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Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

Autoimmune diseases are a diverse group of conditions characterized by an unknown
origin, where the immune system becomes dysregulated and attacks the individual's
organs. More than 110 of these diseases are recognized, and they affect over 10% of the

population, primarily women at working age and during their fertile years.

These diseases can target various organs, with some exclusively affecting the skin and
mucous membranes, or involve multiple organs. Autoimmune diseases vary in their
chronic nature and severity, requiring tailored treatments. Generally, treatment often
involves the use of immunosuppressive or immunomodulatory drugs to reduce or

mitigate their effects.

Given their prevalence and impact on patients' lives, ongoing research to enhance
treatment methods is essential. Improving drug administration, pharmacokinetics,
adherence, and bioavailability can significantly benefit those affected. This is the focus
of the thesis project, which explores biopharmaceutical and pharmacokinetic studies of

an immunomodulatory drug to advance the treatment of autoimmune diseases.

In this research, liposomes were selected as the primary formulation of interest.
Liposomes are small spherical vesicles made of natural or synthetic biodegradable
phospholipids. They have the unique property of spontaneously forming in aqueous
environments, allowing for the encapsulation of both hydrophobic and hydrophilic
drugs. Liposomes possess several advantages, such as biocompatibility,
biodegradability, and non-toxicity. Their versatile formulation capabilities enable the
creation of different liposome sizes suitable for various applications, from ophthalmic
drops to direct skin application. This versatility is particularly valuable when dealing with

drugs like baricitinib (BNB), known for their poor solubility.

BNB, the study drug in this thesis, is an oral immunosuppressant that selectively inhibits
specific molecules, including Janus kinase 1 and 2, leading to a reduction in
inflammation, cell activation, and immune cell proliferation. BNB is currently employed
to treat a range of conditions, including moderate to severe atopic dermatitis (AD),
rheumatoid arthritis, and COVID-19 with recommended oral doses ranging from 2 to 4
mg per day. Notably, its effectiveness in improving skin symptoms is often noticeable

from the first day of treatment.
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The thesis project involves the development of five different liposomes using the

inverted evaporation method, also known as "inverted micelles." Among these
liposomes, three are tailored for topical applications, specifically targeted for the
treatment or co-adjuvant therapy of AD. The remaining two liposomes are designed for
ophthalmological applications, intended to address the treatment or co-adjuvant

therapy for Sjogren's Syndrome (SS). The liposomes inquired about are the following:

Atopic Dermatitis Application Sjogren's Syndrome Application
POPC
La—-PC
POPC:CHOL
POPE:POPG

POPC:CHOL:CER
To achieve our objectives, we have started investigating the skin as a potential route for
drug administration, both locally and systemically. Given the skin's protective barrier,
drug diffusion is typically limited, necessitating the use of permeation enhancers, the
impact of physical enhancers (solid titanium microneedles) and chemical enhancers on
BNB permeation was explored. Two analytical HPLC methods were validated for BNB
determination and quantification: UV-HPLC and Fluorescens-HPLC. And Confocal Raman

Spectroscopy was used for the first time to obtain the BNB spectrum.

Once we had identified the potential for percutaneous BNB delivery as an alternative to
oral administration, and we had validated two different methods for its detection and

guantification, we began the studies with BNB-loaded liposomes.

The BNB-loaded liposomes for the treatment of SS, a chronic autoimmune disease
affecting a 0,2-3% of the population, were studied. The liposomes were
physiochemically characterized for ocular administration, a novel approach for this
condition. In vitro drug release, ex vivo permeation through ocular tissues, and tolerance
assessments were conducted, showing no irritant effects on the ocular membrane. Both

liposomes displayed promising results.

The BNB-loaded liposomes for the treatment of AD, a prevalent autoimmune skin
condition were physiochemically characterizatied and in vitro release studies, ex vivo
permeation, and tolerance assessments were conducted All liposomes showed good

physicochemical properties and promising results.
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RESUM

Les malalties autoimmunes sén un grup especial amb causa desconeguda en queé el
sistema immunitari es veu alterat i ataca organs del mateix individu. Actualment, es
coneixen més de 110 d'aquestes malalties i alguns estudis epidemiologics estimen que
més del 10% de la poblacid en pateix alguna, principalment dones en edat laboral i

durant els anys fertils.

Entre les moltes malalties autoimmunes existents, algunes poden tenir afectacié de pell
i/o mucoses, sent aquestes les Uniques dianes, o per contra, poden afectar diversos
organs. Totes perd soén generalment croniques i varien molt depenent de la
susceptibilitat individual de cada persona, necessitant tractaments personalitzats. En
general, cal intentar reduir o minimitzar els sues efectes amb farmacs

immunosupressors o immunomodulador.

