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Abstract



Knee osteoarthritis (OA) is the most common form of arthritis,
and it represents a world-leading cause of disability, especially in
the elderly population. Despite its increasing incidence, the early
diagnosis of OA is still unattainable. In fact, the diagnostic
process is based on the physical examination of the patient,
usually associated with the joint imaging, mainly with
radiography. However, this approach has several limitations,
especially because indications for physical and clinical
investigations are usually prescribed after the onset of symptoms,
when OA is already in an advanced and probably irreversible
stage. In addition, the biological processes activated during the
OA progression, such as inflammation and cell phenotype drift,
are not considered. In this scenario, the research is now focusing
on biological markers that can reflect the early biological
alterations that successively cause the structural changes in the
articular tissues visible with radiography. Several candidates
have been proposed, including markers of cartilage synthesis and
degradation, synovitis and subchondral bone remodelling.
Although promising, all the biomarkers failed during their
validation toward the clinical use. More recently, the extracellular
vesicles (EVs) are gaining importance as biomarkers of different
pathophysiological conditions, including OA. Contrarily to the
classical view, the EVs that are isolated from biofluids consist in

many subpopulations with different physicochemical features
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and biological roles. For instance, focusing on the dimension, the
large size EVs have a more noticeable role than the small ones in
the inflammation process, a key process in OA. However, most of
the studies in literature were focused on small size EVs. Thus, the
first aim of this PhD project was the finding of the most effective
technique that allow the isolation and the separation of different
size EV subpopulations. With this view, I evaluated the
effectiveness of different experimental approaches, namely
differential centrifugation, size exclusion chromatography, high
performance liquid chromatography (HPLC) and asymmetrical
flow field-flow fractionation (AF4). Among them, the AF4 proved
to be the most suitable as it allowed the isolation and the
separation of EV subpopulations from the synovial fluid (SF)
within a broad size range. This part of the project was performed
at the Italian Institute of Technology in Genoa, Italy. We collected
SF from the shoulder of 3 donors after biceps tenotomy and from
the knee of 3 donors underwent total knee replacement. By
comparing the EV subpopulations from a load-bearing joint with
those isolated from a not bearing one, we could understand the
impact of different microenvironments in the EV profile. Firstly,
the flow rates in the AF4 were optimized until being able to
isolate particles with a radius ranging from 20 up to more than
700 nm, that were gathered in 4 different subpopulations. The EV

profile and the relative percentage of each subpopulation
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resulted different in each biofluid and the larger EVs showed a
decreasing trend of Z potential and protein concentration, but not
of nucleic acid content. To confirm the morphology of the EVs,
transmission electron microscopy imaging was performed.
Finally, the luminal and surface EV proteins were assessed, and
the presence of EV-specific markers was demonstrated also by
immune EM. The last part of the project was performed at the
University of Gothenburg, in Sweden. The isolation and the
characterization of the different size EV subpopulations in
biofluids would give intriguing new opportunities to find
diagnostic biomarkers, an approach applicable not only in the
OA. In fact, this protocol proved to be effective in the separation
of EV subpopulations also from other biofluids.

In addition to the impossibility of an early diagnosis, the OA is
also characterized by the lack of therapeutic approaches able to
halt and revert the degeneration processes in the articular tissues.
In fact, the currently therapeutic options aim at reducing the
symptoms and increasing the quality of life of the patients. More
recently, different biological approaches, that are still under
investigation, showed promising results in the reversion of the
OA degenerative pathways. Unfortunately, the clinical
translation of these preparations is still hampered especially by
their intrinsic variability in the preparation. In this scenario, the

generation of drug screening platforms can accelerate their
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development by limiting the clinical trial only to the most
effective candidates. Among the other available approaches,
microfluidics is promising as it can more closely reproduce the
3D microenvironment of the arthritic joint. However, the OA
drug screening platforms already developed lack in providing
the articular cells with a relevant support matrix, a crucial factor
especially for the chondrocytes. In this perspective, the second
aim of the project was focused on the development of a relevant
patient-specific microfluidic model to be used as drug screening
platform for the evaluation and the comparison of OA innovative
treatments. To resemble the arthritic joint environment, the
device consisted in a multi-compartment microfluidic chip that
allowed the separated culture of primary patient-matched
synovial fibroblasts and chondrocytes in 3D relevant hydrogel
with synovial fluid interposed. In addition, the device was
designed to allow the injection of biological treatments,
mimicking an intra-articular injection. To recreate a more
relevant cartilaginous compartment for the chondrocyte culture,
I optimized commercially available hydrogels based on
hyaluronic acid and/or type I collagen that were crosslinked
enzymatically or via UV light. Their biomechanical properties
and their biocompatibility were tested, as well as the phenotype
of the cells cultured within them. The expression of chondrocyte-

specific markers was significantly higher when cells were

-12-



cultured in relevant hydrogels. Then, I optimized the OA
microenvironment by evaluating the effect of the synovial fluid
in the device microenvironment. The results showed that its
addition was beneficial for the articular cells, that behaved
differently when cultured with healthy or arthritic synovial fluid.
This demonstrated that within the model a relevant arthritic
microenvironment was effectively reproduced. Finally, the anti-
inflammatory capabilities of adipose and bone-marrow
mesenchymal stromal cells (MSCs) were assessed. The model
effectively supported the injection of MSCs and the evaluation of
their biological effects on articular cells. In the future, this
platform could also be used to evaluate and compare the
effectiveness of other biological treatments, such as secretome
and EVs. In fact, these MSC-derived biological products showed
promising anti-inflammatory and regenerative capabilities in the

treatment of OA, as I systematically reviewed.
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Chapter 1

Introduction: course, diagnosis, and

treatment of osteoarthritis
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1. Osteoarthritis: onset and progression

Osteoarthritis (OA) is a highly disabling and degenerative
disease that can affect all the diarthrodial joints. It is the most
common form of arthritis and it represents a relevant and
increasing health burden characterized also by huge socio-
economic costs and notable implications for the national health
systems [1]. In fact, globally it is estimated that more than 500
millions of people suffer from OA, with a prevalence higher than
7% [2]. This value is even higher in countries with a well-
established market economy, and it is still increasing due to the
ageing population. For instance, in the US the prevalence of this
disease reaches 14% [2]. The estimated medical cost related to the
OA can reach 1-2,5% of the gross domestic product in various
high-income countries [3]. Due to its increasing prevalence and
the high disability, in 2019 OA was ranked 15" on the list of
leading causes of years lived with disability (YLDs) in the world,
with an increasing of 48% since 1990 [4,5]. In this scenario, the
knee is the most commonly joint affected by OA (Figure 1). In fact,
when compared with the other joints, the knee OA accounts for
approximately 85% of the cases of osteoarthritis, and the 2,2% of

the total YLDs were ascribed to knee OA [6,7].

-15 -



Figure 1. The prevalence of OA in knee, hip and OA in different age groups. Adapted
Sfrom [8].

Knee OA is a very complex chronic degenerative disease, often
worsened by the presence of multimorbidity, especially

atherosclerosis-related diseases [9,10].
1.1. New insights on OA pathogenesis

The knee osteoarthritis is characterized by a complex and
multifactorial pathogenesis. Classically, OA was first described
as a degenerative “wear and tear” disease that affect primarily
and almost exclusively the cartilage compartment [11]. However,
this paradigm has been notably changed in the last decades. In
fact, it is currently well demonstrated that the pathogenetic
process is complex and multifactorial. Moreover, in this process
the inflammatory response plays a crucial role. Over the years
since the 1990s, many pro-inflammatory mediators released by
cartilage, synovial membrane and subchondral bone have been

discovered [11]. It is currently well documented that there are
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many risk factors that can increase the susceptibility to develop
OA by triggering or sustaining the inflammatory response. The
predisposing factors are divided in non-modifiable (age, gender,
genetic and ethnicity) and modifiable systemic factors, such as
obesity and bone metabolism. In addition, there are also
susceptibility factors that can be local (physical activity, wrong
movements, joint injuries and muscle strength) or systemic, such
as diet and metabolism [12]. In a weight-bearing joint like the
knee, both biomechanical and biochemical factors, that are
strictly related, can trigger and sustain local inflammatory and
degenerative processes [13]. Different cellular signalling
pathways that can initiate and sustain the inflammation can be
activated in the cells of all the tissues in the knee. Therefore, OA
is currently considered a pathology that affects the whole organ,
i.e. the diarthrodial joint. In fact, it causes structural and
functional alterations in the cartilage, synovial membrane,
subchondral bone, ligaments, capsule, menisci and periarticular
muscles [14]. For all these reasons, this disease is now considered

more similar to a syndrome rather than a simple disease [15].

1.1.1  The role of cartilage, synovitis and synovial fluid in

inflammation

The inflammation in the OA is usually a low-grade and chronic

process and it is the result of the local damages in the articular
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tissues, the dysfunction in the cell metabolism and the
recruitment of immune cells [11,16]. The mild inflammation in the
OA is clearly different from the high-grade inflammation that
characterizes rheumatoid arthritis, that is considered as the
prototypical inflammatory arthritis [17]. In a weight-bearing joint
as the knee, the mechanical cues play a crucial role in the
pathologic processes. In fact, excessive or prolonged mechanical
forces can directly cause structural damages in the articular
tissues, especially in those made more susceptible by the several
risk factors previously described. On a cellular level, the
mechanical stress can trigger the inflammatory response, that is
responsible, especially in the cartilaginous compartment, for the
activation of several catabolic and degenerative processes. To
exemplify, mechanical alterations with a harmful potential may
occur in two opposite settings. In the first one, an excessive
mechanical stress (in intensity and/or in duration) is applied on
physiologic articular tissues that ensure the stability and the
mechanical protection of the joint, such as cartilage, menisci,
ligaments and the peri-articular muscles, that act both as joint
stabilising and shock adsorber [14,18]. Otherwise, the mechanical
stress applied is within the normal range but it acts in a non-stable
joint environment, in which the articular components are already
damaged or compromised [14]. Obviously, the general in vivo

clinical setting is not so demarcated. In fact, due also to the
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numerous risk factors that can increase the OA susceptibility,
there is often a contribution of both the factors in the onset of this
pathology. Despite the specific mechanism behind, the altered
joint biomechanical environment can elicit several biochemical
signalling pathways in the articular cells, causing an imbalance of
the dynamic equilibrium between the anabolic and catabolic
processes [19]. Especially in the chondrocytes, this imbalance
stimulates the expression of catabolic and degradative mediators,
such as cytokines, matrix proteases and oxygen radicals [14].
These mediators are responsible for the primary breakdown of
the cartilage, and fragments of the tissue are released in the
synovial fluid [20]. The pro-inflammatory molecules and these
fragments diffuse through the synovial fluid and act on the near
portion of the synovial membrane. The synoviocytes in the
synovial membrane consider the matrix fragments as foreign
bodies and react synthetising pro-inflammatory cytokines. This
represents the most accredited hypothesis explaining the
triggering of the inflammatory response in the synovial
membrane, called as synovitis [11,21]. During this process the
synoviocytes are activated and the immune cells are recruited
(primarily macrophages and lymphocytes) from the blood
stream. These cells in turn secrete additional pro-inflammatory
mediators such as cytokines, chemokines, proteases, oxygen

reactive species and lipidic mediators in the synovial fluid. This
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plethora of pro-inflammatory and degenerative effectors can
directly degrade the cartilaginous matrix but also sustain the
dysregulation of the chondrocyte metabolism towards the
catabolic phenotype. This process further amplify the
inflammation in the cartilage and in the synovial membrane,
establishing a positive pro-inflammatory feedback (Figure 2) [20].
Another important player in the setting of this pro-inflammatory
environment during the OA is the synovial fluid. Physiologically,
it serves as a lubricant and, thanks to its peculiar viscoelastic
properties, it helps the cartilage to respond to different
mechanical stresses [22]. In addition, it also allows the
intercommunication between different articular tissues, and this
role is even more important during the OA. In fact, the articular
cells released the pro-inflammatory mediators in the synovial
fluid where they can diffuse and reach the other articular tissues

[23].
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Figure 2. Overview of the pro-inflammatory feedback activated in the articular tissue
during the progression of knee OA. Picture taken from [24].

1.1.2  The inflammatory mediators

There are different classes of biomolecules that are involved in
the low-grade inflammation process of OA. The most studied
class of pro-inflammatory mediators is undoubtedly the
cytokines. Example of the most studied cytokines are interleukin-
1 beta (IL-18), tumour necrosis factor (TNF) alpha, IL-6, IL-15, IL-
17 and IL-18. IL-1$3 and TNF-a have been found in high level in
arthritic cartilage, synovial membrane, synovial fluid, and

subchondral bone [25]. In two independent follow-up studies the
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concentration of IL-6 in the blood resulted higher in patients
suffering from knee OA and they also correlated with the loss of
cartilage [26,27]. Similarly, increasing levels of IL-8 in the knee
synovial fluid of arthritic patients were associated with the
clinical progression of the disorder [28]. Pro-angiogenic factors,
responsible for the calcification of the cartilage, are produced
upon the stimulation of IL-17, synthetized by both synovial
fibroblasts and chondrocytes [29]. Another class of crucial players
are the proteases, responsible for the direct degradation of the
extracellular matrix. Several enzyme classes are active in the
degradation of different constituent of the cartilage. The
aggrecan-degrading enzymes have the ability to degrade the
aggrecan, a large proteoglycan enriched in the cartilage. It's
difficult to elucidate which target is firstly degraded in the course
of OA, but there are experimental evidences that the aggrecan
degradation is a very early event in the developing of OA [30,31].
Different isotypes of metalloproteinases (MMPs) have been
shown to be able to digest the aggrecan [32]. Another well-known
family is the A Disintegrin And Metalloproteinase with
Thrombospondin motifs (ADAMTS), also called as aggrecanases
[32]. Similarly to MMPs, several isoforms of proteases belonging
to this family are activated in the OA in response to the pro-
inflammatory cues. A second important target of proteases in the

cartilage is collagen type II, the major constituent of the
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cartilaginous matrix. This fibrillar isoform of collagen can be
digested by few enzymes: collagenolytic MMPs and cathepsin K
[32]. MMP-1, -8, -13 and -14 belong to this group, and among
them the MMP-13 is considered to be the most active enzyme in
OA [33]. The expression of most of these proteolytic enzymes is
positively regulated by different factors: pro-inflammatory
cytokines, mechanical stimuli, hypoxia, miRNA and heparan
sulfate and sulfatases expression following articular tissue
damages [32]. The chemokines are another family of pro-
inflammatory mediators highly expressed by the inflamed
articular cells. The main function of these molecules is to
stimulate the cellular motility, especially in the immune cells that
express sets of chemokine receptors [34]. In addition, they can
also participate in the matrix degradation: CCL2, expressed by
chondrocyte, increased the production of MMP-3 and the loss of
proteoglycan in in vitro human cartilage [35]. Also adipokines
and neuropeptides have a direct or indirect role in the
inflammation response and the subsequent matrix degradation.
For instance, the adipokine level in the serum correlated with the
severity of OA [36], while the neuropeptides can stimulate the
proliferation of synoviocytes and the synthesis of prostaglandin

E2 and collagenase [20].
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1.2. The course of osteoarthritis

Depending on the individual risk factors, OA is usually
characterized by a slow progression over decades or it can occur
in an intermediate form in which periods of slow evolution
alternate with period in which the OA gets worse very quickly
[37]. During its progression, different symptoms and signs
characterize the knee OA. The most common are pain, joint
stiffness, reduced motion and muscle weakness [38]. The long-
term effects of this symptomatology are various and include both
physical, such as decreased physical activity, fatigue and
disability, and psychological consequences, like depression and
impaired sleep [38]. In OA evolution, the low-grade
inflammation is associated with two main features: the
progressive mechanical and structural deterioration of the
cartilage and the structural changes in the subchondral bone
(osteophyte formation and sclerosis) [39]. The structural changes
that occur in the arthritic joint are summarized in Figure 3. The
inflammation and the degradative processes have their effects in
all the articular tissues, however the cartilage, the synovial
membrane, the synovial fluid, and the subchondral bone are the

key players.
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Clinically, it is possible to subdivide the OA progression process
in 5 different stages according to the severity of the symptoms

and the structural and functional changes in the knee.

1.2.1  Grade 0 (pre-osteoarthritis)

This stage describes a physiologic and healthy joint, and usually
the disease is not yet manifested. However, the very early stage
of OA can be also included, when the damage is still on a cellular
level, such as the initial alteration of the cell metabolism in
cartilage and synovial membrane. No clinical signs or symptoms

are detected [41].

-25-



1.2.2  Grade 1 (early or doubtful)

In grade 1 two processes are potentially initiated: the narrowing
of the joint space, even if in a non-evident manner, and the
formation of osteophytes [42]. In fact, in the subchondral bone the
pro-inflammatory mediators can stimulate the expression of
angiogenic factors and new vessels penetrate within the bone
tissue reactivating the process of endochondral ossification [40].
This process can explain the formation of osteophytes and cysts,
that usually are formed in the periphery of the joint, at the
junction site with the synovial membrane [37]. A similar
angiogenetic process occurs also in the synovial membrane. In
fact, the inflammatory cells release pro-angiogenic factor,
promoting further vascular invasion and facilitating an
additional recruitment of immune cells. Therefore, this process
facilitates the persistence of the inflammatory state [43].
Regarding the cartilage, only the superficial layer begins to
structurally change, resulting softer, while the deeper area is
preserved. This is due to the secretion of degrading enzymes by
chondrocytes that lead to the loss of glycosaminoglycan, with the
subsequent increase retention of water [44]. Over the time, local
focal discontinuities are formed in this zone, while in the mid
zone of the tissue some harmful changes can start to occur, such

as chondrocyte proliferation and death. In this stage some people
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can start to experience mild pain in the knee, while others don’t

show any sign or symptom yet [42].
1.2.3  Grade 2 (mild or minimal)

During the stage 2 of OA progression the number and the
dimension of osteophytes increase, and they can cause pain
determining an initial reduced joint mobility [37]. In addition, the
joint space between the bony heads may begin to narrow,
especially if evaluated in weight-bearing conditions [42]. The
cartilage can show initial sign of erosion. The first clear
manifestations in the cartilaginous matrix consist in vertical
fissures that reach the middle zone. These fissures are the
hallmarks of abnormal stress in the deeper cartilage layer [37]. At
this point, the symptoms can vary from person to person. Some
people may start to feel pain during or after physical activity. In
addition, someone can also start to have problems in bending or
straightening the affected joint, leading to the impairment of

some movements [42].

1.2.4  Grade 3 (moderate)

The grade 3 is characterized by the formation of multiple
osteophytes, the narrowing of the joint space is now clearly
visible and the subchondral bone presents sclerosis and possible
deformity [45]. The loss of the cartilage is now important,

characterized by the appearance of local eroded zones. These
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modifications lead to the worsening of the symptoms. In fact,
most people have frequent pain when doing daily activity like
moving or walking. Joint stiffness is higher, and usually is worse
in the morning or after prolonged sitting. At this point, the

swelling of the knee can also be noticeable [42].

1.2.5 Grade 4 (severe)

In the end-stage arthritic knee the structure of the joint is widely
rearranged. It is possible to see microfractures, zone of repair, and
subchondral bone sclerosis and remodelling that result in an
advanced joint deformity [37]. The osteophytes are numerous
and large and the joint space narrowing is marked [42]. The
hyaline cartilage is significantly thinner and locally can also be
completely eroded. In these area, the mineralized cartilage, or
even the subchondral bone, is exposed and act as articular surface
[37]. At this stage also the synovial fluid present visible
alterations. Its peculiar viscoelastic properties, especially
viscosity and elasticity, are compromised, due to the fluid
exudation from the more permeable synovial vessels that dilute
the hyaluronan in the fluid, that also presents a lower molecular
weight [46]. This can increase the friction between the articular
facets, leading to pain, joint stiffness and reduced mobility [37].
In addition, the minor viscosity of the synovial fluid allows the

pro-inflammatory mediators to reach the sensory nerve cells in
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the knee, increasing the pain sensation in the patients [23]. In fact,
most of the end-stage arthritic patients suffer from huge pain
when doing low intensity and daily activities. Joint stiffness,
swelling, and inflammation result further aggravated, causing

disability and undermining the everyday life [42].

2. The diagnosis of OA

2.1 The current diagnostic process

The diagnosis of OA is still primarily based on the thorough
examination of the clinical history and of the symptoms of the
patient. The process can be also supported by radiographic
evidence, while laboratory testing for biomarkers is usually not

foreseen [47].

2.1.1 Clinical examination

The clinical features usually found in patients affected by knee
OA are the consequence of the alterations previously described
that are mainly related to the inflammation process, cartilage
erosion and bone deformity. The diagnostic process is mainly
based on a physical exam by the physician [47]. The personal
medical history together with the classical signs and symptoms
that affect the knee joint are examined. The latter include pain and
crepitus during different range of motion, effusion within the

joint cavity, presence of popliteal cyst, lateral joint instability and
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valgus or varus deformity [48]. Other signs, that are common of
OA process in other joints are joint tenderness, reduced
movement range and bone swelling [49]. The pain is the most
relevant sign, and it is described as intense, deep, and “achy” [50].
The pain in the knee leads to a decrease of the mobility range, of
the joint function and in general of the physical activity. Over the
time, the patient will be less active, increasing the probability of
developing co-morbidity. For instance, the decreased physical
activity could lead to the augment of the body mass and
consequently of the load acting on the knee, worsening the
already precarious conditions of the arthritic articular tissues [50].
Another factor that limits the mobility of arthritic patients is joint
stiffness, the feeling that the motion of a joint is limited or
difficult. This perception may occur also at rest or in the morning
[50].

Usually, laboratory testing is not prescribed for the diagnosis of
OA. In fact, common systemic inflammatory markers, such as C-
reactive protein and erythrocyte sedimentation rate, typically
result within the physiological ranges [51]. Similarly,
immunological tests are useful only in those, relatively rare, cases
in which a strong inflammation response is present, making an
autoimmune response more probable [47]. As a matter of fact, the

clinical guidelines provided by the American College of
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Rheumatology did not recommend routinely laboratory analyses

in patients with knee OA [52].
2.1.2  Radiography imaging of the joint

The plain radiography of the knee is commonly used to support
and confirm the diagnosis of OA, also because this exam is widely
and readily available, and relatively cost-effective [48,53]. X-ray
imaging can evaluate the alterations in the bone tissue, such as
the bone sclerosis, osteophyte and cyst formation and the joint
space narrowing. The first classification scheme based on x-ray
imaging was developed by Kellgren and Lawrence in the late
1950s, to overcome the disagreement on the evaluation of the joint
conditions among different observers [54]. They proposed their
classification based on a set of standardized radiographs of eight
different joints. This scale has proved to be effective for the
evaluation of the clinical signs especially in the knee joint. In fact,
the interobserver correlation coefficient was the highest
compared with the other joints and the intraobserver correlation
resulted the second highest [54]. This is the reason why the
Kellgren and Lawrence classification is still among the most used
diagnostic tool for the diagnosis and the evaluation of the severity
of knee OA [55]. This scale provides the five different stages of
the progression of knee OA described in the paragraph 1.2, with

score ranging from 0 to 4 according to the increasing severity of
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the disease, where grade 0 indicates no presence of OA while
grade 4 signifies severe OA [54]. Over the years, five other
classification scales have been developed that are now widely
used in addition to the Kellgren and Lawrence one. They are
International Knee Documentation Committee (IKDC)
radiographic scale, Fairbank, Brandt, Ahlback and Jager-Wirth
[56]. The interobserver reliability of this six widely used
radiographic classification systems resulted good, while the
arthroscopic findings correlated with a medium degree with the
arthroscopic evaluations [57]. In addition, the IKDC classification
resulted the most effective in terms of combination between

reliability and interobserver correlation [56].
2.1.3  Magnetic Resonance Imaging (MRI)

The MRI is less widely used, even if it allows to get more
information, such as early alterations in the cartilage and
subchondral bone features (e.g. chondral thinning, structural
changes, osteophytes and bone marrow oedema-like lesions
(BMLs)) [55]. In fact, with MRI it is possible to obtain a precise
morphological evaluation of the cartilaginous surface, thus
providing crucial information about the thickness, the structural
integrity, the presence of fissuring and loss of cartilage [55].
Moreover, recent evolvements of this technique also allow the

detection of very early changes of the cartilage, providing a
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precise evaluation of the degenerative process. These innovative
approaches can highlight the initial softening of the tissue, an
early modification that is due to the increase in the water content
that reduces the concentration of collagen and
glycosaminoglycans [44]. MRI can also detect early changes in the
subchondral bone, such as BMLs. They are related to the
progressive degeneration of the cartilaginous matrix and can
include oedema, bone marrow necrosis, fibrosis and
modifications in the trabecular structure [58,59]. These early
changes in the cartilage and in the subchondral bone are usually
not visible with radiographs. In fact, conventional radiographic
imaging can only indirectly assess the cartilage thickness by the
joint space narrowing, that became evident only in the late stage
of OA. In addition, the BMLs are usually not visible [55]. MRI can
be also useful in the detection of comorbidities that have to be
treated differently or more urgently than the OA, such as

subchondral insufficiency fracture, tumours, or infection [48].

2.1.4  Computed Tomography (CT)

While the MRI can detect the alterations that mainly affect the
superficial layer of the cartilage, the CT can reveal and quantify
structural alterations and evaluate the pathophysiological state of
the whole cartilage tissue [60]. This technique, even if not widely

used in the diagnosis of OA, is performed during arthroscopy,
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when the instrument is incorporated into the arthroscope and is
able to generate a high-resolution reconstruction of the tissue
[61]. The CT imaging is also used to detect other abnormalities
that occur in the joint, such as disorders of patellofemoral joint,

such as its misalignment [50].

2.1.5  Ultrasonography

Ultrasonography can be used to investigate pathological
processes in the articular tissues, including cartilage
degeneration, and to assist physicians during intra-articular
injections [50]. Several harmful processes can be visualized with
this technique: joint effusion, osteophytes formation, synovitis
and others [62]. The ultrasonography is more sensible and
specific in detecting osteophytes than MRI, but it results less
effective in the evaluation of the joint space narrowing [63].
Furthermore, ultrasonography can also help to identify and
differentiate other joint pathologies such as osteomyelitis and
bone metastasis [50]. Overall, given the lower costs of this
examination and the higher handling, its use is increasing in the

diagnosis of OA [48].
2.2 Limitations of the current diagnostic process

Despite the numerous techniques and approaches currently
available, the diagnostic process of the knee OA still fails to detect

the pathology at an early stage. In fact, the clinical examination
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and the indication for the instrumental investigations are
prescribed only after the onset of the symptoms. However, at this
stage the OA is most likely at an advanced stage and probably
already irreversible because it is the result of a relatively long
period of subclinical modifications [40]. For this reason, the
diagnosis of early OA can’t be based on the symptom evaluation,
as this has limited diagnostic value [40]. Moreover, the symptoms
vary a lot from patient to patient, can fluctuate over the time, and
can also be influenced by other factors, pathologies or
modulating pathways [64]. Imaging approaches have several and
important limitations too, which are summarized in Figure 4.
Generally, structural changes can take up to 1 or 2 years to be
clearly detectable by common imaging techniques such as
radiographs [65]. X-ray imaging is also associated with high-
energy radiation exposure, lack in sensitivity and cannot detect
cartilage degradative cues [66]. For instance, Amin et al., reported
that in a huge number of patients with symptoms, no evident
harmful cues were found by radiographs, even if they suffered
from cartilage loss, as shown by MRI [67]. In addition, the
measurements on radiographic images lack also in specificity: the
joint space narrowing, one of the crucial parameters, can be
affected by the structural integrity of the meniscus and by the
positioning of the joint during the examination [68,69]. The MRI

is more sensitive in detecting early structural alterations and for
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this reason the Osteoarthritis Research Society International
suggests the use of this technique to assess the cartilage
morphology [70]. However, this approach has also some
important drawbacks, mainly due to the diversity of the
symptoms and the individual response. Firstly, the early
cartilaginous modifications cannot be symptomatic in all the
arthritic patients and the morphological examination doesn’t take
in consideration the inflammation process and its consequences,
such as oedema [71,72]. In addition, the clinical applicability is
limited by higher scanning times and, especially for the more
recent approaches, the need of nephrotoxic contrast agents, ultra-
high magnetic fields and specific software [40,73]. Similarly to x-
ray imaging, the CT has the disadvantage of high radiation
exposure, even higher of the radiographs, but it allows the 3D
visualization of the bone and the cartilage [62]. In addition, it is
characterized by a lower capability in the assessment of the soft
articular tissues compared to MRI. Moreover, when used in
combination with arthroscopy, its widely applicability is greatly
limited by the invasiveness that characterize this approach [74].
With the ultrasound imaging it is possible to image the soft
tissues, including the synovial tissue without the use of contrast
agents. However, the results strongly depend on the competence
of the operator and the depth that the signal can reach within the

articular tissues [62]. This could represent an important issue in
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the load-bearing joints as the knee because the ultrasounds are
affected by acoustic shadowing due to the physical properties of
the ultrasonography [75]. Even if the MRI is gaining importance,
the radiography still remains the standard for the diagnosis and
the evaluation of OA progression [76]. Therefore, in most of the
arthritic patients the structural alterations and the clinical
progresses are not detectable in the very early phases of the

pathology.
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Figure 4. Features, advantages and disadvantages of the imaging techniques used for the
OA diagnosis. Picture from [62].

2.3 Biomarkers

Due to the limitations of current diagnostic approaches described
above, the development of sensitive ad predictive OA biomarkers
is of paramount importance. These biomarkers could serve not
only as diagnostic tools for the early assessment of OA, but also
for the evaluation of the clinical OA stage, the prognosis, the

patient stratification for personalized treatment and the
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prediction and monitoring of the clinical response to a therapy
[77,78]. Biomarkers for the knee OA that have been proposed in
the last years are represented by molecules or molecular
fragments that are released into biological fluids, in particular
synovial fluid, blood or urine. These molecules are usually
generated in the articular cartilage, subchondral bone and
synovial membrane and reflect extracellular matrix turnover (e.g.
collagen and proteoglycans, highlighting both the synthesis and
the degradation) and altered cell metabolism, such as cytokines,
chemokines, proteases and others [79]. The aim of using soluble
biomarkers for the diagnosis of knee OA is to reflect the
pathological processes acting on the articular tissues earlier and
in a more relevant way before they induce the structural
alterations visible with the imaging approaches. In fact, while the
latter provide information and quantification only on the
structure of the joint, the formers are produced within the
pathological processes that cause visible structural alterations in
the long term [80]. In 2001 the Biomarkers Definitions Working
Group defined the biomarkers as: “a characteristic that is
objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” [81]. Therefore, these
biomarkers could ultimately represent a relevant alternative for

the current imaging diagnostic approaches to guarantee an
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earlier, more targeted and personalized treatment for the OA. As
previously described, the articular tissues that are mostly
involved in the OA are the cartilage, the synovial membrane, the
subchondral bone, and the synovial fluid that allows the
intercommunication between them. Within these tissues, the
important pathological pathways activated are cartilage
degradation, reduced cartilage synthesis, inflammation, and
bone remodelling. Therefore, the research of potential innovative

biomarkers is focused on molecular players in these pathways.

2.3.1 Biomarkers of altered cartilage homeostasis

Resembling the metabolic alterations that occur in the articular
cells, increases in the catabolic markers and decreases in the
anabolic ones have been associated with the progression of OA
[79]. Being the major and more specific component of the
cartilaginous matrix, type II collagen has been extensively
studied. In fact, several potential biomarkers reflecting its
turnover has been proposed [82]. In particular, the C- terminal
telopeptides, which are the product of the collagen degradation,
and the N-terminal propeptides, which indicate the synthesis of
the molecule (Figure 5) [79].

-39 -



N-terminal Propeptide C-terminal Propeptide
’ “pnane &~ | Synthesis
» AIBNP(PRO(} - ' (o \

R « P TE
-
| 120EKGPDPIZ
N-terminal telopeptide cTX-1l

Degradation

TYPE || COLLAGEN

Figure 5. Key biomarkers derived from the type II collagen indicating both its
degradation and synthesis processes. Picture from [79].

C-telopeptide fragments of type II collagen (CTX-II) is one of
most studied degradation products as OA biomarkers. It is
generated following the digestion by MMP-9 and -13 and its
presence was detected in proteoglycan-depleted areas of ex vivo
cartilage explants stimulated with pro-inflammatory mediators
[83]. This digestion fragment was also found in the bone-cartilage
interface and in the damaged cartilage, whereby it was correlated
with the bone turnover, the formation of osteophytes and the
joint space narrowing process [84]. CTX-II was also detected in
urine, where its level positively correlated with the probability to
develop a relevant clinical OA and total knee replacement [85,86].
In addition to the CTX-II fragment, the concentration in the serum
of hyaluronic acid and cartilage oligomeric matrix protein
(COMP) resulted higher in early stage and established arthritic
patients, as recently reviewed [76]. Conversely, the systemic

concentration of the N-terminal propeptides, hallmark of the
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cartilage synthesis, inversely correlated with the probability to
develop a clinical relevant OA, resulting lower in patients with

established OA [85,87].

2.3.2  Biomarkers of the inflammatory response

Despite the inflammation process in the OA is usually a low-
grade response, increasing evidences demonstrated a correlation
between radiographic-diagnosed OA and inflammatory
hallmarks, such as effusion, synovial thickening, popliteal cysts
and activated immune cells [88,89]. Recently, six potential
inflammatory biomarkers (MMP-3, sVCAM-1, sICAM-1, VEGF,
TIMP-1, and MCP-1) found in the synovial fluid correlated with
the synovitis, the radiographs and the severity of the symptoms
[90]. Interestingly, these mediators were positively linked to the
activation of macrophages and neutrophils and two products of
these cells, TGF-B1 and elastase, resulted correlated with
synovitis and the OA worsening [91]. Deveza et al., reported a
modest association but a high specificity of hyaluronic acid and
MMP-3 with the effusion in synovitis [92]. Similar outcomes
demonstrated that increased blood levels of IL-1b, TNF-a and
cyclooxygenase-2 (COX-2), indicated a higher risk for knee OA
worsening [93]. In addition, other previously proposed

inflammatory-related biomarkers for OA were adipokines [94].

-41 -



2.3.3  Biomarkers of the subchondral bone remodelling

One of the structural alterations that affect the subchondral bone
during the OA is the so-called stress shielding, that leads to the
initial thickening of the horizontal trabeculae while the vertical
ones result thicker only in later stage of the OA [95]. Therefore,
it’s not surprising that bone remodelling biomarkers have been
proposed for the OA diagnosis. In fact, many different peptides
resulting from the digestion of collagen type I showed correlation
with OA progression [79]. In particular, a serum form of collagen
I-derived peptide correlate with higher risk of undergoing total
knee replacement [86], while two different peptides found in the
urine are associated with the progression of knee arthrosis [96].
The digestion of Collagen type I and type IV by MMPs can be
predictive not only for joint and cartilage erosion but also for the
responsiveness of specific anti-inflammatory treatments [97,98].
Moreover, genomic studies revealed pathways associated with
Periostin and Leptin that are involved in the higher turnover of
the subchondral bone [99], and several genes whose expression
resulted coordinated in the cartilage and in the underlying bone

[100].
2.3.4  Limitations of the available OA biomarkers
Although promising, several of the potential biomarkers

proposed failed the validation process toward their clinical use.
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For instance, the correlation between urinary concentration of C-
telopeptide of the type Il collagen, pain and radiographic findings
wasn’t significant [101]. Similarly, the biomarkers of the
subchondral bone remodelling showed even less effectiveness,
most likely because the portion of the tissue involved in the knee
OA is relatively small and the turnover is rapid [62]. The markers
of synovitis have been the least studied, but they showed
promising results, even if different aspects have to be addressed
[62]. For instance, being the inflammation a general response to
harmful stimuli, it is more difficult to find systemic biomarker
candidates that reflect specifically the inflammation in the knee
joint. Other issues include the sample collection needs to be
standardized, the relation with the imaging outcomes should be
improved and the effect of circadian rhythm and the exercise on
the biomarker concentration has to be evaluated [102-104]. Figure
6 summarizes the most reported biomarkers and their clinical
significance until few years ago. Unfortunately, the most

important issues remained currently undressed [76].
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Diagnostic Relationto Prognostic Relationto  Overall

value burdenof  value efficacyof  positive
disease treatment  proportion

Cartilage degradation
CTXIlin urine* 12/13 16/25 17/23 4/5 74%
COMP in serum* 9/12 15/26 6/17 1/2 54%
Coll 2-1 (NO,)t in urine and serum ~ 7/8 2/6 2/4 - 61%
KSinserum 1/2 3/8 3/5 1/2 47%
YKL-40 in serum 13 5/12 0/4 1/1 35%
C2Cinurine and serum 171 3/9 0/4 13 29%
€1,2C in urine and serum - 1/6 0/4 0/2 8%
Cartilage synthesis
PIIANP in serum™* 2/2 1/4 2/3 0/1 50%
PIICP in serum - 3/7 0/4 - 27%
(5846 in serum 0/1 147 0/3 - 9%
Bone degradation
NTX-l in urine and serum* 1/2 1/1 2/5 2/2 60%
(D)PYRT in urine 2/3 6/15 0/10 2/2 33%
CTXI in urine and serum 2/4 1/16 1/6 0/1 15%
Bone synthesis
0Cin serum* 1/5 2/12 2/6 1/2 24%
BSP in serum 2/2 1/3 0/2 - 43%
PINP in serum 0/1 1/4 0/4 - 11%
Synovium degradation
HA in serum* 7/9 7/22 8/11 1/3 51%
Glc-Gal-PYR in urine 2/2 3/4 - 0/1 71%
Synovial synthesis
PIINP in serum 1/1 2/4 0/2 - 43%

Data are n/N unless otherwise stated. Biomarkers with less than five reports are not included. Data from van Spil and
colleagues.® *The most relevant and best performing commercial biomarkers. fCombined biomarkers: Coll 2-1 with
Coll 2-1 NO, and PYR with D-PYR.

Figure 6. The most reported works on different knee and hip OA biomarkers. The
reported studied were published until 2011, data from [62].

In addition, for many of the proposed biomarkers we still don’t
know their kinetics, metabolism, and the exact molecular and
systemic validity [105,106]. For instance, the concentration of
different markers can fluctuate in accordance to the progression
of the pathology and, given the numerous risk factors and the
pathogenetic processes, they cannot show the same trend in all
the patients [62]. In fact, until few years ago the knowledge about

the correlation between biomarkers and structural alteration of
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the joint tissue was higher than their association with the clinical
signs [107]. For all these reasons, despite the relatively high
number of potential biomarkers that have been proposed in the
last decades, none of them is sufficiently sensible and specific to
be used in the diagnosis and in the prognosis of OA in a clinical
setting [79]. New potential or better set of markers are still under
investigation. In fact, it's unlikely that a single biomarker would
fulfil all the requirements needed for its clinical employment,
such as early OA discrimination, prediction of the pathology
progression and responsiveness to treatments. It's more probable
that different biomarkers candidates need to be used in
combination [79]. In this scenario, new potential biomarkers
could be represented by the extracellular vesicles (EVs). In fact,
the EVs could act as OA markers as itself or in combination with

the plethora of bioactive molecules carried within them.

2.4 Extracellular vesicles

The EVs have recently gained increasing interest as they could
serve both as early diagnostic and as prognostic biomarkers of
OA [108]. EVs are lipid vesicles secreted by virtually all the cell
types and they represent key mediators in the process of
intercellular communication. They are released by the donor cell
into the extracellular space or body fluids like blood and synovial

fluid and can transfer to the acceptor cells a wide range of
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different bioactive molecules, such as nucleic acids, proteins,
enzymes and lipids [109]. The advantages of EVs as biomarkers
are mainly associated to their stability, their ubiquitous presence
in biofluids and to their capacity to reflect the metabolic state of
the origin cell. Thanks to these features, they have been proposed
as potential powerful diagnostic tools to monitor the state and the

progression of specific diseases [110].

2.4.1  EV classification

Classically, EVs were classified in exosomes, microvesicles and
apoptotic bodies according to their origin and their specific
release pathway [111]. Exosomes are the vesicles that originate
from the endosomal pathway. Specifically, the invagination of
the plasma membrane during the endocytosis or the trafficking
of the cells” material produces the early endosome [112]. A further
inward invagination of the lipid membrane of these structures
originates the exosomal vesicles. The early endosomes then
mature in the multivesicular bodies (MVBs) that can fuse with
lysosome to be degraded or with the plasma membrane, thus
releasing their content, including the exosomes, into the
extracellular space [113]. The microvesicles, also referred as
ectosomes, are formed by the direct budding of the plasma
membrane of the cells, a process called pinching [114]. The

biogenetic pathway of these vesicles is not yet fully elucidated,
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but evidences reported that is a calcium-dependent process
during which different cytoplasmatic machineries are needed:
components of the cytoskeleton (actin and microtubules), motor
proteins (kinesins ad myosin) and fusion machinery complexes
(SNAREs and tethering factors) [115,116]. The apoptotic bodies
are the largest vesicles and their biogenesis is well known for a
long time. They represent the converging step of different
molecular pathways that can lead to the programmed cell death
and the disassembly of the cell [117]. The cell membrane form
blebs and protrusions and finally apoptotic bodies are released
after the fragmentation, during which different size vesicles are
formed [117]. Conversely to the traditional view, increasing
experimental evidences support the hypothesis that the cell
material enclosed within the apoptotic bodies can be transferred
to phagocytic cells and even recycled [118].

Currently it is still not possible to separately collect the EVs
according to their biogenesis. In fact, nobody has yet identified
markers able to specifically reflect the different biogenetic
pathways of the three subtypes of EVs [119]. For this reason, over
the years this subdivision was modified, becoming based on the
dimension of the EVs. In this way, the vesicles with a diameter
below 150 nm were defined as exosomes, the microvesicles are
those with dimensions ranging from 100 up to 800 nm while the

apoptotic bodies were classified as the largest EVs, with a
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diameter that can range between 200 nm and few micrometres
[119]. Despite this classification has been used in a multitude of
studies for years, it proved to be limited. In fact, as it can be seen
from the size limits set, there is an overlap in the dimensions of
the three different categories. It has also been reported that EVs
originated in the endosomal pathway can be larger than 100 nm
as well as vesicles smaller than 100 nm can bud off from the
plasma membrane [120,121]. A similar overlap was observed also
in the protein profiles of the three different EV subtypes [122]. In
addition, increasing experimental evidence have demonstrated
that the EVs are a heterogeneous population of lipid particles
with different chemical-physical features. In fact, according to the
specific characteristic considered and the isolation technique
employed, it is possible to obtain several subpopulations of EVs.
The EVs can differ based on their size, density, morphology,
content, biological effect and others parameters, as shown in
Figure 7, making even more limited the classic subdivision of the

EVs in exosome, microvesicles and apoptotic bodies [119].
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Figure 7. Overview of the chemical-physical features of the EVs that can be used to
recognize different subpopulations. Image taken from [119].

