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Kosova Journal of Surgery Growing,  
as Kosova College of Surgeons is 

Making Great Progress

E D I T O R I A L

This is issue of the Kosova Journal of Surgery, 
dedicated to the best papers, quick shots, and 
posters from the Second Clinical Congress 

of Kosova College of Surgeons (KCS), reflecting the 
progress that KCS has made in the first five years of its 
existence. Five years are a very short segment of time 
for any organization to be recognized even in the best of 
circumstances, unless it is backed up by major donors, 
big companies, or good running government. We started 
with the concept and desire to organize and empower 
surgeons, both within Kosova and in the diaspora into 
a College, based on the American College of Surgeons 
(ACS). And, as we were starting, the world was hit by 
COVID-19. The worst pandemic since 1918 forced us 
to cancel the first Clinical Congress in 2020. In fact, to 
my knowledge, KCS was the first surgical organization 
to recognize the risk of the COVID-19 pandemic and 
cancel its Clinical Congress. Yet we survived, became 
stronger, and the next year we had the First (hybrid) 
Congress, which was highly successful. Our persistence 
was a long shot, almost an impossible dream, and 
some would not have hesitated to say, ‘no way this 

will succeed.’  There were voices that said, “we have 
a society for each surgical discipline, and why do we 
need to an umbrella organization?”  But here we are 
now. As I wrote in the upcoming issues of our Bulletin 
(Volume 2, Issue 1), despite being the youngest college 
of surgeons in the world, the KCS has started making 
ardent and concerted efforts.

Of course, we have a long road ahead of us.  We are 
a small country, but with close to 1000 surgeons, we 
can make a difference in the future transformation of 
healthcare system, by transforming surgery. Whenever 
surgery is advanced, other medical disciplines follow 
suit. Despite being centuries late, KCS will prosper 
like others in history. Just remember that ‘The Royal 
College of Surgeons of England’, was established 
as ‘The Company of Barber-Surgeons’ in 1540. 
In 1745, ‘The Barber-Surgeons Company’, at the 
request of the surgeons, but with the decision of the 
English Parliament, was divided into two bodies in the 
‘Corporation (Company) of Surgeons’. Two hundred 
and sixty years later, in 1800, this company became the 
‘Royal College of Surgeons of London’, and in 1813 it 
was transformed into the ‘Royal College of Surgeons 
of England’. A century later (1913), the American 
College of Surgeons was established, while a century 
and five years later we established the Kosovo College 
of Surgeons. One other great historical success, the 
Argentinian Academy of Surgeons, was established in 
1911. 

 We can say that we are the youngest kid on the 
block. But the important thing is that we are here. 

Rifat Latifi
Editor-in- Chief

https://koscs.org/sq/si-u-krijua-kolegji-i-kirurgeve-te-kosoves/
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Just by being established, we have become part of the 
history of surgery in the world. And failure is not an 
option. We have our annual Clinical Congress; we have 
our working committees. We have our Bulletin. Each of 
the colleges in the world, has its own journal. So do we: 
The Kosova Journal of Surgery. 

In this issue of KJS, the editors have selected the 
best papers presented at the 2nd Clinical Congress 
of KCS held in Prishtina last September out of 143 
presentations by 111 presenters, of which  53 were from 
the USA, Argentina, Germany, Switzerland, Austria, 
and Australia, as well as from neighbouring countries, 
Albania, North Macedonia, Bosnia, and Herzegovina. 
Meanwhile, 58 presenters were local surgeons, all 
experts in their fields, a number we intend to increase 
for each Congress.

The authors  depicted on this issue are world class 
renowned surgeons, and aspiring and future academic 
stars of surgery in Kosova and the region. Please spread 
this issue to your friends, your social media networks, 
and use it as a reference whenever you can in your 
future publications. That is how Kosova Journal of 
Surgery will become known.  

We have one of the best international and national 
editorial boards, but we need to engage more, and 
each of us must contribute and help grow KJS. The 
competition in the industry, and journals supported 
by private publishing companies that often have peer 

review processes that is much to be desired, is very 
serious. Open access journals around the world are 
backed by incredible marketing mechanisms that may 
suffocate smaller journals, but we need to keep going 
and become competitive based on the quality of the 
work that we publish and professionalism that we put 
into it to manage the journal. 

We have hired a professional managing editor (Riaz 
Agahi, PhD), to help guide our journal to a higher level 
according to our plans, including making it part of 
search engines that we desire, for example indexing in 
PubMed and Scopus.  The KJS will prosper and grow, 
in direct proportion to the growth of Kosova College of 
Surgeons. We at the KCS need to understand that KJS is 
our voice, our heart (official organ) and need to support 
with everything that we can.  We will announce soon 
a few new features of the journal but let me briefly say 
here that starting in 2024, we will publish the Journal 
four times a year. One issue will be dedicated to the 
annual clinical congress, on to various papers, and two 
will be theme focused issues, based on the activities of 
the committees of Kosova College of Surgeons.

This is very ambitious, and for this to succeed, we 
need to further our medical diplomacy and collaboration 
with surgical colleges and societies around the 
world, refresh editorial board membership based on 
contribution to the KJS, and to ensure that we have the 
financial capacity to professionalize the management of 
the journal and of the college.
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Russell J Andrews, World Federation of Neurosurgical Societies, Brussels, Belgium

Presented at the Second Clinical Congress of the Kosova College of Surgeons 
(September 15-18, 2022)

Surgery for the 21st Century:
Biomimetic Nanotechniques and 

Extracellular Vesicles

Introduction
“Surgery: the branch of medical practice that treats 

injuries, diseases, and deformities by the physical 
removal, repair, or manipulation of organs and tissues.”

Nothing in the definition of “surgery” limits 
it to removing tissue (tumors), introducing tissue 
(transplants), implanting devices, or involving 
techniques using traditional instruments such as a 
scalpel, laser ablation, or radiosurgery.

The 21st century surgeon will increasingly use 
techniques not usually considered “surgical” as our 
knowledge of disorders of various tissues increases and 
our surgical armamentarium expands.

