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Resumen

RESUMEN

El acceso y la distribucion de farmacos en el sistema nervioso central (SNC) es uno de los
pasos limitantes a la hora de tratar patologias que afectan tanto al cerebro como a la
médula espinal por la presencia de la barrera hematoencefalica (BHE). Ademas, la
prevalencia de estas patologias aumenta afo tras afo en todo el mundo y la mayoria de
los ensayos clinicos que se realizan con nuevas moléculas para tratarlas fracasan tras una

gran inversién de dinero.

Asi, en esta tesis, se ha optimizado la metodologia in vitro para la determinacion de la
permeabilidad de la BHE, se han obtenido varias correlaciones in vitro/in vivo (IVIVCs) que
pueden relacionar los resultados obtenidos mediante la metodologia in vitro con datos in
vivo procedentes de ratas, se ha desarrollado un nuevo modelo matematico que es capaz
de predecir la distribuciéon de farmacos en el cerebro y se han conseguido dos nuevas

nanoestructuras que aumentan el acceso de ponatinib al SNC.

Primero, se optimizé un modelo de BHE propuesto previamente, en el que se utilizaban
dos monocapas celulares diferentes (MDCK y MDCK-MDR1) para simular la barrera y se
llevaban a cabo 4 tipos diferentes de experimentos (estandar de A a B, estdandar de Ba A,
albumina de A a B y homogeneizado de cerebro de B a A) para evaluar el acceso y
distribucion de farmacos en el cerebro, mediante: a) la sustitucién de la monocapa celular
por una mas compleja (hCMEC/D3) y b) la sustitucién del homogeneizado cerebral por
una nueva formulacidn “ libre de animales ”. Ambas estrategias demostraron ser capaces
de predecir los siguientes parametros: el coeficiente de reparto plasma-cerebro libre
(Kpuy,brain), la fraccion libre de farmaco en plasma (fy, piasma), la fraccion libre de farmaco en
cerebro (fuprain) ¥ €l volumen aparente de distribucidn en cerebro (Vyprain) Yy constituir
herramientas de cribado de alto rendimiento que contribuyen a la reduccién, el

refinamiento y el remplazo de animales en la investigacién.

A continuacidn, los datos in vitro obtenidos con la metodologia mencionada
anteriormente se combinaron con informacién in silico e in vivo para obtener un nuevo
modelo semifisiolégico que, mediante el uso de ecuaciones diferenciales y varias
relaciones cuantitativas estructura-propiedad (QSPRs) fue capaz de predecir los perfiles

cerebrales completos de varios farmacos en ratas.
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Finalmente, se elaboraron dos nanoparticulas diferentes, nanoparticulas de silice
mesoporosa (MSN) y nanoparticulas magnéticas de silice mesoporosa (M-MSN), cargadas
con ponatinib, un inhibidor de la tirosina quinasa indicado para el tratamiento del
glioblastoma. Ambos tipos de particulas se caracterizaron y testaron in vitro e in vivo,
demostrando que no son téxicas para las células BHE y que pueden incrementar la
cantidad de farmaco que llega al cerebro cuando se administran por via intranasal en

comparacion con los resultados obtenidos para el farmaco libre.
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Abstract

ABSTRACT

The access and distribution of drugs in the central nervous system (CNS) is one of the
limiting steps when treating pathologies that affect both the brain and/or the spinal cord
due to the presence of the blood-brain barrier (BBB). In addition, the prevalence of these
pathologies increases worldwide year after year and most of the clinical trials carried out

with new molecules to treat them fail after huge amounts of money have been invested.

So, in this thesis, (1) the in vitro methodology for determining the permeability of the BBB
has been optimized, (2) several in vitro/in vivo correlations (IVIVCs) have been obtained
which can relate the results obtained using the in vitro methodology with in vivo data
coming from rats, (3) a new mathematical model which is able to predict the distribution
of drugs in the brain has been developed and (4) a couple of new nanostructures which

increase the access of ponatinib to the CNS have been succeed.

First, a previously proposed BBB model, in which two different monolayers (MDCK and
MDCK-MDR1) were used to simulate the BBB and 4 different types of experiments
(Standard A to B, standard B to A, albumin A to B and brain homogenate B to A) were
carried out to evaluate the access and distribution of drugs in the brain, was optimized by
means of: a) substituting the cell monolayer by a more complex one (hCMEC/D3) and b)
substituting the brain homogenate by a new “animal-free” formulation. Both approaches
proved to be able to predict the following parameters: the unbound plasma—brain
partition coefficient (Kpuubrain), the unbound fraction of drug in plasma (fupiasma), the
unbound fraction of drug in brain (furain) and the apparent volume of distribution in brain
(Vuprain) and constitute high-throughput screening tools which contribute to the

reduction, refinement and replacement of animals in research.

Then, the in vitro data obtained with the methodology mentioned above were combined
with in silico and in vivo information to obtain a new semi-physiological model which, by
means of using differential equations and several Quantitative Structure—Property
Relationships (QSPRs) was able to predict the complete brain profiles of several drugs in

rats.
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Finally, two different nanoparticles, mesoporous silica nanoparticles (MSNs) and
magnetic mesoporous silica nanoparticles (M-MSNs), loaded with ponatinib, a tyrosine
kinase inhibitor indicated for the treatment of glioblastoma, were prepared. Both types
of particles were characterized and tested in vitro an in vivo, proving that they are not
toxic for BBB cells and that they can increase the amount of drug that reaches the brain
when they are administered intranasally in comparison with the results obtained by the

free drug.
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Introduction

INTRODUCTION

The brain and the spinal cord comprise the central nervous system (CNS). Both organs are
responsible for the integration of all the sensations that peripheral nerves detect and for
the coordination of responses to those sensations [1]. These responsibilities make the
brain and the spinal cord the most important organs of human beings and, for this reason,
they are protected by several structures: bones, meninges, cerebrospinal fluid (CSF) and
blood-brain barrier (BBB) [2—4]. Bones, such as the skull or the vertebra, are the most
external protection and they act as an armor; meninges and CSF, which are the second
level of protection act as a cushion that avoids strong blows between organs and bones;
and the BBB, the third level of protection, surrounds the circulatory vessels present in the
CNS and limits the access of microorganisms and toxic substances to it [5,6]. Figure 1

shows a scheme of the CNS protective structures.

Classically, meninges were thought to be just “wrappers” of the CNS. These wrappers are
divided in 3 different membranes, from the outer one to the inner one, dura mater,
arachnoid and pia mater. More recent studies have shown that meninges are also
important in CNS development during embryogenesis and in CNS homeostasis during the
adult life, as they contain several cell types able to produce trophic factors, such as FGF-
2, EGF or retinoic acid, which promote the proliferation and differentiation of stem cells
[7]. In fact, it has been proved that there is a stem cell niche in the leptomeningeal
compartment (arachnoid and pia mater) which, when properly cultured in vitro, can form

neurospheres that are able to differentiate to neurons or to oligodendrocytes [7,8].

Between the arachnoid and the pia mater, the subarachnoid space can be found, which is
filled with CSF, a colourless and protein-free liquid produced by the choroid plexus at a
rate of approximately 600 mL/day [5,9]. In an adult human, the volume of CSF present in
the CNS is about 150 mL, so its rate of production allows a complete renewal of the CSF
several times each day [5]. CSF flows from the lateral, third and fourth ventricles where it
is produced to the subarachnoid space and, finally, it is reabsorbed into the circulatory
system (figure 1). During its journey, CSF is responsible for distributing nutrients and

removing waste from the CNS [10].
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Blood is separated from the brain and the spinal cord tissues by the BBB. It is constituted
by endothelial cells, pericytes and astrocytes [11]. These endothelial cells have a high
number of proteins, such as claudins, occludins and junctional adhesion molecules, which
form the tight junctions, give a high electrical resistance to the BBB (1500-2000 Q-cm?)
and limit the paracellular access of substances to the CNS [12,13]. Pericytes are thought
to stabilize the microvessel walls, regulate angiogenesis and neuroimmune functions in
the CNS [14]. Astrocytes have a foot like shape at the end and they cover the endothelial
cells, nonetheless, it is thought that they do not contribute in the barrier functions of the

BBB, but in the differentiation and maintenance of those vessels [15].

In addition to the BBB, the blood-CSF barrier (BCSFB) and the blood-arachnoid barrier
(BAB) can be defined [9,16,17]. The BCSFB separates the blood in the vessels that reach
the ventricles from the CSF present inside them. In this barrier, unlike in the BBB, the
endothelial cells are fenestrated and tight junctions can be found in between the choroid
plexus epithelial cells [17]. Finally, the BAB isolates the CSF present in the subarachnoid
space from the blood that reaches the subdural spaces, tight junctions are found in

between the arachnoid cells [9].

A)

Skin

Bone

Dura mater
Arachnoid

Pia mater

Cerebral cortex

Figure 1. Scheme of the CNS protective structures. A) Scheme showing meninges structure. B)
Scheme showing the CSF flow route and where the different brain barriers (BBB, BCSFB and BAB)

can be found. Vectors downloaded from Servier Medical Art [18].

32



Introduction

1. Pathologies that require drug access to the CNS

Pathologies that affect the CNS can be classified in 7 groups:

1) Infectious diseases, such as meningitis or encephalitis.

2) Brain and CNS cancers.

3) Stroke, including ischemic stroke, intracerebral haemorrhage and subarachnoid
haemorrhage.

4) Neurological disorders, such as Alzheimer's disease and other dementias,
Parkinson's disease, idiopathic epilepsy, multiple sclerosis, motor neuron disease,
headache disorders (migraine or tension-type headache) and other neurological
disorders.

5) Mental disorders, like schizophrenia, depressive disorders (major depressive
disorder or dysthymia), bipolar disorder, anxiety disorders, eating disorders
(anorexia nervosa, bulimia nervosa), autism spectrum disorders, attention-
deficit/hyperactivity disorder, conduct disorder, idiopathic developmental
intellectual disability and other mental disorders.

6) Substance use disorders, such as alcohol use disorders and drug use disorders
(opioid use disorders, cocaine use disorders, amphetamine use disorders,

cannabis use disorders and other drug use disorders).

All the pathologies mentioned above have increased their global prevalence in the last
two decades with the exception of meningitis, whose prevalence has decreased by 29%.
Specifically, from 2000 to 2019, the prevalence of brain and CNS cancers has increased by
46%, the prevalence of stroke by 36%, neurological disorders by 24%, mental disorders by
20%, substance disorders by 17% and encephalitis by 2% [19]. This generalized increment
can be explained by the aging of global population and the globalisation process which
has made easier the access to abuse substances. On the other hand, the decrease in the
prevalence of meningitis can be explained by a better control of the cases in those
countries in which meningitis is more frequent (the meningitis belt of sub-Saharan Africa)
and the implementation of vaccination in those countries [20]. Figure 2 summarizes the

variation in the prevalence of the different diseases that affect the CNS.
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Figure 2. Variation in the prevalence of the different diseases that affect the CNS between 2000

and 2019 (subgroups marked in a lighter tone): A) Infectious diseases, B) Brain and CNS cancers,

C) Substance use disorders, D) Stroke, E) Neurological disorders, F) Mental disorders [19].

The considerable increase in the prevalence of most diseases that affect CNS highlights

the need for new treatments to combat them. Nonetheless, about 85% of CNS trials fail,

which is the second highest failure rate just after the oncology trials [21]. Some studies

have tried to collect the main reasons for explaining these failures [22—24], which can be

summarized as follows:
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Introduction

cannot confirm the effectivity of the molecule [22]. This fact is quite common in
CNS trials as in a lot of the pathologies affecting the brain, such as in neurological
disorders, the diagnosis is made by means of information that the patient gives
to the physician, but a physio-pathological mechanism of the disease is not clearly
defined [24].

Lack of biomarkers: Together to the absence of a clear target the lack of
biomarkers to make a correct diagnosis or to evaluate the outcome of the drug is
a big drawback when a drug for the CNS is developed [22,24].

Problems with the design of the study: Normally, CNS trials require thousands of
patients to obtain significant results, which is translated to huge studies that are
carried out in different areas of the world. The size of the trials has provoked the
inclusion of larger groups of patients who receive placebo and whose
characteristics differ depending on the area where they live, giving, therefore,
different results. Because of that some authors consider that is crucial to develop
the trials in areas with similar characteristics, such as North America and Western
Europe [22], or to carry out some “fast fail” trials as a proof of concept before
moving into the big ones [24,25].

Issues with the transition from animals to human because animal models tend
not to be as complex as human beings. For instance, the forced swim test use to
evaluate antidepressants or the genetically modified mice used in Alzheimer’s
disease just show a characteristic of the illness they represent but not the whole
of it [22,24].

Drugs not crossing the BBB is a big problem because without crossing the BBB
molecules cannot reach their targets in the CNS. An oversized molecule, the
influence of an expulsion transporter or a not appropriate preclinical model are
some of the causes for this problem. The last one was the case for Tarenflurbil, a
drug designed for treating Alzheimer’s disease, which was effective in the animal
model for this pathology but in humans did not cross the BBB in sufficient

amounts [22].

Trying to overcome these failures some industries have opted for a repositioning strategy,
a more cost-effective and time-saving alternative also known as drug repurposing or drug
reprofiling [26]. Although having been used as interchangeable terms, there is a subtle

difference between repurposing and repositioning. In repurposing, a drug already
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approved and without suffering any molecular modification is reapproved for a different
indication, while in repositioning, the drug suffers some change in its structure before
being approved for another indication [26]. Historically, reposition has happened
unintentionally, but, recently, researchers and industries have realized its benefits and
used it with those drugs which have proved to be safe, but not effective, in their clinical
trials. This is the reason why, year after year, the number of articles including on their

keywords “drug repositioning” increases [26].

In the field of CNS treatments, approximately 30% of the drugs have been repurposed two
or more times [26], mainly because once the drug crosses the BBB it is easier to find a
new target for it. In fact, drugs used for treating epilepsy, schizophrenia or depressive
disorders are the richest source of drugs in CNS repurposing (74%) [27]. Table 1 shows
four examples of drugs that have been successfully repurposed for the treatment of CNS

diseases [26,28].

Table 1. Examples of drugs that have been successfully repurposed for the treatment of CNS

diseases.
Drug Original indication (year of approval) New indication (year of approval)
Amantadine Influenza (1976) Parkinson’s disease (2017)
Edaravone Stroke (2001) Amyotrophic lateral sclerosis (2017)
Valproic acid Epilepsy (1967) Migraine (2011)
Zonisamide Epilepsy (1989) Parkinson’s disease (2009)
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2. The blood-brain barrier (BBB)

As said before, the BBB constitutes the third level of protection of the CNS and limits the

access of substances to it, due to the presence of tight junctions, efflux transporters,

pericytes and astrocytes. Nonetheless, 6 different access routes through the BBB can be

defined, as seen in figure 3:

1)

2)

3)

4)

Paracellular diffusion: This term refers to the passive transport that happens
between cells moving molecules from the side in which they are more
concentrated to the side in which the concentration is lower. It is strictly
regulated by the presence of tight junctions between the endothelial cells [29].
So, only extremely small hydrophilic molecules can use this route, such as
erythropoietin and antibodies [16].

Transcellular diffusion: Also refers to a passive transport which moves molecules
from the side of the BBB with the greater concentration to the side with the lower
one, but, in this case, the transport takes place across the cells and not between
them. Because of that, it is only possible for small lipophilic drugs (i.e. steroids),
which meet the following characteristics: low molecular weight <500 Da, neutral
charge, not too high or too low lipophilicity (logP = 2) and a limited number of
potential H-bonds (<10) [30].

Carrier-mediated transport: This pathway is responsible for the transport of
essential molecules such as glucose and amino acids to the brain, but, any
molecule similar to the glucose or to those amino acids could benefit from this
route [16]. System L (LAT1 + 4F2hc) is a sodium-independent neutral amino acid
transporter and it is one of the most important transporters involved in this route
together with GLUT1. GLUT1 is a sodium-independent glucose transporter which
contribute to the homeostasis of glucose and L-ascorbic acid in the CNS. Other
influx transporters are responsible for the transport of monocarboxlic acids, such
as lactate and pyruvate (MCT1), basic amino acids, like L-lysine and L-arginine
(CAT1), nucleosides (CNT1) and organic anions and opioids (Oatp2) [31].
Receptor-mediated transport: It is also known as receptor-mediated transcytosis
and moves molecules from one side of the BBB to the other using vesicles that
are formed after they join a specific receptor. This is the case for big

macromolecules such as insulin, transferrin or lipoproteins [16,32].
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5) Adsorptive-mediated transport: This pathway conforms a non-specific way of
transcytosis which can be used by polycationic substances, such as albumin or
other peptides, which, after interacting with the negative surface of endothelial
cells, are embedded into vesicles [16].

6) Cell-mediated transport: Finally, in this route, cells, normally from the immune
system, move directly across the BBB by means of transcytosis. In some cases, as
in virus infections, these cells are used as “trojan horses” to introduce molecules

into the brain [16].
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Figure 3. Scheme of the BBB structure (A) and the different mechanisms of transport that can be
found on it (B): 1) Transcellular diffusion, 2) Carrier-mediated transport, 3) Receptor-mediated
transport, 4) Paracellular diffusion, 5) Adsorptive-mediated transport, 6) Cell-mediated transport

and 7) Efflux transport. Vectors downloaded from Servier Medical Art [18].

In addition to those 6 routes, which would allow molecules to reach the brain or the spinal
cord, the BBB has several efflux transporters whose mission is to expel from the CNS those
toxic or potentially dangerous substances that manage to reach it. Some examples of
efflux transporters present in the BBB are the ATP-binding cassette (ABC) transporters: P-
glycoprotein (Pgp - MDR1), the multidrug resistance protein (MRP) family and the breast

cancer resistance protein (BCRP) [33].

Pgp was first detected in human endothelial cells in 1989 and since then several studies
to evaluate its function and location have been carried out. In fact, it is the most studied

efflux transporter of the BBB. It has been seen that, in mammals, Pgp can be found in the
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apical side of endothelial cells, so those molecules that enter these cells are directly
pushed back to the blood. Furthermore, Pgp has also been detected in parenchymal and
perivascular astrocytes and in neurons, specially when the animal models suffer seizures

[33-35].

The access routes (tight junctions, influx transporters and carriers) and the efflux
transporters work together to maintain brain and spinal cord homeostasis, but some

diseases can alter the functioning of the BBB.

Some in vitro studies have shown that glioblastoma, the most aggressive brain cancer, is
able to reduce the transepithelial electrical resistance (TEER) of healthy BBB models [36]
and it secretes the chemokine IL-8 which has pro-angiogenic and pro-permeability effects
[37,38]. In addition, the study of serum samples from patients with glioblastoma has
shown an increase in other pro-inflammatory factors and cytokines (IL-6, IL-13, TNF-a,
VEGF, FGF-2, IL-8, IL-2, and GM-CSF) [39]. Nonetheless, the generalized disruption of the
BBB in patients with glioblastoma has become controversial during the last years, due to
the lack of effectivity of the drugs directed to treat this pathology and the inability to
completely eliminate the tumor when it is surgically removed. It is because image
techniques using gadolinium-based contrast agents can mark some areas of the brain in
which the BBB is disrupted and the tumor is present, but after the resection of those
areas, cancer tends to reappear. This can be explained by the fact that the contrast cannot

reach all the tumor cells because not all its BBB is disrupted [40,41].

In multiple sclerosis (MS), gadolinium can be also used to check the BBB disruption.
Nonetheless, in this pathology, it is thought that the BBB breakdown is transitory and it is
not clear if it is responsible of MS lesions or just a consequence of them [42]. MS is an
autoimmune condition in which an excess of immune cells provoke demyelination, axonal
loss and neurodegeneration. The lack of tightness between the BBB endothelial cells
accounts for the excess of immune cells extravasation from the blood to the CNS, which,
at the same time, promotes a greater lack of tightness as the immune cells produce pro-

inflammatory chemokines that disrupt the BBB [43,44].

BBB dysfunction has also been confirmed in Alzheimer’s disease patients by means of

image techniques (gadolinium contrast) and post-mortem analysis of CNS tissues. It is
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thought that the vascular damage, which is related with genetic (g4 allele of
apolipoprotein E - APOE4), environmental (i.e. pollution) and vascular risk factors
(hypertension, diabetes, dyslipidemia...), is responsible for the accumulation of amyloid
(AB) in the brain [45]. In fact, studies with transgenic animals have shown that APOE4
carriers develop BBB leakage prior to Af accumulation [44,46,47], but more studies are

needed to move from correlational findings to causal explanation.

MS and Alzheimer’s disease are a couple of examples of neurological disorders in which
BBB is altered. Nonetheless, BBB can also be affected in stroke or mental disorders, such
as schizophrenia [11,46]. After a stroke, BBB leakage happens in two phases. First, there
is an increase in transcytosis and, later on, a weakening of the tight junctions [46], both
contributing to the cell damage, edema and bad prognosis of this disease [48,49]. On the
other hand, some tight junctions protein levels (claudin-5) have been found to be reduced
in psychiatric diseases and this decrease have been correlated with the disease duration

and age of onset bipolar disease and schizophrenia [50].
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3. Methodologies to evaluate the access of drugs to the CNS

3.1. Invivo and in situ monitoring techniques

Animal models are considered to be the best ones to study the access of molecules to the
CNS. However, the cost of these models and their time consumption have promoted the
progress of in vitro and in silico alternatives. Because of its similarity to human beings, the
nonhuman primate models, such as Macaca Mulatta/fascicularis, are considered the best
models for drug development, but they are difficult to manage [51]. Rodents models
(mice and rats) are easier to manipulate, which makes them the most used in vivo models
to study the access of molecules to the CNS. In addition to that, the BBB of rodents have
proved to be quite similar to the human BBB, in terms of tight junctions (claudin-3 and -
5, Z0-1 and occludins) and transporters (Pgp and GLUT1) [51]. When a large number of
molecules want to be evaluated, the zebrafish model or Drosophila melanogaster can be
used, although only the first one maintains a BBB physiology similar to the human one

[51].

Regarding the techniques that can be used in these models, they can be divided in:
invasive techniques (CSF sampling, brain microdialysis, in situ brain perfusion, brain
uptake index, intravenous injection) and non-invasive image techniques (magnetic

resonance and positron emission tomography) [51].

Invasive techniques

e CSF sampling: Due to its easier accessibility and its closeness to the brain tissue,
the concentration of drug in CSF has been frequently used as a substitute for
evaluating the amount of unbound drug that there is in the brain [51]. This
technique has the advantage that the animal can be freely moving and serial
samples can be taken by means of a cannula placed in the Cisterna Magna [52].
However, despite that, the serial sampling of CSF can alter the pressure
equilibrium between the extracellular fluid (ECF) on the brain and the CSF.
Furthermore, the concentrations measure in the CSF does not give information
about the distribution of the drug in the different areas of the brain [52]. In

addition to that, several studies have proved that the concentration of drug in CSF
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tends to be higher than in ECF, especially in those drugs which are substrates of
Pgp [53].

Brain microdialysis: Intracerebral microdialysis is considered the gold standard
technique for evaluating the unbound concentration of drug in the brain [53].
From a pharmacokinetic point of view, knowing the unbound concentration of
drug in the brain is much more interesting than knowing the total concentration,
as only the free fraction of drug is able to join its target and provoke a response.
In this technique, a microdialysis probe with a semipermeable membrane is
inserted into a specific area of the brain and at different times samples are taken
from it. The semipermeable membrane, whose composition can vary depending
on the drug that needs to be studied, allows the free drug to diffuse from the
most concentrated solution (ECF) to the less concentrated (dialysate) until
equilibration [52]. Intracerebral microdyalisis can be used to evaluate regional
distribution in the brain, the influence of disease in drug permeability or the
influence of influx and efflux transporters [54-56]. A relevant issue to take into
account when planning to use this technique is that high lipophilic and very big
macromolecules can shut off the probe, so, selecting the best composition of the
semipermeable membrane in in vitro studies is recommended before starting the
in vivo studies [53]. Table 2 summarizes the most important aspects that need to

be considered when using brain microdialysis [52].

Table 2. Most important aspects to be considered when applying intracerebral microdialysis.

Important aspect

If not taken into account

Make some adsorption test in vitro to select
the most appropriate membrane for the
probe.

The microdialysis probe can shut off.

Use a perfusion solution with an ion
composition as physiological as possible.

The concentration of ions in the brain can be
altered and thus the permeability of drugs.

Avoid a too high flow rate when introducing
the perfusate solution through the probe.

High flow rates alter the pressure equilibrium
between the brain and the probe and reduce
the recovery of drug.

Minimize tissue trauma by using a probe with
an appropriate shape and dimensions and
waiting 24 hours after implantation to carry
out the experiment.

Tissue trauma can disrupt the BBB and
permeability results would not be valid.

Implant a guide cannula at least a week before
the experiment to minimize the effect of
anaesthesia.

Anaesthesia can alter the basal conditions of
the animal (i.e. dopamine basal levels)
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e n situ brain perfusion: This technique was first developed in 1984 by Takasato et
al. and it has been used to study the brain uptake of drug without having the
influence of plasma or other organs metabolism [51,57]. Briefly, the drug is
administered directly to the common carotid artery during 5 to 30 minutes after
the ligation of the external carotid artery and the pterygopalatine artery. At the
end of the perfusion, the animal is decapitated and the total amount of drug in
the brain is measured after brain homogenisation [51,58].

e Brain uptake index (BUI): In a similar way to the previous technique, for
calculating the BUI, a drug is directly injected in the carotid artery. Nonetheless,
in this case, a rapid bolus injection is administered and animals are sacrificed after
5-15 seconds. The high speed of the experiment allows researchers to consider
metabolism depreciable, but as a drawback, the concentrations reached in the
brain are extremely low, which can give sensitivity problems [51,59].

e Intravenous injection: This constitutes a quite simple and informative technique,
with which both plasma and brain profiles can be obtained. Although, it measures
total concentrations and not unbound concentrations. In this case, the drug is
administered in an IV bolus injection and blood samples are taken at different
times. When a brain sample wants to be taken, the animal is euthanized, its brain

homogenized and drug amounts measured [51].

Non-invasive technigues

Non-invasive techniques such as, positron emission tomography (PET) or magnetic
resonance, have the advantage of allowing real-time evaluation of BBB permeability
without sacrificing any animal and showing the distribution of the molecule evaluated
within the different areas of the brain. Nevertheless, both techniques need expensive
equipment and radiolabelled compounds [51]. These techniques can also be used in
humans, for instance, to evaluate BBB disruption in different pathologies and obtained

personalized permeabilities [59].
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3.2.

In vitro models

An ideal in vitro BBB model to study the access of drugs to the CNS, whose characteristics

would be those summarized in table 3, does not exist [60], but these models constitute a

quite useful and informative tool when developing new drugs. According to its basis, in

vitro BBB models can be divided in two big groups: noncell-based in vitro models and cell-

based in vitro models.

Table 3. Summary of the characteristics for an ideal in vitro BBB model [60].

Characteristics of the ideal in vitro BBB model

High selectivity and electrical resistance due to the presence of tight junctions.

Presence of a polarized structure and influx and efflux transporters, the same ones that
are in an alive BBB.

Ability to discriminate substances in accordance to its permeability.

Ability to response to aggressions and to regulate its morphology according to the shear
stress from blood flow.

Cost-effectiveness, availability, convenience, predictability and reproducibility.

Noncell-based in vitro models

Noncell-based in vitro models are built on the important role of lipophilicity in the access

of substances to the CNS.
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Immobilized-artificial-membrane chromatography (IAM): In this case, HPLC
columns modified with phospholipid molecules are used as surrogates to evaluate
permeability. It is because the retention times of the molecules have been
correlated to cell permeabilities [61]. Nonetheless, the reliability is debatable and
its use is decreasing [51,59].

Parallel artificial membrane permeability assays (PAMPA): The first PAMPA model
was developed in 1998 by Kansy et al. for evaluating gastrointestinal permeability
[62]. In PAMPA models, a mixture of phospholipids, an organic solvent or a
mixture of solvents are placed over an artificial membrane and the amount of
drug that is able to pass from one side of the membrane to the other one is
evaluated [26,59]. The PAMPA-BBB model, which was first employed in 2003 and

used porcine brain lipids to cover the membrane, was able to classify 25
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compounds out of 30 in CNS+, CNS- and CNS+/- and those drugs which were not
correctly classified were substrates of efflux and influx transporters [63—65]. Later
on, some studies have tried to optimize the conditions of PAMPA-BBB model and
have obtained good correlations (r? = 0.839, n = 27) between the in vivo total

brain-plasma coefficient of partition (logBB) and the PAMPA one [66].

Both methods, IAM and PAMPA, fail to simulate BBB influx and efflux transporters and
also the metabolism that happens in the BBB, but, due to their low cost, they can be used
as an initial high throughput approach to evaluate BBB permeability when a new drug is

developed [51].

Cell-based in vitro models

Cell-based in vitro models can counteract the main disadvantages from the previous
models (lack of transporters and lack of tight junctions) and, by means of the combination
of different cell lines, can be used to study BBB permeability under pathological
circumstances. The different cell lines that have been used to construct these types of
models can be distinguish among them through their transendothelial electrical
resistance (TEER), their permeability coefficient for paracellular markers (i.e. sucrose) and
their transporters and BBB biomarkers expression [59]. Cell-based in vitro models can be

divided in three big groups: monolayers, cocultures and dynamic BBB models (figure 4).

1) Cell monolayers are obtained after seeding the cells over a semipermeable
membrane and leaving them to grow during several days (more or less days
depending on the cell type). Ideally, the closer the TEER value of these monolayers
is to 1000-2000 Q-cm?, the better, as that value is considered to be the resistance
of brain microvessels [59]. Primary culture endothelial cells from humans and
mammals (BCECs), which are obtained from brain biopsies and directly used to
evaluate permeability, retain many in vivo properties, but they are not considered
to be the best option for obtaining BBB monocultures, as, firstly, they are quite
difficult to isolate without contamination (only 0.1% of brain are endothelial
cells), secondly, their results have a big variability intra and inter-laboratory and,
finally, they lose their BBB properties (tight junctions and transporters) quite

rapidly [26,59,67]. Immortalized cells can solve some of the problems from
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2)

primary cell cultures, such as their difficult handling, because of that researchers
have developed several mouse, rat, bovine and human immortalized cells. These
types of cell cultures, tend to form less tighten monolayers, but they are
considered interesting as they express BBB transporters. In fact, the immortalized
cell line with human origin hCMEC/D3, whose TEER value is around 30-50 Q-cm?,
is considered to be the gold standard in in vitro modelling [51,68]. Other non-
cerebral cell lines, like MDCK and MDCK-MDR1, which come from a dog’s kidney,
can also be used to simulate the BBB [60,69]. In this case, non-cerebral cell lines
are used because of their higher TEER, but their differences in terms of
morphology, tight junctions proteins, and transporters with brain endothelial
cells must be taken into account [26].

Cocultures: It has been seen that combining primary endothelial cells or cell lines
with other types of cells, such as astrocytes or pericytes, improves the properties
of BBB in vitro models (increase of TEER value, tight junctions expression and
upregulation of efflux transporters) [51]. That’s why, several researchers have
proposed the use of cocultures to evaluate the access of substances to the CNS
[26,59,67,70]. Depending on their organization, cocultures can be divided in two
groups: noncontact coculture models (where endothelial cells are seeded in a
semipermeable membrane and the additional cell in the other compartment of
the system, but not touching the semipermeable membrane) or contact coculture
models (in which both cell types, the endothelial one and the extra one are
touching the semipermeable membrane, but each one on different sides of the
system) [51]. When endothelial cells are cultured with two others supplemental
cell lines (astrocytes and pericytes) the best reproduction of the in vivo
environment is obtained. In 2009, Nakagawa et al. stablished a triple culture
model, in which primary endothelial cells from rat were seeded on the apical side
of a semipermeable membrane, astrocytes were cocultured in the basolateral
chamber with no contact with the membrane and pericytes were cocultured in
contact with the membrane at the basolateral side [71]. Researchers observed an
increase in tight junctions expression by western blot and electron microscopy,
an increase in TEER values which went from =90 Q-cm? in cell monolayers to =350
Q-cm? in the triple culture, a decrease in paracellular marker permeability
(fluorescein) and a greater expression of several BBB transporters (Pgp, GLUT1

and ABCC1) [71]. In addition to the models mentioned before, cocultures have
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also been used to simulate the BBB under pathological conditions. For instance,
in 2015, Mendes et al. proposed a new in vitro model for studying BBB
permeability with glioblastoma. They established a noncontact coculture of
hCMEC/D3 and U87-MG cell lines and they observed a decrease in TEER values
and an increment in the permeability of fluorescein, as it would happen in an in
vivo glioblastoma due to the disruption of BBB [37].

3) Dynamic models: These models try to replicate the shear stress from blood flow
at which BBB endothelial cells are subject. Within this group of models,
microfluidics models (uBBB) are becoming increasingly popular [72]. In its
simplest design, the dispositive has a couple of small electrodes which allow
continuous TEER measurements and two types of cells can grow at both sides of
a membrane that is placed at the interface of two microchannels. Then, a pump
and a gas-permeable tubing system are used to move liquid through the system,
generate shear stress and allow 0,-CO; exchange [67,72]. The presence of shear
stress increases the tightness of endothelial cells, as was seen with hCMEC/D3 cell
line, whose TEER value moves from =40 Q-cm? to =120 Q-cm? after just 18 hours
in a microfluidic system [73]. Nonetheless, the system has some drawbacks like
the lack of cell-cell contact, the possibility to incorporate only two cell types or

the inability to replicate the dimensions of microvasculature in vivo [70].

A) B)

Monolayer Noncontact Triple
coculture culture

C)

Flow 1: Plasma compartment

Membrane

Flow 2: Brain compartment

Microfluidics

Figure 4. Scheme of different in vitro BBB models: cell monolayer (A), coculture modes (B) and

dynamic model (C). Vectors downloaded from Servier Medical Art [18].
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3.3. Insilico methods

In silico models use available in vitro and in vivo data, the physicochemical properties of
the drugs to be studied and computational techniques to predict BBB permeability. Once
they are ready to be used, these methods constitute a quite cheap and fast tool to rapidly
select a few candidates that may successfully cross the BBB from a batch of thousands of
new molecules [59,70]. According to Lipinski's “rule of five”, there are five key
physiochemical properties which exert great control over drug access to the CNS: the
molecular weight, the lipophilicity, the polar surface area, the hydrogen bonding, and the
charge [74]. For having a good BBB permeability, the following characteristics in a

molecule are recommended:

Molecular weight < 400 Da [70].

e Lipophilicity (logP) < 5 [70].

e Polar surface area < 90 A? [70].

e H-bond donors < 3 and H-bond acceptors < 7 [70].

e Charge (pKa=7.5-10.5) [70].

Quantitative structure-activity relationships (QSARs) and physiologically based
pharmacokinetic modelling (PBPK) are two computational strategies that are used, not
only for obtaining penetrability parameter, such as logBB, but also for predicting brain
distribution and complete concentration profiles in the brain. Because of that,
investigation is moving towards this type of methodologies and several studies talking

about QSARs and PBPK modelling for CNS can be found [75-83].
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4., Strategies to allow the access of substances to the CNS

When trying to overcome the BBB, several strategies can be attempted which can be
divided in: invasive strategies and non-invasive strategies. The invasive techniques include
the direct injection into the brain parenchyma or the CSF and the therapeutic opening of
the BBB, while the non-invasive techniques include the use of alternative routes of
administration (nose-to-brain route), the inhibition of efflux transporters, the chemical
modification of the molecules (prodrugs and chemical drug delivery systems (CDDS)) and

the use of nanocarriers [16,59].

4.1. Invasive strategies
Invasive strategies tend to be the least used ones because of the inconveniences and
discomfort that they cause to the patient. Nonetheless, in some pathologies they are the

only feasible option.

Direct injection

The direct injection of drugs or the implantation of controlled release systems into the
brain parenchyma have been studied for the treatment of different pathologies: cancers,
stroke, neurological disorders or mental disorders [84]. The implantation of controlled
release systems requires the opening of the skull, but allows long-term treatments, as
drugs can be released during even several months [85]. In the following bullet point list,

some examples of brain implants studied in different diseases are summarized:

e Glioblastoma: In 1996, the FDA approved a carmustine implant (Gliadel® wafer)
for the treatment of glioblastoma. Currently, it is indicated for the treatment of
recurrent glioblastoma and newly-diagnosed high-grade glioma as an adjunct to
surgery and radiation. It has the advantage that it can be implanted during the
same surgery in which the tumor is resected and it helps to eliminate the tumor
cells that are not removed during the surgery, avoiding the adverse effects of a
systemic administration of carmustine [86]. Studies have proved that carmustine
is released by diffusion during several days and significant levels of drug can be

measured within 5 cm of the implant for 30 days after implantation. Besides that,
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these implants are able to increase the survival rate of glioblastoma patients by
2-3 months [84] and, according to a post-marketing study carried out in Japan,
the risk of toxicity with the wafers is tolerable as, only 35.7% of the patients
studied suffered adverse effects (22.2% cerebral edema, 9.9% convulsions, 4.8%
impaired healing and 3.4% infection) [87].

e Epilepsy: The direct injection of antiepileptic drugs to the seizure focus has proved
to be well tolerated and effective in terms of anticonvulsant activity in several
animal studies [84,88]. For instance, the direct injection of phenytoin into the
cortical focus of an epilepsy animal model was able to control the seizures better
than a systemic administration of a higher dose of the same drug [88]. More
sophisticated devices which are able to measure the electrical activity of the brain
and release drug according to this activity have also been proposed for the
management of epilepsy [84]. The device proposed in 2012 by Salam et al. was
able to release drug just 16 seconds after the beginning of the electographical
detection of a seizure onset [89].

e Schizophrenia: A long-term (5 months) delivery system has been also tested for
the treatment of schizophrenia in animal models [84,90]. The reason for studying
this kind of systems is that they would improve patient autonomy as they solve
the problem of lack of adherence to the treatment normally associated to mental
disorders [91].

e Stroke: Solid implants to prevent neurological damage after stroke have been
studied during years [84]. For instance, since 1999, nicardipine prolonged-release
implants have been tested with success for the prevention of vasospasm in
patients with subarachnoid hemorrhage (SAH) [92]. In fact, nowadays, we can
find a phase 2 clinical trial, that is currently recruiting participants, in which rod-
shaped implants loaded with 4 mg of nicardipine (NicaPlant®) will be
administered to patients with SAH to test if they are able to reduce neurological

complications associated to this pathology [93].

On the other hand, the direct injection into the CSF is more accessible, but it is not really
efficient because of the lack of diffusion between CSF and ECF [59]. Furthermore, it must
be considered that only if the drug is injected into the ventricles, it will be distributed in
the whole CSF. Nonetheless, this type of injection is indicated in some infectious diseases,

such as meningitis [94].
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Therapeutic opening of the BBB

The other invasive technique that can be used to increase the access of substances to the
CNS is the therapeutic opening of the tight junctions in the BBB, which can be obtained

by either administering hyperosmolar solutions or using ultrasounds [16].

The administration of hyperosmolar solutions typically prepared with mannitol or other
aromatic substances makes endothelial cells to release water and reduce their size,
resulting in an increase in the space between them [59]. This type of treatment is only
used for treating life-threatening diseases, as the shrinkage of endothelial cells derives in
a non-selective opening of the BBB and both, drugs and toxic substances, could reach the
CNS provoking neurological complications (aphasia and hemiparesis) [95]. In addition to
that, the administration of mannitol with several penetration markers has shown that the
mannitol derived BBB disruption is not homogenously distributed and different

permeability rates can be detected depending on the region of the brain analysed [96].

A more selective opening of the BBB can be obtained by means of combining the use of
ultrasounds with the administration of microbubbles (small particles of 1-10 um which
contain heavy gases). When using this technique, microbubbles are directed towards a
specific area of the brain, moving them with ultrasounds, and once in the correct place
they interact with the endothelial cells and disrupt the tight junctions, leaving a free way
for drugs to access the BBB [16]. Besides that, microbubbles can also be loaded or
externally modified to carry some drugs on them. This technique has the advantage of
safely opening just a desired area of the BBB without requiring a high ultrasound energy

[85].

4.2. Non-invasive strategies

As said before, the non-invasive strategies to increase the access of substances to the CNS
include the nose-to-brain route of administration, the inhibition of efflux transporters,

the development of prodrugs and CDDS and the use of nanocarriers [16,59].
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Nose-to-brain route

The olfactory area of the nasal cavity can be used as an alternative route for the delivery
of molecules to the CNS. It is not clearly defined how drugs can reach the brain by means
of this route, but what is clear is that olfactory nerves connect directly the nasal cavity
with the CNS without having any BBB around them. It is thought that drugs administered
into the nasal cavity can use two different pathways to travel until the brain: a) the
olfactory nerves transportation or b) the trigeminal nerves transportation. The second
one can only happen after the drug has been absorbed from nasal mucosa [97]. The main

advantages and limitations of this route of administration are summarized in table 4.

Table 4. Summary of the main advantages and limitations of the nasal route of administration for

the treatment of pathologies affecting the CNS [97,98].

Advantages

Avoidance of plasma exposure, peripheral metabolism and peripheral side-effects, as
1 the amount of drug that can reach general circulation through the nasal vasculature is
depreciable (bioavailability = 0.01% - 0.1%).

2 Reduced risk of infection due to the lack of invasiveness of the administration technique.

3 Ease of administration for the patient, because drugs can be formulated in nasal sprays.

Limitations

Only a small volume (100-250 pL) and a small amount of powder (20-50 mg) can be
1 directly administered to the nasal cavity. So, this route is only feasible for very potent
drugs which do not need high doses.

Enzymes present in nasal mucosa may metabolize the drugs administered into nasal

2 .
cavity.

3 Drugs and formulations designed to be administered by this route should not irritate the
nasal cavity.

a The presence of an upper respiratory infection may alter the nasal environment and

hinder the drug delivery to the brain.

For example, the intranasal administration of insulin has been considered a promising
option for the treatment of Alzheimer’s disease. In fact, several studies have proved that
after administering insulin via intranasal, it can be detected in CSF and not in plasma and
it can improve the cognitive response of Alzheimer’s disease patients [97,99].
Nonetheless, a recent clinical trial with 289 patients concludes that no cognitive or

functional benefits of intranasal insulin administration could be observed after 12 months
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and it proposes that more efforts need to be done in the development of intranasal

delivery devices [100].

Migraine is another pathology in which intranasal administration has been deeply studied
[101-105]. The last device approved by FDA for the treatment of this pathology,
Trudhesa®, was allowed to be commercialized in the USA in September 2021. This product
contains dihydroergotamine mesylate, a well-known anti-migraine drug, that is directly
delivered to the upper part of the nasal cavity. A phase 3, open-label safety study has
shown that pain can start disappearing just 15 minutes after administration and relief can

last 2 days after just one dose [106,107].

Inhibition of efflux transporters

As already said, efflux transporters such as Pgp, MRP family and BCRP, are responsible for
expelling potentially toxic substances from the CNS. Because of that, when the drug of
choice is a substrate of this type of transporter, they hinder the treatment of pathologies
affecting the brain or the spinal cord. The coadministration of the drug in question with
an inhibitor of the efflux transporter for which it is substrate is another strategy for
overcoming the BBB, but it must be used with care as the inhibition of efflux transporters
can lead to the massive entrance of xenobiotics to the CNS and, subsequent, unwanted

side effects [59,85].

Industries have worked in the development of efflux transporters during several years,
specially, in the development of inhibitors for Pgp, for which three generations of

molecules can be distinguished [33]:

e 1% generation: This generation of Pgp inhibitors includes several molecules, i.e.
verapamil, quinidine or cyclosporin A, which, having been developed for the
treatment of different pathologies, showed to have some cytotoxicity as they
competed for the efflux transporter with other molecules. Nonetheless, these
molecules, which were not specifically designed for inhibiting Pgp and have low
affinity for it, can interact with other transporters and enzymes provoking
unexpected adverse effects and need a too higher dose to induce a proper

inhibition of the efflux transporter [108].
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e 2" generation: Trying to reduce the pharmacological effect and increase the
inhibition power of the molecules from first generation, several chemical
modifications were performed to the original drugs. Following this basis,
dexverapamil, the R-enantiomer of verapamil, or valspodar, derivative of
cyclosporin A, were discovered. However, the inhibitors from this second
generation are not selective of Pgp and interact with metabolic enzymes, causing
undesirable adverse effects. This is the case of valspodar which competes with
other molecules for cytochrome P450 leading to an increase in the concentration
of other xenobiotics [108].

e 3™generation: Finally, in this last generation, new molecules, such as zosuquidar,
tariquidar or laniquidar, have been directly designed making use of computational
tools and QSARs. So, they are able to specifically inhibit Pgp without interacting
with other transporters or metabolic enzymes. Nevertheless, not everything is
ideal, as some unexpected adverse effects have been observed when testing

these molecules in clinical trials [108].

HIV can reach the brain using the infected immune cells as “trojan horses” to cross the
BBB. Once there, the virus can multiply and use the CNS as a reservoir, as the drugs
designed for their elimination fail to cross this barrier [109]. In this regard, the use of Pgp
inhibitors have proved to be effective in the treatment of HIV CNS infections [59]. In 2017,
Namanja-Magliano et al. developed a homodimer of azidothymidine, an antiretroviral
drug also known as zidovudine, which was able to inhibit both, the Pgp and the ABCG2
efflux transporter. Researchers concluded that this type of homodimer has potential to
enhance the delivery of antiretrovirals across the BBB, as they block two transporters at

the same time allowing the free drug to stay in the brain [110].

Chemical strategies: prodrugs and chemical drug delivery systems (CDDS)

The chemical modification of molecules is a strategy that has been used not only for
obtaining more powerful inhibitors of the efflux transporters present in the BBB, but also

for obtaining new drug candidates with more chances to cross this barrier.

On the one hand, the development of prodrugs consists in the chemical modification of

an active molecule with the aim of increasing its lipophilicity. Once it has crossed the BBB,
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the prodrug loses its “extra” portion and becomes an active molecule ready to perform
its mission. When talking about prodrugs for the treatment of pathologies affecting the
CNS, the typical example is L-Dopa, an inactive prodrug of dopamine used in the

treatment of Parkinson’s disease [16,59].

On the other hand, when a chemical modification is used for appending a bioremovable
targeting structure to a drug, then, a chemical drug delivery system (CDDS) is obtained
[16]. The route for obtaining the active drug from a CDDS is more complex than when
using prodrugs, which allows researchers to obtain intermediary molecules that once
cross the BBB are trapped in brain parenchyma where they are not active yet but where
they can be accumulated, this is known as the “lock-in” strategy [95,111]. For instance,
linking dihydrotrigonelline to a drug forms a CDDS which works in three phases [112], as

shown in figure 5:

1) Dihydrotrigonelline increases the lipophilicty of the drug enabling it to cross the
BBB.

2) When the CDDS crosses the BBB it is oxidized and a positively charge molecule is
obtained. The positive charge prevents the intermediary molecule from crossing
the BBB back to plasma.

3) Finally, esterases hydrolyse the intermediate molecule and slowly release the

active drug.

1)

H.
o

“Lock-in”

CDDS
molecule

~H

Can cross the BBB Trappedin CNS due to its + charge Active molecule

Figure 5. Mechanism of action of a dihydrotrigonelline CDDS.
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Nanocarriers

The use of nanocarriers, small particles ranging from 1 to 100 nm, has proved to facilitate
the delivery of drugs to the CNS. It is because they are able to protect the drug from
enzymatic degradation and they can improve plasma stability and solubility. Furthermore,
they can be designed to be directed towards a specific targeting, thus, minimizing non-
desired side effects [113]. Nonetheless, it is important to remark that for all this to happen
the nanocarrier must not release its content prematurely, so, the ideal nanocarriers for
CNS delivery have: A) two different ligands, a first one which contributes to BBB passage
and a second one, whose aim is to target the carrier to a specific area of the brain and B)
a responsive (pH or enzymatic triggered) system which quickly releases the drug once it
has reached its target but prevents it from leaving the carrier while it is on its way to it

[114].

A) Liposomes

Liposomes a are small vesicles, first discovered in the 1960s, formed by a phospholipid
bilayer which entraps a small volume of aqueous phase inside them. Because of that, they
can incorporate both lipophilic drugs, among the lipids of the bilayer, and hydrophilic
drugs, on the inside core [59,115]. Depending on their complexity, liposomes can be

classified in three different generations:

e 1% generation: These are the simplest model of liposomes. They are constituted
just by the lipid bilayer and, because of that, they tend to aggregate and be
eliminated by the reticuloendothelial system [59].

e 2" generation: In this second group, the phospholipid bilayer is surrounded by
polyethylene glycol, which makes liposomes less recognisable as foreign bodies
and increases their stability. Liposomes from this group are also known as stealth
liposomes [59].

e 3" generation: The most complex liposomes are included in this group. They are
PEGylated like in the 2" generation, but they also have other moieties linked

around them which help in targeting [59].
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Liposomes from third generation have been widely studied for the treatment of different
pathologies affecting to the CNS [115]. For instance, multifunctionalized liposomes, with
apolipoprotein-E (ApoE) and phosphatidic acid (PA), have been tested for the treatment
of Alzheimer’s disease. ApoE acts as a first ligand helping the particle to cross the BBB and
PA targets the liposome towards B-amyloid plagues and is able to break them [116-118].
In vitro tests with hCMEC/D3 monolayers show an increase in BBB permeability after the
functionalization of PA-liposomes with ApoE. This increase in permeability was confirmed
later on with a biodistribuiton assay in healthy mice in which researchers observed that
after 24 horas the brain/blood ratio was 5-fold higher with dual liposomes than with PA
ones [117].