For this reason, the International Society for Extracellular Vesicles
recommended to use the term “extracellular vesicles” in
association with operational terms that can be referred to physical
properties (e.g. small or large size EVs, low or high density EVs),
biochemical composition (e.g. CD81+ EVs) or description of
condition or origin cells (e.g. chondrocyte EVs, hypoxic EVs)
[123].
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2.4.2  EVsin the OA diagnosis

All the articular cell types can secrete EVs in the synovial joint
environment. Even if not numerous as in other disease, evidence
of the potential use of EVs for the OA diagnosis have been
reported. The rationale of their use in the diagnostic process is
based on the fact that the content of the EVs secreted from a
specific cell reflects the metabolic state of the origin cell.
Therefore, harmful signals can be enclosed within EVs and sent
to the other articular cells, thus affecting the catabolic/anabolic
balance in other articular cell types participating in the onset and
development of OA [124]. For instance, EVs secreted by activated
macrophages promoted the expression of inflammatory
mediators (IL-8, IL6, and MMPs) in chondrocytes [125]. Similarly,
the EVs isolated from the synovial fluid of arthritic patients had
higher content of cytokines and chemokines and significantly
activated macrophages that in turn secreted inflammatory
cytokines, chemokines and MMPs [126,127]. Therefore, the
content of the EVs is not predetermined but reflects the metabolic
conditions of the origin articular cell and for this reason the EVs
attracted attention as potential innovative biomarkers for OA.
Since the synovial fluid is in direct contact with virtually all the
articular tissues, it represents a valuable source of EV's that can be
used to monitor the pathophysiological alterations in the joint

environment. Two different studies reported that the size and the
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concentration of EVs in arthritic patients and in healthy donors
was similar [128,129]. However, Gao et al. reported that in more
severe OA stages small size EVs were increased when compared
to lower grade OA [127]. In addition, the expression of a long
non-coding RNA contained in the small-size EVs isolated from
the synovial fluid of arthritic patients correlated with the clinical
stage of OA [130]. Other similar studies found that another long
non-coding RNA was significantly upregulated in serum-derived
EVs of arthritic patients [131], while a miRNA was lower in
plasma-EVs of arthritic patients when compared with healthy
people [132]. The relatively low number of evidences and some
contradictory findings reflect the relative youth of this research
field. But it also denote a lack of standardized experimental
procedures for the EV isolation and the characterization of their
content [124]. In fact, most of these studies were focused on small-
size vesicles or, according to the classic nomenclature, exosomes.
However, different subpopulations of EVs do exist and might

have relevant pathophysiological implications [119,133].

2.4.3  EV subpopulations

As mentioned in the paragraph 2.4.1, EVs present a huge
variability om their features, originating different subtypes. This
observation led to the hypothesis that the diagnostic potential as

well as the therapeutic activity of EVs can be mediated by only
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one or few of these subpopulations, as previously reported [119].
For this reason, increasing efforts are currently being made in
isolating and characterizing the different EV subpopulations
[134-136]. The aim of this research line is to isolate, separate and
possibly purify the different EV subpopulations to be able to
understand if and which of them could have the optimal
diagnostic value. This hypothesis could have huge implications
on the potential use of the EVs also in the diagnosis of knee OA.
For instance, it has been demonstrated that the medium and large
size EVs play an important role in the inflammation process.
These subpopulations of EVs can be secreted by several cell types
involved in the inflammation process, including platelets,
endothelial and immune cells, and they can have anticoagulant,
pro and anti-inflammatory capabilities [137]. In fact, they can
carry proteases and matrix-remodelling enzymes [138,139], anti-
and pro-inflammatory miRNA [140] and can also regulate the
oxidative stress [141]. Given the importance of the inflammatory
process in the OA, the large size EVs subpopulations in the
synovial fluid, more than other subtypes, could reflect the
physio-pathological conditions of the articular tissues, thus
representing a promising approach in the research of innovative

OA biomarkers.
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2.4.4  Size-based EV isolation and separation techniques

The spectrum of the EV subpopulations that it is possible to
isolate strictly depends on the technique used. Several isolation
methods, based on physicochemical or molecular features of the
EVs, have been developed [142]. The most widely used

approaches are summarized in Figure 8.
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Figure 8. Graphical summary of the most used techniques to isolate EVs. Scheme taken
from [142].

However, EVs isolation can be difficult, especially from biofluids.
In fact, in addition to the intrinsic complexity of the sample, there
is not a gold-standard technique that allow the separation of EV
subpopulation with defined features. In fact, several approaches,
often with different experimental protocols, are generally used to

isolate and separate EV subpopulations based on their size.
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The first and still most used method is the differential
centrifugation, that is based on the sedimentation properties of
the solutes with different size present in a solution, including the
EVs (Figure 8B) [143]. Despite its practical facility, this technique
is characterized by low purity, in terms of contaminants isolated
together with EVs, and high operator-dependency [142]. In the
attempt to better remove the contaminants, the size-exclusion
chromatography (SEC, Figure 8D) approach has been adapted for
the isolation of EVs several years ago [144]. Despite the higher
purity, recovery and the availability of commercial
chromatography columns, SEC is characterized by sample
dilution and low resolution, defined as the inability to separate
EVs with a low size difference [145]. This is also due to the fact
that the commercially available stationary phases, including
HPLC columns, are optimized for the isolation of only the small-
sized EVs. Recently, another technique called asymmetrical flow
field-flow fractionation (AF4), has been used for EVs isolation
and the separation of subpopulations, following its development

in the chemistry field several years ago [146].

2.4.5  Asymmetric flow field-flow fractionation

As depicted in Figure 8E, the operating principle of the AF4
requires an external flow that is applied perpendicularly to a

parabolic longitudinal flow carrying the sample, leading to the
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accumulation of the analytes on the bottom of the isolation
chamber. Following their Brownian motion, the particles then
diffuse and the smaller are the vesicles, the faster they diffuse and
elute from the separating chamber following the parabolic flow
[147]. In this way, the difference in the diffusion coefficients, that
is related to the size of the EVs, allows to fractionate them.
Moreover, the perpendicular flow can be modulated, making
AF4 able to separate analytes with a broad size range, from few
nanometres up to few micrometres, while maintaining a high
resolution [147,148]. Therefore, with this instrument is possible to
collect EV with a small difference in their elution time, separately
collecting EVs with a similar size [147]. The AF4 was already used
for the isolation of EV subpopulations from the culture medium.
In fact, Zhang et al. used this approach, combined with
ultracentrifugation, to isolate and separate a new subtype of EVs
with a very small size. In particular, taking advantage of the high
resolution that characterize the AF4, they were able to separate 3
different subpopulations of EVs with a very narrow size. The
larger one was called large exosome vesicles, with a diameter of
90-120 nm, they isolated also the small exosome vesicles, with a
size of 60-80 nm and a new and relatively abundant population
of non-membranous particles called 'exomeres’, with an average
dimension of about 35 nm [149]. This approach was also used, in

combination with an immunoaffinity chromatography, to
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remove lipoproteins from the EV population and the to isolate
and separate the three subpopulations found by Zhang et al. The
combination of these two techniques allowed also to increase the
yield of the EV isolation compared to SEC and ultracentrifugation
[150,151]. Lipoproteins are in fact common contaminants found
after using other size-based techniques as SEC and differential
ultracentrifugation [142]. This system was successively on-line
combined with the AF4, automatizing the entire isolation process
[152]. Other studies used the AF4 to isolate the EVs from different
starting specimens, such as culture medium, serum, plasma or
urine or to characterize them, as recently reviewed [153].
However, the AF4 also presents some drawbacks that explain
why it is not widely used in the EV field as other isolation
techniques. First of all, it is based on a relatively expensive
instrumentation that need purposely trained personnel,
preventing its widespread diffusion in the research labs. From an
experimental point of view, only small volume of the starting
material can be loaded, usually a maximum of 100 pL. For this
reason AF4 is not suited for large-scale preparations of EVs [147].
Moreover, the eluted samples are characterized by a very high
dilution that, together with the low loading capacity, usually
requires a concentration step before or after the fractionation

[147]. This could determine a loss, especially if working with the
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larger ones that are more fragile, or a contamination of the EVs
[154].

Up to date, this approach has never been used in the isolation and
characterization of the EVs in the musculoskeletal system. Also,
despite the capability of this technique to separate analytes
within a broad size range, most of the studies used AF4 to isolate
and separate small size EVs [153]. Nevertheless, considering
instead the advantages and the features of the AF4, it can
represent a promising approach to isolate and characterize all the
different sized EV subpopulations from the synovial fluid,
increasing the probability and accelerating the research of new
biomarkers for the OA. For this reason, in this PhD project I
developed a protocol based on this technique to isolate all the EV

subpopulations from the synovial fluid.
3. The clinical treatment of OA

Unfortunately, up to date there is no effective clinical treatment
that can revert the tissues” degeneration and cure OA disorder. In
fact, currently available approaches mainly aim at to managing
the pain and at improving the life quality of the patients [155].
The treatments can be categorized in four different classes. The
first one includes the nonpharmacologic approaches, including
the reduction of modifiable risk factors, the physical activity, and

the alternative therapies. The other categories are focused on the
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management of the symptoms and consist of pharmacologic,

surgical treatments and innovative therapies. Figure 9

schematically reports the currently available

nonpharmacological and pharmacological clinical approaches for

the OA.

OARSI Guidelines

Balneotherapy/spa

NMES

Self-management and education
Cognitive behavioral therapy
TENS

Ultrasound

Laser therapy
Electromagnetic field therapy

Treatment Recommendation
Reduction in Weight loss Appropriate
modifiable Exercise Appropriate: both land and water
risk factor based, including strengthening
Bracing and Cane Appropriate for knee-only OA
physical Crutches Uncertain
modalities Biomechanical interventions Appropriate
Alternative T'ai Chi No recommendation
therapies Acupuncture Uncertain

Appropriate with individuals with
multiple joint OA

Uncertain with knee-only OA

Not appropriate

Appropriate

No recommendation

Uncertain in knee-only OA,
otherwise inappropriate

Uncertain in knee-only OA,
otherwise inappropriate

No recommendation

No recommendation

Pharmacologic
(oral)

Acetaminophen

Avocado soybean unsaponfiables
Chondroitin/glucosamine

Appropriate depending on
comorbidities

Uncertain

Uncertain for symptom relief, not
appropriate for disease

Topical NSAIDs

modification
Diacerein Uncertain
Duloxetine Appropriate with multijoint OA,
uncertain in knee-only OA
NSAIDs Appropriate in those without
significant comorbidities
Opioids Uncertain
Risedronate Not appropriate
Rosehip Uncertain
Pharmacologic Capsaicin Appropriate in knee-only OA
(topical) NSAIDs Appropriate in knee-only OA,
uncertain in multijoint OA
Tramadol No recommendation
Opioids Uncertain

No recommendation

Pharmacologic
(intraarticular)

Corticosteroids
Hyaluronic acid

Appropriate
Uncertain in knee-only OA, not
appropriate in multijoint OA

Figure 9. The currently available pharmacologic and nonpharmacologic treatment
options for OA, including guidelines and recommendations given by the OARSI. Table

taken from [49].
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Generally, in the treatment of OA, these different approaches are
combined and personalized according to the individual
symptoms and risk factors [62]. As shown in Figure 10, the
specific treatment chosen is also based on the stage of the OA
progression. For instance, in the early stages the therapy is mainly
focused on the management of the pain and the joint stiffness and
to prevent as much as possible the cartilage degradation. On the
contrary, in the late stages it is more focused on supporting the
functionality of the knee to allow the conduct of the daily

activities [62].

Discuss total joint replacement for osteoarthritis of the
hip, knee, or shoulder if steps below are unsuccessful

Consider hyaluronic acid injection for persistent
knee osteoarthritis

Consider corticosteroid injection for acute exacerbation
of knee osteoarthritis

Consider opioid therapy, but monitor carefully
for dependence and abuse

Add combination glucosamine and chondroitin for moderate to severe knee osteoarthritis; discontinue
if no change after three months, but continue if effect is noted

Start NSAID therapy, beginning with over-the-counter ibuprofen or naproxen; switch to different NSAID if initial choice
is not effective; use generics if possible

Begin with acetaminophen and continue if still effective, or step up to NSAID

Encourage reqular exercise throughout treatment and encourage weight loss if patient is overweight or obese

Consider physical therapy referral for supervised exercise (land- or water-based); consider bracing and splinting
Moderate osteoarthritis

Figure 10. Recommended treatments based on the progression of osteoarthritis. NSAID
= nonsteroidal anti-inflammatory drug. Data from [47].

3.1 Nonpharmacological treatments

Many aetiological factors or symptoms in the early stages of OA
can be ameliorated by lifestyle changes, even if there is not a
general approach to be followed. In fact, these approaches are

prescribed according to the personal physical conditions.
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Moreover, they are effective in the very early stages of OA, and
they can slower its progression, preventing the cartilaginous
degeneration. Different nonpharmacologic options are currently

available.

3.1.1  Reduction of modifiable risk factors

One of the most influential risk factors are overweight or obesity.
A randomized trial demonstrated that the decrease of the body
weight significantly decreased the load that act on the knee [156].
This diminished load was correlated to a lower probability of
developing symptomatic OA in future [157]. This approach is
also effective in patients with established arthrosis, in which the
loss of weight can ameliorate the structure of the cartilage and
reduce the symptoms, especially the pain [40,158]. These
structural improvements were detectable with  both
morphological and physiological MRI and were also detectable
with cartilage biomarkers (increased synthesis and decreased
degradation of the cartilaginous ECM). However, these changes
were not always visible with the radiographic imaging [158,159].
These interventions are patient-centred and are organized to
promote the active participation of the patient and to inform them
about the pathology, the symptoms, the aims and the importance
of the improvement in the general health condition [160]. The

changes in the lifestyle of the patients are not intended to cure the
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OA (their effect size is only <0,20 [161]) but they are meant to
increase the general life quality and to delay the onset or manage
the symptoms, especially the pain. In fact, several components
can define and control the sensation of pain, that can be worsened
by psychological factors, like loneliness, sleeping and mood
disorders and depression [162]. Therefore, in some patients the
improvement of the general wellbeing can have a considerable
impact in the first stages of the OA to alleviate the pain and

mitigate the degradative process.

3.1.2  Physical modalities

The effect of the physical activity on the symptoms management
of OA has been evaluated for years. Generally, the exercise has a
beneficial effect as it can decrease the pain while improving the
joint functionality, cardiovascular health and decreasing
mortality in arthritic patients, with an effect size >0,8 [163]. In
particular, the aerobic and aquatic activities are usually
suggested because they can improve the muscular strength and
the flexibility of the knee [164,165]. This intervention was able to
decrease the pain and to improve the physical function, thus
ameliorating the life quality of the patients. Interestingly, the
improvements were similar to those given by the administration
of nonsteroidal anti-inflammatory drugs [166]. There is a plethora

of different physical exercises that can be prescribed. However,
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the specific types and amount of exercise that should be
performed are not yet standardized. Usually stretching, muscle
reinforcement, tissue mobilization and active range motion are
recommended [49], as well as some specific approaches expressly
designed for knee OA [167]. Anyway, the physical activity of each
patient should be personalized and set considering individual
factors [62]. Other less used physical measures include braces,
cranes, taping and other approaches that aim to protect the knee.
They can give some relief of symptoms effect and, given their

affordability, can represent adjuvant measures [49].
3.1.3  Alternative therapies

The clinical evidence of the effectiveness of the commonly used
alternative  treatments such as lasers, acupuncture,
transcutaneous electrical stimulation of nerves, ultrasound, and
electromagnetic therapy is generally limited [168]. For instance,
the low effect of acupuncture emerged from high quality studies.
However, there is no significant risks in performing this
procedure in the knee, and it can result useful for some arthritic

patients [169].
3.2 Pharmacological treatments

Currently, the purposes of the pharmacological clinical
treatments aim merely focused on the managing of the

symptoms, especially the pain. Unfortunately, there is no disease-
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modifying drug that is able to stop the OA progression and the
structural degradation of the articular tissues [170]. Different
classes of drugs are currently employed in the management of the

OA symptoms.

3.2.1 Nonsteroidal anti-inflammatory drugs (NSAIDs) and

paracetamol

The NSAIDs and paracetamol usually represent the first
pharmacological ~ choice for the OA  when the
nonpharmacological procedures fail to manage pain and other
symptoms [49]. The NSAIDs display not only an analgesic but
also an anti-inflammatory function, therefore they represent a
relevant option for the managements of inflammatory-induced
OA [171]. For instance, the orally-administered NSAIDs resulted
to be effective in OA pain reduction, as demonstrated in several
studies [172,173]. In addition, no strong evidence have suggested
the preferential use of one specific drug over the others [49].
However, they have gastrointestinal side effects, so it has been
suggested to use them in combination with COX-2 inhibitors or
gastroprotective agents in chronic patients or in those with
comorbidity in the gastrointestinal tract [174]. Another way to
overcome the gastrointestinal side effects consists in the topical

administration of the NSAIDs, that resulted effective in limiting
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the side effects but not in the pain reduction when compared to
the orally-administered NSAIDs [171].

Paracetamol, that has generally fewer side effects than NSAIDs,
showed only a modest effectiveness for the management of the
OA symptoms [174] and it is not recommended in the current

clinical guidelines for the treatment of knee OA [171].
3.2.2  Serotonin and norepinephrine reuptake inhibitors

It has been suggested that when the pain is chronic in the
advanced OA stage, it can origin in the central nervous system
and, as a consequence, the NSAIDs and paracetamol are on
longer effective [49]. Therefore, according to this theory the
efficacy of these drugs can be reduced over time. Being the
noradrenergic and serotonergic neurons involved in this process,
Chappell et al., evaluated the effectiveness of duloxetine in the
first randomized trial for this drug category. The results
demonstrated that this approach significantly decreased the pain
in arthritic patients [175]. In addition, the association of a NSAID
with duloxetine showed more effectiveness in pain reduction
than the anti-inflammatory alone. Following these evidence, the
duloxetine is now approved from Food and Drug Administration
(FDA) for the treatment of knee OA [176]. Therefore, similarly to

the other clinical approaches, the inhibitors of the serotonin-
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norepinephrine reuptake can play an important role only in

controlling the pain in OA, but they cannot cure the disease.

3.2.3  Opioids and narcotic analgesics

Opioids and narcotic analgesic represent much stronger
approaches and are usually employed only when the other pain-
killer treatments failed or are contraindicated for other reasons
[177]. Generally, it occurs in the most severe cases of OA, when
the pain is chronic and limit the daily activities of the patients.
However, even in these cases the use of these pharmaceuticals is
as limited as possible because of their high addiction potential.
For this reason, they are subjected to a very restrictive regulations
and usually the clinical guidelines recommend them only in case
of tumour-related pain [171]. In the treatment of OA symptoms
the use of opioids or strong analgesics is suggested only for short
period of administration, usually for 1-3 months, and only in the
patients in which the pain does not allow to perform the normal

daily activities [171].
3.2.4  Intra-articular therapy

Being invasive treatments, the intra-articular delivery of
medicinal products always needs critical considerations. In fact,
the risk of iatrogenic infection is relatively high even if all the
hygiene recommendations are strictly followed [171]. The

glucocorticoids and the hyaluronic acid are the most used drugs
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for the intra-articular therapy. The use of glucocorticoids is
controversial, as it showed pain reduction [178] but this effect
could be also due to other factors, including functional,
psychologic or social aspects [179]. On the other hand, the
rationale behind the use of hyaluronic acid is to increase its
concentration in the synovial fluid, since during OA both the
molecular size and the quantity of hyaluronic acid decrease, as
previously described. Similarly to glucocorticoids, the efficacy of
the intra-articular administration of hyaluronic acid is still under
debate, despite the high number of studies that have been
performed [171].

3.3 Surgical treatment

When the conservative and the pharmacological approaches fail
to halt the progression of OA, the surgical treatments, such as
total knee arthroplasty, represents the last choice for end-stage
arthritic patients. Itis the gold-standard treatment when pain and
loss of functionality heavily affect the life quality of patients. In
fact, clinical evidence reported that functional recovery and life
quality were higher in patients with severe OA after 12 months
from the surgery when compared to conservative approaches
[180]. Another advantage of the modern surgical techniques, is
that they allow the patients to load the affected knee immediately

after the surgery, improving and accelerating the recovery [181].
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This approach have also some complications, including
infections, failure of the prosthesis, dehiscence of the surgical
wound, thrombosis, joint swelling and pain that can last for 1 year
after the surgery [49]. To assure the best functional recovery of
the knee, the physical activity after the surgery represents a
crucial point. However, there are no clinical guidelines and
consensus regarding the rehabilitation, in terms of frequency,
duration and intensity [49]. The physical therapy should
principally guarantee the muscle strengthening and the recovery
of the joint mobility, to assure the return to the normal daily

activities in a short time [182].
3.4 Biological therapies and regenerative approaches

As previously described, the current therapeutic options are
predominately palliative and does not allow articular cartilage
regeneration, but only, in the best scenario, a delay in OA
progression. Therefore, there are no possibilities to restore the
physiological joint environment. For this reason, the research is
focusing on the development of new treatments that are able both
to modulate the inflammatory response and to support the
regeneration of the joint tissues [62]. In this context, regenerative
medicine aims to re-establish the joint homeostasis, through
different strategies based on biologically active components. The

approaches that are currently available are based on the injection
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of cocktails of growth factors or cells, i.e. infusion of platelet rich

plasma (PRP) or cell-derived products [183].

3.4.1 Platelet Rich Plasma (PRP)

PRP represents one of the most used regenerative treatments for
musculoskeletal disorders. Its use spans from OA to cartilage
lesions up to tendon injuries [184]. This biological product is an
autologous preparation obtained from the peripheral venous
blood of the patient and consists of a volume of plasma
containing a concentration of platelets higher than the
physiological one [185]. Different methodologies can be used to
obtain PRP, and the centrifugation steps of the peripheral blood
determine the differences among the protocols. PRP has proven
to be effective in the treatment of OA thanks to the combined anti-
inflammatory and regenerative properties. Its tissue healing
capability is due to the high content in growth factors, anti-
inflammatory chemokines and cytokines, that are involved in
numerous tissue repair and regeneration processes [186]. A major
limitation of PRP consists in a low reproducibility of its
preparation, and consequently of its composition and efficacy,
which renders it difficult to achieve homogeneous outcomes in
clinical studies [187]. In addition to the availability of different
preparation protocols, another source of variability that affect the

PRP preparation is related to its autologous origin and thus to

- 68 -



inter-individual differences between patients. This high
variability also made it impossible to establish rigid quality
criteria for this product so far [188]. Thus, although showing
some positive preliminary clinical findings, PRP products remain
under active investigation to understand mechanism of action

and real potential in the OA clinical setting.

3.4.2  Cell therapies

Different cell therapies have been developed for the treatment of
knee OA. The great potential of this approach was demonstrated
by the autologous chondrocyte implantation, one of the first cell
therapy approaches in knee OA. This treatment in fact showed
greater results when compared with the other techniques that
were available at the time, as microfracture and cartilage
debridement [189,190]. More recently, mesenchymal stromal cells
(MSCs) are increasingly being considered as a promising
alternative as injective approach to target OA. Indeed, MSCs
isolated from different sources have been shown to secrete many
bioactive trophic factors that exert both immunomodulatory and
regenerative actions [191,192]. In particular, the two most used
MSC types are those isolated from the bone marrow and from the
adipose tissue. Especially the adipose tissue-derived MSCs
(ASCs), have shown in various clinical studies an improvement

of the OA joint functionality and a reduction of the cartilage
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degradation rate, thanks to their immunomodulatory and
chondro-protective action [193,194].

A further evolution in this field is coming by the use of tissue-
derived biological products containing several cell types instead
of in vitro expanded cells. For instance, one of the most promising
approaches involves the mechanical micro-fragmentation of the
adipose tissue, followed by a centrifugation to concentrate the
nucleated cells. At the end of the procedure a heterogeneous mix
of cells and growth factors is obtained, namely the stromal
vascular fraction (SVF) [195]. Other procedures allow to obtain
different biological products, such as bone marrow concentrate
(BMC). The common limiting feature between the different
processed tissues (SVF and BMC) is the relative low content of
MSCs (2-10% in the SVF; 0,01-0,0001% in the BMC) and the
presence of further cellular and extracellular components,
making their composition less standardizable as in the case of
PRP [196]. Despite this limitation, numerous clinical and
experimental evidence indicated how these approaches in the
treatment of knee OA are safe, minimally invasive and relatively
simple to prepare, especially the SVF [197,198]. The main
advantage of these methods compared to the PRP and traditional
cell therapy lies in the minimal manipulation required by the
operator, thus allowing to perform a one-step procedure in the

surgical room, without expensive and risky passages in
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laboratory. However, despite the promising results shown by cell
therapies and these innovative approaches, their widespread use
in the treatment of OA is still hampered by the high heterogeneity
of the preparations. This is mainly due to inter-donor variability
and it leads to a scarcely predictable efficacy in different patients
[199]. Thus, the results are still controversial, as well as the choice

of the most suitable and effective approach.

3.4.3 MSC-derived biologics: secretome and EV's

To overcome the standardization issues posed by the cell and the
biological therapies, in recent years the research is focusing on the
study of the MSCs secretome. The aim of this approach is to
achieve the same beneficial effects as the cellular therapies, while
avoiding the experimental and ethical limits related to the use of
live or expanded cells [200]. The hypothesis underlying the use of
MSC secretome is based on the recent assumption that the
therapeutic effect of MSCs seems to be more attributable to their
trophic and immune-modulatory activity, exerted by secreted
biological mediators, rather than their presence itself [201].
Recently, among the various factors secreted by MSCs, the
extracellular vesicles (EVs) have gained increasing importance
also for their therapeutic potential. In fact, the MSC-EVs retain
the immunomodulatory and regenerative potential of the parent

cells, thanks to the transported bioactive molecules such as

-71-



growth factors, cytokines and chemokines, enzymes, lipids and
nucleic acids [202]. Therapeutic EVs have a general anabolic effect
on articular cells and can stimulate the expression of
chondrogenic markers or proteins of the cartilaginous ECM. They
can also inhibit the harmful processes such as inflammatory
response, cell hypertrophy, or chondrocyte apoptosis [203].
Recently, it has been demonstrated that MSC-derived EVs
present a higher therapeutic potential than EVs from other
sources, as they are richer in factors with marked anti-
inflammatory, immunomodulatory, and regenerative activity
[204,205]. In addition, numerous experimental evidence currently
support the potential use of MSC-EVs for the treatment of OA, as
recently reviewed [202]. Despite the good potential in these
preliminary studies, there are still aspects that have to be
addressed to allow the effective use of EVs as clinical approach
for OA. For instance, the interaction between MSC-derived EVs
and the articular or inflammatory cells involved in OA need to be
elucidated, as well as the comprehensive understanding of their
role in immunoregulation [202]. In addition, nobody evaluated
the effect of specific subpopulations, in fact, as in the diagnosis
process, most of the study were focused only on the effect of the
small size EVs.

All these biological therapies showed promising results for the

treatment of OA, but no evidence demonstrated if there is and
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which is the best performing therapy, or which is the category of
patients that would mostly benefit for each specific treatment.
The evaluation and the comparison of different treatments for the
OA is not easily implementable in a single clinical study, mainly
because of the limited availability of quantitative, objective and
non-invasive analytical tools [206]. In this perspective, drug
screening platforms represent key tools in the assessment of

innovative treatments.
3.5 Drug screening platforms for OA treatments

The Food and Drug Administration approves on average less
than one out of ten new drug candidates that underwent clinical
trial, with a huge economic impact for pharmaceutical companies
[207]. In the attempt to overcome this important issue, several
drug screening platforms have been developed for improving the
pre-clinical research. These tools can help in the choice of which
drug candidates are most suitable before entering the clinical
examination and which have the higher probability to fail,
allowing the saving of time and money [208]. Another important
advantage is that the screening platforms are in compliance with
the 3R principle, allowing the “reduction, replacement, and
refinement” of the use of animals in the drug development
process. Classically, two approaches can provide the screening of

different new potential drugs without the use of live animals. The
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first one involves software to design and test thousands different
candidates to select the most promising molecules for the in vivo
tests. This approach, called “in silico test”, can predict the safety,
toxicity, and interactions of these drugs [209]. In the second
process, the candidate molecules are tested in in vitro systems and
most promising are then selected for the in vivo experimentations
[210]. Focusing on the latter, different in vitro models have been
developed. They can be broadly subdivided in two-dimensional
(2D) and three-dimensional (3D) models. In the 2D models the
cells are grown on normal supports for cell cultures and they are
characterized by an easy handling and quick development.
Conversely, cells grow in an environment markedly different
from the physiological ones. In fact, with this approach the
physiologic cell-cell and cell-ECM interactions are not
reproduced. On the contrary, with the 3D models it is possible to
grow different cell types in a more relevant 3D microenvironment
that can include physiologic ECM polymers, better recapitulating
the in vivo tissues [211]. These models have also some limitations,
as their development and handling is more difficult and they
cannot provide the entire complexity of a whole organ [212].
Overall, presently 3D models represent the most promising
screening platforms to select the new drug candidates for the
successive developmental phases. Especially in the OA, where all

the articular tissues play a role in its progression, 3D models are
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the best choice as they support the co-culture of different cell
types in a 3D microenvironment that can provide more
physiological cues. In this scenario, microfluidics is one of the
most favourable approaches to develop OA joint models
resembling the articular microenvironment with high fidelity and

precise control.

3.5.1 Microfluidics

With microfluidic approaches it is possible to generate 3D
microenvironments that reflect the in vivo counterparts with
highly controlled physicochemical conditions, providing the cells
with relevant ECM and other cell types normally present in the
tissue. It is also possible to precisely and constantly monitor the
microenvironment by employing sets of accurate and real time
analytical tools [213]. When compared with other screening
platforms, the microfluidic ones are characterized by an easier
manipulation, a more reliable resembling of the in vivo processes,
a high potential for the scaling up and a greater possibility to
perform high-throughput analyses [214,215]. Hence, the
microfluidic models can reduce the number of the drug
candidates for the in vivo experimentation, allowing the saving of
both money and time, thus accelerating the development of new
therapeutic approaches [211]. For all these reasons, in my PhD

project I used a microfluidic approach to develop a drug
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screening platform for the evaluation of innovative treatments for
the OA.

Several microfluidic devices have been developed for the study
of joint disorders, as recently comprehensively reviewed by
Piluso et al. [216], and some of these were developed to reproduce
an arthritic environment. Among the arthritic joint on chip
models, some of these devices were designed to specifically
model and study pathogenetic processes activated during the
progression of the OA. For instance, models resembling the
osteochondral interface [217,218], the excessive mechanical
loading [219,220], and inflammation [220] have been developed.
Together with these models, other microfluidic devices were

designed to specifically serve as drug screening platforms for OA.

3.5.2  OA joint on chip models as drug screening platform

The model developed by Occhetta et al., in addition to evaluate
the effect of the excessive load, assessed also the effect of different
drugs for the treatment of OA. In particular, they tested
molecules that are currently under evaluation in preclinical or
clinical trials, such as dexamethasone, rapamycin, and celecoxib,
as well as two new drugs [219]. As illustrated in Figure 11, this
model included only the articular compartment in which the
authors cultured healthy chondrocytes in a Polyethylene glycol

(PEG)-based hydrogel. The underlying compartment was
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designed to cyclically compress the cartilaginous one and thanks
to the repeated compressions and the addition of IL-1f they

induced an OA phenotype in the chondrocytes.

o

Figure 11. a, The design of the model. b, Two rows of T-shaped hanging posts (white),
created in the top compartment a central channel hosting the 3D hydrogel with
chondrocytes (blue) and two side channels for the culture medium (red). c, During rest
position, the bottom membrane is flat. d, To furnish the cell with mechanical stimulation,
the membrane deforms and compress the chondrocyte 3D microconstruct e, Photograph
of the assembled device. f, Stereomicroscope image of a section on the central channel.
Scale bar, 100 um. Image taken from [219].

The effects of the drugs used in this device were in good
accordance with those found in the clinical trial, in terms of
reduced expression of MMP-13 and, even if in a lesser extent, IL-
8. In addition, they reported that one of the two new tested drugs
was more effective that the other in reducing the expression of
MMP-13 [219]. In another study, the drug celecoxib was tested in
a three-layers osteochondral device in which human induced

pluripotent stem cells were embedded in gelatine hydrogel and
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cultured within a microdual-flow bioreactor [221]. In this system,
in the top channel the authors injected chondrogenic medium,
while in the bottom they used osteogenic medium. This allowed
the cells to respectively differentiate toward the cartilaginous or

bone phenotype (Figure 12).
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Figure 12. Fabrication of osteochondral model in the dual-flow bioreactor. The naive
iMCs were encapsulated into the gelatine hydrogel and placed into bioreactor.
Chondrogenic and osteogenic media were injected in two different channels to recreate
two different microenvironments. Image from [221].

The authors were also able to simulate an intra-articular or
systemic administration of the drug by injecting it respectively

only in the top or in both the channels, as shown in Figure 13.

IL-18 .—' IL18. .—. IL1g ._J
— —_— p —_— ’
he Colecoxib | 12 Celecoxib t:.)
- w Celecoxib i 1 . -
—
OA SY 1A

Figure 13. In the system IL-1B was used to generate the arthritic model (OA group).
The injection of Celecoxib to both cartilage and bone channels simulated the systemic
administration (SY group), while injection to only cartilaginous compartment
resembled the intraarticular treatment (IA group) [221].

The results showed that the systemic injection of the drug had

higher effects in counteracting the OA phenotype of the cells.
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Mondadori et al. developed a microfluidic model to resemble the
synovitis and to study the extravasation process of the
macrophages. In their model, represented in Figure 14, two
compartments with synovial fibroblasts embedded in a fibrin
hydrogel were separated by a smaller channel in which they
recreated a monolayer of endothelial cells, mimicking a blood
vessel. Arthritic synovial fluid was injected in another small
channel that separated one synovial compartment from the
cartilaginous one, that was in turn composed of primary
chondrocyte cultured in a fibrin hydrogel [222]. The monocytes
were injected in the vessel-resembling channel and the effect of
chemokines, arthritic synovial fluid and chemokine receptor

antagonists on the extravasation process of macrophages was

assessed.
(b) ;
: 1. Model generation 2. Monocyte injection 3. Extravasation assay
ﬁ St ~ e = S o 7 ~ S
LT el AT e (T
ApRerahts wisnnanas’s el 4
Synovial 03333 939,%0 Ve ® @ 0.2 © 0 ©; o g o
membrane Al ,lln a0
/)/ 3 \ 5 J\ /)/ V7 [ v i /3)/" 4o *)« e
pooy 1 o 4 poy ot o Y e O for ©eve
e i 7~ y et gl 7~ RS } Ao 7~
Synovial [~
fluid L
Articular 5 @ :
; @0 9 00 99 ¢ @ 6 _o 00 099 @ 0 o9 0o 0°p
cartilage | Qe oo © e 9 o %o f\c @ 9 o %o ’\o
i, Synovial @ Articular Endothelial Q)Monocytes 3 Synovial

fibroblasts chondrocytes cells fluid

Figure 14. Representation of the configuration of the device, resembling the synovial
membrane with the vasculature, the cartilage and the synovial compartment and the
assessment of the monocyte extravasation process and assessment [222].

The authors reported that chemokines and arthritic synovial fluid

stimulated the extravasation of the macrophages, while the
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chemokine receptor antagonists inhibited this process also in

presence of OA synovial fluid [222].
3.5.3 OA drug screening platforms: future perspectives

One of the most important aspects in the development of 3D
microfluidic drug screening platforms is the microenvironment
reproduced within the model. In fact, the support matrix in which
the cells are embedded plays a fundamental role in providing
them with relevant interaction with the ECM, that is not possible
to obtain in the conventional 2D cultures. This is especially true
for the chondrocytes, as they are a terminally differentiated cells
with very limited metabolic activity in vivo in which the
microenvironment is fundamental to maintain the physiologic
differentiation [223]. In fact, it has been demonstrated that
chondrocytes cultured in conventional 2D cultures rapidly lose
their phenotype. The expression of chondrocyte-specific markers,
such as type II collagen and aggrecan, progressively decreased
with the increasing cell passage, while the expression of de-
differentiation markers such as type I collagen increased
[224,225]. In addition, also the support on which the chondrocytes
are cultured can affect their phenotype and the differentiation
capability [226].

On the contrary, culturing the chondrocytes in a 3D culture

system, such as relevant scaffolds made of agarose gels, collagen
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gels and hyaluronic acid, better maintained their correct
phenotype and their differentiation state [227]. The importance of
providing cells with a relevant microenvironment is highlighted
also by the fact that some signs of differentiation have been
reported also in chondrocytes cultured in 3D alginate beads [224].
This represents a crucial aspect that still need to be addressed in
the development of drug screening platforms for the OA. In fact,
within the previously produced models, the chondrocytes were
embedded in hydrogels made of PEG [219], gelatin [221] and
fibrin [222], that are not physiologically present in the cartilage
tissue. For this reason, the use of more physiologic hydrogels
would be of great importance in this field. Another missing point
of the devices previously described is that the tested only
chemical drugs. In fact, no platforms assessed the innovative
biological therapies, even if they showed promising results on the
OA treatment. In this scenario, new and more relevant
microfluidic approaches can be implemented to improve and
accelerate the development of innovative biological therapies for

the OA.
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4. Scope of the thesis and experimental design

During this PhD project I aim at tackling the OA disorder with a
theranostic approach: my first objective is to investigate
innovative OA biomarkers based on the synovial fluid EVs,
through the development of a new experimental protocol for
their obtainment. The second one is the setup of a drug screening
platform to evaluate new biological treatments for OA. A

schematic representation of the project is depicted in Figure 14.

Therapeutics: microfluidic model Diagnostics: synovial fluid EVs
+ Device design and development 18t iy + Synovial fluid sample collection
i e s Year « EVs isolation with differential
Culture condition optimization Year cantrifugation
. 2nd 2nd « Separation of different sized EV's
Cell phenotype evaluation Year Year subpopulations with SEC

« Development of a flow field-flow
34 Year 31 Year fractionation separation protocol

* Subpopulation characterization

« Hydrogel optimization
- Blological validation of the device

Figure 15. The experimental work performed in each year of the PhD.

OA Diagnosis

Regarding the diagnosis, the project focuses on the evaluation of
the subpopulations of EVs isolated from the synovial fluid as
potential new biomarkers for OA. In particular, since the large
EVs have an important role in the inflammation process, I will
develop an experimental protocol based on the AF4 with the aim
to isolate and separate all the EVs present in the synovial fluid
according to their size. Firstly, I will optimize the pre-treatment

of the synovial fluid to reduce its viscosity thus facilitating the
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isolation and separation process of EVs. Then, the AF4 protocol
will be optimized. I will use this technique since its effectiveness
has been demonstrated also in other biofluids, namely plasma,
serum, urine and culture medium. Finally, the EVs belonging to
each subpopulation will be characterized, by evaluating the EV
average size, the subpopulation relative abundance, the Z
potential and the nucleic acid concentration. The protein
concentration and the luminal content will be assessed, as well as
the presence of vesicle markers. In addition, both transmission
and immune electron microscopy will be performed. This
protocol would expand the spectrum of the EVs that can be
isolated from different biological sources, increasing the
probability to find innovative potential biomarkers.

OA Treatment

The aim of this part of the project will be the development of a
patient-specific microfluidic drug screening platform able to
assess and compare the biological effect of new biological
therapies for the treatment of OA. First of all, I will optimize the
culture conditions of the chondrocytes by culturing them in a
more physiologically relevant hydrogel, as compared to the most
used ones. For this purpose, the literature will be previously
reviewed to identify already used polymers in the microfluidic
models of musculoskeletal tissues. Then, commercially available

hydrogels will be optimized for the chondrocyte culture and
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tested outside the device, assessing the chondrogenic and
biomechanical properties as well as the cell viability. Based on
these results, the best performing hydrogel will be chosen and its
chondrogenic properties will be evaluated also within a
microfluidic device. The patient-matched chip which will be
designed to culture chondrocytes and synovial fibroblasts in a 3D
microenvironment in presence of native synovial fluid, all
collected from the same end-stage arthritic patient. The arthritic
microenvironment within the chip will be then assessed and
optimized by culturing the device in presence of healthy or
arthritic synovial fluid. Finally, resembling an intra-articular
injection of allogenic MSCs, the biological effect of two different
MSC types on the arthritic articular cells will be evaluated. In
particular, two different pools obtained from 4 donors will be
used to mimic an allogeneic injection of MSCs. This model could
be used in future to assess other biological products for OA, such
as MSCs secretome and EVs. For this reason, the literature was
systematically reviewed to assess and compare the anti-
inflammatory and regenerative potential of the biological

products secreted by MSCs: secretome, small EVs and large EVs.

Beside the main projects that I carried out, during my PhD, I was

also involved in different side research projects:
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1-

Development of a bioreactor that allow the multiple and
independent culture of tendon matrices to be used in tendon
regenerative medicine. This bioreactor provided the
tendinous scaffold with an intermittent, uniaxial strain and
bidirectional oscillatory perfusion. (See section “Other
publications”, Independent, Controllable Stretch-Perfusion
Bioreactor =~ Chambers to Functionalize Cell-Seeded
Decellularized Tendons. Ann Biomed Eng 48, 1112-1126
(2020))

In vivo study in which decellularized tendon matrices
repopulated with MSCs and cultured in the bioreactor
previously developed were used as xenografts in a rabbit
model of Achilles tendon full transection. (See section “Other
publications”, Achilles Tendon Repair by Decellularized and
Engineered Xenografts in a Rabbit Model, Stem Cells
International, vol. 2019, Article ID 5267479, 14 pages, 2019)
The capabilities of pulsed electromagnetic magnetic field to
improve the tendon regenerative process in a rat model of
collagenase-induced Achilles tendinopathy. (See section
“Other publications”, Pulsed electromagnetic fields improve
the healing process of Achilles tendinopathy: a pilot study in
a rat model, Bone Joint Res. 2020 Oct 5;9(9):613-622.
eCollection 2020 Sep)
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Abstract

Introduction

Extracellular vesicles (EVs) isolated with liquid biopsies from
biofluids, emerged as a promising diagnostic tool for several
diseases, including osteoarthritis (OA). Contrarily to the classical
view, it has been demonstrated that EVs consist in different
subpopulations, but the development of effective isolation and
separation methods to obtain them is not always straightforward.
The process of EV separation is made even more difficult due to
the complexity of biofluids like the synovial fluid (SF). For this
reason, most of the studies in literature were focused on small
size EVs, despite evidence demonstrating that large size EVs also
have a pathophysiological role. Aiming at developing a protocol
to isolate and separate EV subpopulations with different size
from SF, we optimized its pre-treatment and compared different
separation techniques.

Methods

We collected SF from the shoulder of donors underwent biceps
long head tenotomy and from the knee of end-stage arthritic
patients underwent joint replacement. We optimized the SF
pretreatment, evaluating the effect of the viscosity, centrifugation
time and regimen on the yield and on the removal of large EVs.
Then, we tested and compared the effectiveness of

ultracentrifugation, size-exclusion chromatography (SEC) and
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HPLC by nanoparticle tracking analysis, western blot and
quantification of the protein concentration.

Results

We found the best centrifugation parameters, in terms of
decreasing SF viscosity, time and speed, that allowed the
pelleting of large contaminants without affecting the EV yield
and avoiding the removal of large EVs. The ultracentrifugation
allowed the isolation of two different subpopulations with
different mean size. However, the yield of the process is low, and
the isolation time is relatively long. The SEC and the HPLC did
not allow an effective separation of different size EV
subpopulations, as demonstrated by light scattering analysis,
western blot (e.g. CD63, TSG101, Mitofilin and Albumin) and
protein quantification.

