounds of animals administered with SEVs alone (2 μg) or 20 μL Gel + SEVs (2 μg) with or without light 

activation. Results are average ± SEM, n=3-10. *p<0.05; **p<0.01; ***p<0.001, between Gel + SEV (with or without 

light) and SEV group. A one or two-way ANOVA test followed by a Bonferroni's multiple comparisons test was used.  

 

In vivo mechanism of SEV bioactivity. To determine whether miRNAs were 

responsible for SEV wound healing activity, we performed an endothelial cell survival assay in 

the presence of aurintricarboxylic acid (ATA),7, 38 an inhibitor of the miRNA processing 

machinery. Our results indicate that the pro-survival effect of SEVs was lost and thus 

demonstrating the involvement of miRNAs in the bioactivity of SEVs (Figure S7A).  

To identify the miRNAs responsible for SEV bioactivity we performed RNASeq analyses 

of SEVs obtained from 4 different donors. SEVs were found to be rich in small RNAs, including 

miRNAs (Figures S7B and S7C). We selected the 15 most expressed miRNAs for further studies 

(Figure 6A). The expression of these 15 miRNAs was confirmed by qRT-PCR in SEVs collected 

from 10 individuals, with the hsa-miR-150-5p the most expressed (Figure 6A, Figure S7D). SEVs 

treated with RNase prior to RNA isolation had similar expression of miR-150-5p, thus showing 

that the miRNA was within the SEVs, protected from enzymatic degradation (Figure S7E).  

Next, we asked whether the 15 miRNAs contained in SEVs were differentially 

expressed in wounds at day zero in diabetic (type I) and non-diabetic animals. No statistical 

differences were observed in miRNA expression between non-diabetic and diabetic mouse skin 

(data not shown). Additionally, the effect of Gel + SEV + Light treatment versus PBS in skin 

expression of these miRNAs was studied at day 5 and 10 post wound. Gel + SEV + Light 

treatment of diabetic mice significantly influenced the expression of 7 miRNAs in the wound 

skin, either by stabilizing and sustaining their expression (miR-150-5p, miR-181a-5p, let-7a-5p 

and miR-342-3p), or by increasing their expression at day 5 (miR-223-3p and miR-142-3p) or at 

day 10 (let-7f-5p; Figure 6B). The 8 other miRNAs studied did not present significant 

differences to the control (data not shown). 

From the 7 miRNAs that were differentially expressed in wounds treated with PBS or 

SEVs released in the wound bed by the light-triggerable hydrogel, we focused our attention on 

miR-150-5p because (i) it was the miRNA with the highest expression in SEVs, (ii) it was 

differentially expressed at day 10 in skin wounds treated with PBS or Gel + SEV + Light and (iii) 

its effect in the setting of wound healing was relatively unknown. Our in vitro results showed 

that miR-150-5p alone increased keratinocyte proliferation and migration and enhanced 

fibroblasts survival under ischemic conditions (Figure 6C and Figures S8A-S8F). Moreover, our 

in vivo results show that the topical administration of miR-150-5p complexed with 

lipofectamine in acute wounds enhanced their healing kinetics (Figure 6D and Figure S8G). 

The main function of a miRNA is to inhibit the translation of a series of mRNA targets 

(miRNA target “genes”). Four hundred and eighty gene targets have been validated for miR-
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150-5p, mostly involved in cellular and metabolic processes (Figure S9A). Because re-

epithelization is improved in the setting of wound healing by SEVs (Figure 2), we have 

identified 9 possible targets by literature mining that could be involved in keratinocyte 

proliferation, survival and migration (Figure S9B and S9C). A putative interaction between miR-

150-5p and the 9 gene targets was evaluated using different bioinformatics platforms. From 

the 9 gene targets, we selected 3 genes for further analyses: MYB, BAK1 and SHMT2. SEVs and 

miR-150-5p impact on the expression of the 3 gene targets was evaluated in the 3 skin cells by 

qRT-PCR. Significant down-regulation of the 3 gene targets was observed for skin cells 

transfected with miR-150-5p (the only exception was SHMT2 gene in endothelial cells). A 

similar effect was observed in endothelial cells transfected with SEVs; however, a clear down-

regulation profile of gene targets was not observed in keratinocytes or fibroblasts transfected 

with SEVs (Figure S10A). To evaluate the effect of the 3 target genes in skin cell activity, we 

knockdown each gene by a siRNA. Only the MYB gene knockdown (demonstrated at gene and 

protein levels; Figures S10B and 10C) lead to an increase in keratinocytes proliferation (Figure 

6E). Therefore, the MYB gene is an important gene target of miR-150-5p in the setting of 

wound healing.  

Overall, our results indicate that miRNAs mediate, at least in part, the bioactivity of 

SEVs. From the 15 miRNAs most expressed in SEVs, we found that 7 may mediate the 

bioactivity of SEVs, particularly miR-150-5p, having MYB as the genetic target (Figure 6F). This 

translated at cellular level in the proliferation of epidermal keratinocytes (keratin 14 positive 

cells) at the wound edges and endothelial cells (CD31 positive cells) forming new vessels and at 

tissue level, in the enhancement of re-epithelization, likely due to a sustained release of SEVs 

from day 3 to day 5 (Figure 6F). Importantly, wounds treated with light-activated hydrogel 

containing SEVs had altered expression profile of miRNAs relative to control wounds for at 

least 10 days. Therefore, our results show that the coordination between SEV release and 

tissue regeneration allows that specific miRNAs encapsulated in SEVs actuate at specific times 

during the regenerative program, maximizing the overall therapeutic effect of SEVs. It is known 

that several miRNAs have important roles at different stages of wound healing including cell 

proliferation, migration, immunomodulation, survival and angiogenesis.18 Some miRNAs have 

been reported as being imbalanced in diabetic wounds such as miR-150, miR-342 and miR-

142.18 Wounds treated with light-activated hydrogel containing SEVs had higher levels of miR-

223 and miR-142 at day 5 than non-treated wounds. The increase of both miRNAs likely 

increased the inflammatory activity in the wound bed which is very relevant at the early stages 

of wound healing.39 On the other end, wounds treated with light-activated hydrogel containing 

SEVs had higher levels of miR-150 and miR-342 at day 10 than non-treated wounds. This 

increase likely contributes for re-epithelization and neovascularization processes, since both 

miRNAs are involved on cell proliferation, migration and survival processes. 40, 41 Indeed, the 

current study highlights for the first time the importance of miR-150 in the context of wound 

healing. More studies are necessary to identify in vivo which cells are mostly targeted by SEVs. 

It is possible that different cell populations are target at different times during the release of 

SEVs from hydrogel and thus single cell studies may be relevant to address this issue. 
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Figure 20. The healing effect of SEVs is mediated at least in part by miR-150-5p which targets MYB gene.  
(A) Heatmap of 45 miRNAs identified in SEVs of four different donors, presenting over 20 counts/reads. Red 

designates increased expression, and blue designates decreased expression relative to the mean. (B) miRNAs (both 

human and mouse) differentially expressed in wounds treated with Gel + SEV + Light or PBS, as evaluated by qRT-

PCR analyses. The expression of the different miRNAs was normalized by RNU6 expression. Results are average ± 

SEM, n=3-5 mice. Statistical analyses were performed by Mann-Whitney test. * denotes statistical difference to 

control (PBS) while # denotes statistical difference to day 0. (C1) Proliferation and (C2) migration of keratinocytes 

after transfection with miR-150-5p. Results are average ± SEM, n=9-19. Cells cultured in medium supplemented 

with VEGF or PDGF-BB were used as positive controls. Untreated cells (Ctr) and cells transfected with lipofectamine 

(LF) were used as negative controls. Statistical analyses by Mann-Whitney test. (D) Wound healing after topical 

administration of miR-150-5p, scramble miR or PBS. The results are average ± SEM, n=5-6. Statistical analyses by t-

test relatively to scramble miR (*) or PBS (#). * or # denotes statistical significance (p<0.05). (E) Proliferation of 

keratinocytes. Cells were transfected with siRNAs against MYB, BAK1 or SHMT2 genes. Lipofectamine (LF) or 

scramble siRNA (Neg) were used as negative controls. miR-150-5p was used as positive control. Results are average 

± SEM, n=7-20. Statistical analysis by Mann-Whitney test. (G) Schematic representation of the therapeutic 

mechanism (tissue and cell levels) of SEVs released by a light-triggerable hydrogel. In B, C, D and E, statistical 

analyses mean: *,#p<0.05; **,##p<0.01; ***,###p<0.001.  

 

0 1 2 3 4 5 6 7 8 9 10
0

25

50

75

100

125

150

Time (days)

W
o

u
n

d
 s

iz
e
 (
%

)
miR-150-5p

Scramble
* *

*

*

No treat.

#
#

#

#

L
F

1
5

0
-5

p

N
e

g

s
iM

Y
B

s
iB

A
K

1

s
iS

H
M

T
20

50

100

150

T
o

ta
l 
c
e

ll
s
 (

%
 o

f 
c
o

n
tr

o
l)

*
****

*

C
tr L
F

1
5

0
-5

p

V
E

G
F

P
D

G
F0

20

40

60

80

100

A
re

a
 c

lo
s

e
d

 
(%

, 
re

la
ti

v
e

 t
o

 t
im

e
 z

e
ro

)

* *
*

C
tr L
F

1
5

0
-5

p

V
E

G
F

P
D

G
F0

50

100

150

T
o

ta
l 
c
e

ll
s

 (
%

 o
f 

c
o

n
tr

o
l)

** * **

C1 C2 D

A

E

miR-150-5p

Time (days)

R
e
la

ti
v
e
 e

x
p

re
s
s

io
n

 (
2

- D
D

C
t )

0 5 10
0

1

2

3

*

PBS Gel+ SEV + Light

miR-181a-5p

Time (days)

0 5 10
0

1

2

3

*

let-7a-5p

Time (days)

0 5 10
0

1

2

3

**

miR-342-3p

Time (days)

0 5 10
0

1

2

3

4

**

let-7f-5p

Time (days)

0 5 10
0

1

2

3

**

miR-223-3p

Time (days)

0 5 10
0

5

10

15
# *

 miR-142-3p

Time (days)

0 5 10
0

2

4

6

8

10

*#

F

B

Tissue level Cell level

miR-150-5p

c-MYB

Proliferation

0 1 2 3 4 5 6 7
0

25

50

75

100

Light-triggerable hydrogel

Direct topical application

S
E

V
 d

e
li
v
e
ry

 (
%

)

Time (days)

• Regeneration (Re-

epithelization, 

granulation tissue)

• Remodeling

(epidermis, dermis and 

extracellular matrix)W
o

u
n

d
 

h
e
a
li

n
g

Time 
(days)

• Inflammation



 

 
66 

Conclusions 
 

Here, we demonstrate that the kinetics in SEV delivery has impact in tissue 

regeneration at tissue, cellular and molecular levels. The light-activated hydrogel containing 

SEVs accelerated wound healing relative to a single or multiple administrations of SEVs or the 

same hydrogel without light activation, which releases SEVs by the enzymatic/chemical 

degradation of the polymeric network. This was due to a coordinated action between SEV 

delivery and hydrogel degradation with the skin regeneration process. It is important to note 

that SEVs remained stable in the hydrogel before in vivo release as confirmed by a FRET system 

developed in the setting of this work. The regenerative program was characterized at the 

cellular level by an enhanced re-epithelization process, due to the proliferation of epidermal 

keratinocytes expressing keratin 14, and by an increase in the neovascularization process, and 

at molecular level, by alteration in the expression of 7 miRNAs at the skin, being one (miR-150) 

validated at functional level.  

Recent interventions for diabetes-impaired wound healing include the development of 

therapies based on extracellular components (acellular), biomaterials, stem cells as well as 

tissue engineering products.17 Despite the difficulty to compare the healing activity of all these 

strategies due to differences in the animal models (genetic versus chemically induced; type I 

versus type II), wound types (splinted versus nonsplinted wounds), therapeutic doses and 

approaches to monitor skin healing, the results obtained for our formulation are superior than 

other studies. For example, dressings coated with angiopoietin-derived peptide closed 75% of 

nonsplinted diabetic mouse wounds in 14 days42 while dressings coated with laminin-derived 

peptide closed 50% of splinted diabetic wounds in 10 days.43 Moreover, injectable, 

interconnected microporous gel scaffolds induced 40% closure of splinted diabetic wounds in 7 

days.44  

 The injectable triggerable hydrogel reported here allows SEV release with the 

dynamics of skin tissue regeneration. The injectable formulation can be easily applied in 

wound beds with different geometries. Because diabetic chronic wounds have recurrent 

infection and necrosis, one can incorporate autolytic enzymes such as collagenases and 

antimicrobial peptides45 in the SEV-containing hydrogel to provide tissue management and 

antimicrobial activity, respectively. The hydrogel can be irradiated by a commercial available 

blue laser (a 50 mW blue laser with a 4 mm spot can be acquired by less than $50; this laser 

has a lower power than dental lasers at 420-480 nm, i.e., 1500 mW/cm2) and operated by the 

patient at home, reducing the need for professional assistance and patient dislocation to a 

health center, thus improving patient quality of life during the treatment. In addition, the 

release can be aligned with circadian rhythms, i.e., the activation may be performed at the 

same time every day which may be beneficial in terms of biologic response.46 With further 

optimization, it may be interested to consider applications where sun light could be used as a 

trigger for SEV release.  

We have synthesized the hydrogel by the crosslinking of thiolated HA with both PCL 

and PCL-conjugated SEVs. The photolabile ortho-nitrobenzyl ester moiety in the PCL makes 

these hydrogels sensitive to blue light. Therefore, SEV release and a decrease in the network 

crosslink density, both controlled by the cleavage of PCL, occurs simultaneously after hydrogel 

exposure to a blue light. Although photodegradable HA hydrogels have been previously 

described,47 the ability to couple network degradation and release of bioactive agents by the 

same photolabile linker has not been demonstrated. We have further demonstrated that the 

hydrogel maintained the stability and integrity of SEVs for several days in vivo and the 

bioactivity of SEVs maintained after light activation and release from the network. For proof of 
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concept, the programmable SEV delivery system reported here was used for a topical 

application. Light-triggerable release can be used as a tool to identify the ideal dosing regimen 

for a range of tissues targets including skin, ocular and gastrointestinal tissues. For 

gastrointestinal applications, endoscopic techniques can be used for light activation. In 

addition, the properties of the hydrogel such as mechanical properties, swelling ratio, gelling 

rate might be tuned according to the final application. In the setting of this work, we irradiated 

the hydrogel every day for 1 min; however, the irradiation protocol may be further optimized 

to coordinate SEV delivery with the regenerative process. The hydrogel proposed here offers 

advantages to specialized controlled release polymers/systems because the operator/user can 

coordinate hydrogel degradation and SEV release with the tissue regeneration process. 

Therefore, it offers an exquisite control in SEV delivery and ultimately in tissue regeneration. 

The bioactivity mechanism of SEVs was mediated by at least 7 miRNAs (150-5p, 181a-

5p, let-7a-5p, 342-3p, let-7f-5p, 223-3p and 142-3p). Some of these miRNAs have been 

reported to be imbalanced in diabetic chronic wounds including miR-150, 342 and 142.18 In the 

current study, we demonstrate for the first time the importance and mechanism of miR-150-

5p in the context of wound healing. The delivery of these miRNA´s enhanced the proliferation 

of epidermal keratinocytes and ECs which in turn promoted skin re-epithelization. Our results 

demonstrate that the coordination in the release of these miRNAs by SEVs and tissue 

regeneration maximized their regenerative programs. When SEVs or PDGFBB (FDA-approved 

wound regenerative therapy) were daily administered into diabetic chronic wounds the most 

significant effect of SEVs was observed at early stages of wound healing which was then 

preserved during the healing process.  

The clinical relevance of our formulation was demonstrated against an FDA approved 

formulation based on PDGFBB. This growth factor stimulates the proliferation of mesenchymal 

cells, including fibroblasts. Clinical results have shown that the healing of chronic wounds (i.e. 

wounds that did not heal after 20 weeks with standardized care) with the PDGFBB-based 

formulation was more than 30% higher than the control.34 Our results show that wounds 

treated with a daily dose of PDGFBB (i.e. 8 µg of the growth factor per cm2 of wound; 

concentration recommended for the application of Regranex)28 had an average size that 

corresponds to 88%, at day 5, and 28 %, at day 10, of the initial wound size; while wounds 

treated with a single application of a light-triggerable hydrogel containing 2 µg of SEVs had an 

average size that corresponds to 49%, at day 5, and 9%, at day 10 (therefore more than 30% 

increase in wound healing as compared to PDGFBB-treated wounds), of the initial wound size.  

In summary, we have demonstrated the impact of SEV delivery kinetics in tissue regeneration 

at tissue, cellular and molecular levels. A class of injectable biomaterials for the temporal 

controlled delivery of potent SEVs was developed and the in vivo release of these vesicles 

demonstrated using a FRET imaging system. The hydrogel has the potential to prolong local 

SEV availability, reduce dosing frequency and maximize SEV therapeutic efficacy (more than 

40% improvement beyond the scaffold alone without SEVs and single administration of SEVs). 

The efficacy is due to a coordination between SEV release, hydrogel degradation and skin 

regeneration. Our study also sheds light on the bioactivity mechanism of SEVs in the context of 

tissue regeneration.  

 

Experimental Section 
 

Extended protocols are available in the online supplementary file.  
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Isolation of hUCBMNCs. All hUCB samples were obtained upon signed informed consent, in 

compliance with Portuguese legislation. The collection was approved by the ethical 

committees of Centro Hospitalar e Universitário de Coimbra, Portugal. The samples were 

stored and transported to the laboratory in sterile bags with anticoagulant solution (citrate-

phosphate-dextrose). Samples were processed within 48 h after collection as previously 

described by us 29. Mononuclear cells (MNCs) were isolated by density gradient separation 

(Lymphoprep TM - StemCell Technologies SARL, Grenoble, France). For some experiments, 

CD34+ cells were positively selected (2 times) after MNC isolation using the mini-MACS 

immunomagnetic separation system (Miltenyi Biotec, Bergisch Gladbach, Germany), according 

to the manufacturer’s recommendations. MNCs, with and without CD34+ cells, were 

cryopreserved (FBS:IMDM:DMSO 55%:40%:5%) until usage.  

Isolation and labeling of SEVs. Human umbilical cord blood mononuclear cells (hUCBMNCs) 

(2×106 cells/mL) were cultured in X-VIVO 15 serum-free cell culture medium (Lonza) 

supplemented with Flt-3 (100 ng/mL, PeproTech) and stem-cell factor (100 ng/mL, PeproTech) 

under hypoxia (0.5% O2) conditions for 18 h. SEVs were purified from the conditioned media of 

hUCBMNCs by differential centrifugation as described previously 32. The pellet containing the 

SEVs was resuspended in PBS. The SEVs were quantified based in their protein content using 

the DC protein assay from BioRad™. Typically, 33.5  16.7 g (media  SD, n= 57 donors) of 

total protein per 50  106 MNCs were obtained. This concentration is in agreement with other 

studies published elsewhere 48. To estimate the purity of SEVs, we have quantified the number 

of particles (measured by NTA) and the protein. The number of particles per µg of protein has 

a 4-fold enrichment after combining differential centrifugation with size-exclusion 

chromatography (qEV columns, Izon). For some in vitro experiments, SEVs were labelled with 

NBD-DPPE, PKH67 or Syto® RNASelect™. For in vivo experiments, SEVs were labeled with near-

infrared dyes, Cy5.5-DPPE and/or Cy7-DPPE.  