The COVID-19 pandemic engendered intensive 
efforts to develop a vaccine quickly.  Fortunately 
Moderna and Pfizer-BioNTech had been working on 

a biomimetic technique to enable the introduction of 
messenger RNA (mRNA) into cells in order to disrupt 
the multiplication of the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2).  The technique 
involved development of a lipid nanoparticle vesicle 
containing the mRNA, thus allowing mRNA to be 
delivered from the injection site to the target cells 
without degradation (Figure 1).1,2

mRNA vaccines are biomimetic examples of 
extracellular vesicles (EVs) – one major form of 
communication between cells throughout the body.  
EVs, and exosomes (one type of EV) in particular, 
will become an essential part of traditional surgical 
techniques, from diagnostic biopsy to tumor eradication 
to organ regeneration.  Surgeons can take a leading role 
in moving EVs from bench to bedside.

Corresponding author:

RUSSELL J ANDREWS
World Federation of Neurosurgical Societies, Brussels, Belgium

E-mail: rja@russelljandrews.org
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�Extracellular Vesicles (EVs) –  
the Body’s Internet
The title of a recent article says it all:
“A brief history of nearly EV-erything – The rise 

and rise of extracellular vesicles”3

Chronologically, the history of EVs largely 
paralleled the development of the internet.  The 
terms “microparticles” and “matrix vesicles” were 
used in the 1960s.3  In 1974 the process “fusion of 
the outer or limiting membrane of the multivesicular 
body with the apical plasma membrane might lead 
to the release of the vesicles contained within the 
structure into the luminal space” was described and 
the term “extracellular vesicle” coined.4  The vesicles 
produced by this process became known a decade or 
so later as “exosomes”; which were initially thought 
to be a cellular mechanism for disposal of “obsolete 
membrane proteins”.3,5

The following decade saw the beginning of 
appreciation for the many roles of EVs, from markers 
for brain and cardiac ischemia to potential anti-
tumoral vaccines.3  The period since the year 2000 has 
seen an explosion of research on EVs: from roughly 
1000 articles in the period 1985 to 2000 to more than 
4000 articles over the following decade.6  A problem 
in the field has been the lack of standardization in 
terminology; this challenge along with the burgeoning 
interest in EVs led to the formation of the International 
Society for Extracellular Vesicles (ISEV) in 2011.  
From the year 2000 until 2018, more than 500 US 
patents were granted that included terms referring to 
EVs and more than 30 clinical trials involving EVs 
either as diagnostics or therapeutics were conducted 
(primarily in the field of cancer biology).3,6

Like the internet for communication among the 
world’s citizens, EVs have come to be understood 
over the past two decades as a major source of 
communication among the cells of the body.  Going 
forward, the surgeon’s role in biopsy for diagnosis, 
eradication of diseased tissue, and regeneration of 
degenerated organs will depend on an understanding 
of EVs and their potential for what are at present (but 
perhaps not for long!) conditions treated by traditional 
surgical techniques.

EVs – Packets of Information
EVs come in various sizes and functions 

(Figure 2).7  Large EVs range in size from 200 

nm (nanometers) to 1 mm (micron – about 1/10th 
the diameter of a red blood cell).  Supermeres, the 
smallest EVs described to date, may be as small as 
10 nm or less.  In Figure 2, small EVs are commonly 
called exosomes.  Exosomes are secreted by all 
cells.  EVs with other functions – most notably 
oncosomes released by cancer cells and apoptotic 
bodies originating from membrane disintegration after 
apoptosis – may be as large as 10 mm.

A schematic of exosome biogenesis and structure 
is given in Figure 3.7  There are three stages (Figure 
3A): (1) an endocytic vesicle forms from the cell’s 
plasma membrane; (2) the endocytic vesicle matures 
into a multivesicular body (MVB); (3) the MVB (if 
not degraded by fusion with a lysosome) fuses with 
the plasma membrane to release the exosome.  As 
demonstrated in Figure 3B, the cargo (e.g. lipids, 
proteins, nucleic acids, RNAs and DNAs) of the 
exosome depends on the cell of origin (and that 
cell’s status at the time of exosome formation); 
the exosome membrane is a bilayer composed of 
lipids (e.g. cholesterol, phospholipids, ceramide 
sphingolipids) as well as various proteins that function 
either as protective antigens or as targeting/adhesion 
molecules.7  An interesting relationship between 
neurotransmitters and exosome release from microglia 
in the nervous system has been demonstrated: 
serotonin stimulates exosome secretion from 
microglial cells.8  

Figure 4 illustrates many of the characteristics and 
advantages of exosomes for diagnosis and treatment.7  
Two potential applications of exosomes are addressed 
in the next section: (1) optimization of inflammatory 
response following injury, and (2) neurorepair for 
spinal cord injury.

EVs – EV-erywhere!
Recent studies have highlighted a plethora of 

potential therapeutic applications of exosomes – 
from skin wound healing to autoimmunity to cardiac 
and intervertebral disc repair to tumor treatment 
and COVID-19 mRNA vaccines.  A major issue in 
recovery from tissue injury is optimization of the 
inflammatory response.  Both microglia in the central 
nervous system and macrophages in the rest of the 
body undergo massive recruitment following injury, 
the early phase of the response being largely pro-
inflammatory with the later phase being largely anti-
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inflammatory.  Macrophages and microglia during 
the pro-inflammatory phase have been termed “M1”, 
during the anti-inflammatory phase “M2”.  An area 
of intense research aims at polarizing macrophages/
microglia to M2 rather than M1 state or phenotype.9,10 
Our understanding of the effects of M1 and M2 
microglia has already become incredibly complex, 
although clearly incomplete to date.10

Exosomes derived from mesenchymal stem cells 
(MSCs) are a major research topic at present.  One 
reason is that exosomes derived from MSCs can 
modulate microglia from M1 to M2 phenotype 
(Figure 5).11 Exosomes can be carriers of microRNAs 
(miRNAs); miRNAs are particularly important for 
diagnosis and treatment of various disorders, including 
stroke (Figure 6).12,13  The nature and diverse functions 
of miRNAs have been summarized:

“miRNAs, small non-coding RNAs, average 22 
nucleotides in length.  Most miRNAs

are transcribed from DNA sequences into primary 
miRNAs… miRNAs are critical for

normal animal development and are involved in a 
variety of biological processes. 