A més, |'alta prevalenca de malalties autoimmunes i l'impacte que tenen en la qualitat
de vida dels pacients, fa necessaria la investigacio en aquesta area; la millora mitjancant
una nova via d'administracié que proporcioni una millor adheréncia al tractament,
millors perfils farmacocinétics, una formulacié que millori la biodisponibilitat del farmac,
etc. tindra un impacte positiu pels pacients. Es per aixd que el projecte de tesi s'emmarca

dins dels estudis biofarmacéutics i farmacocinétics d'un farmac immunomodulador.

La formulacié escollida per treballar-hi ha estat els liposomes, vesicules esfériques de
mida nano a micro composats per fosfolipids biodegradables naturals o sintétics, es
formen de manera espontania en un medi aquos pel que en l'interior de les vesicules es
poden encapsular farmacs tan hidrofobics com hidrofilics, resolent un problema comu
gue és la dificultat de vehiculitzar farmacs insolubles com el baricitinib (BNB), el farmac
d’estudi en aquesta tesi. La composicid dels liposomes és biocompatible, biodegradable
i no toxica, ila seva flexibilitat en la formulacié permet crear diferents mides de liposoma

per diferents aplicacions des de gotes oftalmiques fins I’aplicacié directa en la pell.

El BNB és un immunosupressor oral que actua inhibint selectivament la janus quinasa 1
i 2 entre altres molécules, reduint aixi signes i simptomes de malalties disminuint la

inflamacid, I'activacio cel-lular i la proliferacio de cel-lules immunes clau. En el moment
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el BNB s’utilitza pel tractament de dermatitis atopica (AD) moderada a severa, |'artritis
reumatoide i el COVID-19, en dosis entre 2 i 4 mg al dia. Fins el moment ha esta

demostrat que millora des del primer dia de dosis els simptomes cutani.

Aquest projecte de tesi inclou I'elaboracié d’un total de 5 liposomes diferents per
meétode d’evaporacio invertida o “micel-les invertides”: tres per la seva aplicacié topica
enfocats en el tractament o coadjuvant d’aquest de la AD i, els dos liposomes restants,
per la seva aplicacié oftalmologica pel tractament o coadjuvant d’aquest del Sindrome

de Sjogren (SS):

Aplicacié Dermatitis Atopica Aplicacié Sindrome de Sjogren
POPC
La—PC
POPC:CHOL
POPE:POPG

POPC:CHOL:CER
Per aconseguir els nostres objectius primer vam estudiar la pell com a ruta potencial per
I"administracié del farmac BNB, per aconseguir tan efecte local com sistemic. A causa
de la funcié protectora de la pell, la difusié de farmacs a través d’aquesta sol requerir
I'is de potenciadors de la permeacid. Els potenciadors usats van ser fisics (microagulles
de titani solid) i quimics. A més, es van validar dos metodes analitics HPLC per a la
determinacié i quantificacié de BNB i es va estudiar per primera vegada I'espectre del

BNB a traves de la técnica d’espectrofotometria confocal de Raman.

La SS és una malaltia autoimmune sistemica cronica que afecta entre el 0,2 i el 3% dels
la poblaci6 general. Dues formulacions liposomiques es van caracteritzar
fisicoquimicament per la seva aplicacid ocular, junt amb estudis d’alliberacié del farmac
in vitro, la permeacio i retencid ex vivo i estudis de tolerancia. Tots dos liposomes van

donar resultats prometedors.

Finalment els tres liposomes restants pensats per la seva aplicacio en brots de la AD, una
malaltia inflamatoria de la pell autoimmune cronica important per la seva prevalenca,
van caracteritzats fisioquimicament, junt amb estudis d’alliberacié del farmac in vitro, la
permeacié i retencid ex vivo i estudis de tolerancia. Tots els liposomes van mostrar

bones propietats fisicoquimiques i resultats prometedors.
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Abbreviature Definition

/Acronym
ACD Allergic Contact Dermatitis
AD Atopic Dermatitis
AHS Altered Human Skin
AMPs Antimicrobial peptides
ARS Altered Rabbit Skin
AUC Area under the depth profile curves
BAFF B-cell Activating Factor
BLyS B-Lymphocyte Stimulator
BNB Baricitinib
CAM Chorioallantoic Membrane
CDS Chromatography Data System
CER Ceramides
CHOL Cholesterol
CRS Confocal Raman Spectroscopy
Predicted plasma concentration of BNB at the steady state in
ces humans
DCMS Decylmethyl Sulfoxide
DMSO Dimethyl sulfoxide
E Efficiency
EE Encapsulation Efficency
EF Enhancer Factor
EM Emission Wavelength
EMA European Medicines Agency
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EPR
EX
FDA
FP
HET-CAM
HPLC
HPLC-F
HPLC-UV
HWN
ICH