In vitro SEV bioactivity assay. Human umbilical vein endothelial cells (HUVECs, Lonza), normal 

dermal human fibroblasts (NDHF, Lonza) and human keratinocytes (HaCaT, CLS) were used as 

skin cell models. Endothelial cells were cultured in EGM-2 (Lonza) with 2% FBS, fibroblasts and 

keratinocytes were cultured in DMEM (Invitrogen) with 0.5% Pen Strep and 10% FBS. 

Whenever cells were treated with SEVs, the media used to dilute the SEVs for transfection was 

centrifuged overnight at 100.000 g and filtered (0.2 µm pore) in order to deplete the exosomes 

from FBS (exo-depleted media). For cell proliferation assay, cells were plated at very low 

density in 96 well plates, stained with Hoechst at time 20 h (1 µg/mL, Life Technologies) for 15 

min, washed with PBS and incubated in exo-depleted medium with or without 

supplementation with SEVs. Vascular endothelial growth factor (VEGF, 50 ng/mL, PeproTech) 

and platelet derived growth factor (PDGF-BB, 50 ng/mL, PeproTech) were used as positive 

controls. Cells were photographed (IN Cell, GE Healthcare) and cell number was obtained by 

counting the nuclei. Proliferation was determined as percentage of control at 72 h after 

treatment ((Total cells treatment group / Total cells control group) × 100%).  

Preparation and characterization of a light-triggerable hydrogel. (A) Purification of 2-

carboxyethyl acrylate oligomers. Anhydrous 2-carboxyethyl acrylate oligomers (6.5 g, n=0-3, 

Aldrich, Ref. 407585, average MW~170) were separated by gravity chromatography (silica, 

AcOEt/Hex: 0 → 30%). Right after purification, fractions were collected and analyzed by HPLC-

MS (Agilent 1100, Zorbax 3.5µm 3×150mm column, H2O/CH3CN: 5 → 95%). Desired fraction, 

n=3, was dried under vacuum to get a transparent oil (0.7 g), confirmed by NMR as the desired 

product. 1H NMR (400 MHz, CDCl3):  6.39 (d, J = 17.3 Hz, 1H, CH=CH2), 6.12-6.06 (dd, 1H, 

CH=CH2), 5.83 (d, J = 10.4 Hz, 1H, CH=CH2), 4.41-4.35 (m, 6H, OCH2CH2), 2.71-2.64 (m, 
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6H, OCH2CH2). (B) Synthesis of the photo-crosslinker linker (PCL). Purified 3-((3-((3-

(acryloyloxy)propanoyl)oxy)propanoyl)oxy)propanoic acid (2-Carboxyethyl acrylate n=3, 0.5 

mL, 1.0 equiv.) was solubilized in dichloromethane (10 mL, Fisher Chemical) under nitrogen 

atmosphere and dimethylformamide (0.15 mL). Then, thionyl chloride (0.50 mL, 2.0 equiv., 

Acros Organics) was added dropwise at 0 ºC, under vigorous stirring and by using a dropping 

funnel. After 1 h of reaction water-bath was removed and reaction was stirred overnight at 

room temperature (15 h reaction time). Solvent was then evaporated and compound was 

dried under vacuum. Then, the resulting crude was solubilized in (distilled) dichloromethane (3 

mL) and added dropwise under nitrogen atmosphere to a previously prepared cooled (0 ºC) 

solution of (2-nitro-1,3-phenylene) dimethanol (0.25 g, 0.4 equiv., ARCH Bioscience) and N,N-

diisopropylethylamine (0.12 mL, 0.2 equiv, Sigma-Aldrich) in (distilled) dichloromethane (5 mL) 

over 20 min. Reaction was then left to reach room temperature overnight. Finally, double 

distilled water (5 mL) was added to the reaction crude and the reaction product extracted 

with ethyl acetate (3 × 5 mL, Fisher Chemical). The corresponding organic fractions were dried 

with magnesium sulfate, filtered and solvent was evaporated under reduced pressure. 

Reaction crude was purified by gravity chromatography (silica, AcOEt/Hex: 0 → 60%), to obtain 

the photo-cleavable linker as brown oil (yield 54%). 1H NMR (400 MHz, CDCl3):  7.53 (m, 3H, 

ArH), 6.39 (d, J = 16.9 Hz, 2H, CH=CH2), 6.19-6.03 (dd, 2H, CH=CH2), 5.84 (d, J = 10.4 Hz, 2H, 

CH=CH2), 5.25 (s, 4H, ArCH2O), 4.45-4.31 (m, 12H, OCH2CH2), 2.77-2.62 (m, 12H, 

OCH2CH2). (C) Thiolation of hyaluronic acid (HA). HA (0.2 g, 180 kDa, Bioiberica) was 

dissolved in ultra-pure deionized water (10 mL) to obtain a final 2% (w/v) polymer solution. 

The pH of the reaction mixture was adjusted to 5.5 by the addition of 0.1 M HCl. Afterwards, 

EDC and NHS (both from Sigma-Aldrich) were added to the polymer reaction mixture at a final 

concentration of 112 mM (2:1 molar ratio (EDC/NHS):cysteine). The pH was readjusted to 5.5 

and the reaction mixture was stirred for 20 min at a room temperature. Then, L-cysteine ethyl 

ester hydrochloride (0.2 g, Sigma-Aldrich) was added and the pH was increased to 6.0. The 

reaction mixture proceeded for 4-6 h at room temperature, under nitrogen environment and 

protected from direct light exposure. The resulting conjugate was dialyzed in a dialysis 

membrane (molecular weight cutoff 12 kDa) at 4 ºC, three times against a pre-cooled 1% (w/v) 

NaCl (Applichem) solution and finally against demineralized water. After 48 h of dialysis, the 

thiol-conjugated hyaluronic acid was lyophilized for two days and stored at -20 ºC until further 

use. (D) Conjugation of SEVs with PCL and formation of hydrogel. The free thiol groups 

concentration in SEVs was 2.4±0.5 nM per 1 μg of vesicles, as determined by a Thiol 

Fluorescent Probe IV (20 µM, Calbiochem - Merck Millipore, calibration curve was against L-

cysteine ethyl ester hydrochloride). Initially, the photo-cleavable linker (1% v/v) was allowed to 

react for ~10 min with free thiol groups present in the SEVs surface (free thiol 1:5 acrylate, 

molar ratio). Then, the thiolated-HA was dissolved in a solution containing the acrylate-surface 

modified SEVs to give a final 5% (w/v) polymer solution. The reaction between free acrylate 

groups present in the SEVs and the thiol of the HA was allowed to occur for at least 10 min, 

with vortex cycles, after which we added more free acrylate groups to give a final acrylate to 

thiol ratio of 1:1. The final reaction solution was allowed to crosslink for 1 h at 37 ºC.  

In vivo testing. In vivo experimental protocols were approved by the Portuguese National 

Authority for Animal Health (DGAV). Male C57BL/6 wild-type (WT) mice (8 to 10-week-old), 

purchased from Charles River (France) and weighing between 20 and 30 g were used for the 

experiments. Diabetes mellitus type I was induced in mice by intraperitoneal injections of 

streptozotocin for 5 consecutive days (STZ; citrate buffer, pH 4.5; 50 mg/kg, Sigma-Aldrich). 

Animals were anesthetized by an intramuscular injection of a /ketamine/xylazine solution 

(100/10 mg/kg). Analgesia (buprenorphine, 0.1 mg/kg) was given subcutaneously, 30 minutes 

before the wound induction and every 6-8h up to 48 h. After shaving and disinfecting the area 
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with a povidone-iodine solution (Betadine®), two 6 mm diameter full-thickness excision 

wounds were performed with a sterile biopsy punch in the dorsum of each animal. Topical 

treatments were applied immediately after wound induction and were repeated as indicated. 

Animals were divided into different groups according to the treatment applied. SEVs were 

applied topically to the wound bed. In all experiments, animals were kept in individual cages 

with food and water ad libitum and observed daily during the total period of the experiment. 

The progress of wound closure was monitored daily by measuring the wound area. The 

percentage of wound area was presented as percentage of the original wound (day 0) and 

calculated following the equation: (area of actual wound/area of original wound) × 100%. 

Wounds were considered completely closed when the area at a particular time point was zero. 

Statistical analyses. All analyses were performed in at least biological triplicates. Statistical 

analyses were performed by a Mann-Whitney test or by a one or two-way ANOVA test 

followed by a Bonferroni's or a Newman-Keuls multiple comparisons test. Statistical analyses 

were performed by GraphPad Prism 6 software (GraphPad Software, Inc.). Significance levels 

were set at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The values for N, P, and 

the specific statistical test performed for each experiment was included in the appropriate 

figure legend.  
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Supplementary material  
 

Material and methods  

 

Secreting cells: human umbilical cord blood (hUCB) mononuclear cells isolation 

All hUCB samples were obtained upon signed informed consent, in compliance with 

Portuguese legislation. The collection was approved by the ethical committees of Centro 

Hospitalar e Universitário de Coimbra, Portugal. The samples were stored and transported to 

the laboratory in sterile bags with anticoagulant solution (citrate-phosphate-dextrose). 

Samples were processed within 48 h after collection as previously described by us1 . 

Mononuclear cells (MNCs) were isolated by density gradient separation (Lymphoprep TM - 

StemCell Technologies SARL, Grenoble, France). For some experiments, CD34+ cells were 

positively selected (2 times) after MNC isolation using the mini-MACS immunomagnetic 

separation system (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the 

manufacturer’s recommendations. MNCs, with and without CD34+ cells, were cryopreserved 

(FBS:IMDM:DMSO 55%:40%:5%) until usage.  

 

Secreting cells: MNCs characterization by a hematologic analyzer  

The hUCB cells were characterized before and after MNCs and CD34+ cells isolation 

and cryopreservation using an Automated Hematology System (Sysmex XE-2100 TM, 

Mundelein, IL, USA). The cells were characterized regarding their composition in white blood 

cells (neutrophils, lymphocytes, monocytes, eosinophils, basophils, immature granulocytes and 

other cells) and nucleated red blood cells, taking in account their size and complexity.  

 

Secreting cells: MNCs characterization by flow cytometry  

Cells were further characterized by flow cytometry for CD45 and CD34 expression, 

before and after CD34+ cells isolation. Total buffy coat cells (white blood cells) were incubated 

for 15 min at room temperature with CD45 and CD34 antibodies followed by incubation (for 

some minutes) with 7-amino-actinomycin D (7-AAD) for cell viability assessment 

(Supplementary Table I). Lysing solution (VersaLyse) was added and after 20 min samples were 

washed and resuspended in PBS (300 µL). Cells were then analyzed in a Cytomics FC500 flow 

cytometer (Beckman Coulter). 

 

Isolation of SEVs  

The total number of MNCs (lymphocytes and monocytes) was used for SEV secretion. 

Both MNCs CD34+ and MNCs CD34- (2×106 cells/mL) were cultured in X-VIVO 15 serum-free 

cell-culture medium (Lonza Group Ltd, Basel, Switzerland) supplemented with Flt-3 (100 

ng/mL, PeproTech) and stem-cell factor (SCF, 100 ng/mL, PeproTech) under hypoxia (0.5% O2) 

conditions for 18 h. SEVs were purified from the conditioned media of MNCs by differential 

centrifugation. Briefly, the conditioned medium was subjected to sequential centrifugation 

steps of 300 ×g (10 min), 2000 ×g (20 min), and two times of 10.000 ×g (30 min), for removal of 
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cells, cell debris, and microvesicles, respectively. After a 2 h centrifugation at 100.000 ×g in a 

SW41Ti or SW32Ti swinging bucket rotor (Beckman) the pellet was washed with 7 mL of PBS 

and centrifuged at 100.000 ×g for another 2 h. The pellet containing the SEVs was resuspended 

in PBS (250 µL). The SEVs were quantified based in their protein content using the DC protein 

assay from BioRad™. In these conditions, we obtained 134.1  66.9 g/mL (media  SD, n= 57) 

of total protein per 50  106 cells. To estimate the purity of SEVs, we have quantified the 

number of particles (measured by NTA, see below) and the protein (this time measured by a 

micro-BCA assay, that is more sensitive than the DC protein assay from Biorad mentioned 

above). The number of particles per g of protein was 1.3 ×109 after differential centrifugation. 

The number increased to 5.3×109 combining differential centrifugation with size-exclusion 

chromatography (qEV columns, Izon; therefore a 4-fold enrichment). 

 

SEV characterization: dynamic light scattering and zeta potential analyses  

After thawing the SEVs at room temperature, particle size and zeta potential were 

determined using light scattering via Zeta PALS Zeta Potential Analyzer and ZetaPlus Particle 

Sizing Software, v. 2.27 (Brookhaven Instruments Corporation). For particle size, a suspension 

of SEVs (50 μL) was diluted in PBS (200 µL) and five measurements were performed at 25ºC. 

For the zeta potential, SEVs (50 µL) were diluted 25 times with biological molecular grade 

water filtered through a 0.2 µM pore (final PBS concentration of 5 mM). Each sample was 

measured 5 times and the results presented are the arithmetic means of different biological 

replicates.  

 

SEV characterization: NTA analyses  

A suspension of SEVs (15 µg) was diluted in MilliQ water (1 mL), to yield a final 

concentration of 5108 to 1109 particles /mL, 30 and 60 particles per frame. Samples were 

loaded into the sample chamber of an LM10 unit (Nanosight, Amesbury, UK) using a syringe 

pump speed of 10 µL per minute. Five videos (60 sec) of each sample were recorded. 

Temperature was monitored across all samples. Camera level was set at 11 or 12 and 

detection threshold at 4. Data analysis was performed using NTA 2.2 software. 

 

SEV characterization: TEM analyses  

The samples were mounted on 300 mesh formvar copper grids, stained with uranyl 

acetate 1%, and were examined using a Jeol JEM 1400 transmission electron microscope 

(Tokyo). Images were digitally recorded using a Gatan SC 1000 ORIUS CCD camera 

(Warrendale, PA, USA), and photomontages were performed using Adobe Photoshop CS 

software (Adobe Systems, San Jose, CA), at the HEMS / IBMC - Institute for Molecular and Cell 

Biology (IBMC) of the University of Porto, Portugal.  

 

SEV characterization: SEV surface markers characterization by flow cytometry  

Flow cytometry analyses were performed according to published protocols 2. Briefly, a 

suspension of SEVs (10-50 g) was incubated with aldehyde/sulfate latex beads (3.8 µm, 4% 

(m/v)) (Molecular probes®, A37304), in a proportion of 2 (SEV):1(beads) (w/v), for 15 min at 

room temperature. PBS was then added to reach a reactional volume of 1 mL and the solution 
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was kept overnight at 4 ºC under a constant stirring in a microtube rotator. After the addition 

of glycine (110 µL, 1 mM) during 30 min the beads coated with SEVs were washed two times 

with PBS/0.5% BSA (500 µL). The SEVs attached to the beads were incubated with fluorescent 

antibodies and their corresponding IgG, for 30 min on ice (Supplementary Table I). The labelled 

SEVs were washed twice with PBS/ 0.5% BSA, resuspended in PBS (200 µL) and finally 

characterized by flow cytometry (BD AccuriTM C6, BD Biosciences). SEV- secreting cells were 

also characterized by flow cytometry for SEV and MNC markers. In this case, cells were 

incubated for 30 min at 4ºC with specific antibodies, washed twice and resuspended in 

PBS/0.5% BSA (300 µL). Propidium iodide (PI, 1 µg/mL) was added for cell viability assessment 

immediately before analysis.  

 

SEV characterization: western blot analyses  

Protein was extracted from MNCs and respective SEVs by incubation on ice for 30 min 

(vortex every 10 min) with RIPA buffer (R 0278, Sigma-Aldrich) and a cocktail of phosphatase / 

protease inhibitors (PIC, #5872, Cell Signaling Technologies), followed by sonication for 5 min 

of SEVs isolates. Samples were centrifuged at 14.000 g for 15 min, 4º C and the supernatant 

was kept. Total protein was quantified by BCA (Thermo fisher). Samples were diluted in loading 

buffer (Laemmli sample buffer) and 50 µg were applied in a 10% polyacrylamide gel. Protein 

was transferred to a Westran (Whatman) membrane and analyzed for exosomal and cellular 

markers CD63 and GAPDH (Supplementary Table I) using the VWR Imager Transiluminator and 

VWR® Image Capture Software. Relative quantification of western blot bands was performed 

with ImageJ Software.  

 

SEV characterization: RNA profile  

Extraction of RNA. SEVs were collected from 50106 MNCs, using the protocol 

described above. For some experiments, SEVs from 3 donors were treated with RNase (10 

μg/mL, SigmaAldrich, R5125) at 37ºC for 10 min prior to RNA isolation. RNase was inactivated 

by adding RNase inhibitor at approximately 1000 U/mL (Sigma-Aldrich, R1158). Total RNA was 

extracted from SEVs with the miRCURY RNA Isolation Kit – Cell & Plant (EXIQON) using the 

lysate preparation from cultured animal cells protocol and the total RNA purification from all 

types of samples with small modifications. SEV lysis was performed with lysis buffer (700 μL 

lysis solution + 7 μL β-mercaptoethanol) by vortexing for 1 min. Then ethanol (600 μL) was 

added to the lysate and samples were transferred to columns (600 μL at a time). Samples were 

centrifuged at 14.000 g for 1 min and washed with 600 μL of washing solution 3 times. RNA 

was eluted on elution buffer (25 μL) by centrifuging 2 min at 200 g followed by a centrifugation 

at 14.000 g for 1 min. RNA was quantified in a NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies, Inc., USA) at 260 nm.  

Quality control of RNA. For RNASeq analysis the quantity and quality of total RNA (2 

samples) and small RNA (4 samples) were assessed using the RNA 6000 Pico kit and the Small 

RNA kit in the Agilent 2100 Bioanalyzer (Agilent Technologies), respectively.  

cDNA library preparation. Whole Transcriptome (WT) library was prepared for 2 

samples and Small RNA libraries for the 4 samples, has described by Ion Total RNA-Seq Kit v2 

User Guide (Life Technologies). All procedures were carried out according to manufacturer’s 

instructions, except the RNA fragmentation step that was skipped in the preparation of the 

whole transcriptome libraries since the starting material was already of the required length. 