Conclusions

We demonstrated that conventional size-based separation
methods have a different effectiveness in isolating EV
subpopulations with different size, resulting adequate only for

the separation of small sized EVs from SF.
Keywords:  Extracellular vesicles, EV  subpopulations,

asymmetrical flow-field flow fractionation, synovial fluid, liquid

biopsies, diagnosis
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Introduction

Extracellular vesicles (EVs) consist in heterogeneous populations
of lipid bilayers-enclosed vesicles released by virtually all the cell
types with a size ranging from 20-30 nanometres to few
micrometers'. Seventy years ago, one of the first indications about
EVs was reported? and since then, they increasingly gained
importance as key actors in the cell communication processes.
Due to their cargo, that comprises proteins, enzymes, nucleic
acids and lipids, the EVs are currently considered as promising
diagnostic tools in several pathological conditions affecting
different tissues®*, including the joints and the related diseases,
such as osteoarthritis (OA)>. In fact, the EVs resemble the
metabolic state of their parent cell, therefore those isolated from
liquid biopsies, including from the synovial fluid (SF), are
considered as innovative diagnostic tools for many different
diseases®. In the arthritic joints, the SF represents the source of
EVs that could be used to monitor the pathophysiological
conditions of the joints>”. In literature, some groups have already
evaluated the potential use of EVs as OA biomarkers, however
most of the studies in this field focused on the small size EVs,
classically termed as exosomes®-1°.

However, an increasing number of experimental evidences
demonstrated that beyond the small size EVs, larger EV

subpopulations do exist and that might have important
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physiological, pathological, therapeutic and diagnostic
implications in many different tissues and diseases!'2. For this
reason, increasing efforts are made to characterize and
understand the pathophysiological role of larger EVs. However,
the development of effective isolation and separation methods to
obtain different-sized EV subpopulations from biofluids is not
straightforward. In fact, the biofluids such as SF are generally rich
in soluble proteins and aggregates and EVs are present in lower
concentration than these other components®. Thus, the classic
isolation methods, such as differential ultracentrifugation, size
exclusion chromatography and ultrafiltration, can have
difficulties to achieve an effective separation of the different-
sized EVs subpopulation'#15,

With this study we aim to compare these size-based isolation
techniques in the isolation and the separation of different-sized
EV subpopulations from the SF. This work, giving useful
information about the potential translation of these techniques
towards a clinical setting, could be important for future studies

of the different-size EV subpopulations from the biofluids.

Material and methods

Biological sample donors
All the human-derived biological specimens used in this study

and the sampling techniques were performed in accordance with
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the respective guidelines and the regulations of the Ente
Ospedaliero Cantonale and were approved by the Cantonal
ethical committee (approval n. 2020-00029) (Switzerland).
Human synovial fluid was collected from the shoulders of donors
underwent tenotomy of the long head of the biceps. Knee
synovial fluid derived from the knee of end-stage arthritic
patients after total knee arthroplasty. All these surgical
procedures were performed at the Traumatology and Orthopedic
Unit of the Regional Hospital of Lugano. All the biological
material was collected upon the acceptance of the informed
consent by the donors. The information of the donors are

summarized in Table 1.

Pathological
Group Source m Pre-treatment
conditions

_ _ Hyaluronidase
Synovial | Biceps long head

Shoulder . digestion +
fluid tenotomy . .
centrifugation
. Hyaluronidase
Synovial . . .
Knee . Osteoarthritis digestion +
fluid . .
centrifugation

Table 1. Information about the donors from which we collected the biofluids for our work.

Optimization of the synovial fluid pre-treatment

The synovial fluid from three donors (one from the shoulder and
two from arthritic knee) was collected from the operating room
and transported to the laboratory in sterile containers, and
aliquoted in 1 mL aliquots. To evaluate the effect of different

centrifugation regimens in pelleting the cell and large cell-
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derived contaminants without removing the large size EVs, three
aliquots from each donor were differentially centrifuged at 1000,
3000 or 5000g for 5 minutes at 10°C. Then the supernatant was
aliquoted and stored at -80°C. The SF was successively thawed at
RT, added with 5 puL of Hyaluronidase I type-S (2000 U/mL, in
PBS; Sigma-Aldrich, St. Louis, USA) and digested for 30 minutes
in a thermomixer at 37°C and 300 rpm, to facilitate and increase
the isolation of EVs'. After the digestion, the samples were
centrifuged at 1.000g for 5 min at 10°C to remove large protein
aggregates and stored at -80°C until used for the EV isolation. To
isolate the EVs, the differentially centrifuged SF samples were
thawed and ultracentrifuged overnight at 100000g at 4°C (Optima
XPN equipped with rotor 90 Tj, all from Beckman Coulter). The
isolated EVs were successively characterized.

EV isolation — Differential ultracentrifugation

First of all, we optimized the ultracentrifugation step by
evaluating the effect of the SF viscosity and centrifugation time
on the yield of the isolation protocol. Briefly, digested SF,
undiluted or diluted 3:1 in PBS, was ultracentrifuged overnight
at 100000g at 4°C. Then we evaluated the yield of EVs after
ultracentrifuging the samples for 3 hours, overnight or for two
overnight at 100000g at 4°C. Based on the results of this
optimization step, we selected the optimized pre-treatment

parameters for all the subsequent samples. The optimized
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procedure was as follows: the digested SF samples from the knee
and the shoulder (1 mL) were transferred to polycarbonate
ultracentrifugation tubes (Beckman Coulter, Brea, USA) and
diluted with 2 mL of PBS and centrifuged twice at 10000g for 30
minutes at 4°C. The two pellets were resuspended in PBS and put
together constituting the so called “10K pellet”. The supernatant
was further ultracentrifuged overnight twice at 100000g at 4°C.
As for the 10K pellet, the two pellets were resuspended and put
together in a final volume of 100 uL of PBS.

EV isolation — Size exclusion chromatography (SEC)

As SEC is currently one of the most used approaches to isolate
EVs according to their size, we used a commercial pre-packed
SEC column and two different columns for the High-Performance
Liquid Chromatography (HPLC). For the commercial SEC
columns (qEVoriginal from IZON Burnside, Christchurch, New
Zealand), 1 mL of digested knee and shoulder synovial fluid was
loaded on the top. 30 fractions of 500 puL each were collected and
gathered to obtain 4 different potential subpopulations, grouping
together fractions 1-3; 4-6; 7-11 and 12-16. Due to the higher
dilution of these samples, we concentrated the eluate of each
potential subpopulation by means of centrifugal filter unit
(Amicon Ultra-4, Merck, Darmstadt, Germany).

For the HPLC approach, 120 uL of digested knee-SF were injected

in the HPLC instrument (Agilent Infinity, Agilent, Santa Clara,
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USA), using PBS as mobile phase and setting the flow at 0,5
mL/min to maintain the pressure below 30 bar. We compared two
different SEC columns, OHpak SB-806M HQ (Plate Number: >
12.000; Particle size: 13 um; Pore size: 15.000 A) and OHpak SB-
807 HQ (Plate Number: > 1.500; Particle size: 35 pm; Pore size:
30.000 A) (both from Shodex, New York, USA). We recorded the
signals from multiple wavelength detectors at wavelengths of
204, 220, 254 and 280 nm. Based on the peaks observed during the
elution, we separated the eluate in 8 different subgroups, as

specified in Table 2.

Fraction Elution time
1 13-15
15-17
17-19
19-22
22-23
23-25
26-28
8 29-33
Table 2. Timing details of the fractions collected from the HPLC.

N| N |G| W DN

Nanoparticle tracking analysis (NTA)

To evaluate the size and the concentration of the nanoparticles
isolated with the differential centrifugation and the SEC, 1 uL of
the EV preparation was diluted in 999 uL of PBS. The
concentration and the size of the nanoparticle were assessed by
NTA, using NanoSight LM10 equipped with 405 nm laser

(Malvern Instruments, United Kingdom). For each sample, five
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videos of 60 seconds were recorded and analysed with NTA 2.3
analytic software.

Protein content quantification

The ultracentrifuged specimens were diluted 50 times in PBS to a
final volume of 100 uL and then sonicated at the maximum power
for 5 seconds (Bandelin, Berlin, Germany). The total protein
content was quantified with the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientificc, Waltham, USA) following the
specifications of the manufacturer. The standard curve was
obtained with serial dilution in PBS of Human Serum Albumin
included in the kit and the r? for each assay was > 0.99. After the
incubation, the absorbance at 562 nm was read with plate reader
(Biotek, Winooski, USA). Finally, the protein concentration of
each sample was extrapolated from the standard curve using a
linear equation.

Western blot analyses

For western blot analyses we used a number of EVs
corresponding to 30 pg of proteins, based on the BCA
quantification. The total proteins were obtained from the samples
by lysing the EVs with ice-cold RIPA buffer with the addition of
SIGMAFAST™ Protease Inhibitors and Phosphatase Inhibitor
Cocktail 3 and 2 (all from Sigma, St. Louis, MI, USA). Then, the
proteins were boiled with 6x Laemmli SDS sample buffer (VWR

International, Dietikon, Switzerland), and separated using 4-20%
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Mini-PROTEAN®TGX™ Precast Gel, and successively they were
transferred onto a membrane made of PVDF using a semi-dry
transfer system (all from Bio-Rad Europe, Basel, Switzerland).
Membranes were incubated with the following antibodies: anti-
CD63 (1:100, SantaCruz Biotechnology, Dallas, USA), anti-
TSG101 (1:1000, Abcam, Cambridge, United Kingdom), anti-
Mitofillin (1:1000, Abcam) and anti-albumin (1:1000 Abcam). We
then incubated samples with IRDye® 680RD or 800CW goat anti-
mouse or goat anti-rabbit secondary antibody (LI-COR
Biosciences, Lincoln, Nebraska, USA). Finally, the infrared or
fluorescent signals were detected with the Odyssey CLx
Detection System (LI-COR Biosciences).

Statistical analysis

The results presented in this work are shown as mean + SD
(standard deviation). Statistical analyses were performed using
the software Prism GraphPad Software Version 9. The statistical
difference between the experimental groups was assessed by one-
way ANOVA followed by post-hoc Tukey's multiple tests.

Statistical significance was defined as p<0,05.

Results

Synovial fluid pre-treatment
To compare the effectiveness of different size-based isolation

techniques, we first evaluated the effect of the pre-treatment of
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the synovial fluid on the size distribution of the EVs. This
procedure consisted in a centrifugation step to remove
contaminant cells, including erythrocytes, and cell debris that
would result in the clotting of SF. Then a digestion step with
hyaluronidase, important for decreasing the viscosity of the SF
thus facilitating the EV isolation’®, was performed. To maximize
the removal of the contaminants while avoiding the depletion of
larger EVs, we evaluated the effect of different centrifugation
regimens on the total isolated EV. As shown in Figure 1A, we
found a decreasing trend in the particle mean diameter (172,7 nm
+ 17,5 nm for 1000g; 164,7 nm + 19,7 nm for 3000g and 144 nm +
12,3 nm for 5000g) and in the D90 (289,3 nm + 30,1 nm; 270,3 nm
* 29,1 nm and 241,7 nm + 18,2 nm, respectively) (Fig. 1B) with
higher centrifugal forces, even if not significant (Table S1 and S2).
The same trend was observed in the average concentration of EVs
(Fig. 1C) and proteins (Fig. 1D), even if in this case the variability
resulted higher. In addition, with centrifugation at 1000g we were
not able to visually remove all the red blood cells present in the
SF (data not shown). Considering these outcomes, we chose the
centrifugation at 3000 g for the pre-treatment of SF, since
probably the largest EVs started to be pelleted with a

centrifugation step at 5000g.
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Figure 1. Results of the different centrifugation regimen on (A) average diameter of the

particles; (B) particle size distribution; (C) EVs and (D) protein concentration.

Differential centrifugation

To optimize the ultracentrifugation step, we first checked the
effect of centrifugation time and the SF sample viscosity on the
EV vyield. As shown in Table 3 and 4, the dilution of the SF
samples allowed to recover an amount more than double of EVs,
without affecting the average size of the isolated particles. In
addition, the pelleted EVs were more easily resuspended in the
diluted samples, probably indicating a minor concentration of
contaminants that could determine formation of EV aggregates.
In fact, NTA analysis showed less variability and lower signal

from larger particles in the diluted samples (Fig. 2A). The increase
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of the centrifugation time had an even more evident effect on the
yield of EVs. In fact, 3 hours of centrifugation led to the recovery
of much less EVs (3,4 x 10"9 + 0,8 x 10"9) compared to one (5,2 x
10710+ 0,24 x 10*10) or two (8,42 x 10710 + 0,19 x 10"10) overnight
centrifugations (Table 3). In addition, the EVs isolated with a 3-
hour centrifugation had also a slightly different size distribution
assessed with the NTA, showing an intensity peak for particles
with a size of 250 nm (Fig 2B; Table 4). Based on these results, we
decided to dilute samples in PBS before performing two

overnight ultracentrifugation.

3 hours Overnight Overnight -twice
Not 2,1x10*+0,5 x
n.a. n.a.
diluted 1010
_ 34x10°+0,8 | 52x10%+0,24 x | 842 x 100,19 x
Diluted
x 10° 1010 1010

Table 3. Total number of isolated EVs during the optimization phase of the

ultracentrifugation protocol.

3 hours Overnight Overnight -twice
Not diluted n.a. 211,5+10,1 nm n.a.

Diluted 192+3,1nm | 191+14,1 nm 178 £5,1 nm
Table 4. Average diameter of the isolated EVs during the optimization phase of the

ultracentrifugation protocol. The size has been quantified by NTA. n.a. = not available.

After this optimization step, we started the isolation of different
size EV subpopulations by using differential centrifugation. With
this approach we were able to isolate two EV subpopulations
with different size. In fact, as depicted in Figure 2C, the average

diameter of the EVs in the 10K pellet was higher both in the knee
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and in the shoulder (215 nm * 10,8 and 244 nm + 19,4 nm,
respectively) than that of the EVs in the 100K pellet (168 nm + 7,4
nm and 192 nm * 15,3 nm, respectively), as expected. In addition,
a higher peak at around 400 nm was visible in the 10K pellet,
together with signal from particles with diameter up to 700 nm,
especially in the shoulder SF-EVs (Fig 2C). No difference was
found in the particle concentration in the two pellets from the
same sample. However, a slightly higher particle number was
found in the knee SF. Generally, the EVs isolated from the
shoulder resulted always slightly bigger than those from the
knee. In fact, the graph obtained from the NTA showed higher
signal and variability for larger particles in in both the pellets.
Although we were able to isolate two different EV
subpopulations, from the supernatant after the two overnight
ultracentrifugations we still found a high number of particles
with an average size compatible with small-sized EVs (142 + 13,3

nm). These data are summarized in Table 5.

Parameter 10K pellet 100K pellet Supernatant
Knee Shoulder Knee Shoulder Knee Shoulder

Total EVs 3,29+0,18 1,2+0,1 34+0,24 | 1,68+0,21x 3,08 £ 2,31+0,13

number x 101° x 10%° x 10%° 10 0,1x 10 x 100

Mean size | 215+10,8 244 + 168+7,4 192 +15,3 142+1,5 | 154+15,6
19,4

Mode size 166 + 6,8 169 + 134 +5,2 132+9,7 101 +1,9 134 +6,2
10,9

Table 5. The total number and the size of the EVs contained in the 10K and 100K pellet

and in the supernatant from knee and shoulder SF.

-120 -



Not diluted Diluted

Concentration {6 particiestml)  ©

B
3 hours Overnight Two overnight
£ B T
i i
— A Tk e SR e ® ERECS
c
10K Pellet 100K Pellet Supernatant
[T i
L RN [ e = B e m;;!—x;._‘»
] i i
1 i
g 8 & i
2 3 i :
v i £

s2a e St iz et

Figure 2. Effect of the (A) decrease of viscosity of the synovial fluid by dilution and of
the (B) centrifugation time on the size distribution assessed by NTA of EV’s isolated with
ultracentrifugation. (C) Size distribution of the particles contained in the 10K pellet, the

100K pellet and in the supernatant after the two ultracentrifugations.

Size exclusion chromatography

The SEC performed with the commercial column allowed the
effective removal of synovial proteins from the EVs preparation
obtained from the knee and the shoulder synovial fluid, as

highlighted by the dotted lines in Figure 3A. By quantifying the
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particle concentration in each of the 30 fractions collected, we put
together different fractions, as described in materials and
methods section, to obtain four potential subpopulations that
were successively characterized. From the analysis of the average
size of these particle subsets we found a specular trend in knee
and shoulder synovial fluid, with very similar values. In fact, the
NTA detected the larger particles in the fractions 1-3 with value
higher than 200 nm (237,3 nm + 63,9 nm in the knee and 225,7 nm
+ 27nm in the shoulder). The average diameter of the objects in
fractions 4-6 was still over 200 nm from the knee SF (209,2 nm +
8,8 nm), while from the shoulder samples it decreased to 186 nm
+ 21,4 nm. The smallest particles were detected in fractions 7-11,
around 180 nm in both the samples. In the fractions 12-16 the
average size of the particles tended to increase, probably because
of the increasing protein concentration that can cover the EVs and
cause aggregation (Fig. 3A). However, from the western blot
analysis it emerged that the objects detected by NTA in the first
six fractions were not ascribed to EVs, but more likely to large
aggregates. In fact, we found positivity for the classical markers
of the small-size EVs such as CD63 (Fig. 3C) and TSG101 (Fig. 3D)
in the fractions 7 to 11, as expected. However, we did not find
signal from Mitofilin, a marker of larger EVs", in the fractions

from 1 to 6 (Fig. 3E).
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Figure 3. (A) Particle and protein concentration (dotted line) in all the fractions collected
from the commercial SEC column after the separation of shoulder (blue) and knee
(orange) synovial fluid. In the four potential subpopulations, we quantified the mean
particle diameter (B) and the presence of classic small EV markers (C,D) and a marker

of large EVs (E). Data are reported as mean + standard deviation.

HPLC

In the chromatogram obtained from the column with smaller
pore size in the HPLC we detected 5 different peaks (Fig. 4A) and
we analysed 8 different fractions eluted from the instrument. As
reported in Figure 4B, the NTA revealed a higher total particle
concentration in fraction 1 that decreased in later fractions,
reaching values under 10"10 particles/mL from fraction 5 to 8.
NTA analysis performed on fraction 1, showed two intensity
peaks for particles with a diameter of 150-200 nm and one at 250

nm. In addition, when compared to other NTA graphs, the values
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are shifted towards larger particle size (Fig. 4C for convenience
reports only the NTA graph of fraction 1). These evidences could
demonstrate the effective presence of large EVs in our sample.
Following the western blot analyses, we found enrichment for
small EVs, indicated by the positivity for TSG101, only in fraction
1, while no signal was detected in the later fractions (Fig. 4D). This
fraction contained the material eluted just after the column void
volume, that did not diffuse within the pore of the stationary
phase being not retarded. We also detected signal from albumin
in all the fractions (Fig. 4E). The results of these investigations
seemed to demonstrate that probably large EVs were present in
the eluate, however this column was not able to effectively
separate vesicles with different size. The second column, having
larger pore size, resulted even less effective than the first for our

goal (data not shown).

-124 -



Particle concentration
sx10"

4x10™

3x10"

Particles/mL

2x10™
™ T T

"1
o
LN S
AR

(‘\ ("" Q" @h (‘" 06 & o
4 o
@ & & & & &
@@ E

Concontraton (6 paricksm) &

TSG101 Albumin
80 KDa — 2 3 4 5 6 7 8 80 KDa 182034 5 6 7 8

50 KDa — 50 KDa

y
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particles in the 8 fractions. Data are reported as mean + standard deviation.

Discussion

Due to the dimension of EVs, their isolation process is not
straightforward, and this process is made even more difficult by
the fact that we used synovial fluid as starting material. In fact,
Boere and colleagues previously addressed the problem of high
concentration of hyaluronic acid in the EV isolation process. The
authors, after a comprehensive review of the previous literature,

demonstrated that the treatment of the SF with hyaluronidase
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increases the efficiency of small size EVs isolation, especially after
centrifugation at 100000g, probably due to the lower amount of
hyaluronan bound to the EVs'®. In our work we evaluated the
effect of a further decrease of SF viscosity by diluting it with PBS.
The aim of this dilution is to impede as much as possible the
formation of complexes between the large chains of hyaluronic
acid or other extracellular proteins with the EVs, liberating the
vesicles and increasing the yield. The outcomes of our
optimization analyses supported the hypothesis that the decrease
of SF viscosity and a longer centrifugation time are associated
with a higher yield of the isolation process. However, the high
number of particles in the supernatant after two overnight
ultracentrifugations demonstrated that decreasing the viscosity
of the sample is not sufficient. In fact, the high protein
concentration, together with the presence of large protein
aggregates and other contaminants, makes the EV isolation
process challenging. First of all, these contaminants can be
present in higher concentration than the EVs', decreasing the
probability of isolating specific EV subpopulations, especially
those more rare. In addition, in many biofluids there are also
lipoproteins that have a comparable size with the EVs'S. In a
healthy joint the concentration of lipoproteins in the synovial
fluid is usually much lower than that in the blood". However,

during chronic inflammatory joint diseases, including OA, the

-126 -



permeability of the synovial membrane is compromised, and
proteins and lipids can pass the endothelial barrier entering into
the synovial cavity?. Therefore, the EVs isolated from SF by
means of size-based techniques can be contaminated with
lipoproteins. For this reason, an increasing number of
experimental approaches are now using complementary
techniques that can isolate the EVs according to their density.
This approach is based on the fact that the lipoproteins have a
different density than EVs and they float differently in a density
gradient, so by coupling a size-based technique with a density-
based one the samples could result cleaner??2. However, an
intriguing discussion recently started in the scientific community.
It is focused on the question whether the presence of lipoproteins
or proteins on the surface of EVs (the so-called protein corona)
should be really considered as a contaminant or not. In fact,
physiologically the EVs coexist in the biofluids with proteins and
lipoproteins and recent evidence demonstrated that a protein
corona is spontaneously formed around EVs in biofluids, and that
lipoproteins can associate with the EVs upon in vitro mixing?2-.
The answer to this question is not simple and probably, as
suggested by the International Society for Extracellular Vesicles
(ISEV), the grade of “purity” should depend on the aims of the
specific project®®. In our study we didn’t aim to perform

functional studies, rather our long-term objective consists in the

-127 -



evaluation of different size EV subpopulations from the SF as
potential biomarkers for arthritic diseases. In this case, our
opinion is that we could even miss some potential diagnostic hint
if we try to get the purest EV preparation, by removing every
molecule considered as a contaminant, which can cause also the
depletion of the rarest EV subtypes. In fact, the difference
between the healthy and the pathologic condition could be not
exclusively related to the “pure” EVs but to the concomitant
presence of co-eluted proteins or lipoproteins. This is the reason
why we chose to compare the conventional techniques without
associating other methodologies.

Our results demonstrated that the conventional size-based
isolation techniques present different effectiveness when it comes
to separate large EVs and to obtain different size subpopulations.
Our aim was focused on the isolation of different size EV
subpopulations that include also large vesicles as they have been
associated, among the other pathophysiological processes, with
the inflammatory response?. In fact, this subtype of EVs can carry
metalloproteinases and can also act as ROS scavengers or can
increase the production of ROS by the acceptor cells?”28. With
differential centrifugation we were effectively able to isolate two
subpopulations of EVs with different mean diameter. However,
the NTA showed a relatively high percentage of vesicles with a

diameter smaller than 200 nm also in the 10K pellet. So, to have a
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preparation more enriched in large EVs we should probably add
another centrifugation step at lower rate. For example, Kowal and
colleagues performed a further centrifugation step at 2000g to
isolate and characterize larger EVs, finding some potential new
markers of large EVs'. However, adding a step means further
lengthen the experimental time, increasing the samples that need
to be processed and probably, in the case of SF, also the
incomplete removal of cellular debris or other larger structures
due to the high viscosity. These issues could limit the potential
future clinical employment of this approach in a clinical setting
for OA diagnosis. Another concern is the high number of particles
that were still present in the supernatant after the collection of the
second 100K pellet. This is probably due to the high viscosity of
the SF that could limit the EV sedimentation process. We
speculate that a possible reason is related to the presence, in
addition of hyaluronic acid, of other glycosaminoglycans and
other very large structural proteins that can create a sort of lattice,
preventing the EVs to be pelleted. Mustonen et al. reported that
the EVs isolated from the synovial fluid were coated with a layer
of hyaluronic acid®. This interaction can be facilitated by the
presence of CD44, the receptor for the hyaluronic acid, on the
surface of the vesicles. The same situation can happen for other
extracellular proteins, explaining the relatively low yield of this

process. In addition, this approach can lead to the sedimentation
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of proteins that may be not usually associated with the EVs
inducing the formation of aggregates??>®. For these reasons,
together with the fact that elevated centrifugation rates can
damage the EVs, differential centrifugation cannot be considered
as the most promising approach for the systematic isolation of
different size EV subpopulations.

The commercial SEC column proved to be very effective in
removing the soluble proteins from the EV preparation. This is
one of the most important strengths of this technique, especially
if compared with differential centrifugation. Different studies in
fact reported that SEC allows a better removal of soluble proteins
not associated with EVs®2 In addition, the yield of this approach
was higher by an order of magnitude if compared with
ultracentrifugation. This result was in accordance with the
outcomes of Takov et al., that reported a higher number of
particles, protein content and EV-specific markers in EVs isolated
with SEC than those isolated with ultracentrifugation®. In this
work the authors isolated EVs from plasma, a complex biofluid
characterized by minor viscosity but higher protein concentration
than synovial fluid. Despite the total number of the eluted EVs
was higher, they were much more diluted than those isolated
with centrifugation. In fact, we performed a concentration step
using centrifugal filters, that are the most widely used. This step

can be deleterious as the impact with the plastic can damage the
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EVs, especially the larger ones that can be more fragile than the
smaller, that can also clot to the filter®. This can be of course
relevant if the target are rare EV subpopulations as may be the
large ones, determining their further reduction in the number,
ultimately making more difficult and less probable their potential
detection and the successive characterization. But the most
important results for the purpose of our study was the finding
that EVs eluted only in fractions 7 to 11. In the previous fractions
in fact, we didn’t find any EV-specific marker, both for small and
for large EVs. We used Mitofilin as marker of large EVs as
suggested by Kowal and coworkers?. In this work the authors
used EVs isolated from culture medium, however another study
that evaluated EVs isolated directly from solid tumoral tissue also
reported the presence of Mitofilin exclusively in the larger EVs®.
The lack of this specific marker, together with the presence of
classic small-EV markers in the fractions 7 to 11 demonstrated
that the commercial SEC column were effective in the isolation of
small vesicles with a great removal of soluble proteins non
associated with EVs. However, they were not able to separate EVs
with diameter larger than 200 nm. We’d like to stress out the term
“separation” to highlight that we are not claiming that they were
ineffective to isolate those vesicles, but that if they were present,
they were not separated from the smaller ones and if so, they

were in much lower number, since we didn’t detect Mitofilin
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signal neither in the fractions 7-11. In our study we used only
commercially available columns with the view of a translation
towards the clinic. In fact, there are several handmade SEC
columns that used principally Sepharose as stationary phase?,
but they are optimized for the isolation of small EVs, and the
potential high variability in their preparation could be an obstacle
for their transfer to the clinical setting.

The HPLC chromatogram obtained with the column with the
smaller pores showed 5 different peaks and, in the attempt to
characterize them, we subdivided the eluate in eight different
fractions. The NTA showed a higher concentration of particle in
fraction 1 that progressively decrease in the later fractions.
However, the western blot analysis showed the presence of small
size EV marker, TSG101, already in the first fraction, that
included the void column of the column, while no signal was
detected in other fractions. From the NTA two peaks, one
between 150-200 nm and one at around 250 nm were observed. In
addition, the size distribution was shifted toward larger particle
size, meaning that probably large EVs were present in the eluate
but that this column was not able to separate them from the small
ones. In addition, being eluted in the void volume of the column,
it implied a poor or null interaction between the stationary phase
and the EVs, and the second column, with larger pores, was even

less suited. The potential of this approach strongly depended on
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the choice of the column. In fact, several studies previously
employed HPLC for the isolation of EVs, but they were focused
mainly on the isolation of the small ones. In particular, Foers and
colleagues used this approach on SF sample after the
centrifugation at 10000g, so after the depletion of the larger EVs®.
The column that they used was specifically produced for the
separation of large biomolecules and viruses, that generally have
dimensions comparable to those of the sEVs¥. As expected, the
authors found EVs with a maximum diameter of about 200 nm.
This result was in accordance with the NTA of the fraction 1 in
our samples, even if in our case we detected signal from particles
up to 300 nm, probably because we didn’t centrifuge the sample
before the separation. From the comparison of the two works, we
can speculate that a separation of different size EV
subpopulations from the SF with HPLC could be possible, but it
would probably need more than one column connected in series
and a huge amount of time and work for the development and
the optimization of the protocol. Our western blot analysis
indicated that albumin co-eluted with EVs in the fractions.
However, as previously stated, this could be an intrinsic feature
when the EVs are isolated from biofluids. In fact, it has been
reported that the majority of small size EVs isolated with different
SEC columns from the blood plasma co-eluted with albumin?®.

Taken together these outcomes demonstrated that, even if the
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authors of this study performed gravity chromatography, we
cannot easily get rid of all the soluble proteins, as suggested
elsewhere?. Especially in presence of proteins with high binding
capabilities or those for which EVs have binding receptors. Of
course, the concept that some proteins are naturally associated
and that can co-elute with EVs should not always be applied, but
it strongly depends on the specific aim of the study and should

be considered case by case.

Conclusions

In conclusion, this work demonstrated that three conventional
techniques that can separate EVs based on their different size are
characterized by a different effectiveness. Differential
centrifugation showed the potentiality to obtain different size
subpopulations. In addition, the EV preparations have an
adequate concentration, facilitating the successive analyses.
However, this technique is also characterized by low yield and
purity and with high processing time, especially if the aim is the
isolation of more subpopulations, that could limit the potential
translation of this technique to the clinical setting. The gravity-
SEC in our opinion showed the lowest capability of separate the
EVs in different size subpopulation. Despite the higher yield and
removal of proteins non associated with the EVs, the commercial

columns seemed to be optimized for the isolation of small size
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EVs. In addition, it’s unlikely to obtain an improvement of these
results as it is not possible to control the flow rate and the low
number of different resins available for their stationary phase.
Finally, the HPLC can theoretically be considered a potential
approach, as it is already largely used in the diagnostic field.
However, due to the very broad size range characterizing the
EVs, it still needs an accurate and long optimization process,
during which several SEC columns should be compared and,
most likely, more of them should be connected in series to reach
satisfactory results. To conclude, there are currently no
methodologies available that allow the separation of different
size EV subpopulations, so further optimization of the
conventional techniques or the development of new approaches

are still needed in this field.

Supplementary materials

Group compared P value
1000g vs 3000g 0,6589
1000g vs 5000g 0,1108
3000g vs 5000g 0,3111

Table S1. P-values obtained with ANOVA statistic test for the particle mean

diameter.

Group compared P value

1000g vs 3000g 0,8182
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1000g vs 5000g 0,2234

3000g vs 5000g 0,4949

Table S2. P-values obtained with ANOVA statistic test for the d90.
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Abstract

Introduction

As we previously showed, conventional methods employed and
optimized for the isolation of small size extracellular vesicles
(EVs) are not applicable to the isolation of the whole spectrum of
EVs sizes from synovial fluid (SF). Aiming at developing a new
protocol to isolate and separate the entire range of EV
subpopulations with different size from SF, we evaluated the use
of asymmetrical flow field flow fractionation (AF4), an innovative
technique based on microfluidics.

Methods

We collected SF from the shoulder of donors underwent biceps
long head tenotomy and from the knee of end-stage arthritic
patients underwent joint replacement. We setup and optimized a
separation protocol based on asymmetrical flow field flow
fractionation (AF4), testing its effectiveness in isolating and
separating different-sized EV subpopulations. After EVsisolation
and separation, we thoroughly characterized the EVs belonging
to each subpopulation. We assessed different features related to

each subpopulation (EV profile, relative abundance and average
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size) and to EVs belonging to them (Z potential, protein and
nucleic acid concentration, morphology, and protein content). We
also evaluate the effectiveness of this approach in other biofluids,
such as plasma and culture medium.

Results

With AF4 we were able to isolate EVs from the nanoscale to the
microscale, with radius ranging from 30 up to 700 nm and with
the classic morphology. We found difference in the Z potential
and the protein concentration between the four subpopulations,
but not in the nucleic acid content. This protocol also proved to
be consistent in separating EVs from different biofluids and it
allowed the obtainment the whole EV profile and the relative
subpopulation abundance, that differed based on the starting
material.

Conclusions

The AF4 based protocol proved to be able to separate EVs within
a broad size range, even effective in different biofluids. This could
be useful for future studies aiming to isolate different-sized EV
subpopulations from complex biofluids like SF.

Keywords:  Extracellular vesicles, EV  subpopulations,
asymmetrical flow-field flow fractionation, synovial fluid, liquid

biopsies, diagnosis
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Introduction

In the last years, the potential use of extracellular vesicles (EVs)
in the diagnostic field has been supported by an increasing
number of experimental evidence [1]. This hypothesis lays on the
fact that the biological content of the EVs reflects the metabolic
state of the origin cell and that EVs are almost ubiquitously
present, and stable, in all the tissues and the biofluids of the body
[2]. The biofluids represent an intriguing source of EVs in the
diagnostic field as they can be collected by liquid biopsies, simple
and minimally invasive procedures. The goal of this research
field is the isolation of the EVs from specific biofluids to diagnose,
classify and monitor the progression of the disease [3]. However,
the isolation of the EVs from the biofluids is not a straightforward
process for at least two reasons. The first one is the general
complexity of the sample, in terms of protein concentration,
viscosity and the presence of other biological structures such as
lipoproteins. The second reason is related to the heterogeneity
that characterizes the EV preparations. Contrarily to the classical
view, it is now evident that EVs consist in heterogeneous
subpopulations and that their diagnostic potential, as well as the
therapeutic potential, could be ascribed to specific subtypes [4].
Focusing on the different size EV subpopulations, most of the
studies in literature were focused on small size EVs, classically

called as exosomes. However, an increasing number of
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experimental evidences have demonstrated that larger EV, with
dimension up to more than 1 pum, do exist and that have
important biological roles [5]. Most of the evidence in this regard
came from the EVs involved in tumoral diseases, but recent
studies demonstrated that large EVs play an important role also
in the inflammatory response, a key process also in the
progression of osteoarthritis (OA) [6], [7]. In the joint diseases as
OA, the synovial fluid (SF) represents the biofluid from which it
is possible to isolate these different size EVs that could allow the
diagnosis of OA and other articular diseases [8]. However, as we
previously showed, the conventional methods
(ultracentrifugation and size exclusion chromatography) that
allow the separation of the EVs according to their size, are
optimized for the isolation of the small ones and they are still not
applicable for the separation of the whole spectrum of EVs sizes
from the SF. In this scenario, the asymmetrical flow field-flow
fractionation (AF4) gained importance in the EV isolation
process, as it is characterized by an efficient removal of soluble
proteins and a high resolution in a very broad size range [9], [10].
In this technique, the particles are fractionated according to their
diffusion coefficient, that is related to their size [11]. For instance,
in two recent studies the authors fractionated subpopulations of
small size EVs with a difference in their diameter of few dozen

nanometers [12], [13]. However, the perpendicular flow that
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characterizes this technique can be finely modulated, making
AF4 able to separate analytes with a broad size range maintaining
a high resolution. It has been reported that this technique is
capable to separate analytes from 1 nm up to dozens of um [14],
making it attractive for the separation of the whole spectrum of
EVs sizes from biofluids including the synovial fluid. But despite
this fractionation potential, as far as we know this techniques has
been employed only to separate EVs with a maximum diameter
of about few hundreds nanometers [ 9], [15]-[22].

With this work we aim to develop a new protocol based on the
AF4 to isolate and separate different-sized EV subpopulations
from the SF and other biofluids. Once separated, we will
characterize the EVs belonging to different subpopulations to
look for potential differences between them. This separation
protocol could be important for future studies of the different-
size EV subpopulations from the biofluids. In addition, eventual
differences between the EV subpopulations could shed light on
their pathophysiological role in OA, providing useful indication

about their potential role as innovative biomarkers for the OA.

Material and methods

Biological sample donors
All the human-derived biological specimens used in this study

and the sampling techniques were performed in accordance with
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the respective guidelines and the regulations of the Ente
Ospedaliero Cantonale and were approved by the ethical
committee (approval n. 2020-00029) of the Regional Hospital of
Lugano (Switzerland). Human synovial fluid used for the
development of the separation protocol was collected from the
shoulders of 3 donors (males; average age: 57 + 4.4 years)
underwent tenotomy of the long head of the biceps. Knee
synovial fluid derived from the knee of three end-stage arthritic
patients (2 males, 1 female; average age: 65.7 + 19.6 years) after
total knee arthroplasty. During the optimization phase, aliquots
of SF from shoulders and from knees of other donors underwent
same clinical procedures were used. Primary synovial fibroblasts
were isolated from the synovial membranes of 4 arthritic patients
(2 males, 2 females; average age: 61,8 + 7,6 years) underwent the
total knee replacement. All these surgical procedures were
performed at the Traumatology and Orthopedic Unit of the
Regional Hospital of Lugano. The plasma was obtained at the
blood transfusion service of the Regional Hospital of Lugano
from a 67-year-old male donor. All the biological material was
collected upon the acceptance of the informed consent by the
donors. The detailed information of the donors are summarized

in Table 1.
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Age Pathological
Group Source Donors . Pre-treatment
(years) conditions
Biceps long head Hyaluronidase digestion +
Shoulder Synovial fluid 3 males 57+4,4 . A
tenotomy centrifugation
. i 2 males, 1 65,7 + . Hyaluronidase digestion +
Knee Synovial fluid Osteoarthritis R X
female 19,6 centrifugation
Plasma . . CPD anticoagulant +
Peripheric blood 1 male 67 Healthy . .
centrifugation
Supernatant of
Culture pooled 2 males, 2 Arthritic synovial X X
) . . 61,8+7,6 Centrifugation
medium | primary synovial female membrane
fibroblasts

Table 1. Information about the donors from which we collected the biofluids for our work.

CPD = Citrate phosphate dextrose.

Plasma obtainment

Peripheral blood of was collected from the cubital vein of a
healthy donor using CompoFlow kit with CPD (Citrate
phosphate dextrose) anticoagulant (Fresenius Kabi, Sweden).
Blood was kept at room temperature and was processed within
3h after collection by a double centrifugation at 2500g at RT for
15 minutes avoiding the activation of the centrifuge brake,
following the recommendation of the International Society on
Thrombosis and Haemostasis for the obtainment of platelet-free
plasma (PFP) [23]. The plasma was then aliquoted and stored at -
80°C until used for EV isolation.

Primary cell isolation and supernatant collection

The synovial membranes collected from the knee of four arthritic
donors were first mechanically cut into small pieces (~2x2x 1
mm) and then digested with Collagenase type I (Worthington

Biochemical Corporation, Lakewood, USA) at a concentration of
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2.5 mg/mL in complete culture medium (CM). The CM consisted
in Dulbecco's modified Eagle medium (Gibco, ThermoFisher,
Waltham, USA), 10% fetal bovine serum (FBS, Gibco), 2 mM L-
glutamine, 100 U ml-1 penicillin, 100 pg ml-1 streptomycin, 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1 mM sodium pyruvate (all from Gibco). The digestion
step was performed in an orbital shaker at 37°C for 3 hours at 110
rpm. The collagenase was inactivated by the addition of the same
volume of CM and the solution was filtered using a 100 um cell
strainer. The cells were resuspended in fresh CM, plated at a
density of 5000 cells/cm2 and cultured until passage 2 and then
they were frozen and stored at -150°C. The synovial fibroblasts
isolated from the four donors were thawed and plated and when
confluent the same number of cells from each donor was pooled
together and cultured until passage 4. When the cells reached
nearly 70% of confluence, the CM was removed, the cells were
washed several times with PBS to completely remove CM and
cultured for further 48 days with serum-free CM. The
supernatant was finally harvested, centrifuged at 380g for 5
minutes, aliquoted and harvested at -80°C.

Development of an EV separation protocol based on AF4

According to the results of the pre-treatment optimization,
reported in the previous chapter, the SF was centrifuged at 3000g

immediately after the arrival in the laboratory and aliquoted
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before being stored at -80°C. When needed, SF aliquots were
thawed at RT, digested with hyaluronidase and centrifuged, as
previously described. The plasma and the culture medium were
thawed at RT without any additional treatment. The separation
of different size EV subpopulations was performed with
asymmetric flow field-flow fractionation (AF4) using an AF2000
TM system (Postnova Analytics, Landsberg, Germany), equipped
with in-line UV-vis detector at 280 nm (Shimadzu, Kyoto, Japan),
a fluorescent detector (Shimadzu) and a PN3609 multiangle static
light scattering (MALS) detector (Postnova Analytics, Landsberg,
Germany) in the given order. The separation chamber had spacer
of a 350 um and a membrane of regenerated cellulose with a
molecular weight cut off of 10 kDa as accumulation wall. The
eluent used for the separation consisted in 0.1 um filtered PBS
supplemented with 0.02% of sodium azide (Sigma-Aldrich, St.
Louis, USA). After an optimization phase (Supplementary Figure
1A), the following separation protocol to separate different size
EV subpopulations was established: the detector flow rate was set
at 0.5 mL/min and the temperature of the separation channel at
25°C; 100 uL of sample were injected over 5 minutes (injection
flow rate: 0.2 mL/min). During the focusing step the initial cross-
flow was set at 1.5 mL/min and the focusing flow rate at 1.8
mL/min. For the elution step the cross-flow was kept constant at

1.5 mL/min for 5 minutes and then it was exponentially (exponent
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= 0.20) decreased over 30 minutes until reached 0 mL/min. To
allow the elution of larger particles, the cross-flow was kept off
for further 15 minutes. Finally, the purge valve was opened for a
rinse step (30 seconds). Aliquots of 0.5 mL were automatically
collected with the fraction collector (PN8050, Postnova
Analytics). The data collected by the detectors were analyzed by
using the AF2000 software (Postnova Analytics) and fitted with a
Random coil model to obtain the distribution of the radius of
gyration (Rg). From the software we obtained the raw data
related to the light scattering intensity, the average radius of each
subpopulation and the cumulative distribution of the Rg. After
the development of the protocol, we assessed if the centrifugation
rate we chose in the previous chapter actually did not determine
the removal of larger EVs. The eluate belonging to each
subpopulation was freeze-dried for the subsequent analyses,
except for electron microscopy and the assessment of C Potential
where samples were immediately analyzed after collection.
Surface evaluation markers with AF4

As proof of concept, we evaluated the possibility of assessing the
presence of surface protein markers on the EVs belonging to the
four subpopulations using the AF4. Briefly, after an optimization
phase, 250 uL of knee arthritic SF was added with 20 pL of anti-
CD63 antibody (Thermofisher), 50 pL of anti-CD81
(Thermofisher) or 1,5 uL of anti-CD44 (Abcam, Cambridge, UK).
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We incubated the specimens overnight at 10°C under stirring and
the following morning we performed the AF4 separation as
described in the respective paragraph. Once separated, 200 pL of
eluate from each subpopulation was loaded in a 96-multiwell and
the specific fluorescent was read with the plate reader (Biotek,
Winooski, USA). The fluorescence intensity values detected in
each subpopulation were normalized against the intensity
measured in the P2 peak (see Optimization of the separation
protocol section in the Results), as this value corresponds to the
unbound antibody. Then, the normalized intensity was expressed
as ratio on the protein concentration.