On the other hand, in 2019, Xiao et al. designed ascorbic acid-thiamine disulfide system
liposomes loaded with docetaxel which may be an interesting tool for the treatment of
glioblastoma. These liposomes followed a “lock-in” behaviour similar to that presented
above when talking about CDDS: once the liposomes cross the BBB, the thiamine
disulphide system is reduced gaining a positive charge which entrap them in the brain.
The pharmacokinectic parameters obtained after the administration of the liposomes and
free docetaxel to adult mice show a 3.24-fold and a 5.61-fold increase in the area under

the curve (AUC) and the maximum concentration (Cmax) in the brain [119].

B) Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) are constituted by a matrix of lipids, because of that they
are useful for the delivery of hydrophobic drugs [16]. In 2019, He et al. studied SLNs,
composed of glyceryl monostearate and glycerol tristearate and loaded with B-elemene,
for the treatment of glioblastoma. B-elemene is a natural essential oil with anti-tumor
activity. The SLNs loaded with this drug proved to reach a greater concentration in plasma
and in the brain, both in mice and rats, which would propose this formulation to improve

BBB permeability of B-elemene [120].

The previous study together with others in which plain SLNs are administered in vivo
prove that this type of nanocarrier can inherently increase the penetration of drugs across
the BBB [121]. Nonetheless, in other studies the SLNs have been functionalized and they

have obtained very promising results too, for instance:
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e SLNs loaded with quinine dihydrochloride and conjugated with transferrin, which
were designed for the management of cerebral malaria, showed an enhanced
uptake in the brain than the free drug in solution [122]. This can be explained by
the fact that transferrin promotes the receptor mediated transport of the SLNs.

e The use of cationic bovine serum albumin (CBSA) as a ligand for the
functionalization of SLNs have also proved to be a promising strategy for
bypassing the BBB [123]. Nonetheless, in this case, the mechanism for this
enhancement in the penetration is not due to the use of receptor mediated
mechanisms, but adsorptive transcytosis, as the positive charge of the albumin

can interact with the negative charge of the surface of the endothelial cells.

C) Lipid nanocapsules

Finally, lipid nanocapsules can be found as the last type of lipid-based nanocarriers. They
have the advantages of being more stable than liposomes and being able to encapsulate
greater amounts of lipophilic drug. It is because they have a lipoprotein-like structure,

with an oily core surrounded by a rigid membrane of polymer or tensioactive [124].

In 2020, Elhesaisy and Swidan proved that they were able to reduce the immobility time
of mice when they forced them to swim in a beaker, a stressful situation in which animals
tend to desperate, resign and stop moving, after the administration of lipid core
nanoparticles loaded with trazodone hydrochloride. In fact, the immobility time for the
group without treatment was 158 + 15 seconds, for the group which received a solution
of free trazodone was 128 + 12 seconds, but in the group treated with the nanocapsules
the immobility time dropped until 88 + 8 seconds (1.8-fold lower than the control group).
So, researchers conclude that these carriers were a promising alternative for controlling

depression [125].

From May 2018 to April 2020, the project BIONICS founded by Horizon 2020 worked in
the development of lipid nanoparticles with anti-oxidant effects for the treatment and
prevention of post-stroke side effects [126]. The reason for this is that the current
treatment for ischeamic stroke, the administration of tissue plasminogen activator or the
physical removal of the thrombo, can restore the blood flow in the affected area, but it

cannot avoid the damage of brain tissue due to the release of reactive oxygen and reactive
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nitrogen species. Preliminary results show that the new carrier was able to target both
BBB and neuronal cells and, now, the group is working to prove its antioxidant and

neuroprotective effect [126].

D) Polymeric nanoparticles

Polymeric nanoparticles can be divided in two groups depending on their structure:
nanospheres (a solid polymeric matrix) or nanocapsules (an inner core surrounded by
polymer). Several biodegradable and biocompatible polymers have been studied for the
development of CNS nanocarriers, i.e. polylactic acid (PLA), polylactic-co-glycolic acid
(PLGA), chitosan and polycaprolactone (PCL), among others [16,114]. The next bullet
points show examples of polymeric nanocarriers developed with the polymers mentioned

above:

e Polylactic acid (PLA): PEGylated PLA nanoparticles modified with an anti-
transferrin receptor antibody and loaded with amphotericin B were developed in
2015 for the treatment of fungal meningitis. The PEG modification increases the
stability of the particles in the blood and the anti-transferrin receptor antibody
promotes the receptor-mediated transport through the BBB. The studies carried
out with this formulation showed that the particles were able to significantly
reduce the necrosis of brain tissue after 15 days of infection and increase the
survival rate of mice whose lethality rate dropped from 100% in day 16 post-
infection in the untreated group to 50% after 24 days [127].

e Polylactic-co-glycolic acid (PLGA): In the prospect of treating Alzheimer’s disease,
PLGA nanoparticles loaded with curcumin were prepared by Barbara and co-
workers in 2017. Curcumin has proved to be able to inhibit the formation of AB
plaques and disaggregate those already formed, but, as many other drugs, it has
a low ability to cross the BBB. The new particles, which were modified with a
peptide ligand (g7) for BBB crossing, showed to be able to reduce the number of
AB aggregates in an in vitro model with hippocampal cells. Besides that, they
seemed to reduce the inflammatory process associated to Alzheimer’s disease.
Nonetheless, further studies in in vivo models are needed to obtain further

conclusions [128].
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e Chitosan: Chitosan is a natural polysaccharide, which can be obtained after the
deacetylation of chitin extracted from crustacean shells and has been studied for
the treatment of many conditions, mainly Alzheimer’s disease and Parkinson’s
disease [129]. Nanoparticles of chitosan loaded with rotigotine have proved that,
after being administered intranasally, are able to reduce catalepsy, akinesia and
improve the swimming ability in a Parkinson-induced animal model. Furthermore,
pharmacokinetics studies showed a greater accumulation of rotigotine in the
brain in comparison with the intranasal administration of the free drug or the
administration of the particles by other ways [130].

e Polycaprolactone (PCL): In vitro studies carried out in three different cell lines with
PCL nanoparticles loaded with clozapine, an antipsychotic drug used in the
treatment of schizophrenia, show that this type of formulation may be a valuable
alternative for the management of this pathology. The PEGylated particles were
not toxic nor immunogenic and increased the permeability of clozapine in

hCMEC/D3 monolayers [131].

E) Inorganic nanoparticles

Inorganic nanoparticles prepared with metals, metal oxides or silica are useful for, both,
diagnosis and treatment of pathologies affecting the CNS, this is, they can act as
theragnostic devices. Nonetheless, they have the big drawback that, in contrast to those
nanoparticles mentioned previously, they are not biodegradable and they can be toxic

[114].

Due to their surface plasmon property, gold nanoparticles can absorb and emit light at
different wavelengths according to their size, shape and aggregate status [16]. Besides
that, the surface plasmon property also makes this kind of particle ideal for photothermal
therapy as the light they absorb can be converted into heat [132]. The photothermal
therapy with gold nanoparticles has been tested in several in vitro and in vivo models of
glioblastoma, but, for translating the findings obtained in those models to the treatment
of human beings several challenges must be faced, such as: the several barriers that the
irradiating light needs to cross until it reachs the particles in the tumor without damaging

any other cerebral structures [133].
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Magnetic nanoparticles prepared from iron oxides have also been studied as a thermal
therapy for the treatment of glioblastoma or as contrast agents for imaging techniques
[121]. In addition, these nanoparticles can be used as a driving force for promoting the
passage of other types of nanocarriers through the BBB [16]. For instance, magneto-
liposomes entrap a magnetic core in its inner part, which facilitates the delivery of drugs
across the BBB, as proved by Saiyed et al. and Ding et al. in 2010 and 2014, respectively
[134-136].

Mesoporous silica nanoparticles (MSNs) have a high surface area, can load big amounts
of cargo, are biocompatible and are easy to functionalize. Because of that, a lot of
researchers try to use this system for the development of new nanocarriers [114]. In 2016,
an in vitro study carried out in two different monolayers, which are able to simulate the
BBB (MDCK and RBE4 cells), showed that bare MSNs had low permeability and external
functionalization was necessary to improve BBB penetration [137]. After that, several
studies with functionalized MSNs have been carried out. For instance, lactoferrin-MSNs
proved to reach the brain due to the use of the receptor-mediated pathway in a triculture
in vitro model [138]. Also, Ri7 antibody-MSNs increased the drug delivery to the brain by

means of binding to the transferrin receptor [137].

F) Dendrimers

Dendrimers are three-dimensional and regular polymeric macromolecules with three
different areas, as shown in figure 6: A) a central core, B) branches and C) surface groups.
The number of ramifications in a dendrimer defines its generation and the spaces that

there are in between the branches can be used to transport other molecules [16,85].

The most studied dendrimer is poly-amidoamine (PAMAM) [85]. In 2016, Xu and
collaborators loaded PAMAM with doxorubicin and did several in vitro and in vivo studies
to prove its efficacy against glioblastoma. As surface groups, they selected two molecules:
borneol, whose mission is to open the tight junctions in between the endothelial cells of
the BBB, and, folic acid, to target the dendrimers to cancer cells, as they overexpressed
the folic acid receptor. The in vitro studies showed that the nanocarriers prepared by Xu
and collaborators were not toxic for BBB cells, but they were able to kill the glioblastoma

cells. Besides that, a sustained released of doxorubicin was observed when the
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dendrimers were placed in pH 5.5 buffer and the permeability of the drug in HBMEC
monolayers was enhanced. Once in the in vivo studies, dendrimers showed a greater
accumulation in brain and tumor than the free drug, a significant reduction of tumor
volume and an increase in the survival of the animals tested [139].
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Figure 6. Schematic representation of a dendrimer.
G) Cyclodextrins

Cyclodextrins are cyclic polysaccharides used for delivering lipophilic drugs in an aqueous
environment, as they are highly hydrophilic in their surface, but more hydrophobic in their
inner part. Furthermore, cyclodextrins are able to interact with lipid membranes, so, they
can be used to increase BBB permeability by means of altering its membrane fluidity

[85,140].

Recently, a new complex of crocetin and y-cyclodextrin was proposed for the treatment
of Alzheimer’s disease. The in vitro evaluation of the new complex showed that it was
nontoxic and it was able to reduce the levels of AB in 7PA2 cell line. The pharmacokinetic
evaluation in rats showed that, after an intraperitoneal injection, the maximum
concentration in plasma of crocetin was 43.5 times higher when it was administered in
the cyclodextrin complex than when it was administered on its own and the AUC was also
13.1 times higher. In terms of biodistribution, it was seen that the crocetin-y-cyclodextrin

complex was able to penetrate the BBB and reach the brain after its administration [141].
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H) Quantum dots

Quantum dots (QDs) are small nanosystems ranging from 2 to 10 nm with semiconductor
properties. In a similar way that gold nanoparticles, QDs can emit light in different
wavelengths depending on their size, shape, and composition, because of that they have

been proposed as theragnostic tools [142].

In the treatment of CNS pathologies, QDs have been explored to target and identify brain
tumors, to detected areas affected by ischemia after a stroke or to treat HIV-associated
encephalopathy [114,143]. In the last case, quantum dots conjugated with transferrin, as
a targeting ligand to BBB, and saquinavir, as an antiretroviral drug, have proved to
efficiently cross the BBB and inhibit HIV replication in infected PBMC cells, using a

triculture in vitro model [143].

[) Nanogels

Nanogels can be defined as nanoparticles composed of a cross-linked hydrophilic polymer
network [144]. Its capacity to retain water promotes nanogels biocompatibility and
facilitates drug release. Nonetheless, this type of nanocarrier have been less studied for
the treatment of pathologies affecting the CNS [114]. In June 2021, Ribovski et al.
published an article in which they discuss the influence of nanogel’ stiffness in BBB
permeability. Briefly, they prepared 4 types of nanogels with different percentages of
polymer and different polymerization times. Once obtained, they analysed the
permeability of the different particles in a hCMEC/D3 BBB in vitro model. They saw that
the low stiffness promotes intracellular trafficking and exocytosis through the cell
monolayers [144]. So, soft nanogels would be the most promising ones for developing

drugs directed towards the CNS.

J)  Nanoemulsions
Nanoemulsions (NEs) are composed of kinetically stable dispersions of two immiscible
liquids [145]. They can transport both hydrophilic and hydrophobic drugs and the smaller

are the droplets of the emulsion, the greater is its stability. The mechanisms by which this

type of nanocarrier can promote BBB permeability are:
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Lipid exchange, because of the interactions between the lipid phase of the NEs
and the lipids of the endothelial cell’s membranes [145].

Carrier-mediated or receptor-mediated transport, which can occur if the external
phase of the NE is decorated with a specific ligand [145].

Adsorptive-mediated transcytosis, if the hydrophilic head of the lipids forming the
droplets of the NE are positively charged [145].

Efflux transport inhibition, as the droplets of the NEs can mask the drug from its
efflux transporter and some surfactants present in the NE, i.e. polysobate 80, are

well-known Pgp inhibitors [145].

NEs have been studied for the treatment of: brain tumors, neurodegenerative disorders,

HIV-associated CNS disorders, ischemic stroke and schizophrenia [145]. Several examples

of NEs intended for the treatment of those pathologies is shown in table 5.
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Table 5. Examples of nanoemulsions intended for the treatment of CNS diseases [145].

Disease Nanocarrier Outcomes
Kaempferol mucodhesive Increased brain levels after intranasal administration.
NE Reduced glioma (C6 cell line) viability.

(%]

o Chloroaluminun
R liom 7 cell lin iability.

g phtalocyanine NE educed glioma (U87 cell line) viability

c

g Reduced glioma (U87 cell line) viability.

Paclitaxel ClinOleic®

Selectivity towards cancerous cells.

Honokiol NE

Inhibition of tumor growth in vivo.

Neurodegenerative disorders

Oridonin NE

Less AB plaques and AP deposition.

Restored construction behaviour.

Rivastigmine NE

Increased brain levels after intranasal administration.

Thymoquinone-rich

Less AB generation and more AP degradation.

fraction NE Increased antioxidant levels.
Increased antioxidant enzymes.
Selegiline NE
Higher dopamine levels in Parkinson’s disease rats.
Riluzole NE Increased brain levels after intranasal administration.
- Saquinavir mesylate NE Increased brain levels after intranasal administration.
b4
(@] . .
L Increased brain levels after intravenous
4 Indinavir NE - .
= 0 administration.
c o
ST
2 2 Increased bioavailability after oral administration.
@
% Atovaquone NE Reduced parasitemia and less brain cysts in a
toxoplasmosis.
Thymoguinone Increased brain levels after intranasal administration.
o mucoadhesive NE Better motor skills.
o
@ Olmesartan NE Increased brain levels after oral administration.
L
5 Better motor skills.
<
a Quercetin mucoadhesive . .
= NE Lower infarction volume and less hematoma.
Increased antioxidant capacity.
Quetiapine NE Increased brain levels after intranasal administration.
©
S Increased bioavailability and brain levels after
S intraperitoneal administration.
o . .
N Risperidone NE . . .
5 Early onset of antipsychotic action.
(%]

Less locomotor side symptoms.
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K) Viral vectors

Finally, in terms of gene therapy, viral vectors have become extremely popular for the
treatment of neurological disorders due to its high transfection efficiency and its long-
term expression [113]. The adeno-associated virus serotype 9 (AAV9) is the most
promising vector for CNS gene therapy as it has proved to be able to cross the endothelial

cells by active transport without disrupting the BBB [85,146].

AVV9 has been tested for the treatment of spinal muscular atrophy (SMA) in several
clinical trials [147]. SMA is a genetic disease affecting the alpha motor neurons of the
spinal cord and brainstem. The degeneration of these neurons causes several difficulties
in speaking, walking, breathing, and swallowing; it can lead to paralysis and death too,
being the leading cause of mortality in infants [148]. Early-diagnosed patients treated with
AAV9 showed a better motor behaviour and an increase in its rate of survival.
Nonetheless, more efforts are needed before obtaining the final vector for treating this
disease, as there were patients who developed antibodies against the vector and this may

cause severe side effects [148].
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OBJECTIVES

The title of this thesis project is “In vitro methods of biopharmaceutical evaluation in the

blood-brain barrier” and it has 4 different objectives:

1. Optimizing an in vitro methodology for determining the permeability of the BBB.

2. Developing in vitro/in vivo correlations (IVIVCs) with the purpose of validating the

results obtained using the in vitro methodology with in vivo data coming from rats.

3. Performing the mathematical modelling of the data to predict distribution of drugs in

the brain.

4. Developing new formulation strategies, such as nanostructures, to increase the access

of drugs to the CNS.

In the following sections (“Materials and methods” and “Results and discussion”)
information will be divided into two different subsections: the first one for objectives 1, 2

and 3 and, the second one, for the last objective.
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MATERIALS AND METHODS

1. In vitro BBB model: objectives 1,2 and 3

1.1. Drugs, cells and products

The drugs (amitriptyline, atenolol, caffeine, carbamazepine, fleroxacin, genistein,
loperamide, norfloxacin, pefloxacin, propranolol and zolpidem) and the HPLC grade
solvents (water, acetonitrile and methanol), used for completing the objectives 1, 2 and
3 of this thesis, were acquired from Sigma-Aldrich (Barcelona, Spain). The molecular

properties of the drugs mentioned above are summarized in table 6.

Table 6. Molecular properties of the drugs employed for completing the first three objectives of

this thesis [149,150].

Drug Mw Solubility logP SA SB Charge  Transporters
(g/mol) logs (pH 7) pKa pKa (pH 7.4) (substrates)
Amitriptyline  277.41 -1.63 4.81 9.76 + ABCB1 (Pgp)
Atenolol 266.34 0.43 043 14.08 9.67 + ABCB11
Caffeine 194.19 -0.44 -0.55 -1.16 0
Carbamazepine 236.27 -3.79 2.77 15.96 0 Fﬁfl_chl:Dzl
Fleroxacin 369.34 -1.33 0.98 5.32 5.99 -
Genistein 270.24 -2.78 3.08 6.55 -
Loperamide 477.05 -2.23 4.77 13.96 9.41 + ABCB1 (Pgp)
Norfloxacin 319.34 -2.06 -0.97 5.58 8.77 0 ABCB1 (Pgp)
Pefloxacin 333.36 -1.21 0.75 5.50 6.44 - ABCB1 (Pgp)
Propranolol 259.35 -1.03 2.58 14.09 9.67 + ABCB1 (Pgp)
Zolpidem 307.40 -4.27 3.02 5.39 0

MW = molecular weight, SA pKa = Strongest acidic pKa, SB pKa = Strongest basic pKa

The MDCK cells were acquired from ATCC (USA), the MDCK-MDR1 cell line was kindly
provided by Dr. Gottesman, MM (National Institutes of Health, Bethesda) and the
hCMEC/D3 cell line was acquired from Cedarlane (Burlington, ON, Canada). Pig brains
were obtained from a local slaughterhouse and fresh chicken eggs were bought in a local

supermarket.
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The products for the cell culture of the MDCK and MDCK-MDR1 cell lines were obtained
from Sigma-Aldrich (Barcelona, Spain): Dulbecco’s modified Eagle’s medium (DMEM) with
high content of glucose, fetal bovine serum (FBS), MEM Non-Essential aminoacids,
penicillin-streptomycin, L-glutamine, HEPES, phosphate buffer solution (PBS), trypsin-
EDTA and Hank’s balanced salt solution (HBSS).

The products required for culturing the hCMEC/D3 cell line were bought in different
places: Sigma-Aldrich (Barcelona, Spain) (ascorbic acid, bFGF, HEPES, hydrocortisone and
Triton X-100), Gibco (Barcelona, Spain) (chemically defined lipid concentrate, collagen |
rat protein, HBSS, FBS, penicillin—streptomycin, and trypsin-EDTA) and Lona (Barcelona,
Spain) (EBM-2 medium).

1.2. Cell culture

In this thesis, three different cell lines were used for the optimization of an in vitro
methodology for determining the permeability of the BBB, the development of in vitro/in
vivo correlations (IVIVCs) and the prediction of the distribution of drugs in the brain. These

cells were: MDCK, MDCK-MDR1 and hCMEC/D3.

MDCK and MDCK-MDR1 cells were maintained in DMEM with a high content of glucose
completed with FBS (10% (v/v)), MEM Non-Essential aminoacids (1% (v/v)),
penicillin—streptomycin (1% (v/v)), L-glutamine (1% (v/v)) and HEPES (1% (v/v)). Whereas,
the hCMEC/D3 cell line was cultured in EBM-2 medium complemented with FBS (5%
(v/v)), lipid concentrate (1% (v/v)), penicillin-streptomycin (1% (v/v)), HEPES (1% (v/v)),
ascorbic acid (5 pg/mL), hydrocortisone (0.5 pg/mL) and bFGF (1 ng/mL - added directly

to the flasks when cells were cultured).

All cells were kept in flasks of 75 cm? in an incubator at 37 °C with 5% CO; and 90%
humidity. When they reached 80% confluence, they were split and sub-cultured in new
flasks. For detaching the cells and allowing the sub-culturing procedure a trypsin-
EDTA:PBS (2:8) solution was used. The day after sub-culturing the medium of the flasks

was replaced with new fresh medium to remove all the dead cells.
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1.3.  Permeability studies

Permeability studies were performed with three different BBB monolayers: MDCK, MDCK-
MDR1 and hCMEC/D3. Cells were seeded in 6-transwell plates with a pore size of 0.4
micron, an effective area of 4.2 cm? and a pore density of (100 * 10) x 10° pores/cm? and
they were maintained, changing the culture medium every 2 days, for 8 days until

confluence.

After 8 days, cells were washed with HBSS and the integrity of the monolayers was
checked by means of measuring the TEER, the values expected were: 30-40 kQ/cm? for
hCMEC/D3 cells monolayers, 120-140 kQ/cm? for MDCK-MDR1 monolayers and 130-150
kQ/cm? for MDCK monolayers [151]. Later on, five types of experiments were carried out,
in non-sterile conditions, assuming that the apical chamber of the transwell (A) acts as a
substitute for the plasma and the basolateral chamber of the transwell (B) acts as a

substitute for the brain, as seen in figure 7:

Apical: Blood compartment

N

yal

~ Cells

Basolateral: Brain compartment

Figure 7. Representation of the transwell system used for evaluating in vitro BBB permeability.

e Standard A to B: This experiment was done for obtaining the apparent influx
clearance (Clin = Papp as8). The drug dissolved in HBSS was placed in the apical
chamber and samples were taken from basolateral.

e Standard B to A: In this experiment the apparent efflux clearance (Clout = Papps-a)
was obtained. The drug dissolved in HBSS was placed in the basolateral chamber

and samples were taken from apical, the opposite to what was done first.
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e Albumin A to B: In this case, the drug was dissolved in a solution of 4% (w/v)
albumin and placed in the apical chamber. So, the content of albumin present in
human plasma was mimicked and the influx clearance of the free fraction of drug
was obtained (Papp ats).

e Brain homogenate B to A: The aim of this experiment was to simulate the binding
of the drug to the brain tissue and obtain the efflux clearance of the free fraction
of drug (Papp Hom). The drug was dissolved in a mixture of pig brain homogenate
and phosphate buffer (180 mM, pH 7.4) in a ratio 1:3, then the solution was
placed in the basolateral chamber and samples were taken from apical.

e Emulsion B to A: This last experiment was equivalent to the previous one, but the
drug was dissolved in a new formulation to substitute the brain homogenate of
the model and reduce the use of animals in experimentation. As before, the efflux

clearance of the free fraction of drug (Papp emuL) Was obtained.

In all cases, cells were kept at 37 °C in an orbital shaker (100 rpm). Samples were taken
from the chamber opposite to the one where the drug was administered. In addition, to
check the mass balance, samples from the donor compartment (where the drug was
placed) were taken at time 0 and at the end of the experiment and cells were disrupted
with methanol of triton X-100 (1%) to measure the content of drug inside the monolayers.
Three replicates for each experiment and drug (the concentrations used are shown in

table 7) were performed and all samples were frozen and kept at -20 °C until their analysis.

The combination of the permeability values obtained in these experiments gives the main
parameters which describe the access and distribution of drugs in the brain (Kpuubrain,
fu plasma, fu,brain aNd Vi prain). This will be explained in the section: 1.6. Parameters calculation:

Papp, Kpuu,brain/ fu,plasma, fu,brain and Vu,brain-

1.4. Preparation of brain homogenate and the new substitute formulation

The pig brains, which were kindly supplied by a local slaughterhouse, were grinded and
mixed with phosphate buffer (180 mM, pH 7.4) solution (brain:buffer, ratio 1:3) to obtain
the brain homogenate. The ratio 1:3 was selected as appropriate because it gave a not

too textured liquid to allow samples to be taken.
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The new formulation for replacing the brain homogenate in the permeability studies was
prepared from unfertilized chicken eggs. For obtaining 100 g of the new formulation, first,
15.35 g of whites were mixed with 67.73 mL of water and 16.92 g of yolk were weighed
separately. Finally, the yolk was poured into the white-water mixture and stirred
vigorously until obtaining an emulsion with a texture similar to that of the brain
homogenate and a composition in proteins and lipids equal to the one of this organ (12%

lipids and 8% proteins).

1.5.  HPLC analysis of the samples

The equipment used for HPLC analysis was a Waters 2695 separation module, a Waters

2487 UV detector and a XBridge C18 column (3.5 uM, 4.6 x 100 mm) (Barcelona, Spain).

Samples from the albumin, the brain homogenate and the emulsion experiment were
diluted (50:50) with cold methanol to precipitate the proteins. Then, all the samples were

centrifuged (10 min; 10000 rpm - Eppendorf Centrifuge 5424, Rotor FA-45-24-11).

The analytical methods are summarized in table 7. All of them were validated in terms of
linearity, accuracy, precision, selectivity and specificity. In addition to the conditions
shown in table 7, a flow rate of 1 mL/min, a run temperature of 30 °C and an injection

volume of 90 uL were fixed for all the drugs.
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Table 7. Chromatographic conditions and validation parameters [60,69,83,152,153].

Dru C A Mobile RT .2 LLQ ACC PRC
8 (uM)  (hm)  phase  (min) M) (%) (%)
40% AW
Amitriptyline 250 24 1.020 0.996 8.20 6.1 3.2
60% ACN
20% MeOH
Atenolol 150 231 60% AW 1.330 0.996 1.49 6.3 5.1
20% ACN
35% MeOH
Caffeine 2.14 273 1.200 0.999 0.05 3.1 4.3
65% AW
18 65% AW
Carbamazepine 280 1.926 0.994 0.76 3.9 3.6
150 35% ACN
1.39 70% AW
Fleroxacin 285 1.348 0.997 0.05 6.0 5.2
150 30% ACN
60% MeOH
Genistein 3.81 254 15% AW 1.334 0.996 0.28 5.0 5.9
25% ACN
60% MeOH
Loperamide 241 260 3.199 0.995 2.65 4.0 4.5
40% AW
70% AW
Norfloxacin 150 285 1.730 0.991 2.42 3.9 4.9
30% ACN
65% AW
Pefloxacin 8.91 285 0.721  0.998 0.61 3.9 3.7
35% ACN
30% MeOH
Propranolol 150 291 40% AW 1.950 0.999 5.74 3.9 3.4
30% ACN
20% MeOH
Zolpidem 158 231 60% H20 4.624 0.997 4.30 6.3 4.8
20% ACN

RT = Retention time, LLQ = Lower limit of quantification, ACC = Accuracy, PRC = Precision, ACN =

Acetonitrile, MeOH = Methanol, AW = Acid water (Trifluoroacetic acid 0.05% (v/v))

1.6. Pal’ameté’l’s CG/CU/GT/OI’) ngp, Kpuu/brgm, fu/p/agmg, fU,bfG//’) Gl’ld VU,bfG//’J

The apparent permeability (Papp) across the BBB of the drugs tested under the different
conditions mentioned in the section 1.3. Permeability studies was calculated using 4
different equations: Sink, Sink Corrected, Non-Sink and Modified Non-Sink [154].

Nonetheless, due to its better ability to capture the permeation rate in both sink and no
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sink conditions and when the initial clearance differs from the clearance of the rest of the
profile, the values obtained with the Modified Non-Sink equation were the ones used for
the calculation of the rest of the parameters. The Modified Non-Sink equation is shown

in equation 1:

1 1
Cre = /4 ?—tVd + ((Cr,t—l f) - /8 f|2-tVd) ' e_Pe”“‘l'S'(VrJrV_d)'At (1)
In which C;: and C.+1 are the concentrations in the receiver compartment (apical or
basolateral depending on the experiment) at time t and time t-1, V. and V4are the volumes
of the receiver and donor compartments, Q; is the total amount of drug in both chambers
at time t, f is the sample replacement dilution factor, S is the surface area of the
monolayer and At is the time interval. Pesro and Pesr1 are the apparent permeability values,
which can differ if the permeation rate is different at the beginning of the experiment

with regard to the rest of the transport profile.

Equation 2 shows the formula for obtaining the unbound plasma—brain partition
coefficient (Kpuuprain). This neuropharmacokinetic (neuroPK) parameter is defined as the
relationship between the concentration of free drug in plasma (Cu,) and the
concentration of free drug in the brain (Cy ) at a steady state. It can be obtained from the

combination of the permeabilities of both standard experiments A to B and B to A.

Clin _ Papp A-B "’ S _ Papp A-B

(2)

KPuwprain = = =
’ Clout Papp B—A " S Papp B—A

Combining the results from the standard A to B and the albumin A to B experiments the
unbound fraction of drug in plasma (fyplasma) Can be obtained. This parameter can be
considered essential when evaluating if a drug would access to the CNS as only the
fraction that is not bound to proteins is able to cross the BBB. Equation 3 shows how this

parameter can be calculated.

Pq

_ _ pp ALB

Papp ag " Cp = Papp A-B 'fu,plasma Cp - fu,plasma = P (3)
app A-B
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The unbound fraction of drug in brain (fuerain) can be calculated in a similar way to fi plasma,
but, in this case, combining the permeability values from the B to A experiments. This
parameter is also essential as once it has crossed the BBB, the fraction of drug that does
not bind the brain tissue will be the only one able to return to the blood. Equation 4 shows

how this parameter can be calculated.

P
_ _ pp HOM
Papp HOM * CD = Papp B—A 'fu,brain : CD - fu,brain = P
app B—A
(4)
P Cn =P C _ Papp EMUL
app EMUL * “D — Tapp B-A 'fu,brain p fu,brain = p
app B—A

In equation 5, the formula for obtaining the apparent volume of distribution in the brain
(Vu,brain) is shown, where Vece is the volume of the brain extracellular fluid (0.2 mL/g brain)
and V¢ is the volume of the brain intracellular fluid (0.6 mL/ g brain). This neuroPK
parameter reflects the distribution of the drug once it has crossed the BBB, and can be
defined as a relationship between the total amount of drug present in the brain (Cy) and
the concentration of free drug in the brain (Cyp). When the fuprin gets lower, the Vi prain
gets greater and the retention time of the drug in the CNS gets longer with independence
of its transport through the BBB or its plasma concentration. The Vyprin can be directly
compared with the physiological volumes of the CNS to evaluate the drug affinity to the

brain tissue.

Vu,brain = VECF + " I/ICF = 02 + " 06 (mL/g bTain) (5)

fu,brain fu,brain

1.7.  In Vitro-In Vivo Correlations (IVIVCs): Linear Regression

For optimizing the in vitro methodology proposed by Mangas-Sanjuan et al. [69] for

obtaining the neuroPK from 4 different in vitro tests two approaches were followed:
1) The methodology was tested in a more physiological cell line, \(CMEC/D3 [60].

2) A novel preparation obtained from unfertilized chicken eggs was tested as a

surrogate of brain homogenate [153].
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In both cases, in vitro-in vivo correlations (IVIVCs) between the predicted and
experimental parameters obtained in rats [155,156] were established. The IVIVCs were
adjusted to a linear model with the following structure: y = a + bx and their 95%

confidence intervals were also calculated.

1.8. PBPK model construction

The information from the permeability studies carried out in the MDCK, MDCK-MDR1 and
hCMEC/D3 cells was used to develop a semi-physiological model (figure 8) to predict the

concentration profile of different drugs in the brain of rats [83].

Cu,b = u,brain Cb Cu,CSF = CCSF
Qo
Cb Vb CCSF VCSF
Qsa‘nk
PSgggin PSgcseain
BBB BCSFB
|E| PSBBBaur PSSCSFBaur
\ C, v,
Plasma
Cu,p = u,plasma " Cp kel
PSgsgin= appAB " Sass PSacsrin = appAB * Sacsra
PSgsgout = Poppsa* Seee  PSacsrsout = Pappaa* Secsea
Figure 8. Scheme of the PBPK model.
dc,
Va AT —PSgppin " Cup + PSpepout * Cup — PSpcsrain * Cup + PSpcsrpout (6)
" Cesr + Qsink * Cesp — key * Cp * Vg
dc,
Vb ' dt = PSBBBin ' Cu,p - PSBBBout ) Cu,b - Qbulk ' Cu,b (7)
dCCSF _ (8)
Vesr —dt = PSpcsrain Cu,p — PSpcsrpout * Cesk — Qsink * Cesk + Qbuik - Cu,b
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Equations 6, 7 and 8 describe the processes shown in figure 8. Specifically:

e Equation 6 describes how the concentration in plasma can vary with time. On the
one hand, the unbound concentration of drug in plasma (Cy,), which was defined
as the total concentration of drug in that compartment multiplied by the fu piasma,
can leave the plasma compartment because it crosses the BBB and it accesses the
brain tissue, because it crosses the BCSFB and it accesses to the CSF or because it
is eliminated. On the other hand, the drug can return to the plasma compartment,
because the unbound concentration of drug in brain (Cy), which was defined as
the total concentration of drug in that compartment multiplied by the fuprain,
crosses back the BBB, because the drug in the CSF, which was considered all
unbound, as the CSF is a clear liquid without proteins, crosses back the BCSFB or
because of the drainage of the CSF to plasma (Qsink).

e The variation of the concentration of drug in the brain is described with the
equation 7. The concentration of drugs in this compartment increases with the
Cu,p that crosses the BBB and decreases due to the ability of the C, to cross back
the BBB and the flow of the extracellular fluid (ECF) to the CSF (Qpui).

e Equation 8 describes how the concentration in the CSF varies with time. As said
before, all the concentration in this compartment is considered unbound
concentration as the CSF has no proteins. The concentration of drug in this
compartment increases due to the amount of drug that arrives from plasma
crossing the BCSFB and the amount of drug that comes from brain tissue (Qpui)
and decreases due to the drainage of CSF to plasma (Qsink) and the drug that can

cross the BCSFB back to plasma.

When it was necessary, due to the nature of the in vivo data found, the differential
equations of the model were modified and an extra compartment for absorption was

added to the model or an intravenous infusion was assumed instead of a single injection.
Table 8 summarizes the value of the physiological parameters in rats that were considered

equal and fixed for all the drugs. Other parameters that were different depending on the

drug studied are summarized in table 9.
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Table 8. Fixed physiological parameters used in the model [82,157].

Vb (cm?) Vese (cm3) Quuik (cm3/s)  Qsink (cm3/s) Sess (cm?) Secsra (cm?)

1.28 0.25 0.012 0.132 187.5 0.0375

Vb = Brain volume, Vcsr = CSF volume, Sges = BBB surface area, Sscsrs = BCSFB surface area

Table 9. PK parameters used in the model as initial estimates and were different for each drug.

Fixed estimates Nonfixed estimates
Drug RW D ko Va ket ka REF
fu,plasma 3 (10 (10
(8) (mg) (ng/s) (cm?) a1 _1
s71) s71)
Amitriptyline 250 5 0.090 4000 7.70 15.4 [150,155,158]
Caffeine 300 833.3 0.917 180 3.55 [150,156,159]
Carbamazepine 300 3.6 0.385 1490.5 4.50 8.99 [156,160,161]
Fleroxacin 285 1.1 83.13 0.793 4275 7.13 [151662?2_
Pefloxacin 285 3.7 2145 0.860 361.1 5.83 [1516;6]33_
Zolpidem 190 0.5 0.267 304 15.6 [156,166]

RW = Rat weight, ko = Infusion rate constant, ka = Absorption rate constant, kel = Elimination rate

constant, V4 = Volume of distribution

The profiles were adjusted with the software Berkeley-Madonna® (Berkeley, USA). With
this aim, three scaling factors were assumed as seen in equations 9 to 13. The adjustment
of the in vitro apparent permeabilities to the physiological permeability was done with
the first and second scaling factors (SC1 and SC2), as Ball et al. did before [82]. The
differences between the in vitro and the in vivo fuprain values, because of the different
composition and behaviour of the pig brain homogenate and a healthy rat brain, were

corrected with the third scaling factor (SC3).

PSgppin = SCyi " Papp a-B " SeBB (9)
PSpcsrpin = SCi " Papp 4B " Secsra (10)
PSgggout = SC2 * Papp—a * SpeB (11)
PSpcsrpout = SC2 " Papp p—a * Secsra (12)
Cup = SCs3* fuprain* Cp (13)
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1.9. QSPRs and internal validation of the model

To make the PBPK model useful for the prediction of brain profiles without the use of
animals, several Quantitative Structure—Property Relationships (QSPRs) were defined for
each scaling factor and cell line. The scaling factors were related with the lipophilicity of
the drugs (logP) and non-linear QSPRs were obtained. These QSPRs give an equation that
would allow researchers to calculate the scaling factors for a drug depending on the cell

line where they study the in vitro permeability.

The predictability of the model in combination with the QSPRs was evaluated by internal
validation, comparing the brain Cnax and the brain AUC obtained with the adjusted scaling
factors and with the scaling factors estimated with the QSPRs. Equation 14 shows how

the prediction error percentages were calculated.

Experimental value — Predicted value

PE% = 100 (14)

Experimental value
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2. New strategies to cross the BBB: objective 4

2.1. Drugs, cells and products

Ponatinib was purchased from Enamine (Riga, Latvia). Trypan blue, borneol, succinic
anhydride and folic acid were acquired from Sigma-Aldrich (Barcelona, Spain). (3-
aminopropyl)triethoxysilane (APTES), anhydrous acetonitrile (ACN),
cetyltrimethylammonium bromide (CTAB), diethanolamine (DEA), 4-
dimethylaminopiridine (DMAP), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC),
FeCls-6H,0, FeCly-4H,0, N-hydroxysuccinimide (NHS), oleic  acid and
tetraethylorthosilicate (TEOS) were acquired from Sigma-Aldrich (Madrid, Spain).
Chloroform, dimethylformamide (DMF), and anhydrous methylene chloride (DCM) were
acquired from Acros Organics (Spain). Ammonia (32% v/v), ethanol, dimethyl sulfoxide

(DMSO) and ethyl acetate were acquired from Scharlab (Barcelona, Spain).

Lysosomal extract was given by Dr. Martinez-Mafiez (Valencia, Spain). The MDCK-MDR1
cell line was kindly provided by Dr. Gottesman, MM (National Institutes of Health,

Bethesda) and the U87 cell line was purchased from Sigma-Aldrich (Barcelona, Spain).

Dulbecco’s modified Eagle’s medium (DMEM) with high content of glucose, fetal bovine
serum (FBS), MEM Non-Essential aminoacids, penicillin-streptomycin, L-glutamine,
HEPES, phosphate buffer solution (PBS), trypsin-EDTA, Hank’s balanced salt solution
(HBSS), tween 80 and the cell proliferation kit | (MTT) were purchased from Sigma-Aldrich
(Barcelona, Spain). DMEM with high content of glucose and high content of pyruvate used

with the U87-MG cell line was obtained from Gibco (Barcelona, Spain).

2.2. Synthesis of mesoporous nanoparticles

Nonmagnetic mesoporous silica nanoparticles (MSNs)

Nonmagnetic mesoporous silica nanoparticles (MSNs) were prepared using as a basis the
protocol described in [167]. Briefly, 1 g of CTAB and 20 mL of deionized water were placed
in a two neck round bottom flask and stirred for 30 minutes at 500 rpm with a rugby shape

magnet. Then, 160 pL of DEA were added and temperature was increased to 95 °C,
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temperature at which the mixture was stirred with reflux for 1 hour. After that time, 1.5
mL of TEOS were added dropwise and everything was again stirred for 1 hour, but at 950
rpm. Finally, the particles were recovered and washed with water at 13400 g (20 min)
until reaching a neutral pH. The particles were then dried and calcined in the presence of

air at 550 °C.

Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs)

Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs), which were used later
on, as seeds for preparing magnetic mesoporous silica nanoparticles (M-MSNs), were
prepared according to the protocol described in [168]. First, 50 mL of deionized water
were placed under Argon atmosphere for 30 minutes. Then, 12 g of FeCls;-6H,0, 4.9 g of
FeCl,-4H,0 and 19.53 mL of ammonia 32% (v/v) were added at 80 °C. After 30 minutes,
2.13 mL of oleic acid was added to the flask and the reaction was left stirring for 90
minutes at 80 °C. Finally, the particles were cooled at room temperature and recovered
after washing 3 times with deionized water and 3 times with ethanol (12108 g, 10 min).
The material was dried overnight under vacuum and the next day it was resuspended in

chloroform to be kept it in the fridge until its use.

Magnetic mesoporous silica nanoparticles (M-MSNs)

M-MSNs were prepared following a slightly modified protocol already described in [168].
100 mg of CTAB and 10 mL of deionized water were placed in a vial and the mixture was
stirred until the CTAB was dissolved. Then, 580 uL of a previously prepared suspension of
USPIONSs in chloroform (Fe concentration = 3.6 mg/mL) was added to the vial and it was
sonicated with a probe sonicator (Branson 450 Sonifier) for 3 minutes. After sonication,
chloroform was evaporated at 70 °C with manual agitation and 30 mL of deionized water,
0.547 mL of ammonia 32% (v/v) and the particles were placed in a two neck round bottom
flask where the mixture was stirred at 400 rpm with reflux and a rugby shape magnet until
the temperature reached 75 °C. Later on, 0.5 mL of TEOS and 3 ml of ethyl acetate were
added to the flask (TEOS, dropwise) and the reaction was stirred for 2 minutes at 850 rpm
and for 3 hours at 350 rpm. At the end of that time, the particles were cooled in an ice

bath and they were washed 3 times with ethanol (13400 g, 10 min). Finally, the magnetic

86



Materials and methods

particles were separated from the non-magnetic ones with a magnet, they were dried and

calcined in the presence of air at 550 °C.

2.3. Drug loading and functionalization of the nanoparticles

MSNs and M-MSNs were loaded following the immersion protocol, in which the particles
are left stirring overnight in a solution of drug ((0.8 mmol of drug + 30 mL of solvent)/1 g
nanoparticle)). Two different molecules were loaded in the particles: trypan blue and
ponatinib, as trypan blue is soluble in water the solvent used for loading the particles was
deionized water and as ponatinib is not soluble in water, but soluble in DMSO, this one
was the solvent used for dissolving ponatinib. The day after loading, the particles were

filtered and dried under vacuum.

Once loaded, both MSNs and M-MSNs were functionalized following the same protocol

with the aim of obtaining double gated nanoparticles with: borneol and folic acid.

First, for allowing borneol to attach to the nanoparticles it was modified with succinic acid
as done in [139]. Once this component was prepared, particles were reacted with APTES
for 5.5 hours in anhydrous ACN ((6 mmol APTES + 30 mL of solvent)/1 g nanoparticles).
Then, the particles were vacuum filtered and dried and they were made to react with gate
components overnight. So, the following compounds were placed in a vial and left stirred
overnight: modified borneol (0.3 mmol/100 mg nanoparticles), folic acid (0.3 mmol/100
mg nanoparticles), EDC (3 mmol/100 mg nanoparticles), NHS (3 mmol/100 mg
nanoparticles), DMF (3 mL/100 mg nanoparticles) and DMSO (1 mL/100 mg
nanoparticles). Finally, the particles were washed 4 times with DMF and 4 times with

deionized water and dried at 37 °C.

2.4. Characterization of the nanoparticles

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) experiments were conducted with a Zetasizer Nano ZS
(Malvern Instruments). This technique was used for measuring the hydrodynamic size,

the polydispersity index (PDI) and the Z potential of the particles. Suspensions of 1 mg/mL
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of nanoparticles were prepared in water and the characteristics mentioned above were

measured thrice.

Transmission electron microscopy (TEM)

The proper size and shape of the MSNs and M-MSNs were checked in a 100 kV JEOL JEM-
1010 transmission electronic microscope operated with AMT image capture engine

software.

X-ray Powder Diffraction Analysis

The X-ray diffractograms of the USPIONS, the MSNs and the M-MSNs (as-made, calcined,
calcined and functionalized with borneol and folic acid and loaded with trypan blue and
functionalized with borneol and folic acid) were obtained with a Bruker D8 Advance

diffractometer (Bruker, Coventry, UK).

Porosimetry

A Micromeritics TriStar 1l Plus automated analyser (Micromeritics Instrument
Corporation, Norcross, GA, USA) was used for recording the N, adsorption—desorption
isotherms of the MSNs and the M-MSNs. The samples were degassed at 120 °Cin vacuum
overnight. A BET model was used for calculating the specific surface areas from the
adsorption data in the low-pressure range. On the other hand, the BJH method was used

to determine the size and volume of the pores present in the particles.

Thermogravimetry

A TGA/SDTA 85l1e thermobalance from Mettler Toledo (Mettler Toledo Inc.,,
Schwarzenbach, Switzerland) was used to obtain thermograms for different solid samples
and evaluate the organic content in loaded and functionalized nanoparticles. So, the % of
drug loaded in the MSNs and the M-MSNs could be obtained. Briefly, samples were
heated in a dynamic step at 10 °C/min, from 25 °C to 100 °C. Then temperature was
maintained at 100 °C for 60 mins and temperature was increased again until 1000 °C at
10 °C/min. Samples were kept at 1000 °C for 30 minutes. Total organic content was

evaluated in the range between 100 and 800 °C.
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2.5. Invitro drug release

Release studies were carried out at 37 °C for both types of nanoparticles, MSNs and M-
MSNs, loaded with trypan blue and ponatinib. First, a suspension of each type of particles,
with a particle concentration of 10 pg/uL was prepared in PBS and it was divided into two
eppendorfs. Then, PBS or lysosomal extract were added until reach a final concentration
of particles of 1 pug/uL. Samples were taken at different times (2’, 30°, 1h, 2.5h, 4h and
5.5h). They were diluted with cold methanol, centrifuged (5 mins; 10000 rpm - Eppendorf
Centrifuge 5424, Rotor FA-45-24-11) and kept in the freezer at -20 °C until their analysis.

2.6.  Cytotoxicity assay in vitro

The cytotoxicity of the MSNs and the M-MSNs functionalized with borneol and folic acid
and loaded with ponatinib and functionalized with borneol and folic acid was evaluated
in two different cell types (U87-MG, glioblastoma cells and MDCK-MDR1, BBB cells) using
an MTT kit.

MDCK-MDR1 cells were maintained as explained in section 1.2. Cell culture of “Materials
and methods” and U87-MG cells were kept using the same protocol as MDCK-MDR1, but
with a cell culture medium with a higher concentration of pyruvate. The protocol for

carrying out the cytotoxicity assay is explained below:

1. 100 pL of cells were seeded in each well of a 96-well plate (2.5 x 10* cells/well).

2. After 24 hours at 37 °C, the medium was removed and replaced with 100 uL of a
ponatinib solution or a particle suspension with ponatinib concentration ranging
from 0.002 to 200 uM.

3. After 72 hours, the solutions/suspensions were aspirated and replaced with 100
uL of fresh culture medium. Then, 10 uL of the MTT labelling reagent were added
to the wells and cells were kept in the incubator for 4 hours.

4. 100 uL of solubilization solution was added to the plates and incubated
overnight.

5. Finally, the absorbance of the plate was measured at 570 and 630 nm using a

microplate reader (Microplate Reader MB-850, Heales®).
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2.7. BBB permeability

The penetrability of the formulations (MSN and M-MSN) was evaluated in MDCK-MDR1
monolayers. Cells were seeded in 6-transwell plates with a pore size of 0.4 micron, an
effective area of 4.2 cm? and a pore density of (100 + 10) x 10° pores/cm? and they were
maintained, changing the culture medium every 2 days, during 8 days until confluence.
Once, the cells were confluent (TEER = 120-140 kQ/cm?), the permeability study was

carried out using an orbital shaker at 37 °C and 100 rpm.

Standard experiments from apical to basolateral were developed using an initial
concentration of trypan blue of 10 and 30 uM and an initial concentration of ponatinib of
10 and 20 puM. In the experiments with the M-MSNs, circular neodymium magnets were
placed under each well. Samples were taken from basolateral at 15, 30, 60, 90, 120, 180
and 240 minutes and the mass balance was checked by means of taking two samples from
apical at time 0 and 240 minutes, a sample of the particles adhered to the cells and a
sample after disrupting the cells with methanol. Samples were kept at -20 °C until their

analysis.

