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1
1.1

Introduction
Statement of purpose and overview

This thesis aimed to investigate a new approach for the realization of in vitro models of the bloodbrain barrier (BBB). The attention was focused on the development of a protocol whose costs and
time requirements were suitable for high-throughput analysis and studies, exploiting
electrospinning technology. Firstly, porous substrates made of electrospun fibers of cellulose
acetate were realized and their morphological characteristics assessed. Subsequently, a static
cellular mono-culture of endothelial cells was conducted in order to obtain the in vitro model. The
reliability of the model was then investigated both through the analysis of TEER and permeability
values, and through confocal imaging.
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1.2

The blood-brain barrier (BBB)

Within the central nervous system (CNS), substance exchanges between blood and neural tissue
are regulated by three barrier layers set at key interfaces [1]:

-

The blood-brain barrier (BBB), made of the endothelial cells forming the walls of the
capillaries

-

The blood-cerebrospinal fluid barrier (BCSFB), made of the epithelial cells of the choroid
plexus facing the cerebrospinal fluid

-

The avascular arachnoid epithelium

These combined layers function as a physical, transport and metabolic barrier, in summary both
providing a stable fluid environment needed by neural functions and protecting the CNS from
chemical damage. The BBB represents a highly selective and specific barrier and is by far the largest
of the three layers, due to the combined area of the microvessels composing it [2].
The first steps of the discovery of the BBB date back to the beginning of 20th century, with the work
of the bacteriologist Paul Ehrlich. Studying the procedure of staining, he discovered that the
chemical dyes injected in animal corpses to make fine biological structures visible reached all organs
except for the brain. However, Ehrlich attributed this result to a limited affinity of the brain for the
dye used. In 1913 Edwin Goldman, one of Ehrlich’s students, observed that the same dyes coloured
neural tissue once directly injected into subarachnoid space. This falsified the hypothesis that the
differences in staining were due to a lower affinity of tissues for the dyes, and eventually led to the
conclusion that the dye was unable to cross the walls of brain capillaries. These experiments were
the first to bring about the concept of a barrier between the brain and blood [3].

1.2.1

Structure and function of the BBB

The term “blood-brain barrier” defines the characteristics of the vasculature of the central nervous
system, composed of continuous nonfenestrated microvessels that, due to their characteristics, are
able to precisely control the movements of molecules, ions and cells [4]. The barrier functions of
the BBB are
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Figure 1. Components of the BBB. (A) Vascular cast of a spinal cord showing density of the CNS
vascular network. (B) Electron micrograph (EM) of a cross section of a CNS vessel depicting a
connection between endothelial cells (ECs), pericytes (PCs), and astrocytes. (C) Magnified EM of ECs
depicting a connection between ECs (with tight junctions [TJ]), PCs, basement membranes (BMs), and
astrocyte endfeet (AE). (D) Schematic representation of the cell types within the neurovascular unit. (E)
Immunofluorescence micrograph depicting a connection between PCs (red) and ECs (green). (F)
Micrograph depicting a connection between astrocytes (red) and blood vessels (unstained) [5].

largely due to the endothelial cells forming the walls of the CNS blood vessels. However,
interactions with other cells composing the neurovascular unit induce and maintain those
functions: mural cells, immune cells, glial cells and neural cells (Figure 1) [5].
The term mural cells refers to vascular smooth muscle cells, surrounding larger vessels, and
pericytes, that sit on the abluminal surface of the microvascular endothelial tube [6]. Pericytes play
a crucial role in both regulating the generation of the barrier during the period of development and
maintaining its function in aging [7]. The vascular tube is surrounded by two basement membranes
(BMs): the inner vascular BM, secreted by the endothelial cells and
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Figure 2. Structure of BBB tight junctions. The tight junctional complex comprises occluding and
claudins. Cadherins of the adherent junctions provide structural integrity and attachment between the
cells, and are necessary for formation of tight junctions. Selective barrier diffusion and high electrical
resistance of the BBB appear to be largely due to the properties of claudins. The claudins and occludin
are linked to the scaffolding proteins ZO-1, ZO-2 and ZO-3, linked in turn via cingulin dimers to the
actin/myosin cytoskeletal system within the cell [10].

pericytes, and the outer parenchymal BM. Both together form an additional barrier layer that
molecules and cells have to cross before entering the neural tissue [8]. Astrocytes are a glial cell
type that form a connection between neurons and blood vessels, thus they are enabled to transmit
signals that regulate blood flows in response to neurons activity. The importance of astrocytes as
mediators of BBB formation and function has been shown in transplantation studies, investigating
the ability of purified astrocytes to induce barrier properties in non-CNS blood vessels [9], as well
as in vitro cocultures, in which their abilities to induce barrier properties in cultured endothelial
cells were assessed [2]. Most of the characteristics of the BBB (i.e. those concerning the regulation
of macromolecules and ions movements between the luminal and abluminal compartments) are
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mainly due to the presence of junctions holding CNS endothelial cells, choroid plexus epithelial cells
and cells of the arachnoid epithelium together [1]. The junctional complexes between ECs consist
of adherents junctions (AJs) and tight junctions (TJs). In AJs, cadherin proteins extend throughout
the intercellular cleft, thus holding cells together and giving structural support to the tissue. They
are essential for formation of tight junctions, and their disruption leads to barrier disruption. The
TJs (Figure 2) consist of a further complex of proteins crossing the intercellular cleft (i.e. occluding
and claudins), and junctional adhesion molecules (JAMs) [10]. Works on ECs have shown that the
abovementioned cellular adhesions generate on the apical part of the lateral membrane by
interactions of transmembrane molecules connected to the cytoskeleton by means of cytoplasmic
adaptors (e.g. ZO-1, ZO-2 and ZO-3), and that the strength of the junctions varies depending on the
tissue [11]. Particular tight junctions called zonae occludentes are a fundamental characteristic of
the BBB: they highly reduce permeation of polar solutes through paracellular diffusional pathways.
The reduced ion movement results in the high in vivo transendothelial electrical resistance of the
BBB of ~1800 Ω·cm2, showing the high effectiveness of the tight junctions in impeding this pathway
[12].
Given the above, the main functions of the blood-brain barrier can be summarized as follows. The
BBB:

-

Maintains a controlled composition of ions that result optimal for synaptic signalling,
through the combined effect of ion channels and specific transporters

-

Keeps neurotransmitter pools of central and peripheral nervous systems separate, in order
to avoid “crosstalk” and prevent neurotoxic damage due to uncontrolled levels of
transmitters being released into the brain interstitial fluid (e.g. glutamate)

-

Prevents potentially dangerous macromolecules from entering the brain (e.g. large
molecular weight plasma proteins) and other neurotoxic substances circulating in the blood
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-

Cooperates to brain nutrition allowing the passage of many essential water-soluble
nutrients and metabolites needed by nervous tissue, thanks to a low passive permeability
towards those substances and specific transport systems