Latex beads separation

To demonstrate the effective ability of the AF4 technique to
isolate particles with size ranging from the nano up to the
microscale, we separated standards of latex beads with different
dimension. We used beads with a declared hydrodynamic radius
(Rh) of 30, 62.5, 175, 250 and 500 nm (Sigma Aldrich). To be
consistent with the values produced by the AF4 detectors, we
reported the value of the Rg instead of the Rh, considering a ratio
between Rh and Rg equal to 0.775, as reported to be for a solid
sphere [24]. All beads were suspended in in Novachem (0.05% in
milliQ water, Postnova) and plain eluent was injected as control.
The separation of the bead suspensions was then performed with

the optimized AF4 protocol described in the previous paragraph.
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The intensity of the light scattering measured with the MALS was
standardized used the following formula: (x-mine)/(maxew-
mine) and then plotted against the elution time. In the previous
formula the x indicates each scattering intensity value, min the
minimum value and maxyx the maximum value of each
separation read by the MALS detector.

Gel Permeation Chromatography (GPC)

We then compared the effectiveness of our AF4 separation
protocol to gel permeation chromatography (GPC) since this
technique is widely used for the EV isolation and separation
according to their size and it is characterized by higher purity and
removal of the contaminant proteins than differential
centrifugation [11]. A 0.5 mm column was packed to a 30 cm bed
height with Sepharose CL-2B (Sigma-Aldrich) and conditioned in
water overnight and then in PBS for 3 hours. The GPC was
performed using the same pump and detectors previously used
for the AF4. PBS was used as the mobile phase, the flow was set
at 0,5 mL/min and the temperature in the column compartment
was set at 25°C. As for the AF4, 100 uL of both the bead
suspension described in the previous paragraph and a synovial
fluid sample were injected. The same SF sample was separated
using the already described AF4 protocol and the data collected
by the MALS detector from the two separation techniques were

analyzed and compared using the AF2000 software (Postnova
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Analytics) fitting the data with a Random coil model, to obtain
the Rg distribution.

Transmission Electron Microscopy (TEM)

For the electron microscopy (EM) analysis, we wanted to
preserve as much as possible the structural integrity of larger EVs
while concentrating them. For this reason, we preferred a gentler
dialysis approach instead of centrifugal-based methods. We
transferred 1 mL of each EV subpopulation in floating dialysis
membrane with a molecular weight cut-off of 3.5-5 kD
(SpectraPor Float-A-Lyzer G2, Repligen, Waltham, USA). The
membranes with the samples were immersed in a 200 gr/L
solution of Poly(ethylene glycol) 100 (PEG 100, Sigma, ) and
concentrated overnight at RT under gently stirring. TEM imaging
was performed by depositing 10 uL of concentrated EV
preparation onto a carbon-coated grid and staining with a
solution of uranyl acetate at 1% w/v. The samples were then dried
with filter paper and incubated for 10 minutes to remove the
liquid in excess. TEM pictures were acquired by means of a FEI
(US) Tecnai 12 BioTWIN transmission electron microscope
equipped with a Gatan Orius SC1000 CCD camera.

Immune EM

Similarly to the preparation of the samples for the TEM, 1 mL of
sEV and mEV subpopulations were concentrated by dialysis as

previously described. Then, the concentration of each vesicle
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preparation was adjusted to approximatively 0.1 mg/mL with
PBS. For the double-immunogold labeling 5 uL of samples
suspension were deposited (20 minutes) on carbon film-coated
300 mesh copper grids (Electron Microscopy Sciences) after 60
seconds treatment with plasma cleaner. Specimens were washed
twice with 50-puL drops of wash buffer (0.1% BSA in PBS) and
incubated on 50-pL drops containing buffer A (1% BSA in PBS)
for the control samples or on a solution of 50 uL of both primary
antibodies: 25 uL of rabbit anti-ApoB (diluted to 0.5 mg/ml with
1% BSA in PBS) and 25 uL of mouse anti-CD81 (diluted to 0.5
mg/ml with 1% BSA in PBS) for the treated samples. Samples
were incubated in a wet chamber for 30 minutes at room
temperature. After thoroughly washing, all the samples (negative
controls and treated samples) were incubated for 30 minutes on
50-uL drops of a mixture of secondary gold-labeled antibodies,
each diluted to 1 mg/mL with buffer A, composed by 25 uL of
goat anti-rabbit Ab labelled with gold NPs of 6 nm and goat anti-
mouse Ab labelled with gold NPs of 15 nm. Samples were then
washed with wash buffer, followed by five washes on water
drops. Before TEM observation, negative staining was done on
drops of 10 uL of 1% uranyl acetate in water for 60 seconds before
grids drying.

C Potential
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C potential was measured at a temperature of 25 °C using a
Mobius instrument (Wyatt Technology, Santa Barbara,
California) equipped with laser at 532 nm and a scattering angle
of 163.5°. Mobility measurements were performed for 5 seconds
with 3 V voltage amplitude and 20 Hz electric field frequency.
Electrophoretic mobility was converted into C potential using the
Smoluchowski model.

Protein content quantification

Due to the higher dilution of the samples eluted from the AF4, for
the quantification of the protein content we used lyophilized
sample obtained from 2 mL of eluate and we employed a high
sensitivity BCA assay (QuantiPro BCA Assay Kit, Sigma-
Aldrich). We also freeze-dried Bovine Serum Albumin (Sigma-
Aldrich) for the standard curve with the same protocol used for
EV lyophilization. In this assay we also included the eluate
corresponding to the P2 peak of the MALS elugram to assess the
concentration of the proteins removed from the EV preparation.
Considering the much higher light scattering signal recorded by
the MALS detector, this sample was diluted 10 times. The
lyophilized samples were resuspended in water and then we
added Triton X-100 (Sigma-Aldrich) at a final concentration of
0.75%. The samples were vortexed and then we followed the
specifications of the manufacturer for the protein quantification.

Through serial dilution of Albumin we obtained the standard
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curve and the 12 for each assay was > 0.99. The absorbance at 562
nm was read with plate reader (Biotek) after 2 hours of incubation
at 37°C. Finally, from the standard curve we extrapolated the
protein concentration of the samples.

Nucleic acids quantification

We used three different kits containing sensitive and specific
fluorescent dyes to quantify the RNA (Quant-it™ RiboGreen
RNA Assay Kit), dsDNA (Quant-iT™ PicoGreen™ dsDNA
Assay Kit) and ssDNA (Quant-iT™ OliGreen™ ssDNA Assay
Kit, all from ThermoFisher Scientific). We resuspended 1 mL of
lyophilized sample in TE buffer provided with the kit and
followed the manufacturer specifications. We obtained the
standard curves by serially diluting the standards contained in
the kits and the 12 for each assay was > 0.98. After the incubation
with the respective specific dye, the fluorescence of the samples
was read at a 525 nm and the concentration of each nucleic acid
species was then calculated using a linear equation from the
standard curve.

Statistical analysis

The results presented in this work are shown as mean + SEM
(standard error of mean). Statistical analyses were performed
using the software Prism Version 9 GraphPad Software. The
statistical difference between the experimental groups was

assessed by one-way ANOVA followed by post-hoc Tukey's
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multiple tests. The correlations between the different separation
were performed using the nonparametric Spearman correlation,
assuming a non-Gaussian distribution of the samples and setting
a confidence interval of 95%. Statistical significance was defined
as p<0,05. In particular: * for p from 0,01 to 0,05; ** p from 0,001 to
0,01; *** p from 0,0001 to 0,001; **** p < 0,0001.

Results

Development and optimization of AF4 separation protocol

Optimization of the separation protocol. First of all, to assess the
feasibility of this technique in separating particle within a broad
size range we optimized the flows in the instrument. During the
optimization phase we found that the small EVs started to elute
with a cross-flow of about 0,3 mL/min and that it should be
reduced to 0 to allow the elution of large EVs. In fact, with a
residual flow rate of 0,1 mL/min we did not detected larger
particles. In addition, to obtain a higher separation between
soluble proteins and EV preparation it is more important the rate
of the cross-flow (1,5 is better than 1 mL/min) than the time (5 or
10 minutes didn’t change much the elugram). (data not shown).
The final protocol allowed the isolation of particles within a
broad size range: the gyration radius ranged from 30 to almost
700 nm (Fig. 1A). The typical results of a fractionation of a SF

sample with this protocol are shown in Figure 1A. We collected
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different potential EV subpopulations based on the Rg
distribution that followed a sigmoidal curve (red dots, on the
right Y axis), along the elution time (X axis). The particles could
be separately collected by the automated fraction collector and
considering the broad size range of the eluted particles, we
decided to divide them in four different subpopulations, namely:
small-size EVs (sEVs, with Rg < 100 nm), medium-size EVs
(mEVs, with Rg comprised among 100 and 250 nm), large-size
EVs (IEVs, 250 nm < Rg <500 nm) and very large-size EVs (VIEVs,
with Rg > 500 nm) (Table 2).

Subpopulation Gyration radius

Small size EVs (sEVS) <100 nm

Medium size EVs (mEVS) 100 — 250 nm

Large size EVs (IEVS) 250 — 500 nm

Very large size EVs (VIEVS) >500 nm

Table 2. The subpopulation defined in the work and their size limits.

From the curve of the light scattering intensity (blue line in Fig.
1A, on the left Y axis), obtained in real-time from the online
MALS detector, it was possible to clearly notice two peaks. The
first one (P1) corresponded to the void peak of the separation
chamber, while the second one (P2) represented the smallest
structures, including proteins or small protein aggregates and
very small particles. The light scattering signal progressively
diminished and no other evident peaks were detected during the
EV separation phase, probably because of the high dilution of the

EVs as we used not concentrated synovial fluid. A little increased
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of the signal was detected after 40 minutes, when the crossflow
dropped to zero.

Polystyrene beads separation. To confirm the effectiveness of this
separation protocol, we tried to separate a polystyrene bead mix
with defined Rg values. As shown in Figure 1B, in which
normalized light scattering values are reported, the five different
beads effectively eluted at different times, especially the two
smallest ones. In addition, the instrument maintained a high
resolution also with larger beads, even if the difference in the
elution time was smaller. In fact, it was still possible to separately
collect particles with a difference of about 60 nm in their Rg, as
the elution time of 135 nm and 193,75 nm differed of about 1
minute, as highlighted in the enlarged section of the graph.
Almost no MALS signal was detected from the separation plain
eluent separation (Supplementary Fig. 1B).

Confirmation of the SF pre-treatment. Once optimized the flow rates
in the instrument, we checked that the centrifugation regimen
chosen did not affect the isolation of larger EVs also with the AF4.
Two 100 pL aliquots, one centrifuged at 3000g and one not
centrifuged, of synovial fluid collected from the same donor were
injected and separated with the developed protocol. As shown in
Figure 1C, the elugrams of the two samples, reporting the Rg of
the eluted particles during the time, were comparable, and after

centrifugation we were able to isolate particles with a radius

-159 -



higher than 700 nm in both of them. This was also confirmed by
evaluating the correlation between the Rg of the two samples that
showed a linear trend and a Paerson correlation coefficient
(Paerson r) equal to 0,98 (Figure 1D). Similarly, also the
distribution of the light scattering intensity during the elution
time was comparable (Supplementary Fig. 1C). The
quantification of the total protein content in each subpopulation
further confirmed this result, the values were comparable in all
the 4 subpopulations, including large and very large EVs (Figure
1E). All these results demonstrated that the centrifugation
regimen chosen for the pre-treatment of the synovial fluid did not
cause the precipitation of the largest EVs.

AF4 vs GPC

To further confirm the higher effectiveness of the AF4 over the
SEC approach, we performed a separation of the same sample
using a GPC column (Fig. 1F) or the AF4 separation chamber (Fig.
1G) employing the same instrumentation, pumps and detectors,
used for the AF4 separation. The distribution of the Rg (red dots
in both the graphs) confirmed that SEC was not able to effectively
separate particles with a radius larger than 100 nm, as they eluted
altogether in a very small amount of time. Instead, these large
particles eluted from the AF4 for about 10 minutes, allowing their
separation in different fractions. In addition, from the graph

relative to the differential mass abundance in the AF4, signals
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from particles with radius up to 700 nm were detectable. The
same graph of the GPC separation showed basically no signal for
particles with radius greater than 100 nm. These results
confirmed the higher effectiveness of the AF4 approach in
isolating EVs within a very broad size range, not possible with

the other conventional techniques.

| P1P2

Light Scattering Intansity (V)

o 10 ) E:S P E]
Elution Time (min)

Latex beads separation Latex beads separation

10
@ zz250m 10 A ~ 135m
1 o 4B4dnm £ f , = 183.75 nm

z = 138nm '§z.n9 { 5 —+ 387.5nm

=§ 0s - 183,75 nm EE ]
SE — a875mm SE f
] 25 os
£ £ i
5
2 i /

ol [

o w2 30 40 50 43 44 45 46 & @B &
Elution time (min) Elution time (min)

C D

Radius of gyration Correlation of gyration radius

H

£ 5 g
g £ 600 Fa
2 32 A
H * ol cantiuges £ 8 o [Tk
B » Ceniged e
5 5 .
3 = >
g o
0 0 0 60 ’ m,m “:ifw ,m o
cenrifuge
Elution time (min) Gyration radius (nm)

Total protein content

B Not centrifuged
B Centrifuged

-

R ]
Faufun o gyraiion ()

-161 -



Figure 1. (A) General fractogram obtained with fractionation of synovial fluid sample
reporting the light scattering intensity (blue) and the distribution of the Rg during the
time (red). P1 indicates the void peak of the separation chamber, P2 the peak due soluble
proteins eluted before the EVs. (B) Normalized scattering intensity of polystyrene beads
with different nominal Rg and magnification of the peaks of the three largest particles.
(C) Distribution of the Rg distribution in centrifuged (green) and not centrifuged (blue)
synovial fluid samples. (D) The correlation of the Rg between the two distributions and
(E) the total protein content in the four subpopulations demonstrated no difference
between them. Comparison between the fractograms and the differential mass abundance
distribution obtained by the fractionation of the same SF sample by GPC (F) and AF4
(G).

Effectiveness and reproducibility of the AF4 separation protocol

EV elugram. Thanks to this protocol based on the AF4 technique,
we were able to isolate particles with a gyration radius ranging
from 30 nm up to about 700 nm. Importantly, this approach
proved to be highly reproducible. In fact, as shown in Figure 2A,
both the distribution of the Rg and the light scattering signal were
comparable in 5 different separations performed on the shoulder
synovial fluid from the same donor. We quantified the correlation
between the Rg distributions in these separations and reported
the data in the correlation matrix in Figure 2B. The results
demonstrated a great correlation between the five separations
performed on the SF collected from the same donor, with values
higher than 0,965. A similar trend was also found when we
compared the Rg and light scattering signal distributions

obtained from all the 19 separations performed on the SF of all
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the three patients (Fig. 2C). The fact that the elution times of
particles with similar size were similar in all the separations
performed on the SF of the three different donors further
demonstrated the effectiveness of this approach. The correlation
between the distribution in each of the 19 separations still
resulted great, with values higher than 0,94 (Supplementary Fig.
2A).

EV profile. A further strength of this technique is that from the raw
data we can plot the light scattering intensity for each value of Rg
within the entire size range of the isolated particles, obtaining the
distribution that we called EV profile. As shown in Figure 2D, the
EV profiles obtained with 5 separations from the SF of the same
donors were similar. These profiles confirmed that we were able
to isolate particle with a radius ranging from 30 nm to about 700
nm. We also detected two peaks of light scattering intensity,
corresponding to particles with radius of about 50 and 100 nm.
Particles with a radius up to 200 nm gave smaller signal, that
further decreased, while remaining detectable, for the even
bigger particles. Similarly to what found for the elugrams, the
correlation between the different separation resulted great, with
values higher than 0,957 (Fig. 2E). Calculating the average of the
profile of all the separations from the three donors we obtained
the EV profile of the shoulder synovial fluid (Fig. 2F). It showed

the two signal peaks for radii of around 50 and 100 nm and, as
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previously described, the scattering signal for particle with a
radius higher than 150 nm was lower and further diminished
with the progressive increase of the particle size, until reaching
700 nm. Also in this case, the correlation between all the
separations performed on the SF of the three different donors was

high, with a lower value of 0,9 (Supplementary Fig. 2B).
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Figure 2. (A) The fractograms obtained from 5 fractionation of the SF collected from the
same donor. (B) The correlation of the Rg distribution calculated among these
separations. (C) The average distributions obtained from the fractionations of all the

samples from the three donors. (D) The EV profile obtained from the same 5 fractionation
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from the same donor, their correlation (E) and the average EV profile in the shoulder

synovial fluid. Data are reported as mean + SD.

Transmission and immune electron microscopy analysis

To evaluate the morphology of the particles, we concentrated 1
mL of eluate from each subpopulation to perform transmission
electron microscopy (TEM) with negative staining.

Negative staining. Representative images of vesicles across the
whole size range revealed different size for the EVs in the four
different subpopulations (Fig. 3A). In the sEVs subpopulation we
detected almost rounded particles with the classic cup-shape
usually ascribed to EVs, with a radius below the 100 nm. We also
detected amorphous material and not well-defined round, bright
structures in the background that could indicate the presence of
contaminants such as protein aggregates or lipoproteins.
However, the effectiveness of this technique in removing most of
the protein contaminants was confirmed by considering the TEM
analysis performed on the P2 peak, in which the proteins were so
concentrated that hindered the identification of any other
biological structure (Supplementary figure 3). The EVs in the
other subpopulations showed a gradually increasing size,
maintaining a cup shaped morphology. Even the background
resulted clearer of contaminants, indicating a very low

concentration of synovial proteins or other structures.
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Immune EM. As the EVs have comparable size with some classes
of lipoproteins [25], we performed on small and medium EVs
immune EM imaging using anti-CD81 and anti-ApoB antibodies
to discriminate respectively between EVs and lipoproteins. As
reported in Figure 3B, the anti-CD81 antibody (red arrows)
detected high contrasted and bright structures against the
background. The size of these vesicles was consistent with the
previous TEM analysis. On the other hand, lipoproteins
(highlighted with yellow arrows) appeared smaller than CD-81
positive EVs and less contrasted against the background. As
expected, the classical cup-shaped vesicles resulted always

negative for anti-ApoB.

Figure 3. (A) Representative pictures of TEM with negative staining performed in the
four subpopulations of EVs from shoulder synovial fluid. (B) Representative images of

immune-EM performed on sEVs and mEV's of the same sample. Antibodies anti-CD81
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and anti-ApoB were used to specifically detect EVs (red arrows) and lipoproteins (yellow

arrows), respectively. Scale bar = 100 nm.

Characterization of the EV subpopulations

Average EV size. To characterize the isolated particles from the SF,
we firstly compared the average radius of the EVs belonging to
the four subpopulations for all the separations performed (Fig.
4A). The average radius resulted significantly different among
each subpopulation compared to the others (p < 0,0001 for all the
groups), while no difference was detected among the same
subpopulation in the three donors. In fact, the intra- and inter-
donor variability within each subpopulation was low and the
values were comparable.

Relative subpopulation abundance. Another useful tool of the AF4
instrumentation is that it can give the cumulative distribution of
the weight fraction. This distribution confirmed that the size of
the majority of the particles belonging to each subpopulation was
within the established limits (Supplementary Figure 4A). From
this distribution we calculated the relative abundance of each
subpopulation in the three donors (Fig. 4B, C). The sEVs, with a
mean abundance of 65,9% + 11,3%, resulted to be significantly
more abundant compared to the other three subpopulations in all

the donors (p < 0,001) (Table 3).
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Tukey's multiple comparisons Summary Adjusted P

test Value

sEVs vs. mEVs oo <0,0001

sEVs vs. 1IEVs *AEX <0,0001

sEVs vs. vlIEVs *AEX <0,0001

mEVs vs. 1EVs i <0,0001

mEVs vs. vlIEVs wE 0,0084

1IEVs vs. vIEVs * 0,0490

Table 3. Results of the statistical analysis performed on the relative abundance of each

subpopulation in the three donors of synovial fluid.

The mEVs percentage (17,8% +7,2%) in turn resulted significantly
higher than that of the IEVs (5,4% + 2,4%; p < 0,0001) and vIEVS
(10,9% + 4,3%; p = 0,0084). The 1IEVs were the less represented
subpopulation, and it significantly differed also from vIEVs (p =
0,049).

The results also showed some intra-donor variability. In fact,
donor 1 showed lower percentage of sEVs (58,1% + 8%) compared
to donor 2 (74,8% + 6,3%; p < 0,0001) and to donor 3 (69% + 12,3%;
p =0,0036). This trend was reverted in the mEVs subpopulation,
more abundant in donor 1 (22,4% + 5,2%) than in donor 2 (14% +
4,8; p =0,043) and donor 3 (14,7% =+ 8,3%; not statistical different,
p =0,055).

C Potential. The surface charge of particles dispersed in a solution
is important to better understand the stability of the system and
to have indirect information about their concentration [26]; in
addition, the surface charge of EVs is important in different

biological processes [27]. For these reasons, we evaluated the C
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potential of the EVs belonging to each subpopulation isolated
from the three donors. As reported in Figure 4D, the EV average
values showed high variability and different trends in the four
subpopulations. For instance, the C potential of the EVs isolated
from donor 1 remained almost constant around -7,8 and -9,7 mV
in the four subpopulations and no statistical difference was found
among these values. In donor 3, the C potential decreased with
the increasing size of the particles, and we found statistical
difference between sEVs (-7,8 + 1,2 mV) and both 1IEVs (-14,6 + 3,5
mV, p =0,0073) and vIEVs (-15,1 + 1 mV, p = 0,0037). Similarly,
the values of the mEVs (-7,3 £ 3,9 mV) were different when
compared to IEVs (p = 0,004) and vIEVs (p = 0,002). Donor 2
showed a completely different trend of the C potential, that
resulted more positive, showing values from -2,5 mV to -5 mV,
compared to the other donors. In fact, we found statistical
difference with the other two donors in the IEVs and vIEVs.

Protein concentration. Considered the high dilution of the samples,
that prevented us to quantify the particles’ number and
concentration, we decided to normalize the further analyses on
the protein concentration of the samples as suggested by the
International Society for Extracellular Vesicles (ISEV) [28]. Hence,
we quantified the protein concentration in each subpopulation
from the three donors (Fig. 4E). Generally, the values obtained

from the three donors within each subpopulation were rather
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consistent among them, with the only exception of the
concentration in the 1EVs of donor 1 that was significantly lower
than the others (p = 0,0005 with donor 2 and p = 0,03 with donor
3). Considering the mean values of the four subpopulations, the
sEVs showed significantly higher protein concentration (2,32 +
0,33 pg/mL) with respect to mEVs (1,86 + 0,22 ug/mL, p = 0,023),
1IEVs (1,73 +£ 0,84 pg/mL, p = 0,004) and vIEVs (1,58 + 0,43 pg/mL,
p = 0,0007). No significant difference emerged between mEVs,
IEVs and VvIEVs. Importantly, we found much higher protein
concentration in the P2 peak with values between 200 and 600
ug/mL according to the donor, demonstrating the great potential
of this technique to remove soluble proteins non associated with
EVs (Supplementary Figure 4B).

Nucleic acid quantification. In the four subpopulations from all the
three donors we quantified the concentration of three different
nucleic acid species, namely single and double strand DNA
(ssDNA and dsDNA) and RNA. The data presented in the graphs
are normalized by the protein concentration and the specific
nucleic acid/protein concentration ratio is reported. The ssDNA
resulted the most concentrated nucleic acid, as reported in Figure
4F. Except for the sEVs in the donor 1 that presented a
ssDNA/protein ratio higher than the other, all the other values in
the 4 subpopulations were similar in all the three patients. Even

if not statistical relevant, vIEVs showed a slightly higher values
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in all the three patients. The dsDNA/protein ratio was generally
lower than that of the ssDNA and the values in all the
subpopulations were similar (Fig. 4G). In fact, no statistical
difference was observed between the samples. The values of the
RNA/protein ratio were instead remarkably smaller with higher
variability and no clear difference between the subpopulations
(Fig. 4H).
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Figure 4. The average values calculated in the four subpopulations calculated in each
fractionation of the synovial fluid of the three donors relative to: (A) the average radius
values of the EVs; (B, C) the relative subpopulation abundance; (D) C potential. (E) The
protein concentration evaluated in each subpopulation obtained from the three donors.
The ratio between the concentration of ssDNA (F), dssDNA (G) and RNA (H) and the

protein concentration. Data are reported as mean + SD.

Effectiveness of the AF4 separation protocol with other biofluids

To demonstrate the transferability of the new developed protocol,
we fractionated EVs also from other biofluids, namely knee SF,
plasma and culture medium.

EV elugram. First of all, we obtained the mean elugrams of the
fractionation process for all the biofluids. Figure 5A reports the
elugrams obtained from these sources in comparison with the one
from the shoulder SF (green). The average distribution of the Rg
during the elution time obtained from the arthritic SF collected
from the knee of three donors (a total of 16 fractionations)
resulted exactly superimposable to that of the shoulder. In fact,
also from the knee SF (red curve) we isolated particles with radius
ranging from 30 nm up to little more than 700 nm, that were
separately collected in the same 4 subpopulations. In addition,
the particle with the same size eluted at the similar time,
consistently with the operating principle of the AF4. On the other
hand, the average elugram obtained from the plasma sample (6
total separations), displayed in blue, showed the same trend until

minute 40, after which no larger particles were detected by the
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MALS. This indicated that no greater particles are contained in
the plasma or that they are too rare to be detected. Thus, the size
of the eluted objects ranged from 20 nm up to about 160 nm, so
they were separately collected in only sEVs and mEVs
subpopulations. The same subdivision was done for the particles
separated from the culture medium as they resulted the smallest
ones, with a maximum size that reached only 150 nm (data
collected from 5 fractionations in total).

EV profile. Also the EV profile in the arthritic knee SF was
comparable with that of the shoulder (Fig. 5B). It confirmed the
same size range of the eluted particle and showed also the same
two intensity peaks observed in the EV from the shoulder SF, at
around 50 and 100 nm. The trend of the larger vesicles was
comparable and from the arthritic knee SF eluted slightly larger
particles, with a radius higher than 700. Consistently with the
elugram, the profile of the EV from the plasma did not show
particles larger than 160 nm and it presented a first intensity peak
at higher value of Rg, at about 70 nm, and a second, stronger peak
after 100 nm. Differently from the others, only one peak was
observed in the culture medium at around 100 nm and it was also
characterized by the lowest intensity signal.

Relative subpopulation abundance. The trends observed in the
elugrams and in the EV profiles were reflected also in the relative

percentage of the EV subpopulations. In fact, the abundance of
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the four subpopulations in the three arthritic knee SF was similar
to that of the shoulder and we did not detect any statistical
difference (Fig. 5C). The percentage of both sEVs and mEVs
isolated from knee and shoulder SF was significantly different
than that of the plasma (p <0,001). In fact, the sEVs in the plasma
counted for only the 4,2%, while the mEVs were almost the
majority of the EVs present in the plasma (94,5% + 7,1%). IEVs
and vIEVs represented very rare subset of EVs, in fact they were
not detected in all the separations performed. A similar trend was
observed in the EV profile of the culture medium, in which the
mEVs were more abundant than sEVs (40,5% + 13,8% vs 59,5% +
13,7%), even if the difference between was lower. The difference
with the other biofluids was confirmed by the statistical analysis
that reported difference between sEVs and mEVs from the
plasma and from the culture medium (p <0,0001).

Average EV size. The average size of the particles in the sEVs was
similar between the four different specimens, with no difference
among the biofluids (Fig. 5D). Plasma (57 nm + 9,3 nm) and
culture medium (68,8 nm + 5,4) showed little higher average
diameter than that of the synovial fluid (46,1 nm * 4,9 in the
shoulder-EVs and 46,3 nm + 4 nm in the knee-EVs). Resembling
the previous results, the average radius of the mEVs in the culture
medium was lower (114,1 nm + 3,8 nm), without statistical

evidence, compared to that of the other samples, that was
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between 142,3 nm of the knee SF and the 158,3 nm of the plasma.
Only the SF samples have particles large enough to be included
in the 1IEVs and vlEVs subpopulations whose average radii were
similar.

C Potential. The C potential in general showed a decreasing trend
with the increasing size of the particles, but it was also
characterized by a high variability (Fig. 5E). In general, the EVs
isolated from plasma showed more positive values of this
parameter, with -3,2 mV + 0,9 mV for sEVs and -54 mV +2,2 mV
for mEVs. The values of the SF samples were comparable in all
the subpopulations, whilst mEVs in the culture medium resulted
slightly more negative than the others (-11,4 mV + 1,4 mV).
However, no statistical difference was detected.

Surface protein markers with AF4. As proof of concept, we assessed
the presence of three surface EV protein markers in the knee SF
of one single donor using the AF4. We normalized the fluorescent
intensity of each subpopulation with the signal detected in the P2
peak, corresponding to the unbound antibody, and we reported
the results as ratio on the protein content in each subpopulation
or in the P2 peak. The expression of CD81 was detected in all the
EV subpopulations, and the strongest signal emerged from the
IEVs (CD81). We observed a much lower signal from the CD63,
mainly in mEVs and IEVs while in the vIEVs was almost not

detected (Fig. 5G). Finally, the signal from the CD44, the
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transmembrane receptor of the hyaluronic acid, resulted much
stronger in the two largest EV subpopulations, while the lowest
ratio was observed in the mEVs (Fig. 5H). Having been obtained
from a single donor, the surface marker quantifications represent

only trends.
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Figure 5. Comparison between different biofluids of the (A) elugrams, (B) EV profile,
(C) relative subpopulation abundance, (D) average radius and (E) Zeta potential. As

proof of concept, the relative amount of CD81 (F), CD63 (G) and CD44 (H) was
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quantified by AF4 and normalized by the signal of the unbound antibody and the protein

concentration in each subpopulation or in the P2 peak. Data are reported as mean + SD.

Electron microscopy analyses

Negative staining. Representative images of the four different EV
subpopulations isolated from knee sf, plasma and culture
medium are reported in Figure 6A. Generally, the sEVs and mEVs
presented the classic cup-shaped morphology in the three
groups. In addition, more amorphous material was observed in
the samples isolated from the plasma, probably due to the very
high protein concentrations of the starting material. Larger,
round and highly contrasted structures were also found in the
IEVs and vIEVs isolated from the knee SF.

Immune EM. To assess the presence of lipoproteins in the plasma,
we performed the same immune-EM staining previously done in
the shoulder SF-derived EVs, showing similar results (Fig. 6B). In
fact, we found positivity for CD81 in the bright, spherical and
highly contrasted particles, while positivity for ApoB was
detected in smaller and less contrasted structures. In addition, as
potentially expected, we found more particles that could be

ascribed to lipoproteins in the plasma than in the SF.
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Figure 6. (A) Representative pictures of TEM with negative staining performed in the
four subpopulations of EVs from knee synovial fluid and in the sEVs and mEVs of
plasma and culture medium. (B, C) Representative images of immune-EM analysis
performed on sEVs and mEVs of the plasma sample. Antibodies anti-CD81 (B) to detect
EVs (red arrows) and anti-ApoB (C) to mark lipoproteins (yellow arrows) were used.

Scale bar = 100 nm.

Discussion

In this study we developed an effective separation protocol to
separate EV subpopulations with size ranging from the nanoscale

to the microscale from the synovial fluid, that was applicable also

-179 -



to other biofluids, namely plasma and culture medium. To the
best of our knowledge, this is the first protocol capable of separate
EVs with size ranging to 50 nm up to 1,4 um, even among those
that were based on the AF4. In fact, previous studies that
employed AF4 in the EV field worked with vesicles with a
maximum Rg of 300 nm. In some cases, AF4 was used only to
evaluate the size and the concentration of the EVs isolated with
other approaches, so their size depended on the specific isolation
technique used [16], [22]. Other groups employed a modified AF4
approach to isolate or characterize small EVs [17], [19], [21]. This
methodology, called frit inlet-AF4, was developed to avoid the
focusing time by using the frit inlet. During this step the sample
is accumulated on the accumulation wall, and this can cause the
potential adsorption and loss of material. However, the
resolution of this technique was demonstrated to be lower than
the conventional AF4 [29]. Two other studies were expressly
focused on the isolation of new subpopulations among the small
size EVs, by taking advantage of the high resolution of the
instrument. Zhang et al., identified two subpopulations of small
size EVs and a new and distinct subset of even smaller EV's called
exomeres, with a mean size of ~35 nm [12]. Another EV
subpopulation, composed by even smaller EVs called supermere,
was successively characterized [13]. Only two studies used the

AF4 for the isolation of the EVs, one from plasma [20] and one
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from culture medium [18]. Both of them evaluated the effect of
different instrument parameters on the fractionation of EVs and
demonstrated the potential of this technique in the EV isolation
process. In accordance with our findings, Wu et al., reported that
a prolonged focusing time can cause loss of sample [20]. On the
other hand, the instrumentation setting proposed by Sitar et al.
for the obtainment of an optimal EV fractionation was very
similar to the flow rates and the times we used in our protocol
[18]. However, there were also some differences that can explain
the different outcomes of these two papers with our protocol, in
terms of the size of the eluted EVs. First of all, Sitar et al. used
commercial lyophilized EV preparation, while Wu and
colleagues fractionated plasma samples. Another difference lays
in the management of the cross-flow during the elution. In fact,
in both the protocols it was linearly reduced while we
exponentially reduced it. This implied in our case a lower
reduction over the time of the flow rate for values below 0,3
mL/min, when the vesicles started to elute, leading to a potential
increase of the resolution by enlarging the difference in the
elution time of particle with similar Rg. We also found that large
EVs were not eluted if the cross-flow wasn’t turned off. For this
reason, we allowed more time to the largest samples to elute after
the cross-flow was turned off. These evidences demonstrated

that, as reported also by Sitar et al. [18], the cross-flow is the very
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crucial parameter to obtain the best fractionation according to the
specific aim of the study. The effectiveness of our protocol was
demonstrated by the separation of different beads with different
Rg, especially for the lager beads. In fact, particles with radius
higher than 135 nm eluted after the cross-flow was turned off
with a difference of more than a minute that allowed their
separate collection.

The current work is also the first that compared SEC and AF4
using the same instrumentation, changing only the separation
chamber. Our results demonstrated that our AF4-based protocol
is much more effective in isolating large size EVs, in fact
practically all the particles detected with GPC displayed a radius
below 100 nm. In addition, AF4 showed the same great capability
of the SEC in removing the soluble proteins non associated with
the EVs. As demonstrated by the BCA assay, the protein
concentration in the P2 peak was hundreds of times greater than
that detected in the EV subpopulations (Supplementary Fig. 4),
confirming the effectiveness of this approach for the EV isolation
from biofluids. Similar results showing a higher relevance of the
AF4 in separating analytes and characterizing their size were
previously published, even if in these articles AF4 was used for
the separation of polymers [30], [31]. Importantly, two studies
reported that the MALS detector, online connected with the AF4,

is not only suitable in assessing the size of the EVs [16], but it is
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also better than NTA, which can overestimate the size of the
eluted particles [18]. In addition, our results demonstrated that
the AF4 is also characterized by a high reproducibility, as
demonstrated by the results of the fractionations performed on
SF from the same patients but also from different patients and as
already reported in literature [9], [20].

According to the elugram obtained with the MALS detector, we
were able to collect four different subpopulations of EVs from the
SF, namely sEVs, mEVS, IEVs and vIEVs. A remarkable result is
the separation and the characterization of two subpopulations,
mEVs and IEVs, that usually are isolated together. In fact, they
constitute the so called microvesicles (or microparticle), which
have been classified as vesicles with a diameter between 200 and
1000 nm [32]. In addition, an even larger subpopulation, with a
diameter greater than 1000 nm, was isolated. As far as we know,
this is the first protocol that allow the systematic isolation and
these subpopulations of EVs in non-tumoral samples. In fact, in
the oncologic research it is well known that large oncosomes, a
specific subtype of EVs released by cancer cells, can reach size of
ten um, as recently reviewed [5]. However, In the non-oncologic
field, evidences of micrometric vesicles are really rare [33].
Indications about the existence of large size EVs with a size up to
several hundreds of nm were already reported, but these vesicles

were usually isolated together as a standalone subpopulation.
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The main reason is that the differential centrifugation was
predominantly used in these studies. For instance, the largest
vesicles secreted by neuron and glial cells after traumatic brain
injury had a size of 500 nm, assessed by TEM imaging [34]. Baka
and colleagues isolated vesicles with a diameter of about 600 nm
from blood plasma by means of centrifugation at 16500g [35]. In
another paper, vesicles up to 350-400 nm were isolated from the
murine blood [36]. These results were similar to the largest size
the EVs that we detected in the plasma, that had a diameter of
almost 450 nm. The difference between our outcomes ant the
results reported by Baka et al. was probably due to the different
isolation approaches used. In fact, they used differential
centrifugation that, despite a lower resolution, allows the
isolation of much more concentrated EV preparations, facilitating
the detection of larger EVs, rarer compared with the small ones,
by electron microscopy [35]. Large EVs with a maximum
dimension of about 500-600 nm were also detected from culture
medium, that were all isolated with differential centrifugation
[37]-[40]. In this case, the difference with our results was more
pronounced as the largest EVs that we isolated from the culture
medium showed a maximum size of about 300-350 nm. A
possible explanation, that could explain also the difference on the
size that we found between culture medium and the other

biofluids, could lay in the lower number of vesicles present in the
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culture supernatant. In fact, the light scattering signal came from
the culture medium and quantified by the MALS detector
resulted lower compared to SF and plasma, indicating a potential
lower number of vesicles. The detection of larger EVs by MALS
and by TEM was therefore more challenging, also because this
lower number of particles were much more diluted in the AF4
eluate.

In addition to the elugrams, we also obtained the whole size
profile of the EVs contained in a specific sample. For instance, in
the EV profile obtained in all the samples from both the SF
samples and from plasma we detected two intensity peaks,
corresponding to particles with a diameter of about 120-150 and
200-250 nm. Interestingly, these results were in accordance with
those of Hurwitz et al., that isolated EVs from solid brain tissue
reporting two peaks for particles with a similar size, about 150
nm and 230 nm, despite the different origin tissue and the
isolation method [41].

The EV profile could also allow the comparison of the whole EV
spectrum in different biofluids. In fact, another interesting
outcome of our approach is its transferability to different
biofluids, representing a key factor for its potential use in the
general diagnostic field and not only for joint disorders. The EV
profile proved to be different according to the starting material

and it would be interesting to investigate if it changes in the same
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biofluid according to the pathological conditions. For instance,
several experimental evidences reported that large EVs are
involved in different pathological processes, including the
inflammatory response that is a crucial factor also in the OA
progression [33], [42]. Moreover, a recent paper demonstrated
that during sepsis the large EVs changed not only in their content
but also in their concentration [43]. If this alteration could be
detected in the EV profile of the pathological samples, the
investigation could be easier, faster and more reproducible than
using other isolation techniques. In fact, our results demonstrated
that the elugrams and the profile obtained by several
fractionation of the same sample, as well as from specimens
collected from different donors, resulted comparable with a low
variability. With this view, we tried to develop an analytical
protocol characterized by the lowest handling of the samples and
without using further isolation or concentration techniques
beside AF4.

However, the high dilution of the sample represents one of the
major issues related to this methodology, as it makes challenging
the successive characterization. In fact, due to the sample
dilution, we were not able to perform NTA or similar analyses to
quantify the particles in the eluate, usually used to normalize the
data. Therefore, we decided to use the protein concentration for

the normalization, as envisaged by the International Society for
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the Extracellular Vesicles (ISEV) in their guidelines [28]. So, we
freeze-dried the EV subpopulations collected from the shoulder
SF to enhance their concentration allowing the quantification of
the protein and nucleic acid concentration. We were able to
quantify the protein concentration, that resulted higher in the
sEVs compared to the other three subpopulations. We used
similar freeze-dried samples to quantify three different species of
nucleic acids, without using any cryoprotectant agents to avoid
potential interference with the colorimetric assays. In fact, it has
been demonstrated that RNA samples, the most delicate
molecule among those tested, maintained their integrity after
being lyophilized and stored at room temperature [44]. We found
in all the subpopulation from the shoulder SF ssDNA, dsDNA
and RNA. In particular, we found higher quantity of ssDNA than
dsDNA. This outcome was already reported especially in the
large vesicles isolated from tumoral cells and we observed the
same trend, even if no statistical difference was detected, of
higher ssDNA/protein ration in the vIEVs, with the exclusion of
the sEVs of one donor [45], [46]. In addition, the absolute value of
the ssDNA and the dsDNA concentration in the sEVs and in the
mEVs were not significantly different than the values previously
reported, while in the large and vIEVs it was significantly lower,
probably because large oncosomes were evaluated in that paper

[45]. The RNA was significantly lower than the DNA in our
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samples, however the concentration detected was among the
linear range of the reference curve and among the suggested
detection range [47].

To maintain the structural integrity of the vesicles for the TEM
analysis, we chose to concentrate the samples with dialysis
because larger EVs, especially if diluted, are more delicate and
susceptible to lysis [26]. Dialysis represents a milder approach,
especially if compared with centrifugal filter units, that can cause
structural damages to the vesicles due to impact and clogging to
the filter [48]. Despite higher time for the concentration of the
samples, our results showed that larger EVs were maintained
almost intact at the TEM. The high dilution of the samples, also
after the concentration step, prevented us to perform cryo-TEM
analysis that, in our opinion, would have better maintained the
size and the morphology of the EVs. The preparation process for
the negative staining TEM in fact, can cause artifact and
shrinkage of the vesicles up to the 12% [49], [50]. In addition, from
TEM images performed on both the SF and the plasma-derived
samples, we found EVs that presented a bright rounded structure
high contrasted against the background and not the classic cup-
shaped morphology. These were undoubtedly EVs as we found
positivity for CD81, furthermore similar structures isolated from
the synovial fluid were observed also in the work of Riiwald and

colleagues [51]. On the contrary, these structures resulted always
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negative for ApoB, marker for low- and very-low density
lipoproteins (LDL and vLDL) [52], that marked smaller and less
contrasted structures. We chose to use ApoB because Ashby and
colleagues found higher amounts of this marker co-eluted with
small size EVs in comparison with ApoA-I and ApoA-II, markers
of high-density lipoproteins (HDL) [53]. These authors
performed a fractionation of the serum with AF4 and then they
quantified the amount of lipoproteins in different fractions by
mass spectrometry. They reported that HDL eluted before the
small size EVs, while the LDL and vLDL eluted at similar time
than small EVs. In fact, HDL are smaller (7-10 nm) while the LDLs
have a similar size than the sEVs that we isolated with our
protocol [25]. In fact, we detected ApoB signal in both synovial
fluid and, in a higher extent, in plasma samples, as expected. We
speculated that some vesicles in our samples could appear
brighter because of the presence of a protein layer on the surface
of the EVs. In the case of synovial fluid EVs, this hypothesis is
corroborated by the presence of CD44, the receptor of hyaluronic
acid, as demonstrated by the assessment of the markers with AF4.
This is in accordance with different works in literature [54], [55]
and the recent evidence that a protein corona can spontaneously
forms when EVs are mixed in vitro with protein suspension [56].
In addition, the higher presence of CD44 on the surface of IEVs

and vlEVs could resemble a different biogenetic pathway of these
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subtypes, maybe linked to the plasma membrane budding-off.
These could represent interesting aspects to be elucidated in

future investigations.
Conclusions

In conclusion, we developed a protocol based on the AF4 that
allow the separation of several EV subpopulations from the
nanoscale to the microscale from the synovial fluid, applicable
also to other biofluids. With this approach we can also obtain the
whole EV size profile, that resulted to be different according to
the biofluid. If used as a standalone approach, this methodology
represents a promising approach for the diagnostic field, since we
can speculate that the whole EV size profile in specific biofluids
can be different between physiologic and pathologic conditions.
Future efforts need to be performed in this regard to demonstrate
the applicability and the translability of this approach towards

the clinical practice.
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Supplementary Figure 1. (A) Graphs reporting the different cross-flow rates used
during the optimization phase. In the left graph, we set a terminal cross-flow of 0,1
mL/min but the larger EV's didn’t elute. The increase of the focusing time (central graph)
did not improve the results. Augmenting the rate at 1,5 mL/min and the time necessary
to turn it off increased the resolution and the capability of eluting large EVs. (B) Non-
normalized light scattering intensity for the different polystyrene beads. In the enlarged
section, the light scattering intensity of the plain eluent is showed (in red). (C) The
similar distribution of the light scattering intensity in the centrifuged sample (green)

and in the same sample not centrifuged (blue).
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Supplementary Figure 2. Results of the correlation of the elugrams (A) and the EV
profile (B) obtianed in all the fractionation performed from the samples of shoulder

synovial obtained from the three different donors.