2.8. Biodistribution in vivo

The biodistribution of the particles was evaluated in rats. The in vivo experiments were

approved by the ethical committee of Miguel Hernandez University (2021/VSC/PEA/0133

type 2).

After intraperitoneal anaesthesia, healthy wistar rats (=~ 300 g) were administered
intravenously or intranasally with a solution of ponatinib or a suspension of MSNs or M-
MSNs loaded with ponatinib with a concentration of drug of 3 mg/kg. The rats were
previously cannulated at the jugular vein to allow intravenous administration and blood
sampling. In addition, the skull of the rats which received the M-MSNs was shaved and a
neodymium magnet was attached in between the ears and the eyes. In the intravenous
pathway, 5 mL/kg of solvent (DMSO:Tween 80:PBS; 2:1:7) were used to administer the
drug as done in [169]; and in the intranasal administration, 20 pL/nostril of the same
solvent mixture were used [170]. At different times, blood samples were taken by the

cannula. In addition, when the animals were euthanized, its blood was removed with
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physiological serum and their brains and other organs were extracted to evaluate the
amount of drug present on them. Proteins were precipitated using cold methanol and in
the half of the samples, particles were forced to be opened with sodium hydroxide with
DMSO (1 %, v/v) and the other half did not receive sodium hydroxide with DMSO (1 %,

v/v). All the samples were kept at -20 °C until their analysis.

2.9. Analysis of the samples

Trypan blue was analysed by HPLC using a Waters 2695 separation module, a Waters 2487
UV detector and a XBridge C18 column (3.5 uM, 4.6 x 100 mm) (Barcelona, Spain). The

method used was previously validated its characteristics are summarized in table 10.

Table 10. HPLC method for detecting Trypan Blue.

Molecule A Mobile Retention Flow rate T(0) Injection )
(nm) phase time (min)  (mL/min) volume (L)
20% H20
Trypan 309 ) 0.750 1 30 90 0.998

blue 80% ACN

Ponatinib samples were sent to Valencia University to be analysed using a QTRAP 6500+

LC-MS/MS System.
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RESULTS AND DISCUSSION

1. Invitro BBB model: objectives 1,2 and 3

As already mentioned in the introduction of this thesis, about 85% of CNS trials fail, an
extremely high percentage which is just below the % for the oncology trials [21]. One of
the main reasons for these failures is the inability of the drugs to cross the BBB [22]. So,
to avoid the economic losses and the ethical problems derived from the animal and
human studies, the use of robust in vitro BBB models to evaluate the passage of drugs

through the BBB is a good alternative before starting the in vivo tests.

The model suggested in 2013 by Mangas Sanjuan et al. was the starting point of this thesis.
In that model, the researchers used two different monolayers (MDCK and MDCK-MDR1)
to simulate the BBB and did 4 different types of experiments (Standard A to B, standard B
to A, albumin A to B and brain homogenate B to A). So, they could evaluate not only the
drug permeability, but also the access and distribution of drugs in the brain with the
following parameters: Kpuy,brain, fu,plasma, fu,brain aNd Vy prain [69]. The development of the four
experiments and how these parameters are obtained have already been explained in the
sections 1.3. Permeability studies and 1.6. Parameters calculation: Papp, Kpuubrain, fupiasma,

fubrain and Vi prain of “Materials and methods”.

Substituting the MDCK and MDCK-MDR1 cell lines by another more physiological type of
cells (hCMEC/D3) was the first approach tested to optimize the in vitro methodology for

determining the permeability of drugs through the BBB.

MDCK and MDCK-MDR1 epithelial cells constitute simple BBB models, which are
considered appropriate because of their strong tight junctions (TEER = 120-150 kQ/cm?)
[151,171]. Nonetheless, the MDCK cell type does not express any BBB transporter in
significant levels and the MDCK-MDR1 only incorporates the Pgp. On the other hand, the
hCMEC/D3 endothelial cell type forms less tightened monolayers (TEER = 30-40 kQ/cm?)
[151], but it expresses more BBB transporters, which makes it ideal for the study of
complex drugs or formulations directed towards the CNS and it could overcome the main
disadvantages of using the MDCK and MDCK-MDR1 cell lines (differences in transporters,
growth, metabolism and morphology with the endothelial cells of human BBB) [172,173].
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Figure 9 shows the permeability rates obtained for seven different drugs when the
methodology suggested in 2013 by Mangas Sanjuan et al. is tested in the hCMEC/D3 cell
line. It can be seen that for those drugs with a high affinity for plasma proteins or brain
tissue, whose fpiasma Or fubrain are lower than 0.5, there is a considerable reduction in
permeability when the albumin or the brain homogenate are added to the plasma or the
brain compartment of the transwell system. The values of the in vitro and in vivo neuroPK

for each drug, such as the f, piasma Or the fybrain, can be checked in table 11.

hCMEC/D3 permeability

100

| m“ﬁdu

Amitriptyline Atenolol Carbamazepine Fleroxacin Genistein Pefloxacin Zolpidem

P, (10%cm/s)

[ ] Pappa—8 [] Pappae [B] PapB — A ] Pape HOM

Figure 9. Permeability values + SD obtained under different experimental conditions with the

hCMEC/DS3 cell line.

Table 11. Comparison of the in vitro and the in vivo [155,156] neuroPK parameters.

Kpuu,brain fu,plasma fu,brain Vu,brain (mL/g brain)
Drug
Invitro Invivo Invitro Invivo Invitro Invivo Invitro In vivo
Amitriptyline 1.876 0.730 0.024 0.090 0.252 0.002 2.577 310.00
Atenolol 0.707 0.030 0.964 1.000 0.379 0.261 1.784 2.500

Carbamazepine 1.351 0.771 0.123 0.385 0.386 0.170 1.755 3.729

Fleroxacin 1.164 0.250 0.814 0.793 0.743 0.555 1.007 1.281
Genistein 0.330 0.181 0.150 0.010 0.177 0.053 3.584 11.499
Pefloxacin 0.753 0.199 0.171 0.860 0.642 0.514 1.134 1.367
Zolpidem 1.314 0.447 0.253 0.267 0.408 0.265 1.671 2.464

96



Results and discussion

After representing together the in vitro and the in vivo values from table 11, linear IVIVCs
can be obtained for each parameter (figure 10). IVIVCs are useful tools which allow

researchers to predict the in vivo behaviour of a substance without testing it in animals or

humans.
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Figure 10. IVIVCs for the different neuroPK parameters (A) Kpuubrain, B) fuplasma, C) fubrain and D)

Vu,brain) With their 95% confidence interval.

From figure 10, it can be extracted that the in vitro parameters that are better correlated
with their in vivo equivalents are the fyprin and the Vuprain as their coefficients of
determination (r?) are the ones closer to the highest value, one (figure 10C and 10D). This
fact highlights the usefulness of the brain homogenate for evaluating the distribution of
drugs in the brain. On the other hand, when talking about the Kpuybrain and the fy piasma,
are not as good as the ones for the previous parameters, but a clear tendency among the

values can be observed (figure 10A and 10B).
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From these results, it can be concluded that the methodology proposed in 2013 by
Mangas Sanjuan et al. can be successfully used in another cell line, but, for evaluating
which cell line gives the best IVIVCs, the current r? and those obtained by Mangas Sanjuan
et al. are compared in table 12. According to this table, there is not a cell type which could
be considered the best one to evaluate the access and distribution of drugs in the brain,

as, depending on the parameter, the higher r? varies from one cell type to another.

Table 12. Coefficients of determination (r?) for the IVIVCs obtained for each neuroPK parameter in

hCMEC/D3, MDCK [69] and MDCK-MDR1 [69] cell lines.

IVIVC MDCK MDCK-MDR1 hCMEC/D3
Kpuu,brain 0.063 0.401 0.683
fu,plasma 0.846 0.452 0.556
fu,brain 0.616 0.624 0.940
Vuy,brain 0.985 0.839 0.961

It is important to remark, that the r? = 0.961 for the Vi rain parameter in hCMEC/D3 cells
was obtained after discarding the point of amitryptiline, whose in vivo value was 310 mL/g
brain, but this point was not removed for obtaining the IVIVC for the fyprin parameter.
The discordance between the f,prin and the Vyprain IVIVCs, which was also observed by
Mangas Sanjuan et al. as the r?> from one parameter to the other varies at least 25%,
reflects that utility of the system to evaluate the drug distribution in the brain is limited
by the fraction of drug that joins the brain tissue. In fact, the f,rin Should not be lower

than 0.05 (percentage bound > 95%) to properly use this methodology.

The lack of in vivo data from human beings makes necessary the development of the
previous IVIVCs with data from rats [155,156] and the mixture of data coming from
animals with the in vitro data from a cell line of human origin (hCMEC/D3) may be
considered a limitation of the study and the main reason for the most complex cell line
not showing the best IVIVCs. Nevertheless, the prediction of the permeability values of
several drugs with endothelial cells from different species (porcine, bovine, rodent and
human) was previously evaluated in 2011 by Avdeef and it was seen that there were not
significant differences between species [174]. So, the methodology can be considered
appropriate for the early stages of drug development with the three cell lines. Although,
if the drug tested is a substrate of several BBB transporters hCMEC/D3 monolayers would

be the recommended ones.
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The second approach tested in this thesis to optimize the in vitro methodology for
determining the permeability of drugs through the BBB, relied in the development of a
new formulation to act as a surrogate of the brain homogenate used by Mangas Sanjuan
et al. to evaluate the distribution of drugs in the brain and, thus, obtain an “animal-free”
in vitro test that would improve the accomplishment of the 3Rs principles (reduction,
refinement and replacement). Figure 11 shows a scheme of the idea that guided this

approach.

Animal
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- Alternative emulsion
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] '% o
L 3
i %
Refine Reduce Replace g8
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Figure 11. Scheme that shows how the fulfilment of the 3Rs principles can be obtained with the

replacement of the brain homogenate by an alternative formulation [153].

A new preparation made of unfertilized chicken eggs was prepared with the same
proportion of lipids and proteins than a human brain (12% lipids, from the yolk, and 8%
proteins, 5.1% from the yolk and 2.9% from the whites) [175—-177]. This formulation was
placed in the brain compartment of the transwell system and experiments from the
basolateral side to the apical side were carried out with MDCK and MDCK-MDR1 cell lines.
Figures 12 and 13 show the IVIVCs obtained for the parameters fuprain and Vyprain With
several drugs when using the MDCK or the MDCK-MDR1 cell line, respectively. The
observation of the upper and the middle panels of the figure gives an idea of how the r?
of the IVIVCs changes when the brain homogenate is replaced with the new emulsion. In
addition, the lower panels show the relationship between the in vitro values obtained

with brain homogenate and the in vitro values obtained with the new emulsion.
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Figure 12. IVIVCs for the parameters fu,brain and Vu,brain Obtained in the MDCK cell line. A) IVIVC for
the fubrain parameter using brain homogenate, B) IVIVC for the fubrain parameter using the
alternative formulation, C) IVIVC for the Vurain parameter using brain homogenate, D) IVIVC for
the Vu,brain parameter using the alternative formulation, E) Relationship between the fu brain in vitro

values and F) Relationship between the V. brain in vitro values.
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Figure 13. IVIVCs for the parameters fubrain and Vubrain Obtained in the MDCK-MDR1 cell line. A)
IVIVC for the fubrain parameter using brain homogenate, B) IVIVC for the fubrain parameter using the
alternative formulation, C) IVIVC for the Vurain parameter using brain homogenate, D) IVIVC for
the Vubrain parameter using the alternative formulation, E) Relationship between the fu,brain in vitro

values and F) Relationship between the Vu,brain in vitro values.
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Talking about the fuurin parameter, it can be seen that there is not a big difference
between the r? for the IVIVCs obtained with brain homogenate (figures 12A and 13A) and
the IVIVCs obtained with the new emulsion (figures 12B and 13B). In fact, those values are
quite similar to the ones that Mangas Sanjuan et al. obtained in 2013 for that parameter
(table 12). Additionally, when the fyprin Values obtained with both in vitro methodologies
are represented in the same plot (figures 12E and 13E), it can be observed that with the
MDCK-MDR1 the values are more similar (r?> = 0.886) which could be attributed to the
presence of Pgp in these cells, as the fraction of drug that binds the transporter does not

contribute to the fy prain.

In terms of the V., brain parameter, similar conclusions can be extracted, as when the IVIVCs
for the brain homogenate (figures 12C and 13C) are compared with the IVIVCs for the new
emulsion (figures 12D and 13D), there is not a great difference in their r2 In this case,
when both in vitro methods are represented together the r? are greater than 0.950 for
both cell lines (figures 12F and 13F) which may be considered reasonable as the volume
of distribution represents what happens to the drug once it is in the brain, with
independence of the BBB equilibrium and, thus, with independence of the BBB

transporters.

None of the r? for any IVIVC is greater than 0.650, this reflects that, also a clear trend can
be observed among the points, the IVIVCs are not really good. The main reason for this is
the lack of order in both the brain homogenate, whose proteins can be denaturalized and
the lipidic structures damaged, and the new emulsion in comparison with an alive in vivo
brain. Because of that, future investigations may move towards the development of a new
organized “animal-free” slice with proteins and lipids placed in a fixed structure so it may
predict fuprain and Vuprain in @ better way. Although, previous to that development, the
system should be tested using brain slices from animal, instead of brain homogenate, to

check how it works.

If a simplification of the system want to be done, the use of the new emulsion could be
tested in a non-cell based in vitro model, such as the PAMPA-BBB model, which has
proved to correctly classify substances in CNS+, CNS- and CNS+/- according to their logBB

[63-66], but it may be useful to evaluate the distribution of drugs in the brain too.
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As it is, this in vitro model will not be used in place of the brain microdialysis technique to
evaluate brain distribution, since it cannot reproduce all the physiological properties of
an alive CNS. Despite that, it is a useful and rapid screening tool which can be used, on its
own or with information from in silico [178-180] and PBPK [82,83,181] models, in the
early stages of development of new drugs to decide which molecules should be evaluated

in vivo.

The new formulation developed in this thesis project has advantages in the fields of ethics,
economy and industry, i.e.: it speeds up the ethical procedures, as the use of an egg
emulsion does not need the approval of a committee, while for obtaining pig brain
homogenate an ethical evaluation is necessary and it reduces costs for industry as the
maintenance of a cell culture room is cheaper than the maintenance of a stable with

animals and staff to take care of them.

With the previous studies, the two first objectives of this thesis were covered, but as being
able to predict a complete brain profile for a drug would be more interesting than being
able to just obtain its neuroPK parameters, once both approaches were tested, the
apparent standard A to B and B to A permeability values and the f,prin (Obtained with
brain homogenate) from MDCK, MDCK-MDR1 and hCMEC/D3 cells were used to construct

a semi-physiological model to predict concentration levels of drugs in the brain.

Table 13 shows the Papp a8, Pappssa and fuprain Values used to construct the model for the
three cell lines mentioned before. These values can be transformed into the three main
neuroPK parameters that can be used to describe the rate and the extent of drug delivery
to the brain: the influx clearance (Clin = Papp a>8), the unbound plasma-brain partition
coefficient (Kpuubrain, €quation 2) and the apparent volume of distribution in the brain
(Vu,brain, €quation 5). The Papp a8, Papp 854 and fuprain Values differ from one cell type to
another, which can be explained by the differences in terms of morphology, transporters

and tight junctions among the different cell monolayers [172,182,183].
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Table 13. /n vitro values obtained in the MDCK, MDCK-MDR1 and hCMEC/D3 cell lines used in the

development of a new PBPK model.

MDCK MDCK-MDR1 hCMEC/D3

Drug
AB BA fu,brain AB BA fu,brain AB BA fu,brain

Amitriptyline 74.77 178.48 0.037 17.95 16.91 0.104 124.24 66.21 0.252

Caffeine 26.10 3531 0.857 33,57 3059 0.613 63.93 194.70  0.095

Carbamazepine  114.64 7866 0.673 14296 75.64 0.238 70.14 51.93 0.386

Fleroxacin 88.48 63.44 0471 67.40 4257 0.813 29.96 25.73 0.743
Pefloxacin 41.21 3749 0910 30.82 3539 0.931 24.95 33.14 0.642
Zolpidem 21.32 36.48 0971 8.92 33.43 0.881 106.16 80.76 0.408

AB = Pappass (-10®cm/s), BA = Papps>a(-10°cm/s)

Scaling factors can be used to correct the differences between an in vitro and an in vivo
system. This strategy was previously followed by Ball et al. when developing a PBPK model
of the CNS using permeability values coming from in vitro tests with Caco-2 cells [82]. In
the PBPK model developed in this thesis, which uses in vitro data to predict brain profiles
in rats, three different scaling factors were defined (SC1, SC2 and SC3), they are

summarized in table 14.

Table 14. Summary of the scaling factors used in this PBPK model for each drug and cell line.

MDCK MDCK-MDR1 hCMEC/D3

Drug
SC1 sc2 Sc3 SC1 SC2 SC3 SC1 SC2 SC3

Amitriptyline 220.59 224.82 0.05 920.39 2377.06 0.02 132.89 606.69 0.01

Caffeine 3.85 1.00 0.22 285 1.00 031 4.09 1.00 2.15

Carbamazepine 25.71 81.01 1.16 95.00 391.22 0.71 193.66 569.98 0.44

Fleroxacin 3.18 1296 1.07 1.59 6.43 0.68 3.58 10.65 0.74
Pefloxacin 4.88 13.32 055 6.15 13.19 056 7.59 14.09 0.81
Zolpidem 16.53 26.79 0.27 20.59 1451 030 10.26 38.70 0.65

The first and second scaling factors (SC1 and SC2) were used, as Ball et al. already did, to
estimate the rat influx and efflux clearances from the apparent permeability values from
MDCK, MDCK-MDR1 and hCMEC/D3 cells. In an in vivo system, such as the rat BBB, the
access of drugs to the CNS is limited by the neuro-glial-vascular unit (NGVU), a

combination of endothelial cells, neurons, pericytes, astrocytes and smooth muscle cells
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[184]. Whereas in cells monolayers, the permeability of a drug, depends on the
transporters and tight junctions of just the endothelial cells. The most abundant proteins
responsible of tight junctions present in primary rat brain endothelial cells are occludin,
the endothelial cell-specific adhesion molecule and claudin-5, in MDCK and MDCK-MDR1
cells the most abundant proteins are claudin-1 and claudin-2 and, in hCMEC/D3, claudin-

11 [172].

The third scaling factor (SC3) affects the fuprain parameter and its use is justified by the
homogenization process that destroys the structures of a healthy brain and by the
possible differences in composition between a pig brain (animal used to obtain the brain

homogenate) and a rat brain (animal for which brain levels want to be predicted).

In figure 14, it can be observed how the use of the scaling factors correct the differences
among cell lines, as, once fitted, all the plasma (figure 14.1) and brain (figure 14.2) profiles
are overlapping. Nonetheless, for fitting the curves and obtain the scaling factors, both in
vitro and in vivo data are necessary and, as the idea was to use this model to predict the
in vivo profiles, several QSPRs were developed to allow the prediction of the scaling
factors of any drug from its lipophilicity (logP), a descriptor that is frequently used to
calculate in silico the BBB permeability and the unbound fractions of drug in plasma or

brain [185—187]. The QSPRs for each scaling factor and cell line are shown in figure 15.
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Figure 15. QSPRs between the logP and the natural logarithm of each scaling factor

The QSPRs for SC1 and SC2 have a sigmoidal form while the QSPRs for SC3 are parabolic,
these types of trends have been previously observed when relating intestinal and gastric
permeability values with lipophilicity [188-190]. Sigmoidal plots obtained with the
intestinal barrier were explained by its lipophilic nature, which allows lipidic drugs to cross
up, but to a limit, due to the unstirred water layer diffusion. In the gastric barrier,
parabolic relationships are obtained because of the presence of alternate lipophilic and
hydrophilic layers, which would correspond with the balance of hydrophilic and lipophilic

components of the brain homogenate.
To evaluate the predictability of the model, an internal validation was carried out, and the

scaling factors obtained for each drug with the QSPRs were used to obtain the simulated

brain profiles. Figure 16 shows these profiles with their 95% confidence intervals.
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The %PEs for both fitted and simulated profiles were calculated for the maximum
concentration in the brain and the brain AUC for each drug and cell line and the difference

between them was evaluated (table 15).

Table 15. Mean %PE for the fitted and simulated brain profiles.

MDCK MDCK'MDR]. fu,brain
Profile
%PE Crmax %PE AUC %PE Crmax %PE AUC %PE Crmax %PE AUC
Fitted 14.34 5.28 15.05 5.45 13.56 5.16
Simulated 19.23 22.34 35.71 48.21 49.77 46.69

%PE = prediction error percentage, Cmax = maximum concentration, AUC = area under the curve

In table 15, it can be seen that the simulated profiles adjust worse to the experimental
points than the fitted profiles. Nonetheless, all the %PEs are below 50% which can be
considered appropriate due to the complexity of this model which mixes in silico, in vitro
and in vivo data. The best predictions are obtained for the MDCK cell line (%PEs < 25%),
whose simulated profiles are all close to the experimental points, and the %PEs increase
with the complexity of the cell line (MDCK-MDR1 < hCMEC/D3). It is thought that this
occurs because the equations of the model only include the passive movement of drugs
from one compartment to another, but the drugs used to construct the QSPRs and check
the predictability of it use both passive and active routes to reach the CNS (table 6) [150].
So, in the MDCK cell line, which has no transporters, all the scaling factors have only a
passive component on them, while in the other cell lines, the scaling factor will include
only a passive or both, passive and active, components, depending on the route of access
of each drug to the brain. In addition, in the hCMEC/D3 cell line, as it has different
transporters, the active component of the scaling factors will be more variable than in the
MDCK-MDR1 cell line where there is only an efflux transporter (Pgp). Therefore, this
model will be appropriate for predicting brain profiles for any kind of drug (with passive
or active access to the CNS) when using the MDCK cell line and it could be further

improved to be used with the others type of cell in two different ways:

a) Including the active component in the differential equations of the model, for
which different concentrations of each drug should be tested in vitro.
b) Studying more drugs and developing different QSPRs dividing them in groups

depending on the transporter they are substrate of.
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2. New strategies to cross the BBB: objective 4

Developing new formulation strategies, such as nanostructures, to increase the access of
drugs to the CNS was the last objective of this thesis. So, two different types of
nanoparticles were prepared: MSNs and M-MSNs. Figure 17 shows TEM images of both
types of particles. It can be observed that MSNs (figure 17A) have a grape form and a
particle size which corresponds with the one obtained in the article from which the
synthesis method was extracted [167]. In figure 17B, a core-shell structure can be
observed in which the magnetic core is surrounded by mesoporous material which

creates wormhole-like channels as reported in literature [168].

Figure 17. TEM images of A) MSNs and B) M-MSNs.

The hydrodynamic diameter, the surface charge and the polydispersity of the particles
were analysed in a Zetasizer (Figure 18). Both types of particles have a negative charge on
their surface once they are prepared and calcined, but once they are functionalized with
borneol and folic acid, the charge becomes positive with independence of the loading. In
terms of side, the MSNs are smaller than the M-MSNs, but they have a greater
polydispersion index, so the batch is less homogeneous. In any case, the real particle size,

measured by TEM, is below 100 nm, which allows the particles to cross the BBB [191].
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Figure 18. Dynamic light scattering (DLS) results of MSNs and M-MSNs. Calc = calcined, BO_FA =
calcined and functionalized with borneol and folic, TB_BO_FA = calcined, loaded with trypan blue
and functionalized with borneol and folic and P_BO_FA = calcined, loaded with ponatinib and

functionalized with borneol and folic

Figure 19 shows the X-ray diffractograms (XRDs) for the USPIONS, the MSNs and the M-
MSNs (as-made, calcined, calcined and functionalized with borneol and folic acid and
loaded with trypan blue and functionalized with borneol and folic acid). The magnetic
seeds have 6 different peaks whose position and intensity agree with the Bragg reflections
of magnetite [168]. On the other hand, the MSNs and the M-MSNs show just one clear
peak, which is due to the non-ordered structure of the MSNs and the radial growth of the

shell in the M-MSNs [168].
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Figure 19. XRDs for A) USPIONs, B) MSNs and C) M-MSNs. Calc = calcined, BO_FA = calcined and
functionalized with borneol and folic and TB_BO_FA = calcined, loaded with trypan blue and

functionalized with borneol and folic.

The porosimetry analysis showed that, after being prepared and calcined, both types of
particles (MSNs and M-MSNs) have similar surface area, pore volume, and pore size (table
16). In addition, as seen in figure 20, the adsorption and desorption isotherms are also
very similar and are type IV, which corresponds to mesoporous material [192].
Furthermore, when doing the porosimetry of the nanoparticles with the borneol and folic
acid gate, it can be seen that it covers the pores since the adsorption and desorption

isotherms decrease and the peak of the pores disappears in the volume-size distribution

(figure 20).
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Table 16. Mean %PE for the fitted and simulated brain profiles.

BET surf BIH A i BIHA i
Nanoparticle suriace area JH Adsorption pore  BJH Adsorption pore

(m?/g) volume (cm3/g) size (nm)
Calcined MSNs 989.317 0.858 2.919
Calcined M-MSNs 896.343 0.802 2.871
A) MSNs isotherms B) M-MSNs isotherms
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Figure 20. Porosimetry characterization for MSNs and M-MSNs. Calc = calcined, BO_FA = calcined

and functionalized with borneol and folic, Ads = adsorption and Des = desorption.

Finally, the last characterization was done by thermogravimetry and gave as a result the
organic content of the particles, that is the content of drug loaded in each type of

nanoparticle. This result is summarized in table 17.
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Table 17. Content of trypan blue and ponatinib in each type of nanoparticle, once calcined and

functionalized with borneol and folic acid.

Trypan Blue (%) Ponatinib (%)
Final MSNs 11.43 19.04
Final M-MSNs 13.86 14.84

Once the particles were prepared and characterized, the ability of the gate to keep the
drug inside them and release it when they are in contact with the correct stimulus was
evaluated with an in vitro release test. Figure 21 shows the release profiles for both the
MSNs and the M-MSNs loaded with trypan blue (figure 21A) or with ponatinib (figure
21B). It can be seen that, when the particles are resuspended in PBS, there is not any
released drug, but when they are in touch with an excess of lysozymes, from lysosomal
extract, the content of the particles is rapidly released. Profiles were described with a

Weibull kinetics model.

A) Trypan blue B) Ponatinib
ik o & & Y
90 - N _ 901 £%
i ik
2 6071 | A -2 607
30+ 30+
I:]- L] T T T [:]- T T T T
0 2 o 6 0 2 o 6
t (h) t (h)
MSNs_PBS MSNs_LE === M-MSNs_PBS =+ M-MSNs_LE

Figure 21. Release profiles for the different nanoparticles with and without stimulus to open the

borneol and folic acid gate. LE = lysosomal extract.

In terms of cytotoxicity, two types of study were carried out. First, as it can be seen in
figures 22A and 22B, the lack of toxicity of the empty nanoparticles functionalized with
borneol and folic acid was evaluated in an in vitro BBB model (MDCK-MDR1) and in an in
vitro glioblastoma model (U87-MG). In figures 22A and 22B, it can be observed that at the
highest concentrations tested, 20 and 200 uM, the free Ponatinib is able to kill both types

of cells, as it was previously observed by Zhang et al. in 2014 [193]. Nonetheless, neither
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the empty nanoparticles nor the loaded ones, reduce the viability of the cells at any
concentration after 72 hours. This fact confirms that both, the case and the gate of the
particles, are not toxic. Besides that, the lack of toxicity of the particles loaded with
ponatinib may be explained by the presence of low levels of lysosomes in the in vitro
culture. So, an extra assay was carried out in the U87-MG cell line after resuspending the
particles in lysosomal extract (figure 22C). In this second case, MSNs and M-MSNs with
lysozymes are able to kill the glioblastoma cells at the highest concentration tested and,
although, the levels of toxicity are not as high as the ones obtained with the free drug,

this can be explained by the difficulties of the drug in getting out of the nanoparticle.

Citotoxicity
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Figure 22. Cytotoxicity results obtained with an MTT assay in A) an in vitro BBB model and B) an in
vitro glioblastoma model after administering different concentrations of free drug, empty

nanoparticles and loaded nanoparticles. C) Cytotoxicity results when adding lysosomal extract with

the loaded nanoparticles. Pona = ponatinib, LE = lysosomal extract.
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When evaluating the in vitro BBB permeability of the nanoparticles, it was observed that
just in the case of the ones loaded with ponatinib there is a slight increment of the influx
clearance (figure 23). Theoretically, both molecules, trypan blue and ponatinib have low
access to the CNS. In fact, trypan blue was used in the 20™ century when the BBB was
discovered as it was observed that after an intravenous injection of this dye, the brain and
the spinal cord were not stained [194]. Nonetheless, the toxicity of trypan blue in cell
cultures has also been described [195—-197], so it is considered that the high permeability
rates obtained with both the free trypan blue and the trypan blue loaded in the
nanoparticles are due to that toxicity which may alter the tight junctions in the
monolayers. Ponatinib is substrate of efflux transporters and it has a low fy piasma [169]. In
this in vitro test, the particles increase the permeability rate of this drug, because they
prevent the drug from binding to the efflux transporters and they open the tight junctions

due to the presence of borneol [95].

BBB permeablity
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—_

2e-054

P (cm/s
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[ ] Free [ msns ] m-vsns

Figure 23. In vitro BBB permeability of ponatinib and trypan blue tested in MDCK-MDR1

monolayers as free drug or in MSNs and M-MSNs.

The MSNs and the M-MSNs loaded with ponatinib were selected to evaluate the in vivo
biodistribution in rats. These studies revealed that the particles were not able to cross the
BBB after being administered intravenously. Nonetheless, when the administration was
done via intranasal a clear increase in the accumulation of drug in the brain was observed
with both, the MSNs and the M-MSNs, in comparison to the free ponatinib (figure 24) and

no drug was detected in the rest of the organs.
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Intranasal administration
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Figure 24. Brain profiles obtained after the intranasal administration of a free ponatinib solution

or MSNs and M-MSNs loaded with ponatinib suspensions (Dose = 3 mg/kg).

In figure 24, it can be observed how the use of the nanoparticles increases both the
penetration and the retention of ponatinib in the brain of the rats after a single intranasal
administration. Probably, it is because the particles are better adhered to the nasal
mucosa than the free drug, which may be expelled out of the nostrils or moved down to
the respiratory system. Specifically, it can be observed that, after 48 hours, the
concentration of ponatinib after the administration of MSNs is 8.9 times the
concentration of free ponatinib and after the administration of M-MSNs it is 4.1 times the
concentration of free ponatinib. One could expect a greater accumulation when the M-
MSNs are used, due to the additional force of the magnet, but it is also true that this type
of particle was bigger than the MSNs (figure 17 and 18). In fact, in 2020, a study carried
out with a “nose-brain” in vitro cell model, showed that the cut-off point for silver
nanoparticles to have good access to the brain through the nasal epithelium was 60 nm
[198] and, according to the TEM images, the MSNs prepared in this thesis were below 60
nm, but the M-MSNs were above this limit. In addition, the presence of the USPIONSs in
the core of the M-MSNs can promote its aggregation, increasing even more the final size
of the particles present in the administered suspension and hindering the passage to the

CNS.

118



CONCLUSIONES




120



Conclusiones

CONCLUSIONES

De este proyecto de tesis (“Métodos in vitro de evaluacion biofarmacéutica en la barrera
hematoencefalica”) se pueden extraer varias conclusiones que responden a los objetivos

inicialmente planteados:

1. La metodologia in vitro para determinar la permeabilidad de la BHE se ha optimizado

de dos formas diferentes:

a. Se ha confirmado que el sistema de 4 experimentos propuesto por Mangas-
Sanjuan et al. también se puede usar con una linea celular mds compleja
(hCMEC/D3), que expresa mas transportadores de la BHE, y constituye una

herramienta de deteccion de alto rendimiento en el desarrollo farmacéutico.

b. Se ha desarrollado un nuevo medio artificial, a base de huevos de gallina sin
fertilizar, que puede predecir la distribucidn de farmacos en el SNC de la misma
forma que el homogeneizado de cerebro, contribuyendo al refinamiento, la

reduccidn y el remplazo de los animales en investigacion.

2. Todos los resultados obtenidos mediante las metodologias in vitro optimizadas se han
validado mediante el desarrollo de varias correlaciones in vitro/in vivo (IVIVC) con

datos in vivo procedentes de ratas.

3. Se ha desarrollado un nuevo modelo semifisiolégico, que es capaz de predecir la
concentracion de varios farmacos en el cerebro de ratas, utilizando datos in silico e in
vitro, provenientes de experimentos con células MDCK, MDCK-MDR1 y hCMEC/D3,

como informacion inicial.

4. Se han desarrollado, caracterizado y evaluado adecuadamente in vitro e in vivo dos
nuevas nanoestructuras mesoporosas, una magnética y otra no magnética, que

aumentan el acceso de ponatinib al SNC por via intranasal.
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CONCLUSIONS

From this thesis project (“In vitro methods of biopharmaceutical evaluation in the blood-

brain barrier”) several conclusions can be extracted which answer the initial objectives:

1. The in vitro methodology for determining the permeability of the BBB has been

optimized in two different ways:

a. It has been confirmed that the 4 experiments system proposed by Mangas-
Sanjuan et al. can also be used with a more complex cell line (hCMEC/D3), which
expresses more BBB transporters, and it can be used as a high-throughput

screening tool in drug development.

b. A new artificial preparation, based on unfertilized chicken eggs, has been
developed and it has been able to predict the distribution of drugs in the CNS in
the same way that brain homogenate, contributing to the refinement, reduction

and replacement of animals in research.

2. All results obtained using the optimized in vitro methodologies have been validated
by means of the development of several in vitro/in vivo correlations (IVIVCs) with in

vivo data coming from rats.

3. A novel semi-physiological model has been developed, which is able to predict the
concentration of several drugs in the brain of rats, using in silico and in vitro data,
coming from experiments with MDCK, MDCK-MDR1 and hCMEC/D3 cell lines, as initial

information.

4. Two new mesoporous nanostructures, a magnetic and a non-magnetic one, which

increase the access of ponatinib to the CNS via intranasal have been developed,

characterized and adequately evaluated in vitro and in vivo.
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1. The blood-brain barrier (BBB)

Despite its small size, just 2 kg, 3% of the corporal weight, the nervous system is
one of the most complex and crucial systems of human body. It is composed by millions
of neurons and glial cells that are organized in central nervous system (CNS) and
peripheral nervous system (PNS). The CNS processes the sensitive information and it is
responsible of sending the instructions for muscles contractions and glandular secretions.
Additionally, it is behind all the thoughts, emotions and memories. The CNS structure
includes two parts: the brain and the spinal cord.(1,2)

Due to its importance and its several functions, the CNS consumes big amounts
of oxygen and glucose that reach the brain by means of the circulatory system.
Nevertheless, the capillaries present in CNS are distinct to those present in the rest of the
body, their endothelial cells are “sealed cell-to-cell” by both, tight junctions and adherent
junctions, and they are surrounded by a thick layer of glial cells (astrocytes and perycites).
(1,3-6) These characteristics (figure 1) create a physical barrier between the CNS and the
rest of the body, this barrier can be subdivided in three different barriers: the blood-brain
barrier (BBB), which keeps the blood apart from brain tissue, the blood-cerebrospinal fluid
barrier (BCSFB), which separates the blood from the CSF present in brain ventricles, and
the blood-arachnoid barrier, which isolates the blood from the CSF present in the

subarachnoid space (Figure 2). (7,8)
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Figure 1. Scheme of the blood-brain barrier structure. Extracted from He et al. (6)
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Figure 2. Brain barriers: A) The blood-brain barrier (BBB), B) The blood-cerebrospinal fluid barrier
(BCSFB) and C) the blood-arachnoid barrier. Extracted from Abbot et al.(7)
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From the perspective of nutrition and transport of substances the BBB is
considered the main brain barrier, as it covers the biggest part of the brain and it has the
largest surface area for exchanging substances (around 150-200 cm?/g brain). (7)

In addition to the physical barrier built by the tight junctions and the glia cells, the
BBB has also efflux transporters and metabolic enzymes that preserve the brain from
strange substances and microorganisms. Nonetheless, these properties also hinder the
delivery of drugs into the CNS when they are needed and, because of that, new strategies

as nanomedicines need to be developed to overcome this barrier in case of brain disease.

(9)

2. Blood-brain barrier permeability

There are several routes that allow some substances to be transported through
the BBB (figure 3): paracellular diffusion, transcellular diffusion, carrier-mediated
transport, receptor-mediated transport, adsorptive-mediated transport or cell-mediated

transport. (5,10-12)

¢ iul paracellular
r?igcs;;iillijcar Aguee efflux
receptor pathway adsorptive
; pathway pumps ;
mediated mediated '
transcytosis o 0 ) transcytosis  cell mediated
O transcytosis

Figure 3. Transport routes across the blood—brain barrier. Modified from Chen et al. (5)

Paracellular diffusion and transcellular diffusion are routes in which substances
cross passively the BBB depending on their concentration. Concretely, paracellular
diffusion is available for a very few small hydrophilic molecules (i.e. erythropoietin) that
can pass between the tight junctions, although the extent of pass of this pathway is always
very low. On the other hand, transcellular diffusion is only available for small lipophilic
molecules, like steroids, that can be dissolved in the cytoplasm of endothelial cells and fit
the following characteristics: molecular weight less than 500 Da, neutral charge, log P

approximately with a value of 2 and cumulative number of hydrogen bonds less than 10.
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Carrier-mediated transport is a pathway used by essential molecules as glucose
or amino acids to achieve the brain. In this pathway, that requires external energy, like
ATP, molecules bind to a specific transporter that by mean of changing its conformation
allows their access to the endothelial cell. Some of these specific transporters are: the
glucose transporter (GLUT-1) that facilitates the access of glucose to the BBB or the
system L-transporters (LAT1 and LAT2) that mediate the uptake of large, neutral amino
acids.

For its part, larger molecules as insulin, transferrin, lactoferrin or lipoproteins use
the receptor-mediated transport mechanism for reaching the brain. In this case of active
transport, a molecule bind a receptor in the surface of the endothelial cells and so both,
the molecule and the receptor are invaginated into the cytoplasm of the cell. Finally,
endosomes are opened and the receptor returns to the surface of the cell and the free
molecule reach the brain.

In adsorptive-mediated transport, molecules are also introduced in the brain by
mean of creating invaginations from cell surface. However, these molecules do not
interact with any membrane receptor; they have electrostatic interactions directly with
the membrane of the endothelial cells. As cell surfaces have negative charge due to their
proteoglycans, this mechanism can be used by molecules that are positively charged such
as albumin or other peptides.

Finally, an alternative pathway is the cell-mediated transport mechanism, also
known as the “Trojan horse”. Physiologically, this route is used by immune cells to access
to the brain when the BBB is not damage. Nonetheless, it is also used by pathogens that
infect immune cells, as VIH, to reach the CNS.

Beside all these input mechanisms, BBB also have several efflux transporter that
return molecules to the blood. Some of these transporters are: the P-glycoprotein (P-gp),
some Multidrug Resistance Proteins (MRP) or the Breast cancer Resistance Protein

(BCRP). (12)

3. Pathologies of the CNS

An indisputable fact is that people worldwide are living longer. Conforming to the
World Health Organization (WHO): in 35 years, from 2015 to 2050, the percentage of
world's population over 60 years will pass from 12% to 22%, nearly the double and, by
2020, this group of people over 60 years will exceed by far the children younger than 5

years. (13)
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This issue is causing an increment in the incidence and prevalence of several
diseases, including pathologies of the CNS, and the main problem with these illnesses is
that potentially active molecules are not able to arrive at their targets due to the BBB,

making the development of new nanomedicine systems extremely necessary.

a) Glioblastoma
Glioblastoma is the most frequent and most lethal brain tumour. It comprises
more than 50 % of total astrocytomas, it has an incidence of 1 per 33,330 adults per year,
a median survival period of 1.16 and a 5-year survival of 2.7 %. It is formed by a mixture
of altered glial cells (astrocytes and oligodendrocytes) that have acquired an extremely
high capacity to invade the surrounding tissue, although extra-neural metastases are
extremely rare. Normally, it progresses very quickly in just 2-3 months, unless it is

developed within a pre-existing low grade astrocytoma (secondary glioblastoma). (14-17)

b) Alzheimer’s disease

Alzheimer’s disease is the most frequent type of dementia worldwide. It is a
neurodegenerative disease, characterized by a progressive loss of memory which is
caused by the accumulation of amyloid-beta peptides around the brain. (14)

Just in the United States, there are approximately 5.8 millions of people who are
living with dementia in 2019, 5.6 millions of people being over 65 years and 200,000 of
people being younger. In fact, the 10% of people older than 65 years has Alzheimer’s
dementia. The incidence of this disease in USA is around 500,000 cases in 2019, but
because of population aging, it is projected that by 2050, Alzheimer and other dementias

in people aged 65 and older will double. (18)

c) Parkinson’s disease

The next most frequent neurodegenerative disease after Alzheimer’s disease is
Parkinson’s disease which affects the substantia nigra. Parkinson’s patients show a
reduced level of dopamine transporters which triggers in a loss of neural functions due to
the lack of dopamine available in the brain. The most characteristic symptoms of
Parkinson’s disease are bradykinesia and tremors. (14)

This pathology is more frequent in men than women and affects around 7-10
million of people all around the world. Its prevalence clearly increases with age, passing

from 41 people per 100,000 among people who are 40 years old to 1,900 people per
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100,000 when people are 80 or older. The same happens with its incidence, which grows

with age until it becomes stable between people older than 80 years old. (19)

d) Depression
Depression is a common mental disorder that, at global level, affects at 4.4% of
the world’s population. It is characterized by long duration sadness, less interest or
pleasure, feelings of guilt or low self-esteem, sleeping or appetite problems, tiredness,
and low concentration which can interfere with or limit one’s ability to carry out major

life activities. At its most severe form, depression can lead to suicide. (20,21)

4. Strategies to increase the permeability through the BBB

Due to the strong opposition to the passage of substances exerted by the BBB,
several strategies for increasing the amount of drug that arrives at the brain in CNS
pathologies have been tried. Some of them try to use some of the transport pathways
mentioned above or try to inhibit the efflux transporters, others try to momentarily
modify the compact structure of the BBB and others just pass beyond the BBB by
administrating the drug directly into the brain tissue or giving it intranasally. (22)

Strategies that go beyond the BBB include: invasive strategies such as,
intraparenchymal, intraventricular or intrathecal drug delivery strategies and non-
invasive strategies like the intranasal administration. When a drug is directly delivered
into the brain by injection or intracerebral implants high local drug concentrations can be
rapidly achieved, but, besides their invasiveness, these methods have the disadvantages
of having several side effects and being hard to control and repeat. On the other hand,
intranasal administration, which profits the lack of BBB in the neural pathways connecting
the nasal mucosa and the brain, is a noninvasive strategy with low risk, easy to operate
and repeat, but it has a smaller drug delivery volume and big interindividual
differences.(6,11,22)

Alternatively, strategies that look for the delivery of drugs through the BBB try to
overcome the limitations of the methodologies mentioned above. These strategies can

be divided in three groups: chemical, physical and nanothecnological methods.

a) Chemical strategies

Chemical strategies are those that try to enhance drug permeability through the

BBB by means of: (1) preparing a prodrug, adding a chemical modification to the original

154



Annex: Publications

drug to intensifies its lipophilicity, (2) constructing a chemical drug delivery system
(CDDS), combining the original drug with a bioremovable targeting material or (3)
coupling the administration of the drug with an agent that temporally opens the BBB, such
as mannitol or some aromatic substances. (6)

The first chemical strategy, the synthesis of lipophilic prodrugs, can be fronted by
several chemical modifications: glycol-sylation, methylation, esterification or pegylation
between others. One example of prodrug that can cross the BBB, but its parental drug
cannot, is L-Dopa. (6,23,24) By definition, prodrugs are pharmacologically inactive and
they need to be transformed to their active form after administrations, and when treating
pathologies of CNS, ideally after going through the BBB. (6,11) Figure 4 shows the
chemical structure of L-Dopa and dopamine, prodrug and drug, for treating Parkinson

disease.

HO

\(o NH,

HN
HO HO
OH OH
L-Dopa Dopamine

Figure 4. Chemical structures of L-Dopa (prodrug) and dopamine (active drug).(25)

It is considered that when a molecule has a log P value around 1.5 and 2.5, it will
cross the BBB and it will arrive to the CNS. (11) Nevertheless, one of the most important
problem of this procedure is that once the lipophilic molecule has crossed the first
membrane of the endothelial cells it can be returned to the blood by efflux pumps, such
as P-glycoprotein. (6)

CDDS are obtained when a drug is combined with a targeting molecule that after
reaching its target can be removed enzymatically. Two examples of targeting molecules
are dihydropyridine and dihydrotrigonelline. Generally, the difference between a prodrug
and a CDDS is that in the second case the removal step is more complex. (6,11)

The last chemical strategy couples the administration of a drug with another
substance that temporally opens the BBB. In this context, mannitol is known to create a
hyperosmolar environment that makes endothelial cells to release water, reduce their
size and consequently open their tight junctions. The disadvantage of using mannitol to

increase BBB permeability is that the BBB opening is not selective and many substances,
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not all of them beneficial, can reach the CNS. On the other hand, some aromatic
substances can also open the BBB during a limited time and increase drug permeation
through the BBB; it has been studied that borneol can increase permeability of substances
by provoking the translocation of tight junctions proteins back to the cytoplasm of
endothelial cells, by inhibiting some efflux pumps and by increasing the levels of
excitatory amino acids (neurotransmisors) that modify the endothelial cells and promote

permeation. (6)

b) Physical strategies

Physical, not invasive, strategies using ultrasounds for treating pathologies of the
CNS have been studied since the 1940s. However, it has not been able to use it until
recently because, initially, the transfer of energy through the skull caused an extremely
high overheating. (4,26) Currently, ultrasounds strategies have been improved and they
have been proved to be an alternative to temporally open the BBB. Although, there has
not been proved a total lack of BBB damage when ultrasound are applied for increasing
permeability through the BBB and more studies are needed to elucidate the exact
mechanism by which this ultrasound waves increase the permeability.(26)

At the moment, the most secure strategy for applying ultrasounds to the BBB is
combining them with the intravenous administration of microbubbles, particles made of
lipids or albumin and filled with gas, that makes the effect of ultrasounds to be more
localized. (6,22) This method has proved to have a good selectivity of opening position,
which could be an advantage over using an hyperosmolar solution or aromatic substances
to open the BBB. (6) Figure 5 shows a scheme of this method in which, briefly, the
microbubbles are moved by the ultrasound wave near to endothelial cells and they
oscillate, altering their environment and inducing mechanical stress that disrupts the tight

junctions between the cells. (22)
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Figure 5. Scheme of the microbubble-assisted focused-ultrasound technique used for disrupting

the BBB. Modified from Abdul et al(22).

c) Nanotechnological strategies
Nanotechnological strategies aid drugs to cross the BBB by means of the
association of an unaltered therapeutic molecule with a nanoscale carrier made from
lipids, polymers or metal. According to its composition, nanocarriers can be divided in 3
groups: lipid-based nanocarriers, polymer-based nanocarriers or metal-based
nanocarriers. (14,27) Main types of nanocarriers that can be used as nanotechnological

strategies for crossing the BBB are shown in table 1.