1.2.2 Transport across the BBB
Efficient drug delivery to the neural tissue of CNS across the blood-brain barrier remains a major
challenge for the treatment of brain diseases, because of BBB’s low permeability and the presence
of active efflux transporters [13]. The ways in which substances travel from blood stream towards
the cells composing living tissues can be categorized in two distinguished routes:

-

Paracellular pathway, in which substances travel from the blood through the intercellular
cleft of endothelial cells

-

Transcellular pathway, in which substances travel through and within the cells themselves

According to De Bock et al. (2016): “As the highly sophisticated, interendothelial junctional complex
efficiently impedes the random influx and efflux of molecules by paracellular diffusion, exchange
between the blood and nervous system parenchyma is largely dependent on specific transport
systems that mediate selective entry and removal of nutrients, inorganic ions, regulatory factors,
and toxic waste products, respectively. This selective transport across the BBB, mediated by carriers
and receptors, forms an essential and well-defined aspect of the barrier function of brain capillary
endothelial cells.” That is, the prominent route of transport for substances across the BBB is the
transcellular pathway, namely transcytosis.
Transcytosis describes the endocytosis of cargo-loaded vesicles at the membrane on one side of
the cell, their migration through cell cytoplasm, and the fusion of the vesicles with target membrane
with the release of their content into the extracellular space. Endocytosis refers to the series of
processes concerning the cellular internalization of substances from the extracellular environment.
The different mechanisms of endocytosis can be grouped into clathrin-dependant and clathrinindependent. The first kind occurs at clathrin-coated pits, which are invaginations found on the

8

Figure 3. Basic concepts of transcytosis. All these endocytosis pathways ultimately generate
cytoplasmic vesicles that release their cargo at the opposite membrane via recycling/transcytotic
endosomes or extracellular vesicles (exosomes), or to degrade their content by fusing with the
lysosomal compartment [14].

plasma membranes in almost every eukaryotic cell [14]. The main vesicles responsible for clathrinindependent mechanisms are caveolae pits and macropinocytotic vesicles. Caveolae are specialized
membrane buds, made of cholesterol and sphingolipids, which generate uncoated vesicles [15]. In
micropinocytosis, large amounts of extracellular fluid and molecules are internalized through the
formation of actin filaments upon the plasma membrane that close on themselves and fuse with
the underlying membrane itself. This way, solutes and soluble substances are trapped in the newly
formed vesicle; the process is therefore called fluid-phase endocytosis. After endocytosis occurs,
cargo-packed vesicles are transported through cell cytoplasm, sorted by early endosomes, and
eventually fuse with target membrane releasing their content into the extracellular compartment
[14]. The basic concepts of transcytosis are summarized in Figure 3.
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Focusing on what happens specifically at the BBB, there is a directionality of compound transport
that depends on the energy requirement of the mechanisms. Directionality of energy-independent
transports is ruled by the concentration gradients of the substance, while energy-dependent
mechanisms may act in both direction according to the distribution of transport proteins [16]. Small
molecules are transported by specific carriers that can be either energy-dependent or independent. On the other hand, essential macromolecules are carried across the BBB via specific
energy-requiring receptors found on the luminal surface of endothelial cells [17]. After the creation
of the bond between ligand and receptor, the complex is internalized by endocytosis, and the
vesicle migrate through the cytoplasm towards the abluminal side of the cell. Here, the vesicle fuse
with the membrane, completing a process that is commonly referred to as receptor-mediated
endocytosis (RMT) [18]. This process primarily occurs at clathrin-coated pits and, since those pits
are mostly found on the luminal membrane, the RMT occurs mainly in the blood-to-brain direction
[19]. Alternative methods that allows crossing the BBB are: passive diffusion, fluid-phase
endocytosis (macropinocytosis), non-specific adsorptive transcytosis and cell-mediated
transcytosis. A limited number of small molecules and peptides can penetrate the BBB by passive
diffusion, while larger hydrophilic molecules need fluid-phase endocytosis or adsorptive
endocytosis to occur in order to access the brain. While the latter requires an electrostatic
interaction between molecules and membrane, the former is achieved by engulfing extracellular
fluid (with dissolved solutes) and thus does not require any molecule-membrane interaction [14].
It was recently discovered that in cell-mediated endocytosis immune cells (e.g. monocytes or
macrophages) can cross the BBB transporting different types of molecules, thus representing a
potential route for drug transport [20].
Given the above, the BBB makes difficult the development of new treatments of brain diseases. The
majority of drugs used today in clinical practice for brain treatments exploit lipid-mediated passive
diffusion across the BBB. To do so, drugs need to satisfy two criteria, have a molecular weight
MW<400 Da and a high lipid solubility. Knowing this, small molecules drugs destined to brain
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Figure 4. Transcellular transport across the blood–brain barrier. Alternatively to paracellular diffusion,
different modes of transcellular passage have been described at the level of the cerebral capillary
endothelial cells that constitute the BBB. These include (i) free, passive diffusion limited to a select set
of lipophilic small compounds, (ii) carrier-mediated transport, and (iii) transcellular events mediated by
vesicles.

treatments can be engineered to satisfy these requests (e.g. water soluble drugs can be modified
into lipophilic compounds by blocking hydrogen bond forming functional groups on the molecule
itself) [13]. On the other hand, large molecule drugs can be delivered across the BBB through
alternative approaches. One of these methods exploits the endogenous carrier-mediated
transcytosis (CMT) systems within the BBB; specifically it consists on modifying the structure of the
drug in order to increase its affinity for one of carrier-mediated BBB transporters [21]. With the
same approach, the presence of receptor-mediated transcytosis systems (RMT) enables the
reengineering of proteins, making them BBB-penetrating drugs exploiting MTH technology (i.e.
MTH is a peptide that cross the BBB on a specific RMT system) [22]. Finally, biodegradable polymeric
nanoparticles have been proved to carry several drugs across the BBB, by modification of their
surface (e.g. with PEG) to enable their entry into the brain via RMT [23].
The transcellular transport across the blood-brain barrier is summarized in Figure 4.
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1.3

Models of the BBB

Due to BBB protection, inside the brain parenchyma most of drugs meant to treat CNS disorders
are unable to gather in concentrations that would be therapeutically relevant. On the other hand,
drugs meant to act in peripheral areas should be prevented from reaching the brain parenchyma in
order to avoid cytotoxicity [24]. In vivo testing is not suitable for the early steps of drug discovery,
even though those techniques are among the most accurate approaches to estimate BBB
permeability of drug candidates. Moreover, these models show differential expression of enzymes,
transporters and junctional proteins from those found in humans [25]. Given the above, in order to
evaluate drug transport more precisely and to reduce attrition in later stages of drug development
process, it would be better to carry out toxicity and permeability analysis not on human in vivo
models, but on in vitro ones [24].