Supplementary Figure 3. Different magnifications of negative staining TEM images

performed on digested synovial fluid. No biological structures attributable to EVs were

detected due to the high protein concentration.
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Supplementary Figure 4. (A) The differential (red) and the cumulative (blue) mass
abundance distribution of the particles within each of the four subpopulations. (B)

Protein concentration in the P2 peaks of the three donors.
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Abstract

3D in vitro models are widely employed in the regenerative
medicine field. Among them, organ-on-a-chip technologies
exploit multichannel microfluidic devices allowing them to
establish 3D co-culture systems that offer control over the
cellular, physical and biochemical microenvironments. In order
to deliver the most relevant biochemical and biophysical cues to
cells, it is of paramount importance to select the most appropriate
matrix for mimicking the extracellular matrix of the native tissue.
Therefore, natural polymers-based hydrogels are the elected
candidates for reproducing tissue-specific microenvironments in
musculoskeletal tissue-on-a-chip thanks to their i. high tunability
of crosslinking strategies; ii. high tailoring of the mechanical
properties; iii. cytocompatibility; iv. mass transport properties; v.
optical transparency; vi. straightforward synthesis and material
handling; vii. high large-scale reproducibility. Despite these
advantages, there is still a gap between the biomaterial
complexity in conventional tissue engineering and the
application of these novel biomaterials in 3D in vitro microfluidic
models. In this review, the aim is to discuss the main features of
natural polymer-based biomaterials and suggest the translation
of innovative biomaterials systems, alternative crosslinking

strategies and tissue engineered-inspired approaches in
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microfluidic devices in order to better mimic the complexity of
the real musculoskeletal tissues.

1. Introduction

Microscale engineering has been increasingly used to mimic the
three-dimensional (3D) cellular microenvironment with high
spatio-temporal precision and to present cells with mechanical
and biochemical signals [1]. Thanks to the employed dimensions
of these devices that are comparable to the in vivo
microstructures, microfluidics has gained a key role in the field
of tissue engineering and regenerative medicine. This approach
attempts to partially mimic human organs, such as blood vessels,
muscles, airways, liver, brain, gut, kidney, and bones.

The right choice of biomaterial and the advancement in their
functionalization can boost the advancement of 3D in vitro
models [2]. One of the main components of the microfluidic
devices is the support matrix that is employed for better mimic
the cellular microenvironment. The elected support matrixes are
the hydrogels, 3D crosslinked polymeric structures, which hold
great potential in the development of the complex and clinically
relevant 3D cellular architecture. In fact, they allow cells to retain
their native tissue specific function by mimicking the in vivo 3D
environment. Hydrogels can be mainly classified into two groups
based on their natural or synthetic origin [3]. Gelatin, collagen,

alginate, hyaluronic acid (HA) are examples of natural hydrogels,
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whereas polyethylene(glycol), poly(vinyl alcohol), poly(n-
isopropylacrilamide) and poly(hydroxyethyl methacrylate) are
examples of synthetic ones. These polymers have emerged as
pillar for biological and biomedical applications owing to their
very desirable properties: biocompatibility; relevant mechanical
and structural properties and their ability to deliver biological
signals. Additionally, hydrogels offer a tunable porosity and
stiffness that can influence the cellular fate, nutrients diffusion
and help replicate the tissue functions. Among them, natural
polymers are usually preferred for 3D in vitro models due to
many reasons such as the intrinsic presence of bioactive groups
that can improve cell recognition, adhesion, and proliferation,
resulting in an improved biological response. Furthermore, they
represent a suitable environment for cells because they are often
components of the extracellular matrix (ECM) and therefore they
closely simulate the biological properties of the ECM [4].

Usually, the 3D in vitro models employ well-established
biomaterials or commercial ones as support matrix. For example,
natural polymers have been employed in microfluidic devices in
order to facilitate the screening of drugs and anticancer agents, to
study cell-cell interaction or cell migration [5]. For example, Aizel
et al. proposed a microfluidic system to study cell migration in a
3D environment made by collagen type I matrix in response to a

chemokine gradient [6]. Two types of microsystems were
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generated: homogenous stationary gradients with a pure
diffusive mechanism and stationary gradients with a convection-
diffusion mechanism. This system allowed studying cells
behaviour in many different chemical conditions in a complex 3D
environment. Jeong and colleagues instead developed a
microfluidic assay to study sprouting and migration of
endothelial cells (ECs) into a hydrogel semi-interpenetrated
polymer network (semi-IPN) composed of natural polymers (HA
and collagen type I) that mimic the in vivo 3D microenvironment
[7].

Specifically, in the musculoskeletal field, natural polymers have
been employed for developing bone-on-a-chip, joint-on-a-chip
and muscle-on-a-chip devices. However, some microfluidic in
vitro models do not integrate a 3D matrix to the microfluidic
system, preferring material-free approaches [8,9] or they use
natural polymers as coating materials. For example, Torisawa
and colleagues developed a bone marrow—on—-a—chip as proof of
concept for the fabrication of an organ-on-chip device that
reconstitutes and sustains an intact, functional, living bone
marrow when cultured in vitro. Instead, in the work of Ferreira,
the microfluidic device was coated with type I collagen, laminin
or fibronectin and primary human myoblasts grown up in

adhesion to these surfaces [10].
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Figure 1 — Natural polymers as support matrix in in vitro microfluidic models

Despite the strong influence of biomaterials in the traditional
tissue engineering approaches, there is still a gap between the
biomaterial increased complexity and the application of these
novel biomaterials in 3D in vitro microfluidic models. Bearing
this in mind, the combination of microfluidic technology and
biomaterials could be a promising route to enable the exact
recapitulation of important aspects of the spatio-temporal
features of complex native niches, facilitating the identification of
new mechanisms of cell regulation and pathogenesis of
musculoskeletal disorders (Figure 1). Therefore, in this review the
main driving idea is to investigate the contribution of
biomaterials, in particular natural polymers, to the microfluidic
technology, looking towards alternative biomaterials systems

that could be employed in this field of interest.
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2. Musculoskeletal Tissues Composition

The complexity of the musculoskeletal system in terms of
biological function is represented by the different composition of
related tissues: bones, muscles, cartilage, tendons, ligaments and
other connective tissues that support and bind tissues and organs
together. However, in the development of arthritic joint on-a-chip
models, research attention has been mainly focused on cartilage,
synovial membrane and synovial fluid, as they represent the
compartments more involved in the inflammatory and
degenerative processes activated during different joint disorders,
including osteoarthritis (OA) [11-13]. Moreover, they are
characterized by a high-specialized ECM with a very different
and specific composition. For this reason, in the present work the

biomaterials used to mimic these tissues for in vitro models will

be firstly analysed.
Table 1 - Main Musculoskeletal Tissues: Mechanical properties are expressed in terms
of Young’s Modulus (E), failure stress (6R), failure strain (¢R). With regard to synovial

fluid, G" and G’ stand for elastic and viscous moduli, respectively

Tissue Matrix composition Main functions Cell i ical propertie
Tangential zone: collagen type Il and IX
Transmit the loads with
Transitional zone: oblique collagen fibrils with large E:0.23-0.85 MPa, in
dismeters and proteoglycans low frictional coefficient,
ame! ression
Cartilage provide a smooth and Chondrocytes Somerasso

Synovial Membrane

Synovial fluid

Deep zone: collagen fibers perpendicular to the
cartilage surface, the proteoglycans at the highest
content

The intima layer: isofarms collagen (I, IV, V, VI and
lower 1), laminin, fibronectin and proteoglycans
The subintima layer: fibrous, adipose and areolar
connective tissues and include the vasculature

Blood plasma ultrafiltrate enriched with locally
synthesized polysaccharides (high molecular weight
hyaluronic acid)

lubricated surface
between the bony heads

Regulate the composition

of synovial fluid, maintain

the functionality and the

mechanical stability of the
joint

Reduce friction,
lubricate joints
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Fibroblast-like synovial cells
Macrophage-like synovial
cells
Tand B cells

Synoviocytes type A and B,
macrophage-like cells,
fibroblast-like cells that
produce hyaluronic acid

E: 5 - 25 MPa, in tension

G’ and G”:0.01- 1 Pa; viscous
at low frequency (6" >G') and
prevalently elastic at high
frequencies (G' > G*)



2.1 Cartilage

The articular or hyaline cartilage is the specialized and resilient
soft connective tissue that covers the bony heads in the
diarthrodial joints. In the inferior limbs, this tissue is subjected to
physiological compressive forces ranging from 1 up to and
beyond 10 MPa, according to the physical activity [14]. To
effectively resist to these stresses, the native hyaline cartilage is
characterized by a compressive Young’s modulus of 0.24-0.85
MPa and a tensile modulus of 5-25 MPa [15]. This tissue is
completely deprived of blood, lymphatics and nerve tissues, and
the exchange of nutrients and wastes occurs by diffusion and by
the flow of the synovial fluid (SF) during the loading cycles [16].
The lack of these supporting tissues leads to a limited intrinsic
ability to heal and regeneration. As reported in table 1, along the
2-4 mm of the thickness of the articular cartilage, it is possible to
recognize three different zones characterized by a different
organization of ECM. In the tangential zone, the matrix
organization allows the tissue to contrast different mechanical
stresses, such as sheer, tensile and compressive.

In the transitional zone, the collagen fibrils and the
proteoglycans, mainly composed of glycosaminoglycan (GAG),
such as HA and other proteins like fibronectin and laminin [17]
form a sort of hydrogel. Owing to their negative charge, they

attract a huge amount of water molecules, both directly and by
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osmosis [18]. Therefore, the collagen fibrils give a strong
resistance to tension, while the proteoglycan hydrogel supplies
the swelling pressure, providing the cartilage with both stiffness
and elasticity, essential for its mechanical role. The deep zone
provides the maximum resistance to the compressive forces. The
spherical chondrocytes display the well-known columnar
arrangement parallel to the collagen fibrils. The main role of the
deepest zone, the calcified cartilage, is to firmly connect the
cartilage to the subchondral bone, thanks to the extension of the
collagen, fibers, especially the non-fibrillar collagen type X,
towards the underlaying bone [19]. In this zone, proteoglycans
are not present, while the chondrocytes, in limited number, are
located in the lacunae, uncalcified areas, and display the

hypertrophic phenotype.

2.2 Synovial membrane and synovial fluid

The inner surface of the capsules of the synovial joints is
constituted by a specialized connective tissue, the synovial
membrane or synovium, which consists of two different layers:
the intima and subintima layers. As mentioned in table 1, it can
be possible to distinguish three different types of the subintima,
according to the main component of the tissues [20]. The fibrous
type is constituted by a dense collagen matrix similar to other

fibrous tissues, such as fibrocartilage or ligament. In this type of
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synovial tissue, the intima is made of interspersed cell layer. In
the adipose synovium, a single and flattened layer of cells and a
network of capillaries covers a subintimal fat tissue, with a
collagen band often interposed. The areolar type can be defined
as the most specialized synovial tissue. The intima is significantly
thicker while the subintima is made of loose connective tissue
rich in blood vessels often organized in projections or villi
towards the articular space. The structure of the intima matrix is
amorphous or fibrillar and it is constituted mainly by different
isoforms of collagen (type III, IV, V and VI, and in a lesser extent
type I). Other proteins present in this matrix are laminin,
fibronectin and proteoglycan rich in chondroitin sulfate [21].

The most abundant resident cells in the synovial membrane are
macrophages-like synovial cells and synovial fibroblasts. The
macrophages can be found in both the subintima and in the
intima layers and they are characterized by a different marker
expression in the two layers [22]. These macrophages uptake and
degrade extracellular proteins, cells, cell debris and
microorganisms from the synovial fluid (SF) and from the intima.
Similarly, the synovial fibroblasts are present in both synovial
layers, and they can be distinguished from macrophages thanks
to specific markers, such as CD55 [23]. These specialized
fibroblasts produce and secrete several different extracellular

proteins in the synovial cavity, such as HA, collagen, GAG and
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mucin [24]. In the intima, macrophages and fibroblasts are
usually organized in a specific pattern in which the firsts form a
superficial layer under which the latter are located at various
depth.

The protein secreted by fibroblasts are the main components of
the SF. Its lubricating role depends on the peculiar biochemical
composition and the rheological features of the SF. Indeed, the SF
is a highly viscoelastic and shear-thinning fluid as it can be
subjected to shear strain up to 1000 s-1 [25,26]. During small
movements, such as position shifts, the SF is characterized by a
high viscosity and can directly support the load [27]. Indeed, with
low shear stress and frequency, the SF acts as a pseudo-
Newtonian fluid with a viscosity in the range of 10-100 (Pa x s)
[28,29]. In the regime of full joint movements, such as during the
motion, the SF changes his behavior and forms a stable
lubricating thin film on both the cartilage surfaces. In this
condition, the SF is characterized by a lower viscosity, in the
range of ~ 0.01 (Pa x s) [30]. These peculiar properties of the SF
are mainly addressed to the high content of HA that forms a
network able to withstand significant degrees of deformation
[31,32]. However, also other proteins can influence the SF
mechanical properties, especially its viscosity and elasticity, by

interacting with HA [33,34].
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3. Natural polymers as support matrix in microfluidic

musculoskeletal models

Considering the tissue composition and functions, the 3D in vitro
models should be able to mimic as much as possible the 3D tissue
microenvironment to properly reproduce its properties (Figure
2). Different natural polymers form the ECM which provides both
structural support to cells and a guide of cell migration,
proliferation, differentiation, and maturation throughout
development [35]. They can be exploited as support matrix in
microfluidic devices thanks to their ability to generate 3D
viscoelastic polymeric networks, namely hydrogels, which have
similar physical properties to the natural tissue. For this reason,
over the past years, hydrogels have been widely used to develop
cellularized constructs in classical tissue engineering approaches
[36]. Natural hydrogels can be classified into three distinct groups
including: i) protein-derived polymers such as collagen, silk and
elastin; ii) polysaccharide-based polymers such as GAGs or
alginate among others and iii) decellularized tissue-derived
biomaterials (decellularized heart valves, blood vessels, liver,
tendons [37]). Their employment is favoured by their
cytocompatibility, viscoelastic and mechanical properties,
swelling and degradation rate. Furthermore, these hydrogels can
be suitably functionalized to improve existing properties (i.e.

mechanical behaviour or residence time) or to confer new
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features such as the ability to respond to light, chemicals, pH,
ionic concentration, temperature, and magnetic and electrical
tields [38]. These materials may be engineered to be hydrolysable
or degradable over time and have tunable biophysical properties
through manipulation of crosslinker concentration, applied
wavelength, and duration of irradiation.

Given their characteristics, these natural polymers have been
employed in microfluidic devices as support matrix for cell
encapsulation and for better mimicking tissue-like properties.
As explained in paragraph 2, collagen is the most abundant
protein in mammalian tissues and the main component of natural
joint ECM, in fact it is the most common polymer employed in
bone-on-a-chip devices [39]. It is made up of three polypeptide
chains, which self-aggregate to form a stable three-stranded rope
structure. The fibrillogenesis happens with a temperature
transition from 4°C to 37°C. Collagen fibers of different thickness
could easily be obtained by controlling the polymerization of
collagen matrix, done by varying pH and pre-incubation
temperatures. A derivative of collagen is gelatin, obtained
through the denaturation of the collagen triple helixes in acidic or
alkaline conditions. Thanks to its stability at high temperature
and in a wide range of pH, its functionalization is easily

achievable; one of the most used derivatives is the methacrylated
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gelatin (GelMA), a photo-crosslinkable natural hydrogel with
tunable mechanical properties.

An alternative to collagen is fibrin, a protein involved in the
natural repairing process of the tissues and in the coagulation
cascade. The gelation process of fibrin gel mimics the last step of
the coagulation cascade: thrombin-mediated cleavage of
fibrinogen initiates the formation of fibrin that continues to self-
assemble into a fibrin network. In addition, fibrin can be further
crosslinked via the factor XIIla [40]. Importantly for the in vitro
experiments, its gel structure can be tuned: the concentration of
thrombin influences the gelation time, resulting in a more densely
cross-linked network with thinner fibers when employing higher
concentrations or in a higher porosity network with lower
concentrations [41]. Thanks to these properties, fibrin has been
widely used in tissue engineering, specifically in bone and
cartilage tissue engineering as bioadhesive polymer in tissue
repair [42,43].

Hyaluronic acid (HA) is one of the main components of the ECM
in the musculoskeletal tissues; however, it has been poorly
exploited in microfluidic devices for musculoskeletal models. HA
is a naturally occurring non-sulfated glycosaminoglycan that
provides cellular support and hydrophilic matrix. It also
regulates cell-cell adhesion, cell migration, growth, and

differentiation [44]. Thanks to its unique biological and
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viscoelastic properties [45-47], HA has been employed for
targeting cartilage [48,49]. Furthermore, due to its amenability to
chemical modification, different HA-based derivatives have been
developed and characterized, overcoming the intrinsic
limitations of this material such as the low mechanical features
and the short residence time [47]. After functionalization, HA can
be crosslinked by employing chemical, enzymatic, physical or
photo-crosslinking mechanisms [50-52].

Matrigel has been used in microfluidic devices mainly for
microchannel coating or in muscle-on-a-chip systems in
combination with other natural polymers. It consists of natural
polymers secreted by Engelbreth-Holm-Swarm mouse sarcoma
cells and it contains critical growth factors and cytokines that
support cell growth. In particular, it consists of about 60%
laminin, 30% collagen type IV, and 8% entactin (bridging
molecule that contributes to the structural organization). The 3D
network formation is triggered by temperature change: its lower
critical solution temperature is 6°C and it forms a stable gel at
room temperature [53].

An emerging role has been given to the decellularized ECM,
which is the closest 3D matrix to native tissues combining unique
micro- and macro-architectural characteristics and an equally
unique complex composition [54]. There is only one work by

Marturano-Kruik and colleagues where a decellularized bone
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matrix/scaffold has been integrated in a microfluidic device [55].
Usually, decellularized ECM is obtained by the decellularization
of ex vivo of native tissues or from ECM proteins that are
deposited by in vitro cultured cells [56]. Appropriate
decellularization methods are required to deplete cells while
maintaining a similar composition and structure of the original
ECM. This can be achieved by chemical, physical, biological
treatments and their combinations. Once decellularized, the ECM
is often cross-linked to increase its stability.

In addition to those found in human ECM, there are some natural
polymers that are employed in tissue engineering, but they are
not found in the human body. For example, agarose is a linear
polysaccharide prepared from seaweed consisting in repeated
units of D-galactose and 3,6-anhydro-L-galactose. It undergoes
thermal crosslinking after cooling the solution below 45 °C
because of extensive intermolecular hydrogen-bonding between
the agarose chains [57] and the agarose concentration influences
the final network porosity [58].

Alginate, instead, has been used in a microfluidic device not for
specific application in the musculoskeletal field but for in situ cell
entrapping and anticancer drug screening. Alginate is a linear
polysaccharide composed by (1,4)-linked 3-D-mannuronate (M)
and a-L-guluronate (G) residues that form an intermolecular

cross-linking thanks to the ionic interaction of divalent cations
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such as Ca2+, Ba2+, or Sr2+ with G-blocks of the polymeric chains.
The composition (i.e., M/G ratio), sequence, G-block length, and
molecular weight are thus critical factors affecting the physical
properties of the hydrogels. Alginate is a highly hydrated
polymers and is considered biocompatible, however it must be
modified with adhesive peptides to facilitate cell binding [59].
Other polymers widely used in tissue engineering but not yet
exploited in a microfluidic device are the gellan-gum and the
chitosan. Gellan-gum (GG) has been receiving particular
attention for tissue engineering applications, namely cartilage
regeneration, mainly due to its good mechanical properties. GG,
which has food and drug administration (FDA) approval as a
food additive, is an anionic microbial polysaccharide composed
of a tetrasaccharide repeating units of two b-D-glucose, one b-D-
glucuronic acid and one a-L-rhamnose. Upon temperature
decrease, a random coil-helix transition occurs with further
aggregation of the helices leading to the formation of junction
zones. The sol-gel transition of GG is ionotropic, as in alginate
[60,61]. Furthermore, the functionalization of GG with
methacrylate groups can lead to hydrogels with highly tunable
physical and mechanical properties.

Chitosan is the second most abundant natural biopolymer
currently attracting great attention for tissue engineering

applications due to its intrinsic properties such as excellent
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biocompatibility and controlled biodegradability with safe by-
products and easy processability. It results from alkaline
deacetylation of chitin, a structural element of the exoskeleton of
crustaceans. It is a linear amino polysaccharide composed of
glucosamine and N-acetyl glucosamine units linked by (3-(1-4)
glycosidic bonds. The cationic nature of this polymer, in a pH
range near its pKa, is particularly important for tissue
engineering applications, as it can form polyelectrolyte
complexes with anionic biological macromolecules. Reactive
primary amines and hydroxyl groups in chitosan remain
available for the addition of side groups, peptides or amino acids,

enhancing its properties in biomedical applications [62].
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Figure 2 - Natural polymers as support matrix in miniaturized musculoskeletal

models.
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3.1 Joint-on-a-chip

Over the last years, great efforts have been devoted to the design
of different in vitro models capable of recapitulating articular
physiology to fully study joint disorders. However, there is still a
lack of microfluidic models that recapitulate the joint
microenvironment tacking into account all tissues and
components that interact together within the joint, such as SF,
synovial membrane, cartilage, adipose tissue and bone. Indeed,
only three works in literature have employed so far natural
polymers in a microfluidic joint-on-a-chip model. In the work of
Ma and colleagues, a microfluidic model was used to perform a
drug-sensitive assay based on microfluidic device [63]. In
particular, this microfluidic device was used also to evaluate a
drug, celastrol, which inhibits fibroblast-like synovocyte (FLS)
activation and attenuates bone erosion during rheumatoid
arthritis (RA). The microfluidic device consisted of one central
channel where FLS cells were cultured forming a monolayer and
six parallel branched microchannels jointed at cell reservoir at
one end and at the central channel at the other end. Human
synovium cells were cultured in pre-coated Matrigel
microchannels, indirectly co-cultured with stimulated
osteoclastic (RAW264.7) and osteogenic medium stimulated
BMSCs. These conditions were recreated to mimic the condition

of FLS cells migration and the invasion-mediated bone erosion in
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RA. Thanks to this hydrogel, the authors were able to culture FLS
and bone-related cells in two different microenvironments, better
resembling the original tissues. Matrigel was able to recreate an
environment that resembled the original organ (migration and
functional activities) and allowed the cell-cell interaction with
cytokines and chemokines. The authors effectively demonstrated
that the FLS cells significantly passed through the Matrigel layer
and migrated towards the bone compartment. The co-culture of
FLSs with RAW624.7 and BMSCs, showed a migration of the FLSs
more consistent with clinical observations in terms of number
and distance. Furthermore, the cadherin-11 expression, which is
associated with RA progression because of the secretion of IL-6,
a critical inflammatory factor, was increased with the co-culture.
Alkaline phosphatase (ALP), osteoblast differentiation marker,
and tartrate-resistant acid phosphatase (TRAP), osteoclast
differentiation marker were used to study the interaction
between BMSC, RAW?264.7 and FLS in the microfluidic device.
After the co-culture of BMSC, RAW264.7 and FLS the number of
TRAP staining-positive RAW264.7 cells increased with respect
the culture of FLS without BMSC, while the number of ALP
staining-positive cells decreased. It was found that 500 ng/mL of
celastrol can effectively inhibit FLS migration, but also can reduce
of the expression of cadherin-11 suppressing TRAP activity in

RAW264.7. All these results of celastrol in vitro are consistent
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with the effect of celastrol in vivo, also showing that this
microfluidic device provides a rapid in vitro screening for anti-
RA drugs.

In another work of Paggi et al., a microfluidic platform was
developed to create gradients of mechanical compression, which
reproduces the physiological range on a cartilage model, on
chondrocytes cells embedded into a hydrogel [57]. This device is
highly versatile, as it can allow mimicking in vivo stimulations. It
can be used as a platform screening of strain levels on cells in a
single experiment observing cells response in real time. The
mechanical cues are very important especially in the cartilage due
to their importance on ECM regulation. The microfluidic device
was composed by a 3D cell-hydrogel chamber divided from the
chamber medium by an array of pillars. The culture chamber was
placed in contact with three actuation chambers made of a thin
PDMS vertical membrane connected to a pressure controller. The
hydrogel used to culture chondrocytes was agarose (4% w/w)
which was not covalently attached to the PDMS membrane.
Firstly, the mechanical stimulation was applied through the
deflection of a thin PDMS membrane showing a direct correlation
between the crosslinking degree and the material Young's
Modulus. For this reason, the ratio 20:1 between prepolymer:
curing agent was selected to give a large deflection to the PDMS

(traditional 10:1). Contemporarily, the membrane deflection
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depended on its dimension. Therefore, all the experiments were
performed using 50-um thick and 200-um high membrane with a
glass substrate coated with 4-mm thick PDMS layer, to maximize
the membrane deflection. Chondrocytes were characterized
using a homogenous compression (800 mbar and 1 Hz which
corresponds to physiological strain in healthy knee cartilage)
showing a decrease of the chondrocyte projected surface area. It
means that cell deformation follows the same gradient as agarose
displacement. Subsequently, two pressures were employed to
study cell viability, one that mimics a healthy condition (800
mbar) and the other one for hyper-physiological condition (1000
mbar) and static culture as a negative control. By employing 1000
mbar, the cell membrane integrity, especially in the zone next to
the membrane and not closer to the pillars, was compromised
together with possible cell death. It was also demonstrated that
hydrogel of agarose is suitable for chondrocytes culture creating
cell deformation which mimics the in vivo situation of knee
cartilage. Finally, it was tested a combination of normal and bulk
shear strains on agarose with microbeads that mimic the cells,
showing similar values to those observed in the knee articulation
during movement. These two models, however, employed as
support matrix, agarose or a Matrigel coating of the microfluidic
channel. The work of Lin and colleagues is the only one that

introduced a combination of more relevant natural polymers,
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specifically HA- and gelatin-photo-crosslinkable derivatives, in a
microfluidic-based, multichamber bioreactor for investigating
osteochondral differentiation and toxicity testing [64].

An additional level of complexity was added in the work of
Mondadori et al., where a 5-channels microfluidic device was
designed for studying the ability of osteoarthritic SF to induce
monocyte extravasation [65]. Specifically, they developed a 3D
microfluidic ~ organotypic model reproducing synovial
compartments with a perfusable endothelialized channel, a
channel for SF injection mimicking the articular cavity, and a
cartilage compartment. Different fibrin concentrations (5, 10, 20
mg/mL) and cell densities (2.5 x 106, 5 x 106 cells/mL) were tested.
The endothelial channel instead, was coated with 10 pg/ml
human fibronectin and ECs (6 x 106 cells/mL) suspended in EGM-
2 medium were added to the channel. The model showed a strong
chemoattractant effect of the OA synovial fluid on monocytes,
which most likely depends on the presence of pro-inflammatory
cytokines and chemokines. The study provided direct evidence
that OA synovial fluid induces monocytes to cross the
endothelium and invade the synovial compartment.

There are still no studies that comprise the tendon and ligament
compartments in a microfluidic joint model. To design an
engineered tendon/ligament microfluidic platform, the selected

polymeric support matrix should provide structures that are
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suitable for tenocyte or ligamentocyte attachment,
differentiation, and growth. Knowing that collagen and elastin
are the main components of the ECM of tendon and ligament
tissue, natural polymers, such as collagen, silk and alginate have
been mainly identified as promising candidate [66—-69]. These
biomaterials have shown good mechanical properties, and slow
degradation rate. Furthermore, their biocompatibility and
hydrophilic properties could also be exploited to sustain and

control the delivery of biological factors.

Table 2 — Joint-on-a-chip models

Auth . . PR
m‘,"' Application Device Structure 3D Matrix Composition 3D Matrix Gelation Cells Embedded Main Outcomes
Biphasic tissue differentiation to
Osteochondral Chondral section: GelMA chondrogenic/osteogenic gradients
Pl linking: LAP
Lin, 2014 tissue Chamber and 3D (10%), HA (1%, MW = 66 kDa) " notocrosslinking: L i produced by tissue-specific
(0.15%), UV light  hBMSCs (2x 107 cells/mL)
183] engineering; Drug  bioreactor insert Bone section: GelMA (10%), differentiation factors; crosstalk
(A=390-395nm)
screening HAB (1%) between different compartments in
response to catabolic cues (IL-18)
Synovial Fibroblasts and
articular chondrocytes
Fi 6 s M
Monocyte Three gel compartments irigoeen (5,10,20 (2.5%10°, 5x10%ells/mL); MOnOcYte extravasation promotion by
Mondadori, me/mL)/Thrombin (4U/ mL), endothelial preconditioning; Inhibition
extravasationin  and two microfluidic Enzymatic crosslinking endothelial cells
2021[124] fatio 1:1, human fibronectin ,‘ of monocyte extravasation by 2
oA channels (6x10°cells/mL); Human

coating (10ug/mL) ey ohecytee chemokine receptor antagonists

(10°cells/mL)

Generation of compressive mechanical

Culture chamber; stimulation gradients and multi-modal

Paggi, 2020 Cartilage i Thermal-mediated Chond
v artlage ¢ perfusion channel and Agarose (2%w/w) g e (“;’g(’e‘;‘s‘;"x) actuation patterns; analysis of strain
three actuation chambers s levels effects on cells with real-time
cell response observation
Fibroblast-like Formation of organoids with high
i ceinid Matrigel (synovial Thermal-mediated synoviocytes reproducibility and positioning
Rothbauer, Rheumatoid ® compartment) gelation (40 min, 37 °C) [3!]0“(?"5/"\[) precision; co-cultivation of chondral
compartments and two
2021[134] arthritis Fibrin hydrogel 50 mg/ml  Enzymatic crosslinking Human primary and synovial organoids improved the
circular medium reservoirs
(cartilage compartment) for fibrin chondrocytes phenotype of chondrocytes within
(x10°cells/mL) chondral organoids

Methacrylated gelatin (GelMA), hyaluronic acid (HA), hydroxyapatite (HAp), human
bone marrow-mesenchymal stem cells (hBMSCs), Lithium Phenyl (2,4,6-
Trimethylbenzoyl) Phosphinate (LAP).

4. Common features of a 3D cell support matrix for

microfluidic in vitro models

Natural polymer-based hydrogels allow tuning different

parameters such as pore size, swelling ratio, crosslinking
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densities, gradients, and cell seeding. Their unique ability to
absorb and retain water is given by their hydrophilic nature and
the amount of absorbed water depends on several factors: the
hydrogel structure, the crosslink density, the composition of the
solution and the technique used to synthetize the hydrogels. They
can be characterized through several physical parameters, such
as size, elastic modulus, swelling and degradation rate [36]. The
hydrogel versatility allows their employment in multiple
applications and combinations with several molecules to develop
polymeric blends.

The major advantages of using hydrogels in microfluidic systems
are reported below (Figure 3). Some of them will be discussed in
more detail in the following paragraphs.

. High tunability of crosslinking strategies, which
determines a wide range of physico-chemical properties.

. High tailoring of the mechanical properties. Most
hydrogels have a comparable Young's modulus to that of cells.

. Cytocompatibility. Most hydrogels are non-toxic allowing
to obtain a 3D suitable microenvironment.

. Free diffusion for small molecules. Most cell essential
nutrients and growth factors are diffusible in hydrogels.

. Optically clear. This characteristic of hydrogels makes it
possible to observe fluorescent molecular diffusion and cell

behaviours inside the gel structures under microscopes.
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. Straightforward synthesis and material handling. Most

hydrogels are commercially available and their derivatives are

generally easy to synthesize.

. High large-scale reproducibility. Gels can be produced in

different designs and accurate size calibration.

PHYSICO-CHEMICAL
PROPERTIES
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-CYTOCOMPATIBLE

- EMOCOMPATIELE
CELL DIFFERENTIATION
(GROWTH FACTORS)

- TISSUE MIMECKING

- HIGH TUNABILITY OF

- EASY REPRODUCIBLE s _
- ADEQUATE POROSITY _

GROSSLINKING NATURAL HYDROGEL

RHEOLOGICAL
PROPERTIES

- APPROPRIATE VISCOSITY s "
- FREE DIFFUSION OF
SMALL MOLECULES

APPROPRIATE
INJECTABILITY

Figure 3 — Main properties of a natural hydrogel potentially used in microfluidics

4.1 Strategies for 3D networks formation

In order to obtain a 3D network, polymers undergo a crosslinking
process where polymer chains are linked by covalent or non-
covalent bonds [70]. The crosslinking process enhance the
mechanical properties of the polymers and to extend their half-
lives. Additionally, it triggers an improvement of the viscoelastic
properties of the polymeric network that promotes cell
encapsulation and mechanical environment required for cell
differentiation. Natural polymers can be crosslinked by

employing chemical, enzymatic, physical or photo-crosslinking
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mechanisms. Specifically, when the gel is employed as support
matrix in a microfluidic chip, the adopted crosslinking strategy
has to be compliant with cell encapsulation and handling of the
chip. Indeed, there should be a balance between the crosslinking
kinetics and the cell encapsulation and injection of the
biomaterial into the microfluidic channels. The reversible nature
of non-covalent or physical interactions can trigger the formation
of hydrogels responding to temperature, pH or other physical or
chemical cues. These types of crosslinking mechanisms generally
result in low mechanical properties and low toxicity towards the
cells and tissues. Ionic interactions represent an example of non-
covalent or physical reticulation. This mechanism is typical of
alginate, where divalent cations, such as Ca2+, bind the
glucoronate blocks leading to the crosslinking of adjacent
polymers chains. However, the ionic crosslinking often results in
arapid and poorly controlled gelation, limited long-term stability
and low gel uniformity. The addition of ions like Ca2+, Mg?2+,
Zn2+ to the precursor hydrogel can induce gelation through ionic
bond formation in polymers rich in anionic groups, such as
alginate. For example, in the work of Braschler et al., alginate
hydrogels were employed in a microfluidic device: the polymer
was reconstituted to encapsulate yeast cells and to study cell
entrapping [71], showing a high cell viability of yeast cells and a

degradation of the hydrogel due to the massive cell proliferation.
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In the same way, Chen and colleagues employed a 2% alginate
solution for embedding tumour spheroids (108 cells/mL) and
screening anticancer agents [72]. Being non-adhesive, alginate
allows the formation of spheroids, while at the same time
protecting the cells from shear during perfusion. Furthermore,
alginate can easily de-crosslinked in the presence of a calcium
chelator and cells can be harvested for further analyses.
Covalent crosslinking, instead, is for example promoted by the
use of chemical crosslinking agents, such as GTA, carbodiimide,
epichlorohydrin, and sodium metaphosphate. For example,
gelatin exhibits poor mechanical properties at 37°C and therefore
it is not a suitable material for cell embedding and culture.
However, it can be stabilized by chemical crosslinking with GTA:
aldehyde groups on the GTA react with the free amino groups of
the polymeric chains leading to stable bonds and a hydrogel.
Unfortunately, the chemical crosslinker is often toxic for cells.
Therefore, its use is not the best option in microfluidics, even
though naturally occurring biocompatible chemical crosslinking
agents, such as genipin are attracting research attention
considering its multiple pharmacological properties (i.e., anti-
inflammatory, anti-thrombotic, anti-angiogenic, anti-tumour,
anti-diabetic, and neurotrophic properties) [73].

Nevertheless, gelatin, as other natural polymers such as HA and

GG can be also modified by specific functional groups (e.g.

-227 -



methacrylic groups, phenolic groups) that allow a photo-
crosslinking approach, where a photoinitiator and irradiation are
required to trigger the process [60,61,74-79]. Ultra-violet (UV)
radiation is the light source which is the most used to improve
the hydrogel mechanical properties together with the
photoinitiator Irgacure 2959. However, it is well known its
potential cytotoxicity effect due to the cellular damage via direct
interaction with cell membranes, proteins and DNA or via
indirect production of radical oxygen species (ROS).
Additionally, UV has a lower penetration depth that can limit its
use in deep tissue implants. Although, new photo-crosslinking
systems based on visible light have been employed to overcome
these limitations together with photoinitiators such as organic
dyes (Eosin Y), Rose Bengal and methylene blue, aromatic
hydrocarbons (quinones, porphyrins and phthalocyanines),
Ruthenium(II) tris-bipyridyl dication (Ru(Il)bpy32+), sodium
ammonium persulfate (SPS), lithium phenyl-2, 4, 6-
trimethylbenzoylphosphinate (LAP); 2,2'-Azobis[2-methyl-N-(2-
hydroxyethyl)propionamide (VA-086) [78,79]. However, these
systems have not been yet implemented within microfluidic
devices. For example, GelMA, being the gold standard in the last
20 years in light-based biofabrication technologies, it has been
employed in the work of Agrawal in which 7% of GelMA was

used together with the photoinitiator LAP in a muscle-on-a-chip
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model [80]. The formation of 3D muscle tissue was obtained by
encapsulating myoblasts within the GelMA hydrogel that was
sandwiched between two acellular polyacrylamide hydrogel
layers. Similarly, in the work of Lin, a microfluidic-based
multichamber bioreactor was developed for osteochondral
differentiation and toxicity testing [64]. In particular, hBMSCs (2
x107 cells/mL) were resuspended in an IPN hydrogel composed
by 10% GelMA and 1% HA in order to mimic the cartilage region
or in 10% GelMA enriched by 1% HAp to resemble the bone
compartment. GelMA was photo-crosslinked by exploiting 0.15%
w/v LAP and UV irradiation (390 — 395 nm).

Another possible approach is the use of enzymatic crosslinking
that occurs under mild, physiological conditions (no large
temperature changes are required, no toxic chemicals and no
potential harmful radiation) but there is a low control on the
degree of crosslinking, and the mechanical properties. The most
used enzymatic-mediated crosslinking in the microfluidic
devices is employed for the formation of fibrin gels: thrombin
removes fibrin peptides from fibrinogen and exposes
polymerization sites that allow fibrin monomers to self-assemble
into insoluble fibrin gel.

For example, in the work of Hasenberg, adipose-derived stromal
cells (2 x 105 cells/mL) and HUVECs (5 x 105 cells/mL) were
embedded in fibrinogen 2.5 mg/mL and thrombin 0.2 IU/mL to
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emulate human microcapillaries in a multi-organ-chip platform
[81]. These gels were either subjected to pulsatile flow or
incubated without perfusion for 14 days. The stability of fibrin
was influenced by the incapsulated cells that cause gel
contraction.

Another example of enzymatic-mediated crosslinking is the use
of transglutaminase such as factor XIII. In the work of Sun,
microbial transglutaminase was used to enzymatically crosslink
10% (w/v) gelatin and 0.5% (w/v) Pluronic F-127 solution loaded
with lung cancer cells (1.3 x 105 cells/mL) [82]. The polymeric
formulation was injected before crosslinking in a microfluidic
system for cancer drug screening. This method is cheaper
compared to the use of collagen; however, the crosslinking
mechanism can be toxic for the encapsulated cells and less
efficient compared to collagen in terms of cell adhesion and

differentiation.

4.2 Biological Properties: cytocompatibility, cell adhesion and

biochemical stimuli responsivity

Cytocompatibility is one of the first factors that should be
considered when selecting a biomaterial. Cell viability can be
affected by the crosslinking methodology or by chemical
byproducts. In general, hydrogels obtained from natural

polymers offer a suitable 3D environment for cell encapsulation.
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The selected hydrogel must not be toxic for cells and must
guarantee a remodelling of the surrounding ECM to ensure cell
proliferation, spreading and migration, key activities during
neovascularization or tumour progression. Despite cell survival,
the polymeric matrix in which the cells are embedded has to
promote either cell differentiation into the desired phenotype or
to maintain the specific cell phenotype. In order to ensure these
biological features, often, long culture periods are required. This
is one of the most challenging aims from a biological point of
view in microfluidics because in some conditions the polymeric
matrix can degrade very fast if the polymer concentration; the
crosslinking degree and the cell number embedded in the matrix
are not balanced between each other. However, the fast
degradability of some natural polymers, such as fibrin and
collagen, can be slow down by using polymer blends or

supplements, such as aprotinin.

4.3 Mechanical Behaviour and Injectability force

The ECM plays a pivotal role as cell function mediator. Indeed, it
ensures biochemical and mechanical stimuli influencing in such
way the biological response at tissue and cell level. At tissue level,
it is widely recognized that mechanical properties of the local
microenvironment allow compression, elongation, or shear force.

At cellular level, cells receive mechanical information from the
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substrate to which they adhere, even without the application of
external forces. This process is named mechanotransduction; it
allows them to convert mechanical stimuli into a chemical
response [83,84]. Among various mechanical cues, matrix
elasticity influences cellular behaviour including cell adhesion
through the formation of multi-protein structures, such as focal
adhesion, cell spreading, as well as cell proliferation and
differentiation [85-88]. These cytoskeletal modifications are
crucial as they determine cell shape and morphology [89,90].
Different studies have demonstrated that stiffer substrates
generally may promote cell spreading, whereas soft matrices can
induce a rounded cell shape [91-93]. Furthermore, substrate
stiffness also affects cell growth and viability. Indeed, the softness
or stiffness of a biomaterial might influence the size of the multi-
protein structures and the pressure to which cells are subjected,
that in turn affects their growth and movement [94]. In fact, on a
hard substrate, cells usually exert large forces, which lead to the
formation of mature focal adhesions and a highly organized
cytoskeleton with abundant stress fibers [91,95]. In contrast, a soft
substrate is not able to ensure a good resistance to counterbalance
large cell-generated forces. For this reason, cells do not develop
abundant stress fibers and generate smaller forces. In other
words, cells react to differences in the substrate stiffness

appropriately adjusting their “musculoskeletal system”. In this
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scenario, it is not surprising that these changes in cell morphology
led to changes also in cell phenotype and differentiation. Many
studies highlighted that undifferentiated MSCs commit to
specific phenotypes according to substrate stiffness. As an
example, stiffer matrices that mimic muscle tissue are mostly
myogenic, while rigid materials may induce an osteogenic
behaviour. Substrate stiffness also influences cell migration, as
well as the vascularization and angiogenesis. It was
demonstrated that normal rat kidney epithelial cells and
fibroblasts migrate faster on softer substrates [96], whereas
vascular smooth muscle cells showed the highest migration on
intermediate stiff substrates [97]. At this point, it results clear how
important should be in microfluidics ensuring the appropriate
mechanical cues of a biomaterial cell support to fully recapitulate
complex tissues [98,99]. Collagen type I has been often used in
different microfluidic platforms. However, it does not properly
mimic the ECM due to the lack of good mechanical stability for
long-term culture of cells. Many authors have studied cell
migration under different mechanical conditions. The stiffness of
the collagen mainly depends on the polymer concentration. As an
example, Fraley et al. found that collagen concentrations between
1.5 and 2.5 mg/mL led to much lower elastic modulus compared
to 4 mg/mL collagen type I, which was 500 Pa [100]. The influence

of physical gradients on morphology, migration and other cell
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behaviours were studied by Del Amo et al. [101]. The authors
developed a microfluidic-based chip that allowed analysing the
long-term chemoattractant effect of growth factors on 3D cell
migration. The authors proved that cell migration was influenced
by the substrate stiffness, which was related to collagen
concentration and to change in pore size. The elastic properties of
polymer matrix can be also adjusted by using UV light exposure
and pyhotocrosslinkable polymers with different degree of
functionalization (DOF). Chen et al. developed a microvascular
microfluidic device in which GelMA was employed as
biomaterial, due to the presence of natural cell binding motifs and
degradability of native collagen but improved mechanical
properties. Indeed, the possibility of varying the DOF as well as
the crosslinking levels via UV make it easier to tune the
mechanical properties [102].