Briefly, 2.1-8.4 ng of small RNA were used to construct the small libraries and 20 ng of total 
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RNA for the WT libraries. RNA adaptors were ligated at 16ºC for 16 h to small and at 30ºC for 1 

h to WT libraries. The first and second cDNA strands were synthesized, and purified cDNA was 

then amplified with specific barcoded primers by PCR and the resulting fragments selected for 

the correct size with magnetic beads. The cDNA libraries were quantified and their quality 

assessed with the Agilent High Sensitivity DNA Kit for WT RNA libraries and the Agilent DNA 

1000 kit for small libraries in the 2100 Bioanalyzer (Agilent Technologies). Two pools of 

barcoded libraries (WT and small RNA) were prepared and clonally amplified by emulsion PCR 

using the Ion PI Template OT2 200 kit v2 and the Ion OneTouch 2 System (Life Technologies), 

and the positive Ion Sphere Particles enriched in the Ion OneTouch ES machine (Life 

Technologies). Finally, the positive spheres were loaded into a single Ion PI chip v2 and 

sequenced in the Ion Proton System (Life Technologies) at Genoinseq (Cantanhede, Portugal). 

All procedures were carried out according to manufacturer’s instructions.  

Analyses. Ion Proton adapter sequences and low-quality bases were trimmed using the 

Torrent Suite software (Life Technologies). Sequence reads were then filtered by length, where 

reads with less than 15 bp were removed from the small library and 18 bp for the large library. 

Next, rRNA (ribosomal RNA), tRNA (transfer RNA), miRNA (micro RNA), mRNA (messenger 

RNA) and ncRNA (non-coding RNA) were identified by aligning the reads from each sample to 

their specific libraries (rRNA: 5S - NR_023379.1, 5.8S - NR_003285.2, 18S - NR_003286.2, 28S - 

NR_003287.2; tRNA: library of tRNA extracted from UCSC; microRNA: mirbase; mRNA: CDS 

library from Ensembl; ncRNA library from Ensembl and ENCODE) using TMAP version 4.1 (Life 

Technologies). The eXpress software (Roberts and Pachter, 2013) was then used to count the 

number of total reads (reads that aligned in one or more transcripts) and unique reads (reads 

that aligned in only one transcript) per transcript in each library. In addition, the number of 

scaRNA (small cajal body-specific RNA), snRNA (small nuclear RNA) and snoRNA (small 

nucleolar RNA) comprised in the Ensembl ncRNA library was also calculated. The total number 

of reads for each microRNA (miR) identified was considered, in a total of approximately 

400.000 reads per sample. The identified miRs presenting above 20 counts were considered 

valid. Clustering analysis of RNASeq data was performed with Cluster 3.0 software and the 

resulting heatmap and hierarchical clustering tree were obtained and visualized using the 

TreeView v1.1.6 program. All the miR with more than 20 reads in all samples were considered 

for clustering analysis.  

Validation of miRNA expression by qRT-PCR. The expression of the 15 most expressed 

microRNAs, as determined by the RNASeq data was confirmed by qRT-PCR in RNA samples 

extracted from SEVs of 10 different donors. After isolation of total RNA of SEVs a cDNA library 

was constructed with the NCode™ miRNA First-Strand cDNA Synthesis and qRT-PCR Kit 

(Invitrogen™, Life Technologies, Carlsbad, California, USA). First, all the miRNAs in the samples 

(30 ng of total RNA) were polyadenylated using poly A polymerase and ATP. Following the 

polyadenylation, the tailed miRNA population was used to synthetize the cDNA library with 

SuperScriptR III RT and a Universal RT Primer. Specific primers for each microRNA were 

designed accordingly to NCode kit instructions and RNU6 was used as endogenous control 

(Supplementary Table II). PCR was performed using the Fluidigm Flex Six™ Gene Expression IFC 

in the BioMark™ System (Fluidigm Corporation, South San Francisco, CA, USA), following the 

manufacturer’s instructions, using specific forward primers for microRNAs and RNU6 and the 

universal reverse primer of NCode cDNA kit. The data was analyzed with Real-Time PCR 

Analysis Software in the Biomark instrument (Fluidigm Corporation, CA) and relative 

expression of each microRNA was determined by the ΔCt method. 
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Cell culture  

Human umbilical vein endothelial cells (HUVECs, Lonza, Switzerland; between passage 

3 and 7), normal dermal human fibroblasts (NDHF, Lonza, Switzerland; between passage 5 and 

11) and human spontaneously transformed keratinocytes (HaCaT, Cell lines services, Germany; 

between passage 37 and 42) were used to investigate the bioactive effects of SEVs. Endothelial 

cells were cultured in EGM-2 (Lonza) with all the factors and 2% FBS, fibroblasts and 

keratinocytes were cultured in DMEM (Invitrogen) with 0.5% Pen Strep and 10% FBS. 

Starvation media was EBM-2 with gentamicin and amphotericin for endothelial cells and 

DMEM with Pen Strep for fibroblasts and keratinocytes. When cells were treated with SEVs, 

the cell culture media used to dilute the SEVs for transfection was centrifuged overnight at 

100.000 g and filtered (0.2 µm pore) in order to deplete SEVs from FBS (SEV-depleted media). 

In case of endothelial cells, SEV-depleted media was obtained by ultracentrifugation of EGM2 

medium prepared without VEGF. 

 

Cell transfection  

For miR-150-5p in vitro bioactivity evaluation, cells were transfected with miR-150-5p 

(25 nM, miRIDIAN microRNA Human hsa-miR-150-5p mimic MIMAT0000082, Dharmacon) and 

lipofectamine® RNAiMAX transfection reagent (Invitrogen™) in 100 µL of complete medium 

without antibiotics. Cells transfected with lipofectamine were used as negative controls. In 

siRNA in vitro assays, cells were transfected with 100 nM of specific siRNAs for MYB, BAK1 and 

SHMT2 genes (hs.Ri.MYB.13.1, hs.Ri.BAK1.13.1, hs.Ri.SHMT2.13.1 - Custom DicerSubstrate 

siRNA, IDT - Integrated DNA Technologies) or a negative control siRNA (MISSION® siRNA 

Universal Negative Control #1, Sigma-Aldrich) in lipofectamine® RNAiMAX. Vascular 

endothelial growth factor (VEGF, 50 ng/mL, PeproTech) and platelet derived growth factor 

(PDGF-BB, 50 ng/mL, PeproTech) were used as positive controls for the in vitro bioactivity 

assays.  

 

Cytotoxicity analyses  

Endothelial cells (1104), fibroblasts (5103) and keratinocytes (2104) were cultured in 

96 well plates for 20 h, washed with PBS and incubated with exo-depleted medium either 

alone (100 µL) or supplemented with SEVs (2, 5 or 10 µg/mL). After 4 h, additional exo-

depleted medium was added (100 µL) and cells were incubated for more 18-20 h. At the end, 

the media was changed and cells were incubated in control conditions (exo-depleted full 

media) for 72 h. Cells were photographed (IN Cell, GE Healthcare) and cell death was 

determined by Hoechst/ PI staining. 

 

SEV internalization studies: labelling of SEVs  

For skin cell internalization studies, SEVs were labelled with NBD-DPPE, PKH-67 or 

Syto® RNASelect™. PKH-67 labelling was performed to track SEVs by confocal microscopy. 

PKH67 (1 µL, 1 mM) was added to SEVs (65 µL, 50 µg/mL), incubated for 3 min at room 

temperature, followed by purification with an exosome spin column (Invitrogen). NBD-DPPE or 

Syto® RNASelect™ labelling was performed to track SEVs by high-content microscopy and flow 

cytometry. NBD-DPPE (1 µL) or Syto® RNASelect™ (1 µL) were added to SEVs (100 µL, at a 
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concentration of 60 to 70 µg/mL of protein) to a final concentration of 16 µM and 10 µM, 

respectively. The final mixture containing the dye and the SEVs was incubated during 30 min at 

37ºC. After blocking the reaction with 1% of BSA the SEVs were washed with 6 mL of PBS and 

the free dye was removed by ultracentrifugation at 100.000 g for 1 h. The labelled SEVs were 

resuspended in PBS (100 µL). This procedure was always performed with freshly prepared SEVs 

which were used immediately after labelling.  

 

SEV internalization studies: flow cytometry analyses  

Endothelial cells (8104 per well), fibroblasts (5104 ) and keratinocytes (16104 ) were 

cultured in a 24 well-plate for 18-24 h, after which they were incubated with NBD-DPPE 

labeled SEVs for 4 h in starvation (0% FBS), at final concentrations of 1, 2 and 3 µg/mL. At the 

end, cells were washed with PBS, detached with trypsin (HUVEC and NDHF) or trypLE™ Express 

(HaCaT), washed twice in PBS and analyzed by flow cytometry. The percentage of skin cells 

with internalized SEVs was obtained by the ratio between positive cells versus total number of 

cells.  

 

SEV internalization studies: confocal microscopy analyses  

HUVECs (1104 cells per well) were seeded in an IBIDI™ µ-slide angiogenesis plate and 

left to adhere for 24 h. Then, cells were incubated for 4 h or 24 h with PKH-67 labelled SEVs (5 

µg/mL) in exo-depleted medium. After incubation, cells were washed and incubated with 

lysotracker® red DND-99 (100 nM) for 30 min. Afterwards, cells were washed with PBS and 

fixed in 4% PFA. In order to stain the cell membrane, samples were first blocked with 1% BSA 

for 1 h and then incubated with primary antibody mouse anti human CD31 (1:50, Dako) for 1 h, 

followed by incubation with secondary antibody Alexa fluor-633 anti-mouse (1:1000, 

Invitrogen). Finally, nuclei were stained with DAPI and cells were imaged using a Zeiss LSM 710 

confocal scanning equipment, with the excitation wavelengths of, 405, 488 and 633 and a 

Plan-Apochromat 40×/1.4 oil immersion objective. Cell fluorescence and colocalization 

between SEVs and lysotracker red were quantified using ImageJ. 

 

SEV internalization studies: high content microscopy analyses  

Endothelial cells (1×104 per well), fibroblasts (5×103 per well) and keratinocytes (5×103 

per well) were cultured for 24 h in an ibidi ™ µ-slide angiogenesis plate. The Syto® RNASelect™ 

labeled SEVs (1-20 μg/mL) were added to confluent cells in exo-depleted medium for the time 

of the experiment. Images were taken by a GE Healthcare™ InCell 2200 Analyzer imaging 

system, using a 40× objective, excitation wavelengths of 405 and 488 nm, at times 2, 4, 16, and 

24 h. The analysis of the images was done using a In Cell Investigator package where we were 

able to define the cell and the nuclear mask and recovering the fluorescence of the cytoplasm 

using the equation CytoplasmIntensity= (CellIntensity - NucleusIntensity) / (CellArea - NucleusArea). 

 

SEV bioactive assay: cell proliferation assay  

Endothelial cells (2.5×103 per well), fibroblasts (1×103 per well) or keratinocytes (1×103 

per well) were cultured in 96 well plates for 20 h and then stained with Hoechst (1 µg/mL, 

33342, Sigma-Aldrich) for 15 min, washed with PBS, and finally incubated with exo-depleted 
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medium either alone (100 µL) or supplemented with SEVs (1, 2 or 3 µg/mL). After 4 h, 

additional exodepleted medium (100 µL) was added and cells were incubated for 18-20 h. 

Then, cell culture medium was changed and cells incubated (37ºC, 5% CO2, 0.1% O2) with exo-

depleted medium (200 µL) for 72 h. At 48 h, Hoechst (0.25 µg/mL) was added to the cells to 

reinforce the 9 staining. Cells were photographed (IN Cell, GE Healthcare) and cell number was 

obtained by counting cell nuclei. Proliferation was calculated as percentage of control at 72 h 

after treatment ((Total cells treatment group / Total cells control group) × 100%). For miR-150-5p (25 nM) 

and siRNA (100 nM) assays the protocol was similar; however, the complex was formed with 

lipofectamine in basal medium (without FBS or antibiotics) and cells were transfected in free-

antibiotic cell culture medium. 

 

SEV bioactive assay: cell survival assay  

Endothelial cells (1×104 per well), fibroblasts (5×103 per well) and keratinocytes (2×104 

per well) were cultured in 96 plates. After 20 h, cells were washed with PBS and incubated 

with exo-depleted medium (100 µL) either alone or supplemented with SEVs (1, 2, 3 or 5 

µg/mL). To evaluate the contribution of miRNAs on vesicle bioactivity, ATA (6.25 µM) was 

added with SEVs to cells3,4. After 48 h, cells were incubated in ischemia conditions (starvation 

media, 0.1% O2, 5% CO2, 37ºC) for 48 h for endothelial cells and keratinocytes, or 72 h for 

fibroblasts. At the end, cell viability was quantified by Hoechst/ PI staining using a high-content 

microscope. Cell survival was calculated according to the following equation: ((Live cells treatment 

group – Live cells control group) / Live cells control group) × 100%. For miR-150-5p (25 nM) assay the 

protocol was similar; however, the complex was formed with lipofectamine in basal medium 

(without FBS or antibiotics) and cells were transfected in free-antibiotic cell culture medium. 

 

SEV bioactive assay: cell scratch assay  

Fibroblasts (1×103) and keratinocytes (2×104) were seeded in 96 plates until 

confluency. Then a vertical scratch was made in the middle of the well with a pipette tip. Cells 

were washed with PBS and cultured in exo-depleted medium (100 µL, DMEM with 0.5% FBS) 

either alone or supplemented with SEVs (1, 2 or 3 µg/mL). Additional exo-depleted medium 

(100 µL) was added after 4 h followed by cell culture for 18-20 h. At the end, cell media was 

changed to exodepleted medium alone and cells were incubated at 37ºC, 5% CO2, 0.1% O2 for 

48 h. Pictures of the wells were taken immediately after scratch (time zero - T0) and 48 h (T48) 

later by a high content microscope. Wound area was measured by a AxioVision software 4.6.3 

(Carl Zeiss Imaging Solutions GmbH) and the percentage of area closed calculated by the ratio 

between T48 and T0 scratch areas. For miR-150-5p (25 nM) assay the protocol was similar; 

however, the complex was formed with lipofectamine in basal medium (without FBS or 

antibiotics) and cells were transfected in free-antibiotic cell culture medium 

 

SEV bioactive assay: impact in cell phenotype  

Endothelial cells (50.000 cells/well, 24 well plate) were cultured in the presence or 

absence of SEVs (10 g/mL) for 24 h, washed and then cultured for 72 h. Cells were then 

harvested with trypLE™ Express and resuspended in PBS/0.5% BSA (100 µL). They were then 

incubated for 30 min on ice with a specific antibody, washed twice, resuspended in PBS/0.5% 

BSA (300 µL) and cell labeling for specific epitopes (Supplementary Table I) monitored by a BD 

AccuriTM C6 (BD Biosciences). When needed, cells were fixated with 1% PFA and 
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permeabilized with TRITON X-100 (0.1%) before incubation with specific antibody. When a 

secondary antibody was used, cells were washed after primary antibody incubation and 

incubated on ice for 30 min with respective secondary antibody prior to flow cytometry 

analysis. The transcripts of endothelial gene markers were also analyzed upon SEVs treatment 

of endothelial cell phenotype (Supplementary Table II). Relative gene expression was 

calculated by the ΔCt method using GAPDH expression as control. 

 

Hydrogel synthesis: purification of 2-carboxyethyl acrylate oligomers  

Anhydrous 2-carboxyethyl acrylate oligomers (6.5 g, n=0-3, Aldrich, Ref. 407585, 

average MW~170) were separated by gravity chromatography (silica, AcOEt/Hex: 0 → 30%). 

Right after purification, fractions were collected and analyzed by HPLC-MS (Agilent 1100, 

Zorbax 3.5m 3×150mm column, H2O/CH3CN: 5 → 95%). Desired fraction, n=3, was dried 

under vacuum to get a transparent oil (0.7 g), confirmed by NMR as the desired product. 1H 

NMR 11 (400 MHz, CDCl3):  6.39 (d, J = 17.3 Hz, 1H, CH=CH2), 6.12-6.06 (dd, 1H, CH=CH2), 

5.83 (d, J = 10.4 Hz, 1H, CH=CH2), 4.41-4.35 (m, 6H, OCH2CH2), 2.71-2.64 (m, 6H, 

OCH2CH2). 

 

Hydrogel synthesis: synthesis of the photo-crosslinker linker (PCL)  

Purified 3-((3-((3-(acryloyloxy)propanoyl)oxy)propanoyl)oxy)propanoic acid (2-

Carboxyethyl acrylate n=3, 0.5 mL, 1.0 equiv.) was solubilized in dichloromethane (10 mL, 

Fisher Chemical) under nitrogen atmosphere and dimethylformamide (0.15 mL). Then, thionyl 

chloride (0.50 mL, 2.0 equiv., Acros Organics) was added dropwise at 0 ºC, under vigorous 

stirring and by using a dropping funnel. After 1 h of reaction water-bath was removed and 

reaction was stirred overnight at room temperature (15 h reaction time). Solvent was then 

evaporated and compound was dried under vacuum. Then, the resulting crude was solubilized 

in (distilled) dichloromethane (3 mL) and added dropwise under nitrogen atmosphere to a 

previously prepared cooled (0 ºC) solution of (2-nitro-1,3-phenylene) dimethanol (0.25 g, 0.4 

equiv., ARCH Bioscience) and N,N-diisopropylethylamine (0.12 mL, 0.2 equiv, Sigma-Aldrich) in 

(distilled) dichloromethane (5 mL) over 20 min. Reaction was then left to reach room 

temperature overnight. Finally, double distilled water (5 mL) was added to the reaction crude 

and the reaction product extracted with ethyl acetate (3 × 5 mL, Fisher Chemical). The 

corresponding organic fractions were dried with magnesium sulfate, filtered and solvent was 

evaporated under reduced pressure. Reaction crude was purified by gravity chromatography 

(silica, AcOEt/Hex: 0 → 60%), to obtain the photo-cleavable linker as brown oil (yield 54%). 1H 

NMR (400 MHz, CDCl3):  7.53 (m, 3H, ArH), 6.39 (d, J = 16.9 Hz, 2H, CH=CH2), 6.19- 6.03 (dd, 

2H, CH=CH2), 5.84 (d, J = 10.4 Hz, 2H, CH=CH2), 5.25 (s, 4H, ArCH2O), 4.45- 4.31 (m, 12H, 

OCH2CH2), 2.77-2.62 (m, 12H, OCH2CH2). 

 

Hydrogel synthesis: thiolation of hyaluronic acid (HA)  

HA (0.2 g, 180 kDa, Bioiberica) was dissolved in ultra-pure deionized water (10 mL) to 

obtain a final 2% (w/v) polymer solution. The pH of the reaction mixture was adjusted to 5.5 by 

the addition of 0.1 M HCl. Afterwards, EDC and NHS (both from Sigma-Aldrich) were added to 

the polymer reaction mixture at a final concentration of 112 mM (2:1 molar ratio 

(EDC/NHS):cysteine). The pH was readjusted to 5.5 and the reaction mixture was stirred for 20 

min at a room temperature. Then, L-cysteine ethyl ester hydrochloride (0.2 g, SigmaAldrich) 
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was added and the pH was increased to 6.0. The reaction mixture proceeded for 4-6 h at room 

temperature, under nitrogen environment and protected from direct light exposure. The 

resulting conjugate was dialyzed in a dialysis membrane (molecular weight cutoff 12 kDa) at 4 

12 ºC, three times against a pre-cooled 1% (w/v) NaCl (Applichem) solution and finally against 

demineralized water. After 48 h of dialysis, the thiol-conjugated hyaluronic acid was 

lyophilized for two days and stored at -20 ºC until further use. 