Aberrant expression of miRNAs is associated with 
many human diseases… miRNAs

are secreted into extracellular fluids. Extracellular 
miRNAs are potential biomarkers

for a variety of diseases; they also serve as 
signaling molecules to mediate cell-cell

communicaitons.”13 

A major challenge for exosomes derived from 
MSCs is targeting the exosomes to the tissue (or injury 

site) to be addressed.  This is similar to the problem 
of drug targeting in general: one wants the effects to 
be maximal with the side-effects (due to ineffective 
targeting) to be minimal.  One targeting technique is 
incorporating the membrane from cells that typically 
target the tissue or injury site – such as macrophages 
and microglia – into the membrane of the exosome 
(or exosome-like nanoparticle carrying the desired 
therapeutic cargo).7,14 

One example of macrophage membrane-fused 
exosome-mimetic nanovesicles (MF-NVs) for the 
treatment of spinal cord injury is given in Figure 
7.15 Membranes isolated from macrophages were 
fused with MSC; NVs containing RNAs and proteins 
similar to MSC-derived exosomes, formed by porous 
membrane extrusion, incorporated the membrane 
proteins from the macrophage – enhancing delivery of 
the exosome-mimetic therapeutics to the spinal cord 
injury site.  The results of this study are illustrated 
in Figure 8.15 The improvement 28 days after spinal 
cord injury – on direct imaging, immunohistochemical 
staining, and Basso Mouse Scale (BMS) functional 
testing – is quite impressive. 

Conclusion
Although surgeons have been innovative with more 

precise and minimally invasive traditional surgical 
techniques, in the coming decades (more likely, 
the coming years!) it will be increasingly obvious 
that surgeons need to adopt surgical techniques 
at the cellular level.  Cutting and suturing will be 
accomplished at the level of the cell, using techniques 
we all can develop in concert with our colleagues in 
biochemistry and genetics.
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Figure 1: A: Schematic of mRNA in lipid nanoparticle entering cell to evoke an immune response against the viral spike protein (ref #1 
open access).  B: Structure of an exosome (one type of extracellular vesicle) – similar to the COVID-19 mRNA vaccine lipid nanoparticle. 

(ref #2 open access)

Figure 1 
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Casado-Díaz et al. MSC EV and Wound Healing

FIGURE 1 | Types of extracellular vesicles. They are classified taking into account their origin. Thus, they include the ones derived from endosomes (exosomes),
evagination of the plasma membrane (microvesicles), and vesicles from apoptosis (apoptotic vesicles). The lower part shows the exosome structure, including its
main cargo molecules.

The proteins found in the EV include the ones from the
endosome itself, plasma membrane, and cytosol. The proteins
from the nucleus, mitochondria, endoplasmic reticulum, and
Golgi complex are usually absent in the EV. Interestingly, that
shows a specific di�erential selection of proteins when generating
such vesicles (Colombo et al., 2014).

On the other hand, the lipid composition of the EV depends
on the cellular types from which they are derived. Their lipid
bilayer mainly contains the components from the plasma
membrane, but they may be enriched in some of them, including
phosphatidylserine, disaturated phosphatidylethanolamine,
disaturated phosphatidylcholine, sphingomyelin, GM3
ganglioside, and cholesterol (Choi et al., 2013).

Since the discovery that EV carry nucleic acids (Ratajczak
et al., 2006; Valadi et al., 2007), numerous studies have described
the presence of di�erent RNA types in such particles. They
include messenger RNA (mRNA), miRNA, and non-coding RNA
(ncRNA). Again, as with proteins and lipids described above, the
comparative analyses of nucleic acids between the cells and the
EV generated from them may show di�erential contents.

The biogenesis of exosomes is due to exocytosis of
multivesicular endosomes. Such MVB fuse with the plasma
membrane, being released to the extracellular environment.

Thus, the exosome biogenesis can be divided into three stages:
(i) formation of endocytic vesicles, by invagination of the
plasma membrane; (ii) formation of MVB, by inward budding
of the endosomal membranes; and (iii) fusion of MVB with
the plasma membrane and release of the exosomes (Figure 2)
(Colombo et al., 2014).

In many instances, the contents of the MVB are degraded by
hydrolases, if the former merge with lysosomes. But, in other
instances, some MVB may fuse with the plasma membrane. That
allows to release their contents to the extracellular environment
(Figure 2). Specific MVB features include the presence of
tetraspanins {membrane proteins associated to lysosomes, like
lysosomal-associated membrane protein 1, 2, and 3 [LAMP-1,
LAMP-2, and LAMP-3, respectively; also known as cluster of
di�erentiation 107a, 107b, and 63 or 208 (CD-107a, CD-107b,
and CD-63 or CD-208 antigen), respectively]}, besides other
molecules generally present in the late endosomes [e.g., major
histocompatibility complex (MHC) class II, in antigen-presenting
cells] (Raposo et al., 1996; Colombo et al., 2014).

The best-known mechanism of MVB and exosome generation
is the one carried out by the endosomal sorting complex
required for transport (ESCRT). It is composed of approximately
30 proteins, generating four complexes (ESCRT-0, -I, -II, and
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Figure 2: Schematic of EV subtypes, sizes, and characteristic markers. (ref #7 open access)

Figure 3: Schematic of exosome biogenesis (A) and its typical structure (B). (ref #7 open access)

Figure 2 
 

 

quite variable in size and cargo. They have a size ranging from
1 to 5 µm and their cellular contents includes intact organelles,
with high levels of proteins associated with the nucleus,
chromatin residues, DNA fragments, RNA (in a large
amount), degraded proteins, organelles fragments, and
glycosylated proteins (in a small amount) (Xu et al., 2019;
Battistelli and Falcieri, 2020).

lEVs, also referred to in the literature as ectosomes or
microvesicles (MVs), are originated from the cellular
membrane through budding and fission. After their
generation, lEVs are released within the extracellular space,
enter in the circulation, and transfer their cargo to either
neighboring or more distant cells (Akers et al., 2013). lEVs are
quite heterogeneous in size, ranging from ~200 nm to more than
1–2 μm in diameter. Their cargo usually reflects both the
intracellular origin and the cell type from which they are
derived, and may contain cytoskeletal proteins, heat shock
proteins, integrins, nucleic acids, bioactive lipids, and other
active components expressed by the cells of origin (Lv et al.,
2019). Some markers used in their characterization are included
in Figure 1, though their specific characterization is not trivial
(Phan et al., 2021) and some of the markers despite being more
abundant in lEVs can be also found in sEVs and vice-versa (Théry
et al., 2018; Saludas et al., 2022).

