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Preface



n pharmaceutics, nano carriers have emerged as suitable platforms for drug delivery

and targeting. They are employed to improve the Active Principle Ingredient (API)

technological features obtaining a sustained release, reducing cytotoxic events and

avoiding off-target disseminations. This last feature is related to the “magic bullet

theory” which is partially related to the nanoparticle ability to passively target tumoral
or inflamed tissues due to the Enhanced Permeation Effect (EPR). Nano drug delivery systems
are easily taken up by cells due to their small size, however this feature could lead to their quick
clearance from the bloodstream. A lot of materials of different origin have been investigated
even if the preferred and promising ones are those retaining a synthetic and metal nature.
Among natural based polymers, silk fibroin (SF) shows an excellent combination of mechanical
and biological features, hard to find simultaneously in other natural or synthetic materials.
Despite silk evokes the idea of silkiness, it represents one of the most robust biomaterials
reachable in nature, retaining a toughness higher than Kevlar (a para-aramid synthetic fiber
employed for the production of bulletproof vests), a high tensile and breaking strength, great
extensibility, thermo-stability and remarkable stiffness and ductility. Additionally, SF
undergoes a biodegradation pathway directly influenced by the complexity and the architecture
of the considered scaffold or carrier, leading to the release of natural and no-inflammatory by-
products. For these reasons, SF is a suitable biomaterial for the development of a plethora of
tissue engineering scaffolds and drug delivery systems. Also silk sericin (SS) has gained
attention as a natural polymer due to its intrinsic activities, already employed in
pharmaceutical and cosmetic fields. Both silk proteins can be actually considered as bioactive
natural carriers, since they show not only optimal features typical of inert excipients, but also
remarkable intrinsic biological activities. In fact, SF has an anti-inflammatory property,
exploitable for the treatment of several diseases, while SS presents antioxidant, anti-tyrosine,
anti-aging, anti-elastase and anti-bacterial features. Despite all of these eclectic features,
working with a natural polymer, and in particular with SF, is quite complex especially in terms
of standardization of the entire process from SF solubilization to nanoparticle creation. For
this reason, scientists are always looking for innovative smart nano-platforms: they should be
physiological, showing high stability once reaching the bloodstream, no immunogenic, no toxic
and, finally, they should be able to interact exclusively with the targeted tissues or cells, without
disseminating throughout the whole body, in which they have to release APIs in a controlled
and sustained manner to achieve the desired therapeutic effect. Biological carriers, such as
mesenchymal stem cells (MSCs), have been proposed as smart drug delivery systems due to
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their high biocompatibility and bloodstream stability in physiological conditions. Recent
discoveries proposed that the main biological effectors of MSC biological activities are their
own secreted extracellular vesicles (EVs). This is due with their inner cargo which mimics their
parent cell content. Concerning EVs secreted by MSCs, they can be considered as unique tools
in the control of tissue regeneration by displaying long-term tissue reprogramming,
immunomodulatory, regenerative and homing potential. Nowadays, EVs have been proposed
as drug delivery system: they actually show liposome-like features, with higher stability in the
bloodstream, slower clearance, innate tropism, low immunogenicity and the ability to deliver
therapeutic agents of various sizes. Just think that they are physiologically enriched in lipids,
proteins, and genetic material, since one of their function is to shuttle information or discard
products between cells. Based on this, EV cargo could be tuned by using the genetic
manipulation approach, promoting the expression of a specific set of proteins or finally, the
cellular internalization of exogenous drugs or nanosystems could be engaged, thus achieving
the secretion of EV enriched in the exogenous nanosystems or drugs. This last approach paved
the way to the design and development of a novel class of “next generation drug delivery
systems” based on coupling nanotechnology with nanobiology. This idea deals with the fusion
of a classical technological approach, based on bio-inspired nanoparticles, with the more

innovative EV application as physiological nanosystems, paving the way to cell-free therapies.
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Introduction



The introduction of this PhD thesis includes two main topics, deeply reviewed in Paper 1 and

Paper 2, both concerning the nanomedicine field from two different point of view. In Paper 1

a nanotechnological approach is shown, based on the application of both silk fibroin and silk

sericin nano drug deliverys systems for the treatment of several pathologies. Conversely, Paper

2 retains a more biological footprint, providing an incisive overview on the different

applications of the extracellular vesicles secreted by mesenchymal stem/stromal cells. As

reported in the title of my thesis, this membranous systems can be employed as drug delivery

systems for a plethorea of actives of different nature but, as deeply reported in literature, they

can be used as per se due to their ability to mirror their parent cells properties.
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Abstract

Silk proteins have been studied and employed for the production of drug delivery
(nano)systems. They show excellent biocompatibility, controllable biodegradability and non-
immunogenicity and, if needed, their properties can be modulated by blending with other
polymers. Silk fibroin (SF), that forms the inner core of silk, is a (bio)material officially
recognized by Food and Drug Administration for human applications. Conversely, the potential
of silk sericin (SS), that forms the external shell of silk, could be still considered under
evaluation. Based on our knowledge, nanoparticles based on silk sericin “alone” cannot be
produced, due to its physicochemical instability influenced by extreme pH, high water
solubility and temperature; for these reasons, it almost always needs to be combined with other
polymers for the development of drug delivery systems. In this review, we focused on silk
proteins as bioactive natural carriers, since they show not only optimal features as inert
excipients, but also remarkable intrinsic biological activities. SF has anti-inflammatory
properties, while SS presents antioxidant, anti-tyrosine, anti-aging, anti-elastase and anti-
bacterial features. Here, we give an overview on SF or SS silk-based nanosystems, with

particular attention on the production techniques.

Keywords: silk fibroin, silk sericin, nanomedicine, drug delivery, silk biological activity.

1. Introduction

Nanotechnology is moving quickly to become a part of our There still is much to learn about
the nanotechnological world despite great progresses have been done within the past few years.
The encapsulation of drugs into nanocarriers ameliorates their bioavailability and solubility
profile, avoiding their biodegradation and instability.

The major challenge of drug delivery systems (DDS) is to deliver the drug to the targeted
location at the right time and at the right dose '. Today, nano-drug delivery systems (NDDS),
namely nanoparticles or nanospheres, both synthetic and natural-based, have been developed
to overcome the major limitations related to conventional DDS; for example, exploiting their
enhanced permeation and retention effect, nanosystems are able to passively reach cancer
tissues, avoiding their dissemination to healthy tissues. NDDS are employed to improve both
free Active Principle Ingredient (API) technological features, increasing their cargo loading,
controlling drug fate, avoiding off-target dissemination, thus obtaining a controlled release and

limiting cytotoxic effects mainly due to free drug presence and correlated side effects **. NDDS
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are easily taken up by cells due to their small size; however, this features leads to their quick
clearance from the bloodstream.

Generally, NDDS “smartness” is related to their tunable sensitivity in responding to different
stimuli such as variations in temperature, pH, magnetic field, light, and salt concentrations *°.
For example, introducing poloxamers as well as chitosan usually leads to temperature
responsive systems.” On the other side, the functionalization with polyacrylamides makes the
polymer actively responsive to pH and temperature stimuli °. Unfortunately, these smart
systems also suffer from several limitations including decreased mechanical strength, potential
cytotoxicity (as for polyacrylamides) drug instability, chance of drug leakage or delay in
payload release °.

Biological carriers, such as mesenchymal stem cells (MSCs), have been proposed as innovative
smart nano-platforms due to their innate biocompatibility and stability in physiological
conditions '°. In particular, their secreted membranous vesicular systems (i.e. extracellular
vesicles (EVs) could be exploited, in combination with natural based nanoparticles (in this case
silk fibroin nanoparticles), as nanobiological DDS, via a “carrier-in-carrier” approach ',

S'*1%: in particular, those

Natural polymers have been investigated for the production of NDD
characterized by a proteic structure have been widely employed due to their excellent
biocompatibility, biodegradability, self-organization skills, large scale production and easy of
functionalization, due to their amino acid groups '’. Among their, silk occupies a key position
in DDS production, due to its mechanical, physico-chemical and biological features: being
produced by a wide variety of insects and spiders '®.

This review paper highlights the development of nanosystems from silk proteins and in
particular, it describes the structure and properties of SF or SS silk proteins, the production
technique employed for silk-based nanoparticle production and their use as DDS.

2. Silk structure

Silk is natural fiber produced in the glands of arthropods including silkworms, scorpions, bees,
mites and spiders (Nephila clavipes), with similarities and differences in both structure and
properties '°. In particular, Bombyx mori silkworm silk (Bombycidae family), also named
mulberry silk, is the most renowned, characterized and employed silk; on the other hand,
Saturniidae (Antheraca mylitta) produces non-mulberry silk. Otherwise, spider silk is not
commonly employed due to the lack of commercially established supply chains, as occurs for

sericulture, due to the smaller yield and wilder nature of spiders compared to silkworms *°.



B. mori silk cocoons are constituted by two proteins, namely SF and SS, closely linked but
different in terms of structure and properties (Figure 1). Generally, the percentage of SF is about
65-85%, while SS ranges from 15% to 35% ' ** . Moreover, a non-sericin like component

. . . . . 21
made of wax, pigments, sugars, mineral-salts and other impurities is also presents ~ .

Figure 1. Scanning Electron Microscopy image of silk fiber.

The fibroin fibrous core is composed of a heavy (about 350 kDa) and a light (about 25 kDa)
chain, linked together by both a single disulfide bond and a 25 kDa glycoprotein, entirely
covered by a sericin glue-like structure, holding them together. The light chain is constituted
by no-repeated sequences; contrastingly, the heavy chain is enriched in glycine (Gly) (46%),
alanine (Ala) (29%), serine (Ser) (12%) and tyrosine (Tyr) (5%) creating typical highly-
repeated sequences of hexapeptides (Gly-Ala-Gly-Ala-Gly-Ser) or dipeptides (Gly-

22 24

Ala/Ser/Tyr), directly related to the secondary structure . Moreover, charged amino acids

are present in fewer quantities, such as lysine, arginine, glutamate and aspartate > *°%’.

SS has a globular structure and is enriched in aspartic acid (16%) and Ser (37%), polar amino
acids >* able to limit the shear stress during the SF spinning formation process. In nature, the
SS coating is important for the silkworm’s survival by protecting the larva from atmospheric

hazards *. Unfortunately, the simultaneous presence of SF and SS dramatically decreases the
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biocompatibility of this biomaterial, thus limiting silk applications in its native form. For this
reason, a degumming process is required to remove the SS coating from SF core, then the
obtained degummed SF and SS solution are processed for the development of different DDS
(Figure 2) **. Since SS is a water-soluble protein, it is easily removed by using boiling water or
by exploiting alkaline and neutral proteases *°. Notably, the addition of detergents could alter
the SS structure, molecular weight and functionalities >. The degumming of cocoons in
autoclave represents an effective strategy for obtaining an aqueous sericin solution, thus
reusable for other purposes, but it is unable to remove all sericin, resulting in an impure SF. In
fact, SS is constituted by three layers, characterized by different degrees of solubility due to
their different amino acid composition (described in-depth below) *.

B. mori silk cocoons are constituted by two proteins, namely SF and SS, closely linked but
different in terms of structure and properties (Figure 2). Generally, the percentage of SF is about
65-85%, while SS ranges from 15% to 35% ' ** >, Moreover, a non-sericin like component

made of wax, pigments, sugars, mineral-salts and other impurities is also presents >,

= Solubilization Dialysis ibroi
Fibroin fibers . y Fibroin aqueous

LiBr or Acid solution solution
| Degumming process E
(Autoclave or Na,COs) !
B. mori cocoons S !
Dialysis | Sericin aqueous | | Biomaterials and DDS
solution production

Figure 2. Processing of silk to obtain fibroin and sericin solution for biomaterials ad drug
delivery system (DDS) production.

It is crucial to underline that SF molecular weight (MW) varies in relation to the degumming
process time and procedure. Generally, a MW of about 100 kDa is obtained after a degumming

with Na2CO3 for 30 minutes >'. Moreover, the extraction time of SF strongly influences the
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nanoparticle creation, since it directly regulates the degradation of silk chains and amorphous
regions *~.

Once obtained degummed fibers, regenerated SF is prepared by solubilizing it into chaotropic
salts: the most common procedure is based on the use of highly concentrated lithium bromide
solutions (LiBr), but other salts such as calcium chloride (CaCl,) or lithium thiocyanate
(LiSCN) are employed ** ** **. Recently, Zheng and colleagues (2016) demonstrated that
Ajisawa’s reagent, a ternary mixture composed of CaCl,, ethanol and water, is less expensive
than LiBr, although it leads to SF aggregation during the subsequent dialysis steps, employed
to remove solvent and salt *°.

Silk fibroin has been exploited for centuries due to its remarkable properties and today
represents a suitable biomaterial for creating a spectrum of biomedical tools, starting from tissue
engineering scaffolds to DDS *"** In particular, nanoparticles could act as reservoir systems,
achieving a sustained and controlled drug release with both high loadings and encapsulation

efficiency * '

. Today also silk sericin captured the attention of the scientific community for
the development of a plethora of DDS and scaffolds *'. For these reasons, several scientific
research groups started working on silk-based nanosystems looking for new promising

perspectives and therapeutic applications.

3. Silk fibroin
Since Galen’s time, SF found its first application as a surgical suture material **. Overtime, SF
has been employed in textile, cosmetic and biomedical fields and more recently as an innovative

material in electric, optical and food industries *.

3.1 Silk fibroin structure

Considering its secondary structure, SF exists in three different structural models named Silk I,
Silk IT and Silk III. The first is mainly composed of a-helix domains, mixed with random coil
and B-turn structures, and represents a metastable and water-soluble conformation. Conversely,
Silk II is characterized by an antiparallel B-sheets/crystal molecular model, thus showing a

higher stability and both water and solvent insolubility ** **

. Finally, Silk III structure prevails
at the water/air interface 45.

Native SF exists in Silk II conformation, while regenerated SF is generally in Silk 1. The
secondary structure can be tuned by different processes: the treatment with alcohols, including
ethanol and methanol, the application of physical shear, the exposure to water annealing
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process, electromagnetic fields or autoclaving lead to SF conformational transition in its

secondary structure, characterized by a dominant Silk II structure > ** 47 **

. For example, the
water annealing process is a physical aqueous-based approach able to promote the SF
conformational transition to B-sheets, avoiding the use of organic solvents : for this reason, it
could be listed as a green method with suitable application for food coatings *.

The peculiar self-assembly behavior of SF, from a molecular level to a hierarchical structure,
is commonly exploited for creating micro-nanospheres, micro-nanoparticles and micro-
nanofilaments, even if the mechanism has been not completely understood *: hydrophilic
polymers cause the phase separation, while water miscible solvents (such as methanol, ethanol
and acetone) induce SF precipitation. This process, leading to nano-fibrils and micro-
nanoparticle production, is influenced by changing molecular mobility, charge, hydrophilic
interactions and concentrations >'. For example, Bai and colleagues demonstrated that SF nano-
fibrils have been developed by regulating the self-assembly mechanism during repeated drying-
dissolving process steps .

The presence of abundant carboxyl and amino groups in the side chains allows for suitable bio-
functionalization, thus improving SF properties such as cellular adhesion and specific targeting
**, Surface modifications influence both cellular behavior and biological activity; for example,
the presence of the arginine-glycine-aspartic acid (RGD) sequence facilitates cell adhesion and
proliferation by an integrin binding mechanism >*. Moreover, the presence of tyrosine residues

allows MSC adhesion, proliferation and differentiation >*.

3.2 Silk fibroin physico-chemical properties

SF retains an excellent combination of mechanical and biological features hard to find
simultaneously in other natural or synthetic materials, which are strictly influenced by its
secondary structure > . Although silk evokes the idea of softness, it represents one of the most
robust biomaterials in nature, retaining a toughness higher than Kevlar (para-aramid synthetic
fiber employed for bulletproof vest production), a high tensile and breaking strength and
elongation, stiffness and ductility. SF obtained from B. mori retains both the highest tensile
strength and modulus when compared to other silkworm family silks >”. All of these mechanical
features made SF one of the most employed polymer for the production of load bearing
scaffolds in bone tissue regeneration *.

SF shows great stability even when processed at extreme temperatures (higher than 250°C)
without affecting its stability and structure >°. Exploiting this feature, SF was employed for the
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development of rhodamine B-loaded microneedles by thermal drawing; the subsequent
treatment with methanol influenced either SF microneedle mechanical strength and drug release
% Additionally, it shows good permeability to oxygen and water vapor, thus paving the way to
its innovative application for food coating *"¢'

All of these unique features made SF a biomaterial officially recognized by Food and Drug

Administration (FDA) for the development of a plethora of nanotechnological tools .

3.3 Silk fibroin biological properties

Despite its xenogeneic origin, SF is universally recognized as a biocompatible material,
retaining a tolerability comparable to that observed for synthetic materials (PLA, PGA and
PLGA) and other natural polymers such as chitosan. Inflammatory responses and immune-
events, such as hypersensitivity reactions, are mainly linked to the presence of SS residues that
still cover the SF after the degumming process *. Surprisingly, recent suggestions showed that
SF possess an intrinsic anti-inflammatory therapeutic potential as already observed in a mice
edema model * and in the treatment of inflammatory bowel disease ®, even if its mechanism
has not been explained. SF anti-inflammatory activity could substitute traditional anti-
inflammatory therapies based on NSAIDs, COX-2 and PGE-2 inhibitors, glucocorticoids,
which can even worse the pathological condition. The biodegradation products of SF allowed
to reduce the inflammatory conditions as reported in a mice edema model by suppressing the
secretion of inflammatory markers including COX-2, IL-6, IL-1p and TNF-a. A synergic effect
was observed when employing SF and the superoxide dismutase enzyme **. Disaccording
results were observed by Cui et al., where SF microparticles, obtained by grinding, up-regulated
the production of IL-6, IL-1B and TNF-q, resulting in an increasing of the inflammatory
condition %

A synergic activity, accompanied with a boost of its anti-inflammatory activity, was observed
in SF nanoparticles encapsulating resveratrol. The reduction of the expression of several
mediators of inflammatory pathway, including chemokines, cytokines and adhesion molecules
have been shown . The advantages to employ SF nanoparticles are that they can be easily
targeted, thus adhering better to inflamed tissues compared to traditional drugs, increasing the
therapeutic effect and limiting side effects and safety issues. Its intrinsic anti-inflammatory
activity, makes SF an effective active ingredient, as actually occurs for other natural-based
compounds such as chitosan, and no longer be regarded as a “simple” excipient employed for
scaffold or drug delivery vehicle production.®”
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Concerning the biodegradation, the US Pharmacopeia (USP) lists SF as a non-biodegradable
material, since it preserves more than 50% of its tensile strength after 60 days of implantation
in vivo, yet this statement disputes what is reported in the literature by several authors ® ™°. This
different behavior depends on the type of SF (native or regenerated status), type of system (e.g.
porous or not) and implantation site. 3D scaffolds, based on regenerated SF, completely
biodegrade within one year via host immune system activity ''. Since SF is a protein, it
undergoes a proteolysis pathway lead by the host immune system reaction and also by the
protease enzymes at the implantation site, which are responsible for the amino acid chain
leakage. The implantation site, the animal model and the type of protease influence the SF
biodegradation mechanism and rate. For example, protease XIV induces higher mass reduction
of SF scaffolds than o-chymotrypsin ". In addition, the inflammation raised by the SF scaffold
itself promotes its degradation. Moreover, the SF conformation strictly influences the
degradation rate: high B-sheet content increases scaffold permanence at the implantation site.
Nevertheless, even if SF undergoes a biodegradation pathway, it does not show issues related
to the release of acidic by-products as occurs when employing synthetic polymers, such as poly
lactic acid (PLA), poly glycolic acid (PGA) and their co-polymer poly lactic-co-glycolic acid
(PLGA) ”.

Notably, in relation to all the described features, SF scaffolds can be sterilized in autoclave, a
procedure not possible for other protein-based biomaterials including collagen without
affecting their morphology and properties.”* > Conversely, organic solvents such as ethylene
oxide or y-irradiations could produce conformational changes "°.

Native SF fibers and regenerated SF solutions have already been processed with different
approaches to obtain several systems, including films ', sponges *°, microparticles ’*, non-

9 80 81 . 82
woven mats ", hydrogels *, tubes *' and nanoparticles *.

4. SF nanoparticles

Nanoparticles are obtained from regenerated SF using a broad variety of methods, exploiting
silk self-assembly behavior ruled by hydrophilic and hydrophobic chain interactions ** (Figure
3). Notably, comparison studies of SF nanoparticles obtained by using mulberry and non-
mulberry silks showed no significant differences in terms of particle size, geometry, surface
charge and cellular uptake **. When employing a natural protein-based material characterized
by a high molecular weight, it is really hard to control and standardize the production process
and thus to obtain nanosystems with a mean diameter lower than 100 nm ¥,
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A broad spectrum of techniques could be used to develop SF nanosystems including those
requiring specific instruments such as the milling technique, the electrospray and the
supercritical fluid technology, those based on solvent or microemulsion formation and finally

those considered as “niche” techniques such as the microcapillary dot method **.

OO

Encapsulated ISl e Silk Fibroin - Silk Fibroin - Silk Fibroin -
Active PTX DOX Cisplatin Curcumin
. Salting out
Production Desolvation (potassium . Microdot
. Electrospraying .
Technlque (ethanol) phosphate 1,25 capillary
M)
130 nm 130 nm 59-75 nm 100 nm

Therapeutic Superior 2_m_t1— Magnetic tumor Induced lung Efficacy against
tumor activity . :
Effect than free PTX targeting cell apoptosis breast cancer
1 1 Gupta, Aseh
P Wuetal. Tian, Jiang, _ upta, Aseh,
Reference 2013 Chen, Shao, & Quetal, 2014 Rios, Aggarwal,
Yang, 2014 & Mathur, 2009

Figure 3. Examples of silk fibroin nanoparticles loaded with different actives. Production
techniques, nanosystem dimension and therapeutic effects are reported. PTX - Paclitaxel; DOX
— Doxorubicin.

A coarse technique employed for SF nanoparticle production is the milling procedure also
known as mechanical comminution: a simple physical method based on chopping, grinding and
crushing the SF degummed fibers into smaller systems . Unfortunately, this method required
specific apparatus (such as cutter mill, rotary milling and planetary ball milling) and long time
period, and generally results in big nanoparticle aggregates with a wide size range *. For these
reasons it is not as commonly employed.

Desolvation represents the most common method for obtaining protein-based nanoparticles

(Figure 4). Also known as simple coacervation, it is based on the reduction of the SF chain

16



solubility in the presence of organic solvents such as acetone **, ethanol *, dimethyl sulfoxide
(DMSO) * and methanol *, leading to a phase separation **. The organic solvent/dissolving
agent leads to a sudden SF chain dehydration and packaging, leading to a change from Silk I to
Silk II conformation and providing the nanosystem formation. Thanks to the electrostatic
repulsion with the negative charge, the nanoparticle aggregation does not occur * even if the
SF concentration plays a crucial role in controlling the final nanosystem dimension and
stability. Therefore, finding the optimum SF/dissolving agent ratio is required. This easy
process allows researchers to obtain nanosystems with controllable size; the inner core is
composed of SF crystalline domains, while the core shell is characterized by the presence of

hydrophilic tails .

=

Silk fibroin solution

(SILK I conformation) SF chain dehydration and packaging
Conformational change
Silk I - Silk IT
Desolvating agents Silk fibroin nanoparticles
(ethanol, acetone, methanol, (SILK II conformation)
dimethy] sulfoxide,)

Figure 4. Representation of desolvation method for the production of silk fibroin nanoparticles.

The presence of organic solvents allows easy encapsulation of lipophilic active compounds by
solubilizing them into the dissolving agents before carrying out the nanoparticle production.
For example, curcumin- and 5-fluorouracil-loaded SF nanoparticles have been recently
considered as innovative NDDS for breast cancer treatment *. Notably, the nano-encapsulation
of natural lipophilic drugs such as curcumin and resveratrol allows the drugs to overcome some
of their typical hurdles including poor bioavailability and limited solubility, thus improving
their therapeutic application potential *.

The main drawback of dissolution is the presence of organic solvents, which must be removed
by several centrifuge or strong dialysis cycles in order to avoid any cytotoxicity events.

In 2013, Wu and colleagues developed an innovative method to obtain nanoparticle production,
exploiting the natural self-assembly of SF. Paclitaxel (PTX) ethanolic solution was added drop

wise into the aqueous SF solution, limiting the amount of organic solvent and avoiding the use

of surfactants. PTX-loaded nanosystems were round shape structures with a mean diameter of
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130 nm and they were uptaken by gastric cancer cells, showing a higher antitumor efficacy than
the systemic administration of free PTX *°. Seib and colleagues developed DOX-loaded SF
nanoparticles by acetone nano-precipitation for the treatment of breast cancer and they showed
a stimulus-responsiveness influenced by pH, highlighted in acidic conditions. Moreover,
nanoparticles were taken up by breast cancer cells and DOX was released in a controlled
manner once internalized in lysosomes **.

Salting out represents another valid approach employed for SF nanoparticle production (Figure
5), even if it results in SF nanoparticles with higher dimensional range (500-2000 nm). This
process starts with the preparation of a salting bath, based on potassium phosphate salts,
typically K;HPO4—KH,PO,. The nanosystems resulted by the hydrophobic interaction between
the SF protein chains and the decreased water molecules, which are replaced by protein-protein

interactions *' %

. The salt, pH, ionic strength and SF concentration influence the process yield,
particle morphology, zeta potential, secondary structure, and nanoparticle stability. Alkaline pH
is preferred over acidic to avoid non-dispersible aggregates. Otherwise, the secondary structure
of nanoparticles obtained by salting out technology could influence the drug release °'. For
example, Tian and colleagues developed doxorubicin (DOX)-loaded magnetic SF nanoparticles
by a one-step salting out approach, effective for targeted cancer therapy purposes. Briefly,
magnetic nanosystems were added to the potassium phosphate bath before adding the SF
solution, providing both the drug targeting, by the application of magnetic field, and the

nanoparticle formation *>. The major drawback of this technique is related to the use of high

amount of salts, difficult to remove with standard dialysis cycles.

Silk fibroin solution Hydrophobic interaction

between SF chains

Water molecules are replaced by
protein-protein interactions

Salting out agents Silk fibroin nanoparticles
(potassium phosphate salts)

Figure 5. Representation of salting out method for the production of silk fibroin nanoparticles.

Electro-spraying provides the atomization of a starting SF solution via electrical field

applications. A capillary nozzle passing through a high voltage field drops out silk solution. In
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this way, electrostatic forces break down the flow into small droplets. The obtained SF
nanoparticles, highly pure due to the absence of desolvating agents or salt solutions, have to be
treated with organic solvents to induce the conformational transition into the stable
conformation (Silk IT) **. Moreover, the presence of two coaxial needles allows the creation of
SF bubbles in which air is encapsulated within the protein solution **. Kim et al. prepared SF
microparticles via electro-spraying and demonstrated that both the concentration and the shear
viscosity of SF solution played the most crucial role in affecting microsystem round-shaped
geometry. Regular particles were obtained with short dissolution times (5 minutes in Ajisawa’s
reagent at 80°C) and high concentration (10% weight) of SF *°.

Characterized by a similar technology, the laminar jet break-up represents a non-harsh
condition method, similar to spray-drying and electro-spraying techniques, although it avoids
high temperature. The method consists of a vibrating nozzle that breaks the aqueous SF flow
into small droplets. Due to high voltage application, droplets are then frozen in nitrogen. Wenk
and colleagues observed that the SF nanoparticle diameter was directly influenced by the nozzle
diameter and the treatment employed to obtain Silk II conformation. Moreover, authors
encapsulated labile biological drugs, such as insulin-like growth factor, without affecting their
properties due to the mild process *°. An appealing technique is represented by supercritical
fluid technology. CO2 is the most employed supercritical fluid mainly due to a-toxicity and low
cost 7, for more details on this topic see review . These three techniques, electrospray, laminar
jet break up and supercritical fluid technology, need specific apparatus and for this reason are
expensive.

For the first time in 2009, Gupta et al. used the capillary microdot technique to create SF
nanoparticles loaded with curcumin, characterized by a dimensional range lower than 100 nm
and showing appealing anti-tumoral activity. The blending between SF and chitosan, proposed
by the authors as a promoter of in vivo tissue regeneration, decreased both curcumin entrapment
and release. The introduction of chitosan triggered the hydrophilic properties of nanosystems,
resulting in a reduction of curcumin entrapment, which is a highly hydrophobic active, and
consequently in a lower drug release *°.

Recently, an intriguing strategy for preparing SF nanoparticles directly during the dissolution
step was suggested by Xiao and colleagues. Briefly, using specific concentration of a
combination between formic acid and lithium bromide permitted to control the dissolution
degree of SF degummed fibers. The obtained SF nanoparticles showed a spherical shape, no
aggregation phenomena and a dimension of about 100-200 nm '%.
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Generally, different approaches are used to load active molecules into SF nanoparticles: the
encapsulation method, also named entrapment, is achieved by the solubilization of drug into
bath in which nanoparticles are obtained. The absorption method, also known as the co-
incubation technique, is based on loading of drug only onto nanosystem surface. Finally, the
covalent binding is reached through the creation of drug-fibroin interactions of different
natures, including chemical/physical reactions or crosslinking approaches '°'.