IFN

JAK
Kp
Log P
LVET
La-PC
MAS
MRT
MTT

NIST

Permeability and retention effect
Excitation Wavelength

United States Food and Drug Administration
Fingerprint Region

Hen's Egg Test-Chorioallantoic Membrane
High-Performance Liquid Chromatography
HPLC System with a Fluorescence Detector
HPLC System with a UV Detector

High Wavenumber Region

International Conference on Harmonization
Interferons

Immunoglobulin

Interleukins

Installation Qualification

Irritation Score

Flux of the active ingredient

Janus kinase

Permeation or Penetration Constant
Octanol/Water Partition Coefficient Logarithm
Low Volume Eye Test
La-Phosphatidylcholine

Maximum Average Score

Mean Release Time

Mean Transit Time

National Institute of Standards and Technology
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NK Natural Killer

NPs Nanoparticles
OECD Organisation for Economic Co-operation and Development
oQ Operational Qualification
PDI Polydispersity Index
POPC 1-Palmitoyl-2-Oleoyl-Glycero-3-Phosphocholine
POPE 1-Palmitoyl-2-Oleoyl-Phosphatidylethanolamine
POPG 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol
PQ Performance Qualification
R Recovery constant
SC Stratum corneum
SS Sjogren's Syndrome
STAT Signal transducers and activators of transcription
TDCMS Tetradecylmethyl Sulfoxide
TEM Transmission Electron Microscopy
TEWL Transepidemal water loss
Th T helper cells
Tl Lag time
TSLP Thymic stromal lymphopoietin
TYK2 Non-receptor tyrosine-protein kinase
UV/Vis Ultraviolet-Visible
ZpP Zeta Potential
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1.1. SKIN — STRUCTURE, PROPERTIES, AND FUNCTIONS

The skin is one of the most important organs in our body; a loss of 40% of our skin tissue
would be incompatible with life. Furthermore, the skin is the largest organ we have. It
weighs between 3 and 5 kg, and when completely stretched, it can cover an area of up
to 18 m2. In general terms, the skin performs functions such as mechanical protection,
thermal regulation, water balance, excretion, sensory input, and immune response.
Additionally, it is now known that the skin actively participates in the synthesis,

utilization, and metabolism of proteins, lipids, and cellular signalling molecules.
1.1.1.Structure

The skin consists of three well-differentiated layers: the epidermis, dermis, and
hypodermis or subcutaneous tissue. Additionally, it contains sebaceous glands, sweat
glands, and hair follicles. The surface of the skin is typically covered by an epicutaneous
emulsion or hydrolipidic mantle, which forms from the fatty acids of the sebaceous
secretions of keratinocytes and water from sweat glands. This contributes to the

maintenance of its protective function and cutaneous microbial flora (Montagna &

skin's structure.

Sweat pore

Parakkal, 1974). In Figure 1, which we'll see below, we can observe a brief outline of the
Meissner's corpuscle
/vStratum corneum

" } Epidermis

>

Stratum basal or
germinativum Y\

Nerve fiber¢———— — @
>
(f

e

Arector pili muscle >

| »Sebaceous gland

Hair follicle E\ 97
Hair bulb > Dermis
Papilla of hair . -
Vein \‘
Artery \ o

} Hypodermis

Lymph vessel = ‘ ! qd #
NN <
Sweat gland SO
Pacinian corpuscle

Figure 1. Skin structure.

Ruffini corpuscle

29



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

e Epidermis:

It is the outermost layer. It has a thickness of one millimeter, although on the palms of

the hands and soles of the feet, it can measure a bit more, and less on the eyelids,

between 0.02 and 0.2 mm depending on the anatomical area (Wertz, 1996).

It is composed of several layers of cells called keratinocytes, arranged one above the

other, forming an impermeable barrier to almost all substances. It regenerates every

two months, and its function is to keep the skin hydrated, as well as protect us from

solar radiation. The epidermis is made up of different layers, each with distinct names;

from a deeper level to a more superficial one, we find:

Basal or germinative layer: It is formed by a row of living cells that exhibit high

activity and constantly regenerate the epidermis. In this layer, melanocytes are
present — star-shaped cells with projections called dendrites. These cells are
responsible for producing melanin, a pigment that contributes to the colour of the
skin and protects us from the potential negative effects of sunlight. Additionally,
immune system cells known as Langerhans cells are also found in this layer. They
are responsible for presenting antigens to lymphocytes, initiating the immune
defence response.

Spinous layer: Situated above the basal layer, it consists of several rows of cells
representing another stage of evolution from basal cells. The cells in the spinous
layer unite with each other and with those in the basal layer, forming a solid armor.
Granular layer: Composed of flattened cells containing granules of keratohyalin, a
characteristic cornified substance. These cells lack the ability to divide, as they are
exclusively dedicated to the synthesis and formation of keratin.