1.3.1 In vitro models
In vitro models of the blood-brain barrier are fundamental tools in studies concerning BBB
development, physiology, pathophysiology, toxicology and the development of brain-penetrating
drugs [24]. The first known efforts to generate cell cultures of CNS endothelial cells date back to
early 1970s, due to the successful work of Joo and Karnushina on the isolation of brain capillaries
[25]. From those first results, several different studies have been carried on with the purpose of
developing a model that will show the most important in vivo characteristics of the BBB, at the
same time being simple and economical enough to be efficiently implemented in high-throughput
pharmaceutical research [26].
In order to reproduce the BBB characteristics in vitro, the simplest approach is to isolate and
cultivate CNS endothelial cells in 2D cultures: ECs are seeded on a semipermeable membrane
forming a uniform layer and studies on drug transport can be performed, depending on the pore
size of the filter. The cells used can be from primary or immortalised lines, from any animal species
[27]. The major downsides of this first model is the lack of interactions between ECs and other cells
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composing NVU, and poor barrier properties showed. Hence, the most used in vitro models of the
BBB are co-culture systems [26].
Since the work of Janzer and Raff published in 1987 demonstrated that astrocytes could induce
tight junction properties in endothelial cells similar to values observed in in vivo BBBs, astrocytes
have been extensively implemented in co-culture in vitro models [28]. The result was a significant
improvement of paracellular barrier properties compared to mono-culture models [29]. With
regard to other cellular components of the NVU, like pericytes, studies related to their influence
within this kind of systems are rare. For pericytes, one reason for this lack of publications could be
the absence of specific PCs markers [30]. On the other hand, the fundamental role of neurons in
regulating BBB permeability leads to an enhanced use of these cells in tri-culture models setup. In
this particular type of co-culture models, the influence of neurons (or glia) and astrocytes on
endothelial cells permeability is analysed [31]. Despite co-culture models are the favourite choice
amongst in vitro BBB models, a significant number of such models have shown suboptimal results
(e.g. low TEER values and high paracellular permeability) [26].
Focusing on human cell-based models, they are mostly used to translate therapies to humans, since
there are differences between human and other species among transporter genotypes. The main
issue with human models is the absence of a reliable source of cells, and the approaches to this
problem are mainly two: immortalised cell lines and stem cells. It would be ideal to use primary
human endothelial cells but, due to ethic restrictions, to date only a few lines of immortalised cell
have been identified to generate in vitro models of the BBB [32]. Moreover, immortalised cell lines
show inferior TEER values with respect to an in vivo environment, demonstrating to be unable to
form a fully functional barrier even under optimized culture conditions [33]. On the other hand,
human stem cells are the best source of brain-like endothelial cells in large scales, obtained by
differentiation of human pluripotent stem cells [34]. They have shown strong barrier functions
(TEER= 1450 ± 140 Ω·cm2) under co-culture conditions. However, the differentiation process is
complex and the values of TEER started to decrease after 50 hours of culture [35].
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Finally, the last typology of models analysed are 3D dynamic models. These shows the advantage,
when compared to 2D models, to control and analyse the effects of confinement, geometry and
flow conditions on cell behaviour. 3D models are able to generate high TEERs with human cells, but
their drawbacks (i.e. large amounts of cells needed, difficulties in obtaining a real-time monitoring,
and the technical skills required to setup the model) make it inappropriate for high-throughput
pharmaceutical screening [36]. A possible solution are microfluidic devices, which uses small fluid
volumes and therefore requires fewer cells, and permit visualisation of cells thanks to the use of
transparent materials. Marino et al. [38] designed and realized a dynamic 3D biohybrid model of
the BBB able to reproduce the microvasculature structure of the neurovascular system on a 1:1
scale. Microtubes were fabricated to mimic brain capillaries using two-photon lithography (TPL)
and then employed as substrates for the co-culture of bEnd.3 and U87 glioblastoma ECs. The
cultures exhibited the maturation of TJs, good results in terms permeability to dextran and a
reliable TEER value, therefore showing a good mimicking of the physiological BBB.
Given the above, according to Banerjee et al. “a model that can be recognized as the gold standard
for predictable high-throughput screening application has not yet been reported” [26].

1.3.2 In vivo models
Despite selective utility of in vitro blood-brain barrier models, no in vitro model is able to fully
reproduce the BBB as found in in vivo examples. Therefore, an in vivo BBB model is needed to be
able to provide the most reliable evaluations and characterizations of BBB-penetrating drugs [38].
Since the methodologies exploited in in vivo environments show low throughput screening
capacity, they are mostly used in advanced steps of drug development researches. However, the
importance of results obtained in vivo for optimization and validation of in vitro models is
undeniable [39]. Several models have been developed, each with its own advantages and
disadvantages. Currently, the most used in vivo animal models are mice, because several key
features (i.e. cell types, transporters and permeability properties) are very similar to those found in
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the human BBB [7]. These models are mainly used to estimate the ability of drugs to overpass the
BBB, by asserting the rate of permeation and of brain penetration of a substance across the barrier
[1]. The extent of brain penetration is studied in rodents and is calculated under steady-state
conditions as the ratio (or the logarithm of the ratio) of total brain and plasma concentrations [40].
The values are obtained from plasma and brain at different time steps after an interperitoneal,
intravenous, oral or subcutaneous administration of the compound [38]. On the other hand, the
rate of permeation is determined through the brain uptake index technique, the in situ brain
perfusion method, the intravenous injection technique, intracerebral microdialysis and noninvasive techniques [39]. The procedures are described below.
In the in situ brain perfusion, a catheterization of the external carotid artery of the animal is
performed. All branches of both external and internal carotid are then ligated, and the substances
are perfused into the internal artery. After the decapitation of the animal and the collection of the
brain, the reference and test compounds are quantified. This technique allows the study of
different characteristics of drug transport across the BBB but does not measure free drugs
concentration inside the brain and is time and money consuming [39].
In the brain uptake index technique, a bolus injection of radiolabelled test and reference
compounds is performed in the common carotid artery of an animal. Decapitation occurs after 515 s to avoid brain efflux, and then brain concentrations of compounds are determined and related
to plasma ones to calculate the index. It is a fast and flexible technique, since it allows adjustments
of the injected composition. However, since the brain is shortly exposed to the compound, it is
impossible to study slow uptake mechanisms with this technique [41].
To perform intracerebral microdialysis, the insertion of into a specific area of the brain is performed
and the area is then perfused with a physiological solution whose ionic composition is similar to the
extracellular cerebral fluid’s one. The dialysis liquid is collected at different time steps in order to
measure the compound free concentration. Although this technique allows the determination of
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unbound drugs concentration in different brain areas and requires a reduced number of animal
subjects, it is expensive and low throughput [42].
To evaluate the brain efflux index, the test and reference compounds are directly injected into the
brain. After decapitation, the brain is collected, and the concentrations of the substances are
measured at defined time points. The advantage of this approach is that it allows an evaluation of
the efflux transporters influence in the passage through the barrier. On the other hand, the
injection procedure may modify BBB properties and needs large numbers of animals [43].
The aforementioned techniques are categorized as invasive. Non-invasive procedures (e.g. MRI,
PET, SPECT) are useful to evaluate the permeability of the BBB, perform transport studies, analyse
the function of efflux transporters and validating in vitro results. However, they are expensive and
incompatible with routine screening [38, 41].
Finally, a particular type of in vivo models are the so called “model organisms”. The attractiveness
of model organisms is that the screening process can be performed using a functional read-out of
the whole organism, based on toxicity, behaviour or pharmacodynamics. Among all, Drosophila and
zebrafish are the most used for BBB research [44]. In Drosophila, some features of the single
epithelial layer barrier surrounding brain (e.g. mechanisms of chemicals efflux) make the model
useful in screening efflux pump substrate and their toxicity. Unfortunately, the differences between
species in cellular and structural aspects limit the applicability of this model [45]. In contrast, the
BBB in zebrafish shows remarkable similarities to that of mammals [46]. This model organism has
been used recently for in vivo screening of BBB permeability [47]. Moreover, genetic manipulation
of zebrafish is relatively easy and has been employed to produce CNS “disease-like” models [48].
However, the reliability of these results concerning their translation to higher species is yet to be
asserted [44].
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1.3.3 Applications
The existence of a blood-brain barrier gives raise to difficulties in delivering therapeutical molecules
to the brain, therefore making the treatment of CNS disorders a great challenge. Several
approaches have been shown to improve brain drug delivery, namely:

-

BBB temporary disruption, which causes an increase in brain capillaries permeability
through biological, physical or chemical stimuli [50].

-

Chemical drug modification, which provides that the hydrophilic structure of the drug is
masked to increase its lipophilic properties, and, therefore, to improve its transport [51].

-

Drug conjugation, which exploits natural or artificial ligands to improve molecules
interactions with influx transporters [52].

-

Nanoscale drug delivery systems (e.g. liposomes, micelles, nanoparticles), which allow a
highly specific drugs transport across the barrier often due to ligands placed on their
surface [53].

Both in vitro and in vivo BBB models can be used to assess the efficacy of the aforementioned
approaches. In this context, in vitro models of the BBB are usually employed to estimate the
processes of cellular uptake, the internalization trends of the nanocarriers, their toxicity and ability
to cross cell layers [40]. For example, Rempe et al. [54] used an in vitro porcine model to assess the
TEER and the permeability of paracellular markers of a BBB under the effect of nanoparticles made
of poly(n-butylcyano-acrylate). Conclusions obtained from in vitro studies need to be confirmed in
vivo. The intravenous injection method is the most used in vivo model for assessing
pharmacokinetics and distribution of nanocarriers. The results obtained in vivo are usually
consistent with those in vitro, demonstrating that both kinds of models are needed to fully
characterize brain drug delivery systems [40].
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1.4

Electrospinning

Electrospinning started to be recognized as an appropriate technique to spin small-diameter fibers
after 1934, when Formhals patented the process. The first result he obtained was to successfully
spin cellulose acetate fibers using an acetone/alcohol solution [55]. In the years that followed,
scientists worked on obtaining a better understanding of the underlying process. The most relevant
was in 1969, when Taylor published his work investigating how the droplet of polymer at the end
of the tip reacts under the effect of an electric field [56]. Over the last two decades, the
electrospinning technique has proved promising for many applications, mainly due to the cost- and
time-effective production of high-surface-to-volume fibrous structures [57].

1.4.1 Technology, materials and applications
The process of electrospinning utilizes electrostatic forces to generate continuous polymer fibers,
(with fiber diameters varying from micrometres to nanometres) from polymer melt or solution. It
is performed at room temperature and atmospheric pressure, with vertical or horizontal
arrangement. A typical electrospinning setup (Figure 5) is composed of:

-

A syringe (needle tip)

-

A high voltage power supply (electric field) with positive or negative polarity

-

A grounded fiber collector

The liquid to be electrospun is forced through a small-diameter capillary by a syringe pump,
gravitational forces or pressurized gas, and forms a droplet at the tip. The basic idea of
electrospinning is to apply high voltage on the polymer solution strong enough to overcome
polymers surface tension and induce fiber formation. An electrode from the power supply is
therefore inserted within the melt or can be directly placed onto the metal needle, if used. Induced
by charge injected into the solution, the electric field (directed from the tip to the collector) induces
surface charge repulsion of solution which force the spherical drop into conical shape (Taylor’s
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Figure 5. Setup of a typical electrospinning apparatus.
cone). As the electric field is increased, electrostatic forces overcome polymer surface tension.
Consequently, a fiber jet ejects from Taylor’s cone and is accelerated toward the grounded
collector. Simultaneously, fibers accelerated through the atmosphere undergo a chaotic bending
instability which aid the solvent evaporation process. Finally, dried fibers are found on the collector.
Different configurations for the collector configurations can be used. For example, a stationary
collector is used to obtain a randomly oriented fiber mat, while the use of a rotating collector will
result in the formation of an aligned fiber mat [55, 56].
Fiber formation and structure depend on a number of parameters that can be classified into:

-

Solution parameters (polymer concentration, solvent volatility, solution conductivity)

-

Processing parameters (applied voltage, flow rate, capillary-collector distance)

-

Ambient parameters (temperature, humidity, air flow)