SF nanoparticles appeared suitable NDDS for the encapsulation of labile drugs, such as growth
factors. For example, vascular endothelial growth factor (VEGF) was loaded in SF
nanoparticles by the co-incubation technique and a sustained drug release has been observed
for over 3 weeks without any burst release *°. Similarly, bone morphogenetic protein-2 (BMP-
2) was successfully encapsulated in SF nanoparticles, obtaining a controlled release of the
encapsulated growth factor, making them effective for bone regeneration *'.

The absorption method is achieved by electrostatic bonds between the SF negatively charged

40 102

nanoparticles and positively charged drugs by a simple incubation technique , modifying

103

the zeta potential of nanosystems . The surface decoration with positively charged moieties

including chitosan or polyethylenimine avoids aggregation phenomena, thus improving cellular
uptake ',

The SF nanoparticle surface could be modified, thus improving drug loading, specific targeting
and controlled release. It has many active sites, such as tyrosine residues and RGD sequences,
which could be considered suitable anchorage sites for the bio-conjugation of surface molecules
1% PEGylation avoids nanoparticle aggregation phenomena by ameliorating their stability in
suspension; this approach is commonly employed not only for SF, but also for all of the protein-
based nanosystems '*’. Wang et al. evaluated the stability of SF nanoparticles by coating them
with glycol chitosan, N,N,N-trimethyl chitosan, polyethylenimine and PEGylated
polyethylenimine by exploiting electrostatic interactions. Results showed that those coated with
glycol chitosan and PEGylated polyethylenimine were easily re-suspended after lyophilization
due to steric repulsion of the polymer chains '®. Since SF is enriched in selective sites
exploitable for PEG bonds, such as cysteine residues, this represents an interesting approach
for overcoming the tendency of SF nanoparticles to aggregate after freeze-drying. Moreover,

lyophilized nanoparticle aggregation problems could be overcame by adding cryo-protectants,

such as glycine or mannitol, to the raw material '°.
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Recently, RGD motifs have been added to SF nanoparticles to increase their targeting abilities
to reach intestinal tissue; in particular, results showed that RGD functionalization reduces pro-

inflammatory molecule release in bowel disease murine models ',

4.1 SF blended nanoparticles

It is quite common in nanotechnology to combine polymers of different natures to exploit
benefits from both of them, even if the obtained result will not meet the expectation. Although
SF encloses a plethora of benefits, sometimes it is necessary to couple it in order to completely
fulfill the desired target, even if the combination of different polymers could not lead to better
results . For example, SF-albumin blended nanoparticles were developed for methotrexate
delivery. The presence of albumin improved SF mechanical properties and biodegradability,
while drug nano-encapsulation avoided methotrexate cytotoxicity effects, including
hepatotoxicity and pulmonary diseases '*.

Conversely, SF-chitosan non-covalently blended nanosystems were developed to deliver
curcumin but the authors obtained worse results than when using the single polymer
nanosystems. Curcumin entrapment reached 96% for SF nanoparticles and 64-73% for blended
nanoparticles. This difference was also observed in terms of cellular uptake and efficacy against
breast cancer cells *°. Contrastingly, SF-PEG blended nanosystems loaded with curcumin were
produced for anti-aging purposes and provided a suitable support for tissue regeneration .
Notably, the particle size of SF-PEG nanosystems was influenced by both PEG molecular
weight and concentration. Moreover, when employing PEG with low molecular weight at a
concentration between 40% and 60% w/v, hydrogels were formed '°'. Similarly to PEG, poly
vinyl alcohol (PVA), a FDA-approved polymer, was successfully employed for SF blended
micro-nanosphere production because a natural phase separation occurred when the two
polymers were combined to create films via a three step process '*. Briefly, blended SF-PVA
solutions were employed to prepare dried films dissolved in water, and then centrifuged in order
to obtain SF nanoparticles '°*. Moreover, PVA is able to improve the nanoparticle superficial
morphology in terms of smoothing and uniformity ',

In this context, Numata and colleagues obtained a bimodular scaffold based on SF hydrogel,
loaded with rhodamine B and containing SF nanoparticles loaded with fluorescein
isothiocyanate (FITC). They observed a starting burst release for rhodamine B, whereas a
sustained and controlled release for FITC was noted '''. This approach could be employed not
only for dye models, but also to couple API with different biological properties.
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5 Silk Sericin

5.1 Silk sericin structure

SS is a hydrophilic-based glycoprotein synthetized by the labial gland of B. mori, with a
molecular weight of about 200 kDa, highly enriched in polar amino acids. It consists of 18 types
of amino acids including serine, glycine, glutamic acid, aspartic acid, threonine and tyrosine,
with serine being the most prevalent > !> '3,

Notably, it becomes enriched in flavonoids and carotenoids, responsible for antioxidant and
anti-tyrosinase activities ''*. The typical globular shape of SS is due to the peculiar amino acid
disposition and their properties confer it typical adhesive features. From an organic composition
description, SS contains 46.5% carbon, 31% oxygen, 16.5% nitrogen, and 6% hydrogen 115.
I'-ray studies allow us to observe that SS structure is divided in three parts according to their
different solubility and amino acid structure; each layer is produced and secreted by cells
localized in different gland regions of the arthropods. Sericin A is the external layer and is easily
removed by degumming silk cocoons by hot water; sericin B occupies the middle space and
has lower polarity even if it is contains the same amino acids as sericin A; finally, the inner
layer is represented by sericin C, strictly close to the SF filaments and showing poor water
solubility. In order to completely remove all three sericin layers, alkali solutions must be used
during the degumming process ' '°.

SS secondary structure retains a combination of B-sheets and random coil domains, thus giving
it a double behavior, albeit the latter is often predominant. As occurs for SF, SS crystallinity
could also be induced by the exposure to organic solvent (e.g. ethanol), increasing the

mechanical or physical shear stresses or via the crosslinking with glutaraldehyde ' ''®

. Its polar
structure explains itssolubility in water, even if it depends on the ratio of random coil to -sheet
structures. Interestingly, SS is soluble in hot water, while its B-sheet conformation prevails at

lower temperatures resulting in a gel formation ''”,

5.2 Silk sericin properties

SS has been considered for centuries as a silk waste product in textile industries, extracted and
removed during the degumming process, in order to ameliorate the quality and biocompatibility
of SF. Only recently, SS has been considered for biomedical, cosmetic and pharmaceutical

purposes (Figure 6) *°.
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Figure 6. Possible application fields of silk sericin. Silk sericin is employed as an excipient for
the development of drug delivery systems, in cosmetic field, as an effective active
pharmaceutical ingredient or as a supplement for cell culture medium, as a substitute for fetal
bovine serum.

It is difficult to recycle SS after classic degumming processes due to the presence of chemicals,
although Wu and collaborators recently developed an innovative degumming process able to

recover SS by employing ultrafiltration '*°.

121122 anti-aging (anti-wrinkle), whitening '*

125

SS shows several activities such as antioxidant

124 .
, anti-

anti-tyrosinase, anti-elastase ", anti-bacterial (wound-healing), anti-coagulation
inflammatory '*° and cryo-protection. For example, the antioxidant activity is related to SS
amino acidic composition, enriched in —OH groups '*1. Moreover, SS shows a hypoglycemic
effect by increasing insulin production and secretion as observed in rat models, and also by
ameliorating diabetes-related complications '*7 '**,

As already discussed for SF, also SS retains an anti-inflammatory activity triggered by the
inhibition of the proliferation of human peripheral blood mononuclear cells '**.

Otherwise, its addition to cell culture media improves cell proliferation, showing a mitogenic
effect on several cell lineages and avoiding oxidative stress '>. In particular, Terada et al.
reported positive results on four cellular lineages using low MW SS at a concentration between
0.01% and 0.1% weight/volume '°. SS is increasingly introduced as fetal bovine serum

substitute as cellular supplement due to lower cost and no risk of zoonosis *'.
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The potential of SS at a nanoscale level, for the design and development of nano-tools, has not
been completely investigated. Based on our knowledge, results regarding the employment of
SS “alone” for nanoparticle production, still lack, probably due to its instability influenced by

extreme pH, water solubility and temperatures.

6. SS blended nanoparticles

SS is enriched in several polar side chains made of hydroxyl, carboxyl and amino groups
providing a broad spectrum of functionalization, crosslinking and blending with other polymers
to make it suitable for biomedical and therapeutic applications (Figure 7) >, As already
mentioned for SF, PEGylation technique was employed to improve SS nanoparticle stability in
water, which is the principal goal during SS nanoparticle design. Notably, the introduction of
PEG chains allowed the conformational change into SS structure, from random coil to B-sheet
133, Similarly, genipin, a non-toxic, natural cross-linker, was introduced to develop SS
nanoparticles for the delivery of atorvastatin. Close to what was reported for SF nanoparticles,
dissolution technique in ethanol was exploited to obtain SS nanosystems, followed by its bond
with the cross-linker. Briefly, nanosystems were characterized by a particle size of 166 nm with
a high entrapment efficiency (91%) and a controlled drug release related to the cross-linking
level; the higher the cross link with genipin, the slower drug release in 48 hours. Moreover, the
anti-hyperlipidemic activity of SS potentiated the atorvastatin in vivo therapeutic potential
maybe due to their synergic activity ">,

SS-poly(ethyl cyanoacrylate) nanospheres were developed for delivery of fenofibrate, a
lipophilic agent for lipid regulation. The presence of SS conferred muco-adhesive properties to
poly(ethyl cyanoacrylate), creating stable NDDS able to stay for 6 hours in the gastric
environment. These nanosystems were produced by interfacial polymerization, simply by
adding dropwise cyanoacrylate to SS acidic solution, and then fenofibrate was loaded exploiting
the incubation method (reported by the authors as soak method). The fenofibrate loading into
SS nanospheres improved its oral bioavailability, increasing its in vivo activity and avoiding
hepatic lipid accumulation *°.

SS nanoparticles blended with Pluronic F-127 and F-87 were developed as bimodular NDDS
for both hydrophilic and hydrophobic drugs (FITC and PTX, respectively). The obtained
nanosystems showed high stability in aqueous solutions and were rapidly internalized by cells
due to their small dimensions of 100-110 nm. Moreover, results showed the efficacy of

nanosystems to deliver and release the encapsulated drug, inducing cancer cell apoptosis '*°.
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Figure 7. Examples of silk sericin nanoparticles combined with different molecules, including
non-toxic crosslinkers such as genipin, Pluronic, folate-based targeted moieties and poly(ethyl
cyanoacrylate).

The blending of SS to obtain nanoparticles is necessary to stabilize the SS, avoiding rapid drug
leakage and allowing the acquisition of targeting capabilities. However, despite these
advantages, the blending approach could result in limitations/drawbacks due to the use of
synthetic-no biodegradable polymers/cross linkers "*’. In relation to tumor targeting decoration,
Huang and colleagues developed folate-SS-DOX nanoparticles: these nanosystems showed the
ability to reach tumoral tissues by conjugating them with folate moieties. The presence of
hydrozone bonds, by which DOX is linked to SS structure, showed a pH responsiveness
resulting in a controlled drug release only selective for acidic conditions, which are typical of
tumor tissues. Moreover, the interaction between highly hydrophilic SS and lipophilic drugs,

such as DOX, resulted in nanoparticle formation due to the self-assembly behavior of SS .
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7. Pre-clinical and clinical trials

There are several in vitro or pre-clinical studies regarding silk nanosystems, showing their
efficacy in the treatment of a broad spectrum of diseases, starting from cancer to inflammatory
diseases. Very interesting was the efficacy of the combination between curcumin and 5-
fluorouracil loaded SF nanoparticles for the treatment of breast cancer. They effectively
reduced in vivo the tumor size, compared to free drug treatments, probably by inducing cell
apoptosis mediated by reactive oxygen species secretion **. Concerning SS, in vivo studies of
fenofibrate-loaded SS nanosystems, obtained by blending it with poly-ethyl cyanoacrylate,
showed an anti-hyperlipidemic effect by increasing fenofibrate poor solubility and
bioavailability '*°.

Unfortunately, these are not enough. Albeit silk-based polymers are capturing the interest of
the scientific community, we are still far from their clinical application; this statement is
enforced by the fact that until today there is no clinical trial based on silk-based polymers
(searching for SF/SS nanoparticles, last access June 1st, 2017). Yet, different types of nano-
carriers are commercially available, mainly liposomes and polymeric micelles, leading to good

8 The question arises spontaneously: “Why this diffidence in performing

clinical results
experiments on human beings?”” “Why are clinical applications/trials based on silk nanosystems
still missing?” One answer could be the fact that there are still several doubts concerning
nanoparticle toxicity, regardless of their components, as occurred for Ferugulose ®
(NC100150) and Resovist ® *°. Another possible response is that in vitro results related to silk
nanoparticle employment do not completely match the prefixed target. Moreover, the tuning of
a scalable and cheap production method could open the industrial production to silk
nanosystems, thus opening their clinical applications. Nevertheless, we believe that silk

nanoparticles will find their clinical applications, opening innovative, undiscovered and

exciting perspectives for the treatment of fatal diseases to future generations.

8. Conclusions

Silk fibroin retains unique mechanical, physico-chemical and biological features, making it a
suitable natural polymer for drug delivery system design and development. Otherwise, silk
sericin shows lower structural properties but a higher number of biological activities, and thus
applications, than silk fibroin. Silk fibroin nanoparticles could be developed by tuning the
fibroin secondary structure, while silk sericin needs to be blended with other polymer(s) for the
creation of nano drug delivery systems. All the nanoparticle production techniques show both
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advantages and drawbacks, which must be overcome by exploring and developing new ones.
Despite this, both nanosystems have been employed for drug delivery purposes including small
molecules, proteins and genes to achieve the treatment of several fatal diseases. Nevertheless
silk proteins have been deeply studied in vitro, their clinical applications are still lacking.

Overall, silk proteins appeared as suitable and innovative natural-inspired excipients,
exploitable for the development nano drug delivery systems in multidisciplinary fields, as well

as bioactive compounds able to improve and support some active principle ingredient effects.
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Abstract

It has been demonstrated that the biological effector of mesenchymal stem/stromal cells (MSCs)
is their secretome, which is composed of a heterogeneous pool of bioactive molecules, partially
enclosed in extracellular vesicles (EVs). Therefore, the MSC secretome (including EVs) has
been recently proposed as possible alternative to MSC therapy. The secretome can be
considered as a protein-based biotechnological product, it is probably safer compared with
living/cycling cells, it presents virtually lower tumorigenic risk, and it can be handled, stored
and sterilized as an Active Pharmaceutical/Principle Ingredient (API). EVs retain some
structural and technological analogies with synthetic drug delivery systems (DDS), even if their
potential clinical application is also limited by the absence of reproducible/scalable isolation
methods and Good Manufacturing Practice (GMP)-compliant procedures. Notably, EVs
secreted by MSCs preserve some of their parental cell features such as homing,
immunomodulatory and regenerative potential. This review focuses on MSCs and their EVs as
APIs, as well as DDS, considering their ability to reach inflamed and damaged tissues and to
prolong the release of encapsulated drugs. Special attention is devoted to the illustration of
innovative therapeutic approaches in which nanomedicine is successfully combined with stem

cell therapy, thus creating a novel class of “next generation drug delivery systems.”

Keywords

Mesenchymal stem/stromal cells; secretome; extracellular vesicles; drug delivery systems.

1. MSCs: therapeutic agents and drug carriers

The idea to employ MSC-derived EVs instead of their parent cells in clinical practice derives
from their therapeutic efficacy [1] [2] [3]. MSC paternity can be attributed to the pathologist
Julius Cohnheim, who, in 1867, was the first to hypothesize that non-hematopoietic bone
marrow cells migrate to far injured tissues to take part in regenerative processes [4]. In 1966,
Alexander Friedenstein observed the development of reticular tissue from a heterotopic
transplantation of bone marrow fragments and cell suspensions [5]. Later, he reported the
presence of fibroblastoid cells in rodent bone marrow, early named Colony Forming Unit

Fibroblasts (CFU-F). These cells were morphologically different from marrow hematopoietic
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cells with in vitro clonogenic potential that had previously never been attributed to other
lineages [6]. In 1976, Friedenstein described the isolation procedure to separate CFU-F from
whole bone marrow aspirate based on differential adhesion properties [7]. Over the years, other
researchers confirmed his observations by demonstrating CFU-F ability to differentiate into
osteoblast, chondrocyte, adipocyte and myoblast lineages [8] [9] [10] [11][12]. In 1991, Caplan
re-named these CFU-F cells into “Mesenchymal Stem Cells” (MSCs) to emphasize their ability
to theoretically differentiate into end-stage cells of mesodermal tissues such as bone, cartilage,
bone marrow stroma, adipose tissue, muscle, ligaments, and dermis. Two decades later, in an
opinion paper, Caplan proposed to change their name to “Medicinal Signaling Cells” due to the
secretion of a heterogeneous pool of bioactive compounds with an immunoregulatory and
regenerative potential [13]. MSCs were first isolated from the bone marrow [7], then from
several other adult tissues such as fat [14] [15] [16], dental pulp [17], synovial membrane [18]
and tendons [19]. Moreover, MSCs populate lymphoid tissues [20] such as spleen and thymus
[21], and perinatal sources including cord blood [22] [23], Wharton jelly [24], placenta [25]
and amniotic fluid [26].

Currently, bone marrow still represents the most popular source of MSCs for clinical
applications, even if the collection is painful for the patient and results in a low yield of
recovered cells [27]. On the contrary, fat tissue represents a minimally-invasive source of
MSCs, symbolized by stromal vascular fraction (SVF). Some authors have proposed the use of
SVF instead of MSCs due to its heterogeneity reducing manufacturing times and preserving the
regenerative potential [28] [29] [30] [31]. The MSCs derived from adipose tissue and other
sources such as deciduous teeth, placenta or umbilical cord are characterized by features similar
to bone marrow-derived MSCs in terms of morphology, multilineage potency and cell yield,
despite specific differences in transcriptional and proteomic expression [32] [14] [33] [34] [35].
Due to the variability among MSC populations, a consensus document was written by the
International Society for Cellular Therapy in order to establish minimal criteria to define MSCs
and to facilitate their clinical application. Three minimal criteria were proposed: 1) adherence
to plastic supports when cultured in standard conditions; 2) expression of specific surface
markers, including positivity for CD105, CD73, CD90 and negativity for CD34, CD45, CD14
or CD11b, CD79a or CD19 and HLA-Class II markers; 3) in vitro differentiation into
osteoblasts, chondrocytes and adipocytes, named multipotency [36]. In addition, MSCs may

express other positive markers such as embryonic stem cell markers, i.e. Oct-4, Rex-1, and Sox-
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2, although their expression is strictly influenced by the source of the MSCs method of isolation
and different culture stages [37].

MSCs are attractive candidates for several clinical applications, including oncohaematology
and regenerative medicine, and currently several trials are recruiting patients in different
countries to test the efficacy of MSCs in the treatment of several diseases. The translational
application of MSCs means considering them as Advanced Therapy Medicinal Products, or
drugs, thus their manufacturing process for clinical purposes should comply with Good
Manufacturing Practice (GMP) to preserve the quality and safety standards of the final product.
For this reason, all manufacturing steps, ranging from their collection to their clinical
application, must be controlled and validated, as recently reported by Torre et al., on behalf of
the Italian Mesenchymal Stem Cell Group (GISM) [38] [39].

In clinical practice, MSCs retain several drawbacks that can be classified into different
categories. The first category is represented by risks associated with the intrinsic cellular
properties mainly related to cell differentiation status, tumorigenic potential, proliferation
ability and life span in culture. The second category comprises risks associated with extrinsic
factors introduced by cell collection, handling, culturing and storage. Finally, MSC therapy
suffers from risks associated with clinical features including exposure duration and
administration route [40]. The biodistribution of the cells is a critical step because the majority
of the systemically injected MSCs are trapped by the lung and liver microvasculature, and the
consequent failure to reach the target site [41]. This limit may be overcome by tissue
engineering approaches, either by implanting cells within a three-dimensional scaffold [42] [43]
[44] [45]or by engineering their surface, resulting in an improvement in their ability to reach
their native niche or injured tissues [46].

Due to their plasticity, MSCs were considered “ideal tools” for regenerative medicine, since
originally it was assumed that their therapeutic potential depended upon their differentiation
ability [47]. It is currently believed that the therapeutic potential of MSCs does not depend only
by their regenerative capacity, but largely by the release of molecules possessing paracrine

activity that are partially delivered by extracellular vesicles (EVs) [48] [49] [50].
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1.1 Therapeutic effects of MSCs

MSCs are currently employed as “eclectic key players” in several clinical trials (730 clinical
trials are available online on June 5th 2017; http://www.clinicaltrials.gov) either alone or in
combination with scaffolds or biomolecules of different natures. However, it is still unclear
how injected cells interact with the target site while maintaining their viability and phenotype
[51]. Some authors suggested a strict interaction between exogenous and resident MSCs that
would switch off the immune surveillance thus allowing tissue regeneration [47] [52]. In fact,
MSCs suppress T cell proliferation and differentiation per se or by regulating the Treg cells
activation by secreting immunosuppressive factors and chemokines [53] [54].

Nearly half of all registered clinical trials exploits the MSCs’ immune-modulatory and/or anti-
inflammatory properties for the treatment of severe autoimmune diseases, organ transplantation
and rejection, inflammatory conditions such as multiple sclerosis [55], diabetes [56],
osteoarthritis [57], inflammatory bowel disease [58] and osteogenesis imperfecta [59] [60]. In
particular, Graft versus Host Disease (GvHD) represents one of the major fields of application
for MSCs, the data suggest that MSC therapy results in effective remission of the symptoms
without serious side effects [61] [62] [63]. Similarly, MSCs have been tested in several other
autoimmune disorders such as systemic lupus erythematosus (SLE), rheumatoid arthritis and
Crohn’s disease [64] [65] [66].

The MSCs used in clinical trials have been isolated from different sources: the most common
being bone marrow, but also adipose tissue, umbilical cord and placenta. Notably, even though
both autologous and allogeneic MSC transplantations have shown to be safe, the latter is
preferred due to the isolation source (young and healthy donors), availability off the shelf and
the higher cost-effectiveness [67] [68].

Albeit clinical results are encouraging several concerns about MSC-based therapy including
safety, long-term efficacy, route of administration, and cost-effectiveness still represent issues
that need to be addressed. MSC engraftment at the target site also represents a limit and many
studies support the lack of long-term MSC engraftment; this evidence lead to the hypothesis
that the positive effects exerted by MSC therapy were mediated by paracrine mechanisms [69].
The use of tissue engineering approaches such as 3D scaffolds or injectable hydrogels has been
proposed to increase cells’ retention [46]. Despite all these open issues, MSC therapy still
represents an appealing opportunity to ameliorate the life of patients suffering from fatal

diseases, such as GvHD [70], multiple sclerosis [71], diabetes [56] and spinal cord injury [72].
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1.2 MSCs as drug delivery systems

In recent years, the design of suitable drug delivery systems (DDS), providing an optimization
of both pharmacodynamic and pharmacokinetic properties of the drug [73], is at the leading
edge. In particular, micro/nanotechnology occupies a great branch of the drug delivery field,
with the development of several nano-sized DDS including microspheres, liposomes,
nanoparticles, dendrimers and micelles that are able to carry various therapeutic molecules to
target sites. One of the most desired features of DDS, in addition to safety, efficacy and
controlled release, is the “smart targeting,” which can sometimes be difficult to achieve [74].
Advanced DDS must retain “smart targeting” capability, thus improving the therapeutic effects
and minimizing the off-target biodistribution to avoid undesired side effects. Smart
micro/nanoplatforms can respond to both endogenous and exogenous stimuli, such as pH
variations, enzyme concentration, temperature, ultrasound, and magnetic fields, which are
applied to enhance the drug release at its target site [75]. In particular, nanosystems are widely
used to deliver anti-cancer drugs, thanks to their ability to passively reach the tumor site,
exploiting their Enhanced Permeability Retention effect [76]. Despite these advantages, there
are still some concerning points with the use of nanodevices, such as rapid clearance from the
bloodstream, lack of specificity followed by nonspecific biodistribution and insufficient data
related to their acute and chronic cytotoxicity [77] [78]. For these reasons, the scientific
community is still searching for smart DDS, and recently cells have been proposed as
innovative DDS. Cells can be successfully exploited as drug carriers for their ability to prolong
the circulation time of drugs and, exclusively for some cell lineages (immune cells, MSCs), for
their capacity to reach inflamed and damaged tissues. Different approaches have been used to
load drugs into cells: bioactive compounds (e.g. drugs or growth factors) can be easily loaded
through passive diffusion or can be linked to the cell surface. Moreover, most cells can be
engineered with non-viral and viral vectors to over-express genes of interest in order to achieve
a steady production, and thus a sustained release, of a desired therapeutic product at the target
site [79].

MSCs can be considered natural DDS, since they physiologically retain the “smart targeting”:
their migratory/homing ability towards diseased tissues can be enhanced through the over-
expression of membrane proteins responsible for binding chemo-attractive signaling molecules
released by damaged tissues. For example, the over-expression of CXCR4 receptors resulted in
beneficial effects for both kidney and liver grafts [80] [81]. Other overexpressed chemokine
receptors such as CXCR7 and CXCRI1, nuclear receptors such as Nur77 and Nurrl, as well as
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aquaporin gene and adhesion molecules may increase the MSCs’ migratory potential without
affecting stemness genes [82]. Notably, the homing potential of MSCs could be strongly
reduced in relation to the route of administration, due to their interaction with the mononuclear
phagocyte system, if intravenously injected, or to their accumulation in pancreas and
gastrointestinal tract, after intraperitoneal and subcutaneous injection [83].

Nowadays, the MSCs’ innate homing has been reported in several studies of ischemic brain
injury, myocardial infarction and acute renal failure, even though this mechanism has not yet
been clearly understood and explained [84] [47]. Two main hypotheses have been described.
The first is attributed to the direct cell-to-cell contact, while the other is related to the secretome

of MSCs including chemokines, cytokines and growth factors (Figure 1) [33].
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Figure 1. Hypothesis of the MSC homing mechanism: A) direct cell-to-cell contact: MSCs
adhere and cross the endothelial membrane by expressing a restricted set of molecules, reaching
the inflamed/damaged site; B) cell-secreted factors (secretome) able to cross the endothelial
membrane, entering the bloodstream and finally reaching the injured cells.

In support of the first hypothesis, it has been shown that, similarly to leukocytes, MSCs are able
to adhere and cross the endothelial membrane by expressing a restricted set of molecules
(selectin-P, integrin B1, VCAM-1) that regulate their homing potential [47]. MSCs’ migration

towards the injured tissue increases under hypoxic conditions because low oxygen tension
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changes their surface receptors and the interaction with the damaged tissue, even if it is strictly
related to MSCs close to the injured site [85]. Unfortunately, it is still unclear whether MSCs
isolated from various sources show differences in their homing potential [86]. Nevertheless,
recent discoveries show that the therapeutic efficacy is no longer attributed to MSCs, but to
their characteristic secreted bioactive soluble factors and vesicular systems (namely secretome)
[87], as demonstrated in the treatment of cisplatin-induced acute kidney injury murine models
[88].
Currently, great interest is focused on MSCs and other cell lineages such as red blood cells to
deliver anti-cancer prodrugs because their cytoplasmic enzymes allow them to activate the
encapsulated anti-cancer pro-drug once the desired site is reached [79] [89]. Moreover, MSCs
can deliver pro-apoptotic proteins, such as tumor necrosis factor related apoptosis induced
ligand (TRAIL), overcoming TRAIL-resistant tumor cells, with positive effects on colorectal
carcinoma [90]. Similarly, adipose derived-MSCs over-expressing interferon-beta (IFN-)
showed efficacy for the treatment of experimental autoimmune encephalomyelitis [91].
For the treatment of critical limb ischemia and Huntington disease the use of genetically
engineered MSCs able to secrete bioactive molecules such as vascular endothelial growth factor
(VEGF) and brain-derived neurotrophic factor (BDNF) has been proposed [92]. The rationale
for developing engineered MSCs expressing and thus secreting these bioactive factors is to
increase their local expression and to potentiate their biological effects. Therefore, engineered
MSCs represent ideal candidates for drug delivery, increasing the efficacy of drug therapies,
albeit, based on our knowledge, there are no studies focusing on the therapeutic release
mechanism from engineered-MSCs [93]. Furthermore as recently reviewed, some results are
contradictory because factors released by modified MSCs have both pro- and anti-tumor effect
[94].
In 2011, Pessina et al. showed the ability of MSCs to uptake and then release large amounts of
the anti-cancer drug paclitaxel (PTX), thus acquiring potent anti-tumor and anti-angiogenic
activity in vitro without applying any genetic manipulation. Results confirmed that the drug
encapsulated into cells did not elicit side effects, but at the same time maintained its activity
[95]. Recently, the same procedure was employed to deliver PTX into MSCs isolated from other
sources (human placenta and interdental papilla), confirming previous observations [96] [97].
The use of MSCs as chemotherapeutic delivery agents to tumors must be considered positively
in the context of the controversial role of between MSCs and tumor associated fibroblasts
(TAFs) on tumor growth. For example, tumors resistant to anti-VEGF therapy stimulate TAFs
43



to express pro-angiogenic platelet derived growth factor-C (PDGF-C) by suggesting to use it
as a new potential therapeutic target [98] [99]. Furthermore, when massive stroma is present as
in pancreatic cancer [100] a possible therapeutic strategy could be the use of the same MSCs as
a “trojan horse” that can be integrated into the tumor mass and deliver the drug in situ at very
high concentration difficult to obtain by intravenous injection.