Cornified layer or stratum corneum (SC): Comprising layers of dead cells called

corneocytes, this layer represents the final stage in the evolution of keratinocytes
from their origin in the basal layer. It is in constant shedding, although under normal
conditions, this phenomenon is imperceptible. Thus, the skin is constantly renewing

itself. This layer is present throughout the skin, except in mucous membranes.

Between the epidermis and the dermis lies the basement membrane, which is a folded

plasma membrane with a large surface area. This membrane facilitates the exchange of
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nutrients between the dermis and the epidermis since the epidermis lacks blood vessels.

Additionally, it prevents displacement between the two layers.
e Dermis:

It forms the largest proportion of the skin and constitutes the true support of this organ.
It has a thickness of 4 millimetres. It is divided into three zones which, from a more
superficial to a deeper level, are called the papillary dermis, reticular dermis, and deep
dermis. Unlike the epidermis, these are not layers of superimposed cells but a complex
system of interlaced fibres surrounded by a substance called the ground substance,
where a wide variety of cell types are located. The dermis also contains cutaneous
appendages of two types: horny (hair and nails) and glandular (sebaceous glands and
sweat glands). Blood vessels that irrigate the skin and nerve endings are also found in

the dermis.

The types of fibres that make up the framework of the dermis and contribute to the

fineness, flexibility, and elasticity of the skin are:

= Collagen fibres: They are the primary component of the dermis and provide

resistance to tension and flexibility.
= Elastic fibres: Less abundant than collagen fibres, but important because they are
responsible for the skin's elasticity.

= Reticular fibres: The least abundant, arranged around appendages (hair, nails, and

glands) and blood vessels. These are small, fine fibres with a diameter of 30 to 40

nm that associate to form networks. These networks act as a supporting tissue.

The cells that primarily form the dermis are called fibroblasts. They are responsible for
producing collagen and elastic fibres, as well as the ground substance. In the dermis, we
also find various cells of the immune system (lymphocytes, macrophages, eosinophils,
and mast cells), present in variable numbers depending on the circumstances of the skin,
increasing during inflammation. In this scenario, we also find cells that have
extravasated from blood vessels, including red blood cells and white blood cells. The
ground substance is located between the fibres and is composed of proteins,

electrolytes (such as sodium and potassium), glucose, and water.
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e Hypodermis or subcutaneous tissue:

It is the deepest layer of the skin, also known as subcutaneous cellular tissue. It is
composed of a large number of adipocytes arranged in lobules and separated by
collagen and elastic fibres called trabeculae. Fat forms a highly active metabolic tissue
that also protects the organism by providing cushioning and thermal insulation (Cassel,

1982).
1.1.2.Properties and Functions

The skin is essentially the outer covering of the organism, functioning continuously and
fulfilling two important missions: connecting us with the external world and protecting

us from external aggressions.

Regarding the function of connection, one of our most developed senses, touch, is
involved. The skin is responsible for receiving stimuli from the external environment,
and through the nerve endings located in it, directing them to the brain, which tells us
how to react. Every square centimetre of skin contains about 5,000 sensory receptors.
The skin is responsible for us feeling a caress or sensing the heat produced by fire or the
cold of the snow. However, the skin also reflects feelings and emotions. Blushing due to
embarrassment, experiencing "goosebumps", or sweating out of fear are some of the
emotional responses that manifest through the skin. For this reason, it is not surprising

that this organ plays a key role in a person's outward appearance.

The skin has other basic functions for the proper functioning of the organism. It has a
protective function, as it can select what is harmful to the organism and what, on the
contrary, is beneficial to us. This occurs thanks to its barrier disposition that prevents
the entry of harmful substances (millions of bacteria that live on it, foreign bodies, and
partly harmful solar radiation) and contains its own immune system. It also has a
regulatory function of metabolism: it prevents the exit of essential substances (liquids,
cells) for the organism, regulates body temperature protecting us from changes in
environmental temperature, and transforms sunlight into vitamin D, a necessary vitamin
for the proper functioning of our bones, among many other functions (Fleischer et al.,

2001).

32



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

1.2. EYES - STRUCTURE, PROPERTIES, AND FUNCTIONS

The human eye is the anatomical organ that houses the sensitive structure that enables
the initiation of the complex process of vision. Due to its shape, it is called the eyeball
or ocular globe. It is a paired organ located on either side of the sagittal plane, protected
by fat and soft tissues, as well as the bony walls that make up the orbital cavities. In
addition to the eyeball, the orbital cavities house the optic nerve, ocular muscles,
lacrimal gland, blood vessels, and nerves. Eyelids, eyelashes, and tears serve as

protectors for the eye.
1.2.1.0cular structure

The human eye consists of several layers that work together to enable the visual

function. The main layers of the eye include:
1. Fibrous Tunic or Sclerocorneal:

As its name suggests, it is composed of collagen fibers, providing it with great strength
to fulfill the function of protecting the contents of the eyeball. The fibrous tunic consists
of two spherical segments: the anterior is the cornea, the smaller and more prominent

portion, and the posterior segment is the sclera, which are continuous with each other.