The polymer concentration determines whether a fiber forms or not (spinnability). Lower polymer
concentrations lead to the formation of beads within the fibers. Higher polymer concentrations
increase fiber diameter and could eventually prevent jet ejection. Thus, a defined range of polymer
concentrations exists in which fibers can be successfully electrospun [57].
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The choice of solvent affects the spinnability, and influences fiber porosity as well. A volatile solvent
must be used in order for solvent evaporation during the flight between the cone and the collector
to happen, due to a phase separation [58].
Solution conductivity influences fiber size. Higher conductivity means that the solution has a greater
capacity for carrying charges. Thus, the fiber jet will be subjected to a greater tensile force (the
radius of the jet is inversely related to the cube root of the conductivity) resulting in bending
instability and a broad diameter distribution [59].
Flow rate of polymer solution and applied voltage are correlated. Both fiber diameter and pore size
are directly related to flow rate, and, additionally, greater feeding rate results in the formation of
more bead defects, due to the inability of solvent to fully evaporate before fibers can reach the
collector [58]. A higher voltage applied could prevent the formation of beads, but consequently
would cause non-uniform diameter distribution and uncompleted solvent evaporation. Lower flow
rate or voltage are responsible to failures in jet formation. Thus, there are optimized ranges of
electric field strength and of flow rate for a certain polymer/solvent system [60].
Fiber size con also be influenced by the distance between capillary tip and collector and depends
on concentration of the solution and applied voltage. A minimum distance is required to give the
solvent enough time to evaporate before reaching the collector [61]. It has been shown that the
fiber diameter is inversely related to the distance from the Taylor’s cone [62].
In order for electrospun fibers to be exploited in tissue engineering applications several
considerations must be taken into account (e.g. choice of material, fiber orientation, porosity,
surface modifications and tissue application). A candidate material for TE first of all must be
biocompatible [56]. To date numerous biopolymers, biocopolymers and biopolymer blends have
been investigated to assess their potential for electrospun scaffold fabrication: poly(lactic acid)
(PLA) and its stereoisomers, poly(glycolic acid) (PGA), copolymer poly(lactic-co-glycolic acid) (PLGA),
poly(e-caprolactone) (PCL), chitosan, collagen, gelatine, polyvinyl alcohol (PVA) poly(ethylene
oxide) (PEO) and poly(ethylene glycol) (PEG) have been the most commonly used [63]. Current
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studies have focused on the incorporation of compounds showing bioactivity to influence and
manipulate the biological environment due to surface modifications [64].
Focusing on applications, electrospinning has been exploited for a number of tissues in the field of
TE. Thanks to the possibility to realize aligned scaffolds, tune mechanical and biological properties
and prevent cell migration, electrospinning has seen a great use in the area of tissue engineered
grafts for blood vessels. Inoguchi et al. [65] developed poly(L-lactide-co-e-caprolactone) tubular
scaffolds able to mimic mature arteries response to pulsatile flows, as well as promote endothelial
cells attachment.
Electrospun fibers have shown to be promising to make scaffolds for another tissue: bone. Nie and
Wang [66] observed that encapsulation of DNA/chitosan in PLGA/Hydroxyl apatite (HAp)
electrospun scaffolds has the potential to augment bone tissue regeneration, due to the effect of
HAp in enhancing encapsulation efficiency and DNA release.
Electrospinning has also been investigated for neural tissue engineering applications. For example,
Yang et al. [67] assessed the effect of aligned and random scaffolds made of electrospun PLLA fibers
on the morphology and activity of neural stem cells.
One final area where electrospinning has been successfully employed is the fabrication of scaffolds
for tendon and ligament repair, as seen in works such as the one of Ouyang et al. [68] showing the
effect of PLGA scaffolds in tendon regeneration.
The electrospinning process has also been proven to be a reliable fabrication technique for drug
delivery systems. The most important aim when developing a drug delivery system is the design of
drug release and degradation rate of polymer. To date, a number of drugs have been used in
electrospun DDS (e.g. antibiotics, anticancer drugs, proteins, DNA) [56]. Drug loading can be
performed by several methods: post-spinning modifications, electrospinning of drug/polymer or
polymer/nanoparticle blends, emulsion electrospinning and core-shell electrospinning by co-axial
setup [55]. On the other hand, as shown by Park et al., porous composite fibers realized through
co-axial electrospinning can help control drug release [69].
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1.4.2 Electrospun cellulose bio-interfaces
Cellulose acetate (CA) is a synthetic compound defined as the acetate ester of cellulose. Cellulose
is a natural polymer, made up of recurring units, with the following molecular structure.

CA is usually prepared (Figure 6) by mixing cellulose with acetic acid, acetic anhydride and a catalyst
(e.g. sulfuric acid). The resulting product, known as primary cellulose acetate or cellulose triacetate,
can further be treated with water to obtain secondary cellulose acetate, or cellulose diacetate.
After formation, CA is dissolved in acetone, forming a viscous solution for extrusion [72].
The simple and high effective technique of electrospinning has given new perspectives to the
application of CA fibers [73]. In the realm of biotechnology, electrospun CA fibers have found a
spectrum of applications across different domains (Figure 7). The more prominent uses are
immobilization of biomolecules, TE, biosensing, nutraceutical delivery, bioremediation and the
development of antimicrobial mats [74].
First of all, electrospun CA nanofibers are interesting as immobilization matrix for a number of
bioactive molecules (e.g. biocatalysts, polysaccharides, cytokines, anticancer drugs). For example,
vitamin A and vitamin E have been successfully immobilized onto electrospun CA nanofibers
showing a more gradual release compared to cellulose films [75]. Enzymes have been immobilized
as well, showing almost the same activity as in their free state and even an increased durability
[76]. In the field of drug loading, different studies have recently focused on the use of electrospun
CA fibers to develop transdermal drug delivery systems [74]. This method of drug administration
ensures a
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Figure 6. Preparation of cellulose acetate [72].
predetermined and controlled release and has proved to improve compliance and reduce variability
both inter- and intra-patients. One last application is the use of bioconjugated CA fibers for crop
protection and insect control, through the immobilization of insecticides, repellents and even
pheromones [77].
In the field of tissue engineering, electrospinning is an effective method to generate cellulose based
fibrous scaffolds, even though more studies need to be carried out in the field of TE-applied CA
nanofibers. However, Rodriguez et al. [78] obtained scaffolds for bone healing through CA mats
saponification. Rubenstein et al. [79] showed enhanced growth, adhesion and migration of human
umbilical vein endothelial cells cultured on electrospun CA/chitosan scaffolds. And,
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Figure 7. Schematic representation of electrospinning cellulose acetate nanofibers (at the center) and
myriad of biotechnological applications, the most preminent of which are presented in the text [74].

finally, Eichhorn et al. [80] reported the growth of Schwann cells on aligned cellulose acetate
butyrate nanofibers, opening new routes for neural repair.
Certain food ingredients also have a physiological role, and the protection of these bioactive
components during storage is crucial [81]. Recently, electrospun CA nanofibers have been
successfully employed in the preparation of edible mats. With nanoencapsulation, it is ensured the
protection of nutrients and also their controlled release in the applications of nutraceutical delivery
[82].
Another application for CA is biosensors. As shown by Wang et al. [83], electrospun CA fibers,
having a high surface-area-to-volume ratio, can be used as a good platform to localize and
immobilize sensing elements, also ensuring a proper exposure to the quenches.
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Electrospun composite nanofiber structures are creating interest in a number of sectors in that are
able to carry uniformly dispersed antimicrobial agents. For example, nanobiocomposites of CA have
been reported to be loaded with antimicrobials such as silver and zinc [84].
One final field of application is that of bioremediation. Since the importance of the issue of heavymetal induced water pollution in the food chain, Tian et al. [85] have showed the use of electrospun
CA membranes for heavy metal ion adsorption in water treatment to be an adequate approach. On
the other hand, zero-valent ion nanoparticles, immobilized onto electrospun CA nanofibers, are
considered cost-effective benign agent for decolorization of organic dyes in dyeing waste water
[86].
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2
2.1