As MSCs, neuronal and hematopoietic stem cells could also be DDS in the treatment of
different neurological disorders and cancer conditions. Indeed, Song et al. induced TRAIL
overexpression in hematopoietic stem cells, and in a murine model it led to a significant
inhibition of tumor growth without affecting normal tissues [101].

Up to now, cell-based DDS stands out as an innovative approach in the drug delivery field,

even if it is dramatically different from the classical pharmaceutical technology approach.

2. Mesenchymal stem cell-extracellular vesicles

EVs are membranous vesicular systems released by different cell types [102] [103]. Chargaff
and West observed EVs, for the first time in 1946, as pro-coagulant platelet-derived particles
in plasma [104]. Few years later, in 1967, Peter Wolf described them as “platelet dust” [105].
Since they are present both in unicellular and multicellular organisms, they can be considered
highly conserved in both prokaryotes and eukaryotes [106] [107]. EVs can be isolated from
body fluids such as blood, saliva [108], urine [109] [110], breast milk [111] [112], synovial
fluid [113], bile [114], seminal fluid [115] and cerebrospinal fluid [116] [117].

Formerly, EVs were considered as secreted systems implicated in cellular waste disposal
mechanisms; nowadays, it is known that they act as mediators in distant cell-to-cell
communication [118] [119]. In particular, the EV ability to transfer genetic information
between cells has deeply changed the genetic manipulation of cells: it is now possible to
regulate the genetic expression at post-transcriptional level, since the information is encoded in
EV-miRNAs [120]. This process may have some limitations, since it was also reported that
functional RNA delivered to target cells via EVs is rapidly degraded without being translated
[121]. EVs could be used as new effective diagnostic biomarkers for tumor investigation [76],
including breast and prostate tumors in their early stage [122] [123]. EV payload and surface
markers are strictly related to their parent cell lineage and are influenced by their metabolic
state during vesicle biogenesis [124], giving them a double role in physiological and

pathological conditions. In fact, EVs equally contribute to suppress or support a pathological
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condition [125]. This led to the introduction of the complex concept of “good and bad” vesicles
[126] that will be discussed in a specific section below.

Several complex extracellular vesicles have been described and variously named
(multivesicular cargo, macrovesicles, multivesicular spheres) [127] [128] [129]. Cells secrete a
heterogeneous mixture of EVs whose morphology and size may be deeply altered by
manipulation methods (such as ultracentrifugation, aldehyde fixation and dehydration). Thus,
the different types of EVs are indistinguishable by electron microscopic observation except,
theoretically, by their biogenesis [128]; in fact, size cannot be used to distinguish between
different types of EVs [121] [130] [131].

Multivesicular bodies (MVBs) contain intra-luminal nanovesicles, namely exosomes (Ex),
mainly ranging from 30 to 100 nm that increase in number with the progressive maturation of
MVBs. The high amount of MVBs suggests that Ex strongly contribute to the formation of EV
progeny. MVBs fuse with the cell membrane releasing Ex to the extracellular environment
(Figure 2).

Ex, first observed by Rose Johnstone and colleagues in 1970 in maturing reticulocytes [132]
[133], show a phospholipid bilayer characterized by ceramides, sphingolipids, tetraspanins
(CD9, CD63, CD81), Alix and TSG101, considered as exosomal markers. Moreover, exosome
membrane retains the same protein content of their parent cells, thus proving an identity card
of Ex origin [134] [135]. Ex are abundant in biological fluids such as blood, urine and saliva,
which allow their interaction with distant tissues and possible applications in the diagnostic
field. Ex may represent an innovative, sensitive and minimally-invasive method to detect
tumors at early stages, although so far the only strong evidence supporting this hypothesis has
been provided for pancreatic cancer [136] [137].

Shedding vesicles (SVs), also named ectosomes, microvesicles or microparticles [138], ranging
from 60 nm to 1 pm in diameter, originate from direct outward budding of the plasma membrane
in response to differing physiological or artificial stimuli, such as an increase in cytosolic
calcium levels, ionophore treatment or changes in bloodstream conditions. They are surrounded
by the cellular membrane, thus keeping the same parent cell moieties [139] [48]. SVs may be
observed both by transmission and scanning electron microscopy, TEM and SEM. When
observed by TEM, SVs characteristically display an electron-dense limiting membrane and
slightly to moderately electron-dense contents (Figure 2). However, vesicles showing a
cytoplasm-like texture may be occasionally seen as a consequence of the apocrine-like
mechanism of release.
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Figure 2. Main classes of EVs: Exosomes (Ex) are the smallest membrane-enclosed vesicles
released by cells; they are enclosed in multivesicular bodies (MVBs) before being released in
the extracellular environment. Shedding vesicles (SV) represents the most heterogeneous pool
of extracellular vesicles, touching a dimensional range between 60 and 1000 nm; they are
formed via outward budding of the cellular membrane. Finally, large complex vesicles are
exocytosed through a sort of micro-apocrine secretion.

Finally, large complex EVs budding from the cell surface of different cell lineages and
containing nanovesicles have been described [127, 128, 140]. It has been speculated that
enclosed nano-vesicles, in a first phase, converge underneath a distinctive region of the plasma
membrane and are then exocytosed through a sort of micro-apocrine secretion. The functional

significance of these vesicles still needs to be clarified (Figure 2).
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Unfortunately, there is not yet an optimized and standardized EV product and the therapeutic
potential may vary among independent EV preparations, even if isolated from the same cell
lineage [69]. The common isolation method is based on differential centrifugation, whereby
apoptotic bodies, cell debris and SVs are pelleted using centrifugal forces among 200 and
10,000 g and Ex are isolated applying 100,000 g of ultracentrifugation forces [141]. However,
this technique is time consuming, very expensive (it needs specialized equipment), difficult to
scale up and requires a large amount of starting cells. Moreover, ultracentrifugation can damage
EV integrity [142] and induce the formation of aggregates [143]. The most drawbacks
associated to ultracentrifugation are overlapped by size-exclusion chromatography (SEC),
which is able to sort particles in relation to their size, preserving the EV integrity, albeit it
requires long time to collect pure samples [144]. Indeed, the SEC approach must be coupled
with ion-exchange chromatography (IEC) to achieve a pure EV population [145]. Moreover,
other innovative isolation techniques are reported in literature including the microfluidics-based
technique, with faster time of analysis but low collection efficiency [146]. Finally, the
commercially available isolation kits, based on polymer-induced precipitation (Optiprep®,
ExoQuick®) and available only for lab-scale production, are not efficient in isolating
populations of EVs (for example only Ex) [147].

EVs act as cellular “logistic shuttles” and their cargo contains lipids, proteins, enzymes, growth
factors, receptors, metabolites and genetic material such as DNA and RNA [148]. Recently,
high-resolution lipidomic and proteomic analyses conducted on EVs isolated from different cell
lineages (glioblastoma cells, carcinoma cells and MSCs) showed differences in their lipid and
protein content: Ex proteins did not mirror the proteomic profile of their parental cells, whereas
SV proteins belonged to the cell endoplasmic reticulum and mitochondria. Finally, considering
their lipid composition, Ex are highly enriched in glycolipids and free fatty acids, while SVs
show more ceramides and sphingomyelins [149].

Once released into the extracellular environment, EVs are taken up via multiple mechanisms
by neighboring cells or reach distant sites through biological fluids [150], modulating the target
cell phenotype and the cellular biological properties [151]. EVs interact with the target cell
through surface receptors or integrins, or by fusing with the plasma membrane (endocytosis)
[152]. This last mechanism, environmentally controlled, often occurs under acidic conditions,
and consequently is more frequent in cancer conditions [153].

EVs act either by regulating the expression of several receptors of targeted cells including tumor
necrosis factor (TNF), MHC Class I/II molecules and CCR5 chemokine receptors [154], or by
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transferring bioactive compounds (e.g. growth factors, lipids and proteins) into target cells after
cell membrane fusion [48] [155] [156]. Moreover, the horizontal transfer of genetic products
via EVs induces transient or permanent phenotype changes in target cells [157], making RNA
a “key” cell fate modulator. This observation supports the possibility that MSCs modulate their
biological effects by delivering genetic information that might affect gene expression in the
target cells through EV-mediated transfer of mRNAs and various non-coding RNAs [48] [158]
Thanks to their strong potential, EVs have been tested in phase I clinical trials for the treatment
of different types of cancer including metastatic melanoma, advanced non-small lung cancer
and malignant glioma leading to conflicting conclusions [159] [160] (NCT01550523). Tumor-
derived EVs were used in a phase I clinical study for the treatment of colorectal cancer in
association with appropriate immune stimulatory adjuvant to exert an immunotherapeutic anti-
tumor activity; they showed the safety but not the efficacy of EV treatment [161]. EVs derived
from natural killer lymphocytes possess an in vitro immune-stimulatory activity similar to that
mediated by EVs of dendritic cells [162].

Given the absence of a consensus [163], in order to standardize isolation and characterization
protocols, the International Society for Extracellular Vesicles (ISEV) has dictated the minimal
criteria required to distinguish “the real” EVs from other non-vesicular complexes, such as the
presence of protein AGO2. Briefly, the criteria are: 1) EVs must be isolated from body fluids
or cell culture supernatants; 2) at least one of the three different protein categories
(transmembrane, cytosolic or intracellular proteins) must be quantified; and 3) vesicles must be
characterized in terms of morphology and dimensional range; 4) markers to evaluate EV
contamination should be provided i.e. proteins associated with compartments other than plasma
membrane or endosomes (e.g. endoplasmic reticulum, mitochondria) and extracellular proteins
binding specifically or non-specifically to membranes, co-isolating with EVs (e.g.
acetylcholinesterase, albumin) [120].

In relation of what reported in the 4th criterion, proteins and soluble factors are considered as
contaminating factors even though they are essential components of the cellular secretion that
shows, as a whole, high biological activity. Evidence of this, is the consolidated use of the
conditioned medium by many research groups. The vesicular fraction has a
qualitative/quantitative composition that is definitely different from the whole conditioned
medium [164] [165]. Moreover, depending on the isolation method of EVs, Ex or shedding

vesicles with different cargos are obtained.
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Nowadays, cytokines and growth factors released by MSCs are quite well defined even if no
data are actually available about what kinds of factors are released as free cytokines/growth
factors or packaged in EVs [156] (Figure 3). Finally, at the best of our knowledge, secretome

studies able to distinguish between soluble factors and vesicles, have not been published.

Free Cytokines/Growth Factors
SCF
IL-1  1poO TPO

I.-8 i
FGF gpp.; 17

IGF-1 yEGF TGF-B
pDGF  IL-6

i PGE2
1NOSV b /

MSC

Exosomes/Mlcroveswles

Figure 3. Representation of free or packaged cytokines/growth factors secreted by MSCs.

EVs derived from MSCs can be considered as unique tools in the control of tissue regeneration:
they mimic the effect of MSCs on target tissues, displaying long-term tissue reprogramming.
In this case, their mechanism of action is strongly related to their cargo, which is able to activate
specific regenerative cellular programs; moreover, MSC-derived EVs showed fewer limitations
than their parent cells.

MSC-EVs are characterized by more than 150 miRNAs and 938 different genes
(www.exocarta.org), and they can interact with either adjacent cells or cells resident in remote
areas to trigger appropriate cellular responses. MSC-secreted bioactive factors act as paracrine
or endocrine mediators able to influence cell behavior [166]. In particular, MSC-EVs play a bi-
directional role between damaged and their own progenitor cells: those derived from injured
cells stimulate stem cells to differentiate; whereas EVs released by MSCs promote regenerative

mechanisms in cells that survived the injury [152] [124].
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This paracrine effect was first described by Haynesworth SE et al. (1996), observing that MSCs
secrete a heterogeneous pool of growth factors, chemokines and cytokines that are able to exert
similar effects as those of their parent cells on neighboring tissues [164]. For instance, it was
demonstrated that the beneficial effects exerted by the MSC in the setting of acute myocardial
infarction were mediated by the conditioned medium of MSC via cytoprotective pathways,
particularly when the cells were transduced with the pro-survival gene Akt (Akt-MSCs) [167].
Similar results have been described in hepatic regeneration [168] and in acute kidney injury
models, where MSCs provide a paracrine support to the repair of local damaged cells [88].
Moreover, MSC-EVs have promoted neo-angiogenesis processes by stimulating the Wnt4/beta-
catenin pathway [169]. In the central nervous system (CNS), MSC secretome showed
neurogenesis, inhibition of glial scar formation and a neuroprotective effect in the presence of
different brain pathophysiological conditions [170] [171].

Immunosuppressive and immunomodulatory effects exerted by MSCs were first attributed to
different molecules, including interferon gamma (IFN-y) and inducible nitric-oxide synthase
(iNOS), but Bruno et al. demonstrated that the protective effect against induced acute tubular
injury was properly exerted by encapsulated growth factors in MSC-EVs [48] [1]. MSC-EVs
exhibit many of the immune modulatory properties of their cells of origin, inhibiting
proliferation, differentiation and antibody production of activated B cells [172] and inducing
the apoptosis of activated T cells, while increasing the proliferation of regulatory T cells and
the immunosuppressive cytokine IL-10 concentration in culture medium [173]. Recently, Di
Trapani and colleagues observed MSC-EV ability to suppress also NK cells [174] meanwhile
Zhang et al confirmed MSC-EVs activity on macrophage polarization leading to an immune
suppressive M2 phenotype, inducing the differentiation of CD4+ T cells to Treg and the
production of IL-10 [54]. Thus, MSC-EVs exert their immune modulatory activity both on
innate and on adaptive immunity. Of note, a case of successful treatment with MSC-EVs in a
patient with steroid-resistant gastrointestinal GVHD was reported [175].

Using EVs as smaller cellular “alter ego” effectors, with similar superficial markers and
possibly enriched in genetic material, it may be possible to achieve an innovative cell-free
strategy [176] with promising therapeutic effects in myocardial infarct size reduction [2],
musculoskeletal disabilities [177], acute and chronic kidney injury [178], tissue repair and
regeneration (wound healing) treatments [179]. In addition, the use of MSC-EVs instead of
MSCs overcomes the main obstacles of cell therapy, in particular regarding safety, regulation
and complexity issues [152], including the intravascular administration drawbacks typical of
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cellular therapy, which can cause vascular clotting [180], even if there are actually indications
that EVs derived by endothelial cells can induce thrombosis effect, by stimulating coagulation
and inflammation, when employed at high concentrations [181].

As clearly suggested by Lener and colleagues, it is crucial to list EVs as APIs or next drug
delivery systems in order to define standard requirements for isolation, safety, quality and
therapeutic purposes. Since EV production requires the use of living cells, they must be cultured
following GMP regulations; in fact, changes in cell culture can result in alterations of EV
biological properties and therapeutic effects. Different therapeutic potentials could be observed
both when employing heterogeneous (harvested from different cellular lineages) and also
homogeneous (when using EV obtained from independent preparation collected from the same
cellular type) EV populations, resulting in safety issues. Moreover, purification protocols could
alter the EV biological activity, due to the loss of effectors, thus resulting in lower therapeutic
potential [63]. In our opinion, to obtain a standard product with reproducible features, as
required for APIs, a "fingerprint" should be carried out fixing the limits of the product
acceptability (for example, proteomic profile and lipid content). This represents the typical
pharmaceutical approach for the production of biologicals, or extractive phyto-complexes.
The majority of clinical trials use EVs isolated from several different cell lineages and only one
study thus far aims to test the effect of MSC-derived microvesicles and Ex therapy on B-cell
mass in type I diabetes mellitus patients (NCT02138331, last access June 5th 2017
http://www.clinicaltrials.gov).

As they are complex carriers that can transfer a variety of biological molecules, the functional
implications of their biodiversity should be investigated in detail, viewing their exploitation in

therapeutic settings per se or as drug delivery nano-systems.

2.1 EVs as DDS: analogies with liposomes

EVs show a strong similarity to liposomes but they possess additional favorable features such
as stability in the bloodstream, slower clearance, low immunogenicity and the ability to deliver
therapeutic agents of various sizes, ranging from small molecules (such as anti-inflammatory
or chemotherapeutic agents), to genetic fragments (e.g. mRNAs, miRNAs and siRNAs) and
other nanosystems [130, 175]. In particular, miRNA and siRNA delivery by EVs allows them

to change the cellular genetic expression [176].
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Liposomes are synthetic, bimodular, phospholipid bilayer-enclosed vesicular systems of about
100 nm in diameter, able to encapsulate both hydrophilic molecules in their aqueous core and
lipophilic drugs, exploiting their hydrophobic phospholipid bilayer, as well as amphipathic
compounds by distributing them between both phases. Thanks to their bimodular nature,
different therapeutic molecules can be encapsulated, including anti-cancer molecules, vaccines,
chelating agents, peptides, hormones, genetic moieties, proteins and many others for cosmetic,
nutraceutical and pharmaceutical purposes [182]. For the production of liposomes, there are
several techniques available, providing optimal encapsulation efficiency, narrow particle size
distribution and long-term stability: 1) mechanical dispersion, 2) solvent dispersion, and 3)
detergent removal methods [183]. Thanks to knowledge gleaned throughout the last 40 years,
therapeutic liposomes are produced with an industrial approach, underlining the scalability of
the process, which yet lacks in the EV field [152]. Liposomes have been employed in different
clinical trials for the treatment of cancer, inflammatory and fungal diseases [184]. The first
liposome formulation commercially available was Doxil®, approved in 1995 by the US Food
and Drug Administration (FDA) for the treatment of chemotherapy refractory acquired immune
deficiency syndrome (AIDS)-related Kaposi’s sarcoma [185]. Nowadays, more than a dozen of
liposomal packaged drugs are commercially available and more than twenty formulations are
currently under investigation in several clinical trials [186]. Some formulations, such as Doxil®
and Lipodox®, are commercially available as suspension forms, but the majority of liposomal
“ready to use” formulations are lyophilized products due to their long-term stability with an
adequate cryoprotectant [186]. Liposome formulations are preferentially administered
intravenously, even if intramuscular (Epaxal® and Inflexal V®), spinal (Depocyt®) or epidural
(DepoDur®) administrations have been approved [186].

Different liposome types, including uni-lamellar and multi-lamellar vesicles (in relation to their
bilayer structure) have been developed and these structures influence the nanoparticle
biodistribution and cellular uptake mechanisms [187]. The liposomal surface charge can be
positive, negative or neutral [188]; this feature is exploited in gene therapy thanks to the
attraction between the negatively charged DNA and the cationic liposomes [189]. The liposome
phospholipid membrane is usually based on phosphatidylcholine (lecithin), phosphatidylserine
and cholesterol, compounds able to self-assemble in an aqueous environment, creating the
typical liposomal structure and preventing physical instability [190].

Despite these many advantages, liposomes present some drawbacks including instability,
oxidation, poor targeting and drug leakage [191]; in fact, when intravenously injected, they
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accumulate both in liver and spleen macrophages or result in quick clearance from the
bloodstream by opsonization and mononuclear phagocyte activation. Opsonization is a
physiological defense mechanism of the human body which facilitates foreign body recognition
and removal, avoiding at the same time DDS targeting and efficacy [192]. Even though it could
decrease the targeting capabilities of liposomes by interfering with the interactions between the
nanosystem and the target cell, PEGylation is often applied on artificial liposomal coronas to
avoid fast clearance from the circulation, thus prolonging bloodstream permanence [193].

For these reasons, smart liposomes, able to respond to different endogenous or exogenous
stimuli, represent one of the most attractive topic in the nanomedicine field [75]. Based on the
deep knowledge acquired in liposomal field, it has been possible to better understand the
complex EV structure, their drug loading and release properties, their stability and potentiality
as DDS [138] [192]. On the other hand, new discoveries in the EV field could be successfully
applied to improve current liposomal delivery systems.

Since liposomes are synthetic nanosystems, it remains challenging to perfectly mimic the
cellular phospholipid bilayer: this hurdle could be overcome using EVs as drug vehicles, since
their double-lipid bilayer retains the same structure as natural cellular corona, essential to
preserve the physiological cargo from bloodstream degradation [176]. Moreover, the
phospholipid bilayer is composed of the same proteins, markers and potential targeting moieties
as their parent cells [138] [152]. For example, Ohno et al. recently employed an artificial peptide
(GE11), which is less mitogenic that Epidermal Growth Factor (EGF), for targeting EGFR-
expressing cancer tissues, providing new approaches for miRNA replacement therapies [194].

Notably, EVs can encapsulate both hydrophilic and lipophilic therapeutics and deliver them
even through “hard to cross barriers” such as the Blood Brain Barrier (BBB), avoiding
phagocytosis or degradation mediated by macrophages [195] [196] [197].

Notably, EVs show less toxicity than synthetic liposomes or metal-based nanoparticles, such as
gold nanoparticles, and higher stability in the bloodstream as well as specific targeting
capabilities [198]. In particular, EVs derived from MSCs retain their instinctive homing to
injured tissues, thus helping in recovery processes, as observed by Grange et al. in acute kidney
injury models [199]. This natural tropism is essential for a suitable “smart” DDS to avoid off
target side effects and enhance the specific uptake by target cells [200].

Therefore, when compared to synthetic nanosystems, EVs can be considered “ideal” DDS
retaining several desirable features including cytocompatibility, biocompatibility, intrinsic
targeting and high bloodstream stability [201] [202].
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2.2 Drug encapsulation in EVs

Two approaches have currently been employed for drug loading in EVs, each with different
advantages and disadvantages. The exogenous approach provides drug encapsulation after EV
isolation and purification, while the endogenous approach is carried out during EV biogenesis
(Figure 4). Moreover, cells could be transfected with genetic material to induce EV loaded

secretion [203].
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Figure 4. Schematic representation of drug encapsulation in EVs: in the exogenous approach,
EVs are loaded after their isolation, while the endogenous approach is based on active
molecules encapsulation during EV biogenesis.

The endogenous approach is applied to encapsulate molecules of different natures, including
genetic material, lipids and proteins [106]. Cells are briefly cultured with the selected
compound until its internalization occurs; then, the cells are stressed to induce the release of
drug-enriched EVs in the extracellular milieu [204].

Some authors proposed the transfection-based method to achieve the secretion of EVs loaded
with miRNAs, as a result of endogenous secretory mechanisms. Similarly, another endogenous
technique exploited for EV loading is based on the transfection of donor cells with drug-
encoding DNA, thus applying a genetic engineering approach. Alvarez-Erviti et al. highlighted
the EV potential as innovative DDS for the first time. Specifically, they engineered autologous
DC, obtaining EVs characterized by linking the Rabies Viral Glycoprotein (RVG) sequence to

Lamp2b, an exosomal membrane protein, resulting in an increase in brain targeting. They
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isolated EVs expressing RVG sequences on their membrane surface, causing a decrease brain
protein expression associated to Alzheimer’s disease [197]. In addition, the engineered
glycosylation of the RVG peptides enhanced EV in vitro internalization when compared to non-
glycosylated peptides, ameliorating EV target capabilities [205]. Similarly, Batrakova et al.
used this method to achieve Ex loading with different protein cargos for the treatment of
neurodegenerative diseases, utilizing their peculiar ability to overcome the BBB [206]. The
main limitation of this approach is represented by the amount of encapsulated drug, related to
its properties [106] [207]. The expression of physiologically therapeutic molecules produced
by cells and packaged into EVs is influenced by cell lineage, genetic manipulation, but may
also depend on culture conditions (e.g. hypoxia and type of supplement). The optimal strategy
for achieving an increased route of the expressed therapeutic to EVs depends on the final target.
In 2014, Pascucci et al. successfully obtained MSC-EVs loaded with Paclitaxel (PTX) by
incubating cells at 37°C with high drug dosage. PTX-loaded EVs showed a high in vitro
efficacy against pancreatic cancer cell growth [208]. Del Fattore et al. observed that both bone
marrow-derived and umbilical cord-derived MSC-EVs decreased glioblastoma cell
proliferation in vitro, while an opposite effect was observed with adipose tissue-derived MSC-
EVs. Moreover, both bone marrow- and umbilical cord-MSC-EVs induced apoptosis of
glioblastoma cells, while adipose tissue-MSC-EVs had no effect. Loading umbilical cord-
MSC-EVs with Vincristine further increased cytotoxicity when compared both to the free drug
and to unloaded EVs [209]. Similarly, Tang et al. showed the ability of tumor cells to
encapsulate chemotherapeutic agents into EVs [210]. Both studies suggested that anticancer
drug delivery via physiologically secreted vesicles could solve the main drawback of
chemotherapy, id est side effects. Vehiculating chemotherapeutics into MSC-EVs achieves
smart drug targeting, avoiding its biodistribution toward healthy tissues. To further improve the
EV targeting, Arginine-glycine-asparagine (RGD) sequences were added to doxorubicin
(DOX)-loaded EVs by cell transfection with the vector expressing RGD sequence to selectively
target breast cancer cells due to their high expression of peculiar integrins with high affinity for
engineered EVs, without accumulation in undesired tissues (i.e. liver and spleen) [211].

In contrast, Federici et al. demonstrated that malignant melanoma cancer cells are resistant to
cisplatin treatment by a double mechanism of extracellular acidification and EV-mediated
removal [212], suggesting that Ex, by encapsulating and removing anticancer drugs from cancer

cells, play a crucial role in chemoresistance.
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The exogenous method carries out the EV loading after vesicle isolation from body fluids or
cell culture media; this approach can be applied for both hydrophobic and hydrophilic
molecules. The encapsulation of hydrophobic drugs is achieved after direct blending: small
lipophilic molecules passively diffuse through the EV membrane, while other molecules, such
as PXT, are entrapped in EV double lipid bilayer [204]. A hydrophobic interaction occurs
between the hydrophobic tails of EV phospholipid layer and the hydrophobic drug, thus
achieving a physical entrapment and protecting the encapsulated drug from degradation
phenomena in the extracellular environment. For example, Sun et al. isolated EVs from murine
lymphoma cells and incubated curcumin at room temperature for a few minutes. Their results
confirmed that curcumin-loaded EVs enhanced in vitro drug solubility, stability and in vivo
bioavailability; importantly, this approach improved curcumin anti-inflammatory activity when
compared to free drug [213]. The same technique was used by Zhuang et al. to obtain drug-
loaded Ex exploitable for the treatment of brain inflammatory diseases. The intranasal
administration of EVs, enriched by a transcription factor inhibitor (JSI124), showed a quick
and specific targeted uptake by microglial cells, confirming the EV ability to cross the BBB
[196].

The loading of hydrophilic compounds (such as RNA and genetic material) is more challenging
due to the presence of the EV phospholipid bilayer structure, which constitutes the major
obstacle to passive loading [204]. Different methods have been exploited to load hydrophilic
compounds in EVs. Electroporation is a technique based on high voltage application to induce
the spontaneous pore formation in membranous structures; this approach allows the cross of
hydrophilic compounds through EV membrane without affecting EV integrity, morphology or
functionality [197]. However, the electroporation process must be controlled to avoid drug
precipitation and aggregation [214]: membrane stabilizer addition, such as trehalose, helps to
avoid EV aggregation and fusion, a common phenomenon observed when applying
electroporation procedures to liposomes [215]. Wahlgren et al. exploited an optimized
electroporation technique, preceded by the pre-complexation of siRNAs with cationic
liposomes, to achieve Ex loading. With this proof of concept, they demonstrated the possible
role of Ex as gene therapy vehicles, overcoming the limiting step represented by the negative
surface charges of both EVs and siRNAs [216].

Other approaches have been exploited for exogenous EV loading, such as repeated freeze-thaw
cycles, sonication, treatment with saponins to increase EV permeability, and extrusion [217].
The highest drug loading capacity is reached using the sonication technique instead of
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incubation at room temperature or electroporation reaching drug loading (%) of 28.29 %, 1.44
% and 5.3 % [76]. Haney et al. combined sonication and extrusion procedures to load catalase,
an antioxidant molecule, in Ex; the authors confirmed that this approach enhanced the drug
loading (by roughly 26 %) and preserved the catalase activity [217].