Table 1. Main types of nanocarriers that can be used as nanotechnological strategies for crossing

the BBB. (27)

Polymer-based

. Metal-based nanocarriers
nanocarriers

Lipid-based nanocarriers

Liposomes Polymeric conjugates Magnetic nanoparticles

Non-magnetic

Solid lipid nanoparticles Polymer nanoparticles .
nanoparticles
Lipid nanocapsules Polymeric micelles
Dendrimers

Nanocarriers can cross the BBB by different methods, the most important ones
are: receptor-mediated and adsorption mediated transcytosis. Additionally, they can
cross the barrier by paracellular diffusion when a surfactant is present in the nanocarrier

and it provokes a non-permanent toxic effect in the tight junctions or the tight junctions
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are opened by a pathological state of the CNS. As a last method, cell-mediated

transcytosis has been also used with positive results for the delivery of antiretroviral drugs

in liposomes. Furthermore, the mechanisms mentioned above could be combined by the

same nanocarrier for crossing the BBB. (10,28,29)

Several aspects can influence the passage of nanocarriers through the BBB and

they must be taken into account when they are prepared: its size, its shape, its charge and

the presence of ligands.
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Size: For crossing the BBB through any of the transcytosis pathways,
nanocarriers must measured around or less than 50 nm. (27) Nevertheless, in
studies with non-healthy animal models, carriers with a diameter below 100
nm were able to cross the BBB. Although, as the carrier becomes bigger, its
BBB penetration becomes smaller. (28)

Shape: The most used nanocarriers for delivering drugs to the CNS are
spherical nanoparticles as they are the easiest to prepare. Nonetheless, other
shapes could be used with the same purpose, such as cubic particles or rod-
like particles. In fact, some studies with nanorods have demonstrated
promising results for this particle shape, having higher adhesion propensity
and higher brain accumulations than their spherical nanoparticles
counterpart. (28)

Charge: For effectively crossing the BBB, nanocarriers must have negative to
neutral surface charge (zeta potential). Otherwise, high positive charge can
damage the BBB endothelial cells. (28)

Ligands: Depending on the ligand added to the nanocarrier different
properties can be reached. There are ligands that can adsorb proteins from
the bloodstream that, then, can interplay with BBB receptors or transporters
(i.e. tween 80 that adsorbs apolipoproteins). Other ligands can communicate
directly with BBB receptors (transferrin receptor or insulin receptor) to
promote BBB permeability. Amphiphilic peptides can actuate as ligands that
increase hydrophobicity of the nanocarrier. Finally, ligands, such PEG, can be
used to increase the circulation time of the nanocarrier in the bloodstream.
In all the cases, it is important taking into account the affinity between the
ligand and its receptor, as a too high affinity can hinder the carrier to be

release to the brain after reaching the BBB. (28)
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Lipid-based nanocarriers

Liposomes

Nanoliposomes are small vesicles constituted by lipid bilayers that can entrap
both, hydrophilic and hydrophobic drugs in its core and in its surface structure,
respectively. (30) Regarding the treatment of Alzheimer’'s disease several surface
modified liposomal formulations have shown to successfully cross the BBB: stealth
liposomes, transferrin modified liposomes, lactoferrin modified liposomes, glucose
modified liposomes or glutathione modified liposomes.(31)

Stealth liposomes are covered with PEG which rises the blood circulation time of
the liposomes and prevent phagocytes from uptaking them. (32) In a study carried out in
mice with this type of liposomes targeted to the B amyloid plaque of Alzheimer’s disease
it was seen that they satisfactory increase drug concentration in brain and they were able
to just bind the brain of sick mice, not the healthy ones. (33)

Also, liposomes have demonstrated to be an appropriate nanocarrier in the
treatment of Parkinson’s disease. Recently, Qu et al prepared pegylated nanoliposomes
loaded with a dopamine derivative N-3,4-bis(pivaloyloxy)-dopamine (BPD) and
functionalized with 29 amino-acid peptide (RVG29) derived from rabies virus glycoprotein
as a targeting molecule towards acetylcholine receptor on both brain capillary
endothelial cells and dopaminergic cells. They saw, in vitro and in vivo, that these
liposomes were able to go through the BBB and reach the substantia nigra in a better way
than the free BPD. Furthermore, they saw a limited distribution to off-target organs which

ensures the biosafety of the carrier. (34)

Solid lipid nanoparticles

Solid lipid nanoparticles are solid colloid drug carriers which can entrap
hydrophobic drugs with a high efficiency, as they are formed by a hydrophobic solid
matrix covered with a monolayer of phospholipids. (35) Table 2 shows some examples of
solid lipid nanoparticles prepared for the treatment of brain tumors, such as glioblastoma

or brain methastasis.
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Table 2. Solid lipid nanoparticles for the treatment of brain tumors.

Drug Targeting Prepar.a tion In vitro studies In vivo studies Ref
molecule technique
) Porcine BCEC - Viability T
Camptothecin High pressure Biodistribuition (36)
P homogenization BCEC and RAW 264.7 - in rats
Uptake
Highshear 12, U251, us7, U373
homogenization lioma cell lines and Biodistribuition
Camptothecin and & . (37)
o THP1 macrophage cell in rats
ultrasonication . L
. line - Viability
technique
HBMECs - Uptake,
Etoposide 5-HT moduline Microemulsion permeability and (38)
viability
HBMECs, U87MG and
-D- - HBME 7MG -
Etoposide ma'nno Microemulsion Cs and UB7MG (39)
pyranoside and Uptake
Folic Acid HBMECs and HA -
permeability
Docetaxel - Emulsification bEnd.3 cells - Uptake Pharmacokinetis
| Folic acid and solvent and viabilit (plasma and (40)
Ketoconazole evaporation y brain) in rats
B- - Emulsification bENnd.3 cells - Uptake Pharmacokinetis
Docetaxel Hydroxybutyric and solvent L (plasma and (412)
. . and viability .
acid evaporation brain) in rats

Additionally, these particles have been used to heal other pathologies of the

central nervious system as depression. In 2015, Zhou and co-workers published an article

in which they prepared solid lipid nanoparticles loaded with venlafaxin, an antidepressant

drug substrate of the P-gp and inductor of its expression. According to their results after

intravenous administration, they demonstrate that the brain uptake of venlafaxine was

significantly higher when the drug was administered in the particles than when it was

administered in solution, alone or combine with the empty nanoparticles or a P-gp

inhibitor. Furthermore, the amount of P-gp present in the group of animals treated with

the particles was the lowest one, indicating that entrapping venlafaxin in the particles

prevents it from inducing the expression of P-gp. (42)
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Lipid nanocapsules

The last type of lipid-based nanocarrier, the lipid nanocapsules are generally
constituted by a liquid oil reservoir and a polymeric protective membrane. (43) In terms
of treating pathologies of the central nervous system, lipid nanocapsules functionalized
with cannabidiol have been succesfully prepared and tested in the human brain
endothelial cell line hCMEC/D3 and in mice. Also, cannabidiol has proved to enhance the

active targeting of lipid nanocapsules to glioma cells. (44)

Polymeric-based nanocarriers

Polymeric conjugates and dendrimers

Polymer conjugates and dendrimers are both nanoscopic molecules constituted
by the combination of different monomers of polymers that can be used for transporting
drugs to their targets.

The main difference between dendrimers and linear polymer conjugates is their
structure, while dendrimers are globular compact molecules with a regular architecture
and a spherical shape, linear polymer conjugates are not compat, irregular and they have
a random-coil shape. Furthermore, there are two other important differences between
these nanocarriers: on the one hand, due to its preparation methodology, dendrimers are
monodisperse and they have a very high structural control, whereas linear polymer
conjugates are completely the opposite (polydisperse and with low structural control); on
the other hand, in terms of solubility, dendrimers are highly soluble in water and linear
polymer conjugates have a low solubility.

An example of dendrimer for increasing the permeability of drugs in the
treatment of glioblastoma was prepared by Liu and collaborators. (45) They constructed
a poly(amidoamine) dendrimer functionalized twice with: a) angiopep-2, a peptide that
can binds the less density lipoprotein receptor-relative protein-1 (LRP1) on the
endothelial cells of BBB provoking a receptor mediated transcytosis and b) an epidermal
growth factor receptor (EGFR)-targeting peptide (EP-1) which helps the dendrimer to
reach the cancer cells once it has crossed the BBB. Results showed that this strategy was
effective for increasing the penetrability of doxorubicin to the central nervous system and
releasing the drug in the acidic microenvironment of tumor. These facts enhanced the
therapeutic efficacy of doxorubicin and limited its systemic toxicity both in in vitro and in

vivo tests. (45)
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Dendrimers have also been tested in Alzheimer’s disease, concretely, with the aim
of protect synapses and memory. Poly(propylene imine) dendrimers with a histidine-
maltose (G4HisMal) shell have shown to increase biocompatibility and brain accumulation
after intranasal administration and to interfere with B-amyloid fibril formation in vitro and
in vivo. In addition, the chronic treatment of APP/PS1 mice, Alzheimer’s disease in

animals, with G4HisMal protected mice from memory deterioration. (46)

Polymer nanoparticles

Polymer nanoparticles can be defined as drug carrying systems formed by one or
more biocompatible polymers that are not water soluble. (6,11) Some examples of these
synthetic polymers are: poly(alkyl cyanoacrylates), polyethylene glycol (PEG), polylactic
acid (PLA) or poly (D,L-lactide-co-glycolate) (PLGA). (6) PLA and PLGA polymers have been
accepted for human use by the Food and Drug Administration (FDA) as they have proved,
besides being biocompatible, to be biodegradable and not induce any inflammatory
response after its administration. (11)

Polymer nanoparticles can be divided in two big groups: nanocapsules or
nanospheres, depending on if they have an empty core or they are solid entities and, in
both cases, drugs can be loaded to the particles by adsorption to their surface or by
entrapment within its matrix. (6) These particles can directly permeate the BBB,
nevertheless, for obtaining a high enough transport efficiency of drugs into the brain to
result in therapeutic effects, functionalization with molecules that can augment the
circulation time of the particles (i.e. PEG) and stimulate their penetration into BBB
endothelial cells is necessary.(11)

The Na*-coupled carnitine transporter 2 (OCTN2) is expressed in both BBB
endothelial cells and glioma cells (47,48), so it has been used as a target receptor to create
new strategies for the treatment of glioblastoma. In this way, Kou and co-workers
prepared PLGA nanoparticles conjugated with L-carnitine and modified with PEG (Figure
6).They saw, after carrying out in vitro and in vivo studies, that the particles increased
anti-glioma efficacy. Furthermore, the ones with PEG1000 showed the maximum
targeting efficiency and they explained that it is because it gives enough flexibility for
improving the binding of L-Carnitine to its target. Also, they think that using a bigger PEG
molecule provokes L-carnitine to be trapped between PEG tails hindering its binding to

OCTN2 receptor. (49)
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Figure 6. Scheme of the composition of L-Carnitine-conjugated nanoparticles with varied lengths
of PEG spacers, and OCTN2-mediated BBB transcytosis and glioma targeting. Extracted from Kouet
al.(49)

In terms of depression treatment, plain venlafaxine-PLGA nanoparticles and
venlafaxine-PLGA nanoparticles modified with transferrin or a specific peptide against
transferrin receptor were prepared by Cayero-Otero and collaborators. (50) In vitro
studies carried out with these particles in hCMEC/D3 cells showed that the highest
permeability through the BBB was obtained with particles modified with a specific peptide
against transferrin receptor. Nevertheless, in vivo tests demonstrated that, after nasal
administration, the particles that reach the brain in a highest amount were the plain ones,
fact that, according to the authors, would propose that, effectively, functionalized
nanoparticles arrive at the brain by receptor-mediated endocytosis (taking longer) while

plain NPs can quickly reach the brain by facilitated transport. (50)

Polymeric micelles

A last example of polymer-based nanocarriers is polymeric micelles. They are
amphiphilic particles, usually composed by a hydrophobic polymer core and a hydrophilic
shell, for instance, a core of PLGA and a shell of PEG.(11)

Several polymeric micelles have been studied for the treatment of cancer. (51) A
study with several micelles loaded with paclitaxel shows that they were able to reduce

the tumor volume more effectively than the equivalent dose of the free drug. (52)
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Metal-based nanocarriers

Magnetic nanoparticles

Magnetic nanoparticles are alternative nanocarriers for penetrating the blood-
brain barrier. The most common magnetic nanoparticles are those prepare with iron
oxides, such as: magnetite (Fe304), hematite (a-Fe,03), and maghemite (y-Fe>Os and B-
Fe,03).(53)

When a drug is carried in magnetic nanoparticles an external magnetic field,
generated by a magnet, is used to generate a driving force enabling the passage of such
particles from the blood to the brain. (54) Furthermore, in the case of brain tumours, as
glioblastoma, once the particles have reached the tumour area, an external alternating
magnetic field can be used for warming up the carriers and killing the malignant cells,
without damaging too much the healthy cells placed around it. (53)

Several in vitro and in vivo tests, with small animal models, have proved the
promising potential of this type of carriers, although it is important to remember that big
difficulties must be overcame to be able to move these therapies to the clinical
environment. One of the most important problems is to find a magnetic force strong
enough for moving the particles inside the human body, as the field strength quickly
decreases with target depth in the body. Moreover, there is a poor retention of the
particles in the target area once the external force is removed, so new strategies for

speeding up the internalization of the particles must to be found. (54)

Non-magnetic nanoparticles

Metallic non-magnetic nanoparticles, as gold nanoparticles or silver
nanoparticles, have been proposed as diagnostic tools due to their extraordinary optical
properties. For instance, gold nanoparticles can absorb and emit different colours
depending on size, shape and aggregate status, this property is known as Localized
Surface Plasmon Resonance (LSPR). (14)

Nonetheless, besides their diagnostic utility, the drug carrying and therapeutical
application of non-magnetic metal-based nanoparticles have been also studied. In fact,
the cell-mediated transport mechanism (“Trojan horse”), using macrophages and
monocytes loaded with gold nanoparticles, has been studied for the treatment of brain
tumours. After reaching the brain, when an infrared irradiation is applied, particles are

warmed and they can destroy cancer cells. (55)
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5. Conclusions

The pathologies of the CNS are increasingly frequent due to the aging of the
population and, during their treatment, health professionals usually find difficulties to
cross the BBB. In fact, some molecules with adequate therapeutic activity have to be
dismissed because they are not able to arrive at their therapeutic target in the CNS.

For that reason, nanotechnology opens up new possibilities for the treatment of
these pathologies. Specifically, lipid nanocarriers such as liposomes have proven useful
for the treatment of Alzheimer's and Parkinson's diseases and different types of solid lipid
particles have been successfully demonstrated for the treatment of brain tumours and
depression. Functionalized polymer-based particles (dendrimers, nanocapsules or
micelles) allow reaching cancer cells and increasing the effectiveness of antitumor
treatments. Likewise, polymeric dendrimers have proven to be promising molecules in
the prevention of memory loss caused by Alzheimer's disease and polymeric particles
have been studied to increase the drug permeability in depression illness. On the other
hand, metal-based nanocarriers have improved the quality of the diagnosis of CNS
diseases as well as the efficacy of the treatment of brain tumours by reducing the impact
of the side effects caused by the chemotherapy.

In that sense, nanomedicine has brought great benefits to the treatment of CNS
pathologies and, since many research groups are working in this field, it is expected that

the benefits of nanomedicine will soon be even greater.
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Abstract:

Marine polymers are a great group of macromolecules of interest for biomedical
applications due to their biocompatibility, non toxicity and physical, chemical, structural
and pharmacological features. The possibilities to apply them for central nervous system
(CNS) diseases are double: a) as active substances: some marine polymers has biological
activity per se and can be explored due to their pharmacological properties for diseases
treatments and b) as materials: other marine polymers are excellent candidates as nano
or micro vehicles to encapsulate drugs in order to overcome blood brain barrier (BBB)
access limitations or even target an specific area in the CNS. In this chapter, a brief
anatomical/physiological review of the central nervous system and the blood brain
barrier, as well as, the main drug access routes and limitations to target injured areas will
be carried out. The most common pathologies will be addressed with an emphasis on the
therapeutic target of each of them and the current applications described of marine
polymers for central nervous system pathologies will be reviewed. The study revealed
that marine polymers have a great potential for their application in CNS formulations and
that a lot of research in this field is required to explore all the potential of these aquatic

substances.
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1. Central nervous system (CNS) physiology and anatomy

The nervous system is one of the most complex systems in living beings and,
together with the endocrine system, it is responsible of maintaining homeostasis. (Tortora
and Derrickson 2011a) The nervous system can be divided in two parts: central nervous
system (CNS) and peripheral nervous system (PNS), the first of them is composed by the
brain and the spinal cord and, the second one, is constituted by nerves, ganglia and

sensitive receptors outside the CNS. (Mulroney and Myers 2011)

1.1. Brain

The brain can be divided in four parts, each of them with different and crucial
functions: cerebrum, diencephalon, cerebellum and brain stem.

The cerebrum is the biggest part of the brain and it is responsible of its most
complex functions. In its most external part, the cerebral corte, it has sensitive areas
which participate in the perception of touch, vision, hearing, smell or taste, it also has
motor zones which control the muscles and it has association areas associated to memory,
personality or consciousness. (OpenStax College; Tortora and Derrickson 2011b) The basal
ganglia and the limbic system can be found under the cerebral cortex, both structures are
part of the cerebrum: the basal ganglia connect different parts of the cerebral cortex, the
diencephalon and the brain stem, and they are considered to be responsible of fine
motions and automatic movements; the limbic system (amygdala and hippocampus),
meanwhile, acts in emotions and long-term memory. (Mayfield Brain & Spine 2018)

The diencephalon is located at the core of the brain and its two most important
structures are the thalamus and hypothalamus, parts of the limbic system. The thalamus
is responsible of transmitting sensitive information to the cortex and processing the
motor information that brain cortex sends. (Mulroney and Myers 2011) The
hypothalamus has different nuclei and it controls digestion, thermoregulation, sexual
activity and reproduction, emotional behaviour, response to stress and circadian
regulation. (Crumbie and Johnson 2020)

The cerebellum coordinates the function of skeletal muscles, balance and
posture. It is known as the little brain, because of its size, but it has as many neuronal cells
as all the rest of the brain together. (OpenStax College; Raz and Perouansky 2018;
Mayfield Brain & Spine 2018)

The brain stem is the lowest part of the brain and it connects it to the spinal cord.

The brain stem is composed by the midbrain, the pons and the medulla. The midbrain

172



Annex: Publications

participates in the control of eyes movements and in the transmission of the visual and
auditory information. The pons and the medulla by their part control autonomous
functions as respiration, heart beating, swallowing, vomiting, and coughing. (Mulroney

and Myers 2011)

1.2. Spinal cord
The spinal cord is the second component of the CNS, it originates from the brain
stem and it can be found inside the vertebral column until the lumbar section. Its main
functions are transmitting information from and to the brain and integrating that
information. The spinal cord is also responsible of spinal reflexes. When a person suffers
a spinal cord injury, he/she can experiment paralysis, loss of sensation below the injury

or even dying. (Tortora and Derrickson 2011c)

1.3. Protective structures
Due to all the important functions of which the CNS is responsible it is surrounded
by several protective structures: the skull and the vertebral column, the meninges, the
cerebrospinal fluid (CSF) and a special circulatory system.
The skull and the vertebral column are bones and they constitute the most
external protection of the CNS. Under these bones, the meninges can be found; they are
membranes of connective tissue divided in three layers: the dura mater (the most
external one), the arachnoid mater (in the middle) and the pia mater (the closest to the
brain and the spinal cord). (Tortora and Derrickson 2011b; Aghoghovwia and Mytilinaios
2020)
The CSF is a transparent liquid produced from arterial blood and free of proteins
which surrounds the CNS and helps to maintain the brain and spinal cord homeostasis by
three ways:
a) Giving a mechanical protection, as it cushions the blows of the CNS with the
skull and the vertebral column. (Tortora and Derrickson 2011b; Huff and
Varacallo 2019)

b) Giving a chemical protection, maintaining the optimal environment for the
transmission of information between the neuronal cells. (Tortora and
Derrickson 2011b)

c) Allowing the exchange of nutrients and waste substances between the blood

and the CNS. (Tortora and Derrickson 2011b; Huff and Varacallo 2019)
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Finally, the circulatory system present in the CNS acts as a protective structure in
a molecular level, because its endothelial cells are more tighten than the rest of
endothelial cells present in the body. The circulatory system in the CNS can be divided in
three structures (Figure 1): the blood-brain barrier (BBB), the blood-cerebrospinal fluid

barrier (BCSFB) and the blood-arachnoid barrier.

A) B) q
Blood T) Blood Blood T
Endothelial cells - - - - Endothelial cells /

Brain

CSF m Ventricle CSF
Subarachnoid space

(I L]

Brain

Brain

Figure 1. Scheme of the three brain barriers. A) Blood-brain barrier, B) blood-cerebrospinal fluid

barrier and C) blood-arachnoid barrier. TJ: Tight junctions. Adapted from (Vendel et al. 2019).

The main brain barrier is the BBB which has a surface area for the exchange of
substances of 150-250 cm?/g brain. (Wong et al. 2013) Despite its anatomical differences
(figure 1) all the barriers protect the brain by means of tight junctions and specific
transporters. (Sweeney et al. 2019) The tight junctions seal the space between cells and
are responsible of controlling the paracellular transport of polar molecules and ions to
and out the brain. (Abbot et al. 2010) On the other hand, brain barriers have influx
transporters as the organic anion transporters and the organic cation transporters which
allow nutrients to reach the brain and which can be a target for the delivery of substances
to the CNS (Sanchez-Covarrubias et al. 2014). Furthermore, brain barriers have efflux
transporters, like the ATP-binding cassette (ABC) transporter P-glycoprotein (P-gp), the
multidrug resistance protein (MRP) family or the breast cancer resistance protein (BCRP),
which help to eliminate waste substances from the brain and protect it from neurotoxic
substances. (Loscher and Potschka 2005) Nevertheless, the presence of tight junctions
and efflux transporters makes difficult the delivery of substances to the CNS when a

neurological disorder exists and a molecule needs to reach the brain.

2. CNS diseases

The CNS diseases also known as CNS disorders are defined as a group of
pathologies which alter the function of the brain and/or the spinal cord. Some examples

of these diseases are shown below.

174

Arachnoid mater

Pia mater



Annex: Publications

2.1. Autism Spectrum Disorder (ASD)

The ASD is a neurodevelopmental disorder which appears soon in the childhood
and is characterized by persistent deficits in communication and social interaction and
repetitive and restricted patterns of behaviour, activities and interests. (American
Psychiatric Association 2013) It affects to 1 out of 160 children worldwide, most of them
boys, and its prevalence seems to increase over the years. (World Health Organization
2019a)

Nowadays, there is not a treatment able to cure the ASD, but some drugs are
employed for reducing symptoms, like anxiety, panic disorders, irritability or aggressive
behaviours. (National Institute of Child Health and Human Development 2019) Because
of that, it is important to have therapeutic strategies able to reach the CNS. Besides the
symptomatic treatment, psychological interventions can help to improve the

communication abilities and social interactions of the patients with ASD.

2.2. Depression

Depression is a mental disorder that affects more than 264 million of people
worldwide, the majority of them women. (World Health Organization 2020) It provokes
emotional problems and it is characterized by depressed mood and/or absence of interest
or pleasure in almost all the activities of the day. (American Psychiatric Association 2013)
If it is not properly treated, depression can lead to suicide, the second leading cause of

death among people who are 15-29 years old. (World Health Organization 2020)

2.3. Epilepsy

Epilepsy is a neurological disorder characterized by the presence of uncontrolled
seizures that last around 2 minutes and are followed by fatigue and confusion.
(Encyclopeaedia Britannica 2019) It was firstly described in 4000 B.C and, nowadays, it
affects around 50 million people worldwide, being responsible for 0.5% of the global
disease burden. (World Health Organization 2019b) In 2017, it was estimated that the
incidence rate of epilepsy was 61.4 per 100,000 person-years, but this incidence was
higher in low/middle-income countries, as their population are more frequently exposed
to risks factors for developing this disorder (CNS infections, road traffic injuries; birth-
related injuries and worse sanitary system). (Beghi 2020) Generally, epilepsy can be
treated with different drugs that reduce neuronal hyperexcitability, but, the brain

damaged that appears after a seizure cannot be reversed. (Encyclopaedia Britannica 2019)
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2.4. Migraine

Migraine is an extremely common headache disorder with an important genetic
component whose prevalence varies from 2.6% to 21.7% between countries. (Yeh et al.
2018) It affects three times more women than men and its most common symptoms are:
unilateral throbbing headache, sick feeling and sensitivity to light or sound. (NHS 2019a)
Because of the high levels of pain that patients with migraine suffer, it is consider one of
the most common causes of disability worldwide and it has high financial costs for the
society (for instance, only in the UK, 25 million working- or school-days are lost every year

because of migraine). (World Health Organization 2016; Renjith et al. 2016)

2.5. Neurodegenerative diseases
Neurodegenerative diseases are defined as a group of pathologies in which the
structures of the CNS get progressively atrophied and lose their functions. (Virtual Health
Library 2017) Some examples of neurodegenerative diseases are: Alzheimer’s disease,

Huntington’s disease, Parkinson’s disease or Amyotrophic Lateral Sclerosis (ALS).

2.5.1. Alzheimer’s disease

Alzheimer’s disease is the most common type of dementia. It was firstly described
in 1906 when Dr. Alois Alzheimer observed abnormalities in the brain of a woman that
had died after suffering memory loss, problems for speaking and unpredictable
behaviours. (National Institute on Aging 2019) Alzheimer’s disease symptoms start with
sporadic memory lapses, which become worse with time until patients need full-time
care. (NHS 2018)

Nowadays, around 50 million people have dementia all over the world, of which
60-70% suffer Alzheimer’s disease. (World Health Organization 2019c) This high
prevalence is translated in a high economical cost for the society which was estimated in

818.000 million dollars in 2015. (Garre-Olmo 2018)

2.5.2. Huntington’s disease

Huntington’s disease is a genetic disorder in which neurons degenerate and
provoke cognitive, emotional and motor problems. Although, the patients who suffer
Huntington’s disease are born with a defective gene, it is not until they are 30-50 years
old when they develop the symptoms, moment from which the average survival is of

around 10-20 years. (Huntington’s Disease Society of America 2020)
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2.5.3. Parkinson’s disease

Parkinson’s disease is the second most common neurodegenerative disorder after
Alzheimer’s disease. (Sweeney et al. 2019) Nowadays, more than 10 million people have
Parkinson’s disease worldwide and, although, it is more prevalent in old people,
approximately a 4% of the patients are diagnosed before being 50 years old. (Parkinson’s
Foundation 2020)

Neurons affected by Parkinson’s disease are those responsible of the production
of dopamine and while the disease progresses the level of dopamine in the CNS decreases.
The most common symptomatology of this disease is tremor, stiffness, slowness of
movement, imbalance and lack of coordination and it gets worse with time. Currently,
there is not cure for Parkinson’s disease, but levodopa, a prodrug of dopamine, is the most

common treatment used to relieve the symptoms. (National Institute on Aging 2017)

2.5.4. Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic Lateral Sclerosis is a rare motor neuron disease which affects the
neurones that control the muscles responsible of voluntary movements, provoking
progressive weakness and muscle atrophy. In a 5-10% of the cases the origin of the ALS is
genetic, but in the other 90%, the origin of the pathology is not known. (National Institute

of Neurological Disorders and Stroke 2013)

2.6. Spinal cord injury

The damage of the spinal cord caused by a trauma, disease or degeneration is
known as spinal cord injury. The main causes of spinal cord injuries are trauma and most
of them are preventable as those caused by road traffic crashes, falls or violence.
(Shepherd Center) When a person suffers a spinal cord injury, the nerves get striped and
he or she may lose part or all of his/her sensory and motor capabilities, fact that can be
translated in laboral inability and high social and economical costs. (World Health
Organization 2013) Unfortunately, nowadays, there is not an approved treatment able to
reverse the damage of the spinal cord, so the only thing that it can be done is preventing

further damage. (National Institute of Child Health and Human Development 2016)

2.7. Stroke

Stroke or cerebrovascular accidents are the second most common cause of death

and the third leading cause of disability worldwide. (Johnson et al. 2016) They happen
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when the blood supply to brain cells is interrupted. Depending on the cause of the
interruption, strokes can be divided in: ischemic stroke, the most common one, in which
the interruption is due to an obstruction of a blood vessel, or hemorrhagic stroke, in which
the rupture of a blood vessel is the cause of the interruption. (NHS 2019b) Additionally,
when the obstruction of a brain blood vessel is temporary, the stroke is known as
transient ischemic attack (TIA) and, although, it does not cause permanent damage to the
patient, it signal that a bigger stroke may happen.(American Stroke Association 2018)
After a stroke the most common treatment is the use of anticoagulant, antihypertensive
and/or lipid lowering drugs, besides rehabilitation and, in some cases, surgery. (NHS

2019b)

2.8. Tumors

Glioblastoma is the most common type of malignant intracranial tumor,
accounting around 50% of all primary intracranial tumors. (Osama et al. 2020)
Furthermore, once diagnosed, people with glioblastoma have an extremely low life
expectancy (they tend to die in the first 15 months after diagnosis). (American Association
of Neurological Surgeons) Because of that, new treatments alternative to the ones
nowadays available (surgery for removing the tumor, followed by radiation and

chemotherapy) are needed.

3. Access routes to the CNS

There are 6 different transport routes that allow substances enter to the CNS:
paracellular diffusion, transcellular diffusion, carrier-mediated transport, receptor-
mediated transport, adsorptive-mediated transport and cell-mediated transport.
Furthermore, there are efflux transporters that prevent potentially toxic products to

reach the brain (figure 2). (Sdnchez-Dengra et al. 2020)
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Figure 2. Scheme of the transport routes through the BBB. A) Transcellular diffusion, B) Carrier-
mediated transport, C) Receptor-mediated transport, D) Paracellular diffusion, E) Adsorptive-

mediated transport, F) Cell-mediated transport and G) Efflux transport.

Paracellular and transcellular diffusions are two methods of passive transport in
which molecules pass from the most to the least concentrated side of the BBB. The
paracellular diffusion route is used by extremely small hydrophilic molecules that are able
to traverse the tight junctions; this is the case of erythropoietin and antibodies. On the
other hand, transcellular diffusion allows small lipophilic molecules (MW = 400-500 Da,
neutral charge, logP = 2, H-bond <10) to access to the CNS, i.e. steroids. (Teleanu et al.
2019; Sanchez-Dengra et al. 2020) Nevertheless, once they enter in endothelial cells,
lipophilic molecules can be returned to the blood circulation by efflux transporters, such
as: P-glycoprotein (Pgp), multidrug resistance protein (MRP) and breast cancer resistance
protein (BCRP) efflux transporters. (Loscher and Potschka 2005)

Bigger hydrophilic molecules need some help to cross the BBB and, at this point,
carrier-mediated, receptor-mediated and adsorptive-mediated routes become
important. (Gabathuler 2010)

The first route which implies the carrier-mediated transport is the most important
one and it helps essential nutrients to reach the brain. The transporters from this route
belong to the group of solute-like carrier (SLC) transporters and they can move from 270

to 3000 molecules/s from one side of the BBB to the other. SLC transporters can be
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divided in 6 groups depending on their substrate: hexose transporters, like the one used
by glucose to cross the BBB, amino acid transporters, peptide transporters,
monocarboxylic acids transporters, amine transporters, like the one used by choline, and
other transporters (i.e. for carnitine, nucleosides of medium-chain fatty acids). (Khan et
al. 2019)

The receptor-mediated route, also known as receptor-mediated transcytosis,
allows different macromolecules, such as insulin, transferrin or lipoproteins, to penetrate
across the BBB. With this aim, when the macromolecule binds its receptor a vesicle is
formed and it travels to the other side of the cell, where the molecule is released. (Lu et
al. 2014) The most common vesicles that take part in this process are known as clathrin-
coated pits and they are associated to more than 20 different receptors in the BBB cells.
(Pulgar 2019)

The formation of vesicles that transport molecules from one side of the BBB to
the other is also a key piece in the adsorptive-mediated route. Nevertheless, in this case,
there is not a receptor binding that initializes the transcytosis. This route is used by
molecules with positive charge, i.e. aloumin, which interact directly with the negative
charged surface of the endothelial cells. After this interaction happens, caveolae that can
cross the BBB are formed. (Hervé et al. 2008; Pulgar 2019)

Finally, there is an alternative route, the cell-mediated transport, in which some
substances can access to the brain using the immune cells, like in a “Trojan horse”.
(Sanchez-Dengra et al. 2020)

At the end of the last century, researchers started to develop several strategies
to increase the permeability of drugs through the BBB. Some of these strategies use the
transport routes mentioned above and others try to administer drugs going beyond the
BBB. Table 1 summarizes the strategies that have been developed for the delivery of drugs

to the CNS.
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Table 1. Summary of the strategies used for the delivery of drugs to the CNS.

Strategies to deliver drugs going BEYOND the BBB

Invasive strategies Non-invasive strategies

e Intracerebral injections
e Intranasal administration
e Intracerebral implants

Strategies to deliver drugs THROUGH the BBB

Nanotechnological

Chemical strategies Physical strategies .
strategies
e  Prodrugs .
& e Lipid-based
e Chemical drug e Ultrasounds nanocarriers
delivery systems
(CDDS)y ¥ e Microbubble- e Polymer-based
o . assisted focused- nanocarriers
° Co-adm.lnlstratlon ultrasounds. e Metal-based
of opening .
nanocarriers
substances

4. Marine polymers employed in the treatment of CNS pathologies

Due to its huge surface, 70% of the Earth, the marine ecosystem is a great source
of different substances, most of them not sufficiently exploited. In the treatment of CNS
pathologies, marine biopolymers have been studied as raw material for the development
of new drug delivery systems, but also, as direct active substances because of their
neuroprotective properties. Table 2 shows a classification of the different marine

polymers depending on their origin.
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Table 2. Summary of marine polymers classified depending on their origin.

Origin Polymer Structure

Repeating disaccharide units of rhamnose,

Green algae Ulvans L . .
& v xylose, glucuronic acid and iduronic acid. ?
. Blocks of D-mannuronic acid and L-
Alginate o
guluronic acid.
Brown algae Fucoidans Alternating (1-3) and (1-4) L-fucose units. ¢
R . Dgl finishing i itol
Laminarin epeating B .g ucag inishing in mannito
or glucose residues.
Repeating dissacharides of a-D-
Carrageenan .
galactopyranose.
Galactans Repeating units of galactose. f
Red algae Agarose substituted with O-sulfation in
Porphyran the L-galactose units and O-methylation in
the D-galactose units. 8
Repeating dissacharides of D-galactose
Agarose h
and L-galactopyranose.
Chitin Repeating units of N-acetyl glucosamine.
Chitosan Deacetylated derivative of chitin.}

Crustaceansand  Chitooligosaccharides Oligomers of chitosan.

other marine

waste Repeating units of alternating N-acetyl

Hyaluronans ; N
glucosamine and D-glucuronic acid.

Repeating disaccharide units of glucuronic

Chondroitin sulfate ) .
acid and sulfated galactosamine. ™

Microalgae and

. Exopolysaccharides  Variable structure.”
microbes

2 (Kidgell et al. 2019), ®(Abhilash and Thomas 2017), <(Azeem et al. 2017), ¢(Misurcova et al. 2012),
¢(CyberColloids), f(Delattre et al. 2011), &(Morrice et al. 1984), "(ChEBI), {(Moussian 2019), i(Islam et
al. 2017), ¥(Aam et al. 2010), (TRB Chemedica UK), ™(PubChem), "(Laurienzo 2010).

4.1. Green algae

4.1.1. Ulvans
Ulvans are the most common and the most known polysaccharides from green

algae (Ulva spp. and E. prolifera). Chemically, they are formed by repeating disaccharide
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units of rhamnose, xylose, glucuronic acid and/or iduronic acid. (de Jesus Raposo et al.
2015; Kidgell et al. 2019) Ulvans are considered dietary fibre which favours a healthy
gastrointestinal tract in its consumers, which is associated with a lower incidence of
chronic diseases. Ulvans are soluble in aqueous solutions and can form gels depending on
the pH of the environment, in low and neutral pHs, ulvans form low viscous solutions,
while, at basic pHs, they tend to form more viscous solutions and the properties of the
gels are improved. (Kidgell et al. 2019)

Regarding their biological activities, several studies have demonstrated that
ulvans can act as anti-viral, anti-oxidant, anti-coagulant, anti-hyperlipidemic,
immunostimulating and anti-proliferative molecules. (Alves et al. 2013) On the other
hand, besides having several biological activities which make ulvans interesting for
pharmaceutical applications, they also have potential in the biomedical field as drug
carriers, wound dressings or tissue engineering devices. In this field, ulvans nano-fibres,
membranes, particles, hydrogels and 3D porous structures have been tested. (Alves et al.

2013)

4.2. Brown algae

4.2.1. Alginate
Alginate is a natural biopolymer composed by blocks of D-mannuronic acid and L-
guluronic acid, that can be extracted from brown algae (Phaeophyceae). (Abhilash and
Thomas 2017) It has the capacity of giving rise to two types of gels: an acid one and an
ionotropic one depending on the pH of the solution. On the one hand, when alginate is in
solution and its pH is below 6, it can form gels by combination with calcium, barium and
zinc ions. On the other hand, at lower pH, alginate increases its viscosity and is able to

I”

form another type of gel known as “acid gel”. (Laurienzo 2010) Because of this exceptional
capacity, alginate has proven to be of interest for various biomedical applications, like
drug carriers, encapsulation, scaffolds for ligaments and tissue engineering, regeneration
of tissues, moulding in dentistry and/or wound healing and dressings. (de Jesus Raposo et

al. 2015)

4.2.2. Fucoidans
Fucoidans are marine sulfated polysaccharides which were discovered in 1913
and are extracted from brown algae. They are composed by L-fucose units joint between

them by alternating a-(1-3) and a-(1-4) bonds. (Azeem et al. 2017; Barbosa et al. 2019)
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They have proved to have several applications in the fields of: therapeutics, diagnosis,
cosmetics and pharmaceutical technology. In therapeutics, some applications of
fucoidans, that have already been proved, are: anti-viral, anti-metabolic syndrome, anti-
leishmaniasis, inmunostimulant, anti-metastasis, anti-malaria, gastrointestinal tract,
cardio, renal and hepatic protective, pro-angiogenic and alleviation of diabetic
complications. By its part, fucoidans have proved to be useful for the diagnosis by imaging
of cardiovascular diseases. In cosmetics, they can be apply as anti-photoaging, for
increasing the skin bright, reducing the age spot and increasing the skin immunity, as
soothing and protection and for reconstruction of the skin. Finally, there are several

formulations that use fucoidans as vehicles for drug delivery. (Zayed and Ulber 2020)

4.2.3. Laminarin

Laminarin is an underexploited polysaccharide extracted from brow algae
(Laminaria spp., Saccharina spp. or Eisenia spp), whose backbone structure has been
defined as repeating B-glucans which finish in mannitol (M-type) or glucose (G-type)
residues. The bioactivity of laminarin varies according to its final structure and more
studies about the structure-activity relationship are needed, but, at the moment, they
have shown to be interesting for several biomedical applications, such as: anti-cancer,
tissue engineering, anti-inflammatory, anti-oxidant, anti-coagulant or intestinal

modulator. (MiSurcova et al. 2012; Zargarzadeh et al. 2020)

4.3. Red algae

4.3.1. Carrageenan

Carrageenans are marine polysaccharides which are obtained from red algae.
They are composed by repeating dissacharides of a-D-galactopyranose and they owe their
name to a small village from the coast of Ireland where the seaweed Chondrus crispus,
that gives rise to carrageenans, grows. (CyberColloids; Pangestuti and Kim 2014)
Carrageennans are currently used in foods, cosmetics, medicines, and pharmacy
products, because of that they are industrially produced, in 2003, 33,000 tons of
carrageenans were produced worldwide and, in 2007/2008, the production exceeded
55,000 tons. (Laurienzo 2010; Pangestuti and Kim 2014) In terms of bioactivity, these
polymers have demonstrated to be interesting as antiviral agents, anticoagulants,

antithrombotic, immunomodulator, antioxidant and antitumor molecules. Besides that,
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they can be used for the construction of drug delivery carriers, due to their thickening,

gelling, and stabilizing properties. (Pangestuti and Kim 2014)

4.3.2. Galactans

Galactans are other type of polysaccharide produced by red algae, whose
backbone structure is formed by repeating units of galactose. (Delattre et al. 2011) They
have shown to have anticoagulant activity such as carrageenans, but galactans are also:
anti-inflammatory, antinociceptive and antiherpetic molecules. (de Jesus Raposo et al.

2015)

4.3.3. Porphyran

Chemically, porphyran is a polysaccharide equal to agarose, but substituted with
O-sulfation in the L-galactose units and O-methylation in the D-galactose units. (Morrice
et al. 1984) It can be obtained from red algae of the genus Porphyra, which grows all over
the world. It has several biological activities, like being antioxidant, immunomodulator,
anticancer, anticoagulant, cardio-protector, anticerebrovascular diseases and
appropriate for drug delivery. (Venkatraman and Mehta 2019; Geng et al. 2019) Besides
that, other molecules extracted from Porphyra have shown to have antihypertensive and

anti-inflammatory activities. (Venkatraman and Mehta 2019)

4.3.4. Agarose

The last polysaccharide from red algae is agarose, which is composed by repeating
dissacharides of D-galactose and L-galactopyranose. (ChEBI) It has been widely studied for
the development of new drug delivery systems, because it has excellent chemical and
physical properties, for instance, it can be dissolved at different pHs, it has neutral surface
charge, it has a reversible thermogelling behaviour and it can be easily functionalized.
(Yazdi et al. 2020) It has been tested for the delivery of chemotherapeutics, the delivery
of DNA and genes, the delivery of proteins and peptides, the delivery of cells and
transplantation. Nevertheless, some challenges have limited the applications of agarose
in drug delivery, such as, its low capacity to load hydrophobic drugs or its low degradation

rate. (Yazdi et al. 2020)
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4.4. Crustaceans and other marine waste

4.4.1. Chitin

Chitin is a marine polysaccharide that was first isolated in 1884, it is the second
most abundant natural polymer after cellulose, it is composed by repeating units of N-
acetyl glucosamine and it can be extracted from crustaceans, mainly, shrimp and crabs.
(Rinaudo 2006; Moussian 2019)

As other marine polymers, chitin is biodegradable and biocompatible what makes
it an interesting polymer for the application in the health field. Nevertheless, it is insoluble
in common solvents and because of that researchers have studied different modifications
of chitin to be applied in biomedical devices, such as, sponges, beads, gels, membranes
or scaffolds. Some examples of applications in which chitin has demonstrated to be
appropriate are: cancer treatment, artificial skin implants, wound healing, ophthalmology

and hemodialysis membranes. (Ahmad et al. 2020b)

4.4.2. Chitosan

Chitosan is the deacetylated derivative of chitin when it reaches a percentage of
deacetylation around 50% and, thus, it becomes soluble in aqueous acidic media.
(Rinaudo 2006; Islam et al. 2017) Like chitin, chitosan is biocompatible and biodegradable
and depending on its degree of deacetylation and its molecular weight it can also be
mucoadhesive, hemostatic, analgesic, antimicrobian, anticholesteloremic and
antioxidant. (Islam et al. 2017)

Chitosan has been widely studied for the development of drug delivery systems
and it has shown to be appropriate for the administration of drugs by almost all the
possible routes: oral, in form of stable solid formulations, ophthalmic, with hydrogels,
nanoparticles or colloidal systems, nasal and buccal, due to its mucoadhesive properties,
vaginal, because of its robustness and parenteral, because it is non-toxic. (Barbosa et al.

2019)

4.4.3. Chitooligosaccharides

Chitooligosaccharides are oligomers of chitosan which can be obtained by acid or
enzymatic hydrolisis. According to literature, they have a lot of biological activities like:
anti-asthma, antibacterial, anticancer, anti-malaria, immunomodulator, anti-fungal,
treatment for diabetes or osteoporosis, ingredient for wound-dressings and vector in

gene-therapy. Nevertheless, the molecular mechanisms that involve those activities and
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the chemical properties of the chitooligosaccharides are not always well-defined, so more
studies with well-characterized chitooligosaccharides are needed to confirm their

biological potential. (Aam et al. 2010)

4.4.4. Hyaluronans

Hyaluronans are polysaccharides composed by repeating units of alternating N-
acetyl glucosamine and D-glucuronic acid. Because of its ability to bind water, hyaluronans
have been used in ophthalmic formulations for the treatment of dry eyes. (TRB Chemedica
UK) Besides that, it has demonstrated to have excellent properties for tissue engineering
and biomedical applications. They have also shown to be appropriate for the treatment

of osteoarthritis. (Almond 2007)

4.4.5. Chondroitin sulfate

Chondroitin sulfate is a sulfated polysaccharide composed by repeating
disaccharide units of glucuronic acid and sulfated galactosamine. (PubChem) Due to its
anti-inflammatory action, it has been used in the treatment of osteoarthritis, like
hyaluronans. (Reginster and Veronese 2020; Abdallah et al. 2020) Furthermore, it has
been used in tissue engineering and it has proved to promote wound healing. (Abdallah

et al. 2020)

4.5. Microalgae and microbial exopolysaccharides (EPS)

The last type of polymers that can be obtained from marine environment are
polysaccharides from microalgae and microbes (exopolysaccharides), whose interest lies
in the human capacity to cultivate and obtain them in bioreactors. In nature, their
structure is highly variable, but the aim of researchers is to obtain well-defined EPS with
constant chemical and physical properties. Several of these EPS have proved be natural
antioxidants, to have antimicrobial and anticancer activities, to be excellent bone-healing

materials and to act as anticoagulant like a “heparin-mimetic” molecule. (Laurienzo 2010)

5. Applications of marine polymers in the treatment of CNS

pathologies

In this section of the chapter, some applications of marine polymers in the
treatment of CNS pathologies are going to be reviewed. Table 3 shows a summary of the

marine polymers that have been used for treating CNS diseases.
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Table 3. Summary of marine polymers applied in the treatment of CNS pathologies

classified depending on their action.

. . Polymer
Bioactive . Access route
Polymers as Type of carrier Ref
polymer . to the CNS
carrier
Ulvans v 1
Fucoidans v 2-7
Cochl
Ultra-viscous .OC ear
. implant 8-9
alginate .
coating
NTCELL® Intra-striatal  10-
capsules delivery 11
Alginate v Adsor‘ptlve—
mediated
transport
Nanocapsules 12-
P Nose-to-brain 14
Brain
implantation
Spinal cord 15-
Hydrogel implantation 17
18-
Laminari v
aminarin 50
Adsorptive-
Nanomicelles mediated 22
transport
Carrageenan v 21 v Aerogel
. g. Nose-to-brain 23
microparticles
Nanohydrogels Non-tested 24
. Receptor-
Galactan v 25 4 Chgmlcal mediated 26
conjugate
transport
Porphyran v 27
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Agarose v Hydrogel .Splnal cord 28
implantation
Transmigration
Nan.ogel across the 29
particles

tight junctions

Nose-to-brain

Enhanced
permeability
and retention

Nanoparticles effect due to
glioma

30-
32

Adsorptive-
Chitosan 4 mediated
transport

Nanostructured

.. ) Nose-to-brain 33
lipid carriers

Solid lipid

. Nose-to-brain 34
nanoparticles

inal
Scaffolds ‘Spma cord 35
implantation
Hydrogels Eye-to-nerve 36
Chitooligosaccharides v ?;’79

Y(Violle et al. 2018), 7(Zhang et al. 2018; Ahn et al. 2019; Liao et al. 2019; Park et al. 2019; Li et al.
2020; Dimitrova-Shumkovska et al. 2020), #°(Scheper et al. 2019; Schwieger et al. 2020), %!} (Snow
et al. 2019; Living Cell Technologies Limited 2020), >'4(Mamo et al. 2018; Cardia et al. 2019;
Gascon et al. 2020), *>*(Blasko et al. 2017; Sitoci-Ficici et al. 2018; Nazemi et al. 2020), ¥2(Ye et
al. 2020; Lee et al. 2020), ?(Liu et al. 2017), ?*(Youssouf et al. 2019), 2*(Gongalves et al. 2016),
24(Bardajee et al. 2020), 2°(Zhang et al. 2004), 5(Pinhassi et al. 2010), ?’(Liu et al. 2018), 2%(An et al.
2020), ?°(Vashist et al. 2020), 3>32(Ahmad et al. 2020a; Caban-Toktas et al. 2020; Moghaddam et
al. 2020), 33(Salem et al. 2020), 34(Cometa et al. 2020), 3°(Ham et al. 2020), 3%(Wang et al. 2020), 3"
39(Lee et al. 2009; Xu et al. 2011; Eom et al. 2013)

5.1. Green algae
5.1.1. Ulvans
In 2018, Violle et al. published an article in which they tested the antidepressant
and anxiolytic effects of an extract of the green algae Ulva sp. with a 45% of ulvans. They
checked different doses of ulvans using the elevated plus-maze (EPM), as a model of

anxiety, and the forced swimming test (FST), as a model of depression. (Violle et al. 2018)
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The EPM is based in the aversion of rodents to open and elevated places. It
consists in a cross with two opened-arms and two closed-arms placed perpendicularly,
with a height of 70 cm from the floor. During the experiment, the time that the mouse
spends in the different arms and the number of entries to those arms is measured and it
is established that the longer the mouse is in the opened-arms, the lower is its anxiety.
(Komada et al. 2008)

On the other hand, in the FST, the mouse is placed in a transparent beaker filled
with water and its swimming movements trying to escape are evaluated. It is considered
that, as the immobility of the animal is longer, more depressed it is. (Can et al. 2011a)

Violle and its collaborators concluded that ulvans have not a statistically
significant effect in the treatment of anxiety, but they would be an appropriate candidate
as antidepressants, as their effects at the maximum dose tested were equivalent to those
provoked by the reference antidepressant used as control. (Violle et al. 2018)
Nevertheless, it is the only article published until the moment where the effects of ulvans
in the CNS are tested, so more research of the potential use of ulvans for the direct

treatment or the delivery of substances to CNS is needed.