With regard to musculoskeletal microfluidic devices, much more
efforts should be devoted to the appropriate selection of the
biomaterial for cell support, benefiting from the wide knowledge
acquired in tissue engineering and biomaterial science. Babaliari
et al. used gelatin solution from bovine skin, type B (2% w/v) or
collagen type I, rat tail (3 mg/mL) as biomaterials for their device
[86]. The results obtained from the mechanical characterization
showed the typical spectra of a viscoelastic response of a soft solid

with an elastic modulus, G’, which exhibited a weak increase in
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the frequency range investigated, and a viscous modulus, G”,
that was an order of magnitude lower than G”. Therefore, over
the entire range of applied frequencies, the materials showed a
soft solid-like behaviour with no signs of a slow relaxation mode
at long times. The authors assessed a good cell adhesion and
growth. A significant difference in cell proliferation was observed
under dynamic conditions: it increased by 2.4-fold with a flow
rate of 50 pL/min compared to static conditions. Similarly,
normalized ALP activity on fibrous collagen substrates
significantly increased in dynamic conditions (1.6-fold with 30
uL/min) compared to the static condition. Klotz et al. used
GelMA (5%wt) with different DOF. The compressive modulus
slightly increased from 1.2 kPa (30 % DOF) to 1.8 kPa and 2.8 kPa
for 50 % DOF and 80 % DOF, respectively. After 5 days, MSCs
spread only in 30 and 50 % DOF hydrogels. Paggi et al. used a
cell-laden agarose matrix (2% w/w) to develop a microfluidic
platform able to generate gradients of compressive mechanical
stimulation and multi-modal actuation patterns on an engineered
tissue [57]. The monolithic platform was characterized by a
vertical PDMS membrane with three independent and connected
chambers. All the parameters were optimized to maximize the
membrane deflection under uniform compression. In a such way,
both healthy and hyper-physiological mechanical stimulation of

the articular cartilage were simulated. Chondrocytes cultured in
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the device in agarose remained viable under both static and
healthy dynamic conditions, while hyper-physiological
stimulation led to cell membrane rupture and possibly cell death.
As such, the platform revealed to be important for screening the
effect of various strain levels on cells, with real-time observation
of the cell response.

However, apart from mechanical properties, there are many
factors such as storage and loss moduli, viscosity and injection
force, to be taken into account when evaluating biomaterials for
such applications. For this reason, the knowledge of the
rheological properties of the biomaterials is fundamental to
proper design the product and tailor its properties for the
required application. Rheology is an important tool that can be
employed to quantitatively assess parameters such as viscosity
and storage and loss moduli, which are important determinants
of biomaterials’ injectability. In particular, storage and loss
moduli provide information about the elastic and viscous
response behaviours of the biomaterial, respectively, in response
to oscillatory shear. This information is relevant to better
understand the behaviour during the injection process. Viscosity
is a direct measurement of the ability of a material to resist
deformation in response to stress, and to respond to changes in
shear stress during injection. Biomaterials for cell support should

be characterized by a shear thinning behaviour as result of their
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polymer chain structure, which highlights the non-Newtonian
behaviour of fluids whose viscosity decreases under shear strain.
Although material properties such as storage modulus, loss
modulus and viscosity, are important for determining
injectability, injection force determines whether a material is
relevant for injection. The term injectability refers to the needed
force to expel syringe contents. Different controlled methods to
measure injection force, such as a force sensor or a material
testing machine, have been settled down to compare
quantitatively the injectability of various biomaterials
formulations [103]. However, until now these aspects are barely
taken into consideration when new microfluidic platforms are

developed.

5. Natural and synthetic polymers from single tissues to

tissue complexity

While developing in vitro models for musculoskeletal tissues, it
is essential to take into account the complexity of the tissues.
Indeed, a single formulation of natural polymer cannot ensure a
3D matrix that perfectly mimics the different features of the
tissues. However, the complexity can be achieved, for example, i)
by embedding an inorganic component, ii) by reproducing the
exact cell interactions within a tissue, including the microvascular

networks, iii) by blending different polymeric materials,
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synthetic or natural ones, iv) by modulating a number of
biophysical and biochemical properties, to produce the so-called

gradient hydrogels (Figure 4).
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Figure 4 — Resembling tissue complexity in a musculoskeletal tissue-on-a-chip

)

5.1 Natural/Synthetic polymeric blends

Over the last years, synthetic hydrogels have shown several
advantages over natural hydrogels, such as the tuning of the
mechanical properties by controlling the crosslinking density, as
well as the morphological and chemical compositions. However,
they cannot provide an ideal environment to support cell
adhesion and tissue formation due to their bio-inert nature.
Indeed, these polymers from the biological standpoint lack much
desired bioactivity and biocompatibility and may cause toxicity
and immune response.

Polyethylene (glycol) remains one of the most used materials
because its mechanical properties can be systematically adjusted

not only by the precursor molecular weight and concentration
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but also by specific chemical groups suitable grafted to the
backbone [104]. Occhetta et al. employed, for their cartilage on a
chip model, eight-arm PEG vinylsulfone functionalized with
peptides containing either an FXIII glutamine acceptor substrate
or an MMP-degradable FXIII lysine donor substrate [105]. As
stated before, the native chondrocytes are subjected to a variety
of mechanical stimuli, which are difficult to recapitulate in vitro.
For instance, in this model, a Young’s modulus of 0.1 MPa was
considered. The system successfully elicited the acquisition of
osteoarthritic traits by the newly formed cartilaginous tissue,
through the sole imposition of a hyperphysiological mechanical
stimulation. Indeed, the authors demonstrated the possibility of
obtaining a stable and highly reproducible model and eliciting a
biological response to mechanical overload that correlates with
key traits triggered during osteoarthritis onset.

Lee et al. used a synthetic polymer, poly(D,L-lactic-co-glycolic)
acid (PLGA) acid matrix, for their microfluidic 3D bone tissue
model [106]. The authors used the model to evaluate the efficacy
of biomaterials aimed at accelerating orthopaedic implant-related
wound healing while preventing bacterial infection.

Considering the ECM as the model for the design and fabrication
of bioactive hydrogels, ECM-mimetic modification of synthetic
hydrogels is emerging as an important strategy to modulate

specific cellular responses. In this scenario, to tether ECM-
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derived bioactive molecules to synthetic hydrogels, various
strategies could be developed for the incorporation of key ECM
biofunctions, such as specific cell adhesion, proteolytic

degradation, and signal molecule-binding.

Table 3 — Examples of synthetic polymers in musculoskeletal in vitro microfluidic

- . 30 matrix 3D Matrix Cells
Author, year  Tissue Application Device Structure ioiioskion ot ek Main Outcome
8-arm PEG
isulfe 40k
becksopn °("‘:c‘1?nzl“" st Generation of articular cartilage
Separated top and bottom POMS s Enzymatic constructs; Induction of osteoarthritic
Occhatta, Cartilage Drug screening layers with 2 rows of posts Ui Scceptor crosslinking AU traits by imposition of hyperphysiological
2019115] " . % ” P substrate or MMP- € chondrocytes oY sl
delimiting culture channel (10U/mL FXIN) 5 mechanical stimulation (30% confined
degradable FXIl (5x107cells/mL)
compression)
Iysine donor
substrate
3D cell network formation on PAA-PANI
Scaffolds synthesis Chemeal hydrogel; stable thermal condition:
Hosseinzade . O mu"?’ lenon. 2 Inlets connected and 1 outlet for  PAA hydrogel/PANI  Crosslinking: —— ""du::m" i
h, 2018[114] s each channel nanofibers MBAA g

parslitsteps (0.006mol%) Expression of muscle proteins by
’ cultured satellite cells

Polydimethylsiloxane (PDMS), Poly(D,L-lactic-co-glycolic) acid (PLGA), calcium
phosphate (CaP), polyethylene (glycol) (PEG), matrix metalloproteinases (MMP),
polyacrylic acid (PAA), polyaniline (PANI), N,NO-methylenebisacrylamide (MBAA),
Mouse calvarial preosteoblast cells (MC3T3-E1).

6. Conclusion and future perspectives

Over the past years, the interest in organ-on-a-chip technology
has incredibly intensified. Through a combination of cell biology
and engineering, it has the potential to elucidate cellular
mechanisms and replicate tissue functions reducing the costs of
in vitro tests used to study tissue models [107]. Furthermore, with
this technology it is possible to predict the tissue response to an
array of different stimuli including drug and environmental
effects. As more sophisticated microfluidic systems will be

developed, increased emphasis should also be placed on
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biomaterial science, which could open new perspectives in this
field. Indeed, the introduction of a polymeric matrix that helps
mimicking the extracellular microenvironment must be
considered a key step of paramount importance in the
development of a functional in vitro model. Despite the many
advantages of natural polymers employed as hydrogels for tissue
engineering applications, some drawbacks for their use in
microfluidic devices still exist and these are mainly associated
with their biodegradability, batch to batch variability, lack of
standardization. Additional technical limitations include bubble
formation and inherent difficulties with injectability of cell-laden
hydrogels in microfluidic channels prior to polymerization.
Lastly, the length of culture time for 3D cell populations has yet
to be optimized for the microfluidic devices. However, natural
polymers offer the possibility to fine tune different parameters
such as swelling ratio, pore size, cell seeding, crosslinking
densities and mechanical properties. Introducing alternative
crosslinking strategies to both the widely used enzymatic
crosslinking of fibrin and the thermal gelation of collagen could
be an interesting strategy. The photo-crosslinking mechanism, for
example, has been introduced only in a couple of microfluidic
devices, despite the fast and tunable gelation time and hydrogel
stiffness. Furthermore, even though many advancements have

been made in terms of cellular complexity within microfluidic in
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vitro systems, there are still some unexplored possibilities in
terms of 3D matrix complexity. Indeed, a higher level of
complexity of the in vitro model could be achieved by combining
natural and synthetic polymers in blends leading to the
enhancement of hydrogel mechanical properties. Bearing these
aspects in mind, a lot needs to be done as also highlighted in the
last paragraphs.

The aim of this review was to investigate the state of art regarding
the use of biomaterials, in particular natural polymers, as support
matrix in microfluidic technology. To the best of the authors'
knowledge, it is the first attempt in analysing a possible synergic
combination of microfluidic and biomaterial science. The
authors” hope is that this work will guide future research which
will capitalize on the potential of biomaterial science looking
towards alternative biomaterials systems, promising crosslinking
strategies and innovative tissue engineered-inspired approaches

that could be employed in this field of interest.
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Abstract

The osteoarthritis (OA) represents the most prevalent form of
arthritis and one of the leading causes of disability in the aged
population. Despite its increasing incidence, the treatment of OA
is still hampered by the lack of effective therapeutic approaches
and preclinical models whereby new candidate therapies can be
evaluated. In fact, the currently available in vitro models
oversimplified the cartilaginous compartment with potential
repercussion on the cell phenotype. For this reason, the first aim
of this work is the development of a relevant donor-specific
microfluidic model of an arthritic joint. In addition, we will also
assess the potential use of this model as drug screening platform
for biological treatments of OA.

To obtain a more relevant hydrogel for the chondrocytes, we
tested different formulations based on hyaluronic acid and/or
collagen type I and crosslinked enzymatically or via UV light,
evaluating the biocompatibility and the phenotype of embedded
cells. We then optimized the OA microenvironment by

evaluating the effect of healthy or OA synovial fluid within the
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device, and finally the anti-inflammatory capabilities of adipose
and bone-marrow MSCs were assessed.

Our results showed that the enzymatically crosslinked
hyaluronic acid-based hydrogel ensured a high chondrocyte
viability, associated to a stronger chondrogenic phenotype. We
also effectively reproduced an inflammatory microenvironment
within the model upon the addition of OA synovial fluid. The
donor-matched device allowed the addition, mimicking an intra-
articular injection, of different MSCs and the assessment of their
effect on cartilage-like and synovium-like environments.

In conclusion, we developed a relevant and donor-specific model
of an arthritic joint that allows the evaluation and the comparison
of different innovative biological OA treatments. This platform
could be used in future as a drug screening platform for OA

treatments in the context of precision medicine.

Introduction

As the most prevalent form of arthritis and the leading cause of
disability in aged adults, osteoarthritis (OA) imposes a high
socioeconomic burden on the healthcare system [1]. Despite
various research endeavours to understand the cause and
pathogenesis of OA, our insight about all aspects of the disease
initiation and progression is limited. Although the most evident

clinical outcome of OA is progressive articular cartilage
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degeneration, other evidences such as synovial tissue
inflammation and alteration in subchondral bone imply the fact
that OA is a disorder of the whole joint complex [2]. Therefore, as
a multifactorial disease whose exact mechanism of action is not
thoroughly understood yet, the current treatments concentrate
predominately on symptom suppression and pain alleviation by
prescribing anti-inflammatory drugs [3]. The most recent
approaches which have been put into practice attempting to
recover cartilage regeneration are intraarticular injection of
biologic agents such as growth factors, platelet rich plasma (PRP)
[4], bone marrow aspirate concentrate, adipose-derived and
bone-marrow mesenchymal stromal cells or their secretome [5].
Although the application of orthobiologics has demonstrated
promising outcomes in functional improvement and symptom
relief, further research is needed to determine more precisely
their method of action and efficacy. Another shortcoming related
to the use of biologics might also be attributed to the inconsistent
and unreproducible results due to its donor dependency
characteristics, culminating in lack of standard preparation and
administration protocols. In this scenario, developing relevant
models to study OA pathogenesis and to compare innovative
therapeutics which actually counteract the disease progression is
crucially needed. In this regard, animal models might sound

more appealing as they provide more clinically translatable
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results. However, considering the ethical issues, high cost and
inherent differences with human physiology, the development of
complex in vitro models which can mimic as closely as possible
the in vivo microenvironment represents a reliable solution to
accelerate the development of new OA treatments [6]. The
currently available in vitro models have failed to recapitulate the
complexity of articular joints when studying OA. This stems
largely from the fact that they are often over simplified models
including only one element involved in OA such as cartilage,
neglecting the important role of other joint elements and the
crosstalk between different cell types. Another important factor
to consider when developing a reliable model of such
heterogenous organs is including relevant extracellular matrix
component related to each tissue present in the system. In fact,
the cell behaviour can be influenced by the physical and
biochemical cues that the extra cellular environment imposes [7].
This is even of greater significance when it comes to modelling
the articular cartilage as it is a complex tissue with hierarchical
structure made of mainly collagen, proteoglycan and hyaluronic
acid [8]. Microfluidic, due to the numerous advantages it can
offer, is a great means in the context of OA 3D in vitro modelling
and assessing candidate therapeutics. To name a few, it allows
recapitulating cell-matrix and cell-cell interactions within

compartmentalized 3D microenvironment requiring minimal
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number of cells and biochemical reagents [9]. Although a
plethora of in vitro models of articular joints from monolayer
culture to 3D multi-tissue microfluidic ones have been developed
[10], few of them are organotypic models exploited to study the
pathogenesis of OA and to test potential therapeutic targets.
Recently, a joint-on-chip model including synovium and cartilage
was developed to study the excessive monocyte extravasation in
osteoarthritic conditions and potential inhibitors of the process
was examined [11]. In another microfluidic model which was
used as a drug screening tool, the osteochondral interface was
incorporated to also include the role of subchondral bone in the
pathogenesis of OA [12]. Occhetta and colleagues also offered a
screening platform to examine the effect of candidate drugs
currently under-investigation through a mechanically actuated
cartilage-on-chip model [13].

However, within the previously developed models, the
chondrocytes were cultured in hydrogels made of non-
cartilaginous polymers. The adequacy of ECM surrounding cells
is a crucial point especially for chondrocytes, terminally
differentiated cells prone to hypertrophy and to phenotypic
change [14] when cultured in standard culture systems [15]. For
this reason, the development of more physiologic hydrogels

would be of great importance in this field. In addition, in these
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devices only chemical drugs were tested, while no platforms
evaluated innovative biological approaches.

In the present study we designed a microfluid chip incorporating
three main channels resembling synovial membrane, articular
cartilage and the joint cavity, filled with synovial fluid. To better
mimic the cartilage extracellular matrix, we compared the
chondrogenic properties of hydrogels made of collagen and
hyaluronic acid and their combination for the culture of
chondrocytes in the model. After characterizing the hydrogels as
well as the whole model, it was used to assess its potential in drug
screening application. As an example, we evaluated the biological
effect of two different types of mesenchymal stromal cells
(MSCs), added in the model resembling an intra-articular
injection, as one of the currently used treatment methods of OA

[16].
Materials and methods

OA joint on chip model design and fabrication

Chip design. To reproduce the three different articular
compartments, the final configuration of the chip, designed with
the of CAD software (AutoCAD, AutoDesk Inc.), comprised five
channels. We designed the chip to inject the syn flu the central
channel, the two articular cell types in the two different flanking

compartments while the culture medium in two externals (Figure
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1A, C). The length of all channels was 6 mm, the height was 150
um and the width of the two channels for the cell seeding was
1000 pm, while for the central one was 600 pum. Trapezoidal and
regularly distributed posts with a width of 400 um delimited the
two cell compartments and prevented the hydrogels from
leakage during the injection.

Production of the PDMS device. Firstly, we drew the master mold
by CAD software that was then printed with a digital light
processing (DLP) 3D printer (Asiga, Sydney, Australia) using the
FREEPRINT®(] 385 grey liquid photopolymer (Detax), cured
under light exposure following the manufacturer’s instructions.
Then, the microfluidic chips were fabricated by replica molding
using polydimethylsiloxane (PDMS) mixed with the curing agent
at a ratio of 10:1, poured on the printed molds and cured at 65°C
for 2 hours. Once solidified, we used biopsy punch to form the
inlets and outlets of the channels. In particular, we used a 1,4 mm
punch for the three inner channels and a 4 mm puncher for the
two externals. The chips were then autoclaved and allowed to dry
at 65°C for at least 12 hours. Finally, the devices were bonded to
glass slides (35 mm in diameter, Menzel-Gldser Braunschweig,
Germany) using plasma (Harrick plasma, Ithaca, USA) and
incubated overnight at 65°C (Fig 1B).
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Figure 1. (A) Schematic representation of the configuration of the final device. (B)
Picture of the bonded device with highlighted the compartment for the hydrogels. (C)
CAD reconstruction of the three configurations of the chip: the device alone (left), with

articular cells (central) and with MSCs in the central channel.

Biological samples

All the human-derived biological specimens used in this study as
well as the sampling techniques were in accordance with the
respective guidelines, regulations and procedures of the Ente
Ospedaliero Cantonale (Bellinzona, Switzerland) and the
Galeazzi Orthopaedic Institute (Milan, Italy) and were approved
by the ethical committee (approval n. 2020-00029). All the
biological samples were collected upon the acceptance of the
informed consent from the donors.

Model development and optimization. Arthritic synovial fluid (syn
flu) was collected from the knee of arthritic patients underwent
total knee arthroplasty at the Regional Hospital of Lugano

(Switzerland). Healthy synovial fluid was collected from an
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organ donor without any previous history of OA at the Lugano
hospital (male, 52 years). It was pooled with commercial healthy
syn flu collected from a female donor (Articular Engineering,
Northbrook, USA). Cartilage and synovial membrane samples
were collected from the same four end-stage arthritic patients (2
males, 66 + 9,9 years; 2 females, 57,5 + 0,7 years) underwent total
knee arthroplasty at the Regional Hospital of Lugano.
Patient-specific OA model. From the same donor we collected syn
flu, synovial membrane and cartilage. Four arthritic patients
underwent total knee arthroplasty at the Lugano Hospital were
recruited: 2 males (70 + 14,1 years) and two females (65,5 + 13,4
years). For this model we also collected bone marrow and
infrapatellar fat pad from the same four donors: 2 males (average
age: 58 + 8,5 years) and two females (average age: 59 + 8,5 years).
These donors underwent total knee arthroplasty at the Galeazzi
Orthopedic Institute.

Primary cell isolation and culture

All the biological tissues, except for the bone marrow, were first
mechanically digested into small pieces (~ 2 x 2 x 1 mm).
Subsequently, the synovial membrane was digested with
Collagenase type I (Worthington Biochemical Corporation,
Lakewood, USA) at a concentration of 2.5 mg/mL in complete
culture medium (chondro-CM) for 3 hours in an orbital shaker

(110 rpm) at 37°C. Cartilage was treated with Collagenase type II
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at a final concentration of 0,15% in chondro-CM for 22 hours, at
37°C in an orbital shaker at 110 rpm. Adipose tissue was digested
at 37°C for 30 minutes with Collagenase type I diluted in MSC-
CM at a final concentration of 0,075%.

The chondro-CM consisted in Dulbecco's modified Eagle
medium (Gibco, ThermoFisher Scientific, Waltham, USA), 10%
fetal bovine serum (FBS, Gibco, ThermoFisher Scientific), 2 mM
L-glutamine, 100 U/ml penicillin, 100 pg ml-1 streptomycin, 10
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1 mM sodium pyruvate (all from Gibco). Only for
chondrocytes, we added TGF-f and basic-FGF at a final
concentration of 1 and 5 ng/mL, respectively. The MSC-CM was
made with Minimum Essential Medium Eagle - Alpha
Modification (a-MEM) with the addition of the same factors used
for the articular cells CM but without glutamine and sodium
pyruvate. To both the MSC cell types we added basic-FGF at a
final concentration of 5 ng/mL.

After the enzymatic digestion, the collagenase was inactivated in
all the tissues by the addition of the same volume of the
respective CM and the solution was filtered using a 100 um cell
strainer. The cells were resuspended in the respective fresh CM,
plated at a density of 5000 cells/cm?2 and cultured for one passage
(chondrocytes) or until passage 2 (fibroblast-like synoviocytes
(FLS) and ASCs) and then they were frozen and stored at -150°C.
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For the pools, the chondrocytes, FLS and ASCs from the
respective donors were thawed, plated and when confluent the
same number of cells from each donor was pooled together and
cultured until passage 3 (chondrocytes and ASCs) or 4 (FLS).
The bone marrow was centrifuged at 510g for 10 minutes at RT,
washed with PBS (Gibco) and then the cells were resuspended in
MSC-CM and plated. After one week, the cells were washed with
PBS to remove red blood cells and we continued the culture until
passage 2. The cells were then treated and pooled as previously
described for ASCs.

Hydrogel selection

Synovial membrane compartment. Fibrin hydrogel is widely used in
other musculoskeletal microfluidic models. Therefore, we
employed this gel as the matrix for the synovial membrane
compartment. 40 mg/mL of human fibrinogen (Sigma-Aldrich, St.
Louis, USA) were mixed with 4 U/mL thrombin diluted in
calcium chloride (40 mM, pH 7,5). at a 1:1 ratio and the gelation
was achieved by incubating for 5 minutes at 37°C.

Cartilage compartment

Natural polymers that are structural components of the
extracellular matrix (ECM) of native cartilage were selected as
support matrix for mimicking cartilage tissue. In particular, the
photocrosslinkable hyaluronic acid (HA) and collagen (Col)

derivatives, namely methacrylate Hyaluronic Acid (HA-MA,
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degree of methacrylation of 45-65%) and methacrylate Collagen
type I (Col-MA, degree of methacrylation of 20%) were
purchased from Advanced BioMatrix and were selected as 3D
hydrogel network for chondrocytes encapsulation. The
lyophilized Col-MA was reconstituted, as suggested by the
supplier, at a concentration of 8 mg/mL by adding 20 mM acetic
acid and by incubating overnight under stirring at 4°C. Instead,
the HA-MA was reconstituted at 30 mg/ml and afterwards was
diluted to reach a final concentration of 15 mg/mL. HA-MA was
employed both as self-standing material and for generating
polymeric network with Col-MA. In particular, Col-MA/HA-MA
(MIX) hydrogels were obtained by mixing the two polymers at
selected ratios (1:2, HA-MA 6 mg/mL and the Coll-MA 3 mg/mL,
and 1:6, 2 mg/mL HA-MA and 12 mg/mL Col-MA) and by
triggering the triple helix formation of Col-MA by pH
neutralization and temperature (37°C) before light exposure. The
final photo-crosslinking was triggered by light exposure (UV
light, 365 nm, 30 mW/cm?) and by using Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (Sigma) as photoinitiator.

Additionally, a Thiol-Modified Hyaluronan hydrogel, the
Hyaluronic acid with Polyethylene (glycol) Diacrylate (PEGDA)
crosslinker (HA-PEGDA) (Advanced BioMatrix) was employed.
The gelation of HAPEGDA was obtained as suggested by the

supplier by mixing the two components with a ratio 1:4.
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Fibrin gel was selected as control matrix for the cartilage
compartment. The concentration of both fibrinogen and thrombin
was kept the same as the one in the synovial membrane
compartment. The final concentration of cells used for each
hydrogel was 1.5 M of cells/mL. These hydrogels were first tested
as bulk materials outside the microfluidic device, and
subsequently the more promising ones were employed in the
microfluidic devices. The culture conditions and the fibrin and
cell seeding density were previously optimized (Supplementary
Figure 1 and 2).

Rheology

The rheological properties of the hydrogel specimens were
assessed with a rotational rheometer (MCR 302, Anton Paar)
equipped with a parallel plate geometry (& =25mm, working
gap = 0.2 mm). Silicone oil (Sigma Aldrich, 10836) was applied to
seal the plate-plate during each measurement. Table 1 resumes
the tests carried out and the parameter set for each test. Shear rate
sweep tests in the 0.1 — 1000 s-1 shear rate (y’) range were carried
out at 25 °C on each pre-gel formulation (i.e., prior to physical or
chemical crosslinking) to assess their injectability. Then, strain
sweep tests were performed on each hydrogel formulation by
applying an oscillatory strain (y) in the 0.01-100% strain range at
1 Hz frequency (v). Strain sweep tests were carried out i) at 25 °C,

ii) 37 °C, and (iii) at 37 °C after UV curing for photo-crosslinkable
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gels. Such analyses allowed for the identification of the linear
viscoelastic region (LVR) of each hydrogel formulation and, were
applicable, the effects of physical (i.e., temperature-mediated)
and chemical (i.e., UV-mediated) crosslinking.

Then, time sweep tests were performed on selected hydrogel
formulations to determine the kinetics of crosslinking. Each
specimen was first pre-conditioned at 25 °C for 1 min (y = 0.5 %,
v =1 Hz), then the temperature was raised at 37 °C (y=0.5 %, v =
1 Hz) and the viscoelastic parameters (G’, G”’) measured, as a

function of time, for 30 min.

Sample Shear rate | Strain sweep Time sweep

sweep

(Pre-conditioning: t =
(Pre-conditioning: 30 min, T=37°C) 60s, T=25°C,v=1
Hz, y=0.5 %)

HA-PEGDA
v=0.01-100 %, v=1Hz
T=37°C t=0-30 min, T = 37
°C,v=05%,v=1Hz
HA-MA y=0.01-1000s" | y=0.01-100 %, v=1Hz
T=25°C T=37°C,37°C+UV
MIX 1:2 v=0.01-100 %, v=1Hz (Pre-conditioning: t =
MIX 1:6 T =25°C,37°C,37°C+UV 60s, T=25°C,v=1
Hz, y=0.5 %)
Fibri v=0.01-100 %, v=1Hz
10rin

T=37°C t=0-30 min, T = 37
°C,vy=05%,v=1Hz

Table 1 — Rheological characterization: hydrogel formulations and tests type

Evaluation of chondrocyte phenotype outside the model

To select the most promising hydrogel for the 3D culture of the
chondrocytes within our model, we evaluated and compared the
phenotype of the chondrocytes cultured in the previously

described hydrogels. Passage 3 chondrocytes were detached and
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resuspended in a HA-MA of HA-PEGDA solution. For the HA-
MA hydrogels, the chips were immediately exposed to UV light
for 30 seconds. For HA-PEGDA, the cells were resuspended in a
solution of Glycosyl and PEGDA (at a fixed ratio of 1:4), aliquoted
and added in the respective wells of a 96-well plate. The hydrogel
polymerization took 30 minutes after cell seeding at 37°C. The cell
seeding procedure for the Col-MA/HA-MA hydrogels was the
same. The cells (1,5 M/mL) are added to the pre-polymers, the
hydrogel was incubated at 37°C and then exposed to UV light for
30 seconds.

Live and Dead assay. The viability of the cells was assessed at day
1 and 10 using live/dead assay (ThermoFisher Scientific). At each
time point, the fluorescent dyes, diluted in the same medium
used in the culture, were added and the sample were incubated
for 60 minutes in a humidified incubator (37°C, 5% CO2)
protected from light to allow the diffusion of the dyes within the
hydrogels. After the incubation, pictures were taken with
microscope (Eclipse Ti, Nikon, Japan) equipped with a CCD
camera (Nikon DS-QiMc) at magnification 4X and 10X.

Metabolic activity. The metabolic activity of the cells embedded in
the hydrogels previously described was quantified after 1, 4 and
10 days of culture using the AlamarBlue assay (Invitrogen,
Waltham, USA). A 10% v/v solution of AlamarBlue diluted in

Chondro-CM was directly added to each well. The samples were
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kept for further 4 hours in the humidified incubator (37°C, 5%
CO2), protected from direct light. Finally, 100 uL of supernatant
from each well were put in a 96 well-plate (Corning, Corning,
USA) and the fluorescence (excitation wavelength: 560 nm,
emission: 590 nm) was read using a plate reader (Infinite M Plex,
Tecan, Mannedorf, Switzerland).

Optimization of the hydrogels within the chip

Cell seeding. Chondrocyte and fibroblast-like synoviocytes pools
were seeded within the microfluidic chip at a final density of 1,5
x 106 cells/mL. The cell density was previously optimized to
prevent hydrogel degradation and the sprouting of the cells from
the gel (Figure S1 and S2).

Passage 3 chondrocytes were detached and resuspended in a HA-
MA of HA-PEGDA solution. For the HA-MA hydrogels, the chips
were immediately exposed to UV light for 30 seconds. For HA-
PEGDA, the cells were resuspended in a solution of Glycosyl and
PEGDA (at a fixed ratio of 1:4), aliquoted and injected in the
respective channel. Approximately, 7-8 puL of cell suspension,
containing around 10.000 cells, were injected to fill the channel.
The hydrogel polymerization took 30 minutes after cell seeding
at 37°C.

FLS at passage 4 were resuspended in thrombin (final
concentration of 2 U/mL, in CaCl2 (40 mM, pH 7.5), aliquoted,

mixed with the same volume of fibrinogen (final concentration of
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20 mg/mL) and the solution was injected in the respective channel
of the chip. The volume of the hydrogel and the number of the
injected cells was the same as for the chondrocytes. After the cell
injection the chips were kept in a humidified chamber in the
incubator (37°C, 5% CO2) for 5 minutes to allow the fibrin gel
gelation.

When the hydrogels were polymerized, we injected 5 puL of
pooled arthritic or healthy syn flu or serum-free chondrogenic
medium in the central channel. Finally, we added 100 uL of the
serum-free chondrogenic medium in each external channel. This
medium was made of Dulbecco's modified Eagle medium (Gibco,
ThermoFisher) with the addition of, 2 mM L-glutamine, 100 U/ml
penicillin, 100 pg ml-1 streptomycin, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic =~ acid  (HEPES), 1%  ITS+
(ThermoFisher Scientific; containing insulin, human transferrin
and sodium selenite at a final concentration of 10 pg/mL, 5,5
ug/mL and 6,7 ng/mL respectively) and 1,25 mg/mL of HAS. We
then moved the chips in each of a 6-well plate (Corning, Glendale,
USA) and we filled with PBS the space between the wells to create
a humidified chamber. The devices were cultured in incubator for
1, 4 or 10 days, changing the medium or the syn flu only at day 4,
accordingly to the experimental group. For the devices in which
we wanted to assess the expression of metalloproteinases

(MMPs), we impeded the protein secretion by using brefeldin
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(Sigma-Aldrich). Briefly, we aspirate the medium in the chips,
and we injected the brefeldin, diluted at a final concentration of
1:1000 in serum-free chondrogenic medium, and we incubated
for 5 hours in incubator at 37°C. After the incubation the devices
were further processed for immunostaining as described below.
Cell viability. To check the viability of the cells, after 1, 4 and 10
days we performed Live and Dead assay (ThermoFisher). Briefly,
we aspirated the medium from the channels and washed with
PBS before adding the Live/Dead solution and incubating at RT
for 10 minutes in the dark.

Cell phenotype. To check the phenotype and the expression of
specific proteins, we performed immunofluorescence analysis.
We fixed the chips with 4% paraformaldehyde for 10 min at RT
and we blocked aspecific binding site by incubation with 1%
bovine serum albumin (Sigma-Aldrich) in PBS. Then we added
the following primary antibodies diluted in PBS: Anti-Collagen
type 1 (1:200, ThermoFisher Scientific), Anti-Collagen type 2 (2
ug/mL, ThermoFisher Scientific)  Anti-Lubricin  (1:200;
Invitrogen), Anti-Aggrecan (2 pg/mL, ThermoFisher Scientific),
Anti-MMP-1 (1:100, Abcam, Cambridge, UK) and Anti-MMP-13
(1:200, Santa Cruz Biotechnology, Dallas, USA). After incubation
of 1 hour at 37°C, the primary antibodies were washed away and
the respective secondary antibody was added and incubated 1

hour at 37°C. We used anti-mouse and anti-rabbit secondary
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antibodies (both at 2 pug/mL, Thermofisher). Finally, the nuclei
were stained with NUCBLUE-DAPI (ThermoFisher Scientific, 8
drops/mL) for 20 minutes at room temperature and pictures were
taken at the microscope (Nikon).

Patient specific OA joint on chip model

The primary chondrocytes and FLS, at passage 2 and 3
respectively, isolated from the same arthritic patient were seeded
as previously described. For chondrocytes, based on the results
of the optimization phase, we injected the cells only in the HA-
PEGDA hydrogel. After the cell seeding, we added the patient
specific syn flu in the central channel and the serum-free
chondrogenic medium in the two external ones. The devices were
cultured in incubator at 37°C and 5% CO2 in the humidified
chambers previously described for 4 and 10 days. At day 4, we
collected the medium from the two external channels of the chip
for cytokine quantification. Then, fresh medium was added and
the ASCs or BMSCs were injected in the central channel. Briefly,
pooled BMSCs and ASCs at passage 3 were detached from the
culture flasks and resuspended in the donor matched syn flu at a
concentration of 1 million cells/mL and, simulating an intra-
articular injection of heterologous MSCs, were injected in the
central channel of the device, accordingly to the experimental
groups. In the control group we injected only donor matched syn

flu with no MSCs. We cultured the chips for further 6 days. On
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these donor-matched models, we quantified the cytokines in the
syn flu and culture medium collected on day 4 and day 10, as
previously described in the “Optimization of the hydrogels
within the chip” section. The samples used for this analysis were:
the culture medium of the articular cells of all the donors before
the seeding, culture medium of the ASCs and BMSCs, the
synovial fluid of each donor and the medium collected from the
chips at day 4 and 10.

Fluorescence signal quantification. The immunostaining images
acquired using a Leica SP8 confocal microscope were analysed
using Image] software where a custom macro was developed to
perform different passages as described below. First of all, the
images were split in the 4 channels and then for each channel, a
"Z project" with max intensity projection was performed and a
representative merged channels image was saved. For each
projected channel a custom regulated threshold was performed,
and the result was analysed with “Analyze Particles”" excluding
the particles smaller than 10 um?, to count all the signal spots. The
spots were then converted to a mask, that was applied to the
original non-thresholded channel to evaluate the signal intensity
only in the ROIs previously extracted. The nuclei were separated
with the function “Whatershed” and then were automatically
counted by the “Analyze Particles”. All the data were then saved

in an .xls file for subsequent statistical analysis.
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Cytokine quantification. To assess our device as potential screening
platform for biological treatments of OA, we evaluated the
secretion of inflammatory and anti-inflammatory cytokines in
control conditions and in presence of BMSCs and ASCs in our
donor specific OA joint on chip model. We used the Q1
Quantibody array (Ray Biotech, Peachtree Corners, USA) for the
quantification of 10 human cytokines in the following samples:
the culture medium of the articular cells of all the donors before
the seeding, culture medium of the ASCs and BMSCs, the
synovial fluid of each donor and in the medium collected from
the chips at day 10. In addition, we also included in the analysis
the healthy and OA syn flu and the medium collected at day 10
from the three experimental groups described in the previous
section (“Optimization of the hydrogels within the chip”).
Following the manufacturer’s instructions, we first prepared the
standard curve by serially diluting the standard provided in the
kit. Then we blocked the slides for 30 minutes at RT before adding
100 pL of sample or standard in the respective wells and
incubating overnight at 4°C. The slides were then washed and 80
uL of the biotinylated detection antibody cocktail was added for
2 hours at RT. Finally, the slides were incubated with 80 uL of the
Cy3 equivalent dye-streptavidin for 1 hour at RT, washed and left
to dry. Slides reading and data extraction were outsourced to

TebuBio (France). To better visualize and compare the whole
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data, they were normalized keeping as 100% the highest
concentration value for each cytokine. Normalized data were
then reported in a heatmap, while raw data are displayed in
Figure 54 on the Supplementary material.

Statistical analysis

The results reported in this study are shown as mean + the
standard deviation (SD). We used the software Prism GraphPad
Software Version 9 to perform the statistical analyses. In
particular, the statistical difference was quantified by one-way
ANOVA, followed by the post-hoc Tukey's multiple tests and

statistical significance was defined as p<0,05.

Results

Characterization of the hydrogels for the chondrocyte culture
Rheological properties

Aiming at characterizing mechanical properties of the selected
hydrogel formulations, we assessed the flow, strain sweep, and
time sweep curves of their formations. For all the formulation
tested, the viscosity decreased with the increasing of the shear
rate, evidencing a shear-thinning behaviour, thus demonstrating
a good injectability for all the hydrogels (Fig. 2A). Among the

different samples, fibrin gel showed the highest viscosity in the
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first part of the curve, while the viscosity of the HA-PEGDA was
slightly lower than that of the other specimens.

Strain sweep measurements were then carried out at, according
to the hydrogel formulation (Table 1), 25 °C, 37 °C, and at 37 °C
after UV irradiation, with the purpose of studying the effect of
physical (i.e.,, temperature-mediated) and chemical (i.e., UV-
mediated) crosslinking on the viscoelastic behaviour of the
specimens. Figure 2B reports the strain sweep curves for all the
tested formulations in their functioning conditions (i.e., after
crosslinking in the microfluidic device), to explore the mechanical
milieu experienced by the cells. For all the samples, G’ resulted
almost constant at low shear strains while for higher strain
values, in all the specimens (except for HA-PEGDA) the G’
decreased until reaching similar of lower values than G”. On the
contrary, the values of the G’ and the G” in the HA-PEGDA
hydrogel were constant, with the former always higher than the
latter. For the subsequent characterization, the limit of the LVR
was set at Yy = 0.5 % for all the specimens. As it is possible to
observe from Figure 2B, the two MIX hydrogels showed similar
values of G’ in the VLR range and they were the highest
compared to the other hydrogels. The G’ of the fibrin gel, with
values of about 300 Pa in the VLR, was in turn higher than that of
the hydrogels made of hyaluronic acid (HA-PEGDA and HA-
MA) which showed similar values of ~100 Pa.
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Lastly, we performed also time sweep measurements (Fig. 2C) to
follow the crosslinking kinetics in all the formulations. It was not
possible to test UV-mediated crosslinking, in our experimental
setup for measuring time sweep, thus HA-MA specimen was not
tested, since not subjected to any crosslinking (e.g., temperature-
mediated) unless UV irradiated. MIX 1:2 and MIX 1:6 displayed
a fast increase in the viscoelastic parameters within 1 min, after
which a plateau is reached and preserved until the end of the test.
Observing the conservative moduli, MIX 1:2 presented higher
values compared with MIX 1:6. Fibrin formulation showed a
significative increase of the G’ within the first 10 min of test. After
such a rapid increase, G’ displayed only a slight increase in time
until the end of the test. A different behaviour was observed for
the HAPEGDA formulation: initially (t < 6 min) the G’ and G”
had similar values, while later G’ significantly increased
approaching a plateau by the end of the test. The significantly
different time taken by HAPEGDA to reach a plateau in
rheological properties during crosslinking evidence its longer
crosslinking process, as compared to the other hydrogel

formulations.
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Figure 2. (A) Representative shear rate sweep tests for the pre-gel formulations. (B)
Representative strain sweep tests performed on all the tested hydrogel formulations in
their functioning conditions (i.e., after crosslinking in the microfluidic device). Filled
symbol = G’, empty symbol = G”. (C) Representative time sweep tests on selected

hydrogel formulations.

Hydrogel cytocompatibility. Firstly, we assessed and compared the
viability and the metabolic activity of the chondrocytes
embedded within the different hydrogels at day 1, 4 and 10. As
shown in Figure 3A the Live/Dead viability assay showed that the
fibrin gel, assumed as control, maintained a high viability of the
chondrocytes during the entire culture period. The cells cultured
in the HA-PEGDA showed slightly lower values at all the time
points compared to the fibrin preparation but at the end of the

culture period the viability was the highest among the new
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formulations (around 70%). In fact, the cell viability in the other
hydrogels dropped after 10 days to value of about 60% or even
lower in the MIX 1:6, while in the 1:2 Col-MA/HA-MA hydrogel
this decrease was already evident after 4 days after the seeding.
The metabolic activity (Fig. 3B) of the chondrocytes cultured in
the fibrin gel, assessed with Alamar blue assay, showed an
alternating trend during the culture period. In fact, when
compared with day 1, it increased after 4 days but then decreased
at day 10 to a value that was lower than initial one. On the
contrary, the metabolic activity of chondrocytes cultured in the
HA-PEGDA hydrogel depicted an increasing trend during the
time. It started from a lower level than that of the fibrin at day 1
but then it augmented and reached the maximum at day 10 that
was similar to the day 4 of the fibrin gel. The HA-MA behaviour
was similar to the HA-PEGDA.: it increased over the time but with
lower values than those measured with the HA-PEGDA. Finally,
both the Col-MA/HA-MA mix 1:2 and 1:6 showed the same
tendency over the time of the fibrin gel, but the metabolic activity
of the chondrocytes resulted much lower than the all the other
hydrogels, especially for the mix 1:6.