Harnessing exogenous techniques, drugs can also adhere to the exosome surface, thus being
available for a fast release. This approach could be exploited when a sustained release of the
drug is needed since the whole encapsulated drug is not entrapped in the intracellular matrix
but is partially linked to the external surface, thus providing a starting-burst release effect.
Moreover, both targeting and retention time could be increased by the addition of PEG moieties
to the EV surface, allowing the attachment of other targeting molecules [218].

Based on our knowledge, an important issue that could be further investigated is the possible
interaction between EV “natural” cargo and the encapsulated molecules that could either

enhance or reduce the biological and pharmacological activity of these nanosystems.

2.3 “Good and bad” vesicles

EVs can be considered the middle ground between cell-based therapy and nanomedicine, since
they retain the best qualities of both systems [204]. The existence of “good and bad” vesicles
is related to their double role in physiological and pathological conditions, leading a
bidirectional flow of information [126]. In particular, EVs participate in the maintenance of the
homeostatic balance as well as modulate angiogenic, inflammatory and coagulatory conditions.
The crucial role of EVs in pathological conditions, such as in cancer and autoimmune diseases,
has been deeply studied; however, their role in homeostasis and physiological functions is not
fully explored yet [158].

EVs can affect immune responses, promote tumor invasiveness, metastasis and drug resistance,
promote endothelial cell migration, and participate in neovascularization acting as carriers of
angiogenic stimuli [219]. Diseased cells exploit EVs as carriers to spread infections and
diseases, such as in the case of spongiform encephalopathies [220] and Hepatitis C (HCV)
[221]. Moreover, macrophages infected by Mycobacterium tuberculosis deliver
glycopeptidolipids into Ex, which exert a pro-inflammatory activity [222].

In osteoarthritis and rheumatoid arthritis, EVs secreted by IL-1B-stimulated fibroblast-like
synoviocytes induce extracellular matrix degradation, improve inflammation and change the

chondrocyte morphology and activity [223] [224]. Cancerous cells secrete Ex enriched in
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oncogenic RNA, miRNA and transcription factors responsible for mediating metastasis neo-
formation in targeted tissues by promoting neo-angiogenesis and immune suppression [225].
Melanoma cells secrete Ex enriched in RNA that are able to transform poorly metastatic tumor
cells into highly metastatic cells; this exosome-mediated information exchange provides a
hypothetical mechanism for dissemination of cancer phenotypes. Moreover, cancer cell-derived
EVs promote angiogenesis and facilitate tumor-immune surveillance escape [226].
Degenerative disease exacerbation is also influenced by exosome-mediated mechanisms.
Neurons from Parkinson’s and Alzheimer’s patients secrete Ex containing a-synuclein and
amyloid beta (AP), the main hallmarks of these pathologies. These Ex contribute to the
nucleation and physical diffusion of the a-synuclein and AP aggregates [227].

One of the first therapeutic applications of “good” vesicles was to create EV-based vaccines
able to suppress the tumor expansion in immune-competent mice. EV-based vaccines have been
tested also for the treatment of infectious diseases, to trigger a more efficient immune response
than that mediated by standard vaccines in the recipient organism (for more details see review
[200]). The positive results achieved using EV-based vaccines, which could be considered an
innovative cell-free vaccine approach, have paved the way to their intensive study in clinical
trials [228] [229].

Since MSC-EVs retained the same beneficial properties of their parent cells, they have been
widely used as “ideal” cell substitutes in different therapeutic fields, in particular for the
treatment of several pathological conditions including pulmonary hypertension [230],
myocardial ischemia [231] [232], hepatic failure [233], acute renal injury [88], tumor [208]
[211] [234], bone [235] [236] and CNS degeneration [237].

The role of MSC-EVs, and also of their parent cells, in tumorigenesis and metastatization
creation is still an open question. There are studies reporting the ability of MSC-EVs to inhibit
cancer cell proliferation and research suggesting their role in tumour growth and drug
resistance. This double behavior must be cleared before entering the clinical application, by
characterizing the MSC-EV effective payload [229].

In order to achieve EV clinical application, it is essential to define their parent cell culture
conditions, which must be in line with GMP standards. Additionally, the purification and
isolation technologies can also substantially alter the composition of the finished product. The
resulting heterogeneity represents a translational issue regarding regulatory approval
concerning to safety. The only way to enter clinical trials is to obtain a standardized product
with specific quality requirements using a repeatable and validated process. On a reproducible
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product, it will be possible to carry out the safety and efficacy checks required for regulatory

approval.

3. Novel therapeutic approach: next generation drug delivery system

Today, MSC-derived EVs could replace MSC therapy due to their comparable regenerative
potential with even better features. MSCs and their secreted EVs retain great potential as
targeted drug delivery vehicles thanks to their ability to encapsulate several therapeutic
molecules and to their physiological tropism to reach injured sites. Notably, the combination of
MSCs with nanoparticles allows stem cell therapy and nanomedicine advantages to be coupled
for the treatment of several disease, such as brain tumors [238] or osteosarcoma [239].

As innovative and “smart” DDS, MSC tropism could be employed also for tumor tracking by
encapsulating iron oxide nanoparticles, which are commonly used as contrast agents [240].
Another non-invasive targeting strategy is represented by metallic nanosystems combined to a
magnetic field: the incubation of iron oxide nanoparticles with cells results in the production of
EVs loaded with nanosystems. These double systems based on EV enriched in iron
nanoparticles, were able to be taken up by naive cells, and to disseminate throughout the body
[241]. In 2015, Tripodo et al. introduced a novel integrated biological-pharmaceutical approach
to improve the therapeutic potential of MSC-EVs as innovative DDS. This idea deals with the
fusion of a more classical technological approach, based on bio-inspired nanoparticles, with the
more innovative EV application as physiological nanosystems for drug delivery purposes. A
carrier-in-carrier system using an endogenous loading technique has been developed: the first
carrier was represented by micelles based on vitamin E and inulin, able to encapsulate high
curcumin content but at the same time preventing its cytotoxicity, while the second carrier was
based on MSC-EVs. This study demonstrated the micelles’ ability to cross MSC membrane
within few minutes, protecting them from curcumin cytotoxicity, and that MSCs were able to
release the entrapped drug, protecting curcumin from degradation [242].

This biological-pharmaceutical approach has been tested on other pharmaceutical carriers; in
2017, Perteghella et al. investigated a novel carrier-in-carrier system composed of MSC-EVs
loaded with silk/curcumin nanoparticles. The first carrier is represented by silk nanoparticles,
able to encapsulate high curcumin content, while the second carrier is represented by MSC-
EVs. Qualitative analyses on released product highlighted a higher MSC ability to release

nanoparticles within SV systems than in Ex, probably due to nanosystem size [243].
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These “next generation drug delivery systems” combine beneficial effects of both regenerative
cell therapies and pharmaceutical nanomedicine, providing a tool that could lead to avoid the
use of viable MSCs and their regulatory affairs.

Given the complex nature, multiple-component of biologically active contents and the cellular
origin of EVs, it is debatable what kind of pharmaceutical category they belong to. Food and
Drug Administration (FDA) and European Medicinal Agency (EMA), at the best of our
knowledge, have not yet classified secretome and/or EVs. We agree with the position of Lener
and colleagues that distinguish between EVs, obtained from genetically modified cells,
considered as Advanced Therapy Medicinal Product (ATMPs), and native EVs, from

genetically non-manipulated cells, considered as acellular biological medicinal product [69].

4. Conclusions

EVs are nano-sized vesicles physiologically released by cells and actively involved in cell-to-
cell communication. The innate ability of EVs to deliver their cargo to target cells represents
the basis of their suitable application as innovative DDS. MSC-derived EVs provide an
intriguing tool exploitable for regenerative medicine and for treatment of diseases refractory to
conventional therapies.

EVs have peculiar properties which make them unique DDS: the main strengths of EVs are a
lack of toxicity and lower antigenicity when compared with synthetic nanosystems, while they
could virtually exert higher safety profile, higher stability in the bloodstream, and lower cost of
production than cell therapy.

Still today, EVs are in a regulatory gap: they are not cells, but cellular products, thus they cannot
be considered as Cell Therapy or Tissue Engineering Products. For this reason, regulatory
authorities are requested to give an urgent opinion about all of these issues, which strongly
influences the product’s final quality. Moreover, a universally accepted protocol for EV
isolation is missing, as well as validated methods for the quantification and the potency of EVs
are lacking.

EVs seem to act as “Doctor Jekyll and Mister Hyde”, with a double identity played in both
physiological and pathophysiological conditions. EVs’ complex structure and mechanism of
action still need to be elucidated to achieve effective clinical and pharmaceutical applications.

Finally, further studies are required to confirm their safety and to prove their efficacy both in
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vitro but mainly in vivo, even if currently no side effects related to their pre-clinical and clinical
use have been described yet.

In conclusion, we reiterate the requirement of clear regulatory guidance, adopting of EVs as
therapeutic entities and defining their classification (are EVs considered ATMPs or not?), as
well as the requirement of standards in terms of isolation protocols, as well as nomenclature to
assist with developing EVs as therapeutic entities and enabling better group-to-group
comparisons of EV studies. Scientific progress in this field and group-to-group comparisons
could be achieved through the availability of a highly pure, “ready-off-the-shelf,” well-

characterized and stable powder-based EV standard, with a low cost-benefit ratio.
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he final aim of my PhD thesis was the development of a novel integrated

nanobiological-nanotechnological approach able to improve the therapeutic potential

of mesenchymal stem cells derived extracellular vesicles by exploiting the carrier-in-
carrier concept: the first pharmaceutical/technological carrier was represented by silk fibroin
nanoparticles into which selected drugs have been loaded, while the second biological carrier
was represented by the mesenchymal stem cells secreted membrane vesicles able to ensure an
adequate drug targeting to pathological tissue by their innate tropism. In particular, the
nanotechnological approach wants to avoid the intracellular drug hydrolytic or enzymatic
degradation, to improve its water solubility, to achieve a controlled release and to protect the
mesenchymal stem cells from cytotoxic effects of the drug itself. The biological approach wants
to exploit not only the homing capacity of the mesenchymal stem cell-derived extracellular
vesicles but also their innate immunosuppressive and regenerative potentials. Using
extracellular vesicles instead of mesenchymal stem cells as biological nanocarriers allows to
avoid all the complications related to cellular therapy: in fact, they show similar features of
their parent cells with virtually lower tumorigenic risk compared to viable/replicating cells and
for this reason probably higher safety and easy of handle, storage and application if we consider
extracellular vesicles as conventional active principle ingredients.
By coupling this two complementary approaches, the development of a “Next Generation Drug
Delivery System” was proposed in this PhD thesis for the regeneration of musculoskeletal
system. To achieve this final goal subsequent actions were carried out: firstly, silk fibroin
nanoparticle technique was developed (First Action); therefore, in vitro nanosystem anti-
inflammatory efficacy was defined (Second Action), and, finally a procedure to obtain the

nanostructured carrier-in-carrier delivery system has been designed (Third Action).
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Results
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he present PhD thesis is organized in three parts. First were developed bio-inspired

nanoparticles made of silk fibroin (First Action Results), the protein composing the

inner core of silk, into which two different drug models have been encapsulated for
the treatment of musculoskeletal diseases. In particular, we focused our attention on
osteoarthritis, a disabling disease affecting people worldwide characterized by a plethora of
pathways involving cytokines, chemokines, proteins, inflammatory and immune system cells.
Curcumin was chosen because of its natural anti-oxidant and anti-inflammatory properties
while celecoxib because it is considered as the “first choice treatment” for osteoarthritis.
Unfortunately, both drugs, when employed as naked, suffer from both severe cytotoxic
phenomena and poor biopharmaceutical properties, which can be overcome by harnessing a
nanotechnological approach. Silk fibroin nanoparticle-based delivery systems are suitable for
highly hydrophobic agents, circumventing the pitfalls of their poor aqueous solubility thus
revealing their great biological effects. Since osteoarthritis is characterized by pro-oxidant
agent production and pro-inflammatory cytokine release, leading to cartilage degradation and
associated pain, therefore, firstly, cytocompatibility and hemocompatibility studies have been
performed to assess the nanosystem compatibility compared to that of their equivalent free drug
formulations; secondly, the evaluation of their anti-oxidant and anti-inflammatory activity was
carried out in an in vitro model of osteoarthritis to verify their potential application for the
treatment of musculoskeletal pathologies (Second Action, Paper 3).
The previously developed silk fibroin bio-inspired nanosystems have been employed to create
an effective and versatile “next generation drug delivery system”, named carrier-in-carrier, by
combining a nano-technological with a nano-biological approach, exploiting simultaneously
both of their remarkable features; this combination could open new horizons for the treatment
of musculoskeletal diseases and inflammatory pathologies. The first carrier is composed of silk
fibroin nanoparticles, already deeply studied and employed for the development of a plethora
of scaffolds and drug supports, characterized by an intrinsic anti-inflammatory activity, as
demonstrated in Paper 3. The second delivery system is composed of extracellular systems
physiologically secreted by mesenchymal stem/stromal cells, already proposed and tested as
drug vehicles. The EVs will be loaded with drug models, previously internalized by
nanoparticles exploiting the exogenous technique: a carrier-in-carrier approach wants to ensure
a physiological drug targeting to pathological tissues, by exploiting mesenchymal stem cell

derived extracellular vesicles innate homing to injured tissues (Third Action, Paper 4).
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First Action Results

1. Introduction

Silk is a protein naturally produced by insects and spiders; its architecture shows that the inner
core is composed of two filaments, the heavy chain (= 250 kDa) and the light chain (= 25 kDa)
respectively, entirely coated by a sericin “glue like” layer showing a protective activity
(Vollrath F 2001). The polarity of this external coating make it easily removed by boiling the
cocoons in hot water, or in presence of carbonate (Altman GH 2002). Once obtained pure silk
fibroin fibers, it is possible to develop silk fibroin nanoparticles exploiting a broad spectrum of
different techniques, by exploiting silk self-assembly behavior ruled by hydrophilic and
hydrophobic chain interactions (Jin HJ 2003).

Desolvation, also known as coacervation, is the preferred method to obtain protein-based
nanoparticles. It is based on the dehydration of SF chains in the presence of several organic
solvents such as acetone, ethanol, dimethyl sulfoxide (DMSO) and methanol. The main
drawbacks are the presence of high volumes of organic solvents, which must be removed using
several centrifuges or strong dialysis cycles, in order to avoid any cytotoxic events. Another
valid approach employed for SF nanoparticle production is salting out, resulting in particles
with higher dimensional range (Lammel AS 2010). The process is similar to desolvation, but
instead of using an organic solvent, a highly concentrated salt solution is employed. As reported
by Lammel, the key parameters of the process are the pH of the salting solution, the kind of salt
employed, the SF concentration, the ratio between it and the salt bath (Lammel AS 2010). Other
techniques are the mechanical comminution (Rajkhowa R 2008), electro-spraying (which
provides the atomization of a starting SF solution via electrical field applications) (Qu J 2014)
and the capillary microdot technique (Gupta V 2009).

The aim of this work was to obtain silk fibroin nanoparticles able to deliver hydrophic drugs

and to study their technological and physico-chemical characterization.

2. Material and Methods

2.1 Silk fibroin extraction and solubilization

Silk Fibroin (SF), from the Bombyx mori cocoons, was degummed in autoclave at 120 °C for 1
hour, to remove the “glue like” coating made of sericin; next, degummed fibers were rinsed
with deionized water at 60°C, dried at room temperature, cut in small pieces and solubilized
using Ajisawa’s reagent (CaCl,/EtOH/H,0, molar ratio 1:2:8) for 5 minutes at 70 °C under
magnetic stirring to obtain a raw SF solution. The silk solution was filtered (70 um) and
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dialyzed against distilled water using a cellulose membrane (MWCO, cut-off 12-14 KDa) at
room temperature. The final concentration of silk fibroin was about 3% w/v, and it has been
diluted to 1.5% w/v before carrying out the nanoparticle production.
2.2 Tuning of the production technique for silk fibroin nanoparticles
Silk fibroin nanoparticles can be prepared by exploiting different methods (as deeply discussed
in the introduction) in relation to the selected drug and its chemical-physical properties (Zhao
Z 2015). Each method shows pros and cons, so the selection of the appropriate production
technique is essential to obtain SF-based nanoparticles for drug delivery applications. The high
molecular weight and the protein nature of SF make the preparation of nanoparticles and the
reproducibility of the method difficult to control. Moreover, SF tends to self-assemble into
fibers or gels upon exposure to heat, salt, pH change and high shear stress.
Three different methods were performed to obtain SF nanoparticles:
1. Salting out: the SF aqueous solution was added to a salting solution (volumetric ratio
1:5), prepared by mixing in deionized water both K;HPO4 and KH,PO,4 with pH 8, under
mild magnetic stirring. Increasing the salt concentration resulted in the removal of the
water barrier between protein molecules leading to higher protein-protein interactions
(Figure 1). Therefore, the protein molecules aggregate together by forming hydrophobic
interactions with each other and precipitate from the solution. The resulting particles

were collected and dialyzed against deionized water before freeze-drying process.
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Figure 1. Salting out schematic rapresentation.

2. Desolvation with ethanol: SF aqueous solution was mixed with an ethanol 96%
solution (ratio 1:5), under vigorous magnetic stirring at room temperature. The process

reduces the protein solubility leading to a phase separation. The addition of the
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desolvating agent leads to conformational changes within the protein structure resulting
in coacervation or precipitation of the protein. By a phase separation, a phase with a
coacervate and a second phase with a solvent/non-solvent mixture are formed. In this
process, the organic solvent must be miscible with the non-solvent. The obtained
coacervate was centrifuged (3000 g) or dialyzed to remove the organic solvent residues

and finally freeze-dried.
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Figure 2. Desolvation schematic rapresentation. Ethanol or acetone could be employed
as desolvating agents, triggering the silk fibroin nanoprecipitation.

3. Desolvation with acetone: similarly to what reported previously, SF solution was
added drop wise into acetone, maintaining >75% v/v acetone volume, under mild
magnetic stirring at room temperature (Seib PF 2013). Precipitated nanoparticles were
gathered and then dialyzed using cellulose membranes (MWCO 12-14 KDa) at room
temperature against distilled water to remove the solvent phase.

Once chosen the best technique to obtain silk nanoparticles, curcumin was loaded to verify its
ability once encapsulated in them. Due to its marked solubility in acetone, curcumin was
directly solubilized in the organic solvent before performing the nanoparticle production.
Once obtained, the nanosystem suspensions (blank or curcumin-loaded) were dialyzed for 3
days in distilled water using cellulose tubes (MWCO 3,000-5,000 Da) until complete solvent
removal. Finally, aqueous suspension was freeze-dried at 810" mbar and -50° C for 72 hours
before carrying out their characterization.

2.3 Nanoparticle characterization

2.3.1 Granulometric analysis

Granulometric analysis (Beckman, Coulter counter LS230, Miami, Florida, USA) was
performed to evaluate the particle size distribution, considering both the volume and the number

percentages.

95



Freeze-dried samples were re-suspended in deionized water (0,1 mg/mL), bar stirred for almost
1 hour an filtered using 0.22um before carrying out the analysis. Samples were put into the
measurement cell and ran in five replicates of 90 seconds each. The refractive index was set at
1 for deionized water. Results were expressed as the average of at least five replicates for each
formulation.

2.3.2 Scanning Electron Microscopy (SEM)

A morphological analysis by SEM (Zeiss EVO MA10, Carl Zeiss, Oberkochen, Germany) was
carried out to confirm the particle dimensions and external aspect. The samples were gold
sputter coated under argon to make them electrically conductive prior to microscopy.

2.3.3 Drug loading evaluation

The curcumin loading (%) in SF nanoparticles, obtained via acetone desolvation technique, was
evaluated using a direct spectrophotometer method (Uvikon 860, Kontron Instruments,
Switzerland) by reading its absorbance at 425 nm. Briefly, freeze-dried nanoparticles were
dissolved in 96% v/v ethanol (0.1 mg/ml), maintaining mild magnetic stirring. Curcumin
concentration was measured from a calibration curve of nine curcumin solutions in ethanol
(96%v/v) at the concentration range of 8-:10°-6.25-10 mg/ml, with a correlation coefficient
1*>0.9895. Ethanol was considered as control solution. Each measurement was performed in
triplicate.

2.3.4 Determination of the process yield

The nanoparticle yield (Y%) was evaluated by measuring the ratio between the final weigh of
the nanoparticle recovered after freeze-drying process and the strating amount of raw material.
2.4 Solid-state characterization

Nanoparticles were then characterized in terms of Differential Scanning Calorimetry,
Termogravimetric Analysis and Fourier Transform Infrared Spectroscopy.

2.4.1 Differential Scanning Calorimetry (DSC)

Temperature and enthalpy values were measured with a Mettler STARe system (Mettler
Toledo, Novate Milanese, Mi, Italy) equipped with DSC81e Module and an Intracooler device
for sub-ambient temperature analysis (Jukabo FT 900) on 1-2 mg (Mettler TG 50
Thermobalance) samples in 40 pL sealed aluminium pans with pierced lid (method:10-400 °C
temperature range; heating rate 10 K/min; nitrogen air atmosphere flux 50 mL/min). The
instrument was previously calibrated with Indium, as standard reference, and measurement

were carried out at least in triplicate.
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2.4.2 Simultaneous Thermogravimetric Analysis (TGA/DSC 1)

Mass losses were recorded with a Mettler STARe system (Mettler Toledo, Novate Milanese,
MI, Italy) TGA on 2-3 mg samples in 70 pL alumina crucibles with lid (30-400 °C temperature
range; heating rate 10 K/min; nitrogen air atmosphere flux 50 mL/min). The instrument was
previously calibrated with Indium, as standard reference, and measurement were carried out at
least in triplicate.

2.4.3 Fourier Transform Infrared (FT-IR) spectroscopy

Mid-IR (650-4000 cm™) spectra (4 cm™' resolution) were recorded on powder samples using a
Spectrum One Perkin-Elmer spectrophotometer (Perkin Elmer, Wellesley, MA, USA) equipped
with a MIRacle™ ATR device (Pike Technologies, Madison, WI, USA).

3. Results and Discussion

Three different techniques were performed to verify the silk fibroin nanoparticle production: in
particular salting out, desolvation via ethanol and via acetone were considered. Results showed
that the final product quality and dimension are strictly influenced by the set parameters of the
production technique performed.

During salting out process, the hydrophobic interactions between SF chains and water
molecules decrease, and they are replaced by protein-protein interactions, leading to particle
formation. Exploiting the salting out method, represented in the granulometric analysis graph
by the red curve, particles with a size distribution range of 1-10 um could be obtained (Figure
3); diluting the starting SF solution (ratio SF/saline solution 1:50, 1:70, 1:100) before carrying
out the experiment did not influence the particle size. This results could be due to the kind of
employed salts (in this case potassium phosphate salts) and by the salting solution pH, which,

as reported in literature, is able to influence the particle size (Lammel AS, 2010).
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Figure 3. The granulometric analysis showed that it is possible to obtain nanoparticles only via
acetone desolvation, represented by the green line. In fact, the green curve reported in the
number % graph is shifted to smaller particle diameter values (range 40-400 nm) while the
curves of the other two methods employed (blue for ethanol desolvation and red for salting out,

respectively) are still in micrometric ranges.
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SEM morphological investigation showed the presence of round-shaped particle aggregates,

highlighting the micrometric dimension (Figure 4).
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Figure 4. Scanning electron microscopy (SEM) images captured at different magnifications of
silk fibroin particles obtained with the salting out technique.

Through desolvation via ethanol, particles with a size distribution range between 2-100 um
were obtained, as confirmed by the granulometric analysis (Figure 3, blue curve); similarly of
what observed for particles produced via salting out, diluting the SF solution did not change the
particle size. SEM microscopy showed the presence of fused material resulting in smooth

surfaces, sometimes characterized by spherical structures (Figure 5).
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Figure 5. Scanning electron microscopy (SEM) images captured at different magnifications of
silk fibroin particles obtained with the desolvation via ethanol.

Finally, exploiting the acetone as desolvating agent, silk fibroin based nanosystems with a
diameter of about 100 nm were obtained, as clearly indicated by the number percentage graphic
(Figure 3). The acetone succeeded in triggering the silk fibroin nanoprecipitation:

Starting from these results, the acetone desolvation technique was adopted to encapsulate first
curcumin, and then celecoxib, in silk fibroin nanoparticles: briefly, different amounts of the
considered active were incorporated in the starting acetone bath before carrying out the

desolvation process.
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Both the granulometric analysis and the SEM morphological investigations were performed as
reported above considering curcumin loaded and blank silk fibroin nanoparticles obtained via
acetone desolvation method.

A mean particle size of about 6 um in both curcumin loaded and blank nanoparticles could be
observed in the volume % graph (Figure 6A); despite a particle aggregation was observed, the
number percentage graph clearly showed a nanoparticle diameter of about 100 nm for both

samples (Figure 6B, the green curve is perfectly overlapped by the blue curve).
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Figure 6. Granulometric analysis of silk fibroin nanoparticles obtained with the desolvation
technique, loaded with curcumin (green curve) or blank (blue curve). The volume % graph
shows a mean particle size of 6 pm (A), while the number % graph indicates a mean particle
size of 100 nm (B).

SEM results confirmed the nanoparticles size distribution and their spherical geometry (Figure

7A), highlighting that the encapsulation of curcumin did not alter the nanostructure morphology
(Figure 7B).
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Figure 7. SEM images of silk fibroin nanoparticles unloaded (A) and loaded with curcumin
(B) obtained employing acetone as the desolvating agent during the coacervation process.

3.1 Drug loading evaluation

Curcumin was chosen as a drug model due to its anti-oxidant and anti-inflammatory properties
exploitable for musculoskeletal pathologies and was loaded in SF nanoparticles obtained via
acetone desolvating technique. The drug content in SF nanoparticles was about 0.14% = 0.04
w/w.

3.2 Solid state characterization

Infrared spectroscopy was performed on both blank and curcumin loaded silk fibroin
nanoparticles, as well as on free curcumin. FT-IR spectra, reported in Figure 8, confirmed the
presence of silk in its stable conformation characterized by crystalline B-sheet domains. In fact,
silk fibroin can exist in three structural models, resulting in different stability: Silk I is referred
to water-soluble structure, Silk II to B-sheet conformation and Silk III to the air-water interface.
B-sheet structure can be identified in the spectra region of Amide I (at about 1620 cm™) and

Amide II (at about 1520 cm™) (Um IC, 2001).
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Our results demonstrated that the main absorption bands of crystalline $-sheet domains of silk
fibroin were detected at 1622 cm™, 1516 cm™ and 1231 cm™, indicating that silk fibroin existed
in its stable conformation in both blank (spectrum a) and curcumin loaded nanoparticles
(spectrum b).

Particular regard should be given to the FT-IR spectrum of curcumin loaded silk fibroin
nanoparticles (spectrum b), which was perfectly overlapped to that of blank nanoparticles
(spectrum a). The typical absorption bands of curcumin at 1626 cm™ and 1508 cm™ due to C=0
stretching, 1601 cm™ due to C=C aromatic ring, 1273 cm™ due to C-O enol stretching, 1025
cm™ due to C-O-C stretching, 962 cm™ and 713 cm™ due to cis-trans CH vibration of aromatic
ring, appeared only in the free curcumin sample (spectrum c). This was probably due to the

very low percent of the active loaded in silk fibroin nanoparticles, which was lower than 1 %
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Figure 8. FTIR characterization of A) silk fibroin nanoparticles, B) curcumin-loaded silk
fibroin nanoparticles and C) free curcumin. Grey frames show the typical absorption bands of
the stable conformation of silk fibroin; orange frames highlight the curcumin typical absorption
bands.
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DSC analysis of silk fibroin (Figure 9A, curve a) evidenced the absence of glass transition at
about 175 °C and exothermic event of crystallization at about 210 °C, because of the
conformational transition of silk fibroin, and the presence of a broad endothermic effect
between 30 and 100 °C due to dehydration (mass loss in TGA curve of about 8%, Figure 6B,
curve a) followed by the sample decomposition at about 295 °C, as confirmed by mass loss
recorded in TGA curve. DSC analysis of curcumin loaded fibroin nanoparticles showed thermal
behavior superimposable to silk fibroin, without any evidence of presence of the active (Figure
9A, curve b) with a mass loss in TGA curve, in the range of temperature 30-100 °C, of about
7% (Figure 9B, curve b). Curcumin showed a typical DSC profile of an anhydrous crystalline
sample (Tonsetm = 168.2 + 0.2 °C; Tpeakm = 174.4 £ 0.1 °C; AHm = 103 + 1 Jg'') with a mass
loss recorded in TGA curve starting at around 220 °C corresponding to the decomposition of
the sample. Then, also in thermal analysis, the presence of active in the loaded nanoparticles

was not appreciable due to the very low mass percent loaded (0,14% w/w).
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Figure 9. DSC (A) and TGA (B) characterization of a) silk fibroin nanoparticles, b) curcumin-
loaded silk fibroin nanoparticles and c) free curcumin.
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Conclusion

Desolvation method via acetone was the optimal method to obtain silk fibroin nanoparticles.
Through this technique it was possible to load curcumin in silk fibroin nanoparticles, even if
the drug loading was very low (about 0.14% w/w). As reported in the future works, increasing
loading of curcumin were achieved by varying the starting drug amount solubilized in the
acetone bath (Paper 4); additionally, also celecoxib was successfully encapsulated in silk

fibroin nanoparticles (Paper 3).
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Abstract

This work aimed to verify the hypothesis that nano-encapsulated celecoxib (CXB) and
curcumin (CUR) showed higher safety and efficacy profiles in an in vitro model of osteoarthritis
(OA) than free drugs.