The cornea is the clear and transparent anterior portion of the outer layer of the eyeball,
formed by collagen fibres arranged in an orderly parallel fashion to allow the passage of
light through them. It is the largest refracting surface of the eye and the most sensitive
in the body due to the abundance of nerve fibres it contains. Its primary physiological
function is to maintain the eye's surface smooth and transparent while protecting the
intraocular contents. It is bathed by fluids both in front and behind, providing the
necessary nutrients for corneal metabolism since it lacks blood vessels; tears moisten
the corneal epithelium or anterior surface, and aqueous humour enables nutrition from

the posterior or endothelial surface (Martin & Bueno, 1994).

The cornea is stratified into 3 cellular layers and two interfaces: epithelium, Bowman's
membrane, stroma, Descemet's membrane, and endothelium. Its structure is relatively
simple compared to other parts of the body (Oyster, 1999). The types of cells that

constitute it are epithelial cells, corneal fibroblasts known as keratocytes, and
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endothelial cells. These components interact with each other to maintain the integrity

and functionality of the tissue.

The sclera forms the skeleton of the eyeball. It is composed of bundles of connective
tissue and elastic fibres arranged in a disorderly manner, forming a more opaque and
stronger structure, allowing it to maintain the shape of the eye while achieving a
maximum thickness of 1 mm. At the front, it has the insertions of the extrinsic muscles
of the eye, and at the posterior pole, the exit of the optic nerve, the central vein of the

retina, and the central artery of the retina.
2. Vascular Tunic:

The iris forms the anterior part, and the posterior part is the choroid; the junction of the
two parts is a thickening known as the ciliary body. It is a delicate, thin, and pigmented

membrane that separates the anterior and posterior chambers of the eyeball.

The iris is a membrane located behind the cornea and immediately in front of the lens.
It is noticeable to the observer as the part that imparts the colour that characterizes our
eyes. It is of variable colour, circular in shape, and perforated at the centre by an also
circular opening (pupil), the size of which varies due to the action of the sphincter and

dilator muscles of the pupil that control the amount of light entering the eye.

The choroid constitutes a major part of the uveal region. It is situated between the sclera
and the retina. It is mainly composed of blood vessels, giving it an earthy colour. Its
primary function is to nourish the retina, vitreous body, and lens, as well as to collect

waste products.

The choroid continues forward with the ciliary body, which contains the ciliary muscle
responsible for the accommodation or focusing of the lens. It presents protrusions called
ciliary processes, highly vascularized structures specialized in the production of aqueous
humour necessary for maintaining the anatomy and physiology of the anterior segment
of the eye (cornea, iris, and lens). Aqueous humour is a liquid whose composition
resembles that of plasma with almost all proteins removed. It contributes to maintaining
intraocular pressure and facilitates the metabolism of the lens and cornea, which lack

blood vessels. Secreted by the ciliary body, it flows into the posterior chamber between
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the iris and the lens, then passes to the anterior chamber through the pupil. It is

eliminated from the eye through the trabecular meshwork to reach Schlemm's canal.
3. Neurosensory or Retinal Tunic:

Formed by the retina, which continues forward with the deep layer of the ciliary body
and the iris. The retina is the innermost layer of the eye, situated between the choroid
and the vitreous body. It is a complex structure, with numerous types of cells and an
anatomical arrangement of ten layers or strata. The outermost layers contain cellular
elements responsible for transforming light energy into bio-electric energy
(photoreceptors), while the innermost layers are responsible for transmitting this
energy, conducting the visual stimulus to the brain, and representing the first step in the

optic pathway.

The retina features a central avascular extension, the macula lutea, in the centre of
which is a small depression, the central fovea. With a high concentration of cones and
nearly devoid of rods, it constitutes the area of maximum visual acuity. About 3 mm on
the inner side of the posterior pole of the eye is the head of the optic nerve (optic disc
or papilla), an area composed of nerve fibres without visual power, hence also known

as the blind spot.

The lens is a lenticular-shaped, transparent, biconvex organ encapsulated by a series of
concentric layers. Suspended from the ciliary processes by filaments, it is a hollow
sphere of epithelial cells. The function of the lens, along with the cornea, is to focus the

rays on such a way that they form an image on the macula.

The vitreous body is a transparent, colourless, soft-consistency mass that occupies the
posterior cavity of the eyeball. Positioned between the lens, the ciliary body, and the
retina, it constitutes the most extensive volume of the eye. Devoid of blood vessels, it is
nourished by the adjacent tissues: the choroid, ciliary body, and retina (Martin & Bueno,

1994).