Materials and Methods
Substrate preparation and characterization

First of all, in order to realize the substrates for the in vitro model of the blood-brain barrier,
solutions of cellulose acetate with different concentration were prepared to be electrospun.
Cellulose acetate powder (Gibco©) was mixed with acetone, resulting in solutions at 15 wt%, 16
wt%, 17 wt% and 18 wt%. The solutions were then mixed through shaking and left to rest for 24 h
in order to obtain a good level of homogeneity.
The setup for the electrospinning process was as follows. A 10 ml syringe (Henke-Sass Wolf©) with
a 21G, 0.8x50 mm needle (BD Microlance©) was loaded with the liquid and placed into a
programmable microfluidics syringe pump (NE-1002X, ALA Scientific Instruments©). The pump was
programmed to dispense a flow rate of 1 ml/h. The electric field was generated by a power supply
(Linari Engineering©), connected to both the syringe needle and the collector, through an applied
voltage of 12 kV. The flat collector was covered with 2x2 cm squares of a stainless-steel woven wire
mesh with 1 mm holes (Figure 8), in order for the spun membranes to be more easily manipulated
afterwards, and the whole structure was positioned at 10 cm from the needle tip.
Membranes with different spinning times (i.e. 5, 10, 15, 20, 25 and 30 minutes) were eventually
obtained, and images of them were taken through optical microscopy and SEM.
Another type of substrates was prepared starting from an 8 wt% cyanoacrylate (Gibco©) solution in
acetone. The setup for the electrospinning process was the same as the one set for cellulose, except
for the applied voltage of 10 kV. The substrates were all obtained with a spinning time of 1 min,
due to the much faster deposition of cyanoacrylate fibers. In order to obtain not a fibrous
membrane but a transparent and porous layer, a heating treatment followed the electrospinning
step. The substrates were placed on a hotplate and heated at 150 °C for 20 seconds. Finally, images
of the resulting items were taken with an optical microscope.
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Figure 8. Stainless-steel woven wire mesh with 1 mm holes used as support for electrospun
membranes.

However, for reasons explained in the results chapter, the cyanoacrylate substrates were
eventually discarded, and the following steps were performed using only the cellulose acetate
membranes.
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2.2

BBB model preparation and characterization

2.2.1 Preparation of inserts for the in vitro model
To start, in order to obtain a suitable structure for the model, 3 µm porous polycarbonate
Transwell® inserts (Corning Incorporated®) were used. The porous membrane was removed from
the insert, and the glue residues were cleaned out of the structure through an acetone wash. The
cellulose membranes were then placed on the insert with the flatter side (i.e. the one opposite to
the metal grid) facing the interior of the insert. Polydimethylsiloxane (PDMS, Gibco®) was then used
to fix the membranes to the side of the structures (Figure 9). The inserts were left to rest at 60 °C
for 4 h to let the PDMS harden and then treated with UV rays for 24 h for sterilization.

Figure 9. Transwell insert with cellulose acetate membrane.

2.2.2 Cell culture
Cultures of immortalized brain-derived endothelioma bEnd.3 cell line (ATCC® CRL-2299™) were
performed in 75 mm2 Petri dishes (Corning Incorporated®) using high-glucose Dulbecco Modified
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Eagle’s Medium (DMEM, Sigma-Aldrich®), supplemented with 10% fetal bovine serum (FBS,
Gibco®), 1% sodium pyruvate, 1% L-glutamine, 1% pen/strep solution with 100 IU/ml of penicillin
and 100 µg/ml of streptomycin (Gibco®). Cultures were maintained in a humified atmosphere (5%
CO2) at 37 °C.
1 h before seeding, the inserts were placed in a 24-well-plate (Corning Incorporated®) and
incubated with the cell medium.
When the cultured cells reached a confluence of 90% inside the dishes, a trypsinization step was
performed. Specifically, cells were treated with 2 ml of trypsin (Gibco®) for 5 minutes in a humified
atmosphere (5% CO2) at 37 °C; then 8 ml of medium was added and samples were centrifuged for
6 minutes at 23 °C with 2600. The cell pallets were then resuspended in trypsin-free medium for
seeding.
The cells were eventually seeded at high confluence (seeding density 8·104 cells/cm2) on the inner
side of Transwell® filters, with a total final volume of 300 µl; 700 µl of medium was added on the
external side of the Transwell® (Figure 10).
The cultures were maintained for 5 days, with medium replacements on day 2 and day 4.

2.2.3 Analysis of TEER and permeability
The model was characterized in terms of transendothelial electric resistance (TEER) and
permeability.
The TEER was assessed using a Millipore Millicell ERS-2 Volt-Ohmmeter on day 2, 3 and 4 of the
culture.
The permeability was assessed in terms of permeability to FITC-dextran (Sigma-Aldrich©) with a
molecular weight of 4 kDa. Specifically, 100 µl of phenol red-free medium, containing 50 µg/mol of
FITC-dextran, were added to the luminal compartments of the BBB models or of the inserts without
cells, with the role of controls. The fluorescence emission of the medium in the abluminal
compartments was measured with a Perkin Elmer Victor X3 UV-Vis spectrofluorometer (lex=488

29

Figure 10. Schematic representation of the BBB model using transwell insert.
nm, lem=520 nm) at different time points (i.e. 10 min, 30 min, 4h). The values of fluorescence
emission were converted and expressed in terms of FITC-dextran concentrations using a calibration
curve.

2.2.4 Fixation, staining and imaging
In order to perform imaging, cultures were rinsed 3 times for 5 minutes in phosphate-buffered
saline (PBS) and then were fixed using a paraformaldehyde (PFA) in PBS solution. Fixation in PFA
was carried out by removing PBS from the wells, replacing it with 1 ml of 4% PFA, and then
incubating the samples for 20 minutes at 4°C.
Thereafter, wells were extensively washed with PBS in order to remove PFA and the staining
process was carried out through incubation with a staining solution of 1 ml of PBS, 1:100 goat
serum, 1:1000 Hoechst dye (Thermo Scientific©) (i.e. a fluorescent stain specific for nuclei of
eukaryotic cells) and 1:200 Phalloidin (Abcam©) (i.e. a fluorescent stain specific for f-actin
filaments). The incubation was carried out for 1 hour 30 minutes at 37°C and, after a final wash, the
staining solution was replaced with PBS and the wells were stored at 4°C.
Confocal laser scanning microscopy (CLSM) was performed using a C2s system (Nikon©) and image
processing employed a NIS Elements software.
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3
3.1

Results
Electrospun substrate characterization

Cellulose acetate electrospun membranes (Figure 11) were realized with different spinning times.

Figure 11. Samples of cellulose acetate electrospun membranes on stainless-steel mesh.
They were analyzed with optical microscopy and scanning electron microscopy (SEM). Figure 12
shows optical images of samples from different spinning times, while Figure 13 shows SEM images
taken from the kind of sample that was actually used to realize the BBB model (i.e. the 25 minutes
one). The presence of areas with higher opacity is due to the underlying metal grid: being an
efficient electrical conductor, steel shows a significant accumulation of charges, when subjected to
an electric field, that draw charged CA fibers towards the wire and away from the center of the
square. Furthermore, there is a clear increase of fiber density on substrates with higher spinning
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time, as expected. While this could be beneficial in so far as it determines a stronger structural
integrity, on the other hand it could determine a loss in transparency, which could be detrimental
for further analysis, if overstepped. On the other hand, SEM images show no signs of defects that
typically affect electrospun fibers (e.g. beads, ribbons), indicating that process and solution
parameters have been tuned properly.

Figure 12. Optical images of CA substrates after 5 (a), 10 (b), 15 (c), 20 (d), 25 (e) and 30 (f) minutes of
spinning.
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Figure 13. Scanning electron microscopy (SEM) of cellulose acetate (CA) electrospun fibers in the area
between the metal wires (left) and on the metal wire (right).