CUR showed a high antioxidant activity, further increased by its nano-encapsulation, due to the
slightly antioxidant activity of silk fibroin. The nano-encapsulation avoided both the severe
cytotoxic and the hemolytic effects evoked by free drugs, confirming the efficiency of the nano-
technological approach. All nanoparticles, at the higher tested concentration, were able to
inhibit the inflammatory condition; surprisingly, silk nanoparticles possessed an intrinsic anti-
inflammatory activity comparable to that of nano-encapsulated drugs and the physical mixture
of Silk/CXB-CUR revealed more effective than Silk/CXB or Silk/CUR.

In conclusion, nanoparticles loaded with curcumin and celecoxib appeared the promising
formulation for the treatment of osteoarthritis and silk fibroin cannot be considered anymore as
an inert polymer, but it must be listed as a “real” active principle ingredient with suitable

therapeutic application in inflammatory diseases.

Keywords
Musculoskeletal diseases; nanoparticles; silk fibroin; curcumin; celecoxib; anti-inflammatory

activity.

Introduction

Osteoarthritis (OA) represents a pathological condition characterized by both inflammation and
chronic degeneration of the musculoskeletal compartment, which is triggered by an
overproduction of interleukin-1f (IL-1B) and tumour necrosis factor-a (TNF-a), leading to
extracellular matrix degradation and cartilage tissue damage. Moreover, cytokine-activated
chondrocytes, in inflammatory conditions, over-expressed several cytokines and chemokines
including Regulated on Activation, Normal T cell Expressed and Secreted (RANTES) [1].
Currently, a standard therapy for treating OA does not exist: the available pharmacological
strategies are several, diverse and aimed to reach and modify different biological targets, albeit
the majority is targeted to pain relief. Among these, non-steroidal anti-inflammatory drugs
(NSAIDs) and cyclooxigenase-2 (COX-2) selective inhibitors such as celecoxib (CXB), are
employed for symptomatic pain, inflammation and swelling treatment. They are preferred to

cyclooxigenase-1 (COX-1) selective inhibitors due to their limited gastro-enteric and renal side
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effects [2], even if they have been associated to cardiovascular hazards caused by their high
dosage and long-term administration [3] [4].

Since the established pharmacological therapy covers the entire patient lifespan and is
characterized by severe long-term side effects or expensiveness, natural herbal compounds have
been recently introduced. Among these, curcumin (CUR), a natural hydrophobic polyphenol
extracted from the Curcuma longa rhizome, has been shown to retain remarkable anti-
inflammatory and antioxidant properties exploitable not only in musculoskeletal pathologies
but in other many chronic disorders [5] [6].

OA is commonly treated with systemic therapies based on free drugs albeit they are still
suffering from several drawbacks due to their limited solubility [7], poor in vivo bioavailability,
fast metabolism and bloodstream clearance, which could be easily overcome by encapsulating
them in nanosystems [8]. Therefore, nanoparticles have gained much attention in biomedical
and biotechnological fields thanks to their capability to efficiently control the drug release and
targeting while protecting them from degradation activities and avoiding undesired side effects,
when compared to conventional formulations [9] [10]. In this context, silk fibroin nanoparticles
(Silk) stand out for their remarkable biocompatibility, controllable biodegradability, functional
modification potential (due to amino and carboxylic groups placed on their surface), appropriate
mechanical properties and therapeutic retention at the target site [11] [12].

Recently, our research group developed a novel drug delivery system coupling silk fibroin
nanoparticles loaded with curcumin (Silk/CUR) and extracellular vesicles secreted by
mesenchymal stem cells (MSCs). Silk/CUR were successfully uptaken by MSCs within 60
minutes, showing a cytoplasmic localization; notably, the application of a nanotechnological
approach avoided CUR cytotoxic events. Finally, MSCs were able to release extracellular
vesicles entrapping Silk/CUR, achieving a novel carrier-in-carrier system [13].

The aim of the present study is to evaluate the anti-inflammatory activity of nano-encapsulated
CXB and CUR in an in vitro model of OA. First, Silk and Silk/CXB were developed and
characterized from a technological point of view; subsequently, they were in vitro tested on
human inflamed articular chondrocytes, in comparisons with Silk/CUR, evaluating the effects
on inflammatory mediators such as nitrite, [IL-6 and RANTES production. Finally, the in vitro
efficacy was also evaluated on the physical mixture of Silk/CXB and Silk/CUR to demonstrate

their possible synergism on inflamed chondrocytes.
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2. Experimental

2.1 Materials

Sodium carbonate, lithium bromide, acetone, CUR, CXB, ethanol, methanol, collagenase, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (Milan, Italy). Dialysis cellulose tubes (MWCO
3,000-5,000 Da) were obtained from Visking (London, United Kingdom). 70 pm nylon meshes
were obtained from Greiner Bio-One GmbH (Kremsmunster, Austria). Griess Reagent kit was
purchased from Biotium (Fremont, California, USA) while human RANTES and human IL-16
enzyme-linked immunosorbent assays (ELISA) were obtained from PeproTech, Rocky Hill,
USA. All reagents used for cell cultures were purchased from Euroclone (Milan, Italy).

2.2 Silk fibroin extraction

Bombyx mori cocoons were cut in dime-sized pieces and subjected to a degumming process in
aqueous Na,COs3 (0.02M) for 30 minutes; next, degummed fibers were washed in distilled water
to completely remove sericin and dried at room temperature. Finally, silk fibroin (SF) fibers
were solubilized in LiBr solution (9.3M) at 60 °C for 4 hours [14] [15] and silk solution was
dialyzed against distilled water using cellulose tubes at room temperature for 72 hours, to assure
the complete removal of the employed salts. The SF final concentration, calculated by freeze-
drying (Modulyo® Edwards Freeze dryer, Kingston, NY) of known SF volumes was about 8%
w/v.

2.3 Nanoparticle preparation

Aqueous SF solution was diluted (1.5 % w/v) before carrying out the nanoparticle preparation
by desolvation [16]. Briefly, an acetone bath was prepared, maintaining a volume ratio between
the considered organic solvent and the SF solution > 75% v/v; SF solution was added drop wise
into the acetone, leading to a separation phase and thus to nanoparticle formation (named Silk).
Three dialysis cycles were needed to completely remove the employed solvent. Silk were stored
at 4 °C or subjected to freeze dried process at 8*10™ mbar and -50° C for 72 hours for further
investigations.

Silk nanoparticles loaded with CXB (Silk/CXB) and loaded with CUR (Silk/CUR) were
obtained via the same technique, exploiting their high solubility into acetone. Table 1 reports
nanoparticle formulations referred to Silk and Silk/CXB (named Silk/CXB 5 and Silk/CXB 11
considering the different drug loading), while Silk/CUR 1.5 (due to CUR loading) were
obtained according to Perteghella S (2017) [13] At least three batches of each formulation have
been obtained.
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Table 1. Composition and characterization of Silk/CXB nanoparticles: two different drug
loadings were achieved by solubilizing different concentrations of CXB into the starting
acetone bath. The drug loading, the process yield and the encapsulation efficiency percentages
are reported as mean values + standard errors (ES).

Drug Drug Loading (%) Process Yield Encapsulation
Nanoparticles concentration in & g 170 (%) (mean £ SE) Efficiency (%)
(mean + SE)
acetone (mg/ml) (mean = SE)
Silk 0 0 88.46 + 7.832 0
Silk/CXB 5 0.1 5.29 + (0.308 82.58 + 8.388 11.14 £ 5.847
Silk/CXB 11 0.5 11.40+0.764 71.62 +10.689 5.14+1.936

2.4 Characterization of Silk and Silk/CXB

2.4.1 Drug loading

CXB actual loaded amount in silk nanoparticles was evaluated by UV-Vis at 254 nm (CXB
maximum absorption wavelength) via a direct spectrophotometer method (Uvikon 860,
Kontron Instruments, Switzerland). Briefly, 1 mg of freeze-dried nanoparticles was dissolved
in 10 ml of 96 % v/v ethanol, maintaining mild magnetic stirring for fixed times. The total drug
content was evaluated from a standard calibration curve (1*>0.9824), characterized by a
concentration range between 40-10~ and 10-10” mg/ml. Ethanol was considered as blank. Each
experiment was performed in triplicate.

Nanoparticle yield (Y%) was evaluated according to the following equation:

total weight nanoparticles

Y(%) = 100

X
weight of polymer + weight of CXB

The encapsulation efficiency (EE%) was determined as percentage ratio between the actual

entrapped drug and the theoretical drug content.

2.4.2 Nanoparticle dimensions and evaluation of polydispersity index

The size distribution of Silk and Silk/CXB 11, including the mean diameter (Z-average) and
the polydispersity index (Pdi), was determined by using a Malvern Zetasizer Nano ZSP
(Malvern Instruments, Malvern, UK). Samples were sonicated and filtered before carrying out
the analysis. All experiments were performed in quintuplicate in distilled water at 25°C.

2.4.3 Morphological evaluation by scanning electron microscopy (SEM)

Nanoparticles were observed using SEM (Zeiss EVO MA10, Carl Zeiss, Oberkochen,
Germany). Briefly, freeze-dried samples were gold-sputter coated under argon to render them

electrically conductive prior to perform the morphological analysis.
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2.4.4 Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR spectra of the lyophilized samples were obtained using a Spectrum One Perkin-Elmer
spectrophotometer (Perkin Elmer, Wellesley, MA, USA) equipped with a MIRacle™ ATR
device (Pike Technologies, Madison, WI, USA). The IR spectra in transmittance mode where
recorded in the spectral region of 650-4000 cm™ with a resolution of 4 cm™. Each experiment
was performed in triplicate.

2.4.5 Differential Scanning Calorimetry (DSC)

Temperature and enthalpy values were measured with a Mettler STARe system (Mettler
Toledo, Italy) equipped with DSC81° Module and an Intracooler device for sub-ambient
temperature analysis (Jukabo FT 900) on about 3 mg of samples in 40 pL sealed aluminium
pans with pierced lid (method: -10-400 °C temperature range; heating rate 10 K min™'; nitrogen
air atmosphere flux 50 mL min™). The instrument was previously calibrated with Indium, as
standard reference. Each experiment was performed in triplicate.

2.4.6 Simultaneous Thermogravimetric Analysis (TGA/DSC 1)

Mass losses were recorded with a Mettler STARe system (Mettler Toledo, Italy) TGA on 3-4
mg samples in 70 pL alumina crucibles with lid (30-400 °C temperature range; heating rate 10
K min’'; nitrogen air atmosphere flux 50 mL min™). The instrument was previously calibrated
with Indium, as standard reference and experiments were performed at least in triplicate.

2.4.7 In vitro drug release studies

The dialysis technique was applied to investigate the CXB in vitro cumulative release [17].
Briefly, a fixed volume of nanoparticle suspension (10 ml), equivalent to 0.04 mg of CXB, was
dialyzed (MWCO 12,000-14,000 Da) against an ethanol bath 50 % v/v, maintained under mild
magnetic stirring. At each considered time point, fixed volumes of the release medium were
withdrawn and replaced by the same amount of fresh medium to ensure sink conditions. The
drug concentration was determined via a spectrophotometer method, by reading the withdrawn

volume from the release medium at 254 nm.

2.5 Determination of the ROS-scavenging activity by DPPH assay

The ROS-scavenging activity was evaluated by the DPPH (2,2-diphenyl-2-picrylhydrazyl
hydrate) assay, according to Chlapanidas and colleagues, with some modifications [18]. Briefly,
samples were tested considering three different nanoparticle concentrations (200, 400 and 800
png/ml) and their free drug equivalent concentrations (11, 22 and 44 pg/ml for CXB; 3, 6 and
12 pg/ml for CUR) (see Table 2).
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Table 2. Relative amount of free drugs (CXB, CUR and their mixture CXB-CUR)
corresponding to their equivalent concentration loaded in nanoparticles. The CXB-CUR
physical mix contains 50% of each considered active.

Nanoparticle concentrations

Free drugs 200 pg/ml 400 pg/ml 800 pg/ml
CXB 11 pg/ml 22 pg/ml 44 pg/ml
CUR 3 png/ml 6 pg/ml 12 pg/ml

CXB-CUR 5.5+ 1.5 pg/ml 11+ 3 pg/ml 22 +6 pg/ml

Analysis was also performed on the physical mixture of Silk/CXB 5 and Silk/CUR 1.5 or CXB-
CUR with a weight ratio 50:50. Samples were dissolved in 70% v/v methanol under magnetic
stirring. 50 pl of each sample were mixed with 1950 ul of methanolic solution of DPPH (stock
solution 1 mM) and incubated at room temperature for 60 minutes avoiding light exposure.
Finally, samples were centrifuged at 3000 g for 10 minutes and the scavenging activity was
analyzed by measuring the optical density (OD) at 515 nm.

As negative control, a reaction mixture composed by 50 pl of 70% v/v methanol and 1950 pl
of DPPH solution was prepared.

The percentage of ROS-scavenging activity was calculated according to the following formula:

Antioxidant activity (%) = (OD blank — OD sample) 100
ntioxidant activity (%) = 0D blank

where OD blank is the absorbance of negative control and OD sample is that of samples.
2.6 Hemolytic assay
Hemolytic assay was carried out to study the toxicity of nanoparticles and free drugs (Silk,
Silk/CXB 5 and CXB) on red blood cells (RBCs). Fresh human blood samples were collected
from consent healthy individuals (female blood) and centrifuged at 1500 g for 5 min, to separate
RBCs from plasma serum. The obtained pellet containing RBCs was washed twice with PBS
without Ca*" and Mg*" (pH = 7.4). The RBC suspension was treated with 200-800 pg/ml of
freeze-dried nanoparticles or with the equivalent free drug concentration, previously re-
suspended in PBS, and incubated at room temperature for 60 min. The volume ratio between
RBCs and tested samples was set at 90:10. RBCs treated with PBS were used as negative
control, while RBCs treated with distilled water were used as positive control (considered as
100% of hemolysis). After incubation, samples were centrifuged at 3000 g for 10 minutes. The
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recovered supernatants were analyzed by reading their OD at 540 nm (Synergy HT, Biotech,
United Kingdom), which corresponds to the absorption maxima of hemoglobin. Hemolysis %

was evaluated with the follow equation:

H lysis (%) = (OD sample — OD blank) <100
eMOSIS L70) = """0D positive CTRL

where OD sample is the absorbance of samples, OD blank is the absorbance of negative control
(RBCs treated with PBS) and OD positive CTRL is the optical density RBCs treated with
distilled water.

2.7 In vitro biological assays

2.7.1 Knee tissue collection and primary human articular chondrocytes isolation and
culture

Cartilage samples, obtained during arthroplasty surgery, were cut into 1-2 mm’ segments and
washed three times with PBS before being digested with trypsin-EDTA 1X, for 30 minutes at
37°C, 5% CO,, followed by overnight incubation with 200 IU type IA collagenase. The
resulting cell suspension was filtered using 70 um nylon meshes to completely remove
undigested tissue and cells were centrifuged at 300 g for 5 min. Obtained chondrocytes were
seeded onto flasks (7,000 cells/cm”) with Dulbecco’s Modified Eagle’s Medium High Glucose
(DMEM-HG) enriched in 10% fetal bovine serum (FBS), penicillin (100 IU/ml), streptomycin
(100 pg/ml), amphotericin B (2.5 pg/ml), Fibroblast Growth Factor-2 (FGF-2, 10 pg/ml) and
Transforming Growth Factor betal (TGF-B1, 10 pg/ml) at 37°C, 5% CO,. Each cell line was
used until third passage of culture.

2.7.2 Chondrocyte stimulation and treatments

Chondrocytes were seeded in 24-well plates with a density of 1.25%10* cells/cm™ and cultured
for 24 hours; then, cells were stimulated with IL-1 (10 ng/ml) in FBS deprived medium, to
reproduce the mechanisms involved in OA raise, and simultaneously treated with samples for
72 hours [19]. Freeze-dried nanoparticle formulations were previously re-suspended in cell
culture medium and sonicated for 1 hour before carrying out the incubation, while free drugs
were solubilized in DMSO (2 mg/ml) and diluted in cell culture medium, achieving the same
drug concentration loaded in the considered nanosystems. For biological tests, Silk, Silk/CXB
5, Silk/CUR 1.5 and Silk/CXB-CUR physical mixture were considered at three different
concentrations (200, 400 and 800 pg/ml). Notably, the physical mixture concentration is
obtained by mixing a half amount of both Silk/CXB 5 and Silk/CUR 1.5.
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Supernatants were collected and stored at -80°C for further enzyme-linked immunosorbent
assay (ELISA), while nitric oxide (NO) release by Griess method was detected immediately on
fresh supernatants.

2.7.3 Cell viability

Cellular viability was examined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay on un-stimulated chondrocytes, cultured without FBS, after
72 hours of incubation with samples, at the same concentrations reported in paragraph 2.7.2.
Briefly, 100 pL of MTT solution (0.5 mg/ml) was added to each well for 3 hours. After the
incubation, MTT-medium was removed and formazan crystals were solubilized with 100 pl of
DMSO in each well, mixing the solution to completely dissolve the reacted dye. The OD was
measured using a microplate reader (Synergy HT) at 570 nm and 670 nm (reference
wavelength). Cell viability (%) was calculated as follows: 100 x (ODs/ODc), where ODs
represents the mean value of the measured optical density of the tested sample and ODc is the
mean value of the measured optical density of untreated cells (control).

2.7.4 Determination of nitrite levels (NO) by Griess

The NO released in cell culture supernatants was detected by using the Griess method,
following the manufacturer’s instructions. IL-1f stimulated cells, not treated with nanoparticles
were considered as positive CTRL, while untreated chondrocytes as negative CTRL.

2.7.5 RANTES and IL-6 determination by ELISA

The secretion of IL-6 and RANTES by human articular chondrocytes was evaluated using a
quantitative ELISA Kkits, according to manufacturer’s instructions.

2.8 Statistical analysis

Raw data of in vitro drug release, antioxidant activity, hemolytic assay, cellular viability and in
vitro biological assays (NO, IL-6 and RANTES) were processed using STATGRAPHICS XVII
(Statpoint Technologies, Inc., Warrenton, Virginia, U.S.) and a linear generalized Analysis of
Variance model (ANOVA) was used to evaluate the data. The post-hoc LSD’s test for multiple
comparisons was employed to analyze the differences between groups. Unless differently
specified, data are expressed as mean + standard deviation. The statistical significance was
fixed at p < 0.05.

3. Results and Discussion

In this research paper, we compared the anti-inflammatory activity of two different actives:
CUR, a natural polyphenol extracted from the rhizome of Curcuma Longa, characterized by an
anti-inflammatory and antioxidant activity exploited in the treatment of chronic disorders, and
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CXB, a sulfonamide synthetic compound belonging to the COX-2 selective inhibitors class,
which is actually employed as the “first choice” for OA treatment. Albeit CXB is still
considered as the best therapeutic option in treating OA pain, its long-term use in high-dosage
could trigger severe cardio-toxicity and renal complications [20]. Conversely, CUR showed the
ability to attenuate the inflammatory condition related to OA [21] [22].

Unfortunately, both drugs suffer from low solubility, thus showing low bioavailability, after
oral administration, thus limiting their therapeutic applications. For this reason, their
encapsulation should be actuated to trigger a perceivable biological response, limiting their
cytotoxic effects.

Based on our knowledge, it is the first time that CXB has been nano-encapsulated in Silk, even
if it has been loaded in other nanosystems including liposomes [23], solid lipid nanoparticles
[24] and micelles [25]. Silk and Silk/CXB formulations were obtained via desolvation method,
exploiting the marked solubility of CXB in acetone. In particular, different loadings were
achieved (Table 1) with respect to the starting drug concentration solubilized in the acetone
bath.

The process yield (%) ranged from 71.62 + 10.689 to 88.46 + 7.832, while the EE (%) ranged
from 5.14 £ 1.936 to 11.14 + 5.847 (Table 1).

Silk and Silk/CXB 11 showed a Z-average diameter of about 100 nm (Figure 1A), characterized
by a monomodal distribution, confirming our previous results [13]. The Pdi was about 0.15,
indicating a highly homogeneous population of nanoparticles. SEM morphological
investigation (reported for Silk/CXB 11, Figure 1B) showed a spherical shape characterizing
the nanosystems. As already reported for Silk/CUR [13], the encapsulation of the active did not
change the shape of nanosystems. The particle size distribution and morphology of the obtained
nanoparticles (Figure 1) were in agreement with that reported by other researchers: the use of
acetone allows to obtain nanoparticles with a diameter of about 100 nm and a defined spherical

geometry [26] [16] [24].
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Figure 1. Particle size distribution (A) and morphology obtained by scanning electron
microscopy (B) of Silk/CXB 11. Scale bar represents 1 um.

We chose desolvation via acetone, due to the nanoparticle size achieved exploiting the reaction
occurring between SF chains in presence of organic solvents. The exposure of SF chains to
acetone, allowed the silk conformational change, increasing the presence of f-sheet domains
[27] [28]. Similarly, we prepared Silk/CUR [13], obtaining lower drug loading than Silk/CXB
even if the starting conditions were preserved. This could be probably due to the different
interaction occurring between SF and the considered drugs (CUR and CXB): in fact, SF has a
lot of functional groups (carboxyl and amino) able to differently interact and create chemical
reactions with the encapsulated molecule during nanoparticle biogenesis [29]. Other anti-
inflammatory drugs, such as ibuprofen (neutral) and its sodium salt (negative) for example,
were successfully loaded in Silk by charge-charge interactions; obviously, the employment of
positive charge molecules, such as Doxorubicin, led to higher drug loading considering that

Silk retain a negative charge [30].
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The low EE% achieved for CXB in Silk could be justified by the fact that the obtained
nanoparticles were very small size (= 100 nm); in fact, as described by some authors, a size
lower than 100 nm is related to high surface to volume ratio with a higher probability of drug
loss in the external medium. Moreover, this parameter is strictly influenced by the nature of
both nanoparticles and encapsulating active and the method of drug loading employed. Also
Lozano-Perez achieved a low EE% of resveratrol (13%) in Silk, obtaining anyway effective
nanoparticles for both in vitro and in vivo colitis models [31].

The FTIR analysis was carried out to confirm the effective nanoencapsulation of the considered
active (CXB) into nanosystems and to assure the conformational change of SF. In the Figure
2A are reported the FT-IR spectra of CXB, Silk, and Silk/CXB at two different drug
concentrations, 5% and 11%, respectively. In particular, the IR spectrum of SF showed
characteristic peaks that can be identified in the spectra region of amide I (at about 1620 cm™,
C=O0 stretching), amide II (at about 1520 cm™', N-H bending) and amide III (at about 1230 cm’
! C-N and N-H functionalities), in all tested formulations (Figure 2). The FTIR spectrum of
CXB showed the characteristic S=O symmetric and asymmetric stretching in the region 1130
and 1345 cm™', and the bands of N—H stretching vibration of SO,NH, group at 3330 and 3231
cm’™. The typical absorption bands of CXB are completely hidden for Silk/CXB 5, meanwhile
they started to appear in Silk/CXB 11, related to its higher drug loading. To better compare the
spectra of unloaded and loaded nanoparticles, the region between 1500 and 700 cm™ was
amplified (Figure 2B). This has allowed to identify some typical bands of CXB (1345 and 1133
cm™) only in the spectrum of nanoparticles with higher active content. FT-IR data were

supported by thermal analysis.
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Figure 2. Fourier transform infrared (FT-IR) spectra of CXB, Silk, Silk/CXBS5 and Silk/CXB11
in the spectral region of 4000 — 800 cm™ (A) and the region where typical CXB bands appeared
(1400 — 800 cm™) (B).

Concerning with DSC analysis, CXB is an anhydrous crystalline compound characterized by
melting endothermic peak at 162.6 + 0.4 °C (Tonset, m= 161.1 £ 0.2 °C; AHm=92+ 1 J g™")
with a mass loss recorded in TGA (curve not reported) starting at around 300 °C, due to drug

decomposition. The unloaded Silk nanoparticles showed a typical profile of amorphous sample
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with an endothermic effect at around 270 °C, associated to TGA mass loss, due to
decomposition. As in the FT-IR spectra, the presence of CXB was observed in the thermal trace
of nanoparticles at the higher drug content, as a small endothermic peak at 161.2 + 0.6 °C. The
broad endothermic effects between 30 and 100 °C in the DSC of Silk/CXB nanoparticles were
due to dehydration (mass loss in TGA analyses of about 5.7 + 0.3%) (figure not shown).

The cumulative profiles of CXB released from nanoparticles showed that both time and
formulation were statistically significant (p < 0.0001). No differences were observed about
CXB release from both formulations (Silk/CXB 5 and Silk/CXB 11) within three hours,
meanwhile, after that time, a different release was highlighted (Figure 3). A higher amount of
CXB was released by Silk/CXB 11, reaching about 40% after 24 hours; conversely, only 14%
of CXB was released by Silk/CXB 5 in the same frame time. Surprisingly, both Silk/CXB
formulations achieved a plateau conditions after 24 hours, albeit their different drug loading

(Figure 3).
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Cumulative CXB release (%)
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Figure 3. In vitro CXB release profiles from nanoparticles by a dialysis method in ethanol 50
% v/v at room temperature. Each data is expressed as mean value =+ standard deviations of at
least three independent experiments.

CXB release profiles of both considered formulations (Silk/CXB 5 and Silk/CXB 11) were
characterized by a biphasic profile, in which the first phase of burst release is principally due
to drug desorption from the surface of nanosystems or by the diffusion of the drug portion
entrapped near the nanosystem surface [17] [32].
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The degradation of articular chondrocytes is governed by a combination of several mechanisms
including an increasing in ROS production, leading to an imbalance between oxidant and
antioxidant systems. For this reason, employing therapeutic molecules with antioxidant
properties could allow to ameliorate the symptoms of OA or to prevent structural changes in
damaged cartilage [33].

Briefly, different concentrations of nanoparticles (Silk, Silk/CUR 1.5, Silk/CXB 5 or Silk/CXB-
CUR) or the equivalent free drug (CUR, CXB or CXB-CUR) (Table 2) were considered.
ANOVA results showed that both formulation and concentration were statistically significant
(p <0.0001); in particular, a dose related response was appreciated for Silk/CUR 1.5, CUR and
Silk/CXB-CUR (Figure 4).
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Figure 4. Antioxidant activity (%) of nanosystems (solid lines) and free drugs (dotted lines),
correlated by the same colors (blue for Silk, red for Silk/CXB 5 and CXB, green for Silk/CUR
1.5 and CUR and purple for Silk/CXB-CUR and CXB-CUR). X axis reports the nanoparticle
concentration and the equivalent drug concentration encapsulated into nanosystems. Data are
reported as mean values of at least three independent experiments; standard deviations are not
showed to better understand the graph.
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The nanoencapsulation of CUR increased its antioxidant properties, reaching 90% with the
higher concentration considered (800 pg/ml), due to the slightly antioxidant activity of SF. No
statistical difference was observed among Silk/CXB 5, CXB and Silk, which showed a ROS
scavenging activity lower than 10% [34]. Finally, when considering CXB-CUR physical mix,
an antioxidant activity of 40% was observed independently by sample concentration (Figure 4).
Our results confirmed CUR strong antioxidant property, both free and nano-encapsulated in
Silk [35]. CXB does not possess a scavenging activity, but probably it could influence the
expression of anti or pro-oxidant enzymes [47]. Surprisingly, the physical combination of
Silk/CXB-CUR allowed to obtain a similar, dose-response, antioxidant activity of what
reported for Silk/CUR 1.5 and CUR. This could be due to a synergism between the two
compounds, even if, based on the obtained results, the main anti-oxidant effect is exerted by
CUR.
Nanoparticles tested at 200 and 400 pg/ml showed a high hemocompatibility, meanwhile this
decreased when they were employed at 800 pg/ml; this behavior was observed for both Silk
and Silk/CXB 5. Conversely, CXB showed a hemotoxicity at all the considered concentrations
(p <0.0001). The nano-encapsulation of CXB into Silk dramatically reduced its hemotoxicity,
as already reported for paclitaxel loaded chitosan nanosystems [36].
In order to reproduce the typical environment of OA condition, an in vitro model, based on
human articular chondrocytes stimulated with IL-1p, was created to test the efficacy of each
nanoparticle formulation. In fact, IL-1p, an inhibitor of collagen II synthesis and proteoglycan
production and a promoter of IL-6, NO and ROS secretion, is commonly employed to
effectively mimic the cartilage degradation [37]. Concerning cartilage degradation, NO
promotes chondrocyte apoptosis, the release of pro-inflammatory cytokines and the reduction
of both collagen II and proteoglycan synthesis [33]. IL-6 plays a pivotal rule in inflammatory
pathway by activating T cells and leading to pro-inflammatory chemokines production [38].
Finally, also RANTES is a key mediator in inflammatory conditions; it is expressed by normal
chondrocytes both at messenger RNA (mRNA) and at protein levels, and this effect is
highlighted in OA or IL-1B stimulated chondrocytes [39] [40]. The role of RANTES was
understood in 1997, when Plater-Zyberk observed that the injection of a CC receptor antagonist,
ameliorated the pathological condition of arthritic mice [41]. Until today, very few studies
evaluated RANTES in OA conditions [42]. For example, Alaaeddine in 2001 highlighted
RANTES influence on gene expression of other inflammatory mediators directly involved in
cartilage degradation [1].
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In primis, cell mitochondrial activity was measured by MTT on chondrocytes cultured with
nanoparticles or with their equivalent free drugs (Table 2) to evaluate the cytotoxicity of
considered samples with respect to not treated cells. ANOVA results highlighted that both
formulations and concentrations were statistically significant (p<0.0001). Drug
nanoencapsulation avoided cytotoxicity phenomena, showing viability higher than 70% for all
nanoparticle formulations, independently by the concentration employed; conversely, free
drugs affected cellular viability in relation to their concentration employed. A special attention
should be given to CXB which dramatically decreased chondrocyte viability when employed
at 22 or 44 pg/ml, reaching a viability lower than 3%. Conversely, CUR exerted a cytotoxic
effect only when employed at 12 pg/ml. Consequently to these results, only nanoparticles at all
concentrations were considered for succeeding analyses.