Maintenance of the correct chondrogenic phenotype. We performed an
immunostaining to target the presence of Collagen type 2 (Fig 3C)
and Aggrecan (Fig. 3D) at day 4, 10 and 21 to compare the

chondrogenic properties of the new hydrogels. In the fibrin
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hydrogel, the chondrocytes resulted negative for both the
markers during time, also after 21 days from the seeding. On the
contrary, cells cultured in the HA-PEGDA hydrogel showed the
strongest expression of the two markers, presenting a good
expression already at day 4, that further increased at day 10 and
21. The same increasing trend was observed in the other three
hydrogels, though with differences. In fact, at day 10, the end of
the culture period in our chip, a high number of cells resulted still
negative for collagen 2, whose expression was substantially
promoted only 21 days after the cell seeding. Regarding the
aggrecan, the HA-PEGDA still stimulated the strongest
expression, that was already detectable at day 4 and then
increased over the time. The results of the HA-MA hydrogels
were similar, and a good signal was observed also at day 10. On
the other hand, the two mix hydrogels still allowed a lower
expression of also aggrecan, even if it was higher than that of the
collagen 2. Given the significantly lower viability, metabolic
activity and chondrogenic capability of the HA-MA and the 1:2
and 1:6 Col-MA/HA-MA hydrogels, we decided to not include

them in the following part of the optimization within the device.
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The selected HA-PEGDA hydrogel for the chondrocytes, together
with the fibrin gel used as standard, were then characterized
within the microfluidic devices in association with FLS
embedded in a fibrin gel in the other channel and synovial fluid
in the central channel. We assessed the cell viability at day 1, 4
and 10 and the expression of specific markers at day 4 and 10.
Regarding the FLS, the culture period did not have an effect on
the viability, that resulted always higher than 80% at all the three
time points and exceeded 90% at day 10 (Fig. 4A). We also found
positivity for the expression of collagen type I already after 4 days
from the seeding, that was maintained until the end of the culture
period. Similarly, we detected also the expression of lubricin, an
FLS specific marker that differentiate FLS from other fibroblast
lineages [17] (Fig. 4B). In fact, already at day 4 a good percentage
of the cells expressed the marker, whose expression resulted
strengthened at day 10. Regarding the chondrocyte
compartment, we found a decreasing trend of their viability
during the time within the chip (Fig. 4C). The values in fibrin
compared to those in HA-PEGDA were slightly higher at day 1
(92,6% vs 88,6%) and day 4 (79,8% vs 73,1%), whilst the difference
was significant at day 10 (81,6% vs 67,1%), however being not
very far from the values shown in both gels outside the chip. We
performed immunostaining to confirm the phenotype of the

chondrocytes cultured in the HA-PEGDA also within the device
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microenvironment. Similarly to what we’ve seen in the culture
outside the chip, the cells showed a strong and time-dependent
expression of both collagen II and aggrecan, visible already after

4 days from the injection (Fig. 4D).
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Figure 4. (A) Viability at different time points of FLS cultured in the fibrin gel within
the device for up to 10 days. (B) The phenotype of the same FLS after 10 days of culture.
Antibody for Collagen I was used in the upper panels, while for Lubricin in the lower
ones. Nuclei are stained in blue, targets in green. (C) Viability of chondrocytes cultured
in fibrin or in HA-PEGDA hydrogel within the device. Data are reported as mean +

standard deviation. Confirmation of the expression of Collagen II (upper panels) and
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Aggrecan (lower panels) of the chondrocyte embedded in the HA-PEGDA within the

chip. Nuclei are stained in blue, targets in green.

Optimization of the joint environment - effect of the synovial
fluid

We then evaluated the effect of the synovial fluid on the articular
cells in the joint on chip microenvironment. We cultured both FLS
and chondrocytes in their respective hydrogels with the addition
of serum-free medium, pooled healthy or arthritic Syn Flu in the
central channel. We then compared among the three groups the
cell viability, the cell morphology and the expression of different
markers and cytokines.

Cell viability. The data reported in Figure 5A and quantified in
Figure 5B, showed that the synovial fluid had in general a
positive effect on the FLS viability. In fact, the number of live cells
in presence of syn flu was significantly higher at day 4 as
compared to control conditions with culture medium (82,6% with
culture medium vs 92 and 95,9% for healthy and OA syn flu
respectively). However, OA synovial fluid had a detrimental
effect on FLS viability with the continuation of the culture period.
In fact, 10 days after the injection viability dropped below 75%,
being significantly lower than the healthy syn flu at the end of the
culture, that was stable at 92,6%. With the culture medium, the
cell viability remained constant at day 10 (83,2%). On the other

hand, the effect of synovial fluid on chondrocytes was positive at
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both time points (Fig. 5 C, D). In fact, with the addition of healthy
or arthritic synovial fluid, the cell viability was significantly
higher than that calculated upon the addition of the culture
medium. This effect was evident at day 4 (81,6% with the medium
vs. over 90% with the syn flu samples) and was even increased at
day 10, when the viability with the culture medium was only
65,6% compared to the 85% and 87% in presence of healthy and
OA syn flu respectively. No difference was found between the
two syn flu samples, with the arthritic one that resulted slightly
higher.

Cytokine quantification. To evaluate the effective establishment of
an arthritic environment within our model, we quantified the
concentration of 10 different cytokines at the end of the culture
period. For a better comparison, we quantified the same
cytokines in the healthy and arthritic syn flu used for these
experiments before the injection. The normalized data, reported
in Figure 5E, showed that the OA syn flu increased the secretion
of all the 10 cytokines by the articular cells compared with the
healthy syn flu and the medium. The MCP-1 concentration in the
microfluidic model cultured in presence of OA syn flu was too
high and exceeded the detection limit of the assay. On the
contrary, the healthy syn flu led to cytokine secretion levels
comparable to the medium, in fact only 3 cytokines (MCP-1, TNF-

«a, IL-10) were substantially more concentrated in the chips with
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healthy syn flu. Interestingly, the differences between the
arthritic and the healthy groups were not so clearly visible in the
respective original syn flu samples. The raw concentration data
are reported in Supplementary Figure 4.
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Figure 5. (A) Representative picture of the Live and Dead assay performed during the
optimization of the arthritic microenvironment of the FLS and (B) the quantification of
the percentage of live cells. Same analyses performed on the chondrocytes cultured in

HA-PEGDA hydrogel (C, D). Heatmap reporting the mnormalized cytokine
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concentration data. The value of MCP-1 in the syn flu sample at day 10 exceeded the

detection limit of the assay.

Protein expression. To further assess the biological effects of the
syn flu in our model, we also performed immunostaining for cell
type-specific markers and metalloproteinases, after the inhibition
of protein secretion trough brefeldin treatment, at 10 days of
culture. The FLS expressed collagen type I at similar level in all
three conditions, even if in the OA syn flu group, it was
qualitatively lower than in the others (Fig. 6A, top row). On the
contrary, we detected differences in the expression of Lubricin
and MMPs. In fact, Lubricin was almost not expressed by FLS
cultured with medium. Similarly to the collagen-I, the strongest
expression was observed in the healthy syn flu, while with the
arthritic one, a smaller number of cells expressed it (Fig. 6A,
middle row). Regarding the MMPs, the worst scenario was
noticed in the culture medium group: several cells resulted
positive for MMP-13, while fewer cells expressed MMP-1. In
addition, we also found the contemporary expression of both
MMPs in some cells. In healthy syn flu group, we found a clear
prevalence of the signal from MMP-1, while MMP-13 was poorly
detected. In the OA syn flu, we did not observe a clear
preponderance of one signal over the other (Fig. 6A, bottom row).
In both the syn flu groups we detected both the signals from
MMP-1 and -13 only in few cells.
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Regarding the chondrocytes, the collagen type II resembled what
we found in the optimization phase: a widespread and strong
expression in most of the cells in all the three conditions (Fig. 6B,
top row). The aggrecan seemed to be qualitatively more widely
produced in the two syn flu groups, especially in the OA group
(Fig. 5B, middle row). Similarly to what seen for the FLS, the
culture medium determined the strongest expression of both the
MMPs. However, together with the high number of cells that
expressed the MMP-13, there were more cells positive for the
MMP-1 than the FLS and more double positive cells. In the syn
flu groups, the strongest production of MMPs was found in the
OA group, with a prevalence of the MMP-13 and few cells with
double positivity. On the contrary, in the healthy syn flu the
expression of both the MMPs was very low and most of the cells

were positive for the MMP-13 (Fig. 6B, bottom row).
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in presence of culture medium (left column), healthy (central column) or arthritic
synovial fluid (right column) in the central channel. (B) Immunofluorescence analysis
performed on chondrocytes to detect Collagen II (green, top row), Aggrecan (green,
central row) and MMP-1 (red) or MMP-13 (green, bottom row). Nuclei are stained in

blue; scale bar = 100 nm.

Donor-matched model and MSCs effect

Protein expression. As previously performed for the optimization
of the arthritic microenvironment, we assessed the articular cell
phenotype and their secretion of degradative enzymes in three
donor-matched models. The hydrogels in the fourth donor
resulted more degraded and we did not perform this analysis on
these samples. For each marker, the positive area was quantified
and then normalized on the number of the nuclei quantified in
each picture. The FLS expressed collagen type I at similar levels,
in fact we found a statistically significant increase only in the ASC
group of donor 1 and in the control group of donor 2, as shown
in Figure 7A. As expected, the secretion of collagen I by the
chondrocytes was lower (Figure S5 A). The expression of lubricin
resulted more homogeneous among all the fibroblast samples,
while chondrocytes displayed more variability.

The inter-individual variability emerged also from the
chondrocytes, as showed in Figure 7B. In general, they showed
similar values of positive area for collagen type II and aggrecan,
except for some samples, for instance the ASC group of donor 1

and the BMSC group of donor 3. As expected, the expression of
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collagen type II by fibroblasts, reported in Figure S5 B, was close
to zero, while that of the aggrecan was slightly higher, even if not
at the chondrocyte level.

Regarding the expression of the two metalloproteinases, different
trends emerged from the donors, as reported in Figure 7C-D. In
fact, in donor 3 both ASCs and BMSC decreased the expression of
both MMP-13 and MMP-1. On the contrary, in donor 2 we
detected more positivity in the MSC groups (except for MMP1 in
the chondrocytes). The values in donor 1 was almost comparable
between the different samples and markers, with exception for
the ASC group, that showed lower signal of MMP-13 in the
chondrocytes and MMP-1 in the fibroblasts. Also in the case of

MMPs, no statistical differences were found.
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signal, normalized by the number of the nuclei, are reported for each marker.
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Cytokine quantification. To collect quantitative data from a
relatively high number of targets and considered the low volume
available from the microfluidic devices, we used a multiplexed
array for the quantification of the concentration of ten cytokines.
In Figure 8 and 9 we reported the results related to 7 cytokines in
which it was possible to outline a trend among the different
donors. In general, the concentration of the pro-inflammatory
cytokines (Fig. 8) in the syn flu resulted lower or comparable than
that quantified in the devices. In all the four donors the
concentration of IL8 resulted lower in the ASC compared to the
BMSC group and the value of the ASC group were similar or
slightly lower to the values of the control group and to that at day
4. The concentration of IL18 and TNFa were instead mostly
comparable among the 4 different groups from the chips and the
syn flu, with few exceptions. On the contrary, MCP-1 increased
between day 4 and day 10 in most of the samples. The values in
both the MSCs groups were greater than the control group and
the BMSC group resulted higher than ASC in donors 3 and 4 (the

samples were more concentrated than the assay’s detection limit).
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Figure 8. Quantification of 5 different pro-inflammatory cytokines (IL1f3, IL8, TNFa
and MCP-1) in the synovial fluid and in the donor-matched microfluidic model at day
4 (D4) and day 10 (D10) with or without (Ctrl) the addition of BMSCs or ASCs. Data

are reported as pg/mL.

Regarding the cytokines for which bot anti- and pro-
inflammatory activity have been described, the concentration of
IL6 in the syn flu was always smaller than that evaluated in the
device, while IL13 was lower or comparable (Figure 9).
Interestingly, the level of IL6 in general decreased from day 4 to
day 10 in all the samples, with a greater reduction in the ASC
group that showed similar values than the control group, while
the concentration in the BMSC group was higher in 3 donors out
of 4. The data of IL13 were more variable between day 4 and day
10 and in donors 1, 2 and 4 the ASC were lower than the BMSC.

IL10, an anti-inflammatory cytokine, showed low concentration
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in most of the samples. Only donor 3 had detectable amount of
this cytokine and in control conditions its concentration
decreased during the time compared to the syn flu. On the
contrary, following the addition of mesenchymal stromal cells, it

increased with the addition of BMSCs and even more with ASCs.
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Figure 9. Quantification of cytokines with both pro- and anti-inflammatory effect (IL6
and IL13) and IL10, an anti-inflammatory cytokine. The data were assessed in the
synovial fluid and in the different samples from the donor-matched device. Data are

reported as pg/mL.

Since the concentration of ILla and IFN-y resulted highly
variable while that of IL4 was not detectable in many samples, we
couldn’t find any trend to comment. The results of these samples

are reported in Supplementary Figure 6.
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Discussion

In this work we aimed at optimizing an arthritic joint on chip
microfluidic model that could serve as innovative drug screening
platform, with the focus to evaluate the anti-inflammatory
potential of biological treatments for OA, such as MSCs. To assess
the immunomodulatory capability of biological treatments, we
used a five-channel microfluidic model to resemble the
cartilaginous and the synovial compartment, biochemically
connected by the synovial fluid. In fact, these three tissues are the
most involved in the establishment and the maintenance of the
positive pro-inflammatory feedback that cause the tissue
degeneration during the OA progression [18], [19]. Previous
experimental evidence demonstrated the key role of the cross-talk
between the synovial and the cartilage compartments in the
inflammation and in the degradative processes in in vitro or ex
vivo settings [20], [21]. Within our device, the two external
channels served as reservoir of serum-free culture medium, as we
found that the combination of syn flu and serum-free medium
preserved the hydrogel structure better than the complete
medium (Figure S2). We derived the composition of the serum-
free medium from previous studies that cultured cartilage
explants [22] and synovial fibroblasts in a 3D alginate hydrogel
[23]. Another advantage in using serum-free consists in avoiding

the detrimental effects of FBS on the phenotype and the
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chondrogenic potential of chondrocytes [24]-[26]. In addition, the
absence of the serum can also assure more standardized and
reproducible culture conditions and reduce the interference of
analytical assays [27], [28]. This is due to the complex and not
completely defined serum supplement composition, that can also
vary between different lots of the same manufacturer [29].

The maintenance of the proper phenotype of the chondrocytes,
that are fully differentiated cells characterized by a delicate
phenotype balance, is fundamental to obtain reliable results. The
articular cartilage presents an unique combination of biochemical
and mechanical cues that finely regulate the stability of the
chondrocyte phenotype, through several mechanotransduction
pathways [30], [31]. However, despite the importance of the
surrounding ECM, in the previously developed OA models used
as drug screening platform, the hydrogels were relatively
different from the physiologic cartilaginous environment [11]-
[13]. For this reason, we tested new hydrogels made of hyaluronic
acid and collagen type I as they were already used for the
chondrocytes culture, as discussed below. The methacrylate
group is important in the polymerization reaction, as the degree
of photocrosslinking of this group allows to finely tune the
features of the formulation in terms of mechanical and swelling
characteristics and enzymatic degradability [32]. In addition, we

also tested Thiol-Modified Hyaluronan hydrogel, in which the
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crosslinking was realized with the addition of the PEGDA
crosslinker (HA-PEGDA). Despite HA is one of the main
components of the cartilaginous ECM, it has been poorly
exploited in microfluidic devices for musculoskeletal models. For
instance, Lin et al. combined HA- and gelatin-photo-
crosslinkable  derivatives to investigate osteochondral
differentiation in a microfluidic, multichamber bioreactor [33]. In
another studies, the injectability of the HA was demonstrated
with computational simulations [34]. Toh et al. demonstrated that
the crosslinking degree of a modified HA, and the consequent
stiffness of the matrix, can influence the MSC chondrogenic
process, demonstrating the fundamental role of the
microenvironment [35]. Beside HA, we chose to evaluate collagen
type I, primarily because chemically modified derivatives are
available, whilst there are no photocrosslinkable hydrogels based
on collagen type II. Despite it is present in higher concentrations
in other musculoskeletal tissues, type I collagen is found also in
the cartilage, for instance during the spontaneous healing of
osteochondral defects. In this process, it represents the first
matrix secreted by the spindle-shaped cells in the repairing tissue
[36]. In addition, collagen type I was already used in a
microfluidic device to culture chondrocytes and the results
showed a good viability and the maintenance of the proper

phenotype, demonstrating a good compatibility with
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chondrocytes [37]. In the present study, HA-MA was employed
both as self-standing material and for generating polymeric
network (MIX 1:2 and 1:6) with Col-MA, that was used only
associated with HA, given its higher degradability and stiffness
of the matrix obtained. Together with the HA-PEGDA
formulation, these relevant hydrogels were compared with the
fibrin gel, taken as a standard, since it represents the most used
hydrogel in cartilage microfluidic models [11], [38].

Firstly, to better understand the behaviour and to evaluate the
injectability of all the preparations, we evaluated their rheological
properties. Rheology plays a crucial role in the design and the fine
tuning of hydrogels according to the final application, so we
collected the flow, the strain sweep, and the time sweep curves.
Shear rate sweep tests were carried out to study the flow
properties of the pre-gel formulations. For all the tested
formulations, the flow curves obtained displayed a shear-
thinning behaviour characterized by a decrease of the viscosity as
a function of the shear rate. Typically, this is observed for
hydrogels, since the increase in the shear rate causes the
disentanglement of the polymer chains, lastly resulting in a
reduction of the solution viscosity [39]. Shear-thinning behaviour
has been extensively investigated in various biomedical fields,
including drug/cell delivery [40]-[42], tissue engineering [43],
[44], and bioprinting [45], [46], with the aim of obtaining
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hydrogels that can be delivered by applying a defined shear
stress (e.g., by passing through a syringe/needle) [47]. For the
purpose of this study, the assessment of the shear thinning
behaviour of all the pre-gels was essential to ensure their facile
injection into the microfluidic device. From the strain sweep
measurements performed after the crosslinking within the
microfluidic chip, G" was almost constant at low shear strains,
indicating a linear viscoelastic region. Furthermore, since in this
strain range G' > G”, the specimens were in a gel-like state,
behaving as solid viscoelastic materials [48]. For higher strain
values, all the specimens (except for HA-PEGDA) entered a
yielding region, undergoing a decrease in their structural
resistance (G decrease), but still behaving as gel-like materials.
Once reached the flow point (i.e., G'=G”), the G’ dominates and
the samples start to flow. Conversely, HA-PEGDA specimen does
not experience any yielding, displaying constant G* and G”
values, thus indicating that yielding is not reached within the
strain range tested [49]. From these curves, a trend for G" was
clearly visible: MIX 1:2 = MIX 1:6 > Fibrin > HA-PEGDA = HA-
MA, that reflect an increase in the gel strength [50], [51]. As
expected, MIX 1:2 and MIX 1:6 displayed the highest G" values
among all the tested formulation, due to the double nature of
their crosslinking, i.e., physical (temperature) and chemical (UV-

mediated). Interestingly, both G” and G”” were nearly equivalent
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in the two formulations after UV irradiation, indicating a
predominant effect of the chemical crosslinking on the
viscoelastic properties of these gels. Differently, given the higher
amount of Col-MA in MIX 1:2 compared to MIX 1:6, and due to
the thermo-responsive nature of collagen [52], MIX 1:2 displayed
higher mechanical performance compared to MIX 1:6 after the
sole physical crosslinking (Figure S3, Supporting Information).
Moving to fibrin, it displayed slight lower viscoelastic properties
compared to MIX 1:2 and MIX 1:6 formulations, with G” values in
accordance with the literature [53]. HA-PEGDA and HA-MA
formulations owned the lowest viscoelastic moduli among the
analysed formulations at low strain values.

Lastly, time sweep measurements were carried out to follow the
kinetics of the crosslinking for the selected hydrogel formulations
with exception of the HA-MA hydrogel since it wasn’t subjected
to any crosslinking (e.g., temperature-mediated) unless UV
irradiated. The viscoelastic parameter rapidly increased in the
both the MIX hydrogels and MIX 1:2 showed higher conservative
modulus, thus reflecting the higher amount of collagen which
undergoes physical crosslinking upon temperature increase,
lastly resulting in a more compact gel [54], [55]. Fibrin
formulation displayed a gel-like behaviour (G > G”) from the
beginning of the test, with a significative increase in G’ within 10

min of test, compatible with the formation of protofibrils and
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subsequent lateral aggregation between adjacent protofibrils to
form fibrin fibres [56]. After this phase, G" was almost constant, a
behaviour that finds support in the literature, where it has been
reported that the time for the complete polymerization of fibrin
gels varies in the 10 - 30 min range [56]-[58]. A different trend
was instead observable for the HA-PEGDA formulation, initially
characterized by a liquid-like behaviour where viscous properties
dominate. Once reached the gel point, the HA-PEGDA displayed
an increase in both G” and G”, reaching a plateau. Such trend find
support in the literature, where the gelation time for HA-PEGDA
solutions has been found to change, as a function of PEGDA
concentration, from few seconds to 20 min [59], [60]. For the
purposes of this investigation, time sweep curves were also
useful, as a positive feedback loop, to find the gelation time of all
the tested formulations and set an appropriate preconditioning
time for the strain sweep tests.

Once injectability has been demonstrated and mechanical
properties have been assessed for all the different hydrogels, we
evaluated their biologic effects on the embedded chondrocytes.
First of all, we optimized the culture conditions in terms of cell
seeding and fibrin gel density (Figure S1). We found that the
structural stability of the constructs was ensured with the lower
cell density (1,5 million cells/mL) in the densest gel tested (20

mg/mL). The density to which chondrocyte are cultured is
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fundamental, as the expression of chondrocyte-specific genes is
higher if cells are cultured at low density [61]. For this reason,
together with the results reported in Figure S1 and S2, we chose
a seeding density of 1,5 millions of cells per ml. The viability and
the metabolic activity of the chondrocytes cultured in the new
formulations resulted lower than those in the fibrin gel, both
outside and within the chip. In addition, among the optimized
relevant hydrogels, the cells in HA-PEGDA resulted more viable
and more active than in the photocrosslinked preparations. A
possible explanation could rely in the presence of PEGDA and
LAP as photoinitiator for relatively long time in a confined
environment, as multi-well and the channels in the microfluidic
device. In fact, contrarily to the fibrinogen and the thrombin, used
for the polymerization of the fibrin gel the PEGDA and the LAP
are not physiologically present in the body. For instance, the
PEGDA resulted cytotoxic at high concentrations [62], while LAP
is cytotoxic as itself and even more under light exposure [63].
Although we used the suggested concentrations, it is plausible
that also lower concentrations can affect the cell viability for
prolonged culture time in a relatively confined environment. A
potential improvement of the polymerization process of these
hydrogels within microfluidic devices could be the addition of an
early medium change to remove the excess of the polymerization

agent thus increasing the cell viability and the metabolic activity.
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The effect of a more relevant microenvironment was clearly
beneficial for the chondrocytes, as the expression of lineage
specific collagen type II and aggrecan was much stronger within
these hydrogels. Among the newly developed matrices, the HA-
PEGDA resulted the most effective in supporting the expression
of chondrocyte specific markers. This could be due to the lower
cytotoxicity of the PEGDA compared to the LAP that we saw in
the viability assay. In fact, in HA-PEGDA hydrogel cells could
experiment a more favourable environment that, given the
facility whit which these cells lose their phenotype and the
importance of the surrounding cues, ensured an earlier
expression of the specific markers. In addition, we also visually
noticed a non-uniform distribution of the Col and HA polymers
in the MIX hydrogels, that could have affected the proper panel
of the biochemical signals perceived by the cells. Interestingly, the
expression of these markers was detected also if the chondrocyte
were cultured in a HA-PEGDA within the microfluidic device. As
a confirmation of a better maintenance of the proper phenotype,
the morphology of the chondrocytes in this hydrogel was visually
more spherical, while the same cells appeared with a fibroblast-
like morphology in the fibrin gel. This was not due to a stiffer gel,
as the rheology analyses demonstrated a higher G, and a
consequent great stiffness, for the fibrin gel. For instance, Tan and

colleagues reported that the chondrogenic differentiation
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increases with the matrix stiffness [64]. Therefore, since fibrin
showed a superior gel strength, this implies that it lacks in
essential biochemical cues that lead to the activation of
intracellular chondrogenic pathways. These processes can be
triggered by the membrane receptors connected to the
cytoskeleton, explaining the predominance of the matrix
composition over the stiffness in guaranteeing the cell phenotype
[65].

Moving to the synovial fibroblasts, they are less specialized than
the chondrocytes and are characterized by a relatively more
stable phenotype. For instance, the phenotype of primary
fibroblasts isolated from patients affected by rheumatoid arthritis
resulted stable until passage 7 in classic in vitro culture [66], [67].
Similarly, the composition of the synovial membrane ECM is not
highly specialized as the cartilaginous one. For this reason, we
decided to culture the fibroblasts in a classic fibrin hydrogel, a
major component of the clot, frequently used in microfluidics as
an alternative to collagen. The results here presented are in
accordance with this observation, as the cells resulted positive for
lubricin. This protein, also called proteoglycan 4, is expressed by
the FLS [68] and differentiate these cell subtype from other
fibroblasts lineages [17]. Fibroblasts resulted also mostly alive
after 10 days of culture, without showing any decrease during the

culture time.
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Within our device, we were able to recreate different
microenvironments according to the syn flu employed. This is the
first example in which the healthy or the OA syn flu are used in
a microfluidic joint model and in which their effect has been
evaluated and compared. The addition of syn flu, both healthy
and OA, had a general beneficial effect on the viability of the
chondrocytes compared to the control device in which we
injected only serum free medium. This outcome was in line with
recent works in which the authors reported a significant increase
in the viability of chondrocytes cultured with OA syn flu
compared to those grew with culture medium, even if they were
cultured in a classic 2D system [69], [70]. The beneficial effect of
OA syn flu on chondrocytes was also demonstrated in a 3D
culture system in which they were encapsulated in alginate beads
and cultured in culture medium or in increasing concentrations
of OA syn flu. The authors demonstrated that the expression of
the apoptosis-associated Caspase 3 mRNA decreased with the
increase of the syn flu concentrations [71]. On the contrary, Hoff
et al. reported a decrease in the viability of the chondrocytes in
presence of OA syn flu [72]. This difference could be since, in
addition to the use of a 2D culture system, the authors used
medium with serum in the control group, while we used serum-

free medium. The presence of the serum could have provided the
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surplus of nutrients that in our system is supplied only with the
synovial fluid.

To the best of our knowledge, the effect of arthritic syn flu on the
viability of the fibroblasts has never been evaluated before. Our
data suggested that initially, it had beneficial effects for the cells.
However, after 10 days of culture the viability significantly
decreased with OA syn flu but not with the healthy one. Being
also lower than the viability of the cells cultured with medium,
this suggests the presence of some components in the OA syn flu
more harmful than the potential lack of surplus nutrients, acting
specifically on the FLS.

The difference of the three microenvironments reproduced in the
different chip configurations, strongly emerged from the
quantification of the cytokine concentration in the model. In fact,
the OA model displayed the highest concentration of both pro-
and anti-inflammatory mediators as compared to the healthy syn
flu, the control group and the initial syn flu, indicating the active
secretion of cytokines by the articular cells. Our outcomes are in
accordance with two previous studies in which the chondrocytes
exposed to OA syn flu displayed an increased expression of IL1,
IL6, IL8, IFNy and MCP-1 [72], [73]. In addition to the cytokines,
we also detected a different expression of both MMP-1 and -13,
assessed by immunofluorescence. In particular, both the

chondrocytes and the fibroblasts expressed more MMPs in
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absence of syn flu. We speculate that in this configuration the cells
are somehow suffering the lower concentration of certain
elements, and this led to a decrease of the viability and to the
attempt of digesting the surrounding matrix. As proof of this, the
addition of only serum-free medium led the cells to completely
digest the hydrogels already after 5 days of culture (Fig. S2).
Among the syn flu groups, the chondrocytes in the OA were more
positive than the healthy ones. Similar results were already
reported, even if in these studies the authors found a lower
expression of MMPs in chondrocytes cultured with medium, but,
as already discussed, they used serum supplementation [69], [71].
In the final part of this work, we exploit our model to create a
donor-matched OA joint on chip by collecting the articular cells
and the synovial fluid from the same arthritic patient. To evaluate
the possibility of using it as drug screening platform, as proof of
concept, we recreated 4 different donor specific models and we
injected the ASCs and the BMSCs, evaluating and comparing
their effect. The creation of donor-matched model can represent
one of the most promising results of this project, even if it still
requires a deeper biological validation, as from the results it
emerged a relatively high inter-individual variability. This
variability reflects the need to develop personalized models to
better predict treatment outcome on one hand, but it also limits

the reliability of the results on the other. In fact, as previously
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reported, the anti-inflammatory capabilities of MSCs depend on
the degree of inflammation of the cells used in the specific
experiment [74]. In this paper the authors demonstrated that
ASCs were effectively immunomodulatory when cocultured
with chondrocytes or FLS that secrete high levels of pro-
inflammatory mediators, while no effect was found with low
levels. Therefore, the results of this work could be affected by the
specific inflammation of each donor, possibly hindering the
global effect of the MSCs. For this reason, a high number of
donors will probably be needed to validate the chip. To overcome
the intrinsic inter-individual variability when working with
primary cells, a high number of donors is usually necessary [75].
The relatively low number of donors represents one limitation of
this work.

The inter-donor variability emerged from the quantification of
the fluorescent signal in the immunofluorescence analyses. In
fact, in general we did not detect clear differences between the
MSC and the control groups. The three experimental groups
seemed to have a comparable effect in supporting the expression
of both chondrocyte and fibroblast lineage specific markers.
However, the MMPs expression seemed to tend to lower values
in the MSC compared to the control group in two out of the three
donors assessed, as expected and widely demonstrated [76].

However, to represent an effective drug screening platform, the
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model have to ensure high-throughput screening analyses to
guarantee the robustness of the assay and the pharmacologic
relevance [77]. For this reason, we employed a 10-cytokine array
that is compatible with the low reagent volume collected from the
microfluidic devices, that represent one of the usual limitations
of this approach [78]. In addition, arrays with dozens of targets
are already commercially available, making this approach
feasible for the high-throughput needs. The intra-donor
variability appeared also from the cytokine quantification. In fact,
only for IL8 we detected a common trend in all the four donors,
in which emerged a decrease of concentration upon the addition
of ASCs. The ASCs isolated from three different anatomical
sources were able to downregulate the expression, at both the
mRNA and the protein level, of IL-8 when cocultured with
chondrocytes or fibroblasts [74]. On the other hand, the
concentration of MCP-1 increased in the device during the culture
time compared with the synovial fluid, and even more with the
MSCs. This chemokine resulted highly secreted by both BMSCs
and ASCs in response to inflammatory environment, in
accordance with previous literature [76], [79]. The function MCP-
1is not only to recruit specific immune cells, but it can induce the
anti-inflammatory polarization and the expression of anti-
inflammatory cytokines in macrophages [80], [81]. This process is

fundamental for the resolution of the inflammation process and
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the consequent tissue restoration [82]. Therefore, as previously
demonstrated, the MSCs can recruit and stimulate the monocytes
towards an anti-inflammatory phenotype, representing an
indirect and potent immunomodulatory capability of these cells
[83]. Regarding the other pro-inflammatory cytokines, we did not
detect a clear trend between the different group in the donors.
The array we used also included two cytokines that have been
indicated as both pro- and anti-inflammatory cytokines. Among
these, IL6 resulted in all the donors higher at day 4 while
decreased at the end of the culture period, when the control and
the ASCs showed lower levels than BMSC. In the OA
progression, the pro-inflammatory role of this molecule prevails
on the immunomodulatory one and IL6 can ultimately affect the
cartilage degradation by affecting the activity of MMPs [84], [85].
On the other hand, IL13 showed an alternating trend, being more
concentrated in the BMSCs group in two donors and in the ASC
in the remaining two. However, the effects of this cytokine in OA
are not fully elucidated and could be plausible that its effect is
due to concomitant and not easily addressable factors. In fact,
based on the specific aspect under investigation, IL13 proved to
downregulate the inflammatory mediators [86] but also to
stimulate the activity of matrix-degrading enzymes [87], [88].
Unfortunately, the anti-inflammatory cytokines that could better

elucidate the immunomodulatory aspects of the MSCs resulted
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mostly under the detection limit of the assay. The only detectable
values showed a decreasing trend of IL10 concentration moving
from the syn flu to the device at day 4 and even more at day 10.
Interestingly, upon the addition of BMSCs and even more of the
ASCs, the levels of this cytokine increased at higher concentration
than the starting one. IL10 is well recognized as anti-
inflammatory mediator during the OA and its overexpression
reduced the inflammatory mediators in a 3D model of synovitis
[89]. From the trend we found in our models, and considered the
limitations of our results, it seems that the ASCs emerged more
often as the BMSCs as immunomodulatory actors. In literature
different evidence supported a better anti-inflammatory potential
for adipose-derived MSCs over the bone marrow derived ones.
For instance, the BMSCs appeared to be more prone to
environmental factors that can decrease their anti-inflammatory
capability, that was instead maintained in the ASCs [90]. In
addition, ASCs can induce the macrophages more towards an
anti-inflammatory phenotype [91]. Considering their use for the
cell-therapy, from a comparative study emerged a
preponderance of the immunomodulatory effect of the ASCs over

the BMSCs [92].
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Conclusions

In this work we first optimized a relevant hydrogel able to
maintain the correct chondrocyte phenotype in a microfluidic
device. We then developed a microfluidic model of an arthritic
joint in which we were effectively able to resemble a pro-
inflammatory and degradative microenvironment. In addition, as
proof of concept we resembled donor-matched models that
supported the injection of mesenchymal stromal cells and
allowed the quantification of their effect on the inflamed articular
cells. Therefore, after future validation, this OA joint on chip
model could be used as drug screening platform for the
evaluation and the comparison of innovative and biological
treatments for the OA. However, to represent an effective
precision medicine tool, it would need a further validation to

detect the biological effect of the tested treatments.
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Supplementary materials

5 mg/mL 10 mg/mL 20 mg/mL

Supplementary Figure 1: Optimization of the culture conditions of FLS (upper channel)
and chondrocytes (lower channel) in fibrin hydrogels. Three different fibrinogen
concentrations (5, 10 and 20 mg/mL) and two cell density (1,5 or 3 M/mL) were tested.
In green are stained live cells, in red the dead ones. White arrow indicates cells sprouted
from the gel. Parameters chose: 1,5 M/mL for cell density and 20 mg/mL for the fibrin

hydrogel. Scale bar = 600 um.
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A
Cell density: 1,5 M/mL

Complete Medium Medium serum-free Synovial fluid

5 days

7 days

B
Cell density: 3 M/mL
Complete Medium Medium serum-free

Synovial fluid

5 days

7 days

Supplementary Figure 2: Optimization of the culture conditions of FLS (upper channel)
and chondrocytes (lower channel) in fibrin hydrogel during the time. Two different cell
seeding density of 1,5 or 3 M/mL were tested with complete medium, serum-free medium
or synovial fluid. In the two external channels serum-free medium was added. The
synovial fluid was beneficial for the microenvironment in the device as it allowed the
maintenance of the hydrogel structural integrity after 7 days of culture. Magnification:

4X.
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Supplementary Figure 3: Strain Sweep for the HA-MA (A), MIX 12 (B), MIX 16 (C)
before and after UV photocrosslinking. Filled symbol = G’, empty symbol = G”".

IL1a | IL1b 1L8 TNFa IFNg MCP-1 IL6 1L13 L4 IL10
Healthy Syn Flu 509 | 19,62 | 21,84 | 31,19 120,80 43,23 347,41 0 3,34 0
OA Syn Flu 62,10 | 1535 | 39,46 | 25,83 319,36 117,37 29,84 19,5 1,70 0
Control D10 6,39 54 35,44 7,98 194,65 439,06 13517 | 1,65 0 0
Healthy Syn Flu D10 3,31 1,65 2532 | 19,97 44,74 690,47 198,62 | 1,16 0 16,3
OA Syn Flu D10 47,04 | 34,34 168 27,91 [ 2300,62 n.a. 743,53 | 41,66 | 21,35 | 107,92

Supplementary Figure 4: Concentration of 10 cytokines quantified in the healthy and
OA Syn Flu samples and in the three different microfluidic models after 10 days of
culture. Values are reported as pg/mL. The value of MCP-1 quantified in the

microfluidic with the OA Syn Flu was too high and out of scale. n.a. = not available.
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Supplementary Figure 5. Quantification of the signal from the immunofluorescence

analysis relative to the (A) Collagen I and Lubricin expression in chondrocytes and (B)
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the expression of Collagen II and aggrecan in FLS. Data are normalized on the number

of the nuclei for each picture.
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Supplementary Figure 6: Concentration of IL1a, IFN-y and IL4 quantified in the
synovial fluid and at the two time points in the different experimental group in the four

donor-matched models. Values are expressed as pg/mL.
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Abstract

Secretome and extracellular vesicles (EVs) are considered a
promising option to exploit MSCs properties to address knee OA.
Aim of this systematic review was to analyze both in vitro and in
vivo literature, in order to understand the potential of secretome
and EVs as minimally invasive injective biological approach. A
systematic review of the literature was performed on PubMed,
Embase, and Web of Science databases up to the 31st of August
2019: 20 studies were analyzed: 9 in vitro, 9 in vitro and in vivo,
and 2 in vivo. The analysis showed an increasing interest towards
this emerging field, with overall positive findings. Promising in
vitro results were documented in terms of enhanced cell
proliferation, reduction of inflammation, down regulation of
catabolic pathways while promoting anabolic processes. The
positive in vitro findings were confirmed in vivo, with studies
showing positive effects on cartilage, subchondral bone, and
synovial tissues in both OA and osteochondral models. However,
several aspects remain to be clarified, such as the different effects
induced by EVs and secretome, which is the most suitable cell
source and production protocol, and the identification of patients
who may benefit more from this new biological approach for
knee OA treatment.

Keywords: Exosome; extracellular vesicles; mesenchymal stem

cell; knee osteoarthritis; injection
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Introduction

Osteoarthritis (OA) is a degenerative disease with progressive
degradation of articular cartilage and subchondral bone leading
to loss of joint function and pain, which significantly impair
patient quality of life [1,2]. Worldwide estimates indicate that
9.6% of men and 18.0% of women over 60 years old suffer from
symptoms of OA, with knee OA representing one of the most
disabling conditions, with a huge social impact [3-5]. This high
prevalence of OA is further increasing due to the augmented risk
of OA due both to non-modifiable risk factors, such as the aging
population and the gender, and to local risk factors, such as
physical activity [6]. The classic clinical approaches in the
treatment of OA offer mainly temporary symptoms relief without
disease modifying effects [7]. The limitations of available
treatments fostered the development of new strategies, with cell-
based procedures being proposed, such as minimally invasive
injective approaches with the aim of modulating the
inflammation process as well as stimulating and supporting the
regeneration of articular tissues, thus re-establishing joint
homeostasis. Mesenchymal stem cells (MSCs) represent the most
promising cell population [8,9] showing, in several clinical
studies, the possibility to increase joint function and reduce pain

in knee OA patients [10-12]. However, the efficacy of this cell
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injection approach may be impaired by cell manipulation, and its
wide application is strongly limited by regulatory issues [13,14].
To overcome these limitations, in the past 15 years researchers
focused on the secretome of MSCs. In fact, it has been
demonstrated that the therapeutic ability of MSCs is mainly
related to their secretion of biologically active factors, rather than
their differentiation properties [15]. These soluble factors belong
to different biochemical classes and include growth factors,
cytokines, chemokines, lipids, and other molecules with
immunomodulatory effects [15]. All these paracrine factors, with
the addition of a broad variety of acid nucleic and different lipids,
can also be found within cell-secreted vesicles (extracellular
vesicles - EVs), a key part of the secretome which is gaining
increasing attention by the scientific community. EVs (either
microvesicles — MVs - or Exosomes - Exo) represent important
mediators between articular cell types [16]. Once secreted in the
extracellular space, they can interact and be internalized by target
cells, ultimately influencing and modifying their phenotype.
Preclinical in vitro studies suggested a wide range of potential
benefits with immunomodulatory, regenerative, anti-catabolic,
and chondro-protective properties of secretome and EVs, which
could overcome the limits of cell therapies while offering
comparable biological effects. However, while secretome and

EVs appear to be very promising, it is important to confirm their
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role and effects in the complex in vivo environment of knee OA
joints [17].

Therefore, aim of this systematic review was to analyze the
available literature on both in vitro and in vivo settings, in order
to understand the potential of secretome and EVs as minimally
invasive injective biological approach for the treatment of knee

OA.
Materials and methods

Data source

A systematic review of the literature was performed on the use of
secretome and EVs in both in vitro and in vivo studies for the
treatment of OA affecting the knee joint. This search was
performed on PubMed, Embase, and Web of Science databases
up to the 31st of August 2019 using the following string: (exosom*
OR microvesicle* OR vesicle* OR ectosom* OR secretome) AND
(mesenchymal stem cell* OR MSC* OR mesenchymal stromal
cell* OR ASC* OR ADSC* OR BMC OR BMSC* OR stem cell*)
AND (cartilage OR synovi* OR menisc* OR chondrocyte OR
chondral OR osteoarthritis OR OA).

Study selection process

Two independent reviewers (AR and DD) conducted the
screening process and the analysis of the papers according to

PRISMA guidelines. First, the reviewers screened the resulting
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records by title and abstract, then the full text of selected
manuscripts was screened entirely according to the following
inclusion criteria: in vitro and in vivo studies of any level of
evidence, written in English language, on the use of secretome
and EVs for the treatment of cartilage lesions and OA with focus
on the knee joint. Exclusion criteria were articles written in other
languages, reviews, studies not analyzing the effect of secretome
and EVs or exploiting their potential effect not in the knee. The
reviewers also screened the reference lists of the selected papers.
The flowchart reported in Figure 1 graphically describes the
systematic review process.

Data extraction and synthesis

From the included studies relevant data were extracted,
summarized and analyzed according to the purpose of the
present work. In particular, the following data were evaluated:
cell source of secretome and EVs, target cell types, type of the
secreted products (divided in secretome, Exo, and MVs, Figure
2), production method, storage and study design; for the in vivo
studies the animal model was also considered together with the
method of OA induction. In vitro effects were evaluated in terms
of: EVs internalization, effect on viability, proliferation and
migration, effect on chondrocyte phenotype, production of
cartilaginous ECM, anti-catabolic effect, anti-inflammatory and

immunomodulatory effect, effect on apoptosis, autophagy and
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senescence. The in vivo effects were evaluated in terms of: effect
on cartilage tissue and ECM deposition, effect on synovial
inflammation and cytokines, effect on bone tissue, effect on pain

and gait.
Results

According to the search strategy, 154 papers were found from
PubMed, 148 from Embase, 206 from Web of science. After
duplicates removal, 20 papers were analyzed: 9 of those were in
vitro studies, 9 in vitro and in vivo, and 2 in vivo studies. In vitro
studies have been described in detail in Table 1 while Table 2
pools together studies performed both in vitro and in vivo and
those in vivo only. All these studies have been summarized in the

following paragraphs.
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Moreover, MSC-Exo induced cells
proliferation and cells apoptosis
inhibition
50 g Exo/ml AC-miR-95-5p-Exo
showed greater proliferation than
those incubated with other doses.
Up-regulated the expression levels
BMMSC-EVs down-regulated
COX-2, pro-inflammatory
interleukins and inhibited
TNF-alpha-induced collagenase
activity.