Everything explained can be schematically appreciated in Figure 2, where we will be able

to see the structure of the eye with all its parts.
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Figure 2. Eye Structure.
1.2.2.Properties and functions

The primary function of the eye is to see the external world to facilitate easier and
clearer interaction with it. Humans and other primates continually move their eyes to
gather visual information and to guide their hands and body toward interesting objects.
Vision is a complex process involving many different parts of the eye. Light first passes
through the outermost layer called the cornea, then through the opening known as the
pupil, allowing it to reach the lens, the crystalline lens. The amount of light reaching this
lens depends on the aperture set by the iris muscle for the pupil. Finally, the lens acts
like a camera lens, helping to focus the amount of light entering the eye and ultimately
illuminating the retina. The retina, located on the inner wall of the eyeball, has light-
sensitive cells where images begin to be detected and developed. The information from

the retina is sent to the brain, where it will be processed and understood (Muth, 2017).

The ability to visualize the external world not only informs us about where to move and
where the objects we need are located but technological advances and the availability
of affordable eye-tracking and manual tracking technology have made it clear that, in
motor tasks, eye movements actively guide hand movements. Eye movements enhance

the precision of goal-directed movements and facilitate the learning of new motor skills
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and the adaptation of familiar movements. Eye movements can also be sensitive
indicators of limb motor processes and performance, and they may be influenced by

concurrent hand movement (de Brouwer et al., 2021).
1.3. MUCOUS MEMBRANES AND SKIN PERMEABILITY

Drugs pass through the skin and/or mucous membranes through the mechanism of
passive diffusion. It is necessary to distinguish three different routes: transcellular or
intracellular, paracellular or intercellular, and transappendageal. The transcellular and
paracellular routes can be grouped as transepidermal routes. Figure 3 shows the three

routes mentioned:

Transcellular or Paracellular or Transappendageal
Intracellular Route Intercellular Route Route

Figure 3. Scheme of the main routes followed by drugs when permeating the skin and/or

mucous membranes.

The transcellular or intracellular route results from crossing the entire SC and includes
the transport of molecules through phospholipid membranes, such as the matrix
(cytoplasm) of dead keratinocytes. Therefore, the penetrating agents diffuse through
the SC corneocytes containing highly hydrated keratin and surrounded by lipids that
connect the cells. This route creates an aqueous hydrophilic pathway suitable for
transferring hydrophilic molecules. This path is the shortest, but penetrating agents

encounter significant resistance to permeation, as molecules must pass through the
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lipophilic membrane of each cell, then the hydrophilic cellular content containing
keratin, and finally the phospholipid bilayer of the cell. These steps are repeated
numerous times for molecules to traverse the entire thickness of the SC. Additionally,
drugs undergo successive partitioning between the hydrophilic (keratin) and lipophilic
(lipid matrix) portions of the SC. Consequently, the physicochemical properties of the
drug molecule particularly affect the importance of this route. Hydrophilic drugs may
favour this route in a pseudo permanent state. However, lipid bilayers are considered
the rate-determining step for transcutaneous penetration through this route (Elmowafy,
2021). The transcellular route is important when using a penetration enhancer such as
urea to increase the permeability of corneocytes by altering the structure of keratin

(Nafisi & Maibach, 2018).

The paracellular or intercellular route involves the drug passing only through the
continuous lipid matrix of the spaces between the cells of the SC. The limited space
hinders the penetration of macromolecules. On the other hand, since this route occurs
through lipid bilayers (covering up to 1% of the diffusion area of the SC), it is essential
for drug molecules penetrating through this route to exhibit a balanced solubility
between lipids and water (EImowafy, 2021), Small molecules can reach the intercellular
spaces with diffusion rates largely influenced by their lipophilicity and other
physicochemical properties such as solubility, molecular weight, and hydrogen bonding
capacity. The intercellular route is the appropriate penetration pathway for most
permeants and is primarily suitable for lipophilic, uncharged molecules (Nafisi &
Maibach, 2018). The paracellular routes were described some years ago in rabbits using
polyethylene glycols of different molecular weights (from 200 to 1000 Da). These agents
were chosen because their characteristics are common to peptides and oligonucleotides
(hydrophilicity, hydrogen bonding capacity, and molecular size) (Andrés-Guerrero &

Herrero-Vanrell, 2008).

Finally, we have the transappendageal route where drug molecules diffuse through the
skin appendages such as the ducts of sweat glands or hair follicles. Among the two, hair
follicles are considered the most significant appendages due to their surface. In the

literature, this route is believed to play a secondary role, representing 0.1% to 1% of
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cutaneous absorption (Patzelt & Lademann, 2020). Currently, however, its significance

is under discussion (Lai et al., 2020).

The administration of drugs through the skin and/or mucous membranes to achieve a

systemic therapeutic effect is currently under intense research. These tissues offer

unique advantages and limitations for drug entry into the body (Guy et al., 1987). Here

are the main advantages and disadvantages of transdermal and transmucosal drug

administration.