sEVS, also referred to as exosomes, derive from the endosome
pathway. They have tightly controlled biogenesis and regulated
secretion into the extracellular media. sEVs are typically
30–200 nm in diameter and are the most homogeneous (in
both shape and size) population of extracellular vesicles
(Yuyama and Igarashi, 2016). They are lipid bilayer bound
vesicles that are easily uptaken by the mononuclear phagocyte
system, allowing them to reach other cellular targets beyond the
ones from which they derive (Antimisiaris et al., 2018). sEVs are
constitutively or stimulus-dependently secreted from many
different cell types, including those of the nervous system,
such as neurons, astrocytes, oligodendrocytes, and microglia
(Caruso Bavisotto et al., 2019; Song Z. et al., 2020). sEVs are
important mediators in cell-to-cell and inter-tissue
communication, by carrying small noncoding ribonucleic acids
(ncRNAs), messenger RNAs (mRNAs), lipid molecules, and
proteins. sEVs play critical roles in regulating both
physiological and pathological processes. Indeed, in
pathological conditions, the cargo transferred by sEVs may
have detrimental effects, while contributing for the spread of
the disease, which has been described in inflammation-associated
and neurodegenerative diseases, as well as in tumor growth
(Johnstone, 2005; Ciregia et al., 2017; Isola and Chen, 2017;
Busatto et al., 2021). Recent evidence indicates that sEVs released

FIGURE 1 | Schematic representation of the extracellular vesicles (EVs) subtypes, sizes, and characteristic markers. Depending on their size and site of origin, EVs
can be classified as: i) large extracellular vesicles (lEVs), also mentioned as ectosomes or microvesicles, when their size ranges from 200 nm to 1 μm, generated from the
budding of the plasma membrane; ii) small extracellular vesicles (sEVs), also referred as exosomes, with a diameter from 50 to 200 nm, which are formed after inward
budding of endosomal vesicle membrane and maturation in multivesicular bodies that later fuse with the plasma membrane to be secreted into the extracellular
space; iii) oncosomes, which are EVs secreted by tumor cells, with a size ranging from 1 to 10 μm (relatively larger than lEVs) and responsible for the spreading of the
tumor; iv) apoptotic bodies that are EVs secreted by apoptotic cells upon their membrane disintegration after apoptosis, with a size ranging from 1 to 5 μm; (v)
amembraneous exomeres that present a size smaller than 50 nm, whose origin is not fully understood yet; and (vi) amembraneous supermeres that are smaller and
morphologically distinct from exomeres. The cell that releases EVs into the medium is called the donor cell and the one that internalizes EVs is the recipient cell. EV
internalization in the recipient cell can occur by dissecting mechanisms, such as: a) fusion, when the membrane of the vesicle becomes contiguous with the cell
membrane, releasing its contents into the cell; b) receptor-ligand interaction, when the vesicle has a specific ligand in its membrane that will bind to a specific receptor on
the cell membrane allowing its internalization; c) endocytosis, when the vesicle is internalized by the plasma membrane; d) phagocytosis, when the vesicle is larger than
0.5 μm, being engulfed by the target cell; and e) pinocytosis in the case of fluid absorption (macropinocytosis of solute molecules larger than 200 nm and
micropinocytosis of smaller particles). Some examples of characteristic markers used in EV identification are included.
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these ILVs, including sEVs, into the extracellular space (Zhang Y.
et al., 2019). The pattern of nanospherical membrane-type is
derived from the parent cells from which the sEVs are formed.
Their respective cargo will likewise vary depending on the cell
type of origin and status (Kang et al., 2021). The sEVmembrane is
formed by two layers of proteins and lipids, including cholesterol,
phospholipids, glycerophospholipids, and sphingolipids that
maintain its stability and structure (Figure 2B). Their lipid
composition accounts for their unique rigidity (Skotland et al.,
2019; Lin Y. et al., 2020).

After sEV release by exocytosis, their cargo is protected from
enzymes like proteases and ribonucleases by their lipid bilayer
membrane (Lorenc et al., 2020) (Figure 3). Once at the
extracellular space, sEVs are transferred into the recipient cells
through interaction with proteins that facilitate subsequent
endocytosis by specific processes, such as receptor interaction,
membrane fusion, and internalization. The internalization step of
sEVs by the recipient cells can occur via receptor-ligand
interactions, direct fusion of membranes, or internalization via
endocytosis, and is normally dependent on the cell type, as
recently reviewed by Malloci and others (Malloci et al., 2019).
For example, the selective transfer of sEVs from oligodendrocytes
and their subsequent uptake by microglia through a
macropinocytosis mechanism does not require binding to the
specific receptor (Fitzner et al., 2011). Another example is the
injection of oligodendroglia sEVs in mouse brain, which results in
a functional retrieval of sEV cargo in neurons through a clathrin-
dependent endocytosis (Fruhbeis et al., 2013). Another study
refers to the release of EVs from primary cortical astrocytes and
microglial cells being triggered by ATP-mediated activation of
P2X7 receptors after contact with phosphatidylserine at the cell
surface (Bianco et al., 2009). sEVs carrying a multitude of
proteins, such as myelin proteins, as well as RNA, are released
from oligodendrocytes and endocytosed by neurons (Frohlich
et al., 2014). In addition, the release of serotonin from neurons
has been implicated in the release of microglial sEVs, upon

binding of serotonin to specific receptors found in the
microglia, suggesting a neurotransmitter dependent release
(Glebov et al., 2015). To sum up, sEV uptake is determined
by multiple mechanisms, together with cell-dependent
different combinations of strategies. These specificities
should be considered when designing sEV-based therapies.

2.2 Source
sEVs exert unique biological activities by stimulating
regeneration and modulating pathological conditions,
properties that can be explored for medicinal purposes.
Namely, they are able to transfer RNA and proteins from
donor cells to other cells in the surrounding milieu (Simons
and Raposo, 2009). Furthermore, EVs derived frommesenchymal
stem cells (MSCs) appear particularly useful in enhancing
recovery from various injuries. MSCs are commonly used as a
source of sEVs because they can recapitulate the biological
activity of MSCs and have been used as a cell-free therapeutic
(Harrell et al., 2021). For example, stem cells may modulate their
biological effects through the delivery of genetic information that
will alter the gene expression of the target cells (Zhao et al., 2019).
In addition, EVs from both immune and non-immune cells are
shown to suppress or stimulate both adaptive and innate
immunity, which effects likely depend on the environmental
context, as well as on the type of EV from a particular
immune cell (Kim et al., 2005; Bu et al., 2015). sEVs are
potential fingerprints of their originating cells and their
composition largely depends on the donar cell, although it can
also be determined by the cell metabolism and its needs, as well as
be influenced by cellular and environmental factors (Bell and
Taylor, 2017). As an example, release of miRNAs from cells into
sEVs can occur either passively or actively. Therefore, it is very
important to choose the cell lines that will act as the source of
sEVs, once the donor cell will determine their ability to selectively
target cells (Sancho-Albero et al., 2019). It has been shown that
the interaction between the drug delivery systems is affected by