Increase proteoglycans production
and type T collagen
MVs and Exo reduced the
production of inflammatory
mediators (TNFe, IL-6, PGEz, NO)
Anti-inflammatory and
chondroprotective effect mediated
by upregulation of annexinl,
especially in MVs group

CM, MVs and Exo downregulate
senescence activity and reduced
the production of inflammatory

mediators

Table 1: Details of papers with in vitro experiments. Abbreviations: hBMSCs, human
bone marrow-derived mesenchymal stem cells; Exo, exosome; EV, extracellular vesicles;
HA, hyaluronic acid; ASC, adipose-derived mesenchymal stem cells; MVs,
microvesicles; CM, conditioned medium; FLS, fibroblast-like synoviocytes.
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Ri
eferences model
Khat;::]i; etal Mouss
A model
ECMJournal | OA ™%
Zha:::'gl ;t al. Rat
Osteoarthritis C:':j‘“"‘;’?l
and Cartilage | ©©°0 TOC€
Wu J et al. 2019 Mouse
Biomaterials OA model
Liu ef al. 2018 Rat
Biochem | OA model
Mao G et al.
2018 Mouse
Stem Cell Res OA model
& Ther
Xiang et al. Rabbit
2018 Osteachondral
Transl Res | defect model
Zhang et al. Rat
2018 Osteochondral
Biomaterials | defect model

Sources

Human BMSCs

(mean age 5.3+

10 y; female:male
ratio 1:2)

Human
embryonic stem
cell-derived
MsCs

Source: Human
IPFP MSCs

Target: human
chondrocytes

Source:
commercial
MSCs

Target: mouse
chondrocytes

Human BMSCs

(mean age: 35;

male: 3, female:
3)

OA Primary
human
chondrocytes
(mean age: 60.24
y; male: 3,
female: 3)

Normal cartilage
(mean age: 54.46
y; male: 3,
female: 3)

Source: human
BMSCs

(commercial)

Target: human
chondrocytes

(commercial)

Source: human
embryonic stem
cell-derived
MSCs

Target: Rat
chondracytes.

Secretome/vesicle
types

Isolation method and
storage

Only in vivo studies

Secretome

Exo
(100 nm)

Cell Passage: 3
Storage: -80°C

Cell passage: NA
Isolation method:
Filtration
Storage at -20°C

In vitro and in vive studies

Exo
(mean 121.9 nm)

Exo
(NA)

Exo
(50-150 nm)

MVs
(200 nm)

Exo
(100 nm)

Cell Passage: 1
Isolation method
Ultrafiltration
Storage: -80°C

Cell passage: NA
Isolation method:
isalation reagent kit
Storage: NA

Cell passage: BMSCs 3;
primary chondrocytes (1
Isolation method
Differential
Centrifugation
Storage: NA

Cell passage: NA
Isolation method.
Ultrafiltrationtsucrose
cushion

Storage: NA

Cell passage: 2
Isolation method:
Filtration
Storage at -20°C
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Study design

MSCs secretome vs MSCs
vs medium

Exosomes (100 mg) vs PBS

Invitro study
IPFP-MSCs vs Exo

In vive study 1
sham vs PBS vs Exo-IPFP

In vivo study 2
PBS + antagomir-NC
vs PBS-ExoIPFP +
antogomir-NC vs Exo-
IPFP+ antagomir-100-5p

Inzitra siudy
Exo vs Exo- KLF3-AS1

In wivo study
Normal vs OA vs PBS vs
MSCs-Exo
Vs MSCsi-KLF3-AS1-Exo

Invitro study
Exo (50, 100 and 200 ug)
vs miR-92a-3p-Exo (50,
100 and 200 ug) vs PBS
for praliferation
For other tests 200 ug

In vivo:
MSC-exosome (500
pg/mL) vs MSC-miR-92a-
3p-exosome (500 pg/mL)
vs OA and normal groups

In vitro
MVs 5ul vs MVs 10ul vs
MVs 20ul vs PBS

In vivo
3 weekly LA. injection
PBS vs BMSCs vs MVs

In vitro
Control vs Exosome
lug/ml vs 5 ug/ml vs

10ug/ml

Invive
Exo (100mg) vs PBS (100
ml)

Results

TPain reduction at day 7 and
‘better cartilage repair for MSCs
secretome and MSC-groups
compared to the control.

No effects on synovial
inflammation, subchondral
bone volume or presence of
different macrophage subtypes
In Exo group, complete
restoration of hyaline-like
cartilage and subchondral bone
with good surface regularity,
complete bonding to adjacent
cartilage, and ECM deposition

In vitro:

Cell apoptosis inhibition,
‘matrix synthesis promotion,
reduction of catabolic markers
expression, enhance autophagy
level via mTOR inhibition

Inwivo:

Exosome significantly prevent
cartilage destruction and
partially improve gait
abnormality.

LA of antagomir demolishes
the remedial effect of MSCs Exo
In vitre:

Exo KLF3-AS1 suppressed IL-
1p-induced apoptosis of
chondrocytes and promote
chondrocytes proliferation.

Invivo:
Exo-KLF3-AS1 promoted
cartilage repair in a OA rat
model.

Invitro:
miR-92a-3p- exosome promoted
higher cells proliferation,
malrix genes expression in
MSCs and chondrocytes,
respectively at 200 ug
‘concentration

In vivo:
I vivo: MSC-miR-92a-3p-Exo
inhibit cartilage degradation in
OA model

In vitro
MVs induced chondrocytes
proliferation in a dose
dependent manner and
protected chondrocytes from
apoptosis via
bivactive lipid, S17

In vivo
MVs significantly accelerated
cartilage recovery as BMSCs.
Blocking 51P in vivo reduced
the therapeutic effect of MVs
In vitro
Exosome groups induced cells
proliferation and migration
increase, with dose-dependent
effect; matrix synthesis increase;
apoptosis decrease

In vivo
In Exosome group, initial repair
at 2 w with neotissue formation
and ECM deposition. Improved
surface regularity and
integration at 6w and complete
integration at 12w.

MSC exosomes increase M2
‘macrophage infiltration with a
concomitant decrease in M1
macrophages and inflammatory
cytokines



In vitro
MVs or Exosome (12.5 ng;

125 ng or 1.25 pg) vs BM- In vitro
Cell passage: BMSCs 10- MSC-CM (1 mL) vs BM- MVs and exosome exerted
Cosenza et al. Source: BMSCs  Exo (112 6.6 nm) 0, MSCs (105 cells). similar chondroprotective and
1”]7, Mouse 7 vs MVs (223156 Isclation method: anti-inflammatory function
Scientific OA model Target: Murine nm) Centrifugation In vive
Report Chondrocytes No storage, freshly use | ° single LA, injection BM- In vivo
. ¥ MSCs (25 x 10 cells/5 L.~ MV's and exosome protected
saline) vs MVs (500 ng/5 from developing OA
uL) vs Exosome (250 ng/5
pL)
In vitro
In vitro SMSC-I_JMDWme Enhanc_ed
Source: SMSC SMSCoexosome vs SMsc. e proliferation and migration
from pts aged 30- Iy of ACs without damaging ECM
35 Cell passage: SMSC 5 secretion
Taoet al. 2017 Rat Exo Isolation method:
Theranostic OA model Target: Human (30 -150 nm) Centrifugation n klMlv):"'J . In vive
Chondorcytes No storage, freshly use weekly LA infectlon. | o) /6 140 Fxosome slowed th

- sham vs saline vs SMSC- .
from pts aged 45- 140 e v SMSC. | PTOBression of early OA and

35 prevent severe damage to knee
exosome: r
articular cartilage.

T vitro
Chondrocyte phenotype

I vitro maintainance in Exosome
Source: Human . CMsexosome vs CM vs
Wang et al Cell passage: S 4-7; group by increasing collagen
ES embryonic exosome " !
2017 chondrocytes 3 type Ll synthesis and decreasing
Mouse stem cells Exo . - -
Stem Cell Isolation method: ADAMISS expression
OA model (38 nm to 169 nm) o
Research & Centrifugation )
Therapy Targel: mouse Storage at -80 °C n vivo I vivo
PY chondrocytes. Be 2LA. injweek "
’ Exo (1 % 107) vs PBS Exo alleviated cartilage
: s P destruction and matrix
degradation
Invitro
Chondrocyte migration and
proliferation were stimulated
In vitro by both iMSC-Exosome and
iMSC-Exosome vs SMSC - SMMSC-Exosome, with iMSC-
Exosome Exosome exerting a stronger
Zhu et al. 2017 S ';;‘:l"“‘“ Cell passage: NA effect
Stem Cell Mouse synovium of Exo Isolation method: Invivo
Research &  OAmodel Y e (50-150 nm) Ultrafiltration 3weekly LA. injection In viva
Therapy 2ged &2-25.an Storage at -80 °C normal vs iMSC-Exosome  iMSC-Exosome and SMMSC-

BEC (10 109ml) vsSMSC - | Exosome both attenuated OA in

Exosome (1.0 x 10"/ml) vs the mouse OA model, but
untreated iMSC-Exosome had a superior
therapeutic effect compared
with SMMSC-Exosome.

Table 2. Details of studies with in vitro and in vivo experiments. Abbreviations: IPFP,
infrapatellar fat pad MSCs; 1. A., intra-articular; Exo, Exosome; BMSCs, bone marrow-
derived MSCs; MVs, microvesicles/microparticles; synovial MSCs (SMSC); ACs,
articular chondrocytes; ES, embryonic stem cells; CM, conditioned medium; iMSC,

induced pluripotent stem cell-derived MSCs; ECM, extracellular matrix.

In vitro studies

In vitro studies were published from 2017 with a rapidly
increasing trend of publications (Figure 3). Among the 18 in vitro
studies, 6 articles used bone marrow-derived MSCs (BMSCs), 4
adipose-derived stem cells (ASCs), 2 embryonic stem cell-derived

MSCs (EMSCs), 2 commercial (not otherwise specified) MSCs, 1
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synovial-derived MSCs (SMSCs), 1 chondrocytes, 1 infra patellar
fat pad (IPFP)-derived MSCs, and 1 compared SMSCs with
induced pluripotent stem cell line (iPSC)-derived MSCs;
furthermore, 1 study compared the effects of secretome, MVs,
and Exo compared to BMSCs. Twelve articles investigated the
effect of Exo, 4 evaluated Exo with MVs, 1 EVs (without other
details), and 1 secretome. The most selected method to isolate EVs
was differential centrifugation (5), followed by precipitation-
based commercial kits (4), differential centrifugation coupled
with a filtration step (3), filtration (3), differential centrifugation
with sucrose density centrifugation (1), filtration and sucrose
density centrifugation (1), while one paper did not report the
detailed isolation protocol (1). Results of in vitro studies were
summarized according to:

- EVs internalization: EVs [18-23] can be internalized very quickly,
already after 30 min from their administration [20]. Moreover, the
kinetic of their uptake reached a maximum after 12-18 h [19,21]
when cells appeared to be saturated, and continued up to the last
evaluation performed at 24 h after EVs addition [19,21]. The
intracytoplasmic localization of internalized Exo was identified
in the perinuclear region [18,19,23].

- Effect on viability, proliferation, and migration: A total of 14 papers
investigated the effect of EVs or secretome on cell proliferation,

viability, and migration (Table 1) [18,20,29-32,21-28]. Twelve
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papers reported that EVs derived from MSCs increased the
proliferation and/or the viability of OA chondrocytes or
chondrocyte progenitor cells [18,20,31,32,21-23,25,26,28-30], with
a dose dependent effect [18,21,22,26], while two papers [24,27]
reported no significant effects on chondrocytes viability. One
study compared the effect on chondrocyte proliferation of Exo
derived from two different MSCs sources [31], iPS-derived MSCs
and SMSCs, finding that Exo from iPS-MSCs had superior effects
than SMSC-Exo. While high proliferation mediated by SMSCs-
Exo was correlated with a concomitant decrease of the
extracellular matrix (ECM) components: this was not observed
with Exo enriched with a particular micro RNA (miR-140-5p), as
shown by Tao et al. [23]. Finally, 7 articles [21,23,25,26,28,30,31]
documented that cell migration increased after Exo
administration, showing also dose dependency [21,26,28].

- Effect on chondrocyte phenotype: Thirteen papers assessed
phenotype maintenance and chondrocyte hypertrophy after the
treatment with EVs or secretome [20,21,32-34,23-30]. Regarding
the maintenance or the induction of chondrocyte phenotype, 3
studies described the increase of the expression of SOX9
[20,25,30], mediated by EVs. Six works analyzed chondrocyte
hypertrophy status after EVs addition [20,24,28-30,32], and 4 of
them showed that the expression of the transcription factor

RUNX2 diminished with EVs [20,28,30,32]. Liu et al. [28] reported
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that this reduction was dose dependent. At protein level, 4 papers
observed the decreased expression of type-X collagen mediated
by EVs, either normal [20,24] or overexpressing miR-92a-3p [30]
or miR-95-5p [29]. Similarly, the level of other two hypertrophy
markers (alkaline phosphatase and osteocalcin) were lowered
[20,24].

- Production of cartilaginous ECM: ECM protein expression was
investigated in 13 studies [19,20,32-34,21,23,25-30]. Among these
papers, 11 quantified the expression of ECM components, in
particular type-II collagen and aggrecan, in chondrocytes treated
with EVs or secretome [20,23,34,25-30,32,33]. Nine papers
reported induction of type-II collagen and aggrecan expression
by EVs, with a dose dependent effect [28,33,34] and showed a
tendency towards better effects exerted by MVs over Exo [27,33].
Only one study by Tao et al. [23] reported that SMSCs-Exo
diminished the expression of COL2A1 and aggrecan in a dose-
dependent manner, but this effect was reverted with the use of
Exo overexpressing miR-140-5p. In general, all papers
investigating the effects of EVs enriched with specific miRNA
[25,26,29,30] reported a significant improvement of ECM protein
level. Finally, Exo had positive effects also on Cartilage
Oligomeric Matrix Protein (COMP) [21] and on HAS-1,2,3 levels
[19] increase. In particular, Ragni et al. [19] showed that 2 days
after Exo addition HAS-1 was upregulated while HAS-3 was
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downregulated and the isoform 2 did not show any significant
variation.

- Anti-catabolic effect: Twelve of the included papers evaluated the
anti-catabolic effect of EVs on chondrocytes or synovial
fibroblasts [19,20,33,34,24-30,32], showing a general positive
effect with a dual action on catabolic proteins decrease or increase
of their inhibitors. The expression of matrix metalloproteinase 13
(MMP-13) resulted lower in 8 studies [19,26-30,32,33], with a
dose-dependent effect [28]; while two papers did not observe any
variation [24,25]. In particular, Sun et al. [25] demonstrated the
superiority of Exo-miR-320c in decreasing MMP-13 levels with
respect to normal Exo. Two works reported a tendency of
superior effects exerted by MVs over Exo and secretome [27,33]
in reducing MMP-13 expression [33] and MMP activity in a dose-
dependent manner [27]. Ragni et al. [19] showed a reduction of
MMP-1 levels at an early time point (2 days). On the other hand,
Niada et al. [24] reported that secretome increased tissue
inhibitors of MMPs (TIMP) -1, -2, -3, and -4, supporting that the
minor MMP activity might be ascribed to the production of
TIMPs. Three papers [26,33,35], investigated the expression of
ADAMTSS, describing a comparable reduction in Exo and MVs
groups, but greater than the one induced by the secretome [33].
Finally, Vonk et al. [20] showed that collagenase activity was

significantly reduced by EVs administration, with a concomitant
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increase of Wnt-7a expression, which could contribute to the
prevention of cartilage damage and to the regeneration process.

- Anti-inflammatory and Immunomodulatory effect: Positive effects
have also been reported for the anti-inflammatory and
immunomodulatory action mediated by secretome or EVs, and
described in 6 studies [19,20,27,30,33,36], showing the reduction
of inflammatory mediators and the increase of anti-inflammatory
molecules. In particular, it was demonstrated that the expression
of Cyclooxygenase 2 (COX-2), Interleukin 1 alpha (IL-1a), -1 beta
(-1B), -6, -8, and -17 [20], Tumor necrosis Factor alpha (TNF-a),
IL-6, Microsomal Prostaglandin E Synthase-1 (mPGES-1),
inducible Nitric Oxide Synthase (iNOS), and Prostaglandin E2
(PGE-2) [27] decreases following secretome or EVs
administration, while anti-inflammatory factors like IL-10
increases [27]. Concerning the effects exerted by different EVs
types, secretome was shown to be significantly more effective
than Exo in decreasing COX-2 and mPGES-1 expression [27], as
well as TNF-a quantity [33]. Conversely, the expression of iNOS
showed a dose-dependent reduction following the
administration of Exo and MVs, which both exerted significantly
better results than the secretome [33]. Finally, the study of the
polarization of macrophages phenotype showed that both Exo

and MVs diminished their activation [33].
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- Effect on apoptosis: As increased chondrocyte apoptosis
represents another feature of OA cartilage, 6 papers investigated
the impact of EVs on this cell process [18,22,26,28,32,33], all
reporting a significant decrease in apoptosis rate. Among these, 3
also demonstrated a dose dependent reduction of OA
chondrocyte apoptosis [22,28,33], with superior results for Exo
versus MVs [33]. One paper studied the effect of Exo
overexpressing a long non-coding RNA (KLF3-AS1) [32],
showing that not transfected MSC-Exo significantly reversed IL-
1B-mediated chondrocyte apoptosis, and that KLF3-AS1-Exo
consolidated this inhibition.

- Autophagy and senescence: Another cell process important for
cartilage biology during OA progression is autophagy, assessed
by Wu et al. [26], showing that Exo significantly increased
autophagy in IL-1B-treated chondrocytes. Finally, Tofifio-Viann
et al. [36] demonstrated that Exo, MVs, and secretome
significantly reverted mitochondrial membrane increase and
oxidative stress induced by IL-1fB, thus causing a reduction in
DNA damage and resulting in inhibition of the senescence

process.

In vivo studies

In vivo studies were published from 2016 with a rapidly

increasing trend of publications (Figure 3). Among 11 in vivo
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studies, 9 included both an in vitro investigation and an animal
model study. Six studies have been performed in mouse, 4 in rat,
and 1 in rabbit. Three studies created an osteochondral defect
model and 8 an OA model. Eight articles investigated the effect
of Exo, 1 of secretome, 1 of MVs, and 1 compared Exo with MVs.
Regarding the cell source, 4 used EVs or secretome from BMSCs,
3 from EMSCs, 2 from SMSCs, 1 from IPFP, and 1 commercial not
better specified MSCs. The most selected method to isolate EVs
was differential centrifugation (4), followed by ultrafiltration (2),
filtration (2), precipitation-based commercial kits (1), and sucrose
density centrifugation (1). All studies showed positive effects
after the administration of secretome, Exo, or MVs in both
osteochondral [21,22,35] and OA defect models
[23,26,28,30,31,33,34,37]. The results of in vivo studies have been
summarized according to:

- Effect on cartilage tissue and ECM deposition: Animal studies
showed that Exo was effective in cartilage surface restoration and
ECM deposition [21,26,31,34,35], regenerating a hyaline-like
cartilage completely integrated with the adjacent tissues [31,35].
Zhang et al. [21] demonstrated that this repair and the deposition
of ECM started 2 weeks post-injection and increased over time for
up to 12 weeks. Similar results after Exo and MVs injections were
reported, both providing protection from OA development [33]

and showing that both vesicles are equally effective in
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counteracting tissues degeneration and promoting cartilage
regeneration. Positive effects on cartilage repair and ECM
deposition have also been described for Exo derived from cells
over-expressing microRNA [23,30] or engineered to silence
specific genes [28]. These results were superior to those induced
by normal Exo. Finally, Khatab et al. [37] and Xiang et al. [22]
demonstrated that the effect of secretome and MVs injections on
cartilage and ECM were the same as those exerted by MSC
injection.

- Effect on synovial inflammation and cytokines: Two studies
addressed this issue, one showing that Exo increased M2
macrophage infiltration while decreased M1 and inflammatory
cytokines [21], while the other study was unable to demonstrate
any effect on synovial inflammation for both secretome and
MSCs [37].

- Effect on bone tissue: Regarding subchondral bone, both Exo and
MVs were effective in terms of regeneration: Zhang et al. [21,35]
showed complete subchondral bone restoration; Cosenza et al.
[33] described higher bone volume and lower bone degradation
at epiphyseal and subchondral level following MVs or MSCs
injections with respect to controls. Conversely, no effect on bone
remodeling was reported by Khatab et al. for both secretome and

MSCs [37].
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- Effect on pain and gait: Another interesting aspect is that Exo
injections were able to partially ameliorate gait abnormality
patterns in the OA mouse model [26]. Moreover, Khatab et al. [37]
demonstrated that both secretome and MSCs provided early (day

7) pain reduction in the treated animals.

Discussion

The main finding of this systematic review is that the use of
secretome and EVs for the treatment of cartilage pathology and
knee OA had pleiotropic effects and overall positive results. In
vitro, both secretome and EVs showed anticatabolic,
immunomodulatory, and regenerative properties, and in vivo
studies confirmed the effectiveness as minimally invasive
treatment, with positive effects on the whole joint.

The literature analysis supports the use of secretome and EVs
with an increasing number of preclinical studies. The overall
successful results, coupled with the same low immunogenicity of
MSCs, and potentially fewer legal issues compared to therapies
based on cell transplantation [38], make this biological approach
a good candidate for human translatability. The use of secretome
and EVs as a minimally invasive treatment for OA in an in vivo
preclinical model showed that it was equally effective as MSCs in
terms of pain improvement and morphological changes [37], and

even proved the superiority of MVs and Exo over BMSCs in terms
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of joint protection from OA [33]. On the other hand, the literature
analysis also underlined that, despite the increasing interest with
many recent publications, this field is still in its infancy, with
several approaches proposed but lacking the underlying
understanding of biological roles and functions. In addition,
standardizations and indications on the most suitable strategies
for exploiting the potential of this biological approach are also
still lacking.

With the aim to evaluate the potential of secretome and EVs as
new cell derived approaches for the treatment of knee OA, the
available literature was screened for both in vitro and in vivo
studies assessing the role of these biological products in the
different physiologic processes involved in cartilage lesions and
OA progression and treatment. Three different cell derived
products were considered: secretome, Exo, and MVs. For this
analysis, the secretome group included all studies that
specifically referred to the secretome. Regarding the EVs, they are
a heterogeneous population which has been classified into three
classes according to their biogenesis and size: apoptotic bodies,
MVs and Exo [39]. The apoptotic bodies, the largest EVs
population, range from 200 nm to 5000 nm, and they are secreted
by the shedding of the plasma membrane of apoptotic dying cells.
The MVs, also called ectosomes or microparticles, are 200-800 nm

sized EVs that are shedded from the plasma membrane of viable
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cells. Exo, which are 30-200 nm in size, are formed intracellularly
and then released within the multivesicular bodies pathway.
However, this classic EVs nomenclature results overburdened
and sometimes confusing [40]. For the purpose of this systematic
review EVs have been subdivided in two different population as
small (below 200 nm) and medium-sized EVs (larger vesicles),
following the statement of the of the International Society for
Extracellular Vesicles [41], but maintaining the nomenclature
used in all the papers analyzed, Exo and MVs respectively.

The literature analysis showed a great heterogeneity among
studies in terms of EVs used, size, and isolation procedures. The
most investigated EVs type is Exo, with a different size range
(from 50 to 200 nm), making it difficult to compare among studies
or correlate EVs characteristics and in vitro and in vivo results.
Only one study [33] investigated the effect of different EVs types,
comparing MVs and Exo on a chondrocytes culture and an in
vivo OA model. The study showed that both EVs exert similar
chondroprotective and anti-inflammatory effects, delaying OA
development, leaving the question on the most suitable approach
still open. The isolation procedures represent a critical aspect,
since there is no standardized method to isolate EVs, resulting in
different protocols and therefore different products to be used.
The main methods used are differential centrifugation, filtration

and precipitation-based reagent, but there is a lack of
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standardized methods to obtain them, possibly contributing to
EVs variability. Moreover, secretome and EVs can be obtained
from different cell sources.

This systematic review showed that the most used cell source are
currently BMSCs, followed by ASCs, EMSCs, SMSCs, but there is
lack of information available about the difference between
vesicles derived from different cells and thus the optimal cell
source to address OA remains elusive. Only one study [31]
compared the effects of Exo secreted by iPS-derived MSCs and
SMSCs in vitro. This showed that they both stimulated
chondrocyte proliferation in a dose-dependent manner, but
results depended on the cell source, with superior effect of Exo
from iPS-derived MSCs on cell proliferation, at high
concentration, and superior therapeutic effect in attenuating OA
in a mouse model.

The proper selection of EVs cell source and also the stage of cell
differentiation are actually critical aspects, since they can
determine the characteristics and properties of EVs to fit specific
applications (such as reducing inflammation, promoting cartilage
regeneration and protection from OA features) [38]. Furthermore,
the surrounding microenvironment seems to play an active role
in determining the composition of both secretome and EVs cargo,
ultimately affecting their action on target cells [42]. Analogously,

the type of media and substrate used for cell culture, as well as
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the use of primary or immortalized cells can also independently
affect secretome and EVs composition [38]. For the translational
potential of secretome and EVs into a clinically available
therapeutic option, another key factor to be considered is the
proper dosage [21,22,29,30,33]. In this regard, the literature
presents concordant findings, with all papers that compared
different amounts reporting a dose dependent effect and superior
results at the higher quantities. However, no effects of different
dosages were described in the analyzed animal models. In
addition, the lack of standardization, also in terms of unit of
measurement employed to express the used amount of EVs and
thus the presence of heterogeneous products, prevents the
possibility to identify the best EVs concentration for an optimal
effect in terms of OA treatment. Further efforts should investigate
the protocols to optimize secretome and EVs production toward
OA treatment.

While studies focusing on the most suitable cell source and
dosage could foster the clinical translatability of this biological
approach, research efforts are already invested into the
investigation on how to further develop this field by optimizing
secretome and EVS potential. In this light, among the beneficial
effects mediated by EVs, one aspect remains critical: Tao et al. [23]
reported that chondrocytes treated with normal Exo decreased

ECM proteins expression. On the contrary, the treatment with
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miR-140-5p-Exo, expressed during the development and
homeostasis of cartilage and lowered in OA [43], did not affect
ECM protein secretion. miRNAs are important Exo components,
and their role has been demonstrated in repressing chondrocytes
inflammation, promoting chondrogenesis, and inhibiting
cartilage degeneration. Considering these effects on
chondrocytes, 5 studies [23,25,26,29,30] investigated the
overexpression of different miRNAs in Exo, describing in general
better results compared to the normal Exo in terms of cell
proliferation, gene expression, ECM components’ production in
vitro and inhibition of cartilage degradation in vivo.
Furthermore, Liu et al. [32] described the effect of over expressing
a long non-coding RNA KLF3-AS1, a competitive endogenous
RNA which was able to inhibit miR-206, a miRNA that resulted
overexpressed in OA.

Another feature of OA is synovial inflammation, notably
characterized by activation of monocytes and macrophages. One
major immunosuppressive effect of BM-MSCs is to inhibit
macrophage activation and to induce a shift from M1 pro-
inflammatory to M2 anti-inflammatory phenotype [44]. In this
light, Cosenza et al. [33] demonstrated that both MVs, Exo, and
BM-MSCs inhibited in vitro macrophage activation to a similar
extent. On the contrary, Khatab et al. [37] did not report any

significant change on synovial thickness or synovial
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macrophages phenotypes using secretome injection in an OA
mouse model, although several significant moderate correlations
between macrophage phenotypes and OA characteristics were
found. Another aspect was investigated: different types of stress
can lead to a premature cellular senescence. Among these,
chronic inflammation can increases oxidative stress driving to
cellular senescence, a process that can contribute to the
development and progression of OA [45]. In this context, Exo was
able to revert the oxidative stress induced by IL-18, thus causing
a reduction in DNA damage and resulting in inhibition of the
senescence process [36].

All these investigated targets confirmed the pleiotropic effects of
secretome and EVs, which led to positive effects also in vivo. Exo
injections were able to partially ameliorate the gait abnormality
patterns in the OA mouse model [26], and secretome injections
provided early (day 7) pain reduction in treated animals, similar
to MSCs [37], further supporting the translational potential of this
biological approach. On the other hand, this systematic review
also underlined several critical aspects needing additional
investigation to further develop and optimize this biological
treatment strategy. The promising in vitro and in vivo results
support the potential of this new treatment approach, opening
new perspectives for cell-based therapies. Secretome and EVs

could require less complex regulation procedures than
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treatments based on cell transplantation, while providing similar
results of MSCs. The standardization of protocols could further
facilitate clinical translatability. In this light, research efforts are
required for the identification of the proper cell source, the best
preparation protocol and the most suitable target and, in the end,
for the translation of the preclinical promising findings into
clinical trials to confirm the potential of secretome and EVs as

minimally invasive biological treatment to address knee OA.

Conclusion

This systematic review of the literature underlined an increasing
interest towards this emerging field, with overall positive
findings. Promising in vitro results have been documented in
terms of enhanced cell proliferation, reduction of inflammation,
down regulation of catabolic pathways while promoting anabolic
processes. The positive in vitro findings were confirmed in vivo,
with studies showing positive effects on cartilage, subchondral
bone, and synovial tissues in both OA and osteochondral models.
However, several aspects remain to be clarified, like the different
effects induced by EVs and secretome, the most suitable cell
source and production protocol, as well as the identification of
patients that may benefit more from this new biological approach

for the treatment of knee OA.
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Osteoarthritis represents a relevant global burden, and it is
characterized by an increasing incidence and a rising socio-
economic impact. Despite its relatively high morbidity, the
diagnosis of OA is still hampered by the lack of effective
biomarkers able to signal the precocious biological and structural
alterations that occur during the disease development. In
addition, the clinical treatments currently available are limited to
the management of the symptoms and can’t reverse the
degenerative processes activated during the OA progression.
Therefore, in this thesis I aimed to address both these

shortcomings.
EVs as diagnostic tool

The EVs have gained increasing importance thanks to their
fundamental role in the cell communication process, and
recently, we are witnessing a transition toward their use in the
diagnostic field. In fact, EVs have been proposed as promising
diagnostic candidates for an increasing number of pathological
conditions.

However, this project demonstrated that the basic knowledge of
the EV biology, especially regarding different subpopulations, is
still far from being complete. In fact, even within the small size
EVs, that are by far the most characterized, recent evidence

suggested the existence of different subpopulations, according to
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the biogenesis, the density, the surface markers and other
parameters. In addition, large EVs do exist and have important
pathophysiological roles in many processes, such as the
inflammation, a key response in the OA progression. For these
reasons, a deeper basic knowledge of the EVs is, in my opinion,
essential for their transition from the bench to the bedside.

In my project, I developed a new experimental approach to
isolate different size EV subpopulations from the synovial fluid
that could serve in future as innovative OA diagnostic tool. The
classic isolation protocols are optimized for the isolation of EVs
with a maximum diameter of few hundred nanometres, so they
don’t allow the separation of the whole spectrum size of EVs, that
can measure up to few micrometres. Unfortunately, making
minor changes to these techniques is not enough to isolate large
size EVs. In fact, they resulted to be by far rarer and more fragile
than the small ones, exposing all the limitations of the classic
approaches. In this perspective, after a systematic comparison of
size-based isolation techniques, the asymmetrical flow field-flow
fractionation (AF4) resulted to be the most effective approach.
The optimization of the AF4 protocol that I developed allowed
the isolation and the separation of the EVs in a very broad size
range, from about 20 up to 1400 nm. In addition, it effectively
removed the soluble proteins not associated with the EVs, which

represents a fundamental aspect in the research of EV-associated

- 360 -



biomarkers. Thanks to the optimization work performed during
its development, it would be advisable if the future works with
similar aim will start from this protocol, optimizing it. This will
allow to obtain a more standardized set of experimental
procedures based on the AF4, avoiding the proliferation of a
multitude of variants of the same technique. It is increasingly
clear that the lack of standardization of the classic isolation
approaches can hamper the direct comparison of the results
obtained in different studies. So, as the use of AF4 is still in its
infancy in the EV field, it would be favourable to develop and
abide by a limited number of protocols.

Leaving aside the several variants that have been developed, the
availability of different size-based isolation techniques represents
an advantage if properly chosen, according to the aim of the
specific study and the starting material. For instance, the use of
AF4, also thank to its great capability of removing soluble
proteins, can be employed to effectively separate EV
subpopulations in a broad size range from complex samples such
as the biofluids, in which the EV concentration is higher than
culture medium. The size exclusion chromatography can also be
employed with biological fluids, but only if the aim of the project
is not focused on the isolation of large EVs or, given its lower
resolution, of rare subpopulations. On the other hand,

ultracentrifugation should not be used with biofluids to avoid the

-361 -



enrichment of protein contaminants. To exploit its main feature,
the concentration the final sample as needed, the use of
ultracentrifugation can be scaled with large-scale systems for the
massive EV production.

The issue of the sample concentration represents, together with
the need of specific and expensive instrumentation and
specifically trained personnel, a limitation that can hamper the
widespread adoption of the AF4. From a technical point of view,
the eluted EVs are extremely diluted, especially the largest ones
that are rarer. So, the EV subpopulations isolated by the AF4
without further processing, could serve as a diagnostic tool in
those pathologies in which the pathological signatures are
evident already in the EV profile or in the relative subpopulation
abundance, without the need for a deep characterization of the
EV cargo. In addition, this approach would faster, simplify and
make cheaper the diagnostic process, all important aspects for the
potential validation of new diagnostic protocols. In the case of
OA diagnosis, an interesting continuation of this project would
be the comparison of the EV profile in the arthritic and in the
healthy synovial fluid, even if the difficulty of the retrieval of
fresh non-arthritic synovial fluid should be considered. To
further improve the AF4 technique for the in-depth
characterization of the eluted EVs, the coupling with a suitable

method for the concentration of the EVs will be very useful. In
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this regard, two different approaches can be followed: the
concentration of the starting material or the concentration of the
eluate. In my opinion, the former could represent a better option
for two different reasons. The first one is related to the increased
signal that could be detected by the instrument. The second lies
in the higher concentration of the solution in which EVs are
eluted, possibly increasing their stability and limiting their

degeneration.

Microfluidic OA joint on chip model as drug screening

platform

With the aim to facilitate the future development of innovative
treatments for the OA, in the second project of my PhD, I
developed a microfluidic model of an arthritic joint to be used as
drug screening platform for innovative and biological treatments
for the OA. To establish a relevant precision medicine platform,
the model allows the 3D culture of primary chondrocytes and
synovial fibroblasts in presence of synovial fluid, all collected
from the same arthritic donor. This device permits the injection
of Dbiological therapeutics resuspended in synovial fluid,
mimicking an intra-articular injection. I was able to quantify and
compare the anti-inflammatory effects of two different types of
mesenchymal stromal cells. The possibility to create a donor-

matched OA knee model is one of the most promising results of
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this project, even if it still needs a deeper biological validation. In
fact, the results showed a relatively high inter-individual
variability, reflecting the need to develop personalized models to
better predict treatment outcome on one hand, but also limiting
the reliability of the results on the other. For this reason, a high
number of donors will be probably needed to validate the chip
that, once validated, could represent an effective drug screening
platform. In the future, in addition to the mesenchymal stromal
cells, it would be interesting to use it to evaluate the effects of
other cell-derived products and possibly compare them with the
effect obtained by the parent cells. As the literature on these
biologics is fragmentary and considered the difficulties to
compare them in in vivo models, the device here developed could
help to shed light on which treatment owns the highest anti-
inflammatory capabilities. For instance, it would be interesting to
evaluate the effect of the EVs, platelet rich plasma, bone marrow
concentrate, fragmented adipose tissue, and other cell-derived
products. This will better elucidate the potential role of the
innovative biologics that have been proposed in the recent years
for the treatment of OA.

The lack of basic knowledge that affect some of the aspects in the
EV field, emerged to some extent also from the development of
in vitro models of an osteoarthritic joint. In particular, the

biological implications of the microenvironment composition
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surrounding the chondrocytes, characterized by a delicate
phenotype balance, was not completely considered in the
previous studies. In these models the hydrogels employed were
made of classic polymers already used in microfluidics, such as
fibrin. However, their composition is relatively different
compared to native tissues and this can affect the phenotype of
the embedded cells, especially for the highly specialized ones that
populate the thoroughly organized matrices, such as
chondrocytes. This is the reason why in the first part of this
project, different hydrogel preparations were tested and
compared. The results demonstrated that different hydrogels
(hyaluronic acid, collagen, their mix and fibrin) have a different
capability in ensuring the maintenance of the proper cell
phenotype. In addition, also the rheological properties of
different hydrogels can vary, and this should be taken into
account in their development, especially if used within these
miniaturized models. The hydrogels employed in the
microfluidic models can not reflect the exact composition of the
in vivo tissue, but they have to provide the sufficient biochemical
and mechanical cues to sustain the correct cell phenotype. In fact,
the maintenance of the proper functional properties of the cells
included in these platforms has to be considered as a mandatory
aspect. Only in this way the biological system will actually

resemble the in vivo environment and will give the most reliable
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results as possible, especially if used for the assessment of

innovative treatments.
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Chapter 8

Conclusions and perspective
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In conclusion, during my PhD project I tried to lay the
foundations for relevant advancements in the approach to OA,
both in the diagnosis and in the clinical treatment. In this thesis I
emphasized the importance, in the translational research, of an
in-depth knowledge of the biological systems to facilitate their
shift towards the clinics, especially for the more recent and less
studied ones, as the EVs. For this reason, in the future it would be
relevant to combine the two fields addressed in this thesis,
namely the EVs and the microfluidics. In fact, I developed a
protocol that allow the isolation of different size EV
subpopulations and parallelly a model that resemble a relevant
articular 3D microenvironment. Therefore, the biological effect of
the EV subgroups could be assessed in this device, giving the
essential indication about their potential pathological role in the
OA. In addition, other key biological processes related to the EVs,
such as their secretion, their cargo, their upload and in general
their effect on the recipient cells, could be studied in a different
3D microfluidic model. This will allow a better understanding of
how the microenvironment influence the biology of the EVs, that
is still missing in the literature. The implementation of a similar
project could be relatively easily thanks to the use of fluorescent
EVs obtained, for instance, from engineered cells. Precisely the
increasing ability of cell engineering, that has been finely

optimized in the last years, would allow the obtainment of EV
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with desired features that, together with a larger knowledge of
the EV behaviour in a 3D microenvironment, could help the

translation of the EVs towards the clinical setting.
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Abstract

The prevalence of arthritic diseases is increasing in developed
countries, but effective treatments are currently lacking. The
injection of mesenchymal stem cells (MSCs) represents a
promising approach to counteract the degenerative and
inflammatory environment characterizing those pathologies,
such as osteoarthritis (OA). However, the majority of clinical
approaches based on MSCs are used within an autologous
paradigm, with important limitations. For this reason, allogeneic
MSCs isolated from cord blood (cbMSCs) and Wharton's jelly
(WjMSCs) gained increasing interest, demonstrating promising
results in this field. Moreover, recent evidences shows that MSCs
beneficial effects can be related to their secretome rather than to
the presence of cells themselves. Among the trophic factors
secreted by MSCs, extracellular vesicles (EVs) are emerging as a
promising candidate for the treatment of arthritic joints. In the
present review, the application of umbilical cord MSCs and their
secretome as innovative therapeutic approaches in the treatment
of arthritic joints will be examined. With the prospective of
routine clinical applications, umbilical cord MSCs and EVs will
be discussed also within an industrial and regulatory perspective.
Keywords: umbilical cord MSC; secretome; osteoarthritis;

extracellular vesicles; cell therapies
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Abstract

Tissue-engineered decellularized matrices can progress clinical
replacement of full-thickness ruptures or tendon defects. This
study develops and validates a custom-made automated
bioreactor, called oscillating stretch-perfusion bioreactor (OSPB),
consisting of multiple, independent culture chambers able to
combine a bidirectional perfusion with a programmable, uniaxial
strain to functionalize cell-seeded decellularized tendons.
Decellularized tendon matrices were seeded on their surfaces and
within the tendon fibers with mesenchymal stem cells. Then, they
were subjected to a bidirectional perfusion and programmed
stretching cycles of 15-30-60 min on-off two times per day for 7
days of culture. In vitro analyses showed viable cells,
homogenously dis- tributed on the surface of the constructs.
More importantly, cell-seeded decellularized tendon grafts
undergoing cyclic load in our bioreactor had a superior
production and organization of newly formed collagen matrix
compared to static cultured constructs. The coherency and local
alignment of the new collagen deposition within the inner
injected channels quantitatively supported histological findings.
The designed OSPB could be considered a unique, cost-effective
system able to involve multiple independently controlled
chambers in terms of biological and mechanical protocols. This

system allows parallel processing of several customized tendon
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constructs to be used as grafts to enhance the surgical repair of

large tendon defects.

Contribution: bioreactor development; performing in vitro studies;

writing and original draft preparation.
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Abstract

Tendon tissue ruptures often require the replacement of
damaged tissues. The use of auto- or allografts is notoriously
limited due to the scarce supply and the high risks of immune
adverse reactions. To overcome these limitations, tissue
engineering (TE) has been considered a promising approach.
Among several biomaterials, decellularized xenografts are
available in large quantity and could represent a possible solution
for tendon reconstruction. The present study is aimed at
evaluating TE xenografts in Achilles tendon defects. Specifically,
the ability to enhance the biomechanical functionality, while
improving the graft interaction with the host, was tested. The
combination of decellularized equine-derived tendon xenografts
with or without the matrix repopulation with autologous bone
marrow mesenchymal stem cells (BMSCs) under stretch-
perfusion dynamic conditions might improve the side-to-side
tendon reconstruction. Thirty-six New Zealand rabbits were used
to create 2cm long segmental defects of the Achilles tendon. Then,
animals were implanted with autograft (AG) as the gold standard
control, decellularized graft (DG), or in vitro tissue-engineered
graft (TEG) and evaluated postoperatively at 12 weeks. After
sacrifice, histological, immunohistochemical, biochemical, and

biomechanical analyses were performed along with the matrix
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metalloproteinases. The results demonstrated the beneficial role
of undifferentiated BMSCs loaded within decellularized
xenografts undergoing a stretch-perfusion culture as an
immunomodulatory weapon reducing the inflammatory process.
Interestingly, AG and TEG groups exhibited similar results,
behaved similarly, and showed a significant superior tissue
healing compared to DG in terms of newly formed collagen fibres
and biomechanical parameters. Whereas, DG demonstrated a
massive inflammatory and giant cell response associated with
graft destruction and necrosis, absence of type I and III collagen,
and a higher amount of proteoglycans and MMP-2, thus
unfavourably affecting the biomechanical response. In
conclusion, this in vivo study suggests a potential use of the

proposed tissue-engineered constructs for tendon reconstruction.
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and histomorphometric analyses; writing and original draft preparation.
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Abstract

Aims

In the context of tendon degenerative disorders, the need for
innovative conservative treatments that can improve the intrinsic
healing potential of tendon tissue is progressively increasing. In
this study, the role of pulsed electromagnetic fields (PEMFs) in
improving the tendon healing process was evaluated in a rat
model of collagenase-induced Achilles tendinopathy.

Methods

A total of 68 Sprague Dawley rats received a single injection of
type I collagenase in Achilles tendons to induce the tendinopathy
and then were daily exposed to PEMFs (1.5 mT and 75 Hz) for up
to 14 days - starting 1, 7, or 15 days after the injection - to identify
the best treatment option with respect to the phase of the disease.
Then, 7 and 14 days of PEMF exposure were compared to identify
the most effective protocol.

Results

The daily exposure to PEMFs generally provided an
improvement in the fibre organization, a decrease in cell density,
vascularity, and fat deposition, and a restoration of the
physiological cell morphology compared to untreated tendons.

These improvements were more evident when the tendons were
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exposed to PEMFs during the mid-acute phase of the pathology
(7 days after induction) rather than during the early (1 day after
induction) or the late acute phase (15 days after induction).
Moreover, the exposure to PEMFs for 14 days during the mid-
acute phase was more effective than for 7 days.

Conclusion

PEMFs exerted a positive role in the tendon healing process, thus
representing a promising conservative treatment for
tendinopathy, although further investigations regarding the

clinical evaluation are needed.
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