 

Hydrogel synthesis. conjugation of SEVs with PCL  

The free thiol groups concentration in SEVs was 2.4±0.5 nM per 1 μg of vesicles, as 

determined by a Thiol Fluorescent Probe IV (20 M, Calbiochem - Merck Millipore, calibration 

curve was against L-cysteine ethyl ester hydrochloride). Initially, the photo-cleavable linker (1% 

v/v) was allowed to react for ~10 min with free thiol groups present on the SEVs surface (free 

thiol 1:5 acrylate, molar ratio). To assess the presence of acrylate groups on the SEV surface, 

SEVs or SEVs-PCL (16 μg) were conjugated with Exosome-Human CD9 Flow Detection Beads 

(Invitrogen) and then reacted with FAM-thiol (molar ratio 1:20, PCL:FAM-thiol). Finally, the 

beads conjugated with SEVs were analyzed by flow cytometry. 

 

Hydrogel synthesis. formation of hydrogel  

The thiolated-HA was dissolved in a solution containing the acrylate-surface modified 

SEVs to give a final 5% (w/v) polymer solution. The reaction between free acrylate groups 

present in the SEVs and the thiol of the HA was allowed to occur for at least 10 min, with 

vortex cycles, after which we added more free acrylate groups to give a final acrylate to thiol 

ratio of 1:1. The final reaction solution was allowed to crosslink for 1 h at 37 ºC. 

 

Hydrogel characterization: NMR analyses  

The 1H NMR spectra were acquired on a Bruker Avance III 400 MHz spectrometer. All 

solutions were prepared in D2O.  

 

Hydrogel characterization: rheology analyses  

The oscillatory shear measurements of the elastic (G’) and viscous (G’’) modulus were 

obtained at 37 ºC in a Haake Mars III Rheometer with a peltier thermostatic system, using a 35 

mm titanium plate and a gap of 0.1 mm. The G’ and G’’ of several samples gel was determined 

with an oscillation frequency of 0.1 Hz and a stress of 10 Pa. The stability of the hydrogel was 

performed post its gelation point (45 min, 37 ºC) and after its immersion in water (swollen 

hydrogel) during 96 h. The G’ and G’’ of the swollen hydrogel post-crosslinking were measured 

at an oscillation frequency of 0.1 Hz and a stress of 10 Pa. 

 

Hydrogel characterization: FTIR analyses  

The vibrational analysis of the samples was performed by a Frontier 

spectrophotometer from Perkin Elmer (FT-NIR/MIR) equipped with a FR-DTGS detector. 

Lyophilized sample (5 mg) was mixed in a potassium bromide disk and the spectra were 

obtained at room temperature from 4000-400 cm-1. 
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Hydrogel characterization: swelling analyses  

The swelling ratio of the hydrogel was determined by immersion in phosphate buffer 

for 24h, after which the hydrogel was weighted obtaining the mass of the swollen gel (Ws). 

The hydrogel was then dried and its mass was determined by weighing (Wd). The swelling ratio 

was calculated from SR= (Ws - Wd)/ Wd.  

 

Hydrogel characterization: in vitro release of SEVs from the hydrogel  

SEVs (100 μg) where labeled with Syto® RNASelect™ before gel formation. The 

hydrogel was placed in the top compartment of a transwell system (Corning) and activated by 

a blue laser (405 nm, 80 mW) for 2 min followed by 45 min of agitation. This procedure was 

repeated 5 times. The fluorescence was measured from an aliquot withdraw from the bottom 

of the transwell, collected 45 min after each irradiation and measured using a fluorimeter (λex: 

490 nm, λem: 530 nm). Non-irradiated hydrogel was used as negative control. The experiment 

was performed in 4 hydrogels and the measurement performed in triplicate.  

 

Bioactivity evaluation of SEVs released from the hydrogel  

As before, SEVs (100 μg) were conjugated with a photo-cleavable linker and then 

reacted with thiolated hyaluronic acid to form a hydrogel. The hydrogel (50 μL) was prepared 

in the top of a transwell system and incubated for 45-60 min at 37ºC. The bottom (1 mL) and 

the top (200 μL) of the transwell was filled with exo-depleted DMEM containing 10% FBS. The 

hydrogel was irradiated (blue laser) 5 times for 2 min followed by 45 min of agitation and the 

supernatant of the bottom of the transwell collected and incubated for 24 h with keratinocytes 

(2.5×103 / well), that were seeded in a 96 well plate the day before. The media was then 

changed to full media and cell number quantified after 3 days by staining cell nuclei with 

Hoechst and monitoring the fluorescence by a high content microscope (In Cell analyzer 2200). 

The bottom of a transwell containing a hydrogel without SEVs and irradiated by a blue laser 

was used as a negative control. The experiment was performed with SEVs from 3 different 

donors. 

 

Animal testing: animal model  

Animal testing protocols were approved by the Portuguese National Authority for 

Animal Health (DGAV), and all the surgical and necropsy procedures were performed according 

to the applicable national regulations respecting international animal welfare rules. Male 

C57BL/6 wild-type mice (8-10 week-old), purchased from Charles River (France) and weighing 

between 20 and 30 g, were housed in a conventional animal facility on a 12 h light/12 h dark 

regimen and fed a regular chow ad libitum. Diabetes mellitus was induced in mice by 

consecutive intraperitoneal injection of streptozotocin (50 mg/kg; in citrate buffer, pH 4.5; STZ, 

SigmaAldrich).. An intraperitoneal injection was given once a day during 5 consecutive days. 

Glycemia was monitored weekly after STZ treatment with an Accu-Chek Aviva glucometer 

(Roche Diagnostics, Germany) with respective glucose test strips (Accu-Chek Aviva, Roche) and 

only animals with blood glucose levels greater than 300 mg/dL were used in this study (6- 8 

weeks after induction). Insulin (16-32 U/Kg or 0.4-0.8 U/mouse, Sigma-Aldrich) was injected for 

weight maintenance, if necessary. To induce wounds animals were anesthetized with an 
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intramuscular injection of a xylazine /ketamine solution (ketamine hydrochloride, 10 mg/mL, 

(Imalgene®, Merial, Barcelona, Spain), 50 mg/kg of body weight, and xylazine hydrochloride, 2 

mg/mL, (Rompun®, Bayer Healthcare, Germany), 10 mg/kg of body weight). Animals were then 

shaved, and the dorsum was disinfected with a povidone-iodine solution (Betadine®). Two 6 

mm diameter full-thickness excision wounds were performed 5 cm apart with a sterile biopsy 

punch in the dorsum of each animal. The treatments were topically applied immediately after 

wound induction and were repeated as indicated. Animals were kept in individual cages with 

food and water ad libitum, and they were observed daily during the total period of the 

experiment. 

 

Animal testing: wound treatment and healing monitoring  

The animals were divided into different groups accordingly to the treatment applied 

(Supplementary Table III). SEVs were applied topically in the wound bead, as a single 

application after wound induction (day 0), twice a day until complete healing (closure) or in a 

single application conjugated with hyaluronic acid. For treatment with miR-150-5p, a single 

dose of miR-150-5p (5 µM), complexed with DharmaFECT 1 (120 µL) siRNA transfection 

reagent (Dharmacon, Lafayette, Colorado, EUA), was subcutaneously injected in the wound 

edge (2 × 40 µL) immediately after wound induction. A scramble miR (microRNA Mimic 15 

Negative Control, Dharmacon, Lafayette, Colorado, EUA) and PBS were used as negative 

controls. Animals were kept in individual cages with food and water ad libitum. The progress of 

wound closure was monitored daily by measuring the size of the wound area. The wound area 

was measured by ImageJ software (NIH). The percentage of wound area was presented as 

percentage of original wound (day 0) and calculated following the equation: (area of actual 

wound / area of original wound) × 100%. Wounds were considered completely closed when 

the area at a particular time point was zero. 

 

Animal testing: histological analyses of excised wounds  

Animals were sacrificed five and ten days post-wounding and 10 mm-diameter skin 

biopsy specimens, centered on the wound bed and comprising the wound margins, were 

collected and processed for routine histology. Skin samples were fixed in 10% neutral buffered 

formalin, trimmed longitudinally in the direction of the hair flow and centered on the wound, 

embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin. Qualitative 

histological analysis was performed by a pathologist blinded to experimental groups, according 

to a numerical score (Supplementary Table IV) and measurements were performed using 

NDP.view2 software coupled to a Nanozoomer SQ slide scanner (Hamamatsu). 

 

Animal testing: quantification of vessel density  

The number of vessels was quantified at days 5 and 10 post wound excision using 

CD31-stained skin samples. Briefly, after deparaffinization and rehydration procedure of skin 

tissue sections, heat mediated antigen retrieval was performed using citrate buffer at pH 6.0. 

Next, the sections were blocked with a solution containing BSA (1%) and serum (5%) for 30 min 

and incubated with primary antibody CD31 (1:100, Abcam, ab28364) overnight at 4ºC. Alexa 

fluor 647 goat anti-rabbit (1:800, Invitrogen) was used as secondary antibody and nuclei were 

stained with DAPI. Images were acquired using a Zeiss LSM 710 confocal scanning equipment. 

Quantification and measurement were performed in randomly selected five high-power fields 
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of four nonconsecutive tissue sections per time point and per animal within each group. Mean 

results of the number of vessels per slide are expressed as vessels density.  

 

Animal testing: quantification of re-epithelization  

The expression of keratin 5 and keratin 14 was quantified 5 days post-wounding by 

immunofluorescence. After deparaffinization and rehydration procedure, heat mediated 

antigen retrieval was performed using citrate buffer at pH 6.0. The samples were blocked for 1 

h with BSA (5%) in PBS and then permeabilized with Triton X-100 (0.2%) for 10 min. After 

washing with PBS, the sections were incubated overnight at 4ºC with the primary antibodies 

diluted in 1% BSA (keratin 5 polyclonal chicken antibody 1:200; 905901, Biolegend; keratin 14 

polyclonal rabbit antibody 1:1000; 905301, Biolegend). Alexa fluor-488 goat anti-chicken 

(1:500, Invitrogen) and Alexa fluor-633 goat anti-rabbit (1:500, Invitrogen) were used as 

secondary antibodies. Cell nuclei were stained with DAPI. Images were acquired using In Cell 

2200 (GE Healthcare) microscope. Fluorescence intensity in the borders of the wound was 

quantified using Image J. 

 

Animal testing: preparation of lipid-conjugated dyes for SEVs labeling  

To perform the in vivo biodistribution and FRET assay, SEVs were labeled with 1,2- 

dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE, Avanti Polar Lipids Inc.) conjugated 

with Cy5.5 or Cy7. The fluorescent lipid was synthesized by the reaction between the terminal 

amine of DPPE and the NHS of Cy5.5-NHS or Cy7-NHS (Lumiprobe). DPPE (43 µmoles) was 

dissolved in a solution of chloroform/ methanol (2:1), after which the dye (8.6 µmoles, 5 times 

less) was added and the reaction performed overnight at room temperature, under nitrogen 

environment and protected from direct light exposure. At the end, the solvent was evaporated 

and the reaction product dissolved in a mixture of chloroform/ methanol (9:1, 1 mL). The 

compound of interest was separated by column chromatography and confirmed by High 

Performance Liquid Chromatography (HPLC) in a Shimadzu SPD-20A with a UV/Vis photodiode 

array detector. The column used was a Zorbax ODS 4.6×250mm, 5 um and the solvent for 

elution was methanol/ chlorophorm (2/1) at 1 mL/min. 

 

Animal testing: in vivo biodistribution of labeled SEVs 

 SEVs (100 µL, protein concentration between 180 and 250 µg/mL) were mixed with 

Cy7- DPPE (final concentration of 20 µM) and the mixture incubated at 37oC for 30 min. SEVs 

were then washed with PBS (6 mL), the free dye removed by ultracentrifugation at 100 000 xg 

for 1 h, and SEVs re-suspended in PBS to a final concentration of 200 µg/mL or 100 µg/mL, 

depending on the final application. Full-thickness wounds were created in the dorsum of 

C57BL/6 wild-type mice using the same protocol as described above. The wounds were treated 

with (i) SEVs in solution (10 µL, 2 µg of SEVs), (ii) hydrogel containing SEVs (2 µg) and (iii) 

hydrogel containing SEVs (2 µg) activated by light (2 min irradiation at day 0 + 1 min irradiation 

per day). The biodistribution was followed by acquisition of fluorescent images 17 (λex: 

745nm, λem: 810-875nm) using the IVIS Imaging System (Xenogen Imaging Technologies, 

Alameda, CA). All quantification of fluorescence recovery from animal imaging is presented as 

radiant efficiency, which is the ratio of radiant flux to input electrical power. The data was 

analyzed by an IVIS software (Living Image Software for IVIS®, Caliper Life Sciences, Perkin 

Elmer). 
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Animal testing: in vivo SEV stability as measured by a FRET assay  

SEVs were labeled with both CY5.5-DPPE and Cy7-DPPE. SEVs (100 µL, protein 

concentration between 180 and 250 µg/mL) were mixed with Cy7-DPPE (final concentration of 

20 µM) and the mixture incubated at 37oC for 10 min. Next, Cy5.5-DPPE (final concentration of 

10 µM) was added and incubated for additional 30 min at 37°C. At the end, SEVs were purified 

by exosome spin columns (MW3000, Invitrogen) and ressuspended to a final concentration of 

200 µg/mL (for solution injection) or 100 µg/mL (for gel formulation). IVIS live-animal 

fluorescence imaging was employed for SEV tracking up to 48 h at the following fluorescent 

channels: donor (λex: 640 nm; λem: 695-770 nm); acceptor (λex: 745 nm; λem: 810-875nm); 

FRET (λex: 640 nm; λem: 810-875nm). FRET efficiency was calculated as the ratio of signal 

collected from the FRET channel (λex: 640 nm; λem: 810-875nm) to the one obtained at the 

donor channel (λex: 640 nm; λem: 695-770 nm). This value was obtained from the Living Image 

Software for IVIS following region of interest identification of the fluorescence desired for 

quantification. Images presented in panel format were normalized against a “pre” image from 

which the minimum and maximum values for radiant efficiency were set to visualize this 

change in fluorescence following the treatment with SEVs. 

 

Animal testing: skin miRNA expression analyses  

The expression of miRs was evaluated in animal skin samples (Supplementary Table II). 

MirX TM miRNA first-strand synthesis kit (Clontech Laboratories, Inc. Takara Bio, Montain 

View, California, USA) was used to synthetize cDNA library, accordingly to the manufacturer’s 

instructions. Briefly, total RNA (3.75 µL, 125-250 ng) was mixed with mRQ enzyme (1.25 µL) in 

mRQ buffer (5 µL) and incubated for 1 h at 37ºC, followed by enzyme inactivation at 85ºC for 5 

min. cDNA samples were diluted (10 fold when 250 ng of initial RNA was used) prior to PCR 

analysis. PCR was performed using the Fluidigm 48.48 Dynamic Array™ IFC for Gene Expression 

in the BioMark™ System (Fluidigm Corporation, South San Francisco, CA, USA), following the 

manufacturer’s instructions, with specific forward primers for each microRNA and RNU6, and 

the universal reverse primer from Mir-X TM kit (Supplementary Table II). The data was analyzed 

with Real-Time PCR Analysis Software in the Biomark instrument (Fluidigm Corporation, CA) 

and relative microRNA expression was determined by the ΔCt method. 

 

Evaluation of miR-150-5p expression in skin cells by qRT-PCR analyses  

The level of miR-150-5p in skin cells including endothelial cells, keratinocytes and 

fibroblasts, upon transfection and SEVs treatment was evaluated by qRT-PCR. Cells were lysed 

24 h after transfection and total RNA (125 ng) was extracted followed of polyadenylation and 

cDNA library construction with Mir-X TM kit, as described previously. Specific amplification of 

mature miR-150-5p and RNU6 was performed in diluted (5 fold) cDNA samples with 

fluorescent dye SYBR green (NZYTech, Lda. – Genes and Enzymes, Lisboa, Portugal) and specific 

forward primer (Supplementary Table II) and universal reverse primer (mRQ 3’ primer from 

Mir-X TM kit) in the 7500 Fast Real Time PCR System (Applied Biosystems). Briefly, cDNA (2 µL) 

was mixed with NZYtech SYBR green (12.5 µL) and each primer (0.5 µL, 10 µM) and water to a 

final volume of 25 µL. Samples were denaturated at 95ºC for 2 min, followed by 40 cycles at 

95ºC 5 sec and 60ºC for 30 sec and melting curve program. The data was analyzed with 

RealTime PCR Analysis Software in the 7500 Fast Real Time PCR System (Applied Biosystems). 
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The increase in miR-150-5p expression determined by the ΔΔCt method using RNU6 as 

housekeeping and non-treated cells as control. 

 

Evaluation of miR-150-5p targets and putative interaction  

Ten possible gene targets of miR-150-5p (Supplementary Table II), likely involved in cell 

survival, proliferation and migration, were evaluated. A putative direct interaction between 

miR-150-5p and these targets was evaluated using TargetScan, DIANA MicroT-CDS and DIANA 

MR-microT. RNA was extracted from plated skin cells as described before and cDNA 

synthetized from total RNA (250 ng, 19.25 µL) with random hexamers (2.5 µL) using TaqMan 

reverse transcription reagents kit (Invitrogen), Buffer Taqman (5 µL) MgCl2 (11 µL), dNTPs (10 

µL), RNAse inhibitor (1 µL) and reverse transcriptase (1.25 µL), according to the manufacturer’s 

instructions, by incubation at 25ºC for 10 min followed by 30 min at 48ºC and then 5 min at 

95ºC. Real-time PCR was performed using the fluorescent dye NZYTech SYBR green in the 7500 

Fast Real Time PCR System (Applied Biosystems), with specific sets of primers designed by 

Sigma-Aldrich (Table VIII and Table IX). PCR was performed accordingly to the manufactures 

instructions, 2 µL of cDNA was mixed with 10 µL of NZYtech SYBR green and 0.8 µL of each 

primer (10 µM) and water to a final volume of 20 µL. PCR conditions and analysis were 

performed as describe earlier. The expression of c-MYB, BAK1 and SHMT2 described to be 

regulated by miR-150-5p was also evaluated in all 3 types of skin cells studied upon treatment 

with SEVs (Supplementary Table II). Relative gene expression was calculated by the ΔΔCt 

method using GAPDH as housekeeping gene and non-treated cells as control. 