FIGURE 2 | Schematic representation of sEV biogenesis and its typical structure. (A) Early endosomes mature into late endosomes named multivesicular bodies
(MVBs), which are formed after inward budding of the plasma membrane. The MVBs can either fuse with lysosomes to degrade their cargo, or fuse with the cell
membrane to release small extracellular vesicles (sEVs) into the extracellular space, thus mediating cell-to-cell communication. (B) The sEV is limited by a lipid bilayer that
includes ceramide sphingolipids and phospholipids. The sEV membrane also contains various proteins involved in the antigen presentation (major
histocompatibility complexes–MHC I and II), as well as targeting and adhesion (integrin and tetraspanins) proteins, together with annexins. The cytosol content of the
sEVs varies according to the cell and tissue from which they derive, and may contain lipids, nucleic acids, and proteins, among other components.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8397904

Loch-Neckel et al. sEVs: Drug-Delivery-Systems in CNS Disorders



KOSOVA COLLEGE OF SURGEONS

KOSOVA JOURNAL OF SURGERY | VOLUME 7 | ISSUE 1 | MARCH 202320

Figure 4: Exosome cargoes and various delivery systems for molecules.  A: Hydrophilic molecules in aqueous compartments.   
B: Lipophilic molecules entrapped in the lipid bilayer.  C: Release of proteins, peptides, and genetic material from exosomes.   
D: Targeting compounds, bio-imaging molecules, and covalent linkages on the exosome surface enhance delivery capability.   

E: Major advantages of exosomes. (ref #7 open access)

Figure 4 
 

 

the EV surface proteins (Yin et al., 2013). The ability of different
types of EVs to modulate immune responses allows their
therapeutic potential as a tool with theragnostic applications in
nanomedicine (Thomas et al., 2021). Therefore, we may enrich
sEVs with promising curative molecules or engineering cell lines
to produce sEVs with a specific and desired target specificity (Gao
et al., 2018).

2.3 Strategies to Enhance Production
The use of sEV technology as drug delivery vehicles must meet
two basic requirements: first, a reproducible and scalable isolation
with established production protocols to achieve high purity and
elevated yield of a defined population of sEVs for clinical use; and
second, the high drug-loading content in sEVs must be enough to
obtain a therapeutic response (Armstrong and Stevens, 2018; Lin
Y. et al., 2020; Wu Z. et al., 2021). Cells may produce higher or
lower number of sEVs depending on several factors, but what will
be important is that the production of enormous quantities of
vesicles does not modify cell characteristics and behavior.

Alterations in the composition and function of the sEVs may
be performed using environmental parameters, such as pH
gradients, mass transfer, or hydrodynamic force during scale-
up processes. The number of sEVs released depends on the cell
type, physiological state, and microenvironmental conditions.
The production increases in cancer cells under hypoxic
conditions, in melanoma cells under acidic microenvironment,
and under cell stress induction with calcium ionophores
(Zaborowski et al., 2015). It was indicated that immature
dendritic cells produce a limited number of sEVs in the µg
range (Alvarez-Erviti et al., 2011). However, MSCs secrete
more elevated amounts, usually in the milligram range (Chen
et al., 2011), making them a more relevant source for the
production of therapeutic EVs targeting neurodegenerative
diseases. Nevertheless, it should be taken into account that
MSCs may undergo senescence after a few passages, a
condition that will lead to the production of sEVs with
impaired regenerative capacity as compared to those from
younger cells (Severino et al., 2013). The confluence of cell

FIGURE 3 | sEV cargoes and advantages as delivery systems of functional and therapeutic molecules. Small extracellular vesicles (sEVs) consist of an aqueous
compartment surrounded by a lipid bilayer. sEVs can compartmentalize and solubilize hydrophilic compounds in the aqueous compartments (A) and lipophilic molecules
almost totally entrapped in the lipid layer (B), which protects them from degradation. Agents with intermediary partition coefficient are equally distributed between the
aqueous and the lipid compartments. Protein, peptides, and genetic material can be also released from sEVs (C). Attachment of targeting compounds, bio-imaging
molecules, and covalent linkage to sEV surface contribute to enhance their utility as vehicles to deliver biomolecules and drugs (D). Themost important advantages of the
sEVs as therapeutic nanocarriers are indicated (E).
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Figure 5: Exosomes containing microRNAs (miRNAs) derived from mesenchymal stem cells can up- or down-regulate the production 
of M1 and M2 microglia, thereby reducing the inflammatory response and secondary tissue damage after central nervous system ischemia. 

(ref #11 open access)
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Xiong et al. Effect of Exosomes on Ischemic Stroke

FIGURE 2 | Ischemia and hypoxia can lead to the polarization of microglia into M1 microglia and M2 microglia. The surface antigens of the two microglias are
different. M1 microglia expresses CD16, CD32, and CD86, while M2 microglia expresses CD206. MiRNA in exosomes derived from different types of mesenchymal
stem cells can regulate some inflammatory pathways or mechanisms to up-regulate or down-regulate the production of M1 and M2, thereby changing the ratio of
M1/M2 in the brain and reducing the inflammatory response and secondary tissue damage involved in M1.

(Xiong et al., 2016). Brain damage caused by stroke activates
and differentiates microglia into M1 or M2 phenotypes (Song
et al., 2019). M1 phenotypes have been confirmed to express
CD86+, CD206�, and CD16/32+ and produce high levels of
pro-inflammatory cytokines, such as INF-g, IL-6, TNF-a, IL1-b,
and KC/GRO/cytokine-induced neutrophil chemoattractant
(CINC) (Spellicy and Stice, 2021). The differentiation of
microglia strengthens the deterioration of the local inflammatory
environment, promotes the progress of acute brain injury,
and hinders nerve regeneration after injury and subsequent
long-term functional recovery (Zhang Z. et al., 2021). In contrast
to the M1 type, the M2 type is the “good” phenotype, which can
protect the nerves from ischemia and hypoxia, and promote the
long-term recovery after a stroke (Song et al., 2019). Studies have
revealed that the M2 phenotype (CD86�, CD206+) increased
the gene expression of Arg-1, IL-10, STAT6; released CXCL1,
GROa, neutrophil activating protein alpha, CINC; and induced
a more restorative local environment (Spellicy and Stice, 2021).
Based on their ability to produce IL-4 and IL-10, adjacent cells
can be protected by removing cell debris and releasing nutrients
Moreover, M2 microglia can also perform necroptosis and
produce many protective and nutritional factors that promote
neurogenesis (Zhang Z. et al., 2021; Figure 2).