In treating OA, cytotoxic events must be avoided because an increase in IL-1f secretion leads
to a higher apoptotic events % [43]. Tripodo et al. demonstrated that the incorporation of CUR
in micelles avoided free drug cytotoxic phenomena, which were observed when employing
“naked” CUR [44]. Also CXB showed severe cytotoxic effects on several cellular lineages,
reaching a viability of 50% when employed at 100 uM [45].

As reported in Figure 5A, the treatment with IL-1p (without nanoparticles and considered as
positive control) increased the production of NO (21.09 + 2.561 pM) with respect to un-

stimulated cells (2.63 £+ 3.639 uM), confirming the efficacy of the in vitro model.
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Figure 5. Effects of nanoparticle formulations on IL-1f induced NO (A), RANTES (B), IL-6
(C) and the correlation between IL-6 and RANTES (D). Data are expressed as mean values
standard deviations (n=3). Different grey intensities correspond to different nanoparticle
concentrations: light grey 200 pg/ml, medium grey 400 pg/ml and dark grey 800 pg/ml.
Positive CTRL (solid line) is represented by IL-1f stimulated cells (not treated with samples),
while negative CTRL (dotted line) is composed of un-stimulated cells. In figure D the
relationship between IL-6 and RANTES is represented by different colored circles, related to
different nanoparticle samples (Silk — blue, Silk/CXB — red, Silk/CUR — green and Silk/CXB-
CUR purple); the diameter of the circles is proportional to the nanoparticle concentration: the
larger circles correspond to the 800 pg/mL, the intermediate to 400 pg/mL, while the smaller
circles to 200 pg/mL.

# indicates no significant differences between groups (p < 0.05).

The inhibition of the secretion of 3 mediators of the inflammatory pathway, in particular, NO,
IL-6 and RANTES, was studied. We observed that the secretion of NO, RANTES and IL-6 was
significantly reduced (p < 0.0001) by all nanoparticles, with a dose-response observed only for
IL-6 production. This confirmed the nanoparticle effective anti-inflammatory activity,
independently by their encapsulated active. Silk/CXB reduced NO levels in inflamed
chondrocytes, without a significant effect of the nanoparticle concentration. Silk/CXB-CUR at
the concentrations of 200 and 400 pg/ml decreased NO levels, reaching an effect comparable

to that observed for not-treated cells. Notably, Silk showed the same efficacy in decreasing NO
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levels with respect to loaded nanoparticles, thus showing an intrinsic anti-inflammatory activity
(Figure 5A).

ANOVA analysis underlined that both formulation and concentration were statistically
significant for RANTES secretion (p <0.0001); the RANTES levels were significantly reduced
by all nanoparticle formulations. In particular, Silk/CUR and Silk/CXB-CUR, incubated at the
concentration of 800 ug/ml, showed a marked reduction of RANTES (lower than 1 ng/ml) with
respect to the other considered groups (Figure 5B).

Concerning the production of IL-6 by stimulated chondrocytes, ANOVA results evidenced a
dose-response for all nanoparticles, with a marked effect when considering the higher
concentration (800 pg/ml) (p < 0.0001) as reported in Figure (Figure 5C). Similarly to NO
secretion, the amount of IL-6 significantly decreased when employing Silk, highlighting its
anti-inflammatory potential; in particular the inhibition of IL-6 production was similarly
detected with Silk at 400 pg/ml and all other nanoparticles at the higher concentration (800
ng/ml) (Figure 5C).

In Figure 5D the relationship between IL-6 and RANTES is reported (Figure 5D).
Nanoparticles, at the higher concentration (800 pg/ml), were able to decrease both IL-6 and
RANTES production, which expression is regulated by the PKCd/c-Src/c-Jun and AP-1
signaling pathways, as demonstrated by Tang and colleagues in human synovial fibroblasts
[46].

The physical mixture of Silk/CXB and Silk/CUR decreased the production of all the considered
markers in stimulated chondrocytes, with an effect comparable to that of un-stimulated cells.
This effect can be explained as the result of their synergism, already tested in different
therapeutic fields. For example, Gugulothu evaluated the combination between CUR and CXB
within pH sensitive nanoparticles for the treatment of ulcerative colitis, showing a synergistic
activity. CXB-CUR nano-encapsulation avoided their overall cytotoxicity phenomena,
enhancing their therapeutic action [47]. Moreover, the presence of CUR allowed to reduce the
CXB amount, and thus its related severe side effects. CUR was able to potentiate CXB activity
by inhibiting in different way the expression of both COX-2 and prostaglandin E2 [35]. This
synergism was also observed in the treatment of colorectal cancer cells, highlighting an
inhibitory effect on cellular growth when using both drugs [48]. Moreover, CUR is able to
reduce iNOS and NO radicals in lipopolysaccharide stimulated rats [49], both when employed

as free or encapsulated in solid lipid nanoparticles [50].
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Silk showed an anti-inflammatory activity comparable to that of Silk/CXB and Silk/CUR in
our in vitro model, highlighting its great potential in treating inflammatory diseases. This effect
was reported in several biomedical fields: SF peptides, obtained during biodegradation, are the
main effectors of anti-inflammatory property [51] [52]. SF cannot be considered anymore as an
inert polymer, but it must be listed as a “real” active principle ingredient able to effectively
inhibit the expression of pro-inflammatory markers, with suitable therapeutic application in

inflammatory diseases, as confirmed by previous observations [31].

Conclusions

This study supported the efficacy of the nanotechnological approach avoiding hemolysis and
cytotoxic effects on human articular chondrocytes. We demonstrated that silk fibroin represents
an active compound able to significantly reduce the secretion of inflammatory mediators
including NO, IL-6 and RANTES with an effect comparable to that of nano-encapsulated CXB,
which is considered as the first drug choice for OA treatment. Notably, promising results were
obtained when employing the physical mixture of Silk/CXB-CUR, due to a synergistic activity
between the two active principles for the treatment of osteoarthritis. Silk nanosystems could be

considered as an innovative treatment for OA conditions.
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Abstract

The aim of this work was to develop a novel carrier-in-carrier system based on stem cell-
extracellular vesicles loaded of silk/curcumin nanoparticles by endogenous technique. Silk
nanoparticles were produced by desolvation method and curcumin has been selected as drug
model because of its limited water solubility and poor bioavailability. Nanoparticles were
stable, with spherical geometry, 100 nm in average diameter and the drug content reached about
30 %. Cellular uptake studies, performed on mesenchymal stem cells (MSCs), showed the
accumulation of nanoparticles in the cytosol around the nuclear membrane, without cytotoxic
effects. Finally, MSCs were able to release extracellular vesicles entrapping silk/curcumin
nanoparticles. This combined biological-technological approach represents a novel class of
nanosystems, combining beneficial effects of both regenerative cell therapies and

pharmaceutical nanomedicine, avoiding the use of viable replicating stem cells.

Keywords
Mesenchymal stem cells; silk fibroin; curcumin; extracellular vesicles; nanoparticles; drug

delivery systems.

1. Introduction

In recent years, novel drug delivery systems have been developed to optimize the efficacy of
therapeutics enhancing their bioavailability, reducing their degradation rate, allowing targeting
and thus their control release, cellular uptake and reducing side effects (Mottaghitalab et al.,
2015). Nanotechnology is giving a great impact in drug delivery field and nanoparticles are at
the leading edge, since they can improve solubility, stability and efficacy of drugs, achieving a
reduction in administration frequency and lower risks of toxicity in patients (Mishra et al., 2013;
Parveen et al., 2012). Thanks to their tunable properties (particle size, surface charge, chemical
modifications) nanoparticles can be envisioned as the future of drug delivery technology as
their “nanosize” is crucial to their cellular internalization, which is the key to achieve a “real”
therapeutic efficacy (Kumari et al., 2010). Bio-inspired nanoparticles, based on natural
polymers or bio-macromolecules, mirror natural compounds. Among them, silk fibroin is a
natural polymer widely studied for tissue engineering and drug delivery (Altman et al., 2002;
Chlapanidas et al., 2011; Chlapanidas et al., 2016; Chlapanidas et al., 2013; Farago et al., 2016;
Vepari and Kaplan, 2007; Vigani et al., 2016). Silk fibroin is an effective polymer for the
delivery of therapeutic agents because it has shown biocompatibility, controllable
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biodegradability, low toxicity/immunogenicity, chemical modification potential, appropriate
mechanical properties and therapeutic retention at target sites (Kundu et al., 2013; Wang and
Zhang, 2015). Moreover, silk nanoparticles can be prepared by different techniques, mainly
desolvation and salting out, selected on drug physicochemical properties (Zhao et al., 2015).
Extracellular vesicles (EVs) are small membrane bound-vesicles, ranging in size from 40 to
1000 nm, produced by most of mammalian cell lineages both under physiological and
pathological conditions. EVs can be found in body fluids such as in saliva, urine, bile,
cerebrospinal fluid (Kim et al., 2016; Tompkins et al., 2015), and can act as physiological
delivery nanosystems. The main advantages of EV-based drug delivery than synthetic delivery
nanosystems (e.g. liposomes) are lower immunogenicity and toxicity and higher stability in
circulation and tissues (van der Meel et al., 2014). Moreover, EVs mirror the genetic and
proteomic content of their secreting cells, thus those derived from mesenchymal stem/stromal
cells (MSCs) retain several biological activities that are able to reproduce the beneficial effects
of stem cells (Camussi and Quesenberry, 2013) including migration to injured tissues (i.e.
homing), inflammatory and immune response modulation through the secretion of cytokines
and trophic factors (Caplan, 2010; de Girolamo et al., 2013; Torre et al., 2015).

Recently, our research group has developed an innovative carrier-in-carrier system for
hydrophobic drugs mediated by micelle-loaded MSCs: micelles were considered as the first
drug carrier, while the second carrier were constituted by MSCs that could also assure an
adequate drug targeting due to their innate homing. We demonstrated that the uptake of micelles
by MSCs has resulted effective and quick without any relevant cytotoxic effects and cells,
loaded of micelles, were able to release the entrapped drug (Tripodo et al., 2015a).

The aim of this study was to evolve a novel carrier-in-carrier delivery system based on EVs
loaded of silk/curcumin nanoparticles. Silk nanoparticles were produced by desolvation method
and curcumin has been selected as drug model because of its limited water solubility and poor
bioavailability. This natural polyphenolic compound, isolated from the rhizome of Curcuma
longa, could be used in the treatment of many chronic diseases, such as multiple sclerosis,
rheumatoid arthritis, colitis, Alzheimer’s disease and potentially in cancer prevention and
therapy (Aggarwal and Harikumar, 2009) due to its proved antioxidant, anti-inflammatory,
apoptosis-inducing and anti-angiogenic activities. Thus, nanoparticles were uptaken by
adipose-derived MSCs and subsequently MSC-EVs, loaded of silk/curcumin nanoparticles,
were secreted and characterized. Our idea represents a novel approach, coupling stem cell
therapy and nanomedicine.
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2. Material and Methods

2.1 Materials

Sodium carbonate, lithium bromide, calcium chloride, acetone, curcumin, ethanol, collagenase,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), nile red, sodium
alginate and dimethyl sulfoxide were obtained from Sigma-Aldrich (Milan, Italy). Dialysis
tubes were purchased from Visking (London, United Kingdom). All reagents used for cell
cultures were purchased from Euroclone (Milan, Italy).

2.2 Silk fibroin extraction and nanoparticle preparation

Bombyx mori cocoons were cut into pieces, added to a boiling 0.02 M Na,COj; solution for 30
minutes and then rinsed four times in distilled water. Degummed fibers were dried at room
temperature and dissolved in 9.3 M LiBr solution at 60 °C for 4 hours (Aggarwal and
Harikumar, 2009). The raw silk solution was dialyzed against distilled water using cellulose
tubes (MWCO 3,000-5,000 Da) at room temperature for 72 hours to remove the residual LiBr
chaotropic salts. The final concentration of aqueous silk solution was about 8 % w/v,
determined by freeze-drying (Modulyo® Edwards Freeze dryer, Kingston, NY) of known silk
volumes.

Silk nanoparticles were prepared by acetone desolvation method (Seib et al., 2013). Briefly,
aqueous silk solution was diluted to achieve the concentration 1.5 % w/v and it was added drop
wise in acetone under gentle stirring for 1 minute at room temperature (volume ratio
silk:acetone 1:5). Silk/curcumin nanoparticles were obtained adding silk solution into acetone,
in which previous curcumin powder was solubilized in different concentrations (Table 1).
Nanoparticles were then dialyzed against distilled water using cellulose tubes (MWCO 3,000—
5,000 Da) until complete solvent removal. Nanoparticles were stored at 4 °C or subjected to
freeze dried process at 8%107" mbar and -50° C for 72 hours for further investigations. Five
different formulations, consisting of silk nanoparticles or silk/curcumin nanoparticles, were
prepared (Table 1).

2.3 Characterization of silk and silk/curcumin nanoparticles

2.3.1 Drug loading determination

The quantification of curcumin content in silk nanoparticles was evaluated using a direct
spectrophotometer method (Uvikon 860, Kontron Instruments, Switzerland) at 425 nm. Briefly,
1 mg of freeze-dried nanoparticles was dissolved in 10 ml of 96 % v/v ethanol, maintaining
mild magnetic stirring. Curcumin concentration was measured from a calibration curve of nine
curcumin solutions in ethanol at the concentration range of 8-10°—6.25-10" mg/ml, with a
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correlation coefficient *>0.9895. Ethanol was considered as control solution. Each
measurement was performed in triplicate.

2.3.2 Nanoparticle-tracking analysis (NTA)

Nanoparticle mean diameter was determined by nanoparticle tracking using NanoSight (NS300,
Malvern Instruments, Malvern, Italy), fitted with a NS300 flow-cell top plate and a 405 nm
laser. The NanoSight sample pump was used in conjunction with 1 ml syringes. Fresh
nanoparticles were diluted 1:100 in phosphate buffer saline (PBS) immediately prior to
analysis. All measurements were carried out at 26.4 °C with detection angle of 90° and done in
triplicate. A single analysis represented a fresh dilution of the stock particle solution and
consisted of three 30 seconds video captures. Results were analyzed with the NTA software 3.0
(Malvern Instruments, Malvern, Italy).

2.3.3 Morphological evaluation

A Zeiss EVO MAI10 (Carl Zeiss, Oberkochen, Germany) was used to analyze the morphology
of nanoparticles. The samples were gold-sputter coated under argon to render them electrically
conductive prior to microscopy.

2.3.4 Differential Scanning Calorimetry (DSC)

Temperature and enthalpy values were measured with a Mettler STARe system (Mettler
Toledo, Italy) equipped with DSC81° Module and an Intracooler device for sub-ambient
temperature analysis (Jukabo FT 900) on 2-3 mg samples in 40 pL sealed aluminium pans with
pierced lid (method: 10-400 °C temperature range; heating rate 10 K min™'; nitrogen air
atmosphere flux 50 mL min). The instrument was previously calibrated with Indium, as
standard reference, and measurements were carried out at least in triplicate.

2.3.5 Simultaneous Thermogravimetric Analysis (TGA/DSC 1)

Mass losses were recorded with a Mettler STARe system (Mettler Toledo, Italy) TGA on 3-4
mg samples in 70 pL alumina crucibles with lid (30-400 °C temperature range; heating rate 10
K min’'; nitrogen air atmosphere flux 50 mL min™). The instrument was previously calibrated
with Indium, as standard reference, and measurements were carried out at least in triplicate.
2.3.6 Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR spectra of the lyophilized silk fibroin nanoparticles were obtained using a Spectrum One
Perkin-Elmer spectrophotometer (Perkin Elmer, Wellesley, MA, USA) equipped with a
MIRacle™ ATR device (Pike Technologies, Madison, WI, USA). The IR spectra in
transmittance mode where obtained in the spectral region of 650-4000 cm™ with a resolution of
4 cm™ and measurements were carried out at least in triplicate.
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2.3.7 In vitro curcumin release study

The release of curcumin from the silk/curcumin nanoparticles was carried out by dialysis
membrane method (Shaikh et al., 2009). Briefly, 10 ml of silk/curcumin nanoparticle
suspension in distilled water (equivalent to 0.08 mg of curcumin) was put in a dialysis tube
(MWCO 12,000-14,000 Da) and suspended in 100 ml of ethanol (50 % v/v) at room
temperature under mild magnetic stirring. At fixed time intervals, predetermined volumes of
the release medium were withdrawn and replaced by an equivalent amount of fresh medium.
The curcumin concentration was spectrophotometrically determined at 425 nm. Each
measurement was performed in triplicate.

2.4 Nanoparticle uptake by adipose-derived mesenchymal stem cells (MSCs)

2.4.1 Isolation and culture of MSCs

An adipose tissue sample, obtained from an informed donor during abdominoplastic surgery,
was washed with PBS without Ca>" and Mg®*, mechanically minced with surgical scissors and
digested with 0.075 % w/v type II collagenase solubilized in PBS with Ca®>" and Mg*" at 37 'C.
After 1 hour, the digested tissue was filtered on 70 pm cell strainer (Greiner Bio-One, Austria);
cell suspension was added of Dulbecco’s modified Eagle’s Medium (DMEM) and Ham’s
medium F12, ratio 1:1, supplemented by 10 % v/v Fetal Bovine serum (FBS) and centrifuged
(Thermo-Fisher Scientific, Italy) at 600 x g for 5 minutes (Faustini et al., 2010; Gaetani et al.,
2008). The recovered stromal vascular fraction was cultured in monolayer condition (100,000
cells/cm?) in DMEM/F12, 10 % FBS, 1 % penicillin/streptomycin (100 UI/ml — 100 pg/ml) and
1 % amphotericin B (2.5 pg/ml). Once the MSCs reached sub-confluence, they were treated
with 0.05 % trypsin-EDTA, re-suspended in culture medium and seeded onto flasks (10,000
cells/cm?) till the 2™ passage at 37 'C and 5 % CO.,.

2.4.2 Nanoparticle uptake by MSCs

MSCs were seeded in 96-well plates at a density of 10,000 cells/cm” and incubated with culture
medium for 24 hours at 37 °C, 5 % CO,. Then, all formulations were added to each well (200
png/ml in culture medium) and incubated with cells for 30, 60 or 120 minutes (Kundu et al.,
2010; Tripodo et al., 2015a). At the established times, cells were washed with PBS and cellular
uptake was evaluated in term of fluorescence intensity, exploiting the auto-fluorescence
property of curcumin (Gupta et al., 2009), using a microplate reader (Synergy HT, BioTek,
United Kingdom), equipped by an excitation filter at 485 nm and an emission filter at 528 nm.
As a control, cells were cultured and assessed in absence of samples. Each condition was
performed in triplicate.
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2.4.3 Cell viability evaluation by MTT test

After exposure to nanoparticles, MSC viability was performed by adding 100 pL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) solution (0.5 mg/ml) in each
well. After 3 hours of incubation with the MTT dye solution, medium was removed and the
formazan crystals were solubilized with 100 pl of DMSO in each well, mixing the solution to
completely dissolve the reacted dye. The optical density was read using a microplate reader
(Synergy HT) at 570 nm and 670 nm (reference wavelength). Each condition was tested in
triplicate. Cell viability (%) was calculated as follows: 100 X (ODs/ODc), where ODs represents
the mean value of the measured optical density of the tested sample and ODc is the mean value
of the measured optical density of untreated cells (control).

2.4.4 Nile Red staining and confocal microscopy evaluation

The fluorescent dye Nile Red was exploited as a probe for the identification of phospholipids.
Nile Red powder was solubilized in acetone and stored at 4 °C, avoiding light exposure. The
stock solution (3.14 M) was diluted 100x in PBS before use. MSCs were cultured in chamber
slide (Nunc® Lab-Tek® II, Sigma-Aldrich) and incubated with nanoparticles (Np0O, Np1.5 and
Npl4, see Table 1 for different curcumin loading); after 60 minutes, media were discarded and
cells were washed with PBS. Adherent cells were treated with Nile Red solution and
fluorescence emission was recorded with a laser scanning confocal microscope (TCS SP5 II,
Leica, Germany), considering different Excitation/Emission filters to detect silk (Ex 488 nm;
Em 500-550 nm), curcumin (Ex 405 nm; Em 430-500 nm) and lipids (Ex 543 nm; Em 580-660
nm).

2.5 Release and characterization of MSC-EVs enriched by silk/curcumin nanoparticles
Cells (10,000 cells/cm?) were incubated with nanoparticles (Np14, see Table 1 for curcumin
loading) for 60 minutes. After uptake, medium was removed and MSCs were cultured in serum
free medium overnight to induce EV release (L Ramos et al., 2016). Supernatant was collected
and characterized by confocal and transmission electron microscopy (see below). Not treated
MSCs were considered as control. Each experiment was carried out in triplicate.

2.5.1 Confocal microscopy evaluation

Supernatant (90 pl) was incubated with 10 pl of Nile Red solution (see paragraph 2.4.4) for 5
minutes. Nile Red is a non-fluorescent dye in water solution, but undergoes fluorescence when
internalized in phospholipid bilayer (e.g. cell and EV membranes). Samples were put on a glass
and observed under a laser scanning confocal microscope, considering different
Excitation/Emission filters to detect silk (Ex 488 nm; Em 500-550 nm), curcumin (Ex 405 nm;
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Em 430-500 nm) and lipids (Ex 543 nm; Em 580-660 nm). Nile Red solution (without
supernatant) was considered as negative control. A representative region of acquired images
was selected to draw the line profile. The related stack profile charts were obtained by a image
analyzer (LAS-AF, Leica) to determine fluorescence intensity of each fluorophore.

2.5.2 Transmission electron microscopy

Medium viscosity alginate was solubilized in physiological saline solution (2% w/v) and
sterilized by filtration. Supernatant was suspended in alginate solution (volume ratio 1:3) and
extruded drop by drop through a 22G-needle into an isotonic saline solution containing 50 mM
CaCl, under magnetic stirring. The calcium ions diffused into the droplets, reacting with the
alginate chains and forming alginate beads (Vigani et al., 2016). This alginate matrix has been
employed to provide a tridimensional scaffold in which MSC-EVs were immobilized,
preserving their morphology. Encapsulated MSC-EVs were fixed in a solution of 2.5 %
paraformaldehyde and 2% glutaraldehyde, followed by 1% osmium tetroxide, embedded in
Epon812/Araldite mixture and processed for TEM. The samples were sectioned with Reichert
Ultracut S Ultramicrotome. The ultrathin sections were observed for transmission electron
microscopy with a JEOL JEM 1200 EX instrument. Supernatant, based on MSC-EVs not
treated with nanoparticles, was processed using the same procedure.

2.6 Statistical analysis

The effect of formulation on curcumin release was assessed by a multifactor ANOVA,
considering the time and the formulation as factors and the cumulative curcumin release as
dependent variable.

Results of nanoparticle uptake were processed by a multifactor ANOVA, considering the time
of incubation (30, 60 and 120 minutes) and formulation as fixed factors, the fluorescence
intensity and the viability % as dependent variables.

The differences between groups were analyzed with the post-hoc LSD’s test for multiple
comparisons. Unless differently specified, data are expressed as mean =+ standard deviation. The

statistical significance was fixed at p < 0.05.

3. Results

3.1 Characterization of silk and silk/curcumin nanoparticles

Five different nanoparticle formulations were obtained by desolvation method. The curcumin
loading ranged between 1 and 30 % (Table 1), varying the concentration of curcumin in the
starting acetone solution.
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Table 1. Composition of silk and silk/curcumin nanoparticles (Np): five formulations were
obtained after solubilization of different curcumin amount in acetone. The percentage of
curcumin loading is reported as mean values and standard error (SE).

Curcumin

. . . in1 5 0
Nanoparticles  concentration in Curcumin loading (%)

acetone (mg/ml) (mean £ SE)
NpO - -
Npl 0.03 0.95+0.127
Npl.5 0.1 1.50+0.111
Npl4 0.5 13.66 +1.518
Np32 1.5 31.97 +1.522

Silk and silk/curcumin nanoparticles were analyzed in terms of particle size distribution and
morphology: NTA showed a hydrodynamic diameter of about 100 nm and 90 % of
nanoparticles had a diameter less than 150 nm (Figure 1A). Morphological studies, carried out
by SEM analysis on freeze-dried products, indicated that nanoparticles appeared as round-
shaped structures; moreover, the presence of curcumin did not alter the particle size and the
morphological structure of nanoparticles (Figure 1B-F).

The solid-state characterization by FT-IR showed that silk existed in its stable conformation,
characterized by high content of crystalline B-sheets, that can be identified in the spectra region
of amide I (at about 1620 cm™, C=0 stretching), amide II (at about 1520 cm™, N-H bending)
and amide III (at about 1230 cm™”, C-N and N-H functionalities) (Figure 2, spectra b-¢).
Moreover, the FT-IR spectrum of Npl was superimposable to that of NpO; this is probably due
to the very low drug content in nanoparticles. Typical absorption bands of curcumin appeared
in spectra of samples with higher active content, in particular at 1624 cm™ and 1509 cm™ due

to C=0 stretching, and at 962 cm™ due to cis-trans C-H vibration of aromatic ring (Figure 2).
g g (g
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Fig. 1. Particle size distribution (A) and morphology obtained by scanning electron microscopy
(B-F) of NpO (A and B), Np1 (C), Np1.5 (D), Np14 (E) and Np32 (F). A magnification of NpO
is reported in the onset (B). Scale bar represents 1 mm.
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Fig. 2. Fourier transform infrared (FT-IR) spectra of curcumin, Np0O, Npl, Np1.5, Np14 and
Np32 in the spectral region of 650—2500 cm'.
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DSC and TGA analyses of silk and silk/curcumin nanoparticles are reported in Figs. 3 and 4,
respectively. Curcumin is an anhydrous crystalline compound characterized in DSC by Tonset.m
=168.2+0.2 °C; Tpeakm = 174.4 £ 0.1 °C and AH,, = 103 + 1 Jg'! with a mass loss recorded in
TGA curve starting at around 220 °C, corresponding to the sample decomposition (Fig. 4). A
broad endothermic effect between 30 and 100 °C in the DSC profiles was observed in all
formulations (Fig. 3), due to dehydration (mass loss in TGA analyses of about 6 %, Fig. 4),
followed by the sample decomposition at about 290 °C. An endothermic effect at 176.3 + 0.8
°C was observed in silk/curcumin nanoparticles, confirming the presence of the active

compound, and the area of this effect increased proportionally with the drug content (Figure 3).
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Fig. 3. Differential scanning calorimetry (DSC) profiles of curcumin, Np0, Np1, Np1.5, Np14
and Np32.
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Fig. 4. Thermogravimetric Analysis (TGA) of curcumin, Np0O, Np1, Np1.5, Np14 and Np32.
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The cumulative release of curcumin from nanoparticles showed an initial burst release of about
15 % for Npl, Npl.5 and Np14 and about 25 % for Np32 within 7 hours, reaching a plateau
after 1 day (Figure 5). The curcumin release profiles showed significant differences among
formulations (p < 0.0001): lower and higher drug releases were observed for Npl and Np32

respectively, whereas no differences were found between Npl.5 and Np14 (Figure 5).
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Fig. 5. In vitro curcumin release profiles from nanoparticles by a dialysis method in ethanol
50% v/v at room temperature. Each data is expressed as mean value of at least three independent
experiments. Error bars are not indicated for a better readability of the graph. Different letters
indicate significant differences between formulations (p < 0.05).