5.2. Brown algae

5.2.1. Alginate

Alginate has been widely studied for the delivery of drugs to CNS and for the
treatment of its pathologies. (Blasko et al. 2017; Sitoci-Ficici et al. 2018; Mamo et al. 2018;
Nguyen et al. 2018; Snow et al. 2019; Scheper et al. 2019; Cardia et al. 2019; Living Cell
Technologies Limited 2020; Schwieger et al. 2020; Gascon et al. 2020; Nazemi et al. 2020)

In a particular study, published in 2018, alginate hollow fibers were used to
construct a new in vitro BBB model. In this model, the fibers, which were permeable and
biocompatible, simulated the brain vessels and they were co-cultured with human
umbilical vein endothelial cells (HUVECs) and astrocytes, which allowed the researchers
to reproduce the BBB properties. (Nguyen et al. 2018)

A german group, specialized in Otolaryngology, have studied the use of alginate
to deliver drugs for the protection of auditory neurons. (Scheper et al. 2019; Schwieger et
al. 2020) The success of a cochlear implant in a deaf person depends on the activity of its
spiral ganglion neurons and this activity can be protected with the chronic administration
of the brain-derived neurotrophic factor (BDNF). Because of that, this group proposes the

encapsulation of genetically modified mesenchymal stem cells able to produce high levels
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of BDNF in ultra-high viscous alginate. Using in vitro tests, in which the ultra-high viscous
alginate filled with genetically modified mesenchymal stem cells were co-cultured with
rat spiral ganglion neurons, researchers were able to prove that the mesenchymal stem
cells were able to produce BDNF and it was able to diffuse out of the alginate increasing
the growth of the spiral ganglion neurons. Besides that, as a cochlear implant works
transforming the sounds in electric pulses, the ultra-high viscous alginate filled with
genetically modified mesenchymal stem cells was stimulated with an electric current and
it was stable. (Schwieger et al. 2020) When the same formulation was tested in vivo, it
was proved that after 4 weeks, the best results were obtained when the electrode of the
cochlear implant was coated with the ultra-high viscous alginate filled with genetically
modified mesenchymal stem cells, while the injection of the alginate was not effective.
(Scheper et al. 2019)

Alginate preparations have been also tested for the treatment of Parkinson’s
disease. NTCELL® is a technology that encapsulates neonatal porcine choroid plexus cells
with alginate. Neonatal porcine choroid plexus cells are able to produce big amounts of
CSF and neurotrophins which could contribute to the regeneration of damaged neural
tissue. NTCELL® has demonstrated to be safe and to improve the motor functions of
patients with Parkinson’s disease in a Phase llb clinical trial and, now, a phase Il clinical
trial is needed to get more information. (Snow et al. 2019; Living Cell Technologies Limited
2020)

Alginate nanocapsules filled with probucol has also proved to suppress
neuroinflammation and neurodegeneration, so they could be an alternative treatment for
neurodegenerative diseases, like Alzheimer’s, Parkinson’s, Huntington’s or ALS diseases.
In this case, nanocapsules were administered orally with diet for 24 weeks to mice and,
after that time, it was seen that the plasma and brain levels of probucol were higher when
it was administered encapsulated. Furthermore, it was observed that, when
encapsulated, the drug was able to reverse the neurodegenerative effects of a high-fat
diet in mice. (Mamo et al. 2018)

Besides the particles mentioned above, other particles in which two types of
marine polymers were combined (alginate and chitosan), have also proved to be effective
in the treatment of neurodegenerative disorders and glioblastoma. In the first case,
particles were administered intranasally, going beyond the BBB, and the level of
progesterone (the molecule inside the particles) that reached the brain was 5-fold the

basal level before the administration. (Cardia et al. 2019) In the second case, a controlled
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release device was prepared with the aim of being able to control the migration of
cancerous cells. Using in vitro tests, it was proved that the nanoparticles were able to
release the chemokine CXCL12 slowly and they were able to move the gliobastoma cells
towards it. So, from this experiment, the researchers proposed that this type of particles
could be administered to the brain after a tumor resection for attracting the remaining
tumor cells to an specific zone before killing them, avoiding adverse effects. (Gascon et
al. 2020)

Finally, alginate hydrogels have also been tested for treating spinal cord injuries,
because they can act as a matrix were the damaged cells can regenerate. (Sitoci-Ficici et
al. 2018) In a similar way to the strategies that have been explained previously, these
hydrogels have been used to encapsulate both, mesenchymal stem cells or drugs and, in
both cases, an increase in neuronal regeneration was observed. (Blasko et al. 2017,
Nazemi et al. 2020) Particularly, when minocycline and paclitaxel were co-delivered from
an alginate hydrogel, an improvement in the behaviour of the animals was observed in

addition to the histological findings. (Nazemi et al. 2020)

5.2.2. Fucoidans

Besides spinal cord injuries, traumatic brain injuries can be also treated with
marine biopolymers. In this sense, fucoidans have proved to have a neuroprotective
activity that could be exploded for the treatment of this pathology. On the one hand,
fucoidans prevent immune cells from entering to the brain, reducing the subsequent
inflammation and, on the other hand, they promote the production of sirtuin-3, a soluble
protein that reduces the production of reactive oxygen species by the mitochondria, when
the brain is damaged. (Dimitrova-Shumkovska et al. 2020) An example of application of
this neuroprotective capacity is the treatment of the damage caused by a cerebral
ischemia. This application has already been tested in obese gerbils and the results suggest
that fucoidans could be drug candidates in attenuating brain injury in obese patients with
a high ischemic risk. (Ahn et al. 2019)

Due to its anti-inflammatory effect, fucoidans have been proposed as a possible
treatment for major depression, pathology with a big inflammatory component. (Miller
and Raison 2016; Li et al. 2020) After the oral administration of fucoidans, their
antidepressant effects were measured with a tail suspension test (TST), a FST, a sucrose
preference test (SPT), and a novelty-suppressed feeding test (NSFT). In the TST the mouse

is suspended in the air from the tail and, like in the FST, the longer the mouse is immobile,
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more depressed it is. (Can et al. 2011b) By its part, in the SPT, the animal is exposed to
two different beverages, one with sucrose and another with just water, in a normal
situation, mice prefer the sweet beverage, so when the intake of this beverage is reduced
it is take as a sign of depression. (Serchov et al. 2016) Finally, the NSFT measures the time
that the animal lasts to eat a familiar food in a new environment, when longer is this time,
more depressed the animal is. (Blasco-Serra et al. 2017) Li et al. observed that the
depression signs were reduced in all the tests when the fucoidans were administered to
chronic restraint stress (CRS) model mice. Furthermore, they saw that in the
hippocampus, fucoidans were able to restore the levels of BDNF to the normal ones, in
absence of depression. (Li et al. 2020)

On the other hand, fucoidans have been tested for the treatment of glioblastoma.
In 2019, Liao et al. administered a oligo-fucoidan extract from Laminaria japonica to two
different glioblastoma cell lines (Grade Ill U87MG cells and Grade IV glioblastoma
multiforme (GBM)8401 cells) and to healthy immortalized astrocyte SVGp12 cells. They
observed that the extract was able to inhibit cell proliferation in both glioblastoma cells,
but it does not affect the healthy astrocytes. Furthermore, the extract was able to
promote the differentiation of the cells what became them to a less-oncogenic
phenotype. (Liao et al. 2019)

The antioxidant activity of fucoidans that was interesting for the treatment of
brain injuries (Dimitrova-Shumkovska et al. 2020) is also an excellent starting point for
considering these polymers candidates in the treatment of neurodegenerative disorders.
Because of that, they have been studied in animal models of Parkinson’s disease and
Alzheimer’s disease and, in both cases, the antioxidant activity, due to the regulation of
the mitochondrial function, has been confirmed. Besides that, in the animals with
Alzheimer’s disease, it was observed that after the administration of fucoidans, the
cognitive function of the animals was improved, the acetylcholine levels were increased
and amyloid-B production was down-regulated. (Park et al. 2019) In the animals with
Parkinson’s disease, fucoidans were able to reverse the loss of substantia nigra, to restore

the levels of dopamine and to improve the movements of the animals. (Zhang et al. 2018)

5.2.3. Laminarin
In a similar way to fucoidans, laminarin also has neuroprotective properties which
make it a candidate for the treatment and attenuation of brain injuries after a stroke. Ye

et al. have proved which is the mechanism through which laminarin can prevent these
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damage and it is inhibiting the pro-inflammatory Dectin-1/Syk pathway. (Ye et al. 2020)
By its part, Korean researchers have recently demonstrated that a dose of 50 mg/kg of
fucoidans is able to prevent the injuries derived from an ischemic stroke in adult gerbils
when it is administered during 7 days previously to the ischemia (Lee et al. 2020) and this

dose is also effective to prevent this type of damage in aged gerbils. (Park et al. 2020)

5.3. Red algae

5.3.1. Carrageenan

Carrageenan has been proposed as a carrier for drug delivery to the CNS in
different forms: nanomicelles, aerogel microparticles and nanohydrogels. (Goncalves et
al. 2016; Youssouf et al. 2019; Bardajee et al. 2020)

In one experiment, nanomicelles were prepared after grafting polycaprolactone
onto oligocarragenans to obtain an amphiphilic copolymer. Once formed, the micelles
were loaded with different compounds of hydrophobic nature, such as: curcumin,
rifampicin and Nile Red. Curcumin micelles were used, among others, to study the
micelles uptake by endothelial cells (EA-hy926) and its toxicity in zebrafish. Besides that,
Nile Red micelles were employed in biodistribution tests with mice to evaluate the organs
in which the new formulation allowed to reach a higher concentration. Curcumin micelles
demonstrated not being toxics in zebrafishes, animals accepted as model of toxicity in
vertebrae, and they allowed a higher uptake of curcumin by the endothelial cells than
when free curcumin was administered in solution. By its part, there was a statistically
significant increment in the amount of Nile Red that reaches the brain with the micelles,
so carrageenan micelles would be an excellent candidate for increasing the permeability
of hydrophobic drugs through the BBB. (Youssouf et al. 2019)

In another occasion, aerogel microparticles were designed with the aim of
delivering drugs to the CNS going beyond the BBB, via intranasal administration. The
particles were prepared by the emulsion gelation method using a mixture of alginate and
K-carrageenan in a proportion 1:1 and they were loaded with ketoprofen. After that, their
permeability was evaluated in human nasal epithelial cells (RPMI 2650) that were cultured
during 22 days to allow them to resemble the human nasal mucosa, in terms of
morphology and secretions. It was observed that the powder of aerogel microparticles
was able to increase the permeability of ketoprofen through the nasal barrier in 2.3 fold,
so this formulation could be used as a new strategy for the delivery of drugs to the CNS.

(Gongalves et al. 2016)
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The other formulation in which carrageenans have been tested for the delivery of
drugs to the CNS was a nanohydrogel. It was prepared with poly(N-isopropylacrylamide)
and k-carrageenan and loaded with levodopa and its in vitro studies revealed that at pH
7.4 it was able to release drug for 11 days. More in vivo studies are needed to prove the
efficacy of this hydrogel, but the idea for its development was to protect levodopa from
being decarboxylated outside the CNS and, in this manner, ensuring that the amount of
drug that reaches the brain is higher. (Bardajee et al. 2020)

On the other hand, carrageenans have neuroprotective properties which make
them potential candidates in the treatment of neurodegenerative diseases, like
Alzheimer’s disease. In fact, in a study of 2017, carrageenans demonstrated to increase
the viability of SH-SY5Y cells when they were induced to apoptosis with B-amyloid. (Liu et
al. 2017)

5.3.2. Galactans

Galactans polymers have also been studied for drug delivery. For instance, in
2010, a conjugate of arabinogalactan, folic acid and methotrexate, in which the galactan
proceed from a tree, was able to increase the citotoxic activity of methotrexate in 6.3 fold
in cells overexpressing folate receptors, like the malignant ones. This result suggests that
marine galactans could be used for delivering drugs for the treatment of glioblastoma.
(Pinhassi et al. 2010)

In addition to their function like carriers, it seems that galactans could be used in
the treatment of neurodegenerative disorders associated to the aging process. It is
because of their antioxidant activity, which was demonstrated by Zhang et al., after their
administration to aged mice. Zhang and collaborators saw that an administration of 200
mg/kg of sulfated galactan fraction F1 from red algae was able to increase the activity of
the superoxide dismutase and the glutathione peroxidase, to reduce the levels of
malondialdehyde (marker of endogenous lipid peroxidation) and to increase the total

antioxidant capacity of the brain of aged mice. (Zhang et al. 2004)

5.3.3. Porphyran

The polysaccharide porphyran has the same structure as sulfated galactan
fraction F1 (Zhang et al. 2004), so the same antioxidant properties mentioned in the
previous example can be assumed for this marine polymer, becoming it another candidate

in the treatment of neurodegenerative diseases. One of these neurodegenerative
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diseases is the Parkinson’s disease, for which porphyran has demonstrated to ameliorate
the neurobehavioral deficits. (Liu et al. 2018) In the study, oligo-porphyran was
administered during 7 days after the induction of Parkinson’s symptoms in C57BL/6 mice
with MPTP and the behaviour of the animals was evaluated with three different tests: the
open field test, the pole test and the traction test. In the first one, a mouse is placed in an
open area and the number of movements that it does are evaluated, in the second one,
the mouse is placed in the top of a pole and two times are registered (the time it lasts to
turn downward and the total time taken to climb down the pole) and, in the third one,
the mouse is suspended from an horizontal wire and the time it lasts in that position and
the number of extremities it uses for grasping the wire are evaluated. In all cases, the
results after the treatment with the porphyran were better than in the animals that
suffered MPTP induction but were not treated, so this polymer is able to attenuate the

behavioural deficits associated to Parkinson’s disease.(Liu et al. 2018)

5.3.4. Agarose

Agarose, the last marine polymer obtained from red algae, has been formulated
in form of hydrogels for the treatment of spinal cord injuries. In one case, agarose
hydrogels were formulated in combination with poly(N-isopropylacrylamide) and were
loaded with gold nanoparticles. The researchers of this work demonstrated that
mesenchymal stem cells were able to grow between the holes of the hydrogel.
Furthermore, after the in vivo implantation of the hydrogel, they could see that the spinal
cord injury of the rats they used improved, as they have a better control of their bladder
and a higher expression of neural markers in the surrounding of the damage. (An et al.

2020)

5.4. Crustaceans and other marine waste

5.4.1. Chitosan

Chitosan is one of the most studied marine biopolymers for the treatment of
pathologies of the CNS and it is because chitosan is biocompatible, biodegradable and
mucoadhesive. Besides that, it has been demonstrated that chitosan is non-toxic, non-
allergenic, antifungal, antibacterial, antioxidant, anti-tumoral, anti-inflammatory,
immunoadjuvant, anti-thrombogenic and anti-cholesterem. (Ojeda-Hernandez et al.
2020) Due to all that properties, a huge number of articles in which applications of

chitosan for the CNS are described can be found.
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In the field of theranostics, which looks for the development of a unique
dispositive able to treat and diagnose an illness, autofluorescent nanogel particles have
been developed. The nanogel particles were prepared by water in oil emulsion technique
combining chitosan, hydroxyethyl cellulose and linseed oil-based polyol to increase their
lipophilicity and facilitate them to cross the BBB. When they were prepared, the
characterization tests confirmed that the nanoparticles measured 60-70 nm, were
autofluorescent at different wavelengths (605, 700 and 810 nm) and they were non-toxic
and biocompatible with different cell lines. Besides that, it was proved that nanogels were
uptaken by human peripheral blood mononuclear cells and microglial cell lines, and they
were able to cross the BBB in an in vitro human BBB model. All the results, made the
researchers conclude that these new nanoparticles have a great potential as drug delivery
systems for the CNS, allowing an imaged-guide therapy. (Vashist et al. 2020)

When talking about nose-to-brain drug delivery, it can be observed that chitosan
has been extensively studied for delivering drugs to the brain through this route. (Singh
et al. 2020) This route has been tested for the treatment of epilepsy, migraine and
Parkinson’s disease, among others.(Ahmad et al. 2020a; Cometa et al. 2020; Salem et al.
2020)

In epilepsy, chitosan-coated-PLGA nanoparticles loaded with catechin hydrate
(phytochemical with antioxidant and anti-inflammatory activities) have been developed
to increase the bioavailability of the drug and, with it, to reduce the seizures provoked by
the illness. The PLGA nanoparticles were prepared by a double emulsion methodology
and the amount of PLGA, the amount of PVA, the sonication time and the temperature of
the reaction were adjusted until getting a formulation with an appropriate particle size,
polydispersity index (PDI) and zeta potential, which, finally, were 93.46 + 3.94 nm, 0.106
+ 0.01and -12.63 + 0.08 mV, respectively. After that, the particles were coated with
chitosan to increase their adhesiveness to nasal mucosa, this fact increased the size of the
particles, but, according to TEM measurements, they measured less than 110 nm. The in
vitro release test and the ex vivo permeability test with goat nasal mucosa showed that,
in 24 hours, the nanoparticles release around an 80% percent of its content and, also,
around a 80% of drug cross the nasal mucosa. When tested in vivo in an animal model for
epilepsy, the particles showed to be more effective in the control of myoclonic jerks and
generalized seizures than the free drug. So, the authors developed an innovative
mucoadhesive nanoformulation suitable for intranasal brain-targeted delivery. (Ahmad et

al. 2020a)
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In a similar way to that used in the previous example, Salem et al. prepared
chitosan mucoadhesive formulations for the intranasal treatment of migraine, but, in this
case, instead of using PLGA nanoparticles, they used nanostructured lipid carriers (NLCs)
as the base of the formulation. Firstly, they prepared different formulations by hot
homogenization and ultrasonication technique changing the ratio of solid lipid to liquid
lipid, the type of solid lipid used, the type of surfactant and the presence or absence of
chitosan until optimizing the particle size, PDI and zeta potential, which, finally, were
254,93 +1.85 nm, 0.27 £ 0.07and 34.11 + 0.11 mV, respectively. The ex vivo permeation
tests with sheep nasal mucosa showed that the formulation was able to enhance the
penetration of almotriptan maleate (the anti-migraine drug loaded in the particles)
reaching a 100% of diffusion after 1.5 h, while the drug solution only reached a 40% of
diffusion. Finally, the in vivo absorption study, performed in rabbits, showed that the new
intranasal formulation reached a maximum concentration (Cmax) and an area under the
curve (AUC) in the brain 6.6 and 4.6 times higher than those for the oral market product,
an excellent result that makes this formulation a possible alternative to those currently
marketed. (Salem et al. 2020)

Chitosan coated solid lipid nanoparticles have also been proposed for the
treatment of Parkinson’s disease, increasing the stability of dopamine and ensuring its
prolonged release. (Cometa et al. 2020) Although in vivo studies are necessary to classify
this possible nasal formulation as successful.

Other formulations that have been investigated using chitosan are scaffolds. In
2020, Ham et al. prepared a scaffold loaded with immobilized interferon-y and rat neural
stem cells for the treatment of spinal cord injury and it improved the motor activity in the
rats in which it was tested. In their protocol, they first placed the scaffold subcutaneously
and they waited 4 weeks to ensure its maturation, after that, the scaffold was relocated
to a spinal cord gap that they provoked to the animal. They observed that the regenerated
neurons were able to enter and grow through the scaffold gaps and, from week 6 after
implantation, the mature scaffolds were able to improve the movements of the rats. (Ham
et al. 2020)

Chitosan has been proposed as a candidate biomaterial for the delivery of drugs
to brain tumors. For instance, chitosan-modified PLGA nanoparticles loaded with
paclitaxel in combination with the same type of particles loaded with R-flurbiprofen have
shown to be able to treat glioblastoma in rat when they are administered

intraperitoneally. (Caban-Toktas et al. 2020) The combination of these two drugs has an
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additive effect in the treatment of cancer because of the antitumoral activity of paclitaxel
and the capacity of flurbiprofen to reduce the inflammatory environment that surrounds
the glioblastoma. In another investigation, chitosan and PLGA were combined to create
nanoparticles loaded with curcumin, molecule able to inhibit and eliminate brain cancer
cells, which were functionalized with sialic acid, to use the receptor-mediated route to
cross the BBB, and anti-aldehyde dehydrogenase, to target the glioblastoma cells, as
cancer cells overexpress this enzyme. In vivo studies with this formulation are needed,
but the in vitro tests performed by the researchers confirm its functionality. (Kuo et al.
2019)

When the pathologies that affect the CSN are named, the retina pathologies are
frequently forgotten, but, in fact, the retina is part of the CNS and has a complex circuit
of neurons that transforms the information received by the photoreceptors in electrical
information that travels to the brain through the optic nerve. (Purves et al. 2001) Due to
its mucoadhesiveness, chitosan hydrogels can be used for the treatment of eye’s
pathologies, specifically, a chitosan hydrogel loaded with FK506 (in micelle) and ciliary
neurotrophic factor (CNTF) has been proposed for the treatment of traumatic optic nerve
injuries. The FK506 is an immunosuppressant which helps to control the overactive
immune system after a traumatic axon injury, slowing down the scar formation. By its
part, according to the authors, the objective of adding the CNTF was to restore the
neurotrophins levels after the injury to impede the apoptosis of the retinal ganglion cells
and to promote the axon regeneration. The potential of this drug delivery system was
demonstrated with in vitro and in vivo studies in which the drugs showed sustained
release during 9 days and fulfilled their function in the animal model. (Wang et al. 2020)

Finally, silymarin-loaded chitosan nanoparticles have been tested as a protective
pre-treatment for the damage provoked by global cerebral ischemia/reperfusion.
Silymarin is a natural polyphenol with anti-oxidative and anti-inflammatory properties, so
the new formulation would do its job by enhancing these properties. For demonstrating
this, the researchers administered the particles to rats during 14 days prior provoking an
artery occlusion, after that, they observed that the animals treated with the new
formulation showed the lowest indicators of inflammation, a lower infarction volume and
less depressive behaviours, which were analyzed with the forced swimming test and the
tail suspension test, thus, the new formulation was successful in its aim of attenuate the

negative effects of global cerebral ischemia/reperfusion. (Moghaddam et al. 2020)
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5.4.2. Chitooligosaccharides
In the treatment of the consequences of a brain ischemia or neurodegenerative disorders,
besides employing chitosan as a carrier of drugs, chitooligosaccharides, the degradation
product of chitosan, have its own interest. That is because they have demonstrated to
have anti-apoptotic effects when cells undergo glucose deprivation. (Xu et al. 2011)
Furthermore, in Alzheimer’s disease, chitooligosaccharides have demonstrated, on the
one hand, to inhibit the B-site amyloid precursor protein (APP)-cleaving enzyme (BACE),
the enzyme responsible of the limiting step in the production of amyloid plaques, (Eom et
al. 2013) and, on the other hand, to inhibit the acetylcholinesterase, what can be used to

curb the cognitive deficits caused by the disease. (Lee et al. 2009)

5.5. Microalgae and microbial exopolysaccharides (EPS)

There are not research works in which EPS are used to target central nervous
system. So, further research is necessary to exploit the possibilities of these polymers as
new biomaterials or to improve the treatment of CNS pathologies by their
pharmacological action, which is reasonable as they have shown anticancer activity in
extracranial tumors and they could be used for the treatment of glioblastoma. (Laurienzo

2010)

6. Conclusion

Along this chapter, a review of the most important applications of marine
biopolymers in the treatment of pathologies of the CNS has been done. There are two
reasons why these polymers are interesting for the treatment of these diseases: (1) their
biological activity and (2) their physical and chemical properties, such as biocompatibility
and biodegradability, which make them appropriate for drug delivery.

The CNS pathologies that can be treated with marine biopolymers due to their
biological activity are the following ones:

e Ulvans, from green algae: anxiety and depression.

e Fucoidans, from brown algae: brain injuries, depression, glioblastoma and

neurodegenerative diseases (Alzheimer’s disease and Parkinson’s disease).

e Laminarin, from brown algae: brain injuries after stroke.

e (Carrageenans, from red algae: neurodegenerative diseases (Alzheimer’s

disease).

e Galactan, from red algae: neurodegenerative diseases.
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e Porphyran, from red algae: neurodegenerative diseases (Parkinson’s disease).

e Chitooligosaccharides, from crustaceans: brain injuries after ischemia and

neurodegenerative diseases (Alzheimer’s disease).

Furthermore, alginate, chitosan, galactan and agarose, have proved to be
appropriate polymers for the development of drug delivery systems to the CNS going,
both, through the BBB and beyond the BBB. These formulations have been used to treat
the following diseases:

e Alginate, from brown algae: deafness, neurodegenerative diseases,

glioblastoma and spinal cord injury.

e Carrageenans, from red algae: neurodegenerative diseases (Parkinson’s

disease).

e Galactan, from red algae: glioblastoma.

e Chitosan, from crustaceans: epilepsy, migraine, neurodegenerative diseases

(Parkinson’s disease), spinal cord injury, glioblastoma and optic nerve injury.

In conclusion, marine world is a surprising and enormous source of new active
substances and new materials. Some of them are useful for biomedical applications in
general, and, in particular, to treat central nervous system pathologies. However,
research in this area is only starting and a lot of effort and much more research are
required to determine the potential of these resources, both, because of their
pharmacological ability to treat diseases and because of their potential to deliver other

drugs to their therapeutic target.
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Abstract:

The BBB is a protective entity that prevents external substances from reaching the CNS
but it also hinders the delivery of drugs into the brain when they are needed. The main
objective of this work was to improve a previously proposed in vitro cell-based model by
using a more physiological cell line (hCMEC/D3) to predict the main pharmacokinetic
parameters that describe the access and distribution of drugs in the CNS: Kpuy,brain, fu,plasma,
fubrain and Vyprain. The hCMEC/D3 permeability of seven drugs was studied in transwell
systems under different conditions (standard, modified with aloumin and modified with
brain homogenate). From the permeability coefficients of those experiments, the
parameters mentioned above were calculated and four linear IVIVCs were established.
The best ones were those that relate the in vitro and in vivo Vyprainand fuprain (r?= 0.961 and
r2 = 0.940) which represent the binding rate of a substance to the brain tissue, evidencing
the importance of using brain homogenate to mimic brain tissue when an in vitro brain
permeability assay is done. This methodology could be a high-throughput screening tool
in drug development to select the CNS promising drugs in three different in vitro BBB

models (\CMEC/D3, MDCK and MDCK-MDR1).
Keywords:

Blood-brain barrier (BBB); IVIVC; unbound fraction (fu); distribution volume in brain

(Vuprain); plasma-brain partition coefficient (Kpuu brain)-
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INTRODUCTION

The blood-brain barrier (BBB) is a protective entity that acts preventing drugs or
nutrients from reaching the central nervous system (CNS). This characteristic helps to
maintain brain homeostasis and allows the brain to function properly. However, this
protective mission of the BBB displays a huge drawback since it makes extremely difficult
to deliver drugs into the CNS when they are needed. [1-3]

There are several pathways that molecules could use to cross the BBB: paracellular
diffusion, transcellular diffusion, carrier-mediated transport, receptor-mediated
transport, adsorptive-mediated transport and cell-mediated transport. [4-6]
Nevertheless, the physicochemical properties of those molecules limit the use of one
pathway or another. For instance, paracellular diffusion and transcellular diffusion are
limited to very small hydrophilic or lipophilic molecules; carrier-mediated and receptor-
meditated transports can be used by essential molecules, such as, glucose, amino acids,
insulin or lipoproteins, that need to specifically bind their carrier or receptor; and
molecules using the adsorptive-mediated route or the cell-mediated route need to have
positive charge or be able to be internalized by an immune cell. [6] Furthermore, if a
molecule reaches the brain, it can be returned to the circulatory system by means of
several efflux transporters (ATP-binding cassette transporters). [7] Because of all that,
permeability evaluation tools are needed for evaluating the ability of new drugs or new
delivery systems to cross the BBB while they are developed.

Drug transport into brain can be measured by in silico, in vitro, in situ or in vivo
methods.[8] In vitro methods can be considered the most interesting ones as (a) they
normally give better predictions than the in silico methods (they can evaluate other
properties besides permeability, as cell toxicity) and (b) they are faster, cheaper and easier
to handle than the in vivo ones. [9] During the last years, different cell-based in vitro
models have been tested to evaluate drug penetration across BBB, such as primary cell
cultures or immortalized cell lines from different origins (RBE4 from rat, MBEC4 from
mouse, MDCK from dog or hCMEC/D3 from human, among others).[10-13]

Physiologically, BBB is constituted by endothelial cells of brain capillaries which
enter deeply into the brain structure and allow brain cells to exchange oxygen, nutrients
and waste substances with the circulatory system.[14,15] An ideal cell-based BBB model
should meet the following characteristics (a) expressing tight junctions to form a selective
barrier and maintain a high electrical resistance, (b) exhibiting functional efflux and influx

transporters and a polarized structure, (c) being able to classify substances in accordance
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to their permeability, (d) being able to response to aggressions as in vivo BBB does and (e)
simulating the differentiation pattern provoked by the shear stress from blood flow.
[10,16]

A lot of in vitro methods have been tested to reproduce the characteristics
mentioned above. [17,18] Except for the latter characteristic, which can only be reached
when dynamic in vitro BBB models are used, the hCMEC/D3 cell line when properly
culture, possesses all the other mentioned properties. This cell line is one of the best
known and most applied as BBB model cell line until the moment.[19]

From a pharmacokinetic point of view, a good in vitro BBB model should be able to
predict the rate and extent in which a substance will access to the brain. [20-22] Several
factors can determine rate and extent of access to CNS, namely, the plasma levels of the
substance, its binding to plasma protein (as only the free fraction will diffuse through the
BBB), its effective permeability through the endothelial membrane, the contribution of
influx and/or efflux transporters, the metabolic modifications occurred in the barrier itself
and its binding to the brain tissue.[15,23]

In 2013, Mangas-Sanjuan et al. developed a new in vitro method, using MDCKII
and MDCKII-MDR1 cell lines, able to predict the main pharmacokinetic parameters that
describe the entrance and distribution of different drugs in the CNS (Kpuu,brain, fu,plasma, fu,brain
and Vyrain) from the apparent permeability values (Papp) Of those drugs. [24] The Kpuyu,brain
is the ratio between the free drug concentration in plasma and the free drug concentration
in brain once the steady state has been reached, the f, pasma is the free fraction of drug in
plasma, the f,urain is the free fraction of drug in the brain and the V., rin represents the
apparent volume of distribution in this organ.

As the MDCKIl and MDCKII-MDR1 cell lines, despite having extremely tighten
junctions, which has made them a good model for assessing BBB permeability, they have
any (MDCKII) or just one (MDCKII-MDR1) BBB transporter. [9] The purpose of this research
was to improve the previously mentioned in vitro model by using a more physiological cell
line, hCMEC/D3 cell line, which, coming from human temporal lobe microvessels, has
much more BBB transporters in its surface and should be able to predict the BBB
permeability for not just passives drugs, but also those substrates of transporters.[10,19]
For assessing this objective, the permeability of seven drugs (some present in the other
model and some new ones) was studied in hCMEC/D3 cells under different conditions and
the pharmacokinetic parameters mentioned above were calculated. Finally, in vitro-in vivo

correlations (IVIVCs) between the predicted parameters and experimental parameters
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obtained in rat[25,26] were established.

MATERIALS AND METHODS

1. Drug and products

The drugs chosen because of their different properties, amitriptyline, atenolol,
carbamazepine, fleroxacin, genistein, pefloxacin and zolpidem, were purchased from
Sigma-Aldrich (Spain). Molecular properties and the in vivo Kpuybrain, fu,plasma, fubrain and
Vu,brain Values of the studied drugs are shown in Table 1. [25-28]

Hydrocortisone, ascorbic acid, HEPES and bFGF (basic fibroblast growth factor)
and HPLC grade chemicals as Methanol, water or Acetonitrile were purchased from Sigma-
Aldrich. Fetal bovine serum (FBS), penicillin-streptomycin, chemically defined lipid
concentrate, Hank’s balanced salt solution (HBSS), collagen | rat protein and trypsin-EDTA
were purchased from Gibco. EBM-2 medium was purchased from Lonza and Triton X-100
from Spi-Chem. Immortalized Human Cerebral Microvascular Endothelial Cell Line

(hCMEC/D3 cell line) was purchased from Cedarlane (Canada).

Table 1. Physicochemical properties and in vivo data from rat for each drug tested.[25-28] Vu,brain

units are mL/g brain.

MwW logP Strongest Strongest BCS P-gp Kpuosan  fupioma  fusran  Vabrain
(g/mol) acidic pKa basic pKa
Amitriptyline 277.411 4.81 9.76 | Substrate 0.730 0.090 0.002 310.000
Atenolol 266.341 0.43 14.08 9.67 Il Substrate  0.030 1.000 0.261 2.500
Carbamazepine 236.274 2.77 15.96 Il Inductor 0.771 0.385 0.170 3.729
Fleroxacin 369.344 0.98 5.32 5.99 v 0.250 0.793 0.555 1.281
Genistein 270.240 3.08 6.55 I Inhibitor  0.181  0.010 0.053 11.499
Pefloxacin 333.363 0.75 5.5 6.44 | Substrate 0.199 0.860 0.514 1.367
Zolpidem 307.397 3.02 5.39 I 0.447 0.267 0.265 2.464
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2. Cell culture

hCMEC/D3 cells were maintained in EBM-2 culture medium adding 5% (v/v) FBS,
1 % (v/v) penicillin-streptomycin, hydrocortisone (0.5 pg/ml), ascorbic acid (5 ug/ml), 1 %
(v/v) lipid concentrate, 1 % (v/v) HEPES and bFGF (1 ng/ml - added directly into the flasks
when cells were cultured).

Cells were maintained in an incubator at 372C, 5% CO; and 90% humidity in 75

cm? flasks at a cell density of 2.5 x 10* cells/cm?.

3. Permeability studies

The BBB in vitro model for carrying out the permeability tests was obtained after
seeding hCMEC/D3 cells at a density of 2.5 x 10* cells/cm? in the apical chamber,
previously coated with 50 ug/mL collagen | rat protein in 0.02 M acetic acid in a 6-transwell
plates (effective area: 4.2 cm?, pore size: 0.4 micron and pore density: 100 + 10 x 10%/cm?)
and incubating them until confluence (8 days) replacing the culture medium each two
days.

The transepithelial electrical resistance (TEER) was measured all the days that the
culture medium was changed and, additionally, at the beginning and at the end of the
permeability studies to check that the cell monolayers maintained their integrity. The cell
monolayers were considered properly formed when their TEER value, corrected by the
value of an empty transwell, reached 30-50 Qecm?.[29]

After 8 days of cell seeding, permeability tests were performed in non-sterile
conditions in an orbital shaker at 372C and 100 rpm. The culture medium was replaced by
HBSS, as isotonic buffer solution. Four types of experiments were carried out, in which the
apical chamber (2 mL) of the transwell plates represents the plasma and the basolateral
chamber (3 mL) of the transwell plates represents the brain.[24] Drug solutions were
placed in one chamber and HBSS was placed in the other one. The volumes used in the
apical chamber and the basolateral chamber correspond to those specified by the
transwell manufacturer and allow liquids to reach the same height on both sides of it.

e Standard experiment (A-B) - This experiment was performed from apical-to-
basolateral direction. Drug dissolved in HBSS (2 mL) was placed at time 0 in the
apical chamber.

e Standard experiment (B-A) - In this case, the experiment was carried out from
basolateral-to-apical direction. The drug dissolved in HBSS (3 mL) was placed at

time O in the basolateral chamber.
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e Albumin experiment (A-B) - In this case, the content of the apical compartment
was modified adding albumin 4% (w/v), similar concentration that on human
blood, with the aim of mimicking better the plasma compartment and
implementing the protein binding of each drug. Transports experiments were
done from apical-to-basolateral direction. Drug dissolved in 4% albumin HBSS (2
mL) was placed at time 0 in the apical chamber.

e Brain homogenate experiment (B-A) - For improving the simulation of the brain
compartment, in this type of experiment, drug solution in the basolateral
compartment (3 mL) was prepared in 1:3 pig brain homogenate:phosphate buffer
(180 mM, pH 7.4) solution. Pig brain was selected as surrogate for human brain to
mimic the lipid and protein composition of this organ. They were obtained from a
local slaughterhouse and were kept frozen until their use. Previous to the
experiment brain homogenate was prepared by using a hand blender and adding
3 parts of phosphate buffer to get a texture liquid enough to be able to take
samples.

In all conditions, drug solutions were prepared 30 min before the beginning of the
experiments and they were left in the orbital shaker at 372C during that time. As some of
the drugs showed a very low water solubility, all the drugs studied were firstly dissolved
in dimethyl sulfoxide (DMSO) and then diluted in HBSS, being the final concentration of
DMSO 0.9% (v/v) for amitryptiline, 0.32% (v/v) for zolpidem and 0.09% (v/v) for the rest
of the drugs. Final concentrations of drug solutions are shown in Table 2.

During permeability study, aliquots of 200 uL were taken after 15, 30, 60, 90, 120
and 180 min from acceptor compartment and the same volume was replaced with 200 pL
of HBSS at 379C. Additionally, four extra samples, used for checking the mass balance of
the permeability tests, were taken: a sample from the donor compartment at the final
point, both samples from apical and basolateral chambers after washing the plates for
measuring TEER values after the experiment and a sample from the cell monolayer

disrupted by a Triton X-100 (1 %) solution at the end of the experiment.

4. HPLC analysis of the samples

Samples were evaluated using an ultraviolet (UV) HPLC set (Waters 2695
separation module and Waters 2487 UV detector) and a XBridge C18 column (3.5uM, 4.6
x 100 mm). Run temperature was established at 302C, injection volume was 90 pL and

flow rate was 1 mL/min. Other chromatographic conditions are summarized in Table 2.
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Table 2. Chromatographic methods used in HPLC. Acid water had 0.5 % (v/v) trifluoroacetic acid.

C(uM)  Wavelength Mobile phase  Retention time (min)

L 40% Acid water
Amitriptyline 250 240 nm o 1.020
60% Acetonitrile

20% Methanol
Atenolol 150 231 nm 60% Acid water 1.330
20% Acetonitrile

. 65% Acid water
Carbamazepine 18 280 nm . 1.926
35% Acetonitrile
. 70% Acid water
Fleroxacin 1.39 285 nm 1.348

30% Acetonitrile

60% Methanol
Genistein 3.81 254 nm 15% Acid water 1.334
25% Acetonitrile

. 65% Acid water
Pefloxacin 8.91 285 nm o 0.721
35% Acetonitrile
60% Water
Zolpidem 158 231 nm 20% Methanol 4.624

20% Acetonitrile

All analytical methods were validated and demonstrated to be adequate regarding
linearity, accuracy, precision, selectivity and specificity. Samples from albumin and brain
homogenate experiments were diluted (50:50) with cold methanol to precipitate proteins.
Then, all the samples, from all the experiments, were centrifuged at 10000 rpm for 10 min

and supernatant was analyzed by HPLC. Acid water had 0.5 % (v/v) trifluoroacetic acid.

5. Data analysis

All the calculations and plots shown in this paper were obtained with Excel®.
Four different methodologies[30] were used for calculating the permeability
coefficient (Per, cm/s) for each drug and each experimental condition:
e The Sink equation (eq.1), in which dQ/dt is the apparent arrival of drug in the
acceptor compartment, S is the surface area of the monolayer and Cy is the initial
concentration of drug administered in the donor compartment. This equation

assumes sink conditions during all the experiment which means that the acceptor
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concentration is always lower than the 10% of the concentration administered in

donor.

(1)

Peffzs.co

e The Sink Corrected equation (eq. 2) which, although assuming sink conditions,
considers the change in donor concentration during the experiment. In this
equation all the terms are the same as in the Sink one but Cp that is the

concentration in the donor compartment at each sample time.

(2)

Ferr =5-¢p

e The Non-Sink equation (eq. 3) which was developed with the aim of being able to
calculate the permeability coefficient when sink conditions are, both, fulfilled or
not fulfilled. Creceivert is the concentration of the drug in receptor chamber at time
1, Quotal is the total amount of compound in both chambers, Vieceiver and Vaonor are
the volumes of each compartment, Creceivert-1is the drug concentration in receptor
compartment at previous time, f is the sample replacement dilution factor, S is

the area of the monolayer and At is the time interval.

receiver + Vdonor receiver + Vdonor

Qtotal Qtotal
Creceiver,t = V. el + (Creceiver,t—l : f) - V. e
(3)

Vryeceiver Vdonor

e—Peff'S'(;-l- L )'At

¢ The Modified Non-Sink Equation (eq. 4) which has the advantage of giving the
opportunity of defining two different Pt depending on time when the permeation
rate is different at the beginning of the experiment. The terms of this equation are
the same as in the Non-Sink one but the permeability coefficient can take two
values Pesro Or Pesir. This methodology has demonstrated to be the best tool for
obtaining the permeability values, in both sink and no sink conditions, when the
initial permeation rate is altered in with regard to the rest of the transport

profile.[30]
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Qtotal Qtotal
Creceiver,t = % % + (Creceiver,t—l : f) - % %
receiver + donor receiver + donor (4)
1 1
-P, S|——+ At
-e effo1 <Vreceiver Vdonor)

Finally, the permeability values obtained with the method that best suited each case

were chosen for calculating the Kpuuprain, fuplasma, fubrain @nd Vyprain parameters. The

deduction of the equations used for obtaining the main pharmacokinetic parameters that

describe the entrance and distribution of drugs in the CNS (Kpuu,brain, fu,plasma, fubrain and

Vubrain) Was previously explained in Mangas-Sanjuan et al. work. [24] Briefly:
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Kpuubrain (€q. 5), defined as the ratio between the unbound concentration in
plasma and the unbound concentration in brain once the steady state has been
reached, is estimated from the combination of the permeability values obtained
in both standard experiments, apical-to-basolateral (Papp a>8) and basolateral-to-
apical (Pappsa). It is because Kpuy,brain Can be also expressed as the ratio between
the influx clearance (Clin) and the efflux clearance (Clowt) through the BBB and,
assuming that a clearance can be expressed as the product of a permeability and
a surface area, Kpuuprain Calculation can be simplified to a relation between

permeabilities. [24]

Clin _ Papp A-B ) _ Papp A-B

(5)

Kpuwprain = = =
’ Clout Papp B-A " S Papp B—A

The ratio between the permeability coefficients obtained in both apical-to-
basolateral experiments, the one modified with albumin (Papp a) and the
standard one (Papp a8), gives the f,piasma (€9.6). This parameter represents the
unbound fraction of drug present in plasma and can be obtained from the
experiments mentioned above because, in both cases, the transport from the
donor to the receiver chamber depends on the free concentration in the donor
one (Cyp). In the standard experiment, all the concentration in donor is unbound
as HBSS has not proteins to which the drug can bind, but in the modified with
albumin one a concentration of albumin (the most abundant plasma protein [31])
equal to that present in human blood has been added and drugs can bind to it. As
in the permeability equations (eq. 1-4), the total concentration in donor (Cp) is
used (because the unbound fraction is not known), the permeability obtained in

the modified experiment is an apparent one, that would be equal to the standard
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one if the fy piasma Were known when starting the calculations. [24]

Pq

_ _ pp ALB

Papp ag " Cp = Papp A-B "’ fu,plasma - Cp - fu,plasma = P (6)
app A-B

e Following the same argumentation that in f, piasms, the unbound fraction of drug in
brain, fuprin (€q. 7), can be obtained combining the permeability values got from
both basolateral-to-apical experiments, the modified with brain homogenate one
(Papp nom) and the standard one (Papp s—a). Furthermore, the f prin parameter can be
translated to the apparent distribution volume in brain, Vuprain, One by means of the
equation 8 where Vgcr is the volume of the brain extracellular fluid (0.2 mL/g

brain) and Vicr is the volume of the brain intracellular fluid (0.6 mL/g brain).

Py

_ _ pp HOM

Papp HOM * CD - Papp B—A 'fu,brain : CD - fu,brain = p (7)
app B—-A

Vuprain = Vecr + ( ) Vicr (8)

f u,brain

In vitro-in vivo correlations were developed between the in vivo parameters
obtained in rat by Friden et al.[25] and Kodaira et al.[26] (Table 1) and the in vitro
parameters calculated with the equations above. Linear IVIVCs are shown in different
graphs with their coefficient of determination (r?) and their 95% confidence interval. The
r2values were used for comparing the IVIVCs developed with this approach and the ones

obtained by Mangas-Sanjuan et al. with the MDCKII and MDCKII-MDR1 cell lines. [24]

6. Statistical tests
Differences between groups were evaluated with a t-student test. P < 0.05 was

established as a significance level. The statistical analysis was made with the software

SPSS, V.20.00.

RESULTS AND DISCUSSION

One of the most important problems that industries find when a new drug is
developed for CNS treatment is the lack of crossing the BBB and, therefore, to reach its
target. This fact has boosted the study of new in vitro tools able to predict which drugs are
most promising to reach the brain with the aim of avoiding the big losses of investment

that the withdrawal of a drug in an advanced phase of its development causes.
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In this work, an in vitro model for calculating the main pharmacokinetic
parameters that describe the entrance and distribution of drugs in the CNS (Kpuu,brain,
fu,plasma, fubrain@nd Vybrain) has been improved in the hCMEC/D3 cell line. This model would
be especially relevant in the future establishment of new therapeutic strategies targeted
to the treatment of CNS pathologies (epilepsies, brain tumours, meningitis, multiple
sclerosis, encephalitis or dementias among others).

In 2013, Mangas Sanjuan et al. proposed this model using two epithelial cell lines,
the Madin-Darby canine kidney Il (MDCKII) cell line and the wild cell line transfected with
P-glycoprotein (MDCKII-MDR1) as, due to their strong tight junctions, they are considered
good models for mimicking the BBB.[24] Currently, the endothelial \CMEC/D3 cell line is
the best characterized and most used BBB cell model[19] which, despite its relatively lack
of tightness (its TEER values are around 30-50 Qecm?)[29] is able to overcome some of the
main disadvantages of both MDCKII and MDCKII-MDR1 cell lines, as their differences in
morphology, growth, metabolism and transporters with human BBB.[9]

Although not measured, it is globally accepted that human brain microvessels
have TEER values above 1000 Qecm? [29], which would be extremely far from the values
detected in hCMEC/D3 monolayers. Nonetheless, previous studies have demonstrated
that hCMEC/D3 cells monolayers express several proteins that are responsible of tight
junctions’ formation, such as: claudins, occludins or junction adhesion molecules, and
they are able to restrict the permeability of lucifer yellow, a low molecular weight

paracellular diffusion marker. [19,29]

1. Permeability values and in vitro BBB parameters

The permeability coefficients obtained for each drug and each experimental
condition are summarized in Table 3. Additionally, Fig. 1 shows a comparison between
these permeability values with their standard deviation obtained in each experimental

setting for each drug.
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Table 3. Permeability values obtained for each drug and each different experimental condition

(standards, modified with albumin and modified with brain homogenate).

Papp A->B Papp B->A Papp ALB Papp HOM

(x10®%cm/s) (x10®cm/s) (x10®cm/s) (x10°®cm/s)

Amitriptyline 124.24 66.21 3.00 16.72
Atenolol 19.01 26.89 18.33 10.19
Carbamazepine 70.14 51.93 8.62 20.04
Fleroxacin 29.96 25.73 24.40 19.12
Genistein 38.38 116.16 5.74 20.60
Pefloxacin 24.95 33.14 4.27 21.29
Zolpidem 106.16 80.76 26.83 32.93
160.00 -
140.00 -
- 12000 -
EEJ 100.00 -
S 8000
=
3 60.00 -
& 4000 -
i L il
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B PappA>B [OPappB>4A HEPappALE [OPapp HOM

Figure 1. Comparison of the different permeability values with their standard deviation obtained

in each experimental setting for each drug.

In Fig. 1, itis shown how the presence of albumin affects the permeability of those
drugs that have some plasma protein binding, as amitriptyline, carbamazepine, genistein
and zolpidem; in these drugs, the Peff values from apical-to-basolateral are considerably
reduced when albumin is added to the experiment, but this fact does not happen in those
drugs in which there is not in vivo protein binding, atenolol, fleroxacin and pefloxacin. On

the other hand, the same figure shows the effect that brain homogenate provokes in the
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basolateral-to-apical permeability when the drug has a high in vivo brain binding
(amitriptyline, atenolol, carbamazepine, genistein and zolpidem), in which case the Peff
values get reduced when the basolateral-to-apical experiment is modified with brain
homogenate.

The pharmacokinetic parameters estimated from the in vitro permeability

coefficients with the equations described previously are shown in Table 4.

Table 4. In vitro pharmacokinetic parameters calculated with the equations 5, 6, 7 and 8 from the
permeability coefficients obtained in the different experimental settings and in vivo parameters

published in Friden et al and Kodaira et al.[25,26]

vu,brain
Kpuu,brain fu,plasma fu,brain .
(mL/g brain)
o o o (o]
s & 5 S S S £ S
S > S > 'S > S S
s IS S IS s 5 s IS

Amitriptyline 1.876 0.730 0.024 0.090 0.252 0.002 2.577 310.00

Atenolol 0.707 0.030 0.964 1.000 0.379 0.261 1.784  2.500

Carbamazepine 1.351 0.771 0.123 0.385 0.386 0.170 1.755 3.729

Fleroxacin 1.164 0.250 0.814 0.793 0.743 0.555 1.007 1.281

Genistein 0.330 0.181 0.150 0.010 0.177 0.053 3.584 11.499

Pefloxacin 0.753 0.199 0.171 0.860 0.642 0.514 1.134 1.367

Zolpidem 1.314 0.447 0.253 0.267 0408 0.265 1.671 2.464

2. In vitro-in vivo correlations

In this investigation, four different linear IVIVCs have been obtained (Fig. 2). Fig. 2
shows the linear IVIVCs obtained between the in vitro Kpuy,brain, fu,plasma, fu,brain and Vyprain
values and the in vivo Kpuu,brain, fuplasma, fubrain and Vi prain Values with their coefficients of

determination (r?) and their 95% confidence intervals.
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Figure 2. Linear in vitro-in vivo correlations (dotted line) with their coefficient of determination (r?)
and their 95% confidence interval (solid line). IVIVCs obtained between: A. the in vitro Kpuu,brain
values and the in vivo Kpuu,brain Values; B. the in vitro fu plasma values and the in vivo fu plasma values; C.
the in vitro fu,brain values and the in vivo furain Values and D. the in vitro Vubrain vValues and the in vivo

Vu,brain Values.