Shortcomings of Existing Treatment
The key points of IS treatment are recanalization, saving
ischemic penumbra, and reducing infarct size. The vascular
reconstruction strategies for acute IS include intravenous

thrombolysis and mechanical recanalization (Minnerup et al.,
2016). Although these two treatment methods have excellent
results in specific patient groups, they have strict selection
criteria, which are related mostly but not exclusively to the
narrow therapeutic time-window, thus limiting their clinical
application (Chen et al., 2016). The efficacy of intravenous
thrombolysis treating stroke is highly dependent on the treatment
time (Ai et al., 2021). Initially, rt-PA was proven to be safe
within 3 h after stroke; however, recent studies have extended
this time window to 4.5 h (Bsat et al., 2021). Most patients
present outside this time-window and are not eligible for
thrombolysis. Moreover, due to the low recanalization rate,
especially in treating severe stroke caused by occlusion of large
intracranial vessels, the efficacy of drug thrombolysis is limited
(Minnerup et al., 2016). Adjuvant drugs such as anticoagulants,
antiplatelet agents, and anti-inflammatory drugs may have a
certain role in extending the therapeutic window (Mahjoubin-
Tehran et al., 2021). A new (“Lean Principles”) approach for
optimizing the treatment process has also been reported, that
allows patients with stroke to receive thrombolytic therapy
within 60 min and improves their survival rate (Souza et al.,
2021). Nevertheless, this approach does not directly address
the problem of vascular stenosis caused by thromboembolism
or atherosclerotic plaque. Thrombectomy is only suitable for
patients with large vessel occlusion (Minnerup et al., 2016).
Experiments suggest that mechanical thrombectomy combined
with intravenous thrombolysis can significantly improve the
neurological prognosis after 3 months and reduce mortality
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Figure 6: Neuroprotective mechanisms of exosomal miRNAs.
All abbreviations are provided in ref #12. (ref #12 open access)
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Xu et al. Mechanism of Exosomal microRNAs on AIS

FIGURE 2 | Neuroprotective mechanism of exosomal miRNA.

and implemented the functional recovery of rats with stroke
as compared with miR-126- exosome therapy. In addition,
miR-126+ exosomes inhibited the activation of microglia and
the expression of inflammatory factors in vitro and in vivo
(103). It has been shown in IS patients and animal models
that the levels of inflammatory cytokines increased, while
the levels of anti-inflammatory cytokines (i.e., IL-4, IL-10)
and miR-30d-5p were attenuated. In vitro, the inhibition of
autophagy significantly reduced the inflammatory response

induced by OGD. And, in vivo, miR-30d-5p+ exosomes derived
from ADSC significantly reduce the brain-injury area of
cerebral infarction and prevented brain damage by suppressing
autophagy-mediated polarization of microglia to the M1
phenotype (104).

Inhibition of Apoptosis
Exosomes derived fromM2microglia reduce neuronal apoptosis,
infarct size, and behavioral impairments after OGD, and this
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Figure 7: Schematic of the fabrication and therapeutic effects of macrophage membrane-fused exosome-mimetic nanovesicles (MF-
NVs). A: Preparation of MF-MSCs through the fusion of macrophage (Mf) membranes into MSCs. B: Production of MF-NVs from 

MF-MSCs by serial extrusion. C: Intravenous injection of MF-NVs into the spinal cord injured mouse. D: Mechanisms of targeting and 
therapeutic effects of MF-NVs. (ref #15 open access)
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injection into mice with SCI, MF-NVs showed better spinal cord targeting efficiency and therapeutic 
efficacy than N-NVs. 

 

Figure 1. Schematic diagrams for the fabrication and therapeutic effects of macrophage membrane-
fused exosome-mimetic nanovesicles (MF-NVs) for spinal cord repair. (A) The preparation of MF-
mesenchymal stem cells (MSC) through the fusion of macrophage (MΦ) membranes into MSCs. MF-
MSCs contain the membrane proteins of MΦ and the therapeutic molecules. (B) Production of MF-
NVs from MF-MSCs by serial extrusion. (C) Intravenous injection of MF-NVs into the spinal cord-
injured mouse. (D) The mechanisms of targeting and therapeutic effects of MF-NVs on spinal cord 
injury (SCI) mice model. 

2. Results 

2.1. Characterization of MF-MSCs and MF-NVs 

We first obtained the membranes of macrophages through dissociation and extrusion. The size 
distribution of macrophage membranes is shown in Figure S1. We then fused the membranes of 
macrophages into MSCs using polyethylene glycol (PEG). To determine whether the membranes 
were integrated into MSCs, we characterized the macrophage membrane-fused MSCs (MF-MSCs). 
Fluorescent microscopic images showed that DiO-labeled MSCs (green) were decorated with DiI-
labeled macrophage membranes (red) (Figure 2A). To demonstrate that the overlapping of 
fluorescent signals was not due to dye transfer, we evaluated the surface markers of MSCs and MF-
MSCs using Western blot analysis (Figures 2B and S2). MF-MSCs contained CD68, a surface marker 
of macrophages, indicating that macrophage membranes were integrated into MSCs. Integrin α4 and 
integrin β1, known as VLA4, were also highly expressed in MF-MSCs than MSCs. VLA4 on the 
surface of circulating monocytes facilitates monocyte binding to the inflammatory endothelium [37]. 
The enhanced expression of VLA4 on the membrane of MF-MSCs indicated that MF-MSCs inherit 
the binding ability of macrophages to the inflammatory sites. Flow cytometry analyses confirmed 
that a macrophage marker (F4/80) was expressed on MF-MSCs, but not on MSCs (Figure 2C). An 
MSC marker (CD90) was expressed on both MSCs and MF-MSCs. Next, we prepared N-NVs and 
MF-NVs by serial extrusion of MSCs and MF-MSCs, respectively, through microporous and 
nanoporous membranes (Figure S3). TEM images revealed that both N-NVs and MF-NVs had 
spherical shapes (Figure 2D). The size distribution of N-NVs and MF-NVs was determined using 
nanoparticle tracking analysis (Figure 2E). N-NVs and MF-NVs showed mean sizes of 238.3 ± 82.2 
nm and 233.5 ± 70.3 nm, respectively. The size distributions of NVs were similar to those of NVs in 
previous studies that exhibited therapeutic effects in vivo [30,38,39]. Western blot analysis revealed 
that both N-NVs and MF-NVs contained CD9, a marker for exosomes and NV (Figure 2F). The 

Figure 1. Schematic diagrams for the fabrication and therapeutic e↵ects of macrophage
membrane-fused exosome-mimetic nanovesicles (MF-NVs) for spinal cord repair. (A) The preparation
of MF-mesenchymal stem cells (MSC) through the fusion of macrophage (MF) membranes into MSCs.
MF-MSCs contain the membrane proteins of MF and the therapeutic molecules. (B) Production of
MF-NVs from MF-MSCs by serial extrusion. (C) Intravenous injection of MF-NVs into the spinal
cord-injured mouse. (D) The mechanisms of targeting and therapeutic e↵ects of MF-NVs on spinal
cord injury (SCi) mice model.