 

Immunocytochemistry analysis of c-MYB  

Keratinocytes (2.5x103) were seeded in a 96 well plate and transfected, 20h later, with 

SEVs, miR-150-5p and siRNA-MYB for 24h. The media was changed and the levels of c-MYB 

evaluated by immunocytochemistry at 72h. Briefly, cells were washed with PBS and fixed with 

4% PFA (04336, Alfa Aesar) for 10 minutes at room temperature. Washed with PBS, 

permeabilized with 1% Triton X-100 (HFH-10, Life technologies) for 15 minutes and blocked 

with BSA 1% (A4503, Sigma-Aldrich) for 30 min, room temperature. Washed with PBS and 

incubated with a primary antibody anti-c-MYB (mouse origin, D-7, sc-74512, Santa Cruz 

Biotechnology, Inc.), diluted 1:50 in antibody diluent (S3022, Dako) and 0.1% Triton X-100, 

over-night at 4ºC. Cells were washed again with PBS and incubated with secondary antibody 

Alexa fluorTM 555 goat anti-mouse (A21422, Invitrogen), 1:500 in antibody diluent and 0.1% 

Triton X-100, for 1 hour at room temperature. Finally, cells were washed with PBS and the 

nuclei stained with Dapi (D9542, Sigma-Aldrich), 1 minute at room temperature. Pictures were 

taken in InCell 2200 Analyzer imaging system, 40x objective. The level of c-MYB expression was 

calculated based on the specific fluorescence intensity ratio between nuclei and cytoplasm (c-

MYB levels = (Intensity nuclei/Intensity cytoplasm)-1) × 100%). 

 

Statistical analyses  

Statistical analyses were performed by GraphPad Prism 6 software (GraphPad 

Software, Inc.).  
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Supplementary tables  

 

 

Table Supp. I. Antibodies used for cells and SEVs characterization.  

Marker Origin Catalog number Dilution Application 

CD45 Mouse IgG1 

(clone: J33) 

A07782, Beckman 

Coulter 

1:10 hUCBMNCs cells characterization by 

flow cytometry 

CD34 Mouse IgG1 

(clone 581) 

A07776, Beckman 

Coulter 

1:10 

7-AAD n. a. A07704, Beckman 

Coulter 

1:10 

CD45 Mouse IgG2a  

(clone: 5B1) 

130-080-202, MACS - 

Miltenyi Biotec 

1:10 hUCBMNCs cells versus SEVs 

characterization by flow cytometry 

HLA-DR Mouse IgG1  

(clone: MEM-12) 

1F-474-T025, EXBIO 1:10 

CD9 Mouse IgG2b  

(clone: 209306) 

FAB1880F, RD 

Systems 

1:10 

CD81 Mouse IgG2b  

(clone: 454720) 

FAB4615F, RD 

Systems 

1:10 

TSG101 Mouse IgG2aκ  

(clone: C-2) 

sc-7964, Santa Cruz 

Biotech. 

1:10 

Propidium 

Iodide 

n.a. P4170, Sigma-Aldrich 1:10 

GAPDH Rabbit 

monoclonal 

14C10, Cell signaling 1:5000 hUCBMNCs cells versus SEVs 

characterization by western blot 

CD63 Rabbit 

monoclonal 

ab134045, abcam 1:500 

PECAM-1 / 

CD31 

Mouse IgG1κ  

(clone: WM59) 

11-0319-42, Thermo 

Scient., eBioscience 

1:10 Endothelial cells characterization by 

flow cytometry 

VEcad Mouse IgG1 

monoclonal  

Sc-9981, Sta Cruz 

Biotechnology 

1:10 

vWF Rabbit polyclonal A0082, Dako 1:10 
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Table Supp. II. Sequences of the primers used for qRT-PCR.  

# Name Forward Primer Reverse primer 

1 hsa-mir-150-5p TCTCCCAACCCTTGTACC Universal qPCR Primer of NCode cDNA 

kit or of Mir-X cDNA kit 2 hsa-mir-16-5p TAGCAGCACGTAAATATTG 

3 hsa-mir-142-3p TGTAGTGTTTCCTACTTTATGGA 

4 hsa-mir-223-3p TGTCAGTTTGTCAAATACCC 

5 hsa-let-7g-5p TGAGGTAGTAGTTTGTACAGTT 

6 hsa-mir-21-5p TAGCTTATCAGACTGATGTTGA 

7 hsa-let-7f-5p TGAGGTAGTAGATTGTATAGTT 

8 hsa-mir-19b-3p TGTGCAAATCCATGCAAAA 

9 hsa-let-7a-5p TGAGGTAGTAGGTTGTATAGTT 

10 hsa-mir-26a-1-5p TTCAAGTAATCCAGGATAGGCT 

11 hsa-mir-20a-5p TAAAGTGCTTATAGTGCAGGTAG 

12 hsa-miR-181a-5p AACATTCAACGCTGTCGGG 

13 hsa-miR-451a AAACCGTTACCATTACTGAGTT 

14 hsa-miR-23a-3p ATCACATTGCCAGGGATT 

15 hsa-miR-342-3p TCTCACACAGAAATCGCAC 

16 RNU6 ACACGCAAATTCGTGAAG 

17 GAPDH AGCCACATCGCTCAGACACC GTACTCAGCGCCAGCATCG 

18 PECAM1 / CD31 AGATACTCTAGAACGGAAGG CAGAGGTCTTGAAATACAGG 

19 CD34 TGAAGCCTAGCCTGTCACCT CGCACAGCTGGAGGTCTTAT 

20 vWF TGTATCTAGAAACTGAGGCTG CCTTCTTGGGTCATAAAGTC 

21 CDH5 / VEcad CGCAATAGACAAGGACATAAC TATCGTGATTATCCGTGAGG 

22 ENG / CD105 CAAGTCTTGCAGAAACAGTC TAGTGGTATATGTCACCTCG 

23 MCAM / CD146 TAAGAGCGAACTTGTAGTTG TCAGATCGATGTATTTCTCTCC 

24 KDR GTACATAGTTGTCGTTGTAGG TCAATCCCCACATTTAGTTC 

25 BAK1 CTATGACTCAGAGTTCCAGAC AATTGATGCCACTCTCAAAC 

26 MYB CCGAATATTCTTACAAGCTCC GGACCTGTTTTTAGGTACTG 

27 CDKN3 GAAGAACTAAAGAGCTGTGG TTCCATTATTTCACAGCAGC 

28 FADS1 ATGATTACCTTCTACGTCCG TCAATGTGCATGGGAATATG 

29 SHMT2 CATTTGAGGACCGAATCAAC CACCTGATACCAGTGAGTAG 

30 TDO2 AAGAAAAAGAGGAACAGGTG CACCTTTACTAAGGAGATGTTC 

31 INSIG1 ACCCCACAAATTTAAGAGAG TTCTGGAACGATCAAATGTC 

32 CD38 CAGACCTGACAAGTTTCTTC GATGACATAAACCACAAGGAG 
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Table Supp. III. In vivo treatment groups.  

# Groups  Animal model Treatment 

1 WT - PBS C57BL/6 wild-type PBS 

2 STZ - PBS C57BL/6, diabetic I, 

STZ-induced 

PBS 

3 STZ - SEVs  

(0.4 µg) 

C57BL/6, diabetic I, 

STZ-induced 

Single dose of 10 µL SEVs (0.4 µg) after wound creation 

4 STZ – SEVs 

(2 µg) 

C57BL/6, diabetic I, 

STZ-induced 

Single dose of 10 µL SEVs (2 µg) after wound creation 

5 WT - SEVs 

(2X/day) 

C57BL/6 wild-type Bi-daily doses of 10 µL SEVs (total: 0.4 µg/wound) 

6 STZ - SEVs 

(2X/day) 

C57BL/6, diabetic I, 

STZ-induced 

Bi-daily doses of 10 µL SEVs (total: 0.4 µg/wound) 

7 Db/db - SEVs 

(2X/day) 

Db/db mice, diabetic 

II, genetic model 

Bi-daily doses of 10 µL SEVs (total: 0.4 µg/wound) 

8 STZ - PDGF C57BL/6, diabetic I, 

STZ-induced  

PDGF-BB, 100 µg/mL (PeproTech); 4 µg/cm2; twice a day 

9 STZ - Gel + Light C57BL/6, diabetic I, 

STZ-induced 

HA Gel plus irradiation of 2 min at day 0 followed by 1 min 

irradiation per day (λ laser: 405 nm)  

10 STZ - Gel + SEVs C57BL/6, diabetic I, 

STZ-induced 

HA Gel with SEVs (2 µg), single application 

11 STZ - Gel + SEVs 

+ Light 

C57BL/6, diabetic I, 

STZ-induced 

HA Gel with SEVs (2 µg) plus irradiation of 2 min at day 0 

followed by 1 min irradiation per day (λ laser: 405 nm).  

12 STZ - SEVs & Gel 

+ Light 

C57BL/6, diabetic I, 

STZ-induced 

HA Gel on top of SEVs (2 µg), irradiated for 2 min at day 0 

followed by 1 min irradiation per day (λ laser: 405 nm). 

13 WT - miR-150-

5p 

C57BL/6 wild-type Single dose of mimic miR-150-5p (5 µM, Dharmacon), two 

injections (40 µL each) in the wound edge immediately after 

wound creation. 

 

 

 

Table Supp. IV. Wound healing histopathological evaluation criteria.  

Score  Microscopic observation Description 

1 Inflammation inflammatory cell infiltration, neutrophil and macrophage rich 

2 Inflammation and tissue 

formation 

fibroblast proliferation and inflammatory cell infiltration, 

macrophage-rich with few neutrophils 

3 Tissue formation epithelialization, fibroblast proliferation and extracellular matrix 

reorganization 

4 Tissue remodeling remodeling and wound contraction 

5 Wound resolved wound resolved with hair re-growth 
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Figure S21- Characterisation of hUCBMNCs and SEVs secreted by these cells.  
(A) hUBMNCs were isolated from umbilical cord by a density gradient. Isolated MNCs were 

cryopreserved until use. (A1) Percentage of MNCs before or after the density gradient separation (with 

or without cryopreservation), as analyzed by a haematological analyser. (A2) Impact of cell 

cryopreservation in the composition of MNCs (Lymp = Lymphocytes, Mono = Monocytes, Neut = 

Neutrophils, Eosi = Eosinophils, Baso = Basophils; IG = Imature Granulocytes and Other) relative to the 

total white blood cells (WBCs). In A1 and A2, results are average ± SEM, n=3. (B) Comparison of protein 

expression in SEVs and respective secreting cells (MNCs) as evaluated by flow cytometry (B1) and 

western blot (B2). Results are average ± SEM, n=4. Statistical analyses were performed by a Mann-

Whitney test, p<0.05; **p<0.01; ***p<0.001. (C1) Scatter plot and gating of SEVs bounded to aldehyde-

sulfate latex beads, as analysed by flow cytometry. (C2) Flow cytometry scatter plots for some of the 

proteins expressed in SEVs. Results are average ± SEM, n=4. (D1) Scatter plot and gating of hUCBMNCs, 

as analysed by flow cytometry. (D2) Flow cytometry scatter plots for some of the proteins expressed in 

hUCBMNCs. Results are average ± SEM, n=4. 
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Figure S22- Cellular uptake and biological effect of SEVs. 
(A) Cells were exposed to SEVs for 24 h and maintained in culture for 72 h. Cytotoxicity was evaluated by 

Hoechst/propidium iodide (PI) staining. Results are average ± SEM, n=3 different donors, 3 technical 

replicates per donor. Statistical analyses were performed by a Mann-Whitney test. (B) Cellular uptake of 

Syto® RNASelect™-labeled SEVs, as monitored by a high content microscope (mean intensity). Results 
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are average ± SEM, n=4. (C) Intracellular location of SEVs as confirmed by confocal microscopy. 

Endothelial cells were incubated with PKH67-labeled SEVs (5 µg/mL) for 4 or 24 h. Bar corresponds to 15 

µm. (D) Quantification of PKH67 fluorescence within the cells (n=3, 5-6 images per replicate). (E) 

Colocalization between PKH67-labeled SEVs and lysotracker red, as expressed by the Mander´s overlap 

coefficient. A coefficient equal to 1 corresponds to 100% of colocalization. In D and E, results are 

average ± SEM, n=3. Statistical analyses were performed by a t-test or by a one-way ANOVA test 

followed by a Bonferroni's multiple comparisons test. (F) Cellular uptake of SEVs, as evaluated by flow 

cytometry. SEVs (3 µg/mL) were labeled with NBD-DPPE and incubated with cells for 4 h. Percentages of 

positive cells were calculated from gates defined from non-labeled cells. Results are average ± SEM, 

n=4-6. Statistical differences were evaluated by a Two Way Anova with a Tukey's post test. * p<0.05; 

**p<0.01; ***p<0.001. (G, H) Effect of SEVs in the gene and protein signature of endothelial cells. 

Endothelial cells were incubated with SEVs for 24 h and endothelial markers evaluated by qRT-PCR (G) 

and flow cytometry (H) at 72 h. Relative gene expression was calculated by the ΔCt method using 

GAPDH expression as control. The results are average ± SEM, n=3. Statistical analyses were performed 

by a MannWhitney test. 

 

 

 

Figure S23- SEV bioactivity. 
MNCs with or depleted from CD34+ cells were incubated for 18 h in hypoxic conditions, the conditioned 

medium collected and SEVs isolated by sequential centrifugation. (A) Schematic representation of 

survival assay. Skin cells were incubated with SEV-depleted medium alone or with SEVs for 48 h after 

which they were washed and cultured in ischemic conditions (0.1% O2), in starvation media for 48 h 

(endothelial and keratinocytes) or 72 h (fibroblasts). The viability of the cells was then monitored by a 

highcontent microscope using Hoescht/propidium iodide staining. (B) Survival of endothelial cells after 
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treatment with SEVs secreted by hUCBMNC containing CD34+ cells. (C) Survival of endothelial cells, 

fibroblasts and keratinocytes upon treatment with SEVs secreted by hUCBMNC without CD34+ cells. 

Vascular endothelial growth factor (VEGF, 50 ng/mL) and platelet derived growth factor (PDGF-BB, 50 

ng/mL) were used as controls. The results are average ± SEM, n=3 different donors, 3 technical 

replicates per donor. (D1) Scratch assay. Keratinocytes or fibroblasts were cultured until confluence, 

after which a scratch was made. Cells were washed with PBS and SEV-depleted medium alone or with 

SEVs was added. Cells were cultured for 24 h. Afterwards, cell media was changed to SEV-depleted 

media alone and cells incubated for 48 h. Wound area was evaluated by a high-content microscope. (D2) 

Percentage of wound area closed. The results are average ± SEM, n=3. (E1) Tube formation assay. 

Endothelial cells were treated with SEVs for 24 h, trypsinized and plated on Matrigel for 12 h. (E2) 

Number of micro vessels and branching points. Control is cells without SEVs. The results are average ± 

SEM, n=3. In B, C D and E, statistical analyses were performed by Mann-Whitney test, * p<0.05; 

**p<0.01; ***p<0.001; ****p<0.0001. 

 

 

 

Figure S24- In vivo wound healing activity of SEVs.  
Bi-daily treatment of wounds with SEVs isolated from different donors (A1 and A2) in type 1 diabetic 

mice (A, streptozotocin-induced animal model), wild type mice (B) and type 2 diabetic mice (db/db 

genetic model) (C). D1 and D2 are donor 1 and donor 2. Results are presented as mean ± SEM, n=10-11. 

Two-way ANOVA with Bonferroni's multiple comparisons test was applied, * p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001; * represents statistical difference to Control (PBS) and # represents 
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statistical difference to PDGF-BB (positive control). (D) Representative images of wounds in type 1 

diabetic mice at days 0 and 10 after treatment. Scale bar corresponds to 3 mm. 

 

 

 

Figure S25- HA hydrogel characterization and in vitro release of SEVs from hydrogel.  
(A) FTIR spectra of HA, HA-SH and HA-SH after reaction with SEV-PCL. The incorporation of L-cysteine 

ethyl ester in the HA polymer is confirmed by the stretching band of the ester group at 1745 cm-1. (B) 

G´/G´´ of hydrogel after preparation (time 0 h) and after 96 h in PBS, 25ºC. The mechanical properties of 

the hydrogel were obtained with the following conditions: frequency 0.1 Hz, stress 10 Pa and 

temperature 37 ºC. (C) Absorbance spectrum of SEVs after labelling with DPPECy7 and purification by 

ultracentrifugation. A control with DPPECy7 alone was made to monitor the formation of DPPECy7 

precipitates (D1) Bioactivity of SEVs released from a light-triggerable HA hydrogel. Five irradiations of 2 

min followed by 45 min of agitation were performed to release SEVs chemically conjugated to HA 

hydrogel. The media containing SEVs was exposed to keratinocytes for 24 h, washed, followed by cell 

culture in complete media for 72 h. (D2) Cell proliferation assay. The results are average ± SEM, n=3 

different donors. Statistical analyses were performed by Mann-Whitney test, * p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. (E) Time course photocleavage of HA hydrogel containing SEV-PCL. HA 

hydrogel containing 100 µg of SEV-PCL stained with Syto RNASelect was placed on the top part of a 

transwell and irradiated for 2 or 4 min with a 405 nm laser (80mW/cm2), followed by 45 min of 

equilibrium under agitation. In each time point an aliquot was collected from the bottom of the 

transwell and used to read the fluorescence intensity at 530 nm. Results are Mean SEM (n=3-4). Two-

way ANOVA followed by Bonferroni's multiple comparison test was used. (* p<0.05; **p<0.01; 
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***p<0.001). (F) Cytotoxicity caused by laser irradiation. Keratinocytes were exposed to a 405 nm laser 

(80mW/cm2) for different times. After irradiation cells were kept at 37ºC for 24h and then cell viability 

was tested using a luminescent assay (Celltiter Glo, Promega). 

 

 

 

Figure S26- Histology and immunocytochemistry of wounds. 
(A) Representative microphotographs of skin wounds in mice at day 10 post-wounding. Multifocal 

hemorrhages and highly vascularized granulation tissue with minimal macrophage component and 

incomplete epithelialization is seen in PBS and Gel+Light groups. More stabilized vasculature, with 

proliferation of fibrous tissue, often already organized in parallel bundles, with complete 

epithelialization and with evidence of hair re-growth, seen in Gel+SEV and Gel+SEV+Light groups. (B) 

Fluorescence microscopy images of wound sections, 5 days after treatment, stained for keratin 5 and 

keratin 14. Images from the entire tissue section were acquired with a 10x objective using InCell 

Analyzer 2200 and then stitched together using ImageJ. Gray bars denote proliferative/migratory edges. 

Epithelium with increased expression of keratin 14 was considered as proliferative edge. Scale bar 

corresponds to 500 µm. (C) Fluorescence microscopy images of the proliferative/migratory edge 

acquired with a 20x objective. Scale bar corresponds to 100 µm. (D.1) Quantification of the expression 
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of keratin 5 and keratin 14 in the proliferative edge. (D.2) Length of the proliferative edge. Statistical 

analyses were performed by Mann-Whitney test, *p<0.05. 