The best IVIVCs have been those that relate the in vitro Vuprin with the in vivo
Vubrain and the in vitro fupmin With the in vivo fypmin with an r? of 0.961 and 0.940,
respectively. These two parameters represent the binding rate of a substance to the brain
tissue and, thus, they were obtained combining the permeability values from the studies
performed in basolateral-to-apical direction, the standard one and the one modified with
brain homogenate. The obtained results evidence the great utility of using brain
homogenate to mimic brain tissue when an in vitro permeability test is developed.
Nevertheless, the r? of 0.961 for the correlation between the in vitro V., prin With the in vivo
Vu,brain Was obtained after removing the amitriptyline data whose in vivo V., rain value was

310.00 ml/g brain, a huge value in comparison with the rest of in vivo data (Table 4). It was
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not necessary to remove this point when the correlation of fy prin Was obtained, fact that
reveals that the use of this system and equation 8, that relates both parameters f, brainand
Vubrain, it is not accurate when the binding of a drug to the tissue is extremely high.
According to table 4 and the mentioned results, it can be said that, right now, the superior
limit for the prediction of Vy brain With this methodology would be an in vivo V, prain Value of
11.5 ml/g brain (genistein in vivo V prain).

For the other parameters, the unbound fraction of drug in plasma (fypiasma) and
the unbound plasma-brain partition coefficient (Kpuubrain), the correlation is not as good
as the other ones, although a clear tendency between in vitro data and in vivo data can be
seen (Fig. 2). In vitro Kpuyprain and in vivo Kpuuprain cOrrelation was developed with an r? of
0.683 and the correlation between the in vitro f,pasma and the in vivo f, piasma had an r? of
0.556.

In Table 5 the r? values for the IVIVCs obtained in this work and the ones obtained
by Mangas-Sanjuan et al. with the MDCKIl and MDCKII-MDR1 cell lines are summarized,
for the comparison of the correlations from the different cell lines. The correlation
between the in vitro f, prain and the in vivo fy prain for the MDCKII and the MDCKII-MDR1 was
not published in Mangas-Sanjuan et al. and it was obtained after transforming the

published V prain Values into f, prain Values with equation 8.

Table 5. Coefficient of determination (r?) values for the correlations obtained in hCMEC/D3 cell line

in this work and in MDCKIl and MDCKII-MDR1 cell lines by Mangas-Sanjuan et al.[24]

MDCKII MDCKII-MDR1 hCMEC/D3
KPuy,brain IVIVC 0.063 0.401 0.683
f, plasma IVIVC 0.846 0.452 0.556
furain IVIVC 0.616 0.624 0.940
Vubrain IVIVC 0.985 0.839 0.961

In Table 5, it can be seen that for the Kpyu,prainand fu prain IVIVCs, the highest r? values
are reached with the hCMEC/D3 cell line. Additionally, the dissimilarity between the f, prain
and Vy,prain 2 values for both MDCKII (fuprain r? = 0.616 and Vyprain > = 0.985) and MDCKII-
MDR1 (fuprain 1> = 0.624 and Vuprin r* = 0.839) cell lines confirms that the system and

equation 8 are not completely accurate for relating both parameters. Otherwise,
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according to the r? values, the best cell line for predicting the f, yasma parameter would be
the MDCKII cell line (r? = 0.846).[24]

As results differ from one parameter to other, it cannot be argued that hCMEC/D3
cell line is the best cell model for predicting all the pharmacokinetic parameters Kpuy,brain,
fu,plasma, fubrain @and Vubrain and, thus, the three tested cells lines could be used for making
predictions. Nonetheless, as hCMEC/D3 monolayers are a more physiological BBB model,
their use will be more appropriate when the transport of new drugs or new delivery
formulations want to be tested, especially, if these new therapeutic agents are substrates
of several transporters.

Due to the lack of human in vivo data of the parameters employed in this work, a
limitation of this study could be that in all the correlations the predicted parameters from
the in vitro experiments were related with rat in vivo data[25,26], so parameters obtained
with a BBB cell line of human origin are mixed with data that came from an animal. [32]
Nevertheless, in 2011 Avdeef compared the permeabilities values obtained in vitro with
several brain microcapillary endothelial cell models from different species (porcine,
bovine, rodent and human) with the in vivo permeabilities obtained in rodents and he saw
that there was not an evident difference in the correlations for the different species.[33]
Therefore, this methodology is considered appropriate for the early stages of drug
development, even before starting the preclinical in vivo studies, as it promotes the

fulfilment of the 3Rs principles (reduction, refinement and replacement).[34]

CONCLUSION

A previous in vitro method developed by Mangas-Sanjuan et al. [30] has been
tested in an alternative cell line (hCMEC/D3). This study confirms that the four proposed
experimental settings (apical-to-basolateral standard experiment, basolateral-to-apical
standard experiment, apical-to-basolateral with albumin experiment and basolateral-to-
apical with brain homogenate experiment) can be used to predict the main
pharmacokinetic parameters that describe the entrance and distribution of substances in
the CNS (Kpuy,brain, fuplasma, fu,brain and Vyprain.). Therefore, this methodology can be further
adapted to be a high-throughput screening tool to select the most promising drugs to
reach the brain in early stages of drug development in, at least, three different in vitro BBB

cell models (hCMEC/D3, MDCK and MDCK-MDR1 cell lines).
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Abstract

The development of new drugs or formulations for central nervous system (CNS) diseases
is a complex pharmacologic and pharmacokinetic process; it is important to evaluate their
access to the CNS through the blood-brain barrier (BBB) and their distribution once they
have acceded to the brain. The gold standard tool for obtaining this information is the
animal microdialysis technique; however, according to 3Rs principles, it would be better
to have an “animal-free” alternative technique. Because of that, the purpose of this work
was to develop a new formulation to substitute the brain homogenate in the in vitro tests
used for the prediction of a drug’s distribution in the brain. Fresh eggs have been used to
prepare an emulsion with the same proportion in proteins and lipids as a human brain;
this emulsion has proved to be able to predict both the unbound fraction of drug in the
brain (fubrain) and the apparent volume of distribution in the brain (Vyprin) When tested in
in vitro permeability tests. The new formulation could be used as a screening tool; only
the drugs with a proper in vitro distribution would pass to microdialysis studies,

contributing to the refinement, reduction and replacement of animals in research.
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blood-brain barrier (BBB); unbound fraction (fy); distribution volume in brain (Vuprain); 3Rs
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Simple Summary

The prevalence of neurological disorders in humans is rising year after year. This fact
necessitates the development of new drugs for treating these pathologies. Traditionally,
drugs have been tested in animals prior to use in human experiments; however, the use
of animals in experimentation must be controlled and as low as possible. Because of that,
here we proposed a new in vitro approach with which the access and distribution of drugs

into the brain can be evaluated without using/killing any animals.

1. Introduction

Neurological disorders are getting more and more frequent due to global aging.
In fact, it is estimated that in 2050, 22% of people worldwide will be over 60 years old [1].
After that age, several physiological processes, such as, lower levels of acetylcholine,
dopaminergic and cholinergic neurons, the accumulated DNA mutations and the presence
of other comorbidities, like, obesity, diabetes, hypertension or hyperlipidaemia, can lead
to an increase of neurodegenerative disorders (dementia, Alzheimer’s disease or
Parkinson’s disease), brain tumors (glioblastoma), cerebral stroke, epilepsy or depression
[2]. Table 1 shows the global levels of prevalence of neurological disorders in 2000 and
2019 for people of all ages and people from 60 to 89 years old (this data was obtained
from the GBD online results tool [3]).

According to Table 1, in general, in the last decade, the prevalence of all
neurological disorders has increased by at least 30%; however, this increment gets much
more pronounced in the population over 60 years old, with a minimum increment of 65%
[3]. One could think that the increments in prevalence may not be significant, because the
total population in the world has also increased with time, moving from 6143.5 million
people in 2000 to 7713.5 million people in 2019 for all ages, and from 602.7 to 996.7
million people for the group from 60 to 89 years. Nonetheless, as can be seen in the
column Norm_A, where prevalence is normalized, there is a considerable increase in

almost all neurological disorders.
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Table 1. Global prevalence of neurological disorders for people of all ages and people over 60 years

in 2000 and 2019 [3].

Prevalence (Millions of People)

All Ages 60 to 89 Years
Disease

Norm Norm

2000 2019 A (%) oy 2000 2019 A(%) _A

_A (%) .

(%)
Alzheimer’s disease and other dementias 26.70 51.62 93% 54% 22.06 41.35 87% 13%
Parkinson’s disease 482 851 76% 41% 391 6.87 76% 6%
Other neurological disorders 0.04 0.06 45% 16% 0.01 0.02 92% 16%
Motor neuron disease 0.19 0.27 45% 15% 0.05 0.09 81% 10%
Multiple sclerosis 124 176 41% 13% 0.29 049 66% 1%
Schizophrenia 17.31 23.60 36% 9% 182 3.12 72% 4%
Idiopathic epilepsy 18.53 25.11 35% 8% 2.48 4.68 89% 14%
Migraine 852.241128.1 32% 5% 64.62 111.20 72% 4%
Tension-type headache 1524.61995.2 31% 4% 176.3 291.7 65% 0%
Mental disorders 777.26970.07 25% -1% 84.54 140.19 66% 0%
Neurological disorders 2016.62659.0 32% 5% 228.1 3855 69% 2%

Mental disorders: schizophrenia, depressive disorders (major depressive disorder or dysthymia),
bipolar disorder, anxiety disorders, eating disorders (anorexia nervosa, bulimia nervosa), autism
spectrum disorders, attention-deficit/hyperactivity disorder, conduct disorder, idiopathic
developmental intellectual disability and other mental disorders. A expresses the increment in the
prevalence of the disease from 2000 to 2019. Norm_A expresses the increment in the prevalence
of the disease from 2000 to 2019 when the amount of people with that pathology in 2000 and
2019 is normalized by total amount of people in the world (from all ages and from 60 to 89 years

old).

Treatment of brain diseases requires drugs that are able to reach brain targets;
because of that, an extremely high number of molecules and formulations need to be
studied to get a successful treatment for neurological disorders [4]. The common failures
in the development of CNS drugs are lack of activity or, more commonly, lack of

biopharmaceutical suitable properties. Furthermore, the current screening methods for

235



Annex: Publications

blood-brain barrier accessibility lack high-throughput capacity and rely on the intensive
use of animal models or tissues.

When a new treatment that needs to reach the central nervous system (CNS) is
developed, the gold standard for measuring the concentration it reaches in the different
parts of the brain is microdialysis. Microdialysis allows researchers to measure the
unbound concentration of drug at different times in a specific brain area and, although
this measurement can be done in humans, it is more common to measure the levels in
rats or mice and then translate the information into human brain levels using
physiologically based pharmacokinetic (PBPK) modeling [5,6].

In brief, when the microdialysis technique is used for measuring drug levels in the
CNS, a small cannula with an inner and an external conduct is introduced in the animal’s
brain. Then, a saline solution (perfusate) is supplied through the internal conduct and,
when it gets in touch with the brain in the external conduct, which has a semipermeable
membrane, it starts to mix with the components present in the extracellular fluid (ECF) of
the CNS, because substances with a diameter smaller than the membrane pores, diffuse
from the more concentrated solution to the less concentrated one. Finally, the “mixed”
solution (dialysate) is recovered through the same cannula and, at different times, the

amount of drug present in it is analyzed [7]. In Figure 1, a scheme of this system is shown.
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Figure 1. Scheme of brain microdialysis system.
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The unbound concentration profiles obtained by microdialysis give, among
others, information about the unbound fraction of drug in the brain (fuprin) and the
apparent volume of distribution in the brain (Vyprain). Both parameters are interrelated
and are considered crucial when studying a new drug for the treatment of a neurological
disorder. On the one hand, fuprain is an important parameter, as only the free drug is able
to cross membranes, so the free fraction of drug is the one that will contribute to the
equilibrium between blood and brain through the blood-brain barrier (BBB) and,
furthermore, it will be the only one able to enter into the cells or to bind its target [8]. On
the other hand, Vyprain reflects the drug binding to the brain with independence of the
BBB equilibrium; the value of this parameter can be compared with the physiological
volumes of the CNS to study the drug affinity to the brain tissue [8]. If a drug is highly
permeable through the BBB and, at the same time, has a high Vprain, it is more probable
that it will perform properly.

Due to the high number of molecules and formulations to test, a great number of
animals are required for these assays, along with the attendant ethical problems of
experimenting on animals. Moreover, there are some issues with the translation of data
from animals to humans; however, the use of human biology-based in vitro methods is
vital for better understanding human diseases. Thus, the objective of the present work is
to propose an innovative in vitro method amenable to high-throughput testing and which
substitutes the use of brain animal/human homogenate in accordance to the 3 R’s
principles (replacement, reduction and refinement), which were established in the 20th
century by Russell and Burch and which, nowadays, are strictly followed by scientists all
over the world [9]. In fact, nowadays, several legislative documents that regulate animal
experimentation can be found in the majority of animal testing countries.

Having in mind the 3Rs principles, several in vitro and in silico methods have been
proposed to study the access and distribution of drugs into the brain. In vitro methods
can be classified according to its base in: non-cell based in vitro methods, such as, PAMPA-
BLM (black lipid membrane) or PAMPA-BBB models [10,11], and cell based in vitro
methods, like, MDCK, MDCK-MDR1, Caco-2 or hCMEC/D3 cell lines [12,13]. All these in
vitro methods have demonstrated that they are capable of predicting the permeability
clearance into the brain (Cli) of most of the molecules (the passive ones). For instance, in
2010, the PAMPA-BBB model was able to classify 13 compounds out of 14 in BBB+ or BBB-
according to their in vivo LogBB (logarithm of the ratio of the steady-state total

concentration of a compound in the brain to that in the plasma), and the misclassified
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compound was corrected using Caco-2 monolayers [14], as the Cli, also depends on the
transporters present on the BBB (not present in PAMPA models).

Nonetheless, knowing the Cli, of a drug on its own is not enough, as only the
unbound fraction of drug in the brain will be able to reach its target and give an effect.
Taking two opioid drugs, morphine and loperamide, as an example, and consulting the
bibliography for its ability to access CNS, it can be seen that morphine (10.4 + 3 puL/min x
g brain) has a lower Cli, than loperamide (98.6 + 17.3 pL/min x g brain), so morphine has
a lower permeability through the BBB [15,16]. Despite that, morphine is a much more
potent drug, so Cli, alone is not a good metric for potency.

Cases such as the one mentioned above show that in order to correctly determine
whether a drug will carry out its function in the CNS, it is necessary, in addition to its
access, to know its distribution once it has crossed the BBB. This distribution is defined by
the previously mentioned parameters (fybrain and Vuprain). Thus, in 2013, Mangas-Sanjuan
et al. [17] designed a new in vitro system with which the fyprain the Vyprain, and also the
unbound plasma-brain partition coefficient (Kpuubrain) and the unbound fraction of drug in
plasma (fy piasma), could be obtained. A scheme of this system which, some years later, was
tested and validated using another cell line [18], is shown in Figure 2.

In this in vitro approach, the f,brain and Vyprain parameters are obtained by means
of the combination of the permeability values from two basolateral-to-apical
experiments, a standard one and one modified with brain homogenate (Figure 2) [17,18].
The system meets the reduction principle of the 3Rs, as the brain homogenate of the same
animal can be divided and used in several wells, a fact that can be considered a great
advance in the techniques used in the development of drugs for the CNS, as an extremely
high number of molecules and formulations need to be studied to get a successful

treatment for neurological disorders [4].
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Apical (A) side = Plasma

f

Basolateral (B) side = Brain u,plasma
Standard Albumin in apical
Kpuu,brain Brain homogenate
Standard in basolateral

Cell monolayer
[ Vu,brain IIE I 1:u,brain ]

Figure 2. Scheme of the in vitro system with which the main parameters that describes the access

and distribution of drugs in the CNS can be obtained. Pab: Apparent permeability from apical to
basolateral in the standard experiment. Pas: Apparent permeability from apical to basolateral in
the experiment modified with albumin in apical. Pva: Apparent permeability from basolateral to
apical in the standard experiment. Prom: Apparent permeability from basolateral to apical in the

experiment modified with brain homogenate.

However, although the model proposed in 2013 by Mangas-Sanjuan et al. [17]
could be used as a screening tool that would reduce the number of animals used in
neurological research, it still uses brain homogenate from pigs. Thereby, with the aim of
improving the model and meeting the replacement principle of the 3Rs, the purpose of
this work was to develop a new formulation, based on unfertilized chicken eggs, to
substitute the brain homogenate of the system and create an “animal-free” in vitro

screening tool, able to predict both the f, prain and Vy prain parameters.

2. Materials and Methods

2.1. Drugs and Products

The nine drugs tested (amitryptiline, atenolol, carbamazepine, fleroxacin,

loperamide, norfloxacin, pefloxacin, propranolol and zolpidem) and HPLC grade solvents
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(acetonitrile, methanol and water) were purchased from Sigma-Aldrich (Barcelona,
Spain). MDCK cell line was purchased from ATCC (USA) and MDCK-MDR1 cells were
provided by Dr. Gottessman, MM (Nathional Institutes of Health, Bethesda). Pig brain
homogenate was kindly supplied by a local slaughterhouse and fresh unfertilized chicken
eggs were bought in a local supermarket. Table 2 shows the molecular properties of the

nine drugs mentioned above.

Table 2. Molecular properties of the nine drugs tested [19,20].

MW  Solubility logS Strongest Strongest Charge  Transporters
Drug logP
(g/mol) (pH 7) Acidic pKa BasicpKa (pH7.4) (Substrates)
Amitriptyline 277.411 -1.63 4.81 9.76 + ABCB1 (Pgp)
Atenolol 266.341 0.43 0.43 14.08 9.67 + ABCB11
Carbamazepine 236.274 -3.79 2.77 15.96 0 ABCC2 RALBP1
Fleroxacin  369.344 -1.33 0.98 5.32 5.99 -
Loperamide 477.050 -2.23 4.77 13.96 9.41 + ABCB1 (Pgp)
Norfloxacin  319.336 -2.06 -0.97 5.58 8.77 0 ABCB1 (Pgp)
Pefloxacin ~ 333.363 -1.21 0.75 5.5 6.44 - ABCB1 (Pgp)
Propranolol  259.349 -1.03 2.58 14.09 9.67 + ABCB1 (Pgp)
Zolpidem 307.397 -4.27 3.02 5.39 0

MW = molecular weight.

Dulbecco’s modified Eagle’s medium (DMEM) with high content of glucose, L-
glutamine, HEPES, MEM non-essential aminoacid, penicillin-streptomycin, trypsin-EDTA,
Hank’s balanced salt solution (HBSS) and fetal bovine serum (FBS) for the cell culture of

MDCK and MDCK-MDR1 cell lines were purchased from Sigma-Aldrich.

2.2. Preparation of the Brain Homogenate and the New Formulation

for Substituting It

The brain homogenate was obtained after triturating the pig brains that were
kindly supplied by a local slaughterhouse and mixing them with phosphate buffer (180

mM, pH 7.4) solution in a ratio 1:3 (brain:buffer).
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For preparing 100 g of the new formulation for substituting the brain
homogenate, 2 medium size eggs, whose weight without the shell is around 100 g [21],
were crushed; the whites and the yolks were separated. Then, 15.35 g of whites were
mixed with 67.73 mL of water. In another beaker, 16.92 g of yolk were weighed
separately. The yolk was poured into the white-water mixture and stirred vigorously until

obtaining an emulsion.

2.3. Cell Culture and Permeability Studies
The permeability studies were carried out in two different cell lines: MDCK and

MDCK-MDR1. MDCK and MDCK-MDR1 cells come from the kidney of dogs; however,

when they are properly cultured, they form monolayers with quite strong and tight

junctions [22,23]. It is for that reason that they are accepted as appropriate tools to
simulate the BBB, although they do not have BBB transporters. In the MDCK-MDR1 cell

line, the issue of the lack of transporters is partially solved with the transfection with P-

glycoprotein (Pgp), the most common efflux transporter in the BBB; thus, this line would

be ideal for studying drugs with a passive access to the CNS, as well as drugs which are
substrates of Pgp, while MDCK would be better for studying passive drugs.
Both types of cells were cultured and seeded following the protocol explained in

[17]. When the monolayers were confluent, three types of experiments, from the

basolateral to the apical chamber, were carried out:

e Standard BA: In this experiment, drugs previously dissolved in HBSS at the
concentration shown in Table 3, were placed at the basolateral chamber. After taking
the samples and making the necessary calculations, the apparent efflux permeability
(Papp 85a) Was obtained from this experiment.

e Brain homogenate BA: In this case, the free drug apparent efflux permeability (Papp
nom) was obtained after adding the drug dissolved in a 1:3 pig brain
homogenate:phosphate buffer (180 mM, pH 7.4) solution to the basolateral
chamber.

e  Emulsion BA: Finally, in this third condition, as it is the equivalent to the brain
homogenate BA experiment, but using the new formulation as a substitute of brain
homogenate, the parameter obtained was also the free drug apparent efflux
permeability, but in this case labeled as Papp emut.

In all cases, cells were seeded in 6-transwell plates (effective area: 4.2 cm?, pore

size: 0.4 micron and pore density: (100 + 10) x 10%/cm?) and its transepithelial electrical
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resistance (TEER) was measured before and after the experiments, considering that cells
were confluent when the TEER values reach around 130-150 kQ-cm? for MDCK cells and
around 120-140 kQ-cm? for MDCK-MDR1 cells [22]. The apical side of the system was
filled in with HBSS and samples were taken at 15, 30, 60 and 90 min. Additionally, for
evaluating the mass balance, two samples were taken from basolateral at time 0 and 90
min and one sample was taken after disrupting the membrane with methanol. During the
experiments, cells were maintained in an orbital shaker at 37 °C and 100 rpm, so the
agitation prevents the drug from precipitating and reduces the formation of a non-stirred
layer over the cells, which would decrease the apparent permeability. Once the

experiments were finished, samples were frozen at —20 °C, until their analysis.

Table 3. Chromatographic conditions.

Drug C (M) Wavelength Mobile Phase Retention Time (Min)

40% Acid water
Amitriptyline 250 240 nm o 1.020
60% Acetonitrile

20% Methanol
Atenolol 150 231 nm 60% Acid water 1.330
20% Acetonitrile

65% Acid water

Carbamazepine 150 280 nm o 1.926
35% Acetonitrile
70% Acid water

Fleroxacin 150 285 nm 1.348

30% Acetonitrile

60% Methanol

Loperamide 241 260 nm ) 3.199
40% Acid water
70% Acid water

Norfloxacin 150 285 nm 1.730
30% Acetonitrile
65% Acid water

Pefloxacin 8.91 285 nm 0.721

35% Acetonitrile

30% Methanol
Propranolol 150 291 nm 40% Acid water 1.950
30% Acetonitrile

60% Water
Zolpidem 158 231 nm 20% Methanol 4.624
20% Acetonitrile

Acid water had 0.05% (v/v) trifluoroacetic acid.
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2.4. HPLC Analysis of the Samples

Samples were analyzed by UV-HPLC, using a Waters 2695 separation module, a
Waters 2487 UV detector and a column XBridge C18 (3.5uM, 4.6 x 100 mm); before this,
they were centrifuged at 10,000 rpm for 10 min. Additionally, before centrifugation,
samples from brain homogenate and emulsion experiments were diluted (50:50) with
cold methanol to precipitate proteins. A flow rate of 1 mL/min, a run temperature of 30
°C and an injection volume of 90 uL were defined. The rest of chromatographic conditions
that were used are summarized in Table 3. All analytical methods were validated and
demonstrated to be adequate regarding linearity, accuracy, precision, selectivity and

specificity (see Table S1 in the Supplementary Materials for the validation parameters).

2.5. Parameters Calculation: Papp, fu,brain and Vy,brain.

The apparent efflux permeabilities (Papps-a, PappHom and Papp emu) were calculated
using the modified non-sink equation [24] (Equation (1)), in which C; and C:+1 are the
concentrations in the receiver compartment (in this case, apical) at time t and time t-1, V,
and Vqare the volumes of the receiver (apical) and donor (basolateral) compartments, Q;
is the total amount of drug in both chambers at time t, f is the sample replacement
dilution factor, S is the surface area of the monolayer and At is the time interval. Pefro and
Pefr1 are the apparent permeability values, which can differ if the permeation rate is
different at the beginning of the experiment with regard to the rest of the transport

profile.

Q¢ Q¢ ~PegporS (i + =) At
C., = + C., - — .e effo, Vi Vg
Tt v+, ( rt—1 f) v+, T
Pefr1 Was the parameter selected to define the apparent efflux permeabilities (Papp
8>A, Papp Hom and Papp emut) and with the aid of the Equation (2), they were transformed to

fu,brain-

Papp HOM Papp EMUL
f u,brain — 0

Papp B—A Papp B—A
Finally, the fyprin Were translated to Vyprain With Equation (3), where Ve is the
volume of extracellular fluid and V¢ is the volume of intracellular fluid. The comparison

of the Vyprain With the physiological volumes of the CNS gives an idea of the drug affinity

to the brain tissue (the greater the affinity for the tissue, the greater the Vy prain) [8].
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- VICF = 0.2 +

fu,brain u,brain

Vibrain = Vecr + -0.6 (mlL/g brain) (3)

2.6. In Vitro-In Vivo Correlations (IVIVCs): Linear Regression
Both in vitro parameters, fuprain and Vi prain Were related with their correspondent
value in vivo to obtain different in vitro—in vivo correlations (IVIVCs). The in vivo data were
obtained from the literature, specifically, from the following articles: [25,26]. The IVIVCs

were adjusted to a linear model with the following structure: y = a + bx.

3. Results

Table 4 shows the apparent permeability values for all the drugs obtained in the
different experimental conditions, Table 5 shows the in vitro f,prin Obtained from the
different experiments as well as the in vivo values [25,26] for the same parameter. Table
6 is equivalent to Table 5, but for the V., brain parameter. Results in tables 5 and 6 are more

visually summarized in Figures 3 and 4.

Table 4. Apparent permeability obtained from the in vitro tests under different conditions

(standard, brain homogenate or emulsion).

MDCK Cell Line (x107® cm/s) MDCK-MDR1 Cell Line (x107® cm/s)

Drug C(uM) Pappssa Pappom Pappemur  Pappesa Papp Hom Papp emuL
Amitriptyline 250 13.51 2.35 2.75 15.97 1.63 1.98
Atenolol 150 168.67 66.78 36.86 271.49 78.20 37.62

Carbamazepine 150 476.65 72.40 31.15 408.31 90.63 29.34

Fleroxacin 150 49.92* 4391* 42.88 47.07 * 44,94 * 37.80

Loperamide 241 29.30 1.27 5.03 29.29 4.08 4.89

Norfloxacin 150 42.38 34.68 40.22 49.28 44.11 41.08

Pefloxacin 891 37.49* 34.10* 35.30 3539 * 3293 * 24.53

Propranolol 150 97.00 33.01 10.11 106.66 38.33 16.36

Zolpidem 158 36.48 35.42 13.03 33.43 29.46 16.52

* Data already published in [16].
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Table 5. fubrain predicted with the different experiments and in vivo fubrain values obtained in rat by

Kodaira et al. and Friden et al. [25,26].

Rat MDCK MDCK-MDR1

Drug C (um) fu,brain fubrainvom  fuprainemur  fubrainvom  fu,brain emuL
Amitriptyline 250 0.002 0.174 0.204 0.102 0.124
Atenolol 150 0.261 0.396 0.219 0.288 0.139
Carbamazepine 150 0.170 0.152 0.065 0.222 0.072
Fleroxacin 150 0.555 0.880 * 0.859 0.955 * 0.803
Loperamide 241 0.002 0.043 0.172 0.139 0.167
Norfloxacin 150 0.222 0.818 0.949 0.895 0.834
Pefloxacin 8.91 0.514 0.910 * 0.942 0.931 * 0.693
Propranolol 150 0.005 0.340 0.104 0.359 0.153
Zolpidem 158 0.265 0.971 0.357 0.881 0.494

* Data already published in [16].

Table 6. Vy,urain predicted with the different experiments and in vivo Vuyprain Values obtained in rat

by Kodaira et al. and Friden et al. [25,26].

Rat MDCK MDCK-MDR1
Drug C (uM) Vuprain ~ Vupbrainvom Vubrainemur  VubrainHom  Vu,brain EMUL

Atenolol 150 2.500 1.715 2.946 2.283 4.530
Carbamazepine 150 3.729 4.150 9.380 2.903 8.550
Fleroxacin 150 1.281 0.882 0.898 0.828 0.947
Norfloxacin 150 2.900 0.933 0.832 0.870 0.920
Pefloxacin 8.91 1.367 0.860 0.837 0.845 1.065
Zolpidem 158 2.464 0.818 1.880 0.881 1.414

Figure 3 shows the relationships obtained for the parameter f,pnin When the
predicted values obtained with the brain homogenate are compared with the in vivo

values for each drug.
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Figure 3A,C show the fypnin predictions for the MDCK cell line when the
basolateral chamber is filled in with the brain homogenate or with the new emulsion,
respectively, while in Figure 3B,D, the fuurin predictions with the brain homogenate or
with the new emulsion are also shown, but for the MDCK-MDR1 cell line. In the four cases,
it can be seen that the smallest values in vitro correspond with the smallest values in vivo
and that the biggest values in vitro correspond with the biggest values in vivo.

In Figure 3E,F, in which the predictions from the new emulsion are represented
versus the predictions of the brain homogenate, it can be seen that they are more similar
when using the MDCK-MDR1 cell line (r? = 0.886).

Figure 4 shows the same relationships as Figure 3, but for the parameter V prain.
In this case, it can be seen that for both cell lines MDCK (4A, 4C and 4E) and MDCK-MDR1
(4B, 4D and 4F), the predictions are quite similar. Moreover, when the new emulsion
predictions and the brain homogenate predictions are represented together, the
coefficient of determination is higher than 0.900 for both types of cells (r? = 0.978 for
MDCK cells and r? = 0.954 for MDCK-MDR1 cells).
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Figure 3. Correlations obtained for the fuurain parameter. (A) IVIVC between the in vitro parameter
obtained using the brain homogenate and the MDCK cell line and the in vivo parameter. (B) IVIVC
between the in vitro parameter obtained using the brain homogenate and the MDCK-MDR1 cell
line and the in vivo parameter. (C) IVIVC between the in vitro parameter obtained using the new
emulsion and the MDCK cell line and the in vivo parameter. (D) IVIVC between the in vitro
parameter obtained using the new emulsion and the MDCK-MDR1 cell line and the in vivo
parameter. (E) Relationship between the parameters predicted using the new emulsion and the
parameters predicted using the brain homogenate in the MDCK cell line. (F) Relationship between
the parameters predicted using the new emulsion and the parameters predicted using the brain

homogenate in the MDCK-MDR1 cell line. Solid lines represent the 95% confidence interval.
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Figure 4. Correlations obtained for the Vuprain parameter. (A) IVIVC between the in vitro parameter

obtained using the brain homogenate and the MDCK cell line and the in vivo parameter. (B) IVIVC

between the in vitro parameter obtained using the brain homogenate and the MDCK-MDR1 cell

line and the in vivo parameter. (C) IVIVC between the in vitro parameter obtained using the new

emulsion and the MDCK cell line and the in vivo parameter. (D) IVIVC between the in vitro

parameter obtained using the new emulsion and the MDCK-MDR1 cell line and the in vivo

parameter. (E) Relationship between the parameters predicted using the new emulsion and the

parameters predicted using the brain homogenate in the MDCK cell line. (F) Relationship between

the parameters predicted using the new emulsion and the parameters predicted using the brain

homogenate in the MDCK-MDR1 cell line. Solid lines represent the 95% confidence interval.

4. Discussion

Some decades ago, the use of animals in experimentation became controversial;

from that moment to nowadays, the search for alternatives to these animals has become

necessary [27]. In this work, a new formulation alternative to brain homogenate has been
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developed as a substitute of this component in the study of the distribution of drugs in
the central nervous system.

In an adult human, the CNS weight is around 3% of the total human body weight
[28] and, in terms of biochemical composition, the whole human brain is approximately
77-78% water, 10-12% lipids, 8% proteins, 1% carbohydrates, 2% soluble organic
substances and 1% inorganic salts [29]. On the other hand, fresh eggs are 12.5% proteins
(38% of them in the yolk and 62% in the whites) and 11.1% lipids (all of them in the yolk)
[21,30]. Taking into account these concentrations, a new formulation has been prepared
in order to obtain an emulsion with the same composition as a human brain; the final
concentration of protein has been 8% (5.1% from the yolk + 2.9% from the whites) and
the concentration of lipids 12% (from the yolk).

The new formulation has been tested in a previously developed in vitro model
[17] with the cell lines MDCK and MDCK-MDR1 (equal to the MDCK cell line, but
transfected with P-glycoprotein). Despite their dog kidney origin and their lack of BBB
transporters, both cell lines are accepted as appropriate tools to simulate the BBB
because, when they are properly cultured, they form monolayers with quite strong and
tight junctions [22,23].

Table 2 shows the molecular properties of the drugs used in this study. The
selection of the different molecules was done considering their ability to bind P-
glycoprotein, their charge at physiological pH, their solubility and their lipophilicity (logP),
with the aim of having drugs with different properties. It is because P-glycoprotein is the
most relevant transporter in MDCK-MDR1 cells [23] and because the other properties
have been previously used in several in silico models (quantitative structure activity
relationships—QSAR) when trying to predict the behaviour of drugs in the CNS [31-33]. In
terms of the concentrations used in the study (Table 3), they were selected according to
the ones previously used by Mangas-Sanjuan et al. [17], and the plasma values detected
in vivo by Kodaira et al. [26] (when necessary, plasma concentrations were increased until
making them detectable by HPLC.)

Figure 3 shows how the new emulsion is able to predict the fyurin parameter, as
well as the brain homogenate, because the coefficients of determination from Figure 3A,B
are quite similar to those from Figure 3C,D. A clear tendency can be observed in all the
correlations, and the values of r? are consistent to those obtained by Mangas Sanjuan et
al. in 2013 (MDCK r? = 0.616 and MDCK-MDR1 r? = 0.624) [17], which although, not

published, can be obtained from the Vrin correlations with Equation (3). The inability to
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obtain better IVIVCs can be explained by the homogenization process that may
denaturalize some proteins of the brain tissue and damage the lipidic structures, altering
their binding properties [12]. In a similar way, in the case of the new emulsion, the
proportion of lipid and proteins present in brain are respected, but there is not an
organized structure in it.

On the other hand, the f, prin correlations are better for the MDCK-MDR1 cell line,
which has an r? of 0.886 when the predictions from brain homogenate and from the new
emulsion are represented together (Figure 3F). Probably, this better prediction can be
attributed to the presence of the P-glycoprotein in the monolayers of the MDCK-MDR1
cells, as the fraction of drug that binds the efflux transporter does not contribute to the
fu,brain.

In terms of the Vuprain parameter, predictions from both cell lines are also quite
similar as seen in Figure 4. Furthermore, in this case, there is a huge similarity between
the predictions of both cell lines (MDCK and MDCK-MDR1), as can be deduced from the
higher than 0.900 coefficients of determination from Figure 4E,F. The absence of
differences between cell lines can be explained when the definition of the Vyprain
parameter is taken into account, since it represents the drug in the brain with
independence of the BBB equilibrium [8], thus without being affected by the transporters.
As happened with the f,prin correlations, the low r? in Figure 4A-D, may be explained by
the lack of an organized structure in both the brain homogenate and the new emulsion
[12].

Despite his success in the prediction of drug brain distribution, this type of in vitro
model will not substitute the brain microdialysis technique, at least at the moment,
because it cannot reflect all the physiological properties of an alive CNS. Maybe a future
approach may be exploring the possibility of developing an organized animal-free slice
with an organized structure which could be able to predict f,prain the Vyprin in a better
way. To do this, first, the model should be tested substituting the brain homogenate by
brain slices and evaluate its ability to predict brain distribution and then, if it is able to do
it properly, the brain slices could be compared with the new animal-free slices.
Nevertheless, as it is now, it is a useful tool that can be used in a complementary way
when a new drug or an innovative delivery strategy is being developed. Thus, this model
can be used as a rapid screening tool and its information, on its own, or combined with
other information obtained from in silico [31-33] or PBPK [16,34,35] models, could be

used to move only a few selected candidates to in vivo studies.
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Other in vitro BBB models could also be adapted to use this new “animal-free”
(based on unfertilized chicken eggs) emulsion and obtain more information. On the one
hand, the cell monolayer could be substituted by a more complex cell line, such as
hCMEC/D3, as was previously done by the authors with the Mangas-Sanjuan et al. model
[18], for studying new drugs or delivery systems substrate of other transporters different
to P-glycoprotein. On the flip side, moving to a simpler way, the new emulsion in
combination with PAMPA-BBB or PAMPA-BLM models, which have demonstrated to be
able to correctly classify drugs into BBB+ and BBB- groups according to their total
concentration [10,11,14], could be used to evaluate not just the access of substances
through the BBB, but also their distribution once in the CNS.

It cannot be forgotten that the final aim of this type of study is to try to guess
what would happen if the drug is administered to human beings. In this respect, the
differences on the specific composition (not in proportion) in lipids and proteins between
chickens and humans may hinder the translation of data. Nonetheless, the development
of PBPK models has proved to be a helpful tool in this process [16]. Therefore, the data of
this paper may be applied into already stablished models [16,34,35], or in a new one to
obtain the final information.

In the field of ethics, replacing the brain homogenate with the “animal free”
(based on unfertilized chicken eggs) emulsion proposed in this work would speed up the
procedures regarding the in vitro model proposed in 2013 by Mangas-Sanjuan et al. [17].
This acceleration is mainly due to the fact that, although using brain homogenate in the
permeability tests reduces the number of animals used in research, an ethics committee
approval is still needed, while, for using the egg emulsion, this approval is not necessary;
i.e., for obtaining pig brain homogenate, it is necessary to sacrifice pigs, while for using
eggs, no animal has to die.

Furthermore, in the economic and industrial field, the fulfilment of the 3Rs
principles can also be beneficial because, generally, the time and the costs needed for
applying the new alternative methods are much smaller than when using animals [36].
For instance, for applying the technique proposed in this paper, the industry needs the
cells and the facilities for cell culture, which can be obtained after an initial investment,
whereas, for applying the microdialysis, the maintenance of a stable and staff that take

care of the animals is continuously necessary.
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5. Conclusions

A new formulation (based on unfertilized chicken eggs) with the same proportion
in proteins and lipids as a human brain has been developed in order to improve the ethics
and reduce the costs of in vitro permeability tests. This formulation has proved to be a
good alternative to brain homogenate in the preliminary study of drug distribution in the
CNS, allowing researchers to obtain two different parameters (fu brain and Vi prain) in @ quick
and cheap way, as it is much more simple to gain access to eggs than to dead pig brains.
Besides that, this methodology contributes to the protection of animals, as it replaces
them successfully when, in an initial phase, the binding of a drug to the brain is studied.
In this sense, the new formulation proposed here could be used in in vitro tests as a high
throughput tool to select the most promising molecules and formulations in the early
development of drugs for the treatment of CNS diseases; it is thus a great advance in the

respectful use of animal lives.
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Supplementary material

Table S1. Chromatographic conditions validation.

r? LLQ (uM) Accuracy  Precision REF

Amitriptyline 0.996 8.20 6.1 3.2 [1]
Atenolol 0.996 1.49 6.3 5.1

Carbamazepine 0.994 0.76 3.9 3.6 [1]

Fleroxacin 0.997 0.05 6.0 5.2 [1]
Loperamide 0.995 2.65 4.0 45
Norfloxacin 0.991 2.42 3.9 4.9

Pefloxacin 0.998 0.61 3.9 3.7 [1]
Propranolol 0.999 5.74 3.9 3.4

Zolpidem 0.997 4.30 6.3 4.8 [1]

1. Sanchez-Dengra, B.; Gonzalez-Alvarez, |.; Bermejo, M.; Gonzalez-Alvarez, M.

Physiologically Based Pharmacokinetic (PBPK) Modeling for Predicting Brain Levels of Drug
in Rat. Pharmaceutics 2021, 13, 1402, doi:10.3390/pharmaceutics13091402.
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One of the main obstacles in neurological disease treatment is the presence of the blood—
brain barrier. New predictive high-throughput screening tools are essential to avoid costly
failures in the advanced phases of development and to contribute to the 3 Rs policy. The
objective of this work was to jointly develop a new in vitro system coupled with a
physiological-based pharmacokinetic (PBPK) model able to predict brain concentration
levels of different drugs in rats. Data from in vitro tests with three different cells lines
(MDCK, MDCK-MDR1 and hCMEC/D3) were used together with PK parameters and three
scaling factors for adjusting the model predictions to the brain and plasma profiles of six
model drugs. Later, preliminary quantitative structure—property relationships (QSPRs)
were constructed between the scaling factors and the lipophilicity of drugs. The
predictability of the model was evaluated by internal validation. It was concluded that the
PBPK model, incorporating the barrier resistance to transport, the disposition within the
brain and the drug—brain binding combined with MDCK data, provided the best
predictions for passive diffusion and carrier-mediated transported drugs, while in the

other cell lines, active transport influence can bias predictions.
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1. Introduction

The brain is the most important organ in living beings as it controls their vital
functions: nutrition, interaction and reproduction. The importance of the brain means all
the capillaries that supply it with oxygen and nutrients are composed of extremely tight
endothelial cells surrounded by a thick layer of astrocytes and pericytes, all of this to
prevent dangerous substances from reaching it. This group of protective and regulating
cells is known as the blood—brain barrier (BBB).

Besides the physicochemical protection of the BBB, the brain is also protected by
the cerebrospinal fluid (CSF), a constantly secreted liquid that helps to maintain the
brain’s homeostasis for normal neurological function, acts as a cushion between the brain
and the skull, and makes the central nervous system (CNS) apparently “lighter”, as it is
floating in this liquid [1]. There are two different barriers that separate the CSF from the
rest of the body—the blood—cerebrospinal fluid barrier (BCSFB), which is around the
capillaries within brain ventricles, and the blood—arachnoid barrier, around the
subarachnoid space [2,3].

The extra protection of the CNS hinders the development of new drugs for the
treatment of neurological pathologies (glioblastoma, Alzheimer’s disease, depression,
Parkinson’s disease or epilepsy, among others), as molecules experience difficulties in
reaching their target. Because of this, the pharmaceutical industry has developed several
strategies to bypass the BBB: chemical strategies, such as the development of prodrugs
or chemical drug delivery systems (CDDS), physical strategies, such as the use of
ultrasounds to temporarily open the tight junctions of the endothelial cells, or
nanotechnological strategies, which include developing lipid-based, polymer-based or
metal-based nanocarriers [4].

On the other hand, the use of reliable methods to evaluate whether a new
candidate will reach the brain is as important as the development of new strategies to
bypass the BBB. This type of method can include in silico, in vitro, in situ or in vivo tests;
however, except for the in vivo tests that directly measure the brain concentration of a
drug over time, the results obtained with the other methodologies have been considered
controversial, as they do not sufficiently accurately reflect whether the drug will reach the
brain and perform its action [5,6].

Frequently, researchers use the permeability clearance into the brain (Cli), or the
influx permeability surface area product (PSi), which is the same, to define whether or

not a drug will permeate the BBB, or at least to say if a new delivery system will improve
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on the action of a previous one [6]. Nevertheless, this parameter is not the only one that
should be used to define the potential success of a drug in the treatment of a neurological
pathology, because it gives a measurement of the rate of transport through the BBB;
however, fast permeation does not mean fast action or a better performance, as
concentrations in the brain are also influenced by (A) the binding of the drug to the tissue
once it crosses the BBB, (B) the binding of the drug to the proteins in blood, and (C) the
presence of efflux transporters that remove the drug from the brain [5]. According to
Dagenais et al., the PS, of loperamide obtained by the in situ brain perfusion method was
98.6 + 17.3 ulL/min x g brain, while, the value of the same parameter, obtained by the
same method, for morphine was 10.4 + 3 pL/min x g brain; thus, loperamide is more
permeable than morphine through the BBB, although morphine is much more active in
the CNS. This gives a clear example of the lack of reliability of the influx clearance
parameter when it is taken on its own [5,7].

When the efflux clearance (Clo.t) is taken into account as well as the unbound
fractions of drug, then the other two neuropharmacokinetic (neuroPK) parameters can be
defined too: the unbound plasma—brain partition coefficient (Kpuu,srain) and the apparent
volume of distribution in the brain (V,srin) [5,8].

The Kpuubrain is defined as the relationship between the concentration of free drug
in plasma (C,,) and the concentration of free drug in the brain (C,s) at a steady state. It
can be obtained according to Equation 1, in which the AUC, is the area under the unbound
concentration versus time curve. This parameter includes the passive and active transport
of the unbound drug through the BBB in both directions (influx and efflux); because of
this, and considering that only the free fraction of the drug can cross the BBB, the Kpuuy,srain
is judged as a more informative parameter than the Kppin (also known as logBB), a
previously described parameter that used total concentrations to evaluate the
permeability through the BBB [5,9,10].

K = AUCu,brain — Clin — PSin
puu,braln AUCu,plasma Clout PSout

(1)

The V., rain, meanwhile, reflects the distribution of the drug once it has crossed
the BBB, and can be defined as a relationship between the total amount of drug present
in the brain and the concentration of free drug in the brain (Cys). If the drug has a high
affinity for brain tissue, its unbound fraction of drug in the brain (f, srsin) Will decrease, and
therefore, the Vi urin Will be greater, as shown in Equation 2, where Ve is the volume of

extracellular fluid and V¢ is the volume of intracellular fluid [11]. A higher Vi prin can be
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translated into a longer half-life of the drug in the brain, independently of its transport
through the BBB or its plasma concentration [5]. So, it is particularly helpful to know this
parameter or the f, pain When a new candidate for the treatment of a neurological disease

is evaluated.

* VICF = 02 +

u,brain u,brain

Vibrain = Vecr + 0.6 (mlL/g brain) (2)

Besides the different tests for obtaining the parameters mentioned above, over
the last few years, researchers have also worked on the development of mathematical
models, such as physiologically based pharmacokinetic (PBPK) models, for describing and
predicting the behaviour of CNS drugs after being administered. In 2019, Vendel et al.
published a review wherein they summarized different types of mathematical models for
describing drug distribution within the brain, and all the processes and properties that
should be taken into account to develop the “perfect” model [2]:

e  Brain-specific properties, such as the properties of the brain vascular network and
the different brain barriers, the characteristics of the brain tissue and the CSF, the
fluid movements within the brain or the presence of metabolic enzymes in the
CNS;

e  Drug-specific properties, such as molecular (molecular weight, polar surface area,
shape or number of hydrogen bond donors and acceptors), physicochemical (pKa,
solubility or lipophilicity) and pharmacokinetic properties;

e  Processes affecting drug distribution within the brain, e.g., the drug transport
through the brain vascular system, the brain barriers or within the brain fluids,
the drug extra-/intracellular exchange, the drug binding or the drug metabolism.
It is shown that, despite the high number of models available, some are too

complex, others are not completely predictable, and none are able to cover all the
processes mentioned above. At the end of the review, it is concluded that there are three
important points that a neuro-PBPK model should include in order to give accurate
predictions of the in vivo behaviour: A) the barrier transport, B) the transport of the drug
once in the brain, and C) drug—brain binding [2].

Normally, neuroPK parameters (PSin, Kpuubrain and Vierain) are obtained using
different experimental models. In this work, a previously proposed and validated single in
vitro system [11,12] was used to derive those parameters. Later, these in vitro data were
combined with in silico and in vivo pharmacokinetic information from outside the brain

to develop a new neuro-semi-physiological mathematical model, including the three
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factors mentioned above (the barrier transport, the transport within the brain and the
drug—brain binding). Thus, the main objective of this work was to jointly develop a new in
vitro system coupled with a physiological-based pharmacokinetic (PBPK) model able to
predict brain concentration levels for different drugs in a rat. Furthermore, the
predictability of the new PBPK model was compared across different cell lines chosen for

obtaining the in vitro neuroPK parameters.

2. Materials and Methods

2.1. Drugs and Products

The six drugs used for constructing the mathematical model (amitriptyline,
caffeine, carbamazepine, fleroxacin, pefloxacin and zolpidem) and HPLC-grade solvents
(acetonitrile, methanol and water) were purchased from Sigma-Aldrich (Barcelona,
Spain). The MDCK cell line was purchased from ATCC (USA), MDCK-MDR1 cells were
provided by Dr. Gottessman, and the MM (National Institutes of Health, Bethesda, MD,
USA) and hCMEC/D3 cell lines were purchased from Cedarlane (Burlington, ON, Canada).
Pig brain homogenate was kindly supplied by a local slaughterhouse.

Dulbecco’s modified eagle’s medium (DMEM) with a high content of glucose, L-
glutamine, HEPES, MEM non-Essential aminoacid, penicillin-streptomycin, trypsin-EDTA,
Hank’s balanced salt solution (HBSS) and fetal bovine serum (FBS) for the cell culture of
MDCK and MDCK-MDR1 cell lines were purchased from Sigma-Aldrich (Barcelona, Spain).