Cyanoacrylate electrospun membranes were realized with a spinning time of ~1 minute and then
subjected to a heat treatment (Figure 14). Optical images of both pre- and post-treatment samples
are shown in Figure 15.

Figure 14. Samples of cyanoacrylate electrospun membranes on stainless-steel mesh pre-and postheating.

The aim of the heat treatment was twofold. First, as a result of the much faster deposition, the
degree of transparency was hardly controllable. An accurate heating process could partially melt
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Figure 15. Optical images of cyanoacrylate substrates (1 minute of spinning) before treatment (a, b)
and after treatment (c, d).

fibers and help mitigating opacity. On the other hand, melted cyanoacrylate fibers occur in form of
a semi-flat layer, with a much more defined porosity. Therefore, characterization of the substrates
in terms of a mean porosity wasn’t needed anymore, but a more
precise porosity index could have been measured, with the
process tuned accordingly.
The majority of cyanoacrylate samples showed a loss in structural
integrity, within one week at most from the heating process,
resulting in the appearance of cracks through the membrane
(Figure 16). This phenomenon was possibly due to the treatment
itself, and the consequent increased tensile strength between the
melted fibers and the steel grid used as support. Therefore,
cyanoacrylate was recognized as an unsuitable material for the
project and was eventually discarded.
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Figure 16. Cracks forming on
cyanoacrylate substrates
following the heating treatment.

3.2

In vitro BBB model characterization

Two-compartment BBB models consisting of electrospun fibrous CA scaffolds were used to culture
brain endothelial cells (bEnd.3) at high confluence. The cells were cultivated on the top side of the
fibrous membrane, which separates the luminal chamber (on the upper part) from the abluminal
compartment (on the bottom).

Figure 17. Transendothelial electrical resistance (TEER) of in vitro blood-brain barrier (BBB) model
developed on electrospun cellulose acetate (CA) scaffold.

The BBB model transendothelial electrical resistance (TEER) was measured during each day of the
culture (Figure 17). The values obtained were 53 ± 2 W·cm2, 57 ± 2 W·cm2 and 71 ± 2 W·cm2,
respectively on day 2, day 3 and day 4 of the culture. The constantly increasing value demonstrates
both a good rate of cells proliferation and a proper trend in the barrier formation process.
The model permeability to FITC-dextran (4 kDa) was measured through a spectrofluorometer
(Figure 18). The mean values for the cultures were 16806 ± 164371 counts at 10 min, 870117 ±
142673 counts at 30 min and 1057469 ± 306184 counts at 4 h. The mean values for the cell-free
scaffolds were 2084064 ± 328741 counts at 10 min, 2426554 ± 285346 counts at 30 min and
3383901 ± 612369 counts at 4 h. The values for the cultures resulted to be significantly lower with
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Figure 18. Permeability of in vitro blood-brain barrier (BBB) to FITC-dextran.

respect to the correspondent cell-free scaffold adopted as control, showing the developed barrier
function of the model.
Confocal images of the models were obtained (Figure 19), showing both cells nuclei (Figure 19a)
and cytoskeletal actin filaments (Figure 19b), and demonstrating the high confluence reached by
proliferating cells. The image in Figure 20a (60X) was taken with the sample placed upside-down
inside the microscope, thus showing a good degree of transparency of the model useful for possible
further analysis. On the other hand, Figure 20b (20X) shows how the signal of cytoskeletal actin
filaments (in green) partially overlaps with the one of CA fibers (in red), therefore indicating the
cell-fiber interface. Therefore, such substrates constitute a good enough replica of the in vivo ECM.
Lastly, the comparison of images in Figure 21 shows that, in addition to a high confluence of cells
obtained on the surface of the membrane (Figure 21a), some cells were even found in the inside of
the structure (Figure 21b), indicating that the model promotes cell migration.
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Figure 19. Confocal images of the BBB model. Cytoskeletal actin filaments (a), cells nuclei (b) and
merge (c).

Figure 20. (a) Confocal fluorescence imaging with an inverted microscope of the insert placed upsidedown; (b) F-actin (green) and cellulose acetate (CA) fibers in red.

Figure 21. (a) Endothelial cell layer developed on the fiber surface; (b) endothelial cells migrated inside
the scaffold.
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4