Benefits:

Avoidance of first-pass metabolism and other variables associated with the
gastrointestinal tract, such as pH and gastric emptying time.

Sustained and controlled release over an extended period.

Reduction of side effects associated with systemic toxicity, i.e., minimizing peaks
and valleys in drug concentration in the blood.

Direct access to the target site, facilitating dose termination in case of adverse
reactions, whether systemic or local.

Convenient, simple, and painless administration, making it user-friendly and
reducing overall healthcare costs.

Providing an alternative to oral dosing contraindication (in unconscious or

nauseated patients).

Limitations:

A molecular weight below 500 Da is essential to ensure easy diffusion through
the SC, as solute diffusivity is inversely related to its size.

Adequate aqueous and lipid solubility. A partition coefficient (Log P)
(octanol/water) between 1 and 3 is necessary for the active ingredient to
successfully traverse the SC and the underlying aqueous layers for systemic
administration.

Intra- and inter-individual variability associated with the permeability of intact
and diseased human skin, implying rapid, slow, and normal cutaneous

absorption profiles leading to variable biological responses.
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= Presystemic metabolism; skin enzymes, such as peptidases and esterases, may
metabolize the drug into a therapeutically inactive form, thereby reducing drug
efficacy.

= |rritation and sensitization of the skin and mucous membranes. The skin, as an
immunological barrier, can be triggered by exposure to certain stimuli, including
drugs, excipients, or components of administration devices, resulting in

erythema, edema, etc. (Brown et al., 2006).
1.3.1.Percutaneous Absorption

Percutaneous absorption of drugs can be defined as the absorption of drugs through
intact skin to enrich the circulatory system. The choice of the skin as a route for drug
administration is based on the advantages it provides. Sometimes, cutaneous treatment
is the only way to address a pathology; in other instances, it serves as a strategy in
conjunction with the systemic route, and in certain cases, it offers a viable alternative to

the limitations of systemic administration.

Stages of Percutaneous Absorption:

The skin constitutes a highly selective barrier to the passage of substances. The
epidermis, and within the epidermis, the SC, is primarily responsible for this control
(Barry, 1983b). Moreover, the flow of molecules through the skin depends on the nature
of the substance, the vehicle-skin partition coefficient, and the diffusion coefficient of
the diffusing substance through the skin (Morimoto et al., 1994). Drug absorption occurs

in three stages:

1. Adsorption: The process by which the drug is retained on the skin's surface, typically
through physicochemical interactions with high molecular weight cutaneous
components (keratin, melanin, etc.). For this step to occur, the active ingredient
must first be released from the containing vehicle, requiring dissolution (if not
already dissolved) and diffusion to the vehicle-SC interface. In this initial phase, the
pharmaceutical formulation is crucial as it modulates the release of the contained

active ingredient.
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2. Permeation: This stage is governed by a process of passive drug diffusion through
the different layers of the skin. The main barrier drugs encounter in crossing the
skin is the SC.

3. Absorption: It is the passage of the substance into the circulatory system (blood
vessels or lymphatics). The processes that the drug undergoes in the body after

absorption are like those found in other routes of administration.

Advancements in pharmaceutical technology now allow for the modulation of
transdermal permeation of drugs according to the desired objective. In the case of
transdermal administration systems, the dosage form aims to maximize the flow
through the skin into systemic circulation while simultaneously minimizing drug
retention and metabolism in the skin. In contrast, in topical application forms, the
general goal is to minimize drug flow through the skin, maximizing the retention time
on the skin (Dean, 1994). However, both in transdermal and topical systems, the drug
must penetrate through the SC, the outermost layer of the skin and the main responsible

for its barrier function.

Factors influencing percutaneous absorption:

Biological factors:

= Age: Due to the interindividual variability in permeation parameters, study results
are inconclusive. It can only be stated that the skin of children and infants, as well
as that of the elderly, is more permeable than that of adults (Bonina et al., 1993).

= Body region: There are significant intra-individual variations depending on the body
region_(Wester & Maibach, 1999). The least permeable area for the passage of
substances is the sole of the foot (thickness of the SC: 600 um), followed by the
ankles and the palm of the hand (thickness of the SC: 400 um). The forearm and
back exhibit greater permeability, followed by the scalp, armpits, and forehead. The
most permeable areas were found to be the angle of the jaw and the skin of the
scrotum (thickness of the SC: 5 um) (Scheuplein & Blank, 1971).

= Skin condition: There are certain pathologies that affect the state of the skin,

potentially altering its barrier function and increasing its permeability to
xenobiotics, drugs, and microorganisms. Permeability increases in cases of skin
peeling, chemical or physical aggression, and inflammation.
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= Degree of hydration of the SC: If the water content increases, the permeability of

drugs also increases (Idson, 1975). When the hydration level is less than 10%, it is
considered that keratin is dehydrated, leading to desquamation of the SC, and
affecting absorption.