The products needed for the culture of hCMEC/D3 cells were purchased from
Sigma-Aldrich (Barcelona, Spain) (hydrocortisone, ascorbic acid, HEPES, Triton X-100 and
bFGF), Gibco (Barcelona, Spain) (FBS, penicillin—streptomycin, chemically defined lipid
concentrate, HBSS, collagen | rat protein and trypsin-EDTA), Lona (Barcelona, Spain)

(EBM-2 medium).

2.2. Cell Culture and Permeability Studies

MDCK and MDCK-MDR1 cells were cultured and seeded according to the protocol
explained in [11], while the culture and seeding of hCMEC/D3 cell line was done as
explained in [12].

On the day of the experiment, the cells were seeded in 6-transwell plates
(effective area: 4.2 cm?, pore size: 0.4 micron and pore density: 100 + 10 x 10%/cm?), which
were supposed to be confluent, washed twice with HBSS, and transepithelial electrical

resistance (TEER) was measured. If the TEER values were around 30—40 kQ-cm?[13] for
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hCMEC/D3 cells, around 130-150 kQ-cm? [13] for MDCK cells and around 120-140 kQ-cm?
[13] for MDCK-MDR1 cells, then the integrity of the monolayers was considered
appropriate, and three types of experiments were carried out according to [11,12]:

1. Standard AB. This experiment was designed for obtaining the apparent influx
permeability (Papp a>5). The drug was dissolved in HBSS; this solution was put into
the apical chamber of the transwell and the basolateral chamber was filled with
cleaned HBSS. Four samples were taken from the basolateral chamber at pre-
established times (15, 30, 60 and 90 min) [11,12]. Three replicates were carried
out for each drug;

2. Standard BA. In this case, the montage was the opposite to the first condition and
the basolateral chamber was filled with a drug solution in HBSS, while the apical
chamber was filled with cleaned HBSS. Four samples were taken from the apical
chamber at pre-established times (15, 30, 60 and 90 min) [11,12]. With this test,
the apparent efflux permeability (Papp 554) Was obtained. Three replicates were
carried out for each drug;

3. Brain homogenate BA. This last condition gives the free drug apparent efflux
permeability (PgppHom), as the drug is added to the basolateral chamber after being
dissolved in a 1:3 pig brain homogenate:phosphate buffer (180 mM, pH 7.4)
solution, and only the free fraction of drug will be able to cross to the apical
chamber, where 4 samples were taken at pre-established times (15, 30, 60 and
90 min) [11,12]. Three replicates were carried out for each drug.

The neuroPK parameters (Kpuu,brain, fubrain and Vi prain) Were obtained by means of
the combination of the apparent permeabilities mentioned above with Equations 1, 3 and

2, respectively.

f _ P app B—A
u,brain Papp oM

2.3. HPLC Analysis of the Samples

Samples from brain homogenate experiments were diluted (50:50) with cold
methanol to precipitate proteins, and all the samples were centrifuged at 10,000 rpm for
10 min. Then, the supernatants were analyzed by HPLC. An UV-HPLC equipment
(Barcelona, Spain) (Waters 2695 separation module and Waters 2487 UV detector) with
a column XBridge C18 (3.5uM, 4.6 x 100 mm) (Barcelona, Spain), a flow rate of 1 mL/min,

a run temperature of 30 °C and an injection volume of 90 uL was used for the analysis.
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Table S1 summarizes the rest of the chromatographic conditions. All analytical methods
were validated and demonstrated to be adequate regarding linearity, accuracy, precision,

selectivity and specificity.

2.4. Model Construction
Figure 1 shows the scheme of the semi-physiological model. An extra absorption
site was added when needed (if the available in vivo data were not from intravenous

administration).

Cob = Fubrain * Co Coosr = Cose
Qbut’k
Cp Vs Cese Vst
Q.w'nk

P‘SBBBm PSBCSFB{U

BB8 . | | BCSFB
@\ PsBBBour PsBCSFBour
\ C v,

Plasma

C C

up = fu,plnsma “Lp kel

PSsesin= appAB " Sess PSgcsesin = appAB " Sscses

PSggout = appBA " Sess  PSscsraout = appBA " Speses

Figure 1. PBPK model scheme.

We defined one compartment for plasma and two compartments for the CNS
(one representing the brain tissue itself and the other representing the CSF). According to
the scheme, drugs can go in or out of the CNS through the BBB or through the BCSFB,
depending on the area that they reach or leave (the tissue or the CSF). Additionally, it was
considered that drugs can pass from brain tissue to the CSF following the bulk flow (Qpux)
of the ECF to the CSF, and they can also return to plasma with the drainage of the CSF
(Qsink). As CSF is considered a clear liquid, all the drug concentration inside it was
considered the unbound drug concentration, while in the plasma and brain tissue, the
unbound concentrations were considered equal to the unbound fraction of the drug in
that compartment multiplied by the total concentration (the f,rain that was used in this
calculation was obtained from the permeability studies). Influx and efflux clearances

through the different brain barriers were obtained by multiplying the apparent
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permeabilities of the in vitro studies by the surface areas of those barriers. Differential
Equations 4, 5 and 6 describe the processes mentioned above for the administration of
an intravenous single dose. The values of the physiological parameters, brain volume (V3),
CSF volume (Vcse), Qouik, Qsink, BBB surface area (Sgss) and BCSFB surface area (Sacses) were
fixed and equal for all drugs, according to Ball et al. (V, = 1.28 cm3, Vise = 0.25 cm?, Qpui =

0.012 cm?/s, Qsink=0.132 cm?/s, Sesz = 187.5 cm?) and Engelhard et al. (Sacses = 0.0375 cm?)

[14,15].

ac,

Va BT —PSgppin * Cup + PSeeBout * Cup — PSpcsrain * Cup + PSpesrout (4)
* Cesr + Qsink " Cesr — ke - Cp* Vg
dcy

Vy W = PSgpppin Cu,p — PSggpout Cu,b = Qpuik Cu,b (5)
dCcsr 6
Vesr T = PSpcsrpin Cu,p — PSpcsrpout * Cesk — Qsink * Cesk + Qpuik Cu,b (6)

Plasma and brain concentration profiles were obtained from the literature [16—
20] for the six drugs studied. Depending on the publication, the brain concentration
profiles derived were for free drug in the brain, total drug in the brain or drug in the ECF
(which was considered equivalent to free drug in the brain). The type of data found does
not affect the objective of this study, as both free and total drug concentrations are
defined in the model.

When the drug administration was performed extravascularly, Equation 7 was
added to the model, and Equation 4 was substituted by Equation 8, in which k, is the
absorption rate constant. On the other hand, if an intravenous infusion was the method

of administration, Equation 4 was substituted by Equation 9, where ko is the infusion rate

constant.
dA
- k. -A (7)
dt @
dc,
Vd F — ka A - PSBBBin ' Cu,p + PSBBBout ) Cu,b - PSBCSFBin ) Cu.p (8)
+ PSpcsrpout * Cesr + Qsink * Cese — ket " Cp * Va
dc,
Vd . W = kO - PSBBBiTl ' Cu,p + PSBBBout ) Cu,b - PSBCSFBiTl ) Cu.p (9)

+ PSpcsrpout * Cesr + Qsink * Cose — ket " Cp * Va
Then, the plasma and brain profiles were adjusted to the model with the Berkeley-

Madonna® software (Berkeley, USA), assuming that three scaling factors were needed for
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transforming the in vitro data obtained from cell cultures into in vivo information

(Equation 10-14).

PSgppin = SCi " Papp a—B " SeBB (10)
PSpcsepin = SCi " Papp a—B * SecsFa (11)
PSggpout = SC2 " Pappp—a ~ SeBB (12)
PSgcsrBout = SC2 " Papp p—a * Spesra (13)
Cup = SCs3* fuprain* Cp (14)

Most mathematical predictive models use scaling factors to transform the in vitro
data/parameters into in vivo data due to the different characteristics between the in vitro
cells/tissues used and the whole organism; for example, physiological characteristics,
such as the surface area available for transport. Therefore, every in vitro parameter used
in the model needs to have a scaling factor [21,22]. The first and second scaling factors
(SC1 and SC2) were used to adjust the in vitro apparent permeabilities to the physiological
permeability, as in [14], because of the differences in terms of surface area and
transporters between the in vitro tests and rat physiology. Moreover, the third scaling
factor (SC3) was used to correct the possible deviation present in the in vitro f, prain values,
due to the different composition and behavior of the pig brain homogenate and a healthy
rat brain. The use of scaling factors allows researchers to obtain an empiric approximation
of how a drug accesses the brain. Later on, a refined mechanistic model may be obtained
by including both passive and active transport parameters in the differential equations
and the expression level differences between the in vitro and in vivo situation.

Table 1 shows the values of the rest of the PK parameters, which were used in the
model and were different for each drug. Due to the difficulties of obtaining research
articles with all the PK information for rats, in some cases, parameters had to be
calculated from human data. The V, of drugs marked with a + symbol (Table 1) was
calculated using the human value (L/kg), and then multiplying it by the weight of the rats
used in the studies (from which the plasma and brain profiles were obtained). The rats’

weights varied between 250 and 300 g.
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Table 1. PK parameters which were different for each drug.

Drug fuplasma  Valem3)™ k(s ka(s)’ D (ng) ko(ng/s) Rat weight (g)
Amitriptyline  0.090° 4000¢*  7.70-10°" 1.54-10** 5,000,000 " 250"
Caffeine 0.917° 180¢%*  3.55.107°'® 833.333' 300!
Carbamazepine 0.385° 1490.5¢ 4.50-10°) 8.99-10°* 3,600,000’ 300
Fleroxacin 0.793% 4275 7.13-10°¢ 1,114,350"' 83.125' 285"
Pefloxacin 0.860° 361.1%* 58310 3,676,500 214.542 285!
Zolpidem 0.267° 304%  1.56-107“¢ 499,700 ¢ 190°¢

" indicates that the parameter was later adjusted; * indicates that the V4 from the reference was
from human data, so it was recalculated for rat; * this initial estimate corresponds to the a constant
rate from the reference; # ke initial estimates were calculated as double the ke initial estimates;

3[23], P[24], ©[25], 9[26], ¢[27], T[28], £[20], M[16], [17], [18], [29], '[19].

2.5. Quantitative Structure—Property Relationships (QSPRs)

Once all the profiles were adjusted and the three scaling factors were defined for
each drug, they were related with their lipophilicity in order to obtain three different
QSPRs for each cell line. We are aware that the scaling factors could be influenced by
several physicochemical properties, such as lipophilicity, molecular weight, polar surface
area, pKa, etc.; nevertheless, the reduced number of compounds precluded the
evaluation of complex models. As lipophilicity seems to be the main factor affecting
membrane permeation, we selected this parameter to explore its influence. Table S2
shows the molecular and physicochemical properties of the six drugs studied, as well as
the transporters for which they are substrates.

Finally, an internal validation of the model was performed to evaluate its
predictability in the different cell lines. So, the adjusted scaling factors were substituted
in the model by the ones predicted from the QSPRs, and the prediction error percentages

(PE%) for brain Cmax and brain AUC were calculated according to Equation 15.

Experimental value — Predicted value

PEY% = -100 (15)

Experimental value
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Apparent permeability values and the f, pr4in Obtained from the in vitro tests with

MDCK, MDCK-MDR1 and hCMEC cell lines are summarized in Table 2. These values were

used later as fixed parameters in the model for obtaining the simulated plasma and brain

profiles (Figure 2).

Table 2. Apparent permeability values and the furain Obtained from the in vitro tests with MDCK,

MDCK-MDR1 and hCMEC cell lines.

MDCK cell line

Drug Papp A-B Papp B->A

MDCK-MDR1 cell line

(x10°®  (x10° fubrain (x107®

cm/s) cm/s)

cm/s)

Papp A-B Papp B->A

hCMEC cell line

Papp A-B Papp B->A

(X]_O-G fu,brain (X]_O_G (xlO'G fu,brain

cm/s)

cm/s) cm/s)

Amitriptyline 74.77 % 178.48%0.037% 17.95°

16.912 0.104°124.24° 66.21° 0.252 °

Caffeine 26.10 35.31 0.857 33.57 30.59 0.613 63.93 194.70 0.095
Carbamazepine 114.64 78.66 0.673 142.96 75.64 0.238 70.14° 51.93° 0.386°"
Fleroxacin  88.48 63.44 0.471 67.40 42.57 0.813 29.96° 25.73" 0.743"
Pefloxacin ~ 41.21 37.49 0.910 30.82 35.39 0.931 24.95° 33.14° 0.642°
Zolpidem  21.32 36.48 0.971 8.92 33.43 0.881 106.16° 80.76"° 0.408 "

2Data already published in [11]. ® Data already published in [12].

As seen in Figure 2, the model is able to describe the behavior of the six model drugs,

in terms of both plasma and brain concentration profiles, after adjusting the initial Vj, ko,

ker and the scaling factors (SC1, SC2 and SC3), which were defined initially as one. Table 3

shows the values of the parameters mentioned above after being fitted for the different

drugs and cell lines.
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Figure 2. Experimental and fitted plasma and brain profiles for each drug and cell line studied: 2A.

Amitriptyline, 2B. Caffeine, 2C. Carbamazepine, 2D. Fleroxacin, 2E. Pefloxacin and 2F. Zolpidem.

Cp_exp = Experimental total plasma concentration; Cp,u_exp = Experimental unbound plasma

concentration; Cb_exp =

unbound brain concentration.
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Table 3. PK parameters (Vu, ka, ker) and scaling factors (SC1, SC2 and SC3) for each drug and cell line
after being adjusted.

MDCK Cell Line MDCK-MDR1 Cell Line hCMEC Cell Line
Vd kel ka
Drug R . .
(cm?) (s7) (s7) sC1 SC2 SC3  SC1 sC2 sc3  sc1 sC2  sc3
Amitriptyline  14,632.6 1.17-10* 5.86:10 220.59 224.82 0.05 920.39 2377.06 0.02 132.89 606.69 0.01
Caffeine 273.6  3.5510°° 385 1.00 022 2.85 100 031 409 1.00 215
Carbamazepine  827.0  5.39-10° 2.1510* 2571 81.01 1.16 9500 391.22 0.71 193.66 569.98 0.44
Fleroxacin 3273 2.6910°° 318 1296 1.07 159 6.43 0.68 358 10.65 0.74
Pefloxacin 5243  6.7510°° 488 1332 055 6.15 1319 056 7.59  14.09 0.81
Zolpidem 1859  5.12:10% 16.53 2679 027 2059 1451 030 1026 3870 0.65

With the aim of seeing how accurate the adjustment was, the initial PE% values
were calculated. The first row of Table 4 shows the mean PE% for brain Cmax and brain the
AUC for each cell line; due to the similarity of all the values, it can be seen that the model
adjusts properly to all the cell lines.

Figure 3 shows the three QSPRs developed for each cell line after combining the

logP of each drug with the natural logarithm of each scaling factor (LnSC).
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Figure 3. QSPRs developed for each cell line after combining the logP of each drug with the natural
logarithm of each scaling factor (LnSC1, LnSC2, LnSC3): 3A. MDCK cell line, 3B. MDCK-MDR1 cell
line and 3C. hCMEC/D3 cell line.

When the internal validation of the model was complete, the equations of each
QSPR were used to calculate the predicted LnSC, which were transformed into SC and
substituted into the model to obtain the simulated profiles. Figure 4 shows the simulated
brain profiles and visual predictive checks for each drug after using the QSPR equations,
and in the second row of Table 4, the PE% values for the Cnax and the AUC for these brain

predictions are summarized.
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Figure 4. Simulated brain profiles and visual predictive check (VPC, shaded areas above and below
fitted lines) for each drug and cell line, after using the QSPR equations: 4A. Amitriptyline, 4B.
Caffeine, 4C. Carbamazepine, 4D. Fleroxacin, 4E. Pefloxacin and 4F. Zolpidem. Cb_exp =

Experimental total brain concentration; Cb,u_exp = Experimental unbound brain concentration.

Table 4. The mean brain Cnax and AUC PE% for each cell line after fitting the model and after

obtaining the simulated profiles using the QSPR equation.

MDCK Cell Line MDCK-MDR1 Cell Line hCMEC Cell Line
Profile
%PE Cnax  %PE AUC  %PE Cax %PE AUC  %PE Cnax %PE AUC
Fitted 14.34 5.28 15.05 5.45 13.56 5.16
Simulated 19.23 22.34 35.71 48.21 49.77 46.69

%PE = prediction error percentages, Cmax = maximum concentration, AUC = area under the curve.

Although all the PE% values were increased from the fitted profiles to the simulated
ones, all of them remained below 50%, which can be considered appropriate due to the
complexity of the model, which mixes in silico, in vitro and in vivo data for obtaining brain
profiles. Furthermore, a clear tendency can be seen when both the PE% values of each
cell line are added: as the complexity of the cell line increases, the error increases, which
could be explained by the influence that transporters have on the SC of the drugs that are

substrates of them, and not on the passive drugs.
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4. Discussion

The development of new in vitro and mathematical tools able to predict
concentration levels of drugs in humans is extremely interesting for pharmaceutical
industries, as they can help avoid failures after huge investments of money, and they can
also bypass ethical problems. With this aim, over many years, several researchers have
worked on the development of new in vitro dissolution tools or in vitro—in vivo
correlations in the field of oral absorption, and biowaivers have been highly legislated
[30-33]. In terms of CNS medicine, although it is less regulated, the development of new
PBPK models has become even more important, due to the difficulties in obtaining new
treatments able to cross the BBB. The major problem, however, in obtaining this type of
neuroPK tool is the lack of human in vivo data to compare with, as obtaining brain profiles
is not as simple as obtaining plasma ones. So, in this work, a new PBPK model was
developed as an initial tool to predict the brain levels of drugs in rats.

Table 2 shows the values of the apparent permeabilities (Papp 4> and Papps>4) and
the fi, brain Obtained with the MDCK, the MDCK-MDR1 and the hCMEC/D3 cell lines. Pgppa-s
corresponds to the Cli, of the drug through the BBB. With the combination of Pgpp a5 and
Papp 84, the Kpuubrein can be obtained, and using Equation 2, the in vitro f, prain parameter
can be translated to Vi prain. As such, the three most important neuroPK parameters (Clin,
Kpuu,brain and Vi brain) Used to describe the rate and extent of drug delivery to the brain can
be obtained with the same methodology, a fact that has already been highlighted in [11]
and [12], investigations in which it was proven that the in vivo neuroPK parameters could
be predicted from the in vitro ones. In 2013, the methodology was established in MDCK
and MDCK-MDR1, cell lines and in 2021 the predictions were compared with the ones
obtained in hCMEC/D3 using the same methodology; in all cases, an adequate r? was
obtained [11,12]. The Papp a8, Papp 854 and fubrain Values in Table 2 are variable from one
cell line to the other, which could be due to the morphological and physiological
differences between them, in terms of both tight junctions and transporters [34—36].

For obtaining an ideal in vitro BBB model, an environment reflecting the
extracellular matrix and the cells surrounding the endothelial cells that constitute the BBB
vessels should be simulated. Nonetheless, this environment has not yet been obtained,
and cell monolayers lack of pericytes, astrocytes, neurons or different constituents of the
neuroglia vascular unit (NGVU). Because of this, in vitro models can express some of the
different transporters present in the BBB, but not all. Furthermore, depending on the cell

type, in vitro models can express more or less tight junctions, avoiding the passage of
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drugs through the BBB [37]. The main advantage of cell monolayers is their utility for high-
throughput screening [38].

The variability in the in vitro parameters is also reflected when the profiles are
fitted with Berkeley-Madonna® and the three scaling factors are obtained for each cell
line, as seen in Table 3. The use of scaling factors when establishing a PBPK model of the
CNS was previously seen in other studies, as in [14]. Ball et al. defined two scaling factors
for transforming in vitro Caco-2 permeability values into the influx and efflux BBB rate
constants [14]. In this work, three different scaling factors were defined:

e SC1and SC2 were equivalent to those defined by Ball et al., as they transform the
apparent permeabilities of the MDCK, MDCK-MDR1 and hCMEC/D3 cell lines into
influx and efflux clearances through the BBB. The main justification for
introducing these scaling factors is the difference between the rat BBB and the in
vitro monolayers. For instance, in terms of tight junctions, it has been proven that
primary rat brain endothelial cell cultures have high levels of occludin, endothelial
cell-specific adhesion molecule (ESAM) and claudin-5, while in MDCK and MDCK-
MDR1 cells, the most abundant proteins are claudin-1 and claudin-2, and in
hCMEC/D3, claudin-11 [34]. Furthermore, there are differences in the
morphology of the different cell lines and in transporter expressions [34];

e The reasons for adding SC3, which re-scale the in vitro f,rin, were, on the one
hand, to bypass the inter-species differences, as the brain homogenate used in
the in vitro studies came from pigs and the model was to be used to predict rat
brain profiles, and, on the other hand, to correct the possible error present in the
parameter due to the homogenization process, as brain structures are broken and
membrane and internal proteins get mixed.

These scaling factors have been shown to allow the model to fit to the profiles
regardless of the origin of the in vitro data, as seen in Figure 2, where the MDCK, MDCK-
MDR1 and hCMEC/D3 cell lines are all overlapping in both plasma and brain profiles.
Nevertheless, these scaling factors are not useful if they cannot be known in advance
when a new drug is developed, because the brain profiles could not be predicted with the
current model. Because of this, three different QSPRs were developed for each cell line
(Figure 3), relating the lipophilicity of the drugs to the natural logarithm of the scaling
factors; thus, in the future, the scaling factors for a new drug could be predicted from its

logP.
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In Figure 3, two clear non-linear tendencies can be seen: for SC1 and SC2, as the
lipophilicity of drugs increases, the value of the scaling factors increases too; for SC3, the
relationship follows a parabolic function, and, firstly, the value of the scaling factor
increases with logP, but then it arrives to a top zone, and then it decreases.

Sigmoidal and parabolic relationships with lipophilicity have been described for
parameters such as intestinal and gastric membrane permeability [39—41]. In the case of
the intestinal barrier, its lipidic nature favors the permeation of lipidic compounds up to
the limit, due to unstirred water layer diffusion. We have not observed any asymptote in
our correlations, but this could be due to the moderate lipophilicity of the assayed drugs.
In the case of the gastric barrier, the combined alternate presence of hydrophilic and
lipophilic layers determines a parabolic correlation between lipophilicity and gastric
permeation. As SC3 is related to the differences in composition of the used brain
homogenates, which contain different balances of hydrophilic/lipophilic components, a
parabolic relationship is a reasonable approach.

In all cases, the tendency is clear and, except for one of the QSPRs (the one for
the SC1 in the hCMEC/D3 cell line), the r? of all of them is greater than 0.80. logP was
chosen as the property to relate to the scaling factors because it is one of the major
descriptors used by researchers for both calculating BBB permeability [10,42] and
obtaining a theoretical unbound fraction of the drug in plasma or brain [42,43].

However, to conclude on whether a given mathematical model is good enough to
fulfil its design, it is not enough to look at the r? parameter of its correlations, but it is
necessary to evaluate its predictability by internal validation, comparing the predictions
that the model gives with the experimental data that were used for obtaining it. Figure 4
shows, therefore, the simulated brain profiles for the drug studied. In this Figure, it can
be seen that there are differences in the predictions between the different cell lines; in
fact, when the fitted profiles were presented (Figure 2), all the MDCK, MDCK-MDR1 and
hCMEC/D3 profiles were shown to be overlapping, but now, in some cases, they are quite
different. Regarding the MDCK cell line, it can be seen that the simulated profiles are, in
all drugs, near to the experimental line; meanwhile, the worst prediction for the MDCK-
MDR1 cells is found to be that for carbamazepine, a drug substrate of the ABCC2 and
RALBP1 transporters [25], and in the case of hCMEC/D3, the zolpidem (passively
transported [25]) profile is clearly overpredicted. These clear prediction errors in Figure

4, whose quantitative values (from Equation 15) are shown in Table 4, confirm that the
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simulated profiles are worse than the fitted ones, and the best profiles are the ones
obtained with the MDCK cell line.

The MDCK cell line is a fairly simple model of BBB, defined as a surrogate for in
vivo permeability studies because of its tight junctions, but it does not have significant
levels of any BBB transporter [6]. Because of this, some transfected cell lines of MDCK
have been created, such as the MDCK-MDR1, which has the benefits of MDCK’s tight
junctions, but incorporates the P-glycoprotein (ABCB1) efflux transporter, or the MDCK-
MRP2 cell line, which incorporates the multidrug resistance-associated protein 2
transporter (ABCC2) [44]. On the other hand, hCMEC/D3 cells are much more complex,
and, despite being less tight in vitro, they contain many more transporters [34,45]. As
such, it is thought that they are the most reliable for obtaining brain profile predictions.
However, in this study, it was seen that, as the complexity of the cell line was increased,
the predictions deteriorated (Table 4). A potential explanation for this fact is that the
proposed PBPK model does not include any active transporter in its differential equations,
so all the active components of BBB penetration are summarized in the in vitro
parameters employed (Papp a>8, Papp 854 and fuprain), and thus in the three scaling factors.
The model would be more physiological if the active components were included in the
equations, but the passive pathway with a scaling factor was assumed as a simplification,
because only one concentration of each drug was tested, and for modeling the active
transport, at least three concentrations of each drug must be studied [21]. Thus, with the
scaling factor, an over-parameterization of the model was avoided. Different types of
drugs were used in this study (Table S2); some of them with theoretical passive access to
the BBB and others of different transporters. In consequence, when the MDCK cell line is
used, as it has no transporters, all the scaling factors contain only a passive component.
On the other hand, in the other two cell models, the scaling factors vary depending on
their transport; the passive drugs will only have these components in their SCs, while the
drugs that interact with a transporter will have both the passive and active components
in their SCs. Furthermore, the active component of the SC will be different depending on
the transporter, so in the hCMEC/D3 cell line, in which there are more transporters, the
variability will be greater than in MDCK-MDR1, where the only significant transporter is
the P-gp.

In summary, in this study, a new PBPK model, which is able to predict the brain
profiles of different types of drugs (both passive and substrate of transporters), has been

developed for the cell line MDCK. For obtaining a predictive model for the other two cell
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lines, two future approaches could be followed: A) introducing the active component of
BBB transport into the model or B) studying more drugs and dividing them into groups
depending on the transporter that they bind to, so a different QSPR could be obtained for
each transporter acting in the BBB, and its active component would be summarized in

each SC.

5. Conclusions

A new semi-physiological mathematical model, which includes the three most
important factors in brain delivery (barrier transport, the disposition within the brain and
drug—brain binding) and is able to predict brain concentration levels in rats for different
drugs, has been developed. The best predictions obtained are those that used in vitro
data from the MDCK cell line, so these cells together with the new mathematical model
could be used as a screening tool by the pharmaceutical industry when a new treatment
for a neurological disorder is developed. The model could also be used with data from
other more complex cell lines, such as MDCK-MDR1 or hCMEC/D3, although it has been
proven that the influence of transporters can bias their predictions. Additional studies are
needed, with drug batteries of different transporter substrates, in order to refine these

results.

Supplementary Materials: The following are available online at www.mdpi.com/1999-
4923/13/9/1402/s1, Table S1: Chromatographic conditions. Table S2: Molecular and
physicochemical properties and transporter information for the studied drugs.
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Supplementary material

Table S1. Chromatographic conditions.

C . . . . LLQ ..
A Mobile phase Retention time (min) r? Accuracy Precision REF
(1M) (kM)
40% Acid water
Amitriptyline 250 240 nm 1.020 0.996 8.20 6.1 3.2 [1,2]

60% Acetonitrile
35% Methanol

Caffeine 2.14 273 nm 1.200 0.999 0.05 3.1 4.3 [3]
65% Acid water
65% Acid water

Carbamazepine 18 280 nm 1.926 0.994 0.76 3.9 3.6 [2]
35% Acetonitrile
70% Acid water

Fleroxacin 1.39 285nm 1.348 0.997 0.05 6.0 5.2 [2]
30% Acetonitrile
65% Acid water

Pefloxacin 891 285 nm 0.721 0.998 0.61 3.9 3.7 [2]
35% Acetonitrile

60% Water
Zolpidem 158 231 nm 20% Methanol 4.624 0.997 4.30 6.3 4.8 [2]

20% Acetonitrile

Acid water had 0.05 % (v/v) trifluoroacetic acid.
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Table S2. Molecular and physicochemical properties and transporters information for the studied

drugs.[4,5]
Solubility
Mw log$ logP Strongest  Strongest Charge  Transporters
(g/mol) (oH 7) acidicpKa  basicpKa  (pH7.4)  (substrates)
Amitriptyline 277.411 -1.63 4.81 9.76 + ABCB1 (Pgp)
Caffeine 194.194 -0.44 -0.55 -1.16 0
. ABCC2
Carbamazepine 236.274 -3.79 2.77 15.96 0 RALBP1
Fleroxacin 369.344 -1.33 0.98 5.32 5.99 -
Pefloxacin 333.363 -1.21 0.75 5.5 6.44 - ABCB1 (Pgp)
Zolpidem 307.397 -4.27 3.02 5.39 0

MW = molecular weight

4. Chemicalize Chemicalize - Instant Cheminformatics Solutions Available online:
https://chemicalize.com/welcome (accessed on May 3, 2020).

5. DrugBank DrugBank Available online: https://www.drugbank.ca/ (accessed on May 14,
2020).
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6. Access to the CNS: Strategies to overcome the BBB.

Type of publication Review article
Title Access to the CNS: Strategies to overcome the BBB

Barbara Sanchez-Dengra, Isabel Gonzalez-Alvarez, Marival
Bermejo and Marta Gonzalez-Alvarez

Authors

Journal Expert Opinion on Drug Delivery
Impact factor 6.648 (Q1 - Pharmacology and Pharmacy)
Year of publication

DOl Under preparation

Abstract

Introduction: The blood-brain barrier (BBB) limits the access of substances to the central
nervous system (CNS) which hinders the treatment of pathologies affecting the brain and
the spinal cord. So new strategies to overcome the BBB and treat the pathologies affecting
the CNS are needed.

Areas covered: In this review, the different strategies that allow and increase the access
of substances to the CNS are analysed and extended commented. These strategies can be
divided in: invasive strategies and non-invasive strategies. The invasive techniques include
the direct injection into the brain parenchyma or the CSF and the therapeutic opening of
the BBB, while the non-invasive techniques include the use of alternative routes of
administration (nose-to-brain route), the inhibition of efflux transporters, the chemical
modification of the molecules (prodrugs and chemical drug delivery systems (CDDS)) and
the use of nanocarriers.

Expert Opinion: In the future, knowledge about nanocarriers to treat CNS diseases will
continue to increase, but the use of other strategies such as drug repurposing or drug
reprofiling, which are cheaper and less time consuming, may limit its transfer to society.
The combination of different strategies may be the most interesting approach to increase

the access of substances to the CNS.

Keywords

blood-brain barrier, central nervous system, drug delivery, nanocarriers
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The blood-brain barrier (BBB) limits the access of substances to the central
nervous system (CNS) which hinders the treatment of pathologies affecting the
brain and the spinal cord. There are 6 different access routes through the BBB:
paracellular diffusion, transcellular diffusion, carrier-mediated transport,
receptor-mediated transport, adsorptive-mediated transport and cell-mediated

transport.

When trying to overcome the BBB, several strategies can be attempted which can

be divided in: invasive strategies and non-invasive strategies.

The direct injection of drugs or the implantation of controlled release systems
into the brain parenchyma and the therapeutic opening of the tight junctions in
the BBB are two invasive techniques which allow the access of substances to CNS,
but tend to be avoided because of the inconveniences and discomfort that they

cause to the patient.

The use of nanocarriers, small particles ranging from 1 to 100 nm, has proved to
facilitate the delivery of drugs to the CNS, in a non-invasive way, because they are
able to protect the drug from enzymatic degradation and they can improve
plasma stability and solubility. Furthermore, they can be designed to be directed

towards a specific targeting, thus, minimizing non-desired side effects.

There are a lot of different types of nanocarriers which have been tested to
increase the delivery of drugs to the CNS: liposomes, solid lipid nanoparticles, lipid
nanocapsules, polymeric nanoparticles, inorganic nanoparticles, dendrimers,

cyclodextrins, quantum dots, nanogels, nanoemulsions and viral vectors.

The use of the nose-to-brain route, prodrugs and chemical drug delivery systems
(CDDS) or the inhibition of efflux transporters are other non-invasive strategies

that have proved to increase the amount of drug that reaches the CNS.
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1. Introduction

The central nervous system (CNS), the brain and the spinal cord, is responsible for
the integration of all the sensations that peripheral nerves detect and for the coordination
of responses to those sensations [1]. These responsibilities make the brain and the spinal
cord the most important organs of human beings and, for this reason, they are protected
by several structures: bones, meninges, cerebrospinal fluid (CSF) and blood-brain barrier
(BBB) [2—4].

The BBB limits the access of substances to the CNS, due to the presence of tight
junctions, efflux transporters, pericytes and astrocytes. Nonetheless, 6 different access

routes through the BBB can be defined, as seen in figure 1:

Tight junction

Figure 1. Scheme of the BBB structure (A) and the different mechanisms of transport that can be
found on it (B): 1) Transcellular diffusion, 2) Carrier-mediated transport, 3) Receptor-mediated
transport, 4) Paracellular diffusion, 5) Adsorptive-mediated transport, 6) Cell-mediated transport

and 7) Efflux transport. Vectors downloaded from Servier Medical Art [5].

1) Paracellular diffusion: This term refers to the passive transport that happens
between cells moving molecules from the side in which they are more
concentrated to the side in which the concentration is lower. It is strictly regulated
by the presence of tight junctions between the endothelial cells [6]. So, only
extremely small hydrophilic molecules can use this route, such as erythropoietin

and antibodies [7].
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2)

3)

4)

5)

6)

Transcellular diffusion: Also refers to a passive transport which moves molecules
from the side of the BBB with the greater concentration to the side with the lower
one, but, in this case, the transport takes place across the cells and not between
them. Because of that, it is only possible for small lipophilic drugs (i.e. steroids),
which meet the following characteristics: low molecular weight <500 Da, neutral
charge, not too high or too low lipophilicity (logP = 2) and a limited number of

potential H-bonds (<10) [8].

Carrier-mediated transport: This pathway is responsible for the transport of
essential molecules such as glucose and amino acids to the brain, but, any
molecule similar to the glucose or to those amino acids could benefit from this
route [7]. System L (LAT1 + 4F2hc) is a sodium-independent neutral amino acid
transporter and it is one of the most important transporters involved in this route
together with GLUT1. GLUT1 is a sodium-independent glucose transporter which
contribute to the homeostasis of glucose and L-ascorbic acid in the CNS. Other
influx transporters are responsible for the transport of monocarboxlic acids, such
as lactate and pyruvate (MCT1), basic amino acids, like L-lysine and L-arginine

(CAT1), nucleosides (CNT1) and organic anions and opioids (Oatp2) [9].

Receptor-mediated transport: It is also known as receptor-mediated transcytosis
and moves molecules from one side of the BBB to the other using vesicles that
are formed after they join a specific receptor. This is the case for big

macromolecules such as insulin, transferrin or lipoproteins [7,10].

Adsorptive-mediated transport: This pathway conforms a non-specific way of
transcytosis which can be used by polycationic substances, such as albumin or
other peptides, which, after interacting with the negative surface of endothelial

cells, are embedded into vesicles [7].

Cell-mediated transport: Finally, in this route, cells, normally from the immune
system, move directly across the BBB by means of transcytosis. In some cases, as
in virus infections, these cells are used as “trojan horses” to introduce molecules

into the brain [7].
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In addition to those 6 routes, which would allow molecules to reach the brain or
the spinal cord, the BBB has several efflux transporters whose mission is to expel from the
CNS those toxic or potentially dangerous substances that manage to reach it. Some
examples of efflux transporters present in the BBB are the ATP-binding cassette (ABC)
transporters: P-glycoprotein (Pgp - MDR1), the multidrug resistance protein (MRP) family
and the breast cancer resistance protein (BCRP) [11]. Pgp was first detected in endothelial
cells of human BBB in 1989 and since then several studies to evaluate its function and
location have been carried out. In fact, it is the most studied efflux transporter of the BBB.
It has been seen that, in mammals, Pgp can be found in the apical side of endothelial cells,
so those molecules that enter these cells are directly pushed back to the blood.
Furthermore, Pgp has also been detected in parenchymal and perivascular astrocytes and
in neurons, especially when the animal models suffer seizures [11-13].

All the pathologies that affect the CNS, with the exception of meningitis, have
increased their global prevalence in the last two decades. Specifically, from 2000 to 2019,
the prevalence of brain and CNS cancers has increased by 46%, the prevalence of stroke
by 36%, neurological disorders by 24%, mental disorders by 20%, substance disorders by
17% and encephalitis by 2% [14]. This fact makes necessary the development of new
treatments to combat them. Nonetheless, about 85% of CNS trials fail [15] and, in some
cases, it is because the new molecule cannot cross the BBB, problem that can be can be

tackled with different strategies.

2. Strategies to increase and allow the access of substances to the

CNS

When trying to overcome the BBB, several strategies can be attempted which can
be divided in: invasive strategies and non-invasive strategies. The invasive techniques
include the direct injection into the brain parenchyma or the CSF and the therapeutic
opening of the BBB, while the non-invasive techniques include the use of alternative
routes of administration (nose-to-brain route), the inhibition of efflux transporters, the
chemical modification of the molecules (prodrugs and chemical drug delivery systems

(CDDS)) and the use of nanocarriers [7,16].
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2.1. Invasive strategies
Invasive strategies tend to be the least used ones because of the inconveniences
and discomfort that they cause to the patient. Nonetheless, in some pathologies they are

the only feasible option.

2.1.1. Direct injection

The direct injection of drugs or the implantation of controlled release systems into
the brain parenchyma have been studied for the treatment of different pathologies:
cancers, stroke, neurological disorders or mental disorders [17]. The implantation of
controlled release systems requires the opening of the skull, but allows long-term
treatments, as drugs can be released during even several months [18]. In the following
bullet point list, some examples of brain implants studied in different diseases are
summarized:

e Glioblastoma: In 1996, the FDA approved a carmustine implant (Gliadel® wafer)
for the treatment of glioblastoma. Currently, it is indicated for the treatment of
recurrent glioblastoma and newly-diagnosed high-grade glioma as an adjunct to
surgery and radiation. It has the advantage that it can be implanted during the
same surgery in which the tumor is resected and it helps to eliminate the tumor
cells that are not removed during the surgery, avoiding the adverse effects of a
systemic administration of carmustine [19]. Studies have proved that carmustine
is released by diffusion during several days and significant levels of drug can be
measured within 5 cm of the implant for 30 days after implantation. Besides that,
these implants are able to increase the survival rate of glioblastoma patients by
2-3 months [17] and, according to a post-marketing study carried out in Japan,
the risk of toxicity with the wafers is tolerable as, only 35.7% of the patients
studied suffered adverse effects (22.2% cerebral edema, 9.9% convulsions, 4.8%
impaired healing and 3.4% infection) [20].

e Epilepsy: The direct injection of antiepileptic drugs to the seizure focus has proved
to be well tolerated and effective in terms of anticonvulsant activity in several
animal studies [17,21]. For instance, the direct injection of phenytoin into the
cortical focus of an epilepsy animal model was able to control the seizures better
than a systemic administration of a higher dose of the same drug [21]. More
sophisticated devices which are able to measure the electrical activity of the brain

and release drug according to this activity have also been proposed for the
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management of epilepsy [17]. The device proposed in 2012 by Salam et al. was
able to release drug just 16 seconds after the beginning of the electographical
detection of a seizure onset [22].

e Schizophrenia: A long-term (5 months) delivery system has been also tested for
the treatment of schizophrenia in animal models [17,23]. The reason for studying
this kind of systems is that they would improve patient autonomy as they solve
the problem of lack of adherence to the treatment normally associated to mental
disorders [24].

e Stroke: Solid implants to prevent neurological damage after stroke have been
studied during years [17]. For instance, since 1999, nicardipine prolonged-release
implants have been tested with success for the prevention of vasospasm in
patients with subarachnoid hemorrhage (SAH) [25]. In fact, nowadays, we can
find a phase 2 clinical trial, that is currently recruiting participants, in which rod-
shaped implants loaded with 4 mg of nicardipine (NicaPlant®) will be
administered to patients with SAH to test if they are able to reduce neurological
complications associated to this pathology [26].

On the other hand, the direct injection into the CSF is more accessible, but it is
not really efficient because of the lack of diffusion between CSF and ECF [16].
Furthermore, it must be considered that only if the drug is injected into the ventricles, it
will be distributed in the whole CSF. Nonetheless, this type of injection is indicated in

some infectious diseases, such as meningitis [27].

2.1.2. Therapeutic opening of the BBB

The other invasive technique that can be used to increase the access of
substances to the CNS is the therapeutic opening of the tight junctions in the BBB, which
can be obtained by either administering hyperosmolar solutions or using ultrasounds [7].

The administration of hyperosmolar solutions typically prepared with mannitol or
other aromatic substances makes endothelial cells to release water and reduce their size,
resulting in an increase in the space between them [16]. This type of treatment is only
used for treating life-threatening diseases, as the shrinkage of endothelial cells derives in
a non-selective opening of the BBB and both, drugs and toxic substances, could reach the
CNS provoking neurological complications (aphasia and hemiparesis) [28]. In addition to

that, the administration of mannitol with several penetration markers has shown that the
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mannitol derived BBB disruption is not homogenously distributed and different
permeability rates can be detected depending on the region of the brain analysed [29].

A more selective opening of the BBB can be obtained by means of combining the use of
ultrasounds with the administration of microbubbles (small particles of 1-10 um which
contain heavy gases). When using this technique, microbubbles are directed towards a
specific area of the brain, moving them with ultrasounds, and once in the correct place
they interact with the endothelial cells and disrupt the tight junctions, leaving a free way
for drugs to access the BBB [7]. Besides that, microbubbles can also be loaded or
externally modified to carry some drugs on them. This technique has the advantage of
safely opening just a desired area of the BBB without requiring a high ultrasound energy

[18].

2.2, Non-invasive strategies
As said before, the non-invasive strategies to increase the access of substances to
the CNS include the nose-to-brain route of administration, the inhibition of efflux

transporters, the development of prodrugs and CDDS and the use of nanocarriers [7,16].

2.2.1. Nose-to-brain route

The olfactory area of the nasal cavity can be used as an alternative route for the
delivery of molecules to the CNS. It is not clearly defined how drugs can reach the brain
by means of this route, but what is clear is that olfactory nerves connect directly the nasal
cavity with the CNS without having any BBB around them. It is thought that drugs
administered into the nasal cavity can use two different pathways to travel until the brain:
a) the olfactory nerves transportation or b) the trigeminal nerves transportation. The
second one can only happen after the drug has been absorbed from nasal mucosa [30].
The main advantages and limitations of this route of administration are summarized in

table 1.
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Table 1. Summary of the main advantages and limitations of the nasal route of administration for

the treatment of pathologies affecting the CNS [30,31].

Advantages

Avoidance of plasma exposure, peripheral metabolism and peripheral side-
1 effects, as the amount of drug that can reach general circulation through the
nasal vasculature is depreciable (bioavailability = 0.01% - 0.1%).

Reduced risk of infection due to the lack of invasiveness of the administration
technique.

Ease of administration for the patient, because drugs can be formulated in nasal
sprays.

Limitations

Only a small volume (100-250 pL) and a small amount of powder (20-50 mg) can
1 be directly administered to the nasal cavity. So, this route is only feasible for
very potent drugs which do not need high doses.

Enzymes present in nasal mucosa may metabolize the drugs administered into

2 .
nasal cavity.

3 Drugs and formulations designed to be administered by this route should not
irritate the nasal cavity.

a The presence of an upper respiratory infection may alter the nasal environment

and hinder the drug delivery to the brain.

For example, the intranasal administration of insulin has been considered a
promising option for the treatment of Alzheimer’s disease. In fact, several studies have
proved that after administering insulin via intranasal, it can be detected in CSF and not in
plasma and it can improve the cognitive response of Alzheimer’s disease patients [30,32].
Nonetheless, a recent clinical trial with 289 patients concludes that no cognitive or
functional benefits of intranasal insulin administration could be observed after 12 months
and it proposes that more efforts need to be done in the development of intranasal
delivery devices [33].

Migraine is another pathology in which intranasal administration has been deeply
studied [34-38]. The last device approved by FDA for the treatment of this pathology,
Trudhesa®, was allowed to be commercialized in the USA in September 2021. This product
contains dihydroergotamine mesylate, a well-known anti-migraine drug, that is directly

delivered to the upper part of the nasal cavity. A phase 3, open-label safety study has
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shown that pain can start disappearing just 15 minutes after administration and relief can

last 2 days after just one dose [39,40].

2.2.2. |Inhibition of efflux transporters

As already said, efflux transporters such as Pgp, MRP family and BCRP, are
responsible for expelling potentially toxic substances from the CNS. Because of that, when
the drug of choice is a substrate of this type of transporter, they hinder the treatment of
pathologies affecting the brain or the spinal cord. The coadministration of the drug in
question with an inhibitor of the efflux transporter for which it is substrate is another
strategy for overcoming the BBB, but it must be used with care as the inhibition of efflux
transporters can lead to the massive entrance of xenobiotics to the CNS and, subsequent,
unwanted side effects [16,18].

Industries have worked in the development of efflux transporters during several
years, specially, in the development of inhibitors for Pgp, for which three generations of
molecules can be distinguished [11]:

e 1t generation: This generation of Pgp inhibitors includes several molecules, i.e.
verapamil, quinidine or cyclosporin A, which, having been developed for the
treatment of different pathologies, showed to have some cytotoxicity as they
competed for the efflux transporter with other molecules. Nonetheless, these
molecules, which were not specifically designed for inhibiting Pgp and have low
affinity for it, can interact with other transporters and enzymes provoking
unexpected adverse effects and need a too higher dose to induce a proper
inhibition of the efflux transporter [41].

e 2" generation: Trying to reduce the pharmacological effect and increase the
inhibition power of the molecules from first generation, several chemical
modifications were performed to the original drugs. Following this basis,
dexverapamil, the R-enantiomer of verapamil, or valspodar, derivative of
cyclosporin A, were discovered. However, the inhibitors from this second
generation are not selective of Pgp and interact with metabolic enzymes, causing
undesirable adverse effects. This is the case of valspodar which competes with
other molecules for cytochrome P450 leading to an increase in the concentration

of other xenobiotics [41].

294



Annex: Publications

e 3"generation: Finally, in this last generation, new molecules, such as zosuquidar,
tariquidar or laniquidar, have been directly designed making use of computational
tools and QSARs. So, they are able to specifically inhibit Pgp without interacting
with other transporters or metabolic enzymes. Nevertheless, not everything is
ideal, as some unexpected adverse effects have been observed when testing
these molecules in clinical trials [41].

HIV can reach the brain using the infected immune cells as “trojan horses” to cross
the BBB. Once there, the virus can multiply and use the CNS as a reservoir, as the drugs
designed for their elimination fail to cross this barrier [42]. In this regard, the use of Pgp
inhibitors have proved to be effective in the treatment of HIV CNS infections [16]. In 2017,
Namanja-Magliano et al. developed a homodimer of azidothymidine, an antiretroviral
drug also known as zidovudine, which was able to inhibit both, the Pgp and the ABCG2
efflux transporter. Researchers concluded that this type of homodimer has potential to
enhance the delivery of antiretrovirals across the BBB, as they block two transporters at

the same time allowing the free drug to stay in the brain [43].

2.2.3. Chemical strategies: prodrugs and chemical drug delivery systems (CDDS)

The chemical modification of molecules is a strategy that has been used not only

for obtaining more powerful inhibitors of the efflux transporters present in the BBB, but
also for obtaining new drug candidates with more chances to cross this barrier.
On the one hand, the development of prodrugs consists in the chemical modification of
an active molecule with the aim of increasing its lipophilicity. Once it has crossed the BBB,
the prodrug loses its “extra” portion and becomes an active molecule ready to perform
its mission. When talking about prodrugs for the treatment of pathologies affecting the
CNS, the typical example is L-Dopa, an inactive prodrug of dopamine used in the
treatment of Parkinson’s disease [7,16].

On the other hand, when a chemical modification is used for appending a
bioremovable targeting structure to a drug, then, a chemical drug delivery system (CDDS)
is obtained [7]. The route for obtaining the active drug from a CDDS is more complex than
when using prodrugs, which allows researchers to obtain intermediary molecules that
once cross the BBB are trapped in brain parenchyma where they are not active yet but
where they can be accumulated, this is known as the “lock-in” strategy [28,44]. For
instance, linking dihydrotrigonelline to a drug forms a CDDS which works in three phases

[45], as shown in figure 2:
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1) Dihydrotrigonelline increases the lipophilicty of the drug enabling it to cross the
BBB.

2) When the CDDS crosses the BBB it is oxidized and a positively charge molecule is
obtained. The positive charge prevents the intermediary molecule from crossing
the BBB back to plasma.

3) Finally, esterases hydrolyse the intermediate molecule and slowly release the

active drug.

“Lock-in"
molecule

Can cross the BBB Trappedin CNS due to its + charge Active molecule

Figure 2. Mechanism of action of a dihydrotrigonelline CDDS.