 

 

Figure S27- Importance and composition of miRNAs in SEVs.  
(A) Survival assay on endothelial cells treated with media supplemented with SEVs alone or SEVs with 

ATA, a RISC complex inhibitor. Endothelial cells were incubated with SEV-depleted medium alone or 

with SEVs for 48 h after which they were washed and cultured in ischemic conditions (0.1% O2), in 

starvation media for 48 h. The viability of the cells was then monitored by a high-content microscope 

using Hoescht/propidium iodide staining. Results are average ± SEM, n=4 different donors. Statistical 

analyses were performed by Mann-Whitney test, * p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. (B1) 

Bioanalyzer profile showing that SEVs are rich in small RNA molecules, n=7. (B2) Representative image of 

the Bioanalyzer gel profile of SEV (1 donor) comparing with the ladder (nt - nucleotides). (C) 

Composition of SEVs in terms of different small RNA molecules. (miRNA - microRNA; tRNA - transfer 

RNA; ncRNA - non-coding RNA; mRNA - messenger RNA; snRNA - small nuclear RNA; snoRNA - small 

nucleolar RNA; scaRNA - small canal body-specific RNA). The plot represents the average composition of 

SEVs from 4 different donors. (D) Relative expression of the 15 most expressed miRNAs detected by 

RNASeq as confirmed by qRT-PCR of SEVs from 10 different donors. Results are average ± SEM, n=10, 3-

4 technical replicates per donor. RNU6 was used as endogenous control. (E) Evaluation of miR-150-5p 

expression of SEVs with and without RNase treatment. Results are average ± SEM, n=3 different donors. 
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Figure S28- Bioactivity of miR-150-5p on skin cells.  
(A) Schematic representation of the bioactivity assays. Cells were transfected miR-150-5p (25 nM) for 24 

(proliferation and migration) or 48 h (survival and angiogenesis), after which they were used for the 

different bioactivity assays. Cells cultured in media supplemented with VEGF (50 ng/mL) or PDGF-BB (50 

ng/mL) were used as positive controls. (B) Validation of miR-150-5p transfection of endothelial cells as 

evaluated by qRT-PCR. Results are average ± SEM, n=3 (C) Proliferation assay. Proliferation of 

endothelial cells and fibroblasts after 72 h. Results are average ± SEM, n=4-5. Cell number was 

quantified by a high-content microscope using Hoescht staining. (D) Survival assay. Skin cells were 

cultured in ischemic conditions (0.1% O2), in starvation media for 48 h (endothelial and keratinocytes) 

or 72 h (fibroblasts). The viability of the cells was then monitored by a high-content microscope using 

Hoescht/propidium iodide staining. The results are average ± SEM, n=3. (E) Scratch assay. A scratch in 

the middle of the well containing transfected fibroblasts was made. Cells were incubated for 48 h. 

Wound area was evaluated by a high-content microscope. Results are average ± SEM, n=9-10. (F) 

Endothelial tube assay in Matrigel. Cells were cultured in Matrigel for 12 h. The results are average ± 

SEM, n=3. In C, D, E and F, statistical analyses were performed by a Mann-Whitney test, * p<0.05; 

**p<0.01; ***p<0.001. (G) Representative images of wounds treated with miR-150-5p, scramble miR or 

PBS at days 0, 7 and 10. Scale bar corresponds to 3 mm. 
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Figure S29 - Gene targets of miR-150-5p.  
(A) Gene onthology (GO) analysis pie chart view of validated gene targets of miR-150 (480 gene targets 

as found through miRWalk 2.0 in 20180117), by biological process, obtained with the PANTHER 

classification system (pantherdb.org) in 20180117. (B) Expression of 9 putative gene targets of miR-150-

5p, previously documented in the literature, after cell transfection with miR-150-5p. Expression was 

evaluated by qRT-PCR. Statistical analyses were performed by a MannWhitney test, * p<0.05; **p<0.01; 

***p<0.001. The results are average ± SEM, n=3. GAPDH was used as housekeeping gene. (C) Venn 

diagram of the miR-150-5p interaction with the 9 target genes. Putative interaction was evaluated by 3 

different tools available online: TargetScan, DIANA MicroT-CDS and DIANA MR-MicroTS. The target 

genes INSIG1, TDO2 and PECAM1 did not appear in any database, and thus were not presented. 
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Figure S300 - miR-150-5p gene target validation.  
(A) qRT-PCR quantification of MYB, BAK1 and SHMT2 mRNA transcripts on endothelial cells, fibroblasts 

and keratinocytes transfected with miR-150-5p (A1) or SEVs (A2). Relative gene expression was 

calculated by the ΔCt method using GAPDH expression as control. The results are average ± SEM, n=3. 

Statistical analyses were performed by a t-test. (B) MYB mRNA expression down regulation by specific 

siRNA as evaluated by qRT-PCR. GAPDH was used as endogenous control. (C) Immunocytochemistry 

evaluation of c-Myb demonstrates protein levels down regulation by specific siRNA and by treatment 

with miR-150-5p and SEVs in keratinocytes. The results are average ± SEM, n=3. Statistical analyses were 

performed by Mann-Whitney test, p<0.05; **p<0.01; ***p<0.001. 
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V. General Discussion and Conclusions  
 

Exosomes (or EVs) from different sources have been shown to significantly enhance the 

healing of chronic wounds. Exosome-based treatments have revealed not only to reduce 

wound closure time on full-thickness wounds of diabetes type I mouse models, by reducing 

inflammation, increasing angiogenesis and tissue reepithelization, but also by promoting tissue 

maturation with less scarring [207, 216, 226, 229, 230, 232]. In the present study, we show 

that SEVs isolated from UCBMNCs were able to modulate the biology of 3 different skin cell 

types: endothelial cells (ECs), fibroblasts and keratinocytes. In vitro results show that SEVs 

enhanced skin cell proliferation and survival to ischemia, enhanced EC tube formation in 

Matrigel, and induced a faster closure of a scratch by fibroblast and keratinocytes. EVs from 

UCBMNCs are able to enhance the wound healing kinetics in more than 30% relatively to the 

topical administration of the growth factor PDGF-BB (this growth factor has been described to 

reduce diabetic wound size of STZ mice, by increasing neo-vascularization, trough 

augmentation of EPC recruitment, and enhancing granulation tissue formation [151]). In 

addition, our in vivo results (in 3 mouse models: type I and II diabetic mice and wild type mice) 

show that chronic wounds treated with SEVs from UCBMNCs had higher neovascularization 

and reepithelization than non-treated wounds [126].  

In general, due to differences on animal models and experimental procedures between 

pre-clinical studies it is difficult to compare the therapeutic effect of exosomes relatively to 

other advanced approaches such as growth factor and cell-based therapies. Our study is one of 

the few studies that compare side by side the therapeutic effect of exosomes with another 

advanced therapy, in this case, a growth factor therapy (PDGF-BB). Despite the differences 

already noted between studies, it is possible to extrapolate the findings of our study relatively 

to other advanced therapies. For example, cell –based therapies (MNCs of PB) applied to the 

wounds of STZ-mice were found to increase wound revascularization from day 7, but not able 

to fully promote collagen reorganization by day 21. Essentially, vessel size was observed to be 

larger than the non-treated wound, mostly through the effect of paracrine factors rather than 

cell engraftment and differentiation [170]. On the other end, UC-MSCs application to wound of 

a type II diabetic mouse model (db/db) was found to accelerate wound closure by enhancing 

re-epithelization, granulation tissue formation and neovascularization, again mainly by 

paracrine action [167]. In fact, exosomes / SEVs have been recently applied in the field of 

wound healing, surpassing cell-therapies main concerns, such as cell survival and costs [10, 

188-193, 197, 202-205]. For example, vesicles from platelet-rich plasma (PRP), UCB Endothelial 

progenitor cells (EPCs) and Synovial Mesenchymal Stem/stromal Cells (SMSCs) increased 

wound closure in type I diabetes rat model by enhancing reepithelization and angiogenesis 

[125, 207, 217]. Adipose Mesenchymal Stem/stromal Cells (ASCs) SEVs had a similar effect in 

wounds inflicted in a diabetic mice model [123]. Furthermore, SMSCs and ASCs derived SEVs 

were administrated to the wound in a hydrogel matrix with significant improvement of the 

healing kinetics, with wound closure rates at day 14 of approximately 25% and 50%, 

respectively [123, 217]. Our study showed that UCBMNCs SEVs enhanced wound healing in 

vivo promoting neovascularization and reepithelization, being the activity dependent on the 

dose and application frequency of SEVs while independent of the donor and the diabetic 

animal model [126]. Additionally the SEVs controlled release hydrogel system developed 

increased wound closure of diabetic wounds from 15% (SEVs alone or SEVs + HA) to 25% (SEVs 

+ HA + light), at day 10 post wound. Approximated values of wound closure rates for these 

three studies, at day 7, data available in all studies, is presented on Table XVIII.  
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Table XVIII. Effect of Hydrogel-SEVs based therapies in diabetic wounds closure rates.   

 
SEVs source 

 
Hydrogel 

 

Wound closure (%) / Treatment  
Ref. Control SEVs Gel SEVs+Gel SEVs+Gel

+light 

human SMSCs SAH 40% _ 50% 60% _ [217
] 

human ASCs FEH 10% _ 45% 65% _ [123
] 

hUCB MNCs Photolabille 
- HA 

20% 30% (1 dose) / 

50% (2x/day) 
40% 

(+light) 

50% 70% [126
] 

 

 

 

The work presented in this thesis has four major innovations:  

 

 First the use of UCBMNCs as a competitive source of bioactive SEVs with regenerative 

properties. The SEVs were obtained from cells cultured under hypoxic conditions. 

Our results also suggest that exosomes obtained from CD34- cell population of the 

MNCs have also regenerative potential.  

 Second, the development of a controlled system for the in vivo delivery of SEVs, 

based on covalently binding of SEVs to a light-triggerable linker in a hyaluronic acid 

gel matrix, which offers a more hydrated environment stabilizing the vesicles in the 

wound bed, while the linker allows for an effective control on the release of the 

vesicles from the gel to the wound tissue, monitored by a new FRET system that 

allows in vivo evaluation of vesicle integrity and stability in the wound bed.  

 Third, the demonstration that the controlled release of SEVs at a specific 

concentration during a time window enhances the regenerative potential of SEVs and 

SEVs exert their pro-healing activity at a tissue/cell level by enhancing wound 

reepithelization and angiogenesis, and at a molecular level by modulating skin 

miRNAs expression. 

 Fourth, the demonstration that miR-150-5p mediates at least in part the wound 

healing properties of SEVs. It is the first evidence of the wound healing properties of 

miR-150-5p. Additionally, we were able to determine that the miR-150-5p bioactivity 

is due to the targeting of the MYB gene. 
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Umbilical cord blood as source of bioactive EVs with pro-regenerative properties 

Over the past few years, stem cells have emerged as a promising therapy to enhance 

wound healing [86, 88, 89, 98-100, 163-176]. Human umbilical cord blood (UCB) is an 

attractive source of cells for wound repair. This source of cells does not imply risks to donors 

during collection, raises minimal ethical concerns and it is relatively easy to access [89, 465]. In 

addition, fetal stem/progenitor cells might offer higher regenerative potential than adult and 

aged counterparts which might have been exposed to diseases. For example, EPC cells were 

found to be present in less number in diabetic patients and to be dysfunctional, thus with less 

pro-angiogenic capability [163, 301]. Moreover, UCBMNCs induce angiogenesis in wounds and 

have already been applied in fibrin-platelet glue platform to human non-healing wounds with 

promising results [170, 172].  

UCBMNCs fraction represent a heterogeneous cell source of exosomes which have 

variable molecular composition and biological properties [466, 467]. The exosomal cargo is 

dependent on the physiological condition of the cell of their origin [206]. The fetal origin of 

these exosomes may offer a higher therapeutic value than adult exosomes. This was 

demonstrated with fetal exosomes isolated from cardiac progenitor cell (CPC) and MSCs. CPC-

derived exosomes isolated from neonatal patients were found to have higher regenerative 

potential for cardiac tissue repair compared to CPC exosomes from older children, 

demonstrating the high potential associated to young or perinatal cells [303, 304].  

 Exosomes derived from fetal cells may have promising applications in the setting of 

wound healing. A recent study has demonstrated that SEVs isolated from UCB plasma can 

effectively enhance cutaneous wound healing in mice, partially through miR-21-3p, that 

induces proliferation and migration of fibroblasts and endothelial cells and angiogenesis [226]. 

In the setting of this thesis we have used SEVs from hUCBMNCs cultured under ischemic 

conditions. Previous studies have shown that ischemic cell conditioning increases cellular 

regenerative potential in the setting of wound repair and angiogenesis [181, 188]. In addition, 

SEVs isolated from CD34+ cells or CPCs cultured under ischemic conditions had higher 

regenerative potential than SEVs isolated from the same cells cultured under normoxic 

conditions [206, 337]. It was demonstrated that the miRNA composition in SEVs isolated from 

ischemic cells had an enrichment of miRNAs [206, 337]. For example, under hypoxia conditions 

cardiac progenitor cells secreted exosomes enriched in miR-292; miR-210, miR-103; miR-17; 

miR-199a; miR-20a; miR-15b [337]. Our results show that SEVs secretion is stimulated by 

hypoxia, but the miRs composition is only slightly different between hypoxic and normoxic 

secreted SEVs (Figure - 15.). 

 

Figure - 31. Comparison of miRNA composition of SEVs obtained in Hypoxia and Normoxia.  
Data obtained by RNASeq, 2 donors per condition. 

Our results show that hUCBMNC-derived SEVs have a broad spectrum of activity, as they 

enhance several aspects of skin cells including cell survival, proliferation, migration and 

angiogenesis. In addition, the regenerative effect of this SEVs was also transversal to several 

animal models of chronic (diabetes type I, STZ-induced mice, and diabetes type II, db/db mice) 

and acute wounds (wild type C57BL/6 mice) [126]. 
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Enhancing EV bioactivity through a novel light-activatable hydrogel system 

A novelty of this PhD thesis was related to the development of a controlled delivery 

system of SEVs that was remotely activated by light. The system was designed to: (i) allow the 

release of SEVs under specific kinetics, to enhance their bioactivity, and (ii) to minimize the re-

application of SEVs. Our in vivo data indicates that the way SEVs were administered in the 

wound was crucial for their bioactivity. For the same concentration of SEVs applied in the 

wound, the healing process was superior for SEVs applied in a low dose multiple time than a 

high dose in one time. This is likely due to the fact that SEVs have a cocktail of miRNAs that 

play an active role at a specific time during wound healing. Our miRNA expression results 

indicate that the controled release of SEVs seems to modulate skin miRNAs expression 

towards a more healthy profile when comparing to miRNA expression in wounds of wild-type 

mice, wile maintaining a sustained delivery of a cocktail of miRNAs. 

 Biomaterials have been used to increase EV bioavailability in the wound site [124, 125, 

216, 217, 228]. Until now, the developed systems did not allow for an effective control of the 

delivery by the operator. The controlled delivery is by the passive diffusion of SEVs from the 

polymeric formulation either by the swelling of the formulation or by its degradation (by 

chemical or enzymatic means). Until now, no study has demonstrated the benefit of these 

controlled release systems in wound healing since a side-by-side study with an experimental 

control, i.e. without the controlled delivery system, was not performed [124, 125, 216, 217, 

228]. Furthermore, these platforms do not provide de necessary control of EVs release, not 

fully exploiting this strategy in wound healing. 

Here, we developed a hydrogel conjugated with SEVs by a photo-cleavable linker (PCL). 

This system allows the delivery of SEVs in the wound after UV/blue laser activation. HA is a 

polysaccharide that has been used on clinical applications, including wound healing, for many 

years [24, 108, 468, 469]. In this work, we covalently bounded a PCL to HA, followed by the 

conjugation of SEVs to the terminal acrylate groups of PCL. After blue laser activation, the 

effective SEV release and integrity from HA gel was monitored by an innovative FRET system 

developed by us. SEVs were released from the hydrogel for up to 6 days. When SEVs were 

directly applied to the wound, they were lost at day 2. Our results are aligned with a previous 

study showing that SEVs could be retained for 3 days in the wound [226]. Therefore, our light-

activatable hydrogel allowed the sustained release of SEVs.  

 

 

Control delivery of UCBMNCs vesicles modulates miRNA expression in the skin  

Vesicles from UCBMNCs present a rich and diverse miRNA composition, harboring near 45 

different miRNAs species. From the miRNAs found in SEVs derived of UCBMNCs we selected 

the 15 most expressed miRNA: hsa-miR-150-5p, hsa-miR-142-3p, hsa-miR-223-3p, hsa-miR-21-

5p, hsa-let-7g-5p, hsa-miR-16-5p, hsa-let-7f-5p, hsa-miR-19b-3p, hsa-miR-181a-5p, hsa-miR-

26a-5p, hsa-let-7a-5p, hsa-miR-23a-3p, hsa-miR-451a, hsa-miR-20a-5p and hsa-miR-342-3p, for 

further studies. Most of them have already been described as relevant for the wound healing 

process and / or as impaired in chronic wounds (Table XVIII).  

 



 

 
107 

Table XIX. Changes in miRNAs expression in diabetic vs acute wounds.   

 

# 
 

miRNAs 

 

Diabetic wounds 
 

Reported bioactivity 
D0 D3 D10 

1 miR-150-5p Up 
[470] 

Up 
[470] 

Down 
[470] 

Pro-angiogenic [471]. Enhances endothelial cell migration 
[472].Increases cell proliferation and decreases apoptosis 
[470]. VEGF mediates miR-150 action on tube formation, 
proliferation, and migration of BMVECs [473]. 

2 miR-342-3p Up 
[470] 

Down 
[470] 

Down 
[470] 

Inhibit macrophage activation; reduce macrophage 
viability and induces apoptosis [474]. Predictably targets 
TGF-β, a growth factor secreted by macrophages in the 
inflammatory phase, and that stimulates cell proliferation 
during the proliferative phase [475]. 

2 miR-223-3p Down 
[470] 

Up / 
Down 
[470] 

Down 
[470] 

Directly targets chemokine ligands (CXCL)2 and CCL3, 
important for neutrophil recruitment to the wound [154]. 
Anti-inflammatory via STAT3, induces M2 polarization 
[476]. Pro-apoptotic in endothelial cell [154, 477]. 

4 miR-16-5p Up 
[470] 

Down 
[470] 

Down 
[470] 

Anti-inflammatory by inhibiting Cox-2 expression in 
monocytes [154]. Related to delayed epithelialization and 
granulation tissue formation [158]. Antiangiogenic [156, 
478]. Pro-apoptotic [479]. 

5 miR-181a-5p _ _ _ Involved in stress and immune responses [480]. 