3.2 Nanoparticle uptake by mesenchymal stem cells

MSCs were incubated with nanoparticles for 120 minutes and fluorescence intensity of adherent
cells was evaluated as uptake index: the auto-fluorescence of curcumin has been exploited for
a quantitative analysis of nanoparticle uptake by MSCs, with a direct correlation between
curcumin internalization and fluorescence intensity. ANOVA results indicated that both
incubation time and formulation were statistically significant (p < 0.0001). In particular, we
observed that the fluorescence intensity significant increased with the curcumin content in
nanoparticles (from Npl to Np32), and the treatment for 60 minutes resulted in higher values;

in fact, after 30 minutes the cellular uptake was incomplete, while the fluorescence intensity
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was not increased after 120 minutes (Figure 6A). As expected, not treated cells (CTR) and cells
treated with silk nanoparticles (NpO) showed lower fluorescence values than silk/curcumin

nanoparticles (Figure 6A).
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Fig. 6. Nanoparticle uptake by mesenchymal stem cells. Results are reported as mean values
and 95.0% least significance difference (LSD) intervals of fluorescence intensity of MSCs
incubated with nanoparticles for 30, 60 and 120 min (CTR: cells not treated with nanoparticles).

Metabolic activity of MSCs was measured by MTT assay immediately after incubation with
nanoparticles. MTT assay provides a direct measure of cell mitochondrial activity and is
considered as cell viability index with respect to not treated cells. Results are reported in Figure
6B; ANOVA indicated that both incubation time and formulation were statistically significant
(p = 0.0005 and p = 0.0026, respectively). Silk nanoparticles (Np0O) did not influence MSC
viability at all tested incubation times, while silk/curcumin nanoparticles slightly decreased the
cell viability. On the other side, the MSC viability significantly decreased after incubation with
free-curcumin (about 20 % after 24 hours of treatment), confirming the efficient encapsulation

system (Figure 6B).
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Fig. 6. Nanoparticle uptake by mesenchymal stem cells. Results are reported as mean values
and 95.0% least significance difference (LSD) intervals of viability of MSCs incubated with
nanoparticles for 30, 60 and 120 min (CTR: cells not treated with nanoparticles).

Three nanoparticle formulations (NpO, Npl.5 and Npl4) have been selected excluding end
points (Npl and Np32), and their intracellular localization was evaluated by confocal
microscopy. After nanoparticle uptake, MSCs were treated with Nile red solution, a probe for
phospholipid detection (e.g. cell and EV phospholipid membranes), and the auto-fluorescence
of both curcumin and silk have been exploited. Three specific excitation/emission filters were
used for the simultaneous detection of each fluorophore (silk, curcumin and phospholipid
bilayer). Results indicated that the curcumin fluorescence (Figure 7, blue images) increased
enhancing the drug content in nanoparticles, confirmed by higher fluorescence in MSCs treated
with Np14 than Np1.5. The fluorescence related to nanoparticle internalization (Figure 7, green
images) was similar in all treated MSCs. Moreover, the localization of nanoparticles occurred
in the cytoplasmic environment around the nuclear membrane (Figure 7, green images). The
silk nanoparticles appeared an efficient encapsulation system, as confirmed by these confocal
images in which we observed the same localization of curcumin and silk into cells. The same
fluorescence, related to Nile Red staining, was observed in all MSCs, indicating that this probe

has been internalized in phospholipid bilayer (Figure 7, red images).
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Fig. 7. Confocal microscopy images of MSCs incubated with Np0, Np1.5 and Np14 for 60 min
(CTR: cells not treated with nanoparticles). For each group, adherent MSCs were observed in
bright-field (left column) and considering three specific excitation/emission filters for curcumin
(blue fluorescence), silk (green fluorescence) and phospholipid bilayer by Nile red (red
fluorescence). These three fluorescent images were merged and reported in the right column.
(For interpretation of the references to color in this figure legend and text, the reader is referred
to the web version of this article.)
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3.3Release and characterization of MSC-EVs enriched by silk/curcumin nanoparticles

After cellular uptake, MSCs were cultured 24 hours in serum free condition to induce EV
secretion. Our aim was not only to obtain MSC-EVs, but also to develop a carrier-in-carrier
delivery system based on EVs loaded of silk/curcumin nanoparticles. For this reason, a
morphological investigation was carried out on supernatant culture media. The line profile was
marked on a specific region of images acquired by confocal microscopy. Stack profile charts
are histograms of the emitted fluorescence intensity along the line profile. Histograms showed

narrow peaks for all fluorophores and localized in the same position; this result confirmed the
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co-localization of curcumin, silk and MSC-EVs, underlining the ability of MSCs to secrete the

carrier-in-carrier system (Figure 8).
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Fig. 8. Histograms of the fluorescence intensity along the line segment, draw on a specific
region of acquired images under confocal microscopy. Three specific excitation/emission filters
were considered to detect curcumin, silk and Nile Red.

This result was highlighted by ultrastructural analysis: MSCs were able to release EVs (Figure
9A), spherical membranous systems characterized by a well-defined phospholipid bilayer with
a thickness of about 5 nm, and to deliver nanosystems, visible as electron dense particles (Figure

9B). The adopted EV immobilization in alginate for TEM analysis could be an alternative to
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cryo-electron microscopy, commonly used for the EV morphological investigation: in fact, EVs

were surrounded by typical gel network characterized by alginate strands.

Fig. 9. Transmission electron microscope images of MSC-EVs (A) and carrier-in-carrier system

(B).

4. Discussion

In this study, we evolved a new carrier-in-carrier device based on silk/curcumin nanoparticles
loaded in MSC-EVs. In our previous work, we coined the “carrier-in-carrier” drug delivery
system: micelles based on vitamin E and inulin, loaded with curcumin, were able to cross MSC
membrane in few minutes, protecting them from curcumin cytotoxicity. Moreover, MSCs were
able to release the entrapped curcumin (Tripodo et al., 2015a). Finally, pharmacokinetic studies
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showed the presence of curcumin in the blood after intravenous injection up to 6 hours when it
was encapsulated in micelles, while it was quickly removed from the bloodstream when we
used free curcumin (Tripodo et al., 2015b). The same approach has been exploited in this paper,
using a different biopolymer/nanosystem, namely silk nanoparticles. In literature, different
methods have been reported for the preparation of silk nanoparticles, such as salting out
(Lammel et al., 2010), electrospraying (Qu et al., 2014), microemulsion method (Myung et al.,
2008), capillary microdot-technique (Gupta et al., 2009) and supercritical fluid technology
(Zhao et al., 2012); we selected the desolvation method (Seib et al., 2013) because of the
peculiar solubility of curcumin in acetone. It is known that the presence of a desolvating agent
reduces the hydration of silk chains, leading to protein precipitation as nanoparticles (Azarmi
et al,, 2006; Weber et al., 2000). The particle size distribution and morphology of our
nanoparticles (Figure 1) were in agreement with that reported by other researchers: the use of
acetone allows to obtain nanoparticles with a diameter of about 100 nm and a spherical
geometry (Seib et al., 2013; Sharma et al., 2016; Zhang et al., 2007).

Two main approaches are usually employed for the drug loading in nanoparticles, 1) the drug
encapsulation during nanoparticle production, and 2) the drug surface absorption after
nanoparticle formation (Soppimath et al., 2001). We selected the first technique since higher
drug loading is reached and we observed that it depends on curcumin starting concentration
(Table 1).

The solid-state characterization demonstrated that silk existed in its stable conformation,
characterized by high content of crystalline B-sheets. In fact, fibroin can exist in three structural
models: Silk I referred to water-soluble structure, Silk II to B-sheet conformation and Silk III at
air-water interface (Hu et al., 2006). B-sheet structure can be identified in the spectral region of
Amide I (at about 1620 cm™) and Amide II (at about 1520 cm™) (Um et al., 2001). Moreover,
typical absorption bands of curcumin appeared in samples characterized by higher drug content.
The stable conformation of silk fibroin and the increased drug loading in nanoparticles were
also confirmed by DSC analyses.

Several methods are reported in literature to study in vitro drug release, such as side-by-side
diffusion cells with artificial or biological membranes, diffusion technique with dialysis bags,
reverse dialysis sac technique, ultracentrifugation and ultrafiltration (Soppimath et al., 2001).
We used dialysis tubes in ethanol 50 % v/v to provide sink conditions because of curcumin poor
solubility in water (Shaikh et al., 2009). Curcumin in vitro release profiles (Figure 5) showed
an initial burst release, followed by a plateau condition. The starting burst release could be
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attributed to the curcumin amount on the nanosystem surface (Faisant et al., 2002; Soppimath
et al.,, 2001; Tsai et al., 2011). This biphasic release behavior is cohesive with previous
researches: for example, Shaikh and colleagues encapsulated curcumin in PLGA nanoparticles
and the drug release from nanoparticles occurred by diffusion followed by degradation of the
polymer matrix (Shaikh et al., 2009). Lozano-Pérez and colleagues developed silk nanoparticles
loaded with resveratrol by adsorption and they observed an initial burst release, reaching the
saturation of the aqueous medium in few hours (Abel Lozano-Perez et al., 2014). A burst release
was observed in the first 8 hours also using paclitaxel loaded silk nanoparticles (Wu et al.,
2013).

In pharmaceutical field, nanoparticle-based approaches aim to improve safety and efficacy of
Active Principle Ingredient: the interaction of nanoparticles with the biological environment
(target) is strictly related to the particle properties (particle size, shape, and surface charge and
chemistry) and the biological milieu (through the formation of a protein corona around the
material) (Bobo et al., 2016; Kharazian et al., 2016; Lorenz et al., 2006; Murugan et al., 2015).
Nanoparticles are able to pass through the cell membrane by different mechanisms including
phagocytosis, pinocytosis, caveolae and clathrin mediated endocytosis (Beddoes et al., 2015).
The intracellular uptake of silk nanoparticles has been previous demonstrated on different cell
lines, such as breast cancer cells (Gupta et al., 2009; Seib et al., 2013), gastric cancer cells (Wu
et al., 2013) and carcinoma cells (Kundu et al., 2010). In all these applications cells represent
the target of the pharmaceutical product. To the best of our knowledge, for the first time in this
paper, the uptake of silk nanoparticles has been investigated on MSCs and cells were used as
drug carrier: the nanoparticle uptake depends on time of incubation (Figure 6) and nanoparticles
have been found in the cytoplasm, without cytotoxic effects (Figure 7). The final goal of our
study was to demonstrate the ability of MSCs to secrete extracellular vesicles loaded of
silk/curcumin nanoparticles. Drugs, such as small RNA therapeutics and small molecules (e.g.
anti-inflammatory and anti-cancer drugs (Kim et al., 2016)), are usually encapsulated in EVs
using endogenous or exogenous methods: in the endogenous method, cells are loaded with a
drug, which is then released in EVs; in the exogenous method, EVs are first isolated and
subsequently loaded with the drug (Batrakova and Kim, 2015). Pascucci and colleagues had
already shown the MSC ability to deliver paclitaxel through their membranous-vesicular
systems, suggesting the possibility of using stem cells as a drug store and exploiting their innate
properties (Pascucci et al., 2014). The encapsulation of curcumin in exosomes has been
performed by Sun et al. (Sun et al., 2010), demonstrating higher solubility, stability in blood
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and higher bioavailability in vivo than free curcumin. We investigated a novel carrier-in-carrier
system, composed by MSC-EVs loaded of nanoparticles (Figure 8), exploiting the endogenous
loading technique: the first carrier is represented by silk nanoparticles, able to encapsulate high
curcumin content, while the second carrier is represented by MSC-EVs, able to retain peculiar
properties of their parental cells (Ohno et al., 2016). The cell culture in serum free medium
induces the secretion of a heterogeneous milieu of EVs, including exosomes and microvesicles
characterized by different size (from 40 to 1000 nm). Qualitative analyses on released product
highlighted a higher MSC ability to release nanoparticles within microvesicular systems than
exosomes, probably due to nanosystem size (Figure 9).

This combined biological-technological approach represents a novel class of nanosystems,
combining beneficial effects of both regenerative cell therapies and pharmaceutical
nanomedicine, avoiding the use of viable replicating stem cells. The carrier-in-carrier system,
based on stem cell-extracellular vesicles and silk/curcumin nanoparticles, could hold new
promises for clinical application, avoiding regulatory affairs related to Advanced Therapy

Medicinal Products.
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Supplementary informations

Focus on nanoparticle uptaken by mesenchymal stem cells captured during confocal
microscopy analysis. Three different excitation/emission filters employed: green for silk fibroin
— Ex 488, Em 500-550 (Fig. 1A), blue for curcumin - Ex 405, Em 430-500 (Fig. 1B) and Nile
red for phospholipid detection - Ex 543, Em 580-660 (Fig. 1C). notably, the green spots,
showing the presence of silk fibroin nanoparticles, are perfectly overlapped to the blue spots of
curcumin, suggesting that the curcumin is mainly loaded in silk fibroin nanoparticles and it is
not free in the cytoplasmic environment. In figure 1D is shown the merged resulting from the
overlapping of the three different filters employed. This qualitative analysis allowed to verify

the nanoparticle localization within the cellular environment.
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Photograph of the carrier in carrier took in the supernatants captured during confocal

microscopy analysis with respective stack profile charts. Three different filters were

considered: green for silk fibroin, blue for curcumin and Nile red for phospholipid detection.
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Conclusions
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dvanced drug delivery systems have been developed to satisfy the need to improve

the technological and biological features of conventional drugs and thus their kinetic

release, bioavailability, biodistribution and pharmacokinetics for patient benefits.
When considering a drug delivery system, the main issue is the specific targeting, thus showing
selectivity and avoiding toxic phenomena, while preserving a high dosage, in order to guarantee
the drug efficacy and the therapeutic effect. The advent of nanotechnology 30 years ago opened
new frontiers in drug delivery field, overcoming the issues of conventional drug delivery
system: a nanotechnological approach would provide the equilibrium between targeting,
efficacy and toxicity, which are the three minimum criteria to define a drug. Owing to their
biocompatibility, controllable bio-degradability by tuning the protein’s degree of crystallinity,
molecular weight or adopting crosslinking approaches, mechanical features and non-toxicity,
silk fibroin based-nanoparticles have been widely investigated as smart and promising nano
drug delivery systems of several drugs, including small molecules, proteins and gene drugs.
As demonstrated in this PhD thesis, silk fibroin nanoparticles were obtained via desolvation
technique employing acetone as the coacervating agent, which succeeded in triggering the silk
fibroin nanoprecipitation. Curcumin and celecoxib were successfully loaded in silk
nanosystems, achieving different loadings in relation to the drug solubilized amount in the
starting acetone bath. In vitro biological studies confirmed that the applied nanotechnological
approach avoided the severe cytotoxic and hemotoxic phenomena observed when considering
the free drugs, acting as an invisibility cloak, but at the same time allowing the manifestation
of their anti-oxidant and anti-inflammatory properties. Silk fibroin nanoparticles, independently
from the considered encapsulated active, showed a strong anti-inflammatory activity,
highlighted by the reduction of the secretion of the three pro-inflammatory mediators involved
in the osteoarthritic pathway. For this reason, silk fibroin can be elevated to an effective anti-
inflammatory active and no longer be considered as just an inert polymer support for drug
delivery system manufacture. Despite the excellent properties and results obtained using silk
fibroin nanoparticles, it is still necessary to address some critical challenges related to the
manufacture process; in fact, silk fibroin is a natural polymer whose features are very hard to
standardize and each preparation technique shows pros and cons. For these reasons, it is
important to continue developing and testing novel nanoparticles fabrication techniques to

match different demands, to ameliorate the production parameters and to fulfill the existing

gaps.
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Among the bio-inspired nano-drug delivery systems, extracellular vesicles have been recently
proposed since they retain similarities with already employed nano drug delivery systems, such
as liposomes, offering even better features that can not be found in other carriers: they are
expected to be less toxic since they are composed of the same phospholipid bilayer of cellular
membrane and less immunogenic since they are composed of the same constituents of the
organism to which they are going to be administered showing the innate tropism to diseased
tissues and the ability to overcome physiological barriers of our body. Cells can be considered
as natural “cargo maker” able to release in the extracellular milieu extracellular vesicles as
small bilayer-enclosed membranous nanosystems, both in physiological and pathological
conditions. Extracellular vesicles act as shuttles by carrying lipids, proteins, mRNAs and
miRNAs, thus allowing cell-to-cell communication. Thanks to their cargo, they are able to
preserve and mimic their parent cell properties: for this reason, depending on their origin, they
retain intrinsic immune regulatory activities. In particular, those derived from mesenchymal
stem cells retain intrinsic immunomodulatory, regenerative, tissue reprogramming and homing
properties. This PhD thesis aimed to combine a nanotechnological approach with a
nanobiological one throughout the development of an innovative carrier-in-carrier system.
Exploiting the silk fibroin-based nanoparticles previously obtained, loaded with two drug
molecules and in vitro tested, and coupling them with the extracellular vesicles secreted by
mesenchymal stem/stromal cells, it was possible to harness both features of the two considered
carriers. The nanosystems were effectively and completely uptaken within 60 minutes by the
cells, showing a cytoplasmic localization, and they were released in the extracellular milieu as
“extracellular vesicles enriched systems” as demonstrated by both confocal and transmission
microscopies. After nanoparticle internalization, cells were able to release extracellular vesicles
loaded with silk fibroin nanosystems thus creating a “Next Generation Drug Delivery Systems”,
which would boost the therapeutic efficacy of many small molecules, drugs and nanosystems

while allowing specific targeting to injured tissues and avoiding unspecific dissemination.
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Future Outlooks
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his PhD research does not end with the obtained results: conversely, they are the

starting points for further investigations that will complete the project. The carrier-in-

carrier system, based on stem cell-extracellular vesicles and silk/curcumin
nanoparticles, proposed in this PhD thesis, could hold new promises for several clinical
applications. Future steps will provide the delivery of other hydrophobic drugs but also of
hydrophilic molecules into silk fibroin nanosystems, the characterization of the nanoparticle
internalization mechanism and the full both qualitative and quantitative characterization profile
of the developed carrier-in-carrier system. Moreover, the investigation of the anti-inflammatory
potential of the carrier-in-carrier will be carried out for the treatment of musculoskeletal
diseases and in vitro efficacy studies will be done by comparing the nanoparticles, the EVs and
the carrier-in-carrier products to find the optimal formulation. Finally, we want to verify in an
in vivo model the effective innate homing of our “next generation drug delivery system”
towards pathological tissues. All of these purposes need to be addressed in order to achieve the
final goal of this project that is to obtain an innovative and effective product suitable for scale-

up GMP production and exploitable for the treatment of musculoskeletal diseases.
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Sericin is a bioactive silk-protein, considered for centuries as a waste product of textile industry,
showing intrinsic biological activities such as anti-oxidant, anti-elastase, anti-tyrosinase,
immunomodulatory and regenerative. As described in the introduction of this PhD thesis, silk
sericin represents a suitable “active” polymer for the creation of drug delivery systems. Today,
microalgae are at the cutting edge in several fields including nutraceutical, food, cosmetics,
biofuels and pollution prevention: they are prokaryotic or eukaryotic photosynthetic
microorganisms, able to live in harsh conditions. They are enriched in proteins, sterols,
polyunsatured fatty acids (PUFAs), vitamins, anti-oxidants (polyphenols), pigments
(carotenoids) making them suitable for the treatment of different diseases. With this research
we wanted to investigate a possible synergism between silk sericin and microalgae extracts for

the wound regeneration.
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Abstract: Some natural compounds have recently been widely employed in wound healing
applications due to their biological properties. One such compound is sericin, which is produced
by Bombix mori, while active polyphenols, polysaccharides and proteins are synthetized by
Chlorella vulgaris and Arthrospira platensis microalgae. Our hypothesis was that sericin, as an
optimal bioactive polymeric carrier for microencapsulation process, could also improve the
regenerative effect of the microalgae. A solvent-free extraction method and spray drying
technique were combined to obtain five formulations, based on algal extracts (C. vulgaris and
A. platensis, Chl and Art, respectively) or silk sericin (Ser) or their mixtures (Chl-Ser and Art-
Ser). The spray drying was a suitable method to produce microspheres with similar dimensions,
characterized by collapsed morphology with a rough surface. Art and Art-Ser showed higher
antioxidant properties than other formulations. All microspheres resulted in cytocompatibility
on fibroblasts until 1.25 mg/mL and promoted cell migration and the complete wound closure;
this positive effect was further highlighted after treatment with Art and Art-Ser. To our surprize
the combination of sericin to Art did not improve the microalgae extract efficacy, at least in our

experimental conditions.

Keywords: silk sericin; Chlorella vulgaris; Arthrospira platensis; spray drying; microspheres;

wound healing

1. Introduction

Bioactive compounds from natural matrices are valuable and attractive products for the
pharmaceutical and cosmetic industry [1,2]. Microalgae are unicellular microorganisms, which
react to the harsh conditions of their habitats (temperature, salinity, light intensity) with
adaptive mechanisms, such as the synthesis of a wide range of biologically active secondary
metabolites [3]. The different metabolic pathways activated as defense strategies by each
species of microalgae explain their immense diversity in terms of structural and chemical
composition [4]. Several studies demonstrated the antioxidant [5], anti-inflammatory [6] and
antimicrobial [7] properties of microalgae due to their content in polyunsaturated acids,
vitamins, pigments, polyphenols, polysaccharides and proteins [8].

Arthrospira platensis and Chlorella vulgaris, approved by the Food and Drug Administration
(FDA) as GRAS (Generally Recognized As Safe), are two of the most interesting and abundant

species of microalgae, with an annual industrial production of 3000 and 4000 tons, respectively
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[9]. These photosynthetic organisms, generally cultivated in open ponds, rapidly grow under
extreme environmental conditions: the simple and low-cost cultivation systems make A.
platensis and C. vulgaris suitable for industrial-scale production [10]. Over the years, several
studies have been performed on both microalgae species to optimize the extraction and
purification of bioactive compounds, potentially useful for different medicinal applications
[11].

A. platensis, also called Spirulina due to its helical filamentous morphology, is a
Cyanobacterium rich in proteins (60—70% w/w), vitamins (4% w/w, particularly pro-vitamin A,
Bi1, B2, Bg, B12, E and D), polysaccharides, carotenoids, minerals and essential fatty acids [12].
Due to its chemical composition, A. platensis has been extensively used as a nutritional
supplement [13] and, nowadays, it is also considered a potential pharmaceutical source due to
its antioxidant, immunomodulatory and anti-inflammatory properties, as demonstrated both in
vitro and in vivo [14]. Multiple health and nutritional needs have also been met by Chlorella
vulgaris extracts, for which its essential amino acid, vitamin, fatty acid and mineral contents is
known for and has been reported [15]. Moreover, C. vulgaris contains several polysaccharides,
including B-1,3-glucan, an active immunostimulator and a free-radical scavenger, [16] and a
significant amount of antioxidant pigments, such as p-carotene, lutein and chlorophylls [17].
In cosmetics and in wound healing dressings, sericin has been appreciated as an additive due to
its biological activities [18-20]. Silk sericin has long been known to be a potent natural
antioxidant due to the high content of hydroxyl amino acids [21]. It has been reported that silk
sericin exhibits ROS (Reactive Oxygen Species)-scavenging, anti-tyrosinase, anti-elastase,
immunomodulatory activities [22] and promotes wound healing and collagen deposition by
fibroblasts and keratinocytes [23].

Silk sericin for wound healing has been investigated in two clinical trials
(www.clinicaltrials.gov): a wound dressing composed of silk sericin/PVA was shown to
accelerate the healing of split-thickness skin graft donor sites as compared to the commercially
available Bactigras® (ID. NCT02091076, study completed). In another study (NCT01539980,
study completed), the application of a silver zinc sulfadiazine cream, with or without silk sericin
powder, confirmed the efficacy of sericin in promoting the re-epithelialization of a second
degree burn in 5-7 days less than in the control group.

In a previous paper, we demonstrated that the biological effect of a natural flavanone, such as
naringenin, was surprisingly increased when associated with sericin [24]. Based on this
evidence, we hypothesized that sericin could improve the regenerative effect of the microalgae
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extracts. To the best of our knowledge, the association of silk sericin and microalgae aqueous
extracts has never been tested in wound healing fields: in the present work, these natural
bioactive compounds have been selected to assess their synergic effects on cell proliferation
and migration. The aqueous extracts of both C. vulgaris and A. platensis were combined with
silk sericin to manufacture microspheres intended for the topical treatment of skin wounds, and

a set of characterization analyses has been carried out to verify the final product performances.

2. Methods

2.1. Materials

Bovine serum albumin (BSA), phenol, glucose monohydrate, sulfuric acid 99.999%, 2,2-
diphenyl-2-picrylhydrazyl hydrate (DPPH), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (Milan, Italy). Human fibroblast cells were obtained from the European
Collection of Authenticated Cell Cultures Cell Bank (ECACC, Salisbury, UK), while all

reagents used for cell cultures were purchased from Euroclone (Milan, Italy).

2.2. Preparation of Microalgae Extracts

Chlorella vulgaris and Arthrospira platensis were purchased from Archimede Ricerche S.r.l
(Camporosso, Imola, Italy). Microalgae were added to distilled water (2.5% w/v) and heated at
105 °C for 15 min in autoclave (Auclave 760, Asal Srl, Milan, Italy). After cooling, microalgae
suspensions were centrifuged at 3000% g for 10 min and the algal aqueous extracts [25] were
collected. Known volumes of both extracts were dried in a stove to calculate the final

concentrations.

2.3. Extraction of Silk Sericin

The sericin extraction was performed as previously reported [22]: briefly, Bombyx mori
cocoons were cut, soaked in distilled water (40 mL/g of cocoons) and autoclaved for 1 h at 120
°C. Sericin solution was separated from degummed fibroin fibers and the concentration was

calculated by drying of known volumes.

2.4. Microsphere Preparation by Spray Drying
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Five different microsphere formulations, based on algal extracts (Chlorella vulgaris and
Arthrospira platensis) or silk sericin or their combination (Chl, Art, Ser, Chl-Ser, Art-Ser) were
prepared. The concentration of both algal extracts and silk sericin solution was 0.8% w/v.
Samples were spray dried using a Biichi Mini Spray Dryer (Flawil, Switzerland). The following
process parameters were set: pump, 7 mL/min; inlet temperature, 110 °C; outlet temperature,
60 °C; air pressure, 3 bar; fluid flow, 500-600 mL/h [26,27]. Table 1 reported the relative
amounts of each component. For each considered formulation, at least three batches were
produced. At the end of the spray drying process, the percentage yield was determined as
follows: (Wmic/Weomp) % 100, where wiic was the weight of the spray dried microspheres and

Weomp Was the total weight of the components dissolved in the spray dried solution.

Table 1. Theoretical composition of microspheres reported as % w/w of A. platensis extract,
C. vulgaris extract and silk sericin in each formulation (Chl, Art, Ser, Chl-Ser and Art-Ser).

Formulation A. platensis Extract C. vulgaris Extract Silk Sericin

Chl 0 100 0

Art 100 0 0

Ser 0 0 100
Chl-Ser 0 50 50
Art-Ser 50 0 50

2.5. Microsphere Characterization

Microsphere characterization has been carried out following the current pharmaceutical
requirements to qualify products and processes in an application context: particle size
distribution, physicochemical characterization of solid state (morphology, Fourier transform
infrared spectroscopy, Thermogravimetric Analysis), chemical composition, and, for this
specific antioxidant product, ROS-scavenging activity (quality requirement). Therefore, the
product cytotoxicity was assessed in an in vitro cellular model (safety requirement), and finally

the wound healing potential was evaluated by a standard scratch test (efficacy requirement).

2.5.1. Granulometric Analysis

Granulometric analysis of microspheres was performed by a laser light scattering granulometer
(Beckman Coulter LS230, Miami, Florida), equipped with a small volume cell (120 mL
volume; obscuration 5%); the refractive index was set at 1.359 for ethanol. A sample for each
microsphere formulation was suspended in ethanol and maintained, under magnetic stirring, for

5 min; ethanol suspensions were then put into the measurement cell and ran in five replicates
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of 90 s each. Results were expressed as the average of at least five replicates for each
microsphere formulation. The analysis of the data included the computation of the mean,
standard deviation (S.D.), 10th, 50th, and 90th percentile of the volume-weighted diameter d4 3
(di0, dso and doo, respectively) and the mean and S.D. of the surface-weighted diameter (d; ).
The width of the particle size distribution was described by the relative span value that was

calculated as follows: (dgg — dj0)/ds0.

2.5.2. Scanning Electron Microscopy (SEM)

A Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany) was used to analyze the morphology
of microparticles. The samples were gold-sputter coated under argon to render them electrically

conductive prior to microscopy.