2.2.4. Nanocarriers

The use of nanocarriers, small particles ranging from 1 to 100 nm, has proved to
facilitate the delivery of drugs to the CNS. It is because they are able to protect the drug
from enzymatic degradation and they can improve plasma stability and solubility.
Furthermore, they can be designed to be directed towards a specific targeting, thus,
minimizing non-desired side effects [46]. Nonetheless, it is important to remark that for
all this to happen the nanocarrier must not release its content prematurely, so, the ideal
nanocarriers for CNS delivery have: A) two different ligands, a first one which contributes
to BBB passage and a second one, whose aim is to target the carrier to a specific area of
the brain and B) a responsive (pH or enzymatic triggered) system which quickly releases
the drug once it has reached its target but prevents it from leaving the carrier while it is

on its way to it [47].

Liposomes

Liposomes a are small vesicles, first discovered in the 1960s, formed by a
phospholipid bilayer which entraps a small volume of aqueous phase inside them.

Because of that, they can incorporate both lipophilic drugs, among the lipids of the
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bilayer, and hydrophilic drugs, on the inside core [16,48]. Depending on their complexity,
liposomes can be classified in three different generations:

e 1t generation: These are the simplest model of liposomes. They are constituted
just by the lipid bilayer and, because of that, they tend to aggregate and be
eliminated by the reticuloendothelial system [16].

e 2" generation: In this second group, the phospholipid bilayer is surrounded by
polyethylene glycol, which makes liposomes less recognisable as foreign bodies
and increases their stability. Liposomes from this group are also known as stealth
liposomes [16].

e 3"generation: The most complex liposomes are included in this group. They are
PEGylated like in the 2" generation, but they also have other moieties linked
around them which help in targeting [16].

Liposomes from third generation have been widely studied for the treatment of
different pathologies affecting to the CNS [48]. For instance, multifunctionalized
liposomes, with apolipoprotein-E (ApoE) and phosphatidic acid (PA), have been tested for
the treatment of Alzheimer’s disease. ApoE acts as a first ligand helping the particle to
cross the BBB and PA targets the liposome towards B-amyloid plaques and is able to break
them [49-51]. In vitro tests with hCMEC/D3 monolayers show an increase in BBB
permeability after the functionalization of PA-liposomes with ApoE. This increase in
permeability was confirmed later on with a biodistribuiton assay in healthy mice in which
researchers observed that after 24 horas the brain/blood ratio was 5-fold higher with dual
liposomes than with PA ones [50].

On the other hand, in 2019, Xiao et al. designed ascorbic acid-thiamine disulfide
system liposomes loaded with docetaxel which may be an interesting tool for the
treatment of glioblastoma. These liposomes followed a “lock-in” behaviour similar to that
presented above when talking about CDDS: once the liposomes cross the BBB, the
thiamine disulphide system is reduced gaining a positive charge which entrap them in the
brain. The pharmacokinectic parameters obtained after the administration of the
liposomes and free docetaxel to adult mice show a 3.24-fold and a 5.61-fold increase in

the area under the curve (AUC) and the maximum concentration (Cmax) in the brain [52].

Solid lipid nanoparticles

Solid lipid nanoparticles (SLNs) are constituted by a matrix of lipids, because of

that they are useful for the delivery of hydrophobic drugs [7]. In 2019, He et al. studied
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SLNs, composed of glyceryl monostearate and glycerol tristearate and loaded with B-
elemene, for the treatment of glioblastoma. B-elemene is a natural essential oil with anti-
tumor activity. The SLNs loaded with this drug proved to reach a greater concentration in
plasma and in the brain, both in mice and rats, which would propose this formulation to
improve BBB permeability of B-elemene [53].

The previous study together with others in which plain SLNs are administered in vivo
prove that this type of nanocarrier can inherently increase the penetration of drugs across
the BBB [54]. Nonetheless, in other studies the SLNs have been functionalized and they
have obtained very promising results too, for instance:

e SLNs loaded with quinine dihydrochloride and conjugated with transferrin, which
were designed for the management of cerebral malaria, showed an enhanced
uptake in the brain than the free drug in solution [55]. This can be explained by
the fact that transferrin promotes the receptor mediated transport of the SLNs.

e The use of cationic bovine serum albumin (CBSA) as a ligand for the
functionalization of SLNs have also proved to be a promising strategy for
bypassing the BBB [56]. Nonetheless, in this case, the mechanism for this
enhancement in the penetration is not due to the use of receptor mediated
mechanisms, but adsorptive transcytosis, as the positive charge of the albumin

can interact with the negative charge of the surface of the endothelial cells.

Lipid nanocapsules

Finally, lipid nanocapsules can be found as the last type of lipid-based
nanocarriers. They have the advantages of being more stable than liposomes and being
able to encapsulate greater amounts of lipophilic drug. It is because they have a
lipoprotein-like structure, with an oily core surrounded by a rigid membrane of polymer
or tensioactive [57].

In 2020, Elhesaisy and Swidan proved that they were able to reduce the
immobility time of mice when they forced them to swim in a beaker, a stressful situation
in which animals tend to desperate, resign and stop moving, after the administration of
lipid core nanoparticles loaded with trazodone hydrochloride. In fact, the immobility time
for the group without treatment was 158 + 15 seconds, for the group which received a
solution of free trazodone was 128 + 12 seconds, but in the group treated with the

nanocapsules the immobility time dropped until 88 + 8 seconds (1.8-fold lower than the
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control group). So, researchers conclude that these carriers were a promising alternative
for controlling depression [58].

From May 2018 to April 2020, the project BIONICS founded by Horizon 2020
worked in the development of lipid nanoparticles with anti-oxidant effects for the
treatment and prevention of post-stroke side effects [59]. The reason for this is that the
current treatment for ischeamic stroke, the administration of tissue plasminogen
activator or the physical removal of the thrombo, can restore the blood flow in the
affected area, but it cannot avoid the damage of brain tissue due to the release of reactive
oxygen and reactive nitrogen species. Preliminary results show that the new carrier was
able to target both BBB and neuronal cells and, now, the group is working to prove its

antioxidant and neuroprotective effect [59].

Polymeric nanoparticles

Polymeric nanoparticles can be divided in two groups depending on their
structure: nanospheres (a solid polymeric matrix) or nanocapsules (an inner core
surrounded by polymer). Several biodegradable and biocompatible polymers have been
studied for the development of CNS nanocarriers, i.e. polylactic acid (PLA), polylactic-co-
glycolic acid (PLGA), chitosan and polycaprolactone (PCL), among others [7,47]. The next
bullet points show examples of polymeric nanocarriers developed with the polymers
mentioned above:

e Polylactic acid (PLA): PEGylated PLA nanoparticles modified with an anti-
transferrin receptor antibody and loaded with amphotericin B were developed in
2015 for the treatment of fungal meningitis. The PEG modification increases the
stability of the particles in the blood and the anti-transferrin receptor antibody
promotes the receptor-mediated transport through the BBB. The studies carried
out with this formulation showed that the particles were able to significantly
reduce the necrosis of brain tissue after 15 days of infection and increase the
survival rate of mice whose lethality rate dropped from 100% in day 16 post-
infection in the untreated group to 50% after 24 days [60].

e Polylactic-co-glycolic acid (PLGA): In the prospect of treating Alzheimer’s disease,
PLGA nanoparticles loaded with curcumin were prepared by Barbara and co-
workers in 2017. Curcumin has proved to be able to inhibit the formation of AB
plaques and disaggregate those already formed, but, as many other drugs, it has

a low ability to cross the BBB. The new particles, which were modified with a
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peptide ligand (g7) for BBB crossing, showed to be able to reduce the number of
AB aggregates in an in vitro model with hippocampal cells. Besides that, they
seemed to reduce the inflammatory process associated to Alzheimer’s disease.
Nonetheless, further studies in in vivo models are needed to obtain further
conclusions [61].

e Chitosan: Chitosan is a natural polysaccharide, which can be obtained after the
deacetylation of chitin extracted from crustacean shells and has been studied for
the treatment of many conditions, mainly Alzheimer’s disease and Parkinson’s
disease [62]. Nanoparticles of chitosan loaded with rotigotine have proved that,
after being administered intranasally, are able to reduce catalepsy, akinesia and
improve the swimming ability in a Parkinson-induced animal model. Furthermore,
pharmacokinetics studies showed a greater accumulation of rotigotine in the
brain in comparison with the intranasal administration of the free drug or the
administration of the particles by other ways [63].

e Polycaprolactone (PCL): In vitro studies carried out in three different cell lines with
PCL nanoparticles loaded with clozapine, an antipsychotic drug used in the
treatment of schizophrenia, show that this type of formulation may be a valuable
alternative for the management of this pathology. The PEGylated particles were
not toxic nor immunogenic and increased the permeability of clozapine in

hCMEC/D3 monolayers [64].

Inorganic nanoparticles

Inorganic nanoparticles prepared with metals, metal oxides or silica are useful for,
both, diagnosis and treatment of pathologies affecting the CNS, this is, they can act as
theragnostic devices. Nonetheless, they have the big drawback that, in contrast to those
nanoparticles mentioned previously, they are not biodegradable and they can be toxic
[47].

Due to their surface plasmon property, gold nanoparticles can absorb and emit
light at different wavelengths according to their size, shape and aggregate status [7].
Besides that, the surface plasmon property also makes this kind of particle ideal for
photothermal therapy as the light they absorb can be converted into heat [65]. The
photothermal therapy with gold nanoparticles has been tested in several in vitro and in
vivo models of glioblastoma, but, for translating the findings obtained in those models to

the treatment of human beings several challenges must be faced, such as: the several
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barriers that the irradiating light needs to cross until it reachs the particles in the tumor
without damaging any other cerebral structures [66].

Magnetic nanoparticles prepared from iron oxides have also been studied as a
thermal therapy for the treatment of glioblastoma or as contrast agents for imaging
techniques [54]. In addition, these nanoparticles can be used as a driving force for
promoting the passage of other types of nanocarriers through the BBB [7]. For instance,
magneto-liposomes entrap a magnetic core in its inner part, which facilitates the delivery
of drugs across the BBB, as proved by Saiyed et al. and Ding et al. in 2010 and 2014,
respectively [67—-69].

Mesoporous silica nanoparticles (MSNs) have a high surface area, can load big
amounts of cargo, are biocompatible and are easy to functionalize. Because of that, a lot
of researchers try to use this system for the development of new nanocarriers [47]. In
2016, an in vitro study carried out in two different monolayers, which are able to simulate
the BBB (MDCK and RBE4 cells), showed that bare MSNs had low permeability and
external functionalization was necessary to improve BBB penetration [70]. After that,
several studies with functionalized MSNs have been carried out. For instance, lactoferrin-
MSNs proved to reach the brain due to the use of the receptor-mediated pathway in a
triculture in vitro model [71]. Also, Ri7 antibody-MSNs increased the drug delivery to the

brain by means of binding to the transferrin receptor [70].

Dendrimers

Dendrimers are three-dimensional and regular polymeric macromolecules with
three different areas: A) a central core, B) branches and C) surface groups. The number of
ramifications in a dendrimer defines its generation and the spaces that there are in
between the branches can be used to transport other molecules [7,18].

The most studied dendrimer is poly-amidoamine (PAMAM) [18]. In 2016, Xu and
collaborators loaded PAMAM with doxorubicin and did several in vitro and in vivo studies
to prove its efficacy against glioblastoma. As surface groups, they selected two molecules:
borneol, whose mission is to open the tight junctions in between the endothelial cells of
the BBB, and, folic acid, to target the dendrimers to cancer cells, as they overexpressed
the folic acid receptor. The in vitro studies showed that the nanocarriers prepared by Xu
and collaborators were not toxic for BBB cells, but they were able to kill the glioblastoma
cells. Besides that, a sustained released of doxorubicin was observed when the

dendrimers were placed in pH 5.5 buffer and the permeability of the drug in HBMEC
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monolayers was enhanced. Once in the in vivo studies, dendrimers showed a greater
accumulation in brain and tumor than the free drug, a significant reduction of tumor

volume and an increase in the survival of the animals tested [72].

Cyclodextrins

Cyclodextrins are cyclic polysaccharides used for delivering lipophilic drugs in an
aqueous environment, as they are highly hydrophilic in their surface, but more
hydrophobic in their inner part. Furthermore, cyclodextrins are able to interact with lipid
membranes, so, they can be used to increase BBB permeability by means of altering its
membrane fluidity [18,73].

Recently, a new complex of crocetin and y-cyclodextrin was proposed for the
treatment of Alzheimer’s disease. The in vitro evaluation of the new complex showed that
it was nontoxic and it was able to reduce the levels of AR in 7PA2 cell line. The
pharmacokinetic evaluation in rats showed that, after an intraperitoneal injection, the
maximum concentration in plasma of crocetin was 43.5 times higher when it was
administered in the cyclodextrin complex than when it was administered on its own and
the AUC was also 13.1 times higher. In terms of biodistribution, it was seen that the
crocetin-y-cyclodextrin complex was able to penetrate the BBB and reach the brain after

its administration [74].

Quantum dots

Quantum dots (QDs) are small nanosystems ranging from 2 to 10 nm with
semiconductor properties. In a similar way that gold nanoparticles, QDs can emit light in
different wavelengths depending on their size, shape, and composition, because of that
they have been proposed as theragnostic tools [75].

In the treatment of CNS pathologies, QDs have been explored to target and
identify brain tumors, to detected areas affected by ischemia after a stroke or to treat
HIV-associated encephalopathy [47,76]. In the last case, quantum dots conjugated with
transferrin, as a targeting ligand to BBB, and saquinavir, as an antiretroviral drug, have
proved to efficiently cross the BBB and inhibit HIV replication in infected PBMC cells, using

a triculture in vitro model [76].
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Nanogels

Nanogels can be defined as nanoparticles composed of a cross-linked hydrophilic
polymer network [77]. Its capacity to retain water promotes nanogels biocompatibility
and facilitates drug release. Nonetheless, this type of nanocarrier have been less studied
for the treatment of pathologies affecting the CNS [47]. In June 2021, Ribovski et al.
published an article in which they discuss the influence of nanogel’ stiffness in BBB
permeability. Briefly, they prepared 4 types of nanogels with different percentages of
polymer and different polymerization times. Once obtained, they analysed the
permeability of the different particles in a hCMEC/D3 BBB in vitro model. They saw that
the low stiffness promotes intracellular trafficking and exocytosis through the cell
monolayers [77]. So, soft nanogels would be the most promising ones for developing

drugs directed towards the CNS.

Nanoemulsions

Nanoemulsions (NEs) are composed of kinetically stable dispersions of two
immiscible liquids [78]. They can transport both hydrophilic and hydrophobic drugs and
the smaller are the droplets of the emulsion, the greater is its stability. The mechanisms
by which this type of nanocarrier can promote BBB permeability are:

e Lipid exchange, because of the interactions between the lipid phase of the NEs
and the lipids of the endothelial cell’s membranes [78].

e Carrier-mediated or receptor-mediated transport, which can occur if the external
phase of the NE is decorated with a specific ligand [78].

e Adsorptive-mediated transcytosis, if the hydrophilic head of the lipids forming the
droplets of the NE are positively charged [78].

e Efflux transport inhibition, as the droplets of the NEs can mask the drug from its
efflux transporter and some surfactants present in the NE, i.e. polysobate 80, are
well-known Pgp inhibitors [78].

NEs have been studied for the treatment of: brain tumors, neurodegenerative
disorders, HIV-associated CNS disorders, ischemic stroke and schizophrenia [78]. Several

examples of NEs intended for the treatment of those pathologies is shown in table 2.
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Table 2. Examples of nanoemulsions intended for the treatment of CNS diseases [78].

Disease Nanocarrier Outcomes
Kaempferol mucodhesive Increased brain levels after intranasal administration.
NE Reduced glioma (C6 cell line) viability.

w

S Chloroaluminun
R liom 7 cell lin iability.

g phtalocyanine NE educed glioma (U87 cell line) viability

c

g Reduced glioma (U87 cell line) viability.

Paclitaxel ClinOleic®

Selectivity towards cancerous cells.

Honokiol NE

Inhibition of tumor growth in vivo.

Neurodegenerative disorders

Oridonin NE

Less AB plaques and AP deposition.

Restored construction behaviour.

Rivastigmine NE

Increased brain levels after intranasal administration.

Thymoquinone-rich

Less AB generation and more AP degradation.

fraction NE Increased antioxidant levels.
Increased antioxidant enzymes.
Selegiline NE
Higher dopamine levels in Parkinson’s disease rats.
Riluzole NE Increased brain levels after intranasal administration.
" Saquinavir mesylate NE Increased brain levels after intranasal administration.
2
o . .
L Increased brain levels after intravenous
A Indinavir NE - .
= 0 administration.
T o
.g 2
@ 2 Increased bioavailability after oral administration.
‘P ©
; Atovaquone NE Reduced parasitemia and less brain cysts in a
toxoplasmosis.
Thymoguinone Increased brain levels after intranasal administration.
o mucoadhesive NE Better motor skills.
o
‘E Olmesartan NE Increased brain levels after oral administration.
2
5 Better motor skills.
-
3 Quercetin mucoadhesive . .
- NE Lower infarction volume and less hematoma.
Increased antioxidant capacity.
Quetiapine NE Increased brain levels after intranasal administration.
©
S Increased bioavailability and brain levels after
S
< intraperitoneal administration.
o . .
N Risperidone NE . . .
£ Early onset of antipsychotic action.
wv

Less locomotor side symptoms.
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Viral vectors

Finally, in terms of gene therapy, viral vectors have become extremely popular for
the treatment of neurological disorders due to its high transfection efficiency and its long-
term expression [46]. The adeno-associated virus serotype 9 (AAV9) is the most promising
vector for CNS gene therapy as it has proved to be able to cross the endothelial cells by
active transport without disrupting the BBB [18,79].

AVV9 has been tested for the treatment of spinal muscular atrophy (SMA) in
several clinical trials [80]. SMA is a genetic disease affecting the alpha motor neurons of
the spinal cord and brainstem. The degeneration of these neurons causes several
difficulties in speaking, walking, breathing, and swallowing; it can lead to paralysis and
death too, being the leading cause of mortality in infants [81]. Early-diagnosed patients
treated with AAV9 showed a better motor behaviour and an increase in its rate of survival.
Nonetheless, more efforts are needed before obtaining the final vector for treating this
disease, as there were patients who developed antibodies against the vector and this may

cause severe side effects [81].

3. Conclusion

Along this document, an extended revision of different strategies to allow or
increase the access of substances to the CNS has been done. It can be seen that there are
several options which can be used and are able to increase the levels of drug in the brain.
So, when trying to treat a pathology of the CNS, both the development of new molecules

and its combination with a proper method to overcome the BBB must be done.

Expert Opinion:

As said in the review, in the last two decades, there has been a considerable
increase in the prevalence of most diseases that affect CNS which highlights the need for
new treatments to combat them. Nonetheless, about 85% of CNS trials fail, which is the
second highest failure rate just after the oncology trials [15]. Among the reasons for these
failures, we can find: problems with the target, lack of biomarkers, problems with the
design of the study, issues with the transition from animals to human because animal
models tend not to be as complex as human beings and drugs not crossing the BBB [82—
84]. In our opinion, the development of strategies to allow or increase the access of

substances to the CNS would solve most of the failures. Nonetheless, trying to overcome
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these failures, industries tend to opt for a repositioning strategy, a more cost-effective
and time-saving alternative also known as drug repurposing or drug reprofiling [85].

Although having been used as interchangeable terms, there is a subtle difference
between repurposing and repositioning. In repurposing, a drug already approved and
without suffering any molecular modification is reapproved for a different indication,
while in repositioning, the drug suffers some change in its structure before being
approved for another indication [85]. Historically, reposition has happened
unintentionally, but, recently, researchers and industries have realized its benefits and
used it with those drugs which have proved to be safe, but not effective, in their clinical
trials. This is the reason why, year after year, the number of articles including on their
keywords “drug repositioning” increases [85]. In the field of CNS treatments,
approximately 30% of the drugs have been repurposed two or more times [85], mainly
because once the drug crosses the BBB it is easier to find a new target for it. Thus, this
trend, although having clear advantages in the treatment of pathologies of the CNS, would
reduce the investment of big industries for the development of new devices to increase
the access of substances to the CNS.

When talking about nanocarriers, the most sophisticated and non-invasive
strategy to improve the treatment of pathologies affecting the CNS, the articles published
in this field have increased by more than 80% in the last 10 years (results after searching:
"nanocarrier" and "brain" in Pubmed). This tendency makes us think that, there is a clear
interest in knowing about these formulations. So, probably in the next five or ten years
the knowledge about them will continue increasing. However, if the knowledge is
obtained from public institutions, such as universities or research centres, the key for a
global benefit will lay in the results transfer from the public to the private ambit. It is
useless to accumulate tons of knowledge, if society cannot benefit from it. From some
institutions, great work is being done and, increasingly, university researchers patent their
ideas before publishing them. This fact can greatly help industries to notice them, buy
them and work on the development of new nanocarriers with certain guarantees of
success.

In our opinion, the ideal approach to increase the access of substances to the CNS
should combine the use of nanocarriers with other strategies to increase drug penetration
such as, the physical opening of the BBB with ultrasounds and microbubbles or the nasal

administration to get a non-invasive direct administration to the CNS.
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INTRODUCTION

Unfortunately, from 2000 to 2019, the prevalence of brain and central nervous
system (CNS) cancers has increased by 46% [1]. Among these cancers, the glioblastoma is
the most common and lethal one, representing more than 50% of all the primary
intracranial tumors [2]. The altered astrocytes and oligodendrocytes that form this type of
tumor are able to invade the surrounding tissue very quickly and life expectancy is very
low, around 15 months after diagnosis [3]. In fact, only 2.7% of the patients survive during
5 years [4-7].

The current treatment of glioblastoma combines surgery, radiation, and adjuvant
chemotherapy with temozolomide and, in some cases, in combination with bevacizumab
[8,9]. Nonetheless, it has been observed that glioblastoma tumors overexpressed the
platelet-derived growth factor receptor-a (PDGFR-a) and the rearranged during
transfection (RET), two tyrosine kinases, which may be responsible for the resistance of
the glioblastoma tumors to the treatment with temozolomide [10,11]. So, other drugs,
which inhibit tyrosine kinases, such as ponatinib, which is currently approved by the US
Food and Drug Administration for the treatment of chronic myeloid leukemia and
Philadelphia chromosome-positive acute lymphoblastic leukemia, have been proposed as
an alternative for the treatment of several malignancies, among which glioblastoma can
be found [12].

Despite the potential of ponatinib for treating glioblastoma, the presence of the

blood-brain barrier (BBB) is always a limiting step when developing new treatments
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directed towards the brain as it restricts the access and distribution of drugs in the CNS.
In fact, ponatinib is a drug with a low BBB permeability because it is substrate of efflux
transporters and it has a low unbound fraction of drug in plasma and only the fraction of
drug that is not bound to proteins is able to cross the BBB [10,13].

The use of nanotechnology to encapsulate the drug and protect it from the efflux
transporters and the plasma proteins may constitute a good option to overcome the
limitations mentioned above.

In the last years, a lot of researchers have tried to use mesoporous silica
nanoparticles (MSNs), which have a high surface area, can load big amounts of cargo, are
biocompatible and are easy to functionalize for the development of new nanocarriers [14].
Although, in 2016, an in vitro study carried out in two different cell monolayers, which are
able to simulate the BBB (MDCK and RBE4 cells), showed that bare MSNs had low
permeability and external functionalization was necessary to improve BBB penetration
[15]. Thus, just the encapsulation of the drug is not enough, but a functionalization is
usually also necessary to increase BBB permeability.

Functionalization can be used to promote any of the accessing routes that the BBB
already has: the paracellular diffusion, the transcellular diffusion, the carrier-mediated
transport, the receptor-mediated transport, the adsorptive-mediated transport or the
cell-mediated transport [16—20]. For instance, the use of amino acids promotes the
carrier-mediated transport [20,21], other macromolecules, such as insulin or transferrin,
promote the receptor-mediated transport [20,22] and polycationic substances, i.e.
albumin and other peptides, promote the adsorptive-mediated transport [20]. The
administration of substances that temporally open the BBB is another strategy to increase
the access of substances to the CNS by means of promoting the paracellular diffusion.
Mannitol, for example, creates a hyperosmolar environment which derives in a reduction
in the size of the endothelial cells and a bigger space among them, borneol and other
aromatic substances, also open the tight junctions and promote paracellular diffusion,
but, in this case, because they provoke the translocation of the tight junctions proteins
back to the cytoplasm of the endothelial cells [23].

Furthermore, when trying to treat cancer, functionalization can also be used to
foster the active uptake of the nanocarriers by the tumor cells, thus reducing the side
effects derived from the internalisation of the anticancer molecules by healthy cells [24].
With this objective, different molecules which are ligands of receptors that are

overexpressed in tumor cells can be used: monoclonal antibodies, the antibody antigen-
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binding fragments (Fabs), small peptides, natural proteins, aptamers, carbohydrates or
small molecules [24]. Folic acid is one of those molecules that has been used to promote
the active uptake of nanoparticles by cancer cells, as, due to nutritional requirements, this
type of cells overexpress the folate receptor [24-26].

When talking about MSNs, the functionalization is also important to ensure that
the drug is kept inside the nanoparticle until it reaches its target where a specific stimulus
triggers the drug release. If molecules are used to obtain this type of functionalization,
they are known as molecular gates, gate keepers or nanovalves [27,28].

Because of the extremely restrictive properties of the BBB, which only allows the
passage of nanoparticles with a diameter below 100 nm [29], some researchers have
started to combine the functionalization with the use of an external force to increase the
accumulation of drug in the CNS. In this regard, the use of magnetic mesoporous silica
nanoparticles (M-MSNs) with which an external magnetic field can be used to promote
the BBB permeation are promising devices for treating pathologies affecting the CNS [30—
32].

The objective of this work was to develop two new mesoporous nanostructures,
a magnetic and a non-magnetic one, doubly functionalized, with borneol and folic acid, as
molecular gate, to increase the access of ponatinib to the CNS and, thus, improve the

treatment of glioblastoma.

MATERIALS AND METHODS

1. Drugs, cells and products

Ponatinib was purchased from Enamine (Riga, Latvia). Trypan blue, borneol,
succinic anhydride and folic acid were purchased from Sigma-Aldrich (Barcelona, Spain).
Cetyltrimethylammonium bromide (CTAB), diethanolamine (DEA), Tetraethylorthosilicate
(TEOS), (3-aminopropyl)triethoxysilane  (APTES), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide (EDC), N-hydroxysuccinimide (NHS), 4-dimethylaminopiridine (DMAP),
FeCls-6H,0, FeCl,-4H,0, oleic acid and anhydrous acetonitrile (ACN) were purchased from
Sigma-Aldrich (Madrid, Spain). Chloroform, dimethylformamide (DMF), and anhydrous
methylene chloride (DCM) were purchased from Acros Organics (Spain). Ammonia (32%
v/v), ethanol, dimethyl sulfoxide (DMSO) and ethyl acetate were purchased from Scharlab
(Barcelona, Spain).

Lysosomal extract was given by Dr. Martinez-Mafiez (Valencia, Spain). The MDCK-

MDR1 cell line was kindly provided by Dr. Gottesman, MM (National Institutes of Health,
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Bethesda) and the U87 cell line was purchased from Sigma-Aldrich (Barcelona, Spain).
Dulbecco’s modified Eagle’s medium (DMEM) with high content of glucose, fetal
bovine serum (FBS), MEM Non-Essential aminoacids, penicillin-streptomycin, L-
glutamine, HEPES, phosphate buffer solution (PBS), trypsin-EDTA, Hank’s balanced salt
solution (HBSS), tween 80 and the cell proliferation kit | (MTT) were purchased from
Sigma-Aldrich (Barcelona, Spain). DMEM with high content of glucose and high content of

pyruvate used with the U87-MG cell line was obtained from Gibco (Barcelona, Spain).

2. Synthesis of mesoporous nanoparticles
2.1. Nonmagnetic mesoporous silica nanoparticles (MSNs)

Nonmagnetic mesoporous silica nanoparticles (MSNs) were prepared using as a
basis the protocol described in [33]. Briefly, 1 g of CTAB and 20 mL of deionized water were
placed in a two neck round bottom flask and stirred for 30 minutes at 500 rpm with a
rugby shape magnet. Then, 160 uL of DEA were added and temperature was increased to
95 °C, temperature at which the mixture was stirred with reflux for 1 hour. After that time,
1.5 mL of TEOS were added dropwise and everything was again stirred for 1 hour, but at
950 rpm. Finally, the particles were recovered and washed with water at 13400 g (20 min)
until reaching a neutral pH. The particles were then dried and calcined in the presence of

air at 550 °C.

2.2. Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONSs)

Ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs), which were
used later on, as seeds for preparing magnetic mesoporous silica nanoparticles (M-MSNs),
were prepared according to the protocol described in [34]. First, 50 mL of deionized water
were placed under Argon atmosphere for 30 minutes. Then, 12 g of FeCls-6H,0, 4.9 g of
FeCl,-4H,0 and 19.53 mL of ammonia 32% (v/v) were added at 80 °C. After 30 minutes,
2.13 mL of oleic acid was added to the flask and the reaction was left stirring for 90
minutes at 80 °C. Finally, the particles were cooled at room temperature and recovered
after washing 3 times with deionized water and 3 times with ethanol (12108 g, 10 min).
The material was dried overnight under vacuum and the next day it was resuspended in

chloroform to be kept it in the fridge until its use.

2.3. Magnetic mesoporous silica nanoparticles (M-MSNs)

M-MSNs were prepared following a slightly modified protocol already described
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in [34]. 100 mg of CTAB and 10 mL of deionized water were placed in a vial and the mixture
was stirred until the CTAB was dissolved. Then, 580 UL of a previously prepared suspension
of USPIONSs in chloroform (Fe concentration = 3.6 mg/mL) was added to the vial and it was
sonicated with a probe sonicator (Branson 450 Sonifier) for 3 minutes. After sonication,
chloroform was evaporated at 70 °C with manual agitation and 30 mL of deionized water,
0.547 mL of ammonia 32% (v/v) and the particles were placed in a two neck round bottom
flask where the mixture was stirred at 400 rpm with reflux and a rugby shape magnet until
the temperature reached 75 °C. Later on, 0.5 mL of TEOS and 3 ml of ethyl acetate were
added to the flask (TEOS, dropwise) and the reaction was stirred for 2 minutes at 850 rpm
and for 3 hours at 350 rpm. At the end of that time, the particles were cooled in an ice
bath and they were washed 3 times with ethanol (13400 g, 10 min). Finally, the magnetic
particles were separated from the non-magnetic ones with a magnet, they were dried and

calcined in the presence of air at 550 °C.

3. Drug loading and functionalization of the nanoparticles

MSNs and M-MSNs were loaded following the immersion protocol, in which the
particles are left stirring overnight in a solution of drug ((0.8 mmol of drug + 30 mL of
solvent)/1 g nanoparticle)). Two different molecules were loaded in the particles: trypan
blue and ponatinib, as trypan blue is soluble in water the solvent used for loading the
particles was deionized water and as ponatinib is not soluble in water, but soluble in
DMSO, this one was the solvent used for dissolving ponatinib. The day after loading, the
particles were filtered and dried under vacuum.

Once loaded, both MSNs and M-MSNs were functionalized following the same
protocol with the aim of obtaining double gated nanoparticles with: borneol and folic acid.

First, for allowing borneol to attach to the nanoparticles it was modified with
succinic acid as done in [26]. Once this component was prepared, particles were reacted
with APTES for 5.5 hours in anhydrous ACN ((6 mmol APTES + 30 mL of solvent)/1 g
nanoparticles). Then, the particles were vacuum filtered and dried and they were made
to react with gate components overnight. So, the following compounds were placed in a
vial and left stirred overnight: modified borneol (0.3 mmol/100 mg nanoparticles), folic
acid (0.3 mmol/100 mg nanoparticles), EDC (3 mmol/100 mg nanoparticles), NHS (3
mmol/100 mg nanoparticles), DMF (3 mL/100 mg nanoparticles) and DMSO (1 mL/100
mg nanoparticles). Finally, the particles were washed 4 times with DMF and 4 times with

deionized water and dried at 37 °C.
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4. Characterization of the nanoparticles
4.1. Dynamic light scattering (DLS)
Dynamic light scattering (DLS) experiments were conducted with a Zetasizer Nano
ZS (Malvern Instruments). This technique was used for measuring the hydrodynamic size,
the polydispersity index (PDI) and the Z potential of the particles. Suspensions of 1 mg/mL
of nanoparticles were prepared in water and the characteristics mentioned above were

measured thrice.

4.2. Transmission electron microscopy (TEM)
The proper size and shape of the MSNs and M-MSNs were checked in a 100 kV
JEOL JEM-1010 transmission electronic microscope operated with AMT image capture

engine software.

4.3. X-ray Powder Diffraction Analysis
The X-ray diffractograms of the USPIONS, the MSNs and the M-MSNs (as-made,
calcined, calcined and functionalized with borneol and folic acid and loaded with trypan
blue and functionalized with borneol and folic acid) were obtained with a Bruker D8

Advance diffractometer (Bruker, Coventry, UK).

4.4. Porosimetry
A Micromeritics TriStar Il Plus automated analyser (Micromeritics Instrument
Corporation, Norcross, GA, USA) was used for recording the N, adsorption—desorption
isotherms of the MSNs and the M-MSNs. The samples were degassed at 120 °C in vacuum
overnight. A BET model was used for calculating the specific surface areas from the
adsorption data in the low-pressure range. On the other hand, the BJH method was used

to determine the size and volume of the pores present in the particles.

4.5. Thermogravimetry
A TGA/SDTA 851e thermobalance from Mettler Toledo (Mettler Toledo Inc.,
Schwarzenbach, Switzerland) was used to obtain thermograms for different solid samples
and evaluate the organic content in loaded and functionalized nanoparticles. So, the % of
drug loaded in the MSNs and the M-MSNs could be obtained. Briefly, samples were heated
in a dynamic step at 10 °C/min, from 25 °C to 100 °C. Then temperature was maintained

at 100 °C for 60 mins and temperature was increased again until 1000 °C at 10 °C/min.
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Samples were kept at 1000 °C for 30 minutes. Total organic content was evaluated in the

range between 100 and 800 °C.

5. Invitro drug release

Release studies were carried out at 37 °C for both types of nanoparticles, MSNs
and M-MSNs, loaded with trypan blue and ponatinib. First, a suspension of each type of
particles, with a particle concentration of 10 pg/uL was prepared in PBS and it was divided
into two eppendorfs. Then, PBS or lysosomal extract were added until reach a final
concentration of particles of 1 pg/uL. Samples were taken at different times (2’, 30, 1h,
2.5h, 4h and 5.5h). They were diluted with cold methanol, centrifuged (5 mins; 10000 rpm
- Eppendorf Centrifuge 5424, Rotor FA-45-24-11) and kept in the freezer at -20 °C until

their analysis.

6. Cytotoxicity assay in vitro

The cytotoxicity of the MSNs and the M-MSNs functionalized with borneol and
folic acid and loaded with ponatinib and functionalized with borneol and folic acid was
evaluated in two different cell types (U87-MG, glioblastoma cells and MDCK-MDR1, BBB
cells) using an MTT kit.

MDCK-MDR1 cells were maintained in an incubator at 37 °C with an atmosphere
of 5% C0O2 and 90% humidity inside flasks of 75 cm?with DMEM with a high content of
glucose completed with FBS (10% (v/v)), MEM Non-Essential aminoacids (1% (v/v)),
penicillin—streptomycin (1% (v/v)), L-glutamine (1% (v/v)) and HEPES (1% (v/v)). U87-MG
cells were kept using the same protocol as MDCK-MDR1, but with a cell culture medium
with a higher concentration of pyruvate. When the cells reached 80% confluence, they
were split and sub-cultured in new flasks. For detaching them and allowing the sub-
culturing procedure a trypsin-EDTA:PBS (2:8) solution was used. The day after sub-
culturing the medium of the flasks was replaced with new fresh medium to remove all the
dead cells.

The protocol for carrying out the cytotoxicity assay is explained below:

1) 100 pL of cells were seeded in each well of a 96-well plate (2.5 x 10* cells/well).

2) After 24 hours at 37 °C, the medium was removed and replaced with 100 pL of a
ponatinib solution or a particle suspension with ponatinib concentration ranging
from 0.002 to 200 uM.

3) After 72 hours, the solutions/suspensions were aspirated and replaced with 100
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uL of fresh culture medium. Then, 10 uL of the MTT labelling reagent were added
to the wells and cells were kept in the incubator for 4 hours.
4) 100 pl of solubilization solution was added to the plates and incubated overnight.
5) Finally, the absorbance of the plate was measured at 570 and 630 nm using a

microplate reader (Microplate Reader MB-850, Heales®).

7. BBB permeability

The penetrability of the formulations (MSN and M-MSN) was evaluated in MDCK-
MDR1 monolayers. Cells were seeded in 6-transwell plates with a pore size of 0.4 micron,
an effective area of 4.2 cm? and a pore density of (100 + 10) x 10° pores/cm? and they
were maintained, changing the culture medium every 2 days, during 8 days until
confluence. Once, the cells were confluent (TEER = 120-140 kQ/cm?), the permeability
study was carried out using an orbital shaker at 37 °C and 100 rpm.

Standard experiments from apical to basolateral were developed using an initial
concentration of trypan blue of 10 and 30 uM and an initial concentration of ponatinib of
10 and 20 puM. In the experiments with the M-MSNs, circular neodymium magnets were
placed under each well. Samples were taken from basolateral at 15, 30, 60, 90, 120, 180
and 240 minutes and the mass balance was checked by means of taking two samples from
apical at time 0 and 240 minutes, a sample of the particles adhered to the cells and a
sample after disrupting the cells with methanol. Samples were kept at -20 °C until their

analysis.

8. Biodistribution in vivo

The biodistribution of the particles was evaluated in rats. The in vivo experiments
were approved by the ethical committee of Miguel Herndndez University
(2021/VSC/PEA/0133 type 2).

After intraperitoneal anaesthesia, healthy wistar rats (= 300 g) were administered
intravenously or intranasally with a solution of ponatinib or a suspension of MSNs or M-
MSNs loaded with ponatinib with a concentration of drug of 3 mg/kg. The rats were
previously cannulated at the jugular vein to allow intravenous administration and blood
sampling. In addition, the skull of the rats which received the M-MSNs was shaved and a
neodymium magnet was attached in between the ears and the eyes. In the intravenous
pathway, 5 mL/kg of solvent (DMSO:Tween 80:PBS; 2:1:7) were used to administer the

drug as donein [10]; and in the intranasal administration, 20 pL/nostril of the same solvent
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mixture were used [35]. At different times, blood samples were taken by the cannula. In
addition, when the animals were euthanized, its blood was removed with physiological
serum and their brains and other organs were extracted to evaluate the amount of drug
present on them. Proteins were precipitated using cold methanol and in the half of the
samples, particles were forced to be opened with sodium hydroxide with DMSO (1 %, v/v)
and the other half did not receive sodium hydroxide with DMSO (1 %, v/v). All the samples

were kept at -20 °C until their analysis.

9. Analysis of the samples

Trypan blue was analysed by HPLC using a Waters 2695 separation module, a
Waters 2487 UV detector and a XBridge C18 column (3.5 uM, 4.6 x 100 mm) (Spain). The
method used was previously validated its characteristics are summarized in table 1.

Ponatinib samples were sent to Valencia University to be analysed in a QTRAP 6500+ LC-

MS/MS System.
A Mobile  Retention  Flow rate Injection )
Molecule . . . o volume r
(nm) phase time (min) (mL/min) (°C) (1)
20% H,0
Trypan 0.750 1 30 90 0.998
blue 80% ACN

Table 1. HPLC method for detecting Trypan Blue.

RESULTS AND DISCUSSION

In this work, two different types of nanoparticles, to increase the access of drugs
to the CNS, were prepared: MSNs and M-MSNs. Figure 1 shows TEM images of both types
of particles. It can be observed that MSNs (figure 1A) have a grape form and a particle size
which corresponds with the one obtained in the article from which the synthesis method
was extracted [33]. In figure 1B, a core-shell structure can be observed in which the
magnetic core is surrounded by mesoporous material which creates wormhole-like

channels as reported in literature [34].
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Figure 1. TEM images of A) MSNs and B) M-MSNs.

The hydrodynamic diameter, the surface charge and the polydispersity of the
particles were analysed in a Zetasizer (Figure 2). Both types of particles have a negative
charge on their surface once they are prepared and calcined, but once they are
functionalized with borneol and folic acid, the charge becomes positive with
independence of the loading. In terms of side, the MSNs are smaller than the M-MSNs,
but they have a greater polydispersion index, so the batch is less homogeneous. In any
case, the real particle size, measured by TEM, is below 100 nm, which allows the particles

to cross the BBB [29].
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Figure 2. Dynamic light scattering (DLS) results of MSNs and M-MSNs. Calc = calcined, BO_FA =
calcined and functionalized with borneol and folic, TB_BO_FA = calcined, loaded with trypan blue
and functionalized with borneol and folic and P_BO_FA = calcined, loaded with ponatinib and

functionalized with borneol and folic

Figure 3 shows the X-ray diffractograms (XRDs) for the USPIONS, the MSNs and
the M-MSNs (as-made, calcined, calcined and functionalized with borneol and folic acid
and loaded with trypan blue and functionalized with borneol and folic acid). The magnetic
seeds have 6 different peaks whose position and intensity agree with the Bragg reflections
of magnetite [34]. On the other hand, the MSNs and the M-MSNs show just one clear
peak, which is due to the non-ordered structure of the MSNs and the radial growth of the

shell in the M-MSNs [34].
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Figure 3. XRDs for A) USPIONs, B) MSNs and C) M-MSNs. Calc = calcined, BO_FA = calcined and
functionalized with borneol and folic and TB_BO_FA = calcined, loaded with trypan blue and

functionalized with borneol and folic.

The porosimetry analysis showed that, after being prepared and calcined, both
types of particles (MSNs and M-MSNs) have similar surface area, pore volume, and pore
size (table 2). In addition, as seen in figure 4, the adsorption and desorption isotherms are
also very similar and are type IV, which corresponds to mesoporous material [36].
Furthermore, when doing the porosimetry of the nanoparticles with the borneol and folic
acid gate, it can be seen that it covers the pores since the adsorption and desorption
isotherms decrease and the peak of the pores disappears in the volume-size distribution

(figure 4).
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Figure 4. Porosimetry characterization for MSNs and M-MSNs. Calc = calcined, BO_FA = calcined

and functionalized with borneol and folic, Ads = adsorption and Des = desorption.

BJH Adsorption

BJH Adsorption
pore volume

pore size (nm)

BET surface area

(m?/g)

Nanoparticle

(cm?/g)
Calcined MSNs 989.317 0.858 2.919
Calcined M-MSNs 896.343 0.802 2.871

Table 2. Mean %PE for the fitted and simulated brain profiles.

Finally, the last characterization was done by thermogravimetry and gave as a
result the organic content of the particles, that is the content of drug loaded in each type

of nanoparticle. This result is summarized in table 3.
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Trypan Blue (%) Ponatinib (%)

Final MSNs 11.43 19.04

Final M-MSNs 13.86 14.84

Table 3. Content of trypan blue and ponatinib in each type of nanoparticle, once calcined and

functionalized with borneol and folic acid.

Once the particles were prepared and characterized, the ability of the gate to keep
the drug inside them and release it when they are in contact with the correct stimulus was
evaluated with an in vitro release test. Figure 5 shows the release profiles for both the
MSNs and the M-MSNs loaded with trypan blue (figure 5A) or with ponatinib (figure 5B).
It can be seen that, when the particles are resuspended in PBS, there is not any released
drug, but when they are in touch with an excess of lysozymes, from lysosomal extract, the

content of the particles is rapidly released. Profiles were described with a Weibull kinetics

model.
A) Trypan blue B) Ponatinib
ik L i e '
90+ N _ 90 £%
Y 'Y
¢ 607 | & - 60+
30+ 30+
I:]- T T T T D- T T T T
0 2 o 6 0 2 o 6
t(h) t(h)
MSNs_PBS MSNs_LE == M-MSNs_PBS =& M-MSNs_LE

Figure 5. Release profiles for the different nanoparticles with and without stimulus to open the

borneol and folic acid gate. LE = lysosomal extract.

In terms of cytotoxicity, two types of study were carried out. First, as it can be seen
in figures 6A and 6B, the lack of toxicity of the empty nanoparticles functionalized with
borneol and folic acid was evaluated in an in vitro BBB model (MDCK-MDR1) and in an in
vitro glioblastoma model (U87-MG). In figures 6A and 6B, it can be observed that at the
highest concentrations tested, 20 and 200 uM, the free Ponatinib is able to kill both types

of cells, as it was previously observed by Zhang et al. in 2014 [37]. Nonetheless, neither

330



Annex: Publications

the empty nanoparticles nor the loaded ones, reduce the viability of the cells at any
concentration after 72 hours. This fact confirms that both, the case and the gate of the
particles, are not toxic. Besides that, the lack of toxicity of the particles loaded with
ponatinib may be explained by the presence of low levels of lysosomes in the in vitro
culture. So, an extra assay was carried out in the U87-MG cell line after resuspending the
particles in lysosomal extract (figure 6C). In this second case, MSNs and M-MSNs with
lysozymes are able to kill the glioblastoma cells at the highest concentration tested and,
although, the levels of toxicity are not as high as the ones obtained with the free drug, this

can be explained by the difficulties of the drug in getting out of the nanoparticle.

Citotoxicity
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Figure 6. Cytotoxicity results obtained with an MTT assay in A) an in vitro BBB model and B) an in
vitro glioblastoma model after administering different concentrations of free drug, empty

nanoparticles and loaded nanoparticles. C) Efficacy results when adding lysosomal extract with the

loaded nanoparticles. Pona = ponatinib, LE = lysosomal extract.
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When evaluating the in vitro BBB permeability of the nanoparticles, it was
observed that just in the case of the ones loaded with ponatinib there is a slight increment
of the influx clearance (figure 7). Theoretically, both molecules, trypan blue and ponatinib
have low access to the CNS. In fact, trypan blue was used in the 20" century when the
BBB was discovered as it was observed that after an intravenous injection of this dye, the
brain and the spinal cord were not stained [38]. Nonetheless, the toxicity of trypan blue
in cell cultures has also been described [39-41], so it is considered that the high
permeability rates obtained with both the free trypan blue and the trypan blue loaded in
the nanoparticles are due to that toxicity which may alter the tight junctions in the
monolayers. Ponatinib is substrate of efflux transporters and it has a low fpiasma [10]. In
this in vitro test, the particles increase the permeability rate of this drug, because they
prevent the drug from binding to the efflux transporters and they open the tight junctions

due to the presence of borneol [23].

BBB permeablity

3e-054

2e-05+

P (Ccm/s)

1e-054

0e+00+

Ponétinib Trypa'n Blue

[] Free [ msns [l m-msns

Figure 7. In vitro BBB permeability of ponatinib and trypan blue tested in MDCK-MDR1 monolayers
as free drug or in MSNs and M-MSNs.

The MSNs and the M-MSNs loaded with ponatinib were selected to evaluate the
in vivo biodistribution in rats. These studies revealed that the particles were not able to
cross the BBB after being administered intravenously. Nonetheless, when the
administration was done via intranasal a clear increase in the accumulation of drug in the
brain was observed with both, the MSNs and the M-MSNs, in comparison to the free

ponatinib (figure 8) and no drug was detected in the rest of the organs.

332



Annex: Publications

Intranasal administration

Cb (ppb)

t(h)

Free @ MSNs =& M-MSNs

Figure 8. Brain profiles obtained after the intranasal administration of a free ponatinib solution or

MSNs and M-MSNs loaded with ponatinib suspensions (Dose = 3 mg/kg).

In figure 8, it can be observed how the use of the nanoparticles increases both the
penetration and the retention of ponatinib in the brain of the rats after a single intranasal
administration. Probably, it is because the particles are better adhered to the nasal
mucosa than the free drug, which may be expelled out of the nostrils or moved down to
the respiratory system. Specifically, it can be observed that, after 48 hours, the
concentration of ponatinib after the administration of MSNs is 8.9 times the concentration
of free ponatinib and after the administration of M-MSNs it is 4.1 times the concentration
of free ponatinib. One could expect a greater accumulation when the M-MSNs are used,
due to the additional force of the magnet, but it is also true that this type of particle was
bigger than the MSNs (figure 1 and 2). In fact, in 2020, a study carried out with a “nose-
brain” in vitro cell model, showed that the cut-off point for silver nanoparticles to have
good access to the brain through the nasal epithelium was 60 nm [42] and, according to
the TEM images, the MSNs prepared in this thesis were below 60 nm, but the M-MSNs
were above this limit. In addition, the presence of the USPIONs in the core of the M-MSNs
can promote its aggregation, increasing even more the final size of the particles present

in the administered suspension and hindering the passage to the CNS.
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CONCLUSION

Considering all the results presented previously, it can be concluded that two new
mesoporous nanostructures, a magnetic and a non-magnetic one, which increase the
access of ponatinib to the CNS via intranasal have been developed, characterized and
adequately evaluated in vitro and in vivo. Both of them constitute promising delivery

systems in the treatment of glioblastoma, the most lethal brain tumor worldwide.
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