6 miR-21-5p _ Up 
[481] 

_ Induces keratinocyte and fibroblast proliferation and 
migration [154, 158, 160, 482]. Promotes wound 
contraction, enhances collagen production and deposition 
of mature collagen fibrils. May favor re-epithelialization 
due to cell proliferation and wound contraction [159, 160, 
225, 483]. Activates TGF-β1 signaling, promoting the 
proliferation of fibroblasts [161]. Promotes M1/M2 
polarization [476]. Anti-apoptotic [484]. 

7 miR-451a _ _ _ Probably anti-inflammatory [485]. 

8 miR-23a-3p _ _ _ Anti-apoptotic in HUVECs; possibly plays a general role in 
the regulation of TNF-α-mediated apoptotic signaling 
pathways [486]. Probably anti-angiogenic [487]. 

9 miR-19b-3p Down 
[470] 

Down 
[470] 

Down 
[470] 

Belongs to a pro-angiogenic miRNAs cluster (miR-17-92) 
[157]. Induces fibroblasts senescence [153]. 

10 miR-26a-5p Up 
[162]  

Up 
[162] 

Up 
[162] 

Anti-angiogenic, decreases endothelial cells proliferation, 
migration, sprouting, and tube formation [162, 488, 489]. 
Have cell-type specific effect: pro-angiogenic in glioma and 
anti-angiogenic in hepatocellular carcinoma [488]. 
Suppresses autoimmune diabetes [488]. Involved in stress 
and immune responses [480]. 

11 let-7a-5p _ _ _ The let-7 family is referred as key regulators of the 
angiogenic responses of endothelial cells [490]. Present 
pro-apoptotic activity [479]. 

12 miR-20a-5p _ _ _ Involved wound healing, reviewed in [154]. Belongs to a 
pro-angiogenic miRNAs cluster (miR-17-92) [157]. Delays 
epithelialization and granulation tissue formation [153]. 
Can suppress TGF signaling [158]. 

13 miR-142-3p Down 
[482] 

Down 
[482] 

Down 
[482] 

Modulator of Wnt signaling in a context dependent 
manner, controlling cell cycle [491]. 

14 let-7f-5p _ _ _ The let-7 family is referred as a key regulator of the 
angiogenic responses of endothelial cells [490]. Pro-
angiogenic [153]. 

15 let-7g-5p _ _ _ The let-7 family is referred as a key regulator of the 
angiogenic responses of endothelial cells [490]. 

 

SEV miRNAs modulate inflammation, re-epithelization and angiogenesis during wound 

healing. It is interesting to note that some of the miRNAs induce wound closure (e.g. miR-21, 

miR-150-5p, let-7 family, etc…) while others seem to impair wound closure (e.g. miR-26a, miR-
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20a, etc…). miR-21 promotes inflammation by M1 macrophage polarization [476], induces 

keratinocyte and fibroblast proliferation and migration, promoting wound contraction, and 

enhances collagen production and deposition of mature collagen fibrils [154, 158-160, 225, 

482, 483]. miR-150-5p was demonstrated to enhance endothelial cell migration [472], to 

increase cell proliferation and reduce apoptosis [470]. The let-7 family is referred as key 

regulators of the angiogenic responses of endothelial cells [490]. By other hand, mir-26a delays 

wound closure and is anti-angiogenic, i.e., decreases endothelial cell proliferation, migration, 

sprouting and tube formation [162, 488, 489]. Nevertheless, this effect seems to be cell-type 

specific [488]. Interestingly miR-26a is able to suppress autoimmune diabetes [488]. miR-20a 

delays wound closure due to inhibition of epithelization and granulation tissue formation 

[153]. 

Several miRNAs on UCBMNCs-SEVs are reported to be imbalanced in diabetic skin and/or 

wounds: miR-150, miR-342, miR-223, miR-16, miR-21, miR-19b, and miR-142-3p [470, 481, 

482]. Thus, the controlled release of SEVs from the light-activatable gel on STZ-mice wounds 

seems to stabilize skin miRNAs expression to levels similar to the expression in wild-type 

animals, thus inducing a more acute-wound profile and improving significantly the healing 

kinetics. The gel containing SEVs significantly influenced the expression of 7 miRNAs in skin, 

stabilizing and sustaining miR-150-5p, miR-342-3p, miR-181a-5p and let-7a-5p expression 

while increasing the expression of miR-223-3p and miR-142-3p at day 5, and of let-7f-5p at day 

10 post wounding. The 8 other miRNAs studied did not present significant differences to the 

control. The increase in the expression of miR-223 and miR-142 at day 5, typically down-

regulated in diabetic wounds at day 3, may lead to an increase in the anti-inflammatory 

activity on the wound [470, 476, 492]. In addition, the stabilization of miR-150 and miR-342 

levels in the wound at day 5 and increase at day 10, may be responsible for the 

reepithelization and neo-vessels maturation, since these miRNAs are described to be related to 

cell proliferation, migration and survival [470, 474]. The let-7f-5p upregulation at day 10, may 

have an impact in the wound vascularization, since this miRNA belongs to a family described to 

regulate angiogenesis.  

 

Our results indicate that we are not only delivering bioactive miRNAs to the wound and 

observing their direct action, but also modulating miRNA expression on skin cells. This effect 

have been already described for MSC-EVs modulated miR-205 expression [228]. Although miR-

205 is present inside the EVs from stem cells, we could not assume at this point that the 

increased expression observed in qPCR experiments is strictly due to the transfer from EVs to 

cells with the experiments described here. The fact is that miRNA biology is very complex and 

can be modulated by several factors, including other miRNAs [493, 494].  

We demonstrated that the controlled release of the SEVs significantly enhanced their 

healing properties as compared to a single or multiple applications of SEVs in a diabetic animal 

model. This effect can be explained by several factors, the synergistic effect of the gel, 

associated with a sustained and continued delivery of miRNAs, and other pro-healing factors, 

present in the SEVs and lower destabilization of the wound associated with the application of 

the treatments.  
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miR-150-5p mediates in part the wound healing activity of SEVs. 

It is likely that the modulatory role of miR-150 depends on its concentration, the targeted 

cell, and the environment (e.g., presence of other regulating factors). miR-150 appears to be a 

master regulator of cell cycle and function. For example, miR-150 presents anti-apoptotic 

activity by targeting BAK1 protein in non small-cell lung cancer (NSCLC) [470, 495, 496]. miR-

150-5p has been described as being secreted by monocytes and lymphocytes, the major cell 

types in UCBMNCs [497-500]. miR-150 targets c-Myb, a highly conserved and regulated 

transcription factor, regulating the production of hematopoietic progenitor cells and the 

development and differentiation of B cells [497, 501]. miR-150 enhances endothelial cell 

migration (by the inhibition of c-Myb) and induce endothelial cell tube formation in vitro and 

angiogenesis in vivo [471, 472]. In addition, miR-150 regulates the expression of VEGF [473, 

502, 503] and VEGFR2. The gene encoding VEGFR2 has four c-Myb binding sites in its promoter 

region, suggesting that Vegfr2 expression is promoted by c-Myb [504]. Moreover, high levels of 

miR-150-5p in neutrophils down-regulate the expression of Protein Kinase C Alpha gene 

(PRKCA) [505].  

miR-150 has been mostly studied in the context of vision impairment related to age, 

diabetes and ischemia [157, 502, 504, 506-511]. In diabetic retinopathy (DR), low levels of miR-

150 were correlated with excess of neovascularization [504]. In age-related macular 

degeneration (AMD), miR-150 was verified to be upregulated in disease-promoting murine 

macrophages and in human peripheral blood mononuclear cells [511]. miR-150 deregulation 

seems to play an important role in ischemic diseases, since its expression or secretion is down-

regulated in hypoxic conditions and up-regulated by oxidative stress [157, 472, 502].  

In this thesis, we evaluated the bioactivity of mir-150-5p in the context of wound healing. 

Only one study has reported the expression of miR-150 in the setting of wound healing. The 

study indicated a deregulation of miR-150 on STZ-induce mouse full thickness wounds [470]. 

Our in vitro results show that keratinocytes transfected with mir-150-5p had increased 

proliferation and migration while transfected fibroblasts had enhanced survival under ischemic 

conditions. Our in vivo results show that wounds treated with miR-150-5p had enhanced 

healing.  

Interestingly, the levels of miR-150-5p were found to be sensitive to our system, which 

was able to regulate this miRNA expression to similar levels of the ones described in acute 

wounds (mild-type mice). Initially, on day 3, miR-150-5p appears up-regulated by 226% in STZ-

mice wounds, versus the expression profile of wild type wound. But, by day 10, a strong 

decrease on miR-150-5p levels can be observed, when comparing to day 0. MiR-150 is 

described to increase cell proliferation and decrease apoptosis, thus enhancing wound healing. 

Could it be that the high levels of miR-150-5p observed in the early days of diabetic wounds is 

a physiological response of the skin to promote wound healing. But the effect is worn off in 

between day 3 and day 10 in STZ mice, leading to a chronic non-healing wound phenotype 

[470]. Although this pro-healing activity described for miR-150-5, it is well known that in 

biological systems thigh regulation of molecules levels is of utmost importance to maintain the 

equilibrium. Could this be the case, and the high levels of miR-150 observed at day 3 activate a 

mechanism of negative feedback that reduces its expression, but to very low levels of 

expression, which could be pathological. For example, a study describes that up-regulation of 

miR-150 increased permeability of BBB, therefore, may facilitate SEVs bioavailability in the 

brain [512]. Despite of reported anti-angiogenic activity of miR-150 in stroke, it’s 

downregulation by ischemia, and the probability that it could decrease vascular density of 

infarct border zone, by negatively regulate the expression of VEGF [513]. The effect is most 

probably related to the concentration of this miRNA, and has seen in our chronic wound 
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model, it may also have a positive effect in neo-angiogenesis and neuronal cells proliferation, 

survival. 

 

The miR-150-5p is a widely conserved miRNA interacting with 480 different validated 

gene targets in miRWalk 2.0 (20180117) (see Appendix I [514, 515]). The targets identified are 

related to several biological processes, as evaluated by PANTHER 13.1 GO 1.2. From the genes 

identified in the literature as targets of miR-150-5p, we selected 10 genes for validation in this 

thesis [496, 497, 516, 517]. The expression of the 10 gene targets selected was evaluated in 

the 3 cell lines studied upon transfection with miR-150-5p (endothelial cells, fibroblasts and 

keratinocytes).  

A putative interaction between miR-150-5p and these 10 targets was evaluated using 

TargetScan [518], DIANA MicroT-CDS [519, 520] and DIANA MR-MicroT [520, 521]. The 

interaction between miR-150-5p seed sequence and the 3’-UTR of the targets was probable for 

6 of genes, as revealed by one or more databases and /or algorithms used (Figure VI.5). Based 

on these analysis we selected 3 targets that are related to cell survival and proliferation: MYB, 

BAK1 and SHMT2 [496, 497, 516, 517]. According to our results, both SEVs and miR-150-5p 

modulated the expression of mRNA of these targets in the 3 skin cells studied. Additionally, c-

Myb protein levels were reduced by SEVs and miR-150-5p treatment. The protein c-Myb is a 

transcription factor highly conserved and regulated, known to be critical to several cellular 

processes, like cell migration, proliferation, survival, death and differentiation [522, 523]. The 

targeting of c-Myb by the miR-150-5p was found to be evolutionary conserved, and to play an 

important role in embryonic developmental processes, hematopoiesis and B cell 

differentiation [497, 516, 524]. Thus, c-Myb per se, acts like a master regulator of cell function 

and fate (Table VI.4), modulating the expression of many important genes [497, 516, 522-525]. 

We believe that inhibition of this transcription factor can trigger a cascade of events by down 

regulation of several proteins, like Set, Casp6 and Mad1/1, that would be reflected in the 

increase of keratinocyte proliferation at a cellular level, as observed by the treatment with 

specific siRNA, and the maturation of the wound at a tissue level [498].  

Table XX. Target genes of Myb by cellular function. In [525].   

Cellular function Target gene 

Cell cycle  Mad1l1  

Cell death  Api5; Bcl2; Birc3; Casp6; Cd53; Set  

Cell adhesion/cytoskeletal regulation  Actn1; Emi2; Iqgap1; Msn; Psd4  

Golgi/ER and trafficking  Bet1l; Copa; Lca; Sec31l1  

Solute transporters  Slc1a5; Slc20a1; Slc25a3  

Molecular chaperones  Cct2; Hspa8; Stch  

Mitochondrial  Tfb1m; Timm44  

Signal transduction  Ppp3ca  

Transcription  Cbx4; Set; Tcfec 

 

In summary, miR-150-5p acts as a master regulator of several cellular processes, which 

are of great importance for wound resolution, namely proliferation, survival, migration and 

angiogenesis. This miRNA might have a great therapeutic potential in the setting of different 

pathological conditions, such as stroke, cardiac ischemia and cancer [157, 340, 512, 513].  
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VI. Future work 
 

 

To identify and study other biomolecules entrapped on SEVs 

It is possible that other biomolecules, besides miRNAs, may participate and influence the 

healing properties of SEVs. So, it would be interesting to further analyze the content of these 

SEVs in terms of mRNAs, proteins, lipids, among others and further explore their therapeutic 

potential. For example, although mRNAs represent a small percentage of the RNA composition 

of the UCBMNCs-SEVs, it would be interesting to evaluate the biological role of RNAs that 

encode growth factors or signaling molecules. Additionally, SEVs enclose other ncRNAs that 

might also be bioactive and play a role on the regenerative effect of these vesicles. Moreover, 

a proteomic analysis could be performed in order to identify proteins transported by 

UCBMNCs-SEVs including growth factors, cytokines and signaling molecules. Finally, few 

studies described the lipid composition of EVs and discussed their possible biological function. 

A lipidomic analysis would allow for a more complete characterization of UCBMNCs-SEVs. 

 

To study deeply the molecular and cellular mechanisms involved in the wound healing effect 

of SEVs 

The therapeutic mechanism of UCBMNCs-SEVs deserves further study. For example, it will 

be to study other gene targets for miR-150, like BAK-1, a pro-apoptotic protein [470, 495, 496], 

and to study other miRNAs that are reported to be imbalanced in diabetic skin and/or wounds 

(miR-342, miR-223, miR-16, miR-21, miR-19b, and miR-142-3p [470, 481, 482]), which would 

unravel more of the UCBMNCs SEV therapeutic potential.  

In this thesis, we focused our attention on miR-150-5p bioactivity; however, it would be 

interesting to study the wound healing properties of other miRNAs. For example, miR-16 is 

reported to stimulate miR-150 expression and, accordingly to TargetScan, miR-16-5p also 

targets c-Myb [471]. It is possible that the single administration of miR-16-5p may reproduce 

or even surpass the effect observed by miR-150-5p treatment. In addition, it would be 

interesting to evaluate if the administration of miR-16 and miR-150 is able to enhance even 

further wound healing, versus the solo administration of miR-150. 

The study of sequential administration of different miRNAs during wound healing is 

another issue that deserves further attention. For example, it would be interesting to analyze 

the sequential delivery of miR-223, a miRNA with anti-inflammatory properties, followed by 

the delivery of miR-150, a miRNA with proliferative properties. This would allow to tackle non-

healing wounds in to different stages, first by reducing chronic inflammation followed by the 

promotion of granulation tissue formation. Recently, a system has been developed in our lab 

that would allow us to evaluate the bioactivity and sequential release of different miRNA 

molecules [526]. 

A recent work, postulates over the importance of migration versus proliferation in wound 

healing: ‘epithelial regeneration contributes approximately to two-thirds of the healing process, 

and wound contraction (…) is responsible for the remainder.’[527]. From this interesting work 

emerged the question of what are we actually observing in our case. Our in vitro assays, 

particularly with miR-150-5p, the enhancement of proliferation, particularly of keratinocytes, 

was the most prominent effect of miR-150-5p. Which correlates with the in vivo results, 
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maturation of skin tissue upon treatment with Gel+SEV+Light. Studies involving specific 

markers of migration and proliferation would permit to conclude about the effect of SEVs and 

miR-150-5p that we are actually potentiating with this treatment platform, and at which 

extent. 

 

To improve the controlled release system 

We have used light as a trigger in our formulation because light may induce skin 

regeneration. In fact, phototherapy is known to promote fibroblast proliferation, collagen 

synthesis and growth factor expression [101]. The light exposure of our gel formulation (the 

gel was irradiated every day for 1 min) promoted the sustained release of SEVs into the 

wound. Yet, the protocol of irradiation can be further optimized for SEV delivery at specific 

times during wound healing. For example, the system might be activated only in the first days 

(0-3 days after wounding) to promote the release of higher amounts of SEVs in this stage, and 

the remaining SEVs might be progressively released upon natural gel degradation in the 

wound.  

In theory, it is possible that the gel would degrade after exposure to sun light and thus 

would not require a blue laser activation. This would eliminate the need of the patient for 

medical assistance during the treatment. However, further studies are needed to study in 

detail the sensitivity of the gel to sun light and the release kinetics of SEVs. The use of sun light 

as a trigger for SEV release, presents another advantage, the circadian cycle advantage. Skin 

cells, namely fibroblasts, exhibit a circadian behavior, and daytime wounds present 60% faster 

healing than nighttime wounds [528]. Thus, the wound exposure to the sun is expected to 

increase even more SEV effect. 

Further tests should be performed with our gel formulation for SEVs isolated from 

different donors and SEVs from other cell types and / or engineered vesicles [529]. In addition, 

the delivery properties of the gel formulation may be further tuned by the incorporation of 

different linkers, namely hydrocarbon chain molecules presenting different light-activation 

properties to allow the controlled release of vesicles / molecules at different times. 