2. Results

2.1. Characterization of MF-MSCs and MF-NVs

We first obtained the membranes of macrophages through dissociation and extrusion. The size
distribution of macrophage membranes is shown in Figure S1. We then fused the membranes of
macrophages into MSCs using polyethylene glycol (PEG). To determine whether the membranes
were integrated into MSCs, we characterized the macrophage membrane-fused MSCs (MF-MSCs).
Fluorescent microscopic images showed that DiO-labeled MSCs (green) were decorated with DiI-labeled
macrophage membranes (red) (Figure 2A). To demonstrate that the overlapping of fluorescent signals
was not due to dye transfer, we evaluated the surface markers of MSCs and MF-MSCs using
Western blot analysis (Figure 2B and Figure S2). MF-MSCs contained CD68, a surface marker of
macrophages, indicating that macrophage membranes were integrated into MSCs. Integrin ↵4 and
integrin β1, known as VLA4, were also highly expressed in MF-MSCs than MSCs. VLA4 on the
surface of circulating monocytes facilitates monocyte binding to the inflammatory endothelium [37].
The enhanced expression of VLA4 on the membrane of MF-MSCs indicated that MF-MSCs inherit the
binding ability of macrophages to the inflammatory sites. Flow cytometry analyses confirmed that a
macrophage marker (F4/80) was expressed on MF-MSCs, but not on MSCs (Figure 2C). An MSC marker
(CD90) was expressed on both MSCs and MF-MSCs. Next, we prepared N-NVs and MF-NVs by serial
extrusion of MSCs and MF-MSCs, respectively, through microporous and nanoporous membranes
(Figure S3). TEM images revealed that both N-NVs and MF-NVs had spherical shapes (Figure 2D).
The size distribution of N-NVs and MF-NVs was determined using nanoparticle tracking analysis
(Figure 2E). N-NVs and MF-NVs showed mean sizes of 238.3± 82.2 nm and 233.5± 70.3 nm, respectively.
The size distributions of NVs were similar to those of NVs in previous studies that exhibited therapeutic
e↵ects in vivo [30,38,39]. Western blot analysis revealed that both N-NVs and MF-NVs contained CD9,
a marker for exosomes and NV (Figure 2F). The protein levels of CD68, integrin ↵4, and integrin β1,
which are markers of macrophages, were significantly higher in MF-NVs than in N-NVs (Figure S4).
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balance from M1 to M2 macrophages at the lesion site and alter the local microenvironment, which is
conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed degenerative changes
within few hours after injury [55]. Significant decreases in the number of vascular endothelial cells
were observed subsequently and might cause necrotic or apoptotic cell death. Therefore, we examined
whether MF-NV injection could promote angiogenesis after SCI. MF-NV was administrated 1 h and 7
days after SCI by injection. Next, IHC staining for von Willebrand factor (vWF) of the injured spinal
cord was performed 28 days post-injury (Figure 8D) (n = 4 mice per group). Surprisingly, the injection
of MF-NV significantly increased vWF in the injured spinal cord, whereas the N-NV group did not
(Figure 8D and Figure S10C). These data indicate that MF-NVs can enhance neuroprotection and
angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to the high targeting
e�ciency of injected MF-NVs.
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reactive astrocytes in response to SCI. The scar ECM is rich in chondroitin sulfate proteoglycans 
(CSPGs), macromolecules that inhibit axonal growth [49]. IHC staining for CSPGs revealed 
significantly increased expression of CSPGs in the no treatment group day 28 post-injury (Figure 7C 
and S9C) (n = 4 mice/group). By contrast, MF-NV injection significantly reduced CSPGs expression 
at the lesion 28 days post-injury compared to the no treatment group. These data indicate that MF-
NV could play a crucial role in preventing the deposition of CSPGs. 

Basso mouse scale (BMS) score is commonly used to assess functional recovery following SCI in 
mice (n = 8 mice/group). Before SCI, BMS scores for all mice were 9 points, and the scores on the first 
postoperative day were 0 (Figure 7D), indicating successful modeling of SCI. After SCI, all mice lost 
hind limb motor function. Starting from 1 week after injury, the hind limb motor function of the mice 
gradually recovered till 4 weeks after injury. The scores of the MF-NV injection groups at each time 
point were significantly higher than those of the other groups. The hind limbs of animals in the MF-
NV injection group showed considerable walking ability, whereas animals in the no treatment group 
exhibited no movement (Supplementary Videos S1–S3). These results demonstrated that locomotion 
function after static compression SCI was improved by injection of MF-NV. 

 

 
Figure 7. Reduced glial scar formation and improved function recovery by MF-NVs in SCI mice. (A) 
Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red circles 
indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron (NF, 
green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of spinal 
cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 μm. (C) Representative images of 
immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion core 28 