Discussion

In this thesis, a new innovative approach for the development of a 2D static BBB in vitro model
meant for high-throughput pharmaceutical screenings was evaluated. The approach exploits the
technology of electrospinning that can be used to realize nano-fibrous biomimetic scaffolds.
The barrier functions showed by endothelial cells forming the walls of CNS blood vessel prevent
most of the molecules meant to treat cerebral disorders to accumulate inside the brain
parenchyma. Thus, proper treatment of CNS disorders and efficient drug delivery to the neural
tissue across the BBB remain major challenges. The development of new methods for drug testing
that are faster and less expensive is therefore a mandatory objective to promote the research of
new solutions in the field of neural treatments.
The choice of electrospinning method to realize substrates for the model was due to a number of
reasons. First of all, substrates prepared with this technique are made of polymeric nanometric
fibers, arranged in a random way. Both fiber’s dimension and arrangement mimic the structure of
the native extracellular matrix (ECM) where cells normally reside and from which they receive the
correct mechanical stimuli to differentiate, proliferate and fulfill their functions. Secondly, this
method allows to a certain extent to control dimension and density of the deposited fibers by acting
on process parameters such as spinning time and applied voltage. Therefore, substrate’s features
such as degree of transparency and mean porosity can be easily tuned. Lastly, the whole process is
fast and economical, and the final product doesn’t require any post-treatment.
The material chosen for the substrates was cellulose acetate. It is a naturally occurring polymer
derived from cellulose, whose characteristics make it an optimal choice to be used in the
electrospinning process. Moreover, due to its well-known biocompatibility, CA has a spectrum of
utilities in the domain of biotechnologies widely recognized in literature. Different concentrations
for the solution and different spinning times were tried, and the results were analyzed with optical
and scanning electron microscopy in order to find the optimal combination. As can be seen, optical
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images show a generally homogeneous distribution of fibers all throughout the metallic wire
employed as support for the process, thus avoiding the formation of gradients of barrier properties
that could later invalidate the results. SEM images, on the other hand, show no major defects to be
present on the fibers (e.g. beads, ribbons…), demonstrating that both processing and solution
parameters were tuned correctly. Substrates of the chosen kind were then used to replace the
membrane of Transwell filters, to which they were fixed using PDMS, and then UV sterilized.
The BBB model was realized by seeding bEnd.3 cells at high confluence on the internal (luminal)
side of the Transwell, that has previously been placed inside a well. Both luminal and abluminal side
of the model were filled with high glucose medium, and the culture was carried out for 4 days in
appropriate conditions.
The BBB model was investigated through the analysis of trans endothelial electrical resistance value
and permeability to FITC-dextran. Measurements of TEER were taken on day 2, 3 and 4 of the
culture. The increasing trend shows the consolidation of the barrier formation process, with a mean
value of 71 ± 2 Ω·cm2 on the last day, which is generally comparable to, if not better than, most of
the cases of similar monolayer models found in literature. Permeability was assessed on the last
day of the culture using 4 kDa FITC-dextran directly injected in the luminal compartment.
Fluorescence emissions in the abluminal compartment were analyzed at different time points and
the results show a significant difference between the BBB model and the cell-free control.
In this paragraph, the Electrospun CA model will be compared to other models of the blood-brain
barrier commonly used for drug testing in literature. Starting with monoculture models, which
represent the most direct benchmark for our model, it is necessary to analyse separately models
based on primary cell cultures and models based on immortalized cell lines. Although the former
employ primary cells derived from different mammals, focusing only on the usage of human
primary cells the TEER values can be expected above 1000 Ω·cm2 on confluent singular layers [87],
which are higher than those obtained with the fibrous scaffold. However, the use of such models is
restricted both by the lack of availability of experimental materials and time requirements, and the
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tissue, acquired from autopsies or biopsies, often is not considered a healthy resource [88]. On the
other hand, focusing on models made of immortalized cell lines, TEER values are more similar.
Paradis et al. estimated the TEER value of hBMEC monolayers (human brain microvascular
endothelial cells) to be between 20 and 200 Ω·cm2 [89]. The same values are confirmed by
Eigenmann et al. [90], showing mean TEER values for hBMEC monolayers to be between 20.7 and
33.3 Ω·cm2. Both cultures were performed on commercial transparent PET membranes with 3-µm
pore size. Co-culture models show higher TEER values (up to 500-600 Ω·cm2) and lower
permeability values compared with EC monocultures in general [91], and with our model in
particular. Zhang et al. [92] developed an EC/astrocytes co-culture showing a TEER value of 340
Ω·cm2, and Wilhelm et al. [93] a triple co-culture (EC, pericytes, astrocytes) showing mean TEER
values of 264 ± 67 Ω·cm2. For both cases, although higher values of TEER were reached, the model
would probably benefit from the usage of our CA fibrous scaffold, since the substrates used in both
cases were commercial Transwell© filters with a lower degree of biomimicry. The same is true for
more complex dynamic models, like the humanized DIV-BBB developed by Cucullo and colleagues
that employed human cerebral EC line (hCMEC/D3) grown in the lumen of microporous fibers (TEER
of around 1000 Ω·cm2) [94], or microfluidic models such as the chip studied by Griep et al. by using
the same hCMEC/D3 cultured on a conventional Transwell© polycarbonate membrane separating
two microfluidic compartments and exposed to fluid SS (TEER of around 36.9 ± 0.9 Ω·cm2) [95].
However, in opposition to common static blood-brain barrier models, such apparatuses are not
designed for high-throughput pharmaceutical studies [96].
Once the measurements were completed, cells were fixed in paraformaldehyde and stained for
nuclei and cytoskeletal actin in order to be further analyzed through confocal imaging. Confocal
images consequently taken show the high confluence reached by proliferating cells on the surface
of the scaffold, with actin filaments and CA fibers oriented in the same direction. Cells found within
the membrane show that cell migration was promoted as well. Both these two results demonstrate
to a certain extent the similarity between the CA substrates and the native CNS ECM.
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In summary, the proposed approach is a promising strategy to realize in vitro BBB models suitable
for high-throughput analysis since the results are totally comparable with other widely employed
monolayer models of the barrier, and cost and time requirements for the whole process are highly
restricted.
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5

Further Outlook and Conclusions

This thesis focuses on the design, preparation and characterization of an in vitro model of the BBB
for drug development and testing. The process exploited the technology of electrospinning to
fabricate substrates of cellulose acetate fibers. The BBB model was realized fixing the membranes
at the opening of a Transwell filter. Cells of the bEnd.3 type were seeded at high confluence on the
internal side and cultured in appropriate conditions for 4 days. Model’s characterization was carried
out by assessing TEER values during the culture and permeability to FITC-dextran on the last day.
Finally, cells underwent fixation and staining in order for confocal imaging to be performed.
In continuation of this research, there is the intention to carry out a number of improvements for
the model, as well as further analysis aimed at characterizing it better.
First of all, the model can be made more complex; a greater level of complexity can be achieved by
adding one or more cellular components. As mentioned above, brain endothelial cells represent
the principal component of BBB, but other types of cells have a crucial role in function and
regulation of the barrier too. Consequently, a more complex model can be obtained if other cells
(i.e. astrocytes/glial cells, pericytes and neurons) are employed. Glial-endothelial cell co-culture
models are extensively used nowadays for studies on drug delivery as a result of glial cell’s ability
to induce BBB properties [92]. In vitro studies have demonstrated a strong relation between
pericytes and the formation and maintenance of cerebral blood vessels system, and showed an
increasing TEER as a result of the addition of this cell type [97]. Neurons, on the other hand, have
been proved to promote the production of BBB enzymes in cultured cerebral ECs [98]. Generally,
models that better mimic in vivo BBB anatomical features amongst co-culture models use ECs with
astrocytes and/or pericytes [99] (Figure 22).
A second, and possibly complementary, approach could be the development of substrates with
aligned CA fibers, employing a rotating and/or moving collector during the spinning step. The
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Figure 22. Schematic representation of in vitro BBB models adopting different cell types.

benefits of this approach could be two. First, the substrate’s structure would be more controlled
and reproducible, thus making the whole production process to be more scalable. Secondly, several
studies have shown that cells cultured on aligned electrospun fibrous substrates exhibit contact
guidance, partially highlighting the importance of an organized arrangement showed by collagen
fibers that constitute many extracellular matrixes. Therefore, where ECM of a tissue is composed
of oriented fibers (e.g. blood vessels), culturing their cells on aligned nanofibrous scaffolds may
show responses that mimic that of the cells in their native environment [100].
Third, electrospun fibers could be further modified with the purpose of releasing growth factors or
other drugs aimed to promote BBB development, such as vascular endothelial growth factor (VEGF)
[101]. The easiest way to bind molecules to electrospun fibers is by physical adsorption (Figure 23a),
in which electrostatic forces guide the biomolecules attachment to the scaffolds. However, this
approach is rarely used due to the uncontrolled release profiles. On the other hand, covalent
immobilization exploits chemical bonds formation to immobilizes biomolecules onto the fiber
surface (Figure 23b). Compared to the former, the latter is predominantly used since the release of
the immobilized molecules can be controlled by external enzymes [102].
Once the optimal version of the model will be found, studies can be carried out concerning the
passage through the barrier of drug molecules and particles. Moreover, because of the cost- and
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Figure 23. Fabrication techniques of bioactive electrospun scaffolds. (a) physical adsorption; (b)
covalent immobilization.

time-effectiveness of the whole development process, the model could become suitable for drug
discovery procedures that require large quantities of experimental test and an efficient cost
control.
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