Furthermore, SEVs of different sources, could be integrated in the same platform, and 

associated with linkers with different photo-sensitive profile, diferentiated delivery of these 

vesicles could be obtained. Per example, SEVs of MSCs, described for their anti-inflammatory 

profiles could be release primarly to control excessive inflamation in the wound bed, followed 

by the release of SECs from MNCs or HSCs, enhancing the regenerative profile of SEVs 

delivered to the wound. 
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Appendix I -Table of studies and validated targets of miR-150-5p  
 

 

# Gene EntrezID PMID # Gene EntrezID PMID # Gene EntrezID PMID # Gene EntrezID PMID

1 A1CF 29974 23446348 69 CALCOCO2 10241 23824327 137 ELK1 2002 23824327 205 HYPK 25764 23446348

2 ABCB7 22 22291592 70 CAMK1D 57118 23824327 138 EMC3 55831 23824327 206 ICA1L 130026 23824327

3 ABCG8 64241 23313552 71 CAMK4 814 19536157 139 EMC7 56851 23824327 207 ICA1L 130026 23313552

4 ABHD15 116236 22012620 72 CAPZA2 830 23313552 140 EMP2 2013 23824327 208 IGF2 3481 21200031

5 ABHD2 11057 23824327 73 CARHSP1 23589 19536157 141 ENTPD4 9583 22927820 209 INTS7 25896 23313552

6 ACOT9 23597 23313552 74 CAST 831 22815788 142 EP300 2033 23211718 210 INTU 27152 23446348

7 ACOX1 51 19536157 75 CBL 867 23604034 143 EPHB2 2048 23824327 211 IP6K2 51447 19536157

8 ACSL6 23305 23446348 76 CBX5 23468 23824327 144 EREG 2069 22815788 212 IP6K2 51447 23824327

9 ADIPOR2 79602 22815788 77 CCDC30 728621 23824327 145 EREG 2069 23446348 213 IPP 3652 23446348

10 AGA 175 20218812 78 CCDC30 728621 23446348 146 ESR2 2100 23313552 214 IRAK4 51135 23313552

11 AGMAT 79814 23313552 79 CCR6 1235 24385540 147 ETV3 2117 23313552 215 ISCA2 122961 23313552

12 Ago/03 192669 23824327 80 CCS 9973 23824327 148 EXO5 64789 19536157 216 ISG20L2 81875 23313552

13 ago/03 192669 23446348 81 CD96 10225 23824327 149 EZH2 2146 23824327 217 JDP2 122953 23824327

14 AGTPBP1 23287 23708386 82 CDIPT 10423 19536157 150 F2R 2149 22927820 218 KANSL3 55683 19536157

15 AHI1 54806 23446348 83 CDK2 1017 23824327 151 F2RL1 2150 23313552 219 KCNK3 3777 23824327

16 AIFM2 84883 22815788 84 CDKN2AIPNL 91368 23313552 152 FAHD1 81889 19536157 220 KCNK5 8645 23824327

17 AIFM2 84883 23824327 85 CDS2 8760 19536157 153 FAM13B 51306 23824327 221 KIAA0930 23313 23313552

18 AKIRIN1 79647 23824327 86 CEP104 9731 23313552 154 FAM153B 202134 23313552 222 KIAA1549 57670 23313552

19 ALDOA 226 23824327 87 CEP135 9662 23824327 155 FAM185A 222234 23824327 223 KIAA1551 55196 23446348

20 AMD1 262 23824327 88 CEP72 55722 20371350 156 FAM213A 84293 23313552 224 KIAA1715 80856 23824327

21 AMOTL2 51421 19536157 89 CISH 1154 23723424 157 FAM89A 375061 21572407 225 KIAA1841 84542 23313552

22 ANKFY1 51479 23824327 90 CNKSR3 154043 23446348 158 FAXC 84553 23824327 226 KLHL21 9903 23824327

23 ANKRD65 441869 22012620 91 CNNM2 54805 23824327 159 FBXO47 494188 23824327 227 KLHL7 55975 23824327

24 ANKS4B 257629 23313552 92 CNPPD1 27013 23824327 160 FFAR4 338557 23824327 228 KRBOX4 55634 21572407

25 ANO7 50636 23824327 93 CNST 163882 22815788 161 FGD6 55785 23446348 229 LAIR1 3903 23824327

26 APEX2 27301 23313552 94 COL4A4 1286 23604143 162 FHDC1 85462 22012620 230 LAT2 7462 23824327

27 APOH 350 23824327 95 COL9A2 1298 23824327 163 FKBP9 11328 23824327 231 LCTL 197021 23824327

28 APOPT1 84334 23824327 96 CORO2A 7464 19536157 164 FLT3 2322 23079661 232 LDHD 197257 23313552

29 ARHGAP29 9411 23824327 97 CORO2A 7464 23824327 165 FOPNL 123811 22815788 233 LEAP2 116842 23824327

30 ARSE 415 23824327 98 COX19 90639 23446348 166 FOXK1 221937 23824327 234 LGSN 51557 23313552

31 AS3MT 57412 23824327 99 COX19 90639 23313552 167 FOXRED2 80020 23313552 235 LIPG 9388 23824327

32 ASB16 92591 21572407 100 CPT1A 1374 23313552 168 FRAT2 23401 21572407 236 LMTK2 22853 19536157

33 ASB8 140461 23824327 101 CRCP 27297 19536157 169 FXYD5 53827 21572407 237 LRIF1 55791 23313552

34 ATAD2B 54454 19536157 102 CRISPLD2 83716 23313552 170 FXYD5 53827 23446348 238 LRRC15 131578 19536157

35 ATCAY 85300 19536157 103 CSNK1E 1454 23824327 171 GAN 8139 22012620 239 LRRC27 80313 23824327

36 ATCAY 85300 23824327 104 CTNS 1497 23824327 172 GAN 8139 23592263 240 LRRD1 401387 23313552

37 ATP13A3 79572 23622248 105 CWC25 54883 23824327 173 GAN 8139 20371350 241 LTBP2 4053 23824327

38 ATP1B3 483 23313552 106 CXCR4 7852 22039399 174 GATAD2B 57459 19536157 242 LY6G5B 58496 23313552

39 ATP2B1 490 19536157 107 CXorf21 80231 23824327 175 GGA2 23062 23446348 243 LYRM7 90624 19536157

40 ATP9A 10079 19536157 108 CXorf38 159013 23313552 176 GJD3 125111 23824327 244 MAN2B2 23324 23313552

41 BBS5 129880 21572407 109 CXorf38 159013 23824327 177 GK5 256356 23313552 245 MANEAL 149175 23824327

42 BCAS4 55653 23446348 110 CXorf38 159013 22927820 178 GK5 256356 23824327 246 MAPK13 5603 23446348

43 BCL11B 64919 23824327 111 CYB5A 1528 23824327 179 GNB5 10681 23313552 247 MASTL 84930 21572407

44 BDP1 55814 19536157 112 CYCS 54205 23824327 180 GNE 10020 23824327 248 MBD1 4152 23313552

45 BHMT2 23743 23313552 113 CYCS 54205 23446348 181 GOLGA2 2801 19536157 249 MBD6 114785 20371350

46 BIRC5 332 24613688 114 CYTIP 9595 23824327 182 GOSR1 9527 21572407 250 MCTS1 28985 23824327

47 BMP8B 656 21572407 115 DCTN5 84516 23313552 183 GPN2 54707 23313552 251 MED16 10025 21572407

48 BMP8B 656 23446348 116 DDI2 84301 23313552 184 GPR137B 7107 23313552 252 METTL21A 151194 23313552

49 BMP8B 656 20371350 117 DEGS1 8560 23824327 185 GPR182 11318 22012620 253 METTL8 79828 23313552

50 BTN3A2 11118 24906430 118 DGCR6L 85359 22291592 186 GPRIN3 285513 23313552 254 MFSD11 79157 22927820

51 C11orf1 64776 23313552 119 DHTKD1 55526 23824327 187 GRM6 2916 23824327 255 MFSD11 79157 23824327

52 C12orf49 79794 23313552 120 DIS3 22894 23824327 188 GTF2H2 2966 23824327 256 MFSD2A 84879 23824327

53 C12orf65 91574 23313552 121 DIS3L 115752 21572407 189 GTF2H2C 728340 23824327 257 MICA 100507436 23313552

54 C14orf105 55195 23313552 122 DNAAF3 352909 23824327 190 GTF2H3 2967 23313552 258 MIPOL1 145282 23824327

55 C14orf119 55017 23313552 123 DNAJB13 374407 23313552 191 HAS2 3037 22927820 259 MIS18A 54069 23824327

56 C15orf40 123207 23824327 124 DNAJB13 374407 23824327 192 HAS2 3037 23313552 260 MIS18A 54069 21572407

57 C16orf58 64755 23824327 125 DNAJB4 11080 23313552 193 HAUS2 55142 19536157 261 MIXL1 83881 23446348

58 C18orf32 497661 22012620 126 DNAL1 83544 23313552 194 HIF1AN 55662 23824327 262 MLN 4295 23824327

59 C19orf40 91442 23313552 127 DNASE2 1777 23824327 195 HILPDA 29923 23824327 263 MMAB 326625 23824327

60 C21orf33 8209 23824327 128 DPYSL5 56896 19536157 196 HIP1 3092 23313552 264 MON1B 22879 23824327

61 C2CD4B 388125 23708386 129 DRAXIN 374946 23313552 197 HIP1 3092 23824327 265 MRPL37 51253 23313552

62 C3orf36 80111 22012620 130 DSN1 79980 22012620 198 HIST1H2BG 8339 23824327 266 MRPS27 23107 23592263

63 C3orf36 80111 20371350 131 DSTYK 25778 23824327 199 HIST1H2BJ 8970 23313552 267 MS4A3 932 20218812

64 C4orf29 80167 23446348 132 EFCAB11 90141 21572407 200 HMGB1 3146 21572407 268 MSANTD3 91283 23824327

65 C4orf29 80167 22012620 133 EFCAB11 90141 23446348 201 HMGB1 3146 23313552 269 MSH3 4437 23313552

66 C8orf37 157657 23824327 134 EGR2 1959 20067763 202 HOOK3 84376 23313552 270 MTMR9 66036 22927820

67 C8orf46 254778 23824327 135 EGR2 1959 23604034 203 HS3ST1 9957 23313552 271 MTRNR2L5 100463289 23824327

68 CACYBP 27101 23446348 136 EIF2B2 8892 23313552 204 HSPA4L 22824 23824327 272 MTSS1L 92154 23824327
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Appendix I -Table of studies and validated targets of miR-150-5p (continuation).  
 

 

# Gene EntrezID PMID # Gene EntrezID PMID # Gene EntrezID PMID # Gene EntrezID PMID

273 MUC4 4585 21983127 341 POLQ 10721 23824327 409 SHE 126669 23824327 477 TRAF3IP2 10758 22012620

274 MUT 4594 23824327 342 POLR3A 11128 21572407 410 SIGLEC11 114132 23446348 478 TRAF3IP2 10758 20371350

275 MYB 4602 18667440 343 PPAP2B 8613 23824327 411 SIGLEC9 27180 23824327 479 TRAPPC10 7109 23824327

276 MYB 4602 18814950 344 PPIE 10450 23824327 412 SIGLEC9 27180 23313552 480 TRIM35 23087 23824327

277 MYB 4602 20603081 345 PPM1A 5494 23446348 413 SKIDA1 387640 22012620 481 TRIM72 493829 23824327

278 MYB 4602 23521217 346 PPP2CB 5516 21572407 414 SLC1A5 6510 23824327 482 TRIOBP 11078 23313552

279 MYB 4602 23604034 347 PPP2R3A 5523 23824327 415 SLC25A37 51312 23824327 483 TRIP11 9321 23824327

280 MYB 4602 22025269 348 PRIM1 5557 23313552 416 SLC25A44 9673 23824327 484 TRPS1 7227 22815788

281 MYB 4602 24086639 349 PRKAB1 5564 19536157 417 SLC33A1 9197 23824327 485 TRPV2 51393 23824327

282 MYB 4602 24438945 350 PROSC 11212 23446348 418 SLC35F5 80255 23313552 486 TRUB2 26995 19536157

283 MYB 4602 24613688 351 PRPF38A 84950 23824327 419 SLC35F5 80255 22927820 487 TSPAN11 441631 19536157

284 MYB 4602 21590770 352 PSMC1 5700 23824327 420 SLC35F6 54978 22927820 488 TTC31 64427 23824327

285 MYB 4602 17923094 353 PTCHD1 139411 24906430 421 SLC35F6 54978 23824327 489 TTC4 7268 23824327

286 MYB 4602 18539114 354 PTCHD3 374308 23313552 422 SLC35G1 159371 23824327 490 TTLL12 23170 23446348

287 MYH9 4627 24906430 355 PTGIS 5740 23313552 423 SLC6A4 6532 23313552 491 TTPAL 79183 23824327

288 MYLK3 91807 19536157 356 PTPN4 5775 23313552 424 SLC7A11 23657 23313552 492 TTYH3 80727 23824327

289 MYLK3 91807 23313552 357 PTPRR 5801 20218812 425 SLFN13 146857 23824327 493 TUBB4A 10382 23446348

290 MYO1F 4542 23824327 358 PTRF 284119 21572407 426 SMIM7 79086 23824327 494 TXK 7294 22012620

291 MYO1F 4542 23313552 359 PURB 5814 21572407 427 SMUG1 23583 23446348 495 UBE2V2 7336 23313552

292 N4BP2L2 10443 23706177 360 PURB 5814 23824327 428 SNX2 6643 23824327 496 UBOX5 22888 23313552

293 NDUFV3 4731 19536157 361 PURB 5814 20371350 429 SOCS5 9655 23446348 497 ULK2 9706 23824327

294 NEK8 284086 19536157 362 PWWP2A 114825 23824327 430 SP1 6667 23604143 498 USP15 9958 23313552

295 NFYA 4800 23824327 363 PXMP4 11264 19536157 431 SPAG16 79582 23824327 499 VEGFA 7422 18320040

296 NIPAL1 152519 23824327 364 QRFPR 84109 23313552 432 SPEM1 374768 23313552 500 VPS53 55275 23313552

297 NKD1 85407 23446348 365 QSOX1 5768 23446348 433 SPIB 6689 23824327 501 WDFY2 115825 23824327

298 NKX2-1 7080 23824327 366 QSOX1 5768 23313552 434 SPIC 121599 23824327 502 WDR12 55759 23824327

299 NME6 10201 22012620 367 RAB13 5872 23824327 435 SPPL3 121665 23824327 503 WDR53 348793 23824327

300 NMNAT1 64802 23824327 368 RAB21 23011 19536157 436 SRCAP 10847 23824327 504 WDR53 348793 23313552

301 NOL9 79707 23313552 369 RABAC1 10567 23824327 437 SRCIN1 80725 19536157 505 WDR77 79084 22100165

302 NOTCH3 4854 21551231 370 RABGAP1L 9910 23313552 438 SRCIN1 80725 24456795 506 WDR92 116143 23824327

303 NPHP1 4867 23824327 371 RABIF 5877 23824327 439 STAC2 342667 22927820 507 WFDC6 140870 23824327

304 NPHS1 4868 23824327 372 RAI1 10743 21572407 440 STX4 6810 23313552 508 WNT7B 7477 23824327

305 NR2F2 7026 23824327 373 RANGAP1 5905 23824327 441 SUGT1 10910 23824327 509 WWC1 23286 23313552

306 NSUN4 387338 23313552 374 RAPGEF6 51735 19536157 442 SYAP1 94056 23824327 510 WWC2 80014 23824327

307 NUDT3 11165 23313552 375 RBL1 5933 23824327 443 SYNJ2BP 55333 23824327 511 XIAP 331 23824327

308 NUGGC 389643 23313552 376 RBM3 5935 23824327 444 SYNPO2 171024 22815788 512 XPNPEP3 63929 19536157

309 OCIAD1 54940 23313552 377 RBM3 5935 19536157 445 SYNPO2L 79933 23313552 513 XPOT 11260 23824327

310 ORAI2 80228 23313552 378 RBM41 55285 23313552 446 TBC1D16 125058 23824327 514 XPR1 9213 22291592

311 P2RX7 5027 18682393 379 REL 5966 23824327 447 TBL3 10607 19536157 515 YPEL1 29799 23824327

312 P2RX7 5027 23824327 380 RFK 55312 23313552 448 TCEB2 6923 23824327 516 ZBED1 9189 19536157

313 P2RX7 5027 24312495 381 RHOH 399 19536157 449 TCN2 6948 23824327 517 ZBTB25 7597 23313552

314 PAIP2B 400961 23824327 382 RNF115 27246 23313552 450 TEAD1 7003 19536157 518 ZBTB7A 51341 20371350

315 PAK3 5063 23824327 383 RNF157 114804 23824327 451 TEP1 7011 22012620 519 ZCCHC24 219654 19536157

316 PARD3 56288 23313552 384 RNF165 494470 23824327 452 TEP1 7011 23446348 520 ZEB1 6935 23013135

317 PARD6G 84552 23824327 385 RNF19B 127544 23313552 453 THAP1 55145 23824327 521 ZEB1 6935 23765923

318 PCP4L1 654790 23313552 386 RNF34 80196 23313552 454 TIAL1 7073 23824327 522 ZHX3 23051 19536157

319 PCYT1A 5130 19536157 387 RPL14 9045 23313552 455 TIMM10 26519 23313552 523 ZMAT3 64393 23313552

320 PDCD4 27250 23824327 388 RPL24 6152 23824327 456 TIMM50 92609 23824327 524 ZNF207 7756 23824327

321 PDE6A 5145 23824327 389 RRP1B 23076 23824327 457 TLDC1 57707 23824327 525 ZNF347 84671 23313552

322 PDHB 5162 23313552 390 RRP36 88745 22012620 458 TLR7 51284 23313552 526 ZNF347 84671 23824327

323 PDIA6 10130 22815788 391 RRP36 88745 23446348 459 TM4SF5 9032 23824327 527 ZNF426 79088 23313552

324 PDZD8 118987 21572407 392 RRP36 88745 23824327 460 TMEM127 55654 23313552 528 ZNF454 285676 19536157

325 PGBD4 161779 23824327 393 RTN2 6253 23313552 461 TMEM134 80194 23824327 529 ZNF460 10794 19536157

326 PGM2L1 283209 23313552 394 RUNDC1 146923 23824327 462 TMEM174 134288 19536157 530 ZNF514 84874 21572407

327 PHF12 57649 22012620 395 RUNDC3B 154661 20371350 463 TMEM33 55161 23824327 531 ZNF551 90233 23824327

328 PIAS2 9063 19536157 396 S1PR1 1901 23824327 464 TMEM50A 23585 23824327 532 ZNF573 126231 23824327

329 PIGM 93183 23824327 397 S1PR3 1903 23824327 465 TMEM92 162461 23824327 533 ZNF578 147660 23313552

330 PIGR 5284 19536157 398 SAR1A 56681 23824327 466 TMOD2 29767 23824327 534 ZNF582 147948 23824327

331 PIK3C2A 5286 23824327 399 SCN2B 6327 23313552 467 TMOD2 29767 19536157 535 ZNF626 199777 23824327

332 PLA2G16 11145 23824327 400 SCO1 6341 23824327 468 TMOD3 29766 23824327 536 ZNF665 79788 23313552

333 PLAA 9373 23313552 401 SEC14L4 284904 23824327 469 TMOD3 29766 23313552 537 ZNF682 91120 23824327

334 PLEKHA2 59339 23824327 402 SENP8 123228 23824327 470 TNFAIP8L1 126282 22012620 538 ZNF699 374879 23824327

335 PLEKHM3 389072 23824327 403 SEPT14 346288 23446348 471 TNFSF15 9966 23824327 539 ZNF7 7553 23313552

336 PLXDC1 57125 22012620 404 SEPT14 346288 23824327 472 TNIP3 79931 23313552 540 ZNF708 7562 23446348

337 PNPLA3 80339 23824327 405 SERF2 10169 23446348 473 TNS4 84951 23824327 541 ZNF708 7562 23824327

338 PNRC1 10957 19536157 406 SERINC1 57515 23313552 474 TOM1 10043 22815788 542 ZNF878 729747 23313552

339 PNRC1 10957 23824327 407 SGTB 54557 23313552 475 TP53 7157 23747308 543 ZSCAN2 54993 22927820

340 POFUT1 23509 23824327 408 SH3BP5 9467 23313552 476 TP53 7157 23670238 544 ZYG11A 440590 23313552
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