Figure 7. Reduced glial scar formation and improved function recovery by MF-NVs in SCI mice.
(A) Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red
circles indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron
(NF, green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of
spinal cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 µm. (C) Representative
images of immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion
core 28 days post-injury (n = 4 animals per group). Scale bars, 20 µm. (D) Basso mouse scale (BMS)
score-based quantitative analysis of time-lapse functional recovery in spinal cord-injured mice and the
representative images of injured animals 28 days post-injury (n = 8 animals per group). The white
circles indicate the ankle movement. * p < 0.05 versus NT and † p < 0.05 versus N-NV by using two-way
ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD. NT indicates no treatment.
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balance from M1 to M2 macrophages at the lesion site and alter the local microenvironment, which is
conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed degenerative changes
within few hours after injury [55]. Significant decreases in the number of vascular endothelial cells
were observed subsequently and might cause necrotic or apoptotic cell death. Therefore, we examined
whether MF-NV injection could promote angiogenesis after SCI. MF-NV was administrated 1 h and 7
days after SCI by injection. Next, IHC staining for von Willebrand factor (vWF) of the injured spinal
cord was performed 28 days post-injury (Figure 8D) (n = 4 mice per group). Surprisingly, the injection
of MF-NV significantly increased vWF in the injured spinal cord, whereas the N-NV group did not
(Figure 8D and Figure S10C). These data indicate that MF-NVs can enhance neuroprotection and
angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to the high targeting
e�ciency of injected MF-NVs.
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(A) Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red
circles indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron
(NF, green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of
spinal cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 µm. (C) Representative
images of immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion
core 28 days post-injury (n = 4 animals per group). Scale bars, 20 µm. (D) Basso mouse scale (BMS)
score-based quantitative analysis of time-lapse functional recovery in spinal cord-injured mice and the
representative images of injured animals 28 days post-injury (n = 8 animals per group). The white
circles indicate the ankle movement. * p < 0.05 versus NT and † p < 0.05 versus N-NV by using two-way
ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD. NT indicates no treatment.
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Figure 8: A: Images of spinal cord retrieved 28 days after the NV injection. Dotted red circles indicate the lesion core.  
B: Immunohistochemical staining in longitudinal sections of spinal cord 28 days post-injury (4 animals per group). Scale bars, 20 mm. 
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balance from M1 to M2 macrophages at the lesion site and alter the local microenvironment, which is
conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed degenerative changes
within few hours after injury [55]. Significant decreases in the number of vascular endothelial cells
were observed subsequently and might cause necrotic or apoptotic cell death. Therefore, we examined
whether MF-NV injection could promote angiogenesis after SCI. MF-NV was administrated 1 h and 7
days after SCI by injection. Next, IHC staining for von Willebrand factor (vWF) of the injured spinal
cord was performed 28 days post-injury (Figure 8D) (n = 4 mice per group). Surprisingly, the injection
of MF-NV significantly increased vWF in the injured spinal cord, whereas the N-NV group did not
(Figure 8D and Figure S10C). These data indicate that MF-NVs can enhance neuroprotection and
angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to the high targeting
e�ciency of injected MF-NVs.
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Figure 7. Reduced glial scar formation and improved function recovery by MF-NVs in SCI mice.
(A) Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red
circles indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron
(NF, green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of
spinal cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 µm. (C) Representative
images of immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion
core 28 days post-injury (n = 4 animals per group). Scale bars, 20 µm. (D) Basso mouse scale (BMS)
score-based quantitative analysis of time-lapse functional recovery in spinal cord-injured mice and the
representative images of injured animals 28 days post-injury (n = 8 animals per group). The white
circles indicate the ankle movement. * p < 0.05 versus NT and † p < 0.05 versus N-NV by using two-way
ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD. NT indicates no treatment.
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balance from M1 to M2 macrophages at the lesion site and alter the local microenvironment, which is
conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed degenerative changes
within few hours after injury [55]. Significant decreases in the number of vascular endothelial cells
were observed subsequently and might cause necrotic or apoptotic cell death. Therefore, we examined
whether MF-NV injection could promote angiogenesis after SCI. MF-NV was administrated 1 h and 7
days after SCI by injection. Next, IHC staining for von Willebrand factor (vWF) of the injured spinal
cord was performed 28 days post-injury (Figure 8D) (n = 4 mice per group). Surprisingly, the injection
of MF-NV significantly increased vWF in the injured spinal cord, whereas the N-NV group did not
(Figure 8D and Figure S10C). These data indicate that MF-NVs can enhance neuroprotection and
angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to the high targeting
e�ciency of injected MF-NVs.
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(A) Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red
circles indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron
(NF, green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of
spinal cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 µm. (C) Representative
images of immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion
core 28 days post-injury (n = 4 animals per group). Scale bars, 20 µm. (D) Basso mouse scale (BMS)
score-based quantitative analysis of time-lapse functional recovery in spinal cord-injured mice and the
representative images of injured animals 28 days post-injury (n = 8 animals per group). The white
circles indicate the ankle movement. * p < 0.05 versus NT and † p < 0.05 versus N-NV by using two-way
ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD. NT indicates no treatment.
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balance from M1 to M2 macrophages at the lesion site and alter the local microenvironment, which is
conducive for SCI repair.

Endothelial cells and blood vessels at the injury site in the spinal cord showed degenerative changes
within few hours after injury [55]. Significant decreases in the number of vascular endothelial cells
were observed subsequently and might cause necrotic or apoptotic cell death. Therefore, we examined
whether MF-NV injection could promote angiogenesis after SCI. MF-NV was administrated 1 h and 7
days after SCI by injection. Next, IHC staining for von Willebrand factor (vWF) of the injured spinal
cord was performed 28 days post-injury (Figure 8D) (n = 4 mice per group). Surprisingly, the injection
of MF-NV significantly increased vWF in the injured spinal cord, whereas the N-NV group did not
(Figure 8D and Figure S10C). These data indicate that MF-NVs can enhance neuroprotection and
angiogenesis, and attenuate inflammation in SCI mice model, which is attributed to the high targeting
e�ciency of injected MF-NVs.
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Figure 7. Reduced glial scar formation and improved function recovery by MF-NVs in SCI mice.
(A) Representative images of spinal cord retrieved 28 days after the NV injection. The dotted red
circles indicate the lesion core. (B) Representative images of immunohistochemical staining for neuron
(NF, green) and astrogliosis (glial fibrillary acidic protein (GFAP), red) in longitudinal sections of
spinal cord 28 days post-injury (n = 4 animals per group). Scale bars, 200 µm. (C) Representative
images of immunohistochemical staining for glial scar-related component (CSPGs, green) at the lesion
core 28 days post-injury (n = 4 animals per group). Scale bars, 20 µm. (D) Basso mouse scale (BMS)
score-based quantitative analysis of time-lapse functional recovery in spinal cord-injured mice and the
representative images of injured animals 28 days post-injury (n = 8 animals per group). The white
circles indicate the ankle movement. * p < 0.05 versus NT and † p < 0.05 versus N-NV by using two-way
ANOVA followed by post-hoc Bonferroni test. All values are mean ± SD. NT indicates no treatment.
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