= Blood flow: Increasing blood flow reduces the drug residence time in the dermis,
thereby increasing the concentration gradient and promoting the passage of the
drug from the skin surface to the dermis. If the blood flow in the area is low or
decreases, the substance cannot diffuse as it penetrates, becoming a limiting factor
for drug absorption (Barry, 1983a).

= Environmental factors: Related to blood flow, the vasoconstrictor effect of

decreasing ambient temperature on the skin surface could be mentioned, leading
to a consequent decrease in permeability. Since topical forms are usually applied
with a gentle massage, this increases local blood flow and promotes drug

absorption.
Physicochemical factors:
- Criteria related to the drug:

= Partition coefficient: The octanol/water Log P is one of the most important factors

for drug penetration through the epithelium and can be used to predict the drug's
distribution in the skin. The Log P and skin distribution maintain a parabolic
relationship (M.-K. Kim et al., 2010). Therefore, compounds with a low Log P exhibit
low permeability due to their low distribution with the skin lipids (tending to stay in
the vehicle). However, drugs with a high Log P (facilitating the drug's exit from the
vehicle to the skin) also have low permeability due to their inability to distribute
outside the SC (where it would be retained). It is accepted that maximum
permeation is achieved with a Log P between 1 and 3 (Thomas & Finnin, 2004). The
Fick's law establishes a proportionality between the drug flux through the skin and
the partition coefficient between the vehicle and the skin.

= Diffusion coefficient: Expresses the rate of diffusion of a compound in a specific

medium. If it is assumed that drug molecules are spherical, the diffusion coefficient

can be calculated using the Stokes-Einstein equation:
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Where K is the Boltzmann constant (Joules/Kelvin (1.380649x10722 J-k™%)), T is the
absolute temperature (kelvin), r is the molecule's radius (cm), and n is the viscosity
of the medium (Joules-s?). The diffusion coefficient is inversely proportional to the
size of the molecule. Therefore, drugs with a low molecular weight are more likely
to penetrate the epithelium. The degree of dispersion significantly influences the
penetration of poorly soluble drugs into vehicles because it affects the diffusion
coefficient. Increasing the degree of dispersion in the vehicle increases the diffusion
coefficient and consequently penetration.

= Drug solubility: The solubility of the drug will affect release since increasing the

concentration of the dissolved drug in the vehicle creates a larger concentration
gradient between the drug and the skin surface, resulting in a greater amount of
released drug. Thermodynamic activity depends on the concentration and solubility
of the drug, as well as drug-drug and drug-vehicle interactions. The thermodynamic
activity of the drug in the vehicle will be maximum when saturated solutions are
used. This parameter indicates the drug's tendency to escape from the vehicle
(Carelli et al., 1992). To prevent a decrease in the concentration of dissolved drug
during the release process, some authors recommend using supersaturated
solutions or suspensions (Lippold, 1992; Valenta et al., 2000). In this case, the
dissolution rate of the drug must be considered. On the other hand, there must be
a balance between the drug-vehicle affinity and the drug-skin/mucosa affinity since
an extreme affinity towards either of them would mean that the drug will
predominantly stay in the more favourable site. Therefore, lipophilic drugs
dissolved in aqgueous media will be absorbed faster than if they are in a lipophilic
solvent at the same concentration (Jacobi et al., 2006). Most drugs are weak acids
or bases, and at physiological pH, they are partially ionized, exhibiting pH-
dependent solubility. lonized drugs diffuse less readily than those in the molecular

form.

Taking all these factors into account, it could be stated that the ideal characteristics of a

drug allowing it to penetrate through the skin are an aqueous solubility of 1 mg/ml, a
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molecular weight below 500 Daltons, and a melting point below 200 °C. As a general
rule, it is estimated that if the drug does not have the ability to form more than two

hydrogen bonds, it can be considered to have good diffusion (Du Plessis et al., 2002).
- Criteria related to the vehicle:

= Drug concentration: According to Fick's law of diffusion, the transfer rate of a

substance from areas of high concentration to low concentration is proportional to
the concentration gradient. Moreover, a higher drug solubilized in the vehicle
without selectivity for it will exhibit greater thermodynamic activity to decrease the
drug's solubility in it (Thomas & Finnin, 2004).

= pH: pHinfluences the proportion in which drugs are ionized, depending on both the
compound's pKa and the pH of the formulation that carries the drug. It has been
observed that the non-ionized form of a drug has a higher lipid-water partition
coefficient than the corresponding ionized form. Therefore, a higher permeability
in the SC could be expected for the non-ionized fraction. (Tsai & Maibach, 1999).

= Qcclusion: occlusion (of transdermal systems, occlusive dressings, and lipophilic
bases) has been shown to increase the permeability of certain drugs (Feldmann,
1965). Therefore, as the aqueous phase increases in