2.5.3. Fourier Transform Infrared Spectroscopy (FTIR)

FT-IR spectra were obtained using a Spectrum One Perkin-Elmer spectrophotometer (Perkin
Elmer, Wellesley, MA, USA) equipped with a MIRacle™ ATR device (Pike Technologies,
Madison, WI, USA). The IR spectra in transmittance mode were obtained in the spectral region

of 650-4000 cm ' with a resolution of 4 cm .

2.5.4. Simultaneous Thermogravimetric Analysis (TGA/DSC 1)

Thermogravimetric Analysis is a typical analytical technique applied in the physicochemical
characterization of the solid state. In this context, it was used to quantify the water content of
the products and, above all, their thermal stability, comparing the microalgae as is, and after
their extraction by solvent free method and formulation in microspheres by spray-drying
technique. The TGA was carried out with a Mettler STARe system (Mettler Toledo, Milan,
Italy) TGA on 3—4 mg samples in 70 pL alumina crucibles (30-600 °C temperature range;
heating rate 10 K min'; nitrogen air atmosphere flux 50 mL min'). The instrument was
previously calibrated with Indium as standard reference, and measurements were carried out at

least in triplicate.

2.5.5. Determination of Protein Content

The protein content of each microsphere formulation was estimated by using a Micro BCA™
Protein Assay Kit (ThermoFisher Scientific, Rockford, IL, USA), according to the

manufacturer’s instructions. Bicinchoninic acid (BCA) was used as detection reagent for
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cuprous ion (Cu'") that is produced when a protein reduces Cu®" in an alkaline environment.
The chelation of two BCA molecules with one Cu’ produces a water-soluble purple complex,
which exhibits a strong absorbance at 562 nm that is directly proportional to the protein content
[28]. Microsphere samples were suspended in distilled water, combined with the reagents
(provided with Micro BCA™ Protein Assay Kit) in a 1:1 ratio and incubated at 37 °C for 2 h.
Bovine Serum Albumin (BSA), chosen as protein standard, was diluted in deionized water at
different concentrations (10-75 pg/mL) and processes as reported for the samples in order to
prepare a standard curve from which the protein concentration of each microsphere formulation
was extrapolated. The optical density was measured at 562 nm with multi-plate reader (Synergy
HT, BioTek, Swindon, UK); analyses were performed in three replicates and results were

reported as pg proteins/mg sample.

2.5.6. Determination of Carbohydrate Content

The carbohydrate content of each microsphere formulation was determined by using the phenol-
sulfuric acid method, as reported by DuBois and colleagues [29]. Briefly, 2 mL of microspheres
suspended in distilled water (0.1 mg/mL) were mixed with 1 mL of phenol aqueous solution
(5% w/v) and 5 mL of sulphuric acid in test tubes. After 10 min at room temperature in dark
conditions, the test tubes were placed in ice for 20 min and then centrifuged at 3000x g for 10
min. Glucose monohydrate, selected as carbohydrate standard, was diluted in deionized water
at different concentrations (0—0.1 mg/mL) and processed in an identical manner as above in
order to prepare a standard curve from which the carbohydrate concentration of each
microsphere formulation was extrapolated. The absorbance was measured at 490 nm with a
UV-vis spectrophotometer Uvikon 930 (Kontron Instruments, Everett, MA, USA). Analyses

were performed in three replicates and results were reported as pg carbohydrates/mg sample.

2.5.7. ROS-Scavenging Activity Assay

The ROS-scavenging activity was evaluated by the DPPH (2,2-diphenyl-2-picrylhydrazyl
hydrate) method, according to Chaudhuri et al., with slight modifications [30]. In detail, each
microsphere formulation was tested at different concentrations (1.25, 2.5, 5.0, 10, 25 and 50
mg/mL) after dissolution in distilled water under magnetic stirring. Fifty pL of each dilution
were mixed with 1950 uL. of DPPH solution (1 mM) in 70% v/v methanol and kept in the dark

for 20 min at room temperature. All reaction mixtures were centrifuged at 3000x g for 10 min
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and then the optical density was measured at 517 nm with a UV-vis spectrophotometer.
Ascorbic acid, chosen as the positive control, was tested at the same concentrations of
microsphere samples, while a reaction mixture composed by 50 puL of 70% v/v methanol and
1950 puL of DPPH solution was prepared as a negative control. The percentage of ROS-
scavenging activity was calculated according to the following equation: % activity = (A — B)/A
x 100, where A was the optical density of negative control and B was the optical density of the
samples. Analyses were performed in three replicates, and results were reported as the mean +

standard deviation of the ROS-scavenging activity percentage.
2.6. In Vitro Assays

2.6.1. Cytotoxicity Assay

Human fibroblast cells were seeded at a density of 10,000 cells/cm® in a 96-well plate and
cultured for 24 h in DMEM/F12 culture medium with the addition of 10% FBS, 1%
penicillin/streptomycin and 1% amphotericin B (37 °C, 5% CO,). Each microsphere
formulation was solubilized in the aforementioned culture medium and then filtered using 0.22
pm membranes (Merck Millipore, Tullagreen Carrigtwohill, Ireland). Different concentrations
were tested: 0.05, 0.1, 0.25, 0.5, 1.25, 2.5, 5.0 and 10 mg/mL for Chl, Art and Ser formulations,
while 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 10 and 20 mg/mL for Chl-Ser and Art-Ser formulations were
used in order to test the cytotoxic effect of the same amount (mg/well) of algal aqueous extract
and sericin. After culture medium removal, human fibroblast cells were incubated with 100 pL.
of each sample for 24 h and thus cell metabolic activity was evaluated by performing an MTT
assay. Specifically, supernatants were discarded from each well and 100 uL. of MTT solution
(0.5 mg/mL) were added. After 3 h, MTT solution was substituted with 100 uL. of DMSO. The
optical density (OD) was measured at 570 and 670 nm (reference wavelength) with a multi-
plate reader; analyses were performed in three replicates for each sample. Cell metabolic
activity (%) was calculated as follows: 100 x (ODs/ODc), where ODs is the mean value of the
measured optical density of each tested sample and ODc is the mean value of the measured
optical density of cells incubated without microspheres (control). The study was performed in
three replicates, using primary human fibroblasts obtained from 3 donors (4th passage), with
viability > 95%, (Trypan blue staining, n = 150), and showing no variability in term of cellular

doubling time (data not shown).
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2.6.2. Scratch Assay

Microspheres were solubilized in the aforementioned culture medium and sterilized by
filtration; different concentrations were tested: 0.05, 0.1, 0.25 and 0.5 mg/mL for Chl, Art and
Ser formulations, while 0.1, 0.2, 0.5 and 1.0 mg/mL for Chl-Ser and Art-Ser formulations.

The same three human fibroblast cell lines used in the previous experiment, seeded at a density
of 40,000 cells/cm® in a 24-well plate, were scraped with a sterile p200 pipet tip, creating a
linear “scratch” [31]. “Scratched” cells were incubated with 1 mL of each sample. After 24, 48
and 72 h, images of treated cells were acquired using a digital camera (Lumenera Infinity 1-3C,
Nepean, Canada) connected to a phase-contrast microscope (Nikon Eclipse E400, Melville,
New York, NY, USA) in order to evaluate the cell migration. Using scratch wounded cells and
closed wound as standards, images were observed by five independent expert operators and a
score between 0 (no cell migration) and 10 (completed cell migration) was given for each

formulation at each considered time endpoint [27,32].

2.6.3. Statistical Analysis

Raw data were processed using STATGRAPHICS XVII (Statpoint Technologies, Inc.,
Warrenton, VA, USA), Microsoft® Excel 2013, and R, R Core Team (2014). R: A language
and environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria (http://www.R-project.org). The libraries outliers by Lukasz Komsta (2011),
(http://CRAN.R-project.org/package=outliersoutliers), and apl-pack by Hans Peter Wolf and
Uni Bielefeld (2014), (http://CRAN.R-project.org/package=aplpack), were used to test the
granulometric analysis data for the presence of univariate and bivariate outliers. A linear
generalized Analysis of Variance model (ANOVA) was used to study the data.

The amount of proteins and carbohydrates contained in each microsphere formulation was
analyzed taking into account the pg proteins/mg microspheres and pg carbohydrates/mg
microspheres as response variables and the microsphere formulation (Chl, Art, Ser, Chl-Ser and
Art-Ser) as a fixed factor. The ROS-scavenging activity (%) was evaluated considering the
effect of both microsphere formulation and concentration (1.25, 2.5, 5.0, 10, 25, 50 mg/mL).
Moreover, the cytotoxicity of each formulation was analyzed, fixing microsphere formulation
and concentration. The scores given by the five independent operators at each time were
compared using a t-test for paired means; finally, results of scratch assay were processed,
considering microsphere formulation and time (0, 24, 48 and 72 h) as fixed factors in a two-

way ANOVA.
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The differences between groups were analyzed with the post hoc LSD’s (Least Significant

Difference) test for multiple comparisons. Statistical significance was set at p < 0.05.
3. Results

3.1. Microsphere Characterization

The microalgae aqueous extracts and the sericin solution were spray dried, alone or combined,
to obtain microspheres (Chl, Art, Ser, Chl-Ser and Art-Ser): the composition of the starting
solutions did not influence the spray drying process, obtaining a satisfactory process yield (35
+ 8%), considering the lab-scale production.

All formulations showed a unimodal distribution of the volume-weight (ds3) and surface-
weight (ds;,) diameters. Results evidenced that the spray drying was a suitable method to
produce microspheres with similar dimensions. The 95% confidence interval (o = 0.05) of the
volume-weight diameters (da3) were 4.7 + 0.2 um for Chl (n = 9), 3.5 £ 0.2 um for Art (n =
10), 3.4 = 0.1 um for Ser (n = 10), 6.5 = 0.1 pm for Chl-Ser (n = 5) and 4.1 + 0.1 um for Art-
Ser (n = 6). The 95% confidence interval (o = 0.05) of the surface-weight diameters (ds») were
3.09 £ 0.08 pum for Chl, 2.58 + 0.05 pm for Art, 2.1 £ 0.2 pm for Ser, 2.56 = 0.05 um for Chl-
Ser and 2.02 £ 0.02 pm for Art-Ser. The presence of sericin elicited a slight increase of the da 3
and a decrease of the ds» for Chl-Ser formulation compared with Chl and for Art-Ser compared
to the Art one. The Art microspheres presented the narrowest size distribution as confirmed by
the span: 1.74 for Chl, 1.37 for Art, 1.52 for Ser, 1.89 for Chl-Ser and 1.51 for Art-Ser (the
values which tend to indicate a narrow distribution). Moreover, all microspheres showed typical
ellipsoid or bi-concave shapes, as evidenced by the observation that the mean volume—weight
diameter (ds3) was always higher than the mean surface—weight diameter (ds») with high
statistical significance (p < 0.001). These results were confirmed by the scanning electron
microscopy analysis: all formulations were characterized by collapsed microspheres with a
rough surface, even if some scattered smooth and round elements were appreciated in Chl-Ser

and Art-Ser (Figure 1).
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Figure 1. SEM images of Chl, Art, Ser, Chl-Ser and Art-Ser microsphere formulations;
scale bar: 2 um.

The thermogravimetric analysis revealed a first mass loss of about 10% due to the absorbed
water evaporation in the temperature range 30—200 °C. Furthermore, a rapid loss of weight was
recorded at 220 °C indicating the decomposition of the microparticles (curves not reported).
The absence of differences in the decomposition temperatures indicated that the solvent-free
extraction method and spray-drying technique allowed the production of stable microspheres.
In Figure 2a FT-IR spectra of Chl and Art formulations are reported: Art microspheres exhibited
more intensive absorption bands, especially in the -OH phenolic region (3580-3650 cm '),
indicating higher antioxidant properties. The FT-IR spectra of formulations containing sericin,
alone or in association with microalgae extracts, are reported in Figure 2b: Ser showed typical
bands at 1638 and 1520 cm ™' due to amide I and II, respectively; the shift of these bands to
higher wavenumbers in Chl-Ser and Art-Ser formulations is attributable to the interaction
between Ser and microalgae extracts. Moreover, the band at 1399 cm™' is due to symmetric
deformation of -CH; and -CHj3 of proteins/carboxylic groups; finally, two typical bands, related
to the stretching vibration of polysaccharides, were evidenced in the region at 1250-900 cm '
(Figure 2b).

Microsphere protein and carbohydrate contents are reported in Table 2. ANOVA analyses
indicated that the formulation had a significant effect on both protein and carbohydrate content
(» < 0.001). In particular, the protein content of Ser was significantly higher than the other
formulations and the simultaneous presence of silk sericin and microalgae extracts (Chl-Ser and

Art-Ser) increased proteins when compared to Chl and Art (Table 2). No significant differences
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were observed between Chl and Art in terms of carbohydrate concentration, which showed

higher content than Ser, Chl-Ser and Art-Ser (Table 2).

Table 2. Protein and carbohydrate contents in the resulting microspheres. Results are
reported as mean values £+ S.D. (n = 3). Different letters (a, b, ¢, d and e) indicate significant

differences between formulations (p < 0.0001).

Formulation Protein Content Carbohydrate Content
(ng Proteins/mg Microspheres) (ng Carbohydrates/mg Microspheres)
Chl 162.74+2.11° 97.45+329%
Art 217.41+21.26° 100.50 + 6.67 *
caSer 1104.89 + 46.07 ° 17.14£0.05°
Chl-Ser 640.94 + 8.02 ¢ 46.48£0.10°¢
Art-Ser 714.35+21.95°¢ 36.53+3.45 ¢
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Figure 2. Fourier Transform Infrared Spectroscopy spectra of (a) Chl and Art formulations
(spectral region 4000—-650 cm '); (b) Ser, Chl-Ser and Art-Ser formulations (spectral
region 2000-650 cm ).

3.2. ROS-Scavenging Activity

ANOVA analysis evidenced that both formulation and microsphere concentration had a
significant effect on the ROS-scavenging activity (p < 0.0001).
All formulations exhibited antioxidant activity strongly correlated with the microsphere’s

concentration. The equations of the straight lines obtained are presented as y = (slope = 95%
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probability confidence interval)x + intercept = 95% probability confidence interval, together

with their determination coefficient (R?).

Art: ROS-s.a. (%) = (1.1 £0.1)x +7 = 3, R> = 0.992 (1)
Art-Ser: ROS-s.a. (%) = (1.11 + 0.09)x +6 + 2, R> = 0.997 2)
Chl-Ser: ROS-s.a. (%) = (0.96 + 0.03)x +6 + 1, R* > 0.999 (3)

Ser: ROS-s.a. (%) = (0.6 = 0.3)x +7 + 8, R* = 0.895 4)

Chl: ROS-s.a. (%) = (0.66 + 0.04)x +8 + 1, R? = 0.998 (5)

Art showed the highest antioxidant property, although it was not significantly different from
Art-Ser. Moreover, Art and Art-Ser formulations showed ROS-scavenging activity linear
functions with slopes comparable with Chl-Ser formulation. ROS-scavenging activity of Chl-
Ser was significantly higher than Chl and Ser formulations in the concentration range from 10
to 50 mg/mL. The Ser formulation was significantly more effective in preventing oxidant events
than Chl, but no significant differences were highlighted with Chl-Ser. At concentrations lower

than 10 mg/mL, all formulations had comparable antioxidant activity (Figure 3).
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Figure 3. Reactive Oxygen Species (ROS)-scavenging activity (%) and microsphere
concentrations (mg/mL) for the formulations studied.

3.3. In Vitro Results

A wide range of concentrations was investigated for each formulation in order to identify the

non-toxic concentration of microspheres, which were further used to treat the “scratched” cells.
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ANOVA results showed that both formulation and microsphere concentration had a significant
effect on cell metabolic activity (p < 0.05, Figure 4a,b).

In detail, Ser did not induce any cytotoxic effects on fibroblast cells, which showed metabolic
activity higher than 75% at all tested concentrations (0.05—-10 mg/mL). Conversely, both Chl
and Art were found to be cytotoxic for fibroblasts starting from 1.25 mg/mL: Figure 4a shows
the gradual decrease of cell metabolic activity in line with the increase of Art concentrations.
Figure 4b shows the metabolic activity results for Chl-Ser and Art-Ser: the negative trend
observed for Art (Figure 4a) was shown also for Art-Ser, proving that silk sericin was unable
to prevent the Art cytotoxic effect. The mean % metabolic activity of cells treated with Chl-Ser
was significantly higher than that of the cells treated with Art-Ser (p = 0.006). No significant
differences between Chl-Ser and Art-Ser were observed at the lowest concentrations (0.1-1
mg/mL), with a cell metabolic activity higher than 80%. Instead, the % metabolic activity of
fibroblast cells was lower than roughly 70% after treatment with Chl-Ser at 2.5-20 mg/mL and
lower than 50% after treatment with Art-Ser, considering the same concentration range (Figure
4b).

Considering the cell metabolic activity together with the ROS-scavenging activity in the range
of microsphere concentrations between 1.25 and 10 mg/mL, the antioxidant activity resulted in
lower than 20%; the formulations which provided the better ROS-scavenging activity and the
higher cell metabolic activity are those at the higher concentration of microspheres (Figure 5).
As expected, Ser was cytocompatible on fibroblast cells (cell metabolic activity >70%), while
the only formulation, based on silk sericin and algal aqueous extract, which provides an
adequate cell metabolic activity was that obtained from C. vulgaris (Chl-Ser) at the
concentration 10 mg/mL, offering the better compromise between antioxidant activity and

cytocompatibility (Figure 5).
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Figure 4. Mean values of cell metabolic activity (%) and standard deviations,
considering (a) Chl (blue line), Art (red line) and Ser (green line) formulations and (b)
Chl-Ser (blue line) and Art-Ser (red line) formulations. For each graph, different
symbols (F and *) indicate significant differences between formulations (p < 0.05).
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Figure 5. Mean ROS-scavenging activity (%) and cell metabolic activity % for the all
tested formulations. The diameter of the circles in the plot is proportional to the
microsphere concentration: the larger circles correspond to the 10 mg/mL, the intermediate
and intermediate-small circles are those of the 5 and 2.5 mg/mL, while the smaller circles
represent the properties of the 1.25 mg/mL concentration of microspheres.

According to these results, scratch assay was performed considering non-toxic microparticle
concentrations: 0.05-0.5 mg/mL for Chl, Art and Ser and 0.1-1 mg/mL for Chl-Ser and Art-
Ser. Figure 6a reports the images of cell migration after treatment with microspheres; in order
to quantify the cell migration, images were observed by five independent expert operators and
a score between 0 (absence of cell migration) and 10 (completed cell migration) was given for
each formulation at each considered time endpoint. ANOVA results evidenced that both
formulation and time significantly influenced the scores (p < 0.0001) (Figure 6b,c). All
formulations promoted cell migration and the complete wound closure within 72 h, and this
positive effect was further highlighted after treatment with Art and Art-Ser microspheres. The
comparison of the mean scores obtained by the formulations of Chl, Art, and Ser showed no
significant differences after 24h (2.2 £ 1.2, 3.2 + 1.7, and 2.6 &+ 1.3, respectively), whereas at
48h and 72h, Chl appeared to be the worst formulation in promoting cell migration. After 48 h,
the mean score + S.D. of cells treated with Chl was 4.4 + 0.8, and it resulted significantly lower
than the mean scores of Ser, 6.6 + 0.8, and Art, 7.6 = 1.3 (p < 0.01). At 72 h, the mean score of
Chl was 7.8 + 0.2, and it resulted in scores significantly lower than the mean scores of Ser, 8.6

+0.3, and Art, 9.0 + 0.0 (p < 0.05) (Figure 6).
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Figure 6. (a) Representative images of scratched fibroblast migration after treatment
with microspheres. Mean values of wound healing scores and 95.0 percent LSD (Least
Significant Difference) intervals, considering (b) time of treatment and (c)
microsphere formulations.
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Considering formulations based on silk sericin and algal extracts, the mean scores were not
significantly different at 24h (2.6 £ 0.8 and 3.4 + 1.8, respectively) and 72h (9.2 £ 0.2 and 9.6
+ 0.3, respectively), whereas at the 48h time-point the Art-Ser received a mean score
significantly higher than that of the Chl-Ser (7.6 £ 1.3 and 5.8 + 0.7, respectively, p = 0.012)
(Figure 6b).

4. Discussion

Microalgae represent a novel natural source of highly interesting bioactive compounds:
recently, their use has been considered in tissue regeneration, developing innovative scaffolds
such as nanofibers based on polyethylene oxide [33], polycaprolactone [34] and silk fibroin
[35].

For the first time, in this work, C. vulgaris and A. platensis aqueous extracts have been used in
combination with silk sericin, obtained from Bombyx mori cocoons, for the production of
microspheres suitable for the topical treatment of skin wounds. Specifically, C. vulgaris and A.
platensis aqueous extracts and silk sericin were spray dried, alone or combined, to obtain five
microsphere formulations (Chl, Art, Ser, Chl-Ser and Art-Ser). The aqueous extraction of both
microalgae was performed to obtain a pool of phytochemicals that have synergistic or additive
effects as reported in literature [25], particularly against the oxidative stress. Sericin, due to its
wound healing potential [18], may improve the regenerative effect of the microalgae extracts;
moreover, it represents an adequate polymeric carrier [36] for the microencapsulation process
of algal extracts. Sericin microspheres loaded with naringenin have previously been developed
in our group for the topical treatment of middle-stage psoriasis, highlighting that the
microencapsulated drug was more effective in the down regulation of TNF-a than as a free drug
[24].

Even though Arthrospira platensis and Chlorella vulgaris are approved by FDA as GRAS, for
safety requirements, our formulations were tested in vitro on fibroblast at different
concentrations. According to our results, all the formulations showed good cytocompatibility:
Ser did not induce any cytotoxic effect on fibroblast cells; while Art and Chl started to be
cytotoxic at the higher concentrations. In this regard, sericin was unable to reduce the cytotoxic
effect of Art.

Subsequently, wound healing potential was investigated for all the formulations at the non-
toxic microparticle concentrations. The in vitro scratch assay is an easy method suitable to study

the effects of cell-matrix and cell—cell interactions on cell migration and to mimic cell
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migration during wound healing in vivo. The scratch assay has revealed that all the formulation
tested promoted cell migration and a complete wound closure within 72 h. In particular, the
wound healing potential of A. platensis extract seemed to be higher than C. vulgaris. The
addition of Ser to Chl formulation improve the ability to promote wound closure, while Art-Ser
formulation did not result more effective than Art. Our results are not in contrast with literature:
due to its mitogenic effect, sericin was recently reported to support keratinocyte and fibroblast
adhesion and proliferation, promoting collagen deposition in damaged areas and thereby
accelerating wound re-epithelialization [37]. In the literature, the wound healing potential of C.
vulgaris and A. platensis has been less discussed. To the best of our knowledge, there have been
very few papers published investigating the use of microalgae in wound healing. Syarina et al.,
[38] have demonstrated that A. platensis was effective in promoting the wound healing process:
the phytochemical profile of microalgae aqueous extract was defined, showing the presence of
several therapeutic compounds useful in chronic wound treatment. C. vulgaris has also been
shown to be a potential source of bioactive agents capable of accelerating the wound healing
process with minimal scar formation, as confirmed by Zailan et al. [39].

The use of spray dried microparticulate systems has generated great attention in skin
regeneration: microspheres are adequate systems for drug encapsulation and for controlling the
release of active molecules, depending on physicochemical properties of polymers, even if other
formulations are quite common as creams, bandages, films, sponges and ointments [40]. There
may be many reasons for the formulation of antioxidant algal extract in microspheres, mainly
related to their intrinsic lability: isolation of active ingredients from external environment,
moisture protection, oxidation protection, light exposure protection, aroma masking, and
metering of ingredients. Moreover, the algal extracts in its native liquid form have
disadvantages in portability and commercial viability for use as natural antioxidant sources:
microencapsulation of the algal extracts in silk sericin would circumvent these aspects, albeit it
does not provide sustained/prolonged/slow release of active, since sericin is a water-soluble
protein.

Biodegradable polymers are preferred in wound healing due to their surface properties and their
biocompatibility [41]. The main advantage of microparticulate systems is related to their easy
fabrication. Spray drying is an economically feasible technique that has already been used to
produce dry biomass powders enriched with bioactive molecules without altering their
physicochemical and, hence, functional properties [42]. In the last decades, some research
groups have evaluated the effect of spray drying on the biological content of different algal
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species. In particular, Leach et al. and Orset et al. [43,44] have investigated the B-carotene
content and stereoisomer composition of spray dried Dunaliella salina biomass: the spray-
drying process neither promoted an excessive degradation nor a change in isomer composition
of B-carotene. Furthermore, Leach et al., [43] evidenced that the stability of the antioxidant
compound greatly improved when D. salina cells were microencapsulated in a polymeric blend
of maltodextrin and gum arabic, minimizing f-carotene degradation in the presence of light and
oxygen.

Granulometric analysis, performed by laser light scattering, and SEM images evidenced that
spray drying was a robust technique which allowed the obtainment of microspheres with
dimensions and morphology suitable for the purposes of the present study.

A wrinkled texture characterized the surface of all microsphere formulations, even if some
scattered smooth and round particles were appreciated in the presence of sericin. As reported
by Mishara et al., [45], microsphere morphology may be influenced by irregular shrinkage
forces during the spray drying process, which could be related to the formulation composition
and process parameters. The solvent vapor pressure and the polymer concentration might be
critical factors, able to condition particle morphology, as reported by Raula et al., [46]. Geng et
al., [47] have observed that the spherical structure of sericin spray dried particles tend to
collapse due to fast solvent evaporation, which is strictly correlated to the low concentration of
the starting sericin solution and the lack of excipients; the same morphological results were
observed by Chlapanidas et al., [22]. The rough appearance that characterized all formulations
might be also explained by the collapse of microparticles during SEM analysis, performed
according to the sputtering technique.

Proteolytic enzymes, proinflammatory cytokines, growth factors and ROS are secreted by cells
with a crucial role during the wound healing process, albeit that high concentrations of these
substances can alter the wound re-epithelialization through the degradation of extracellular
matrix and the functionality of fibroblasts and keratinocytes. Antioxidant compounds are able
to neutralize the deleterious effect of ROS [48]. Several publications reported in the literature
have attributed the antioxidant potential of algal biomass mainly to their phenolic content,
although many other compounds, such as amino acids and polysaccharides, are also known to
be antioxidants [49]. The composition of C. vulgaris and A. platensis extracts was recently
examined by other authors in order to identify the compounds responsible for their antioxidant
potential [15]. Our results evidenced that Ser had more protein and less polysaccharides than
algal aqueous extract. Art formulation was significantly richer in proteins than Chl, while both
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Art and Chl microspheres were constituted by about 10% w/w of polysaccharides. Moreover,
the protein content of each microsphere formulation was related to its theoretical composition:
a detailed analysis demonstrated that total proteins contained in Art-Ser resulted as the half
algebraic sum of proteins contained in Ser and Art. An analogous assessment was carried out
for C. vulgaris and for the carbohydrate content. The higher protein content of Art (compared
to Chl) and the higher polysaccharides content (compared to Ser) may be responsible to its more
promising biological effects, especially regarding the antioxidant activity.

According to DPPH results and FTIR analyses, the A. platensis aqueous extract and, to a
significantly lesser extent, the silk sericin were the most responsible for the microsphere ROS-
scavenging activity. These results were confirmed by Wu et al. [50], who compared A4. platensis
and C. vulgaris aqueous extracts in terms of antioxidant and anti-proliferative properties. They
highlighted a correlation between the antioxidant activity and the extract composition,
particularly with the total phenolic content. A. platensis extract was a stronger antioxidant than
C. vulgaris: total phenolic compounds extracted with water from 4. platensis were almost five
times more than those contained in C. vulgaris [50].

The ROS-scavenging activity of sericin has been extensively investigated both in vitro and in
vivo; it has been explained due to the high presence of hydroxyl amino groups in its amino acid
sequence, mainly from serine and threonine [21]. Moreover, silk sericin has been shown to
protect human fibroblasts against oxidative damage when used in sponge-like dressings
intended for the treatment of chronic skin ulcers [19].

In conclusion, Arthrospira platensis aqueous extract showed the highest antioxidant activity
and the capability to induce a complete wound closure within 72 h. In contrast to our hypothesis,
the combination of Arthrospira platensis aqueous extract and sericin did not prove more
effective with respect to algal extract alone; this could be probably due to algal high biological
activity, which conceals the silk sericin effect. The microencapsulation process may not be a
confounding factor for the combination studied: sericin is a soluble polymer and thus there is
no risk for a slow release of active algal. Silk sericin can be considered an optimal polymeric
carrier for phytocomplex microencapsulation process, and a murine in vivo model of wound

healing will consolidate the in vitro efficacy results obtained in this work.
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Abbreviations

ANOVA Analysis of variance

BCA Bicinchoninic acid

BSA Bovine serum albumin

DMSO  Dimethyl sulfoxide

DPPH 2,2-Diphenyl-2-picrylhydrazyl hydrate

FTIR Fourier transform infrared spectroscopy

GRAS Generally recognized as safe

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

ROS Reactive oxygen species

SEM Scanning electron microscopy

TGA Thermogravimetric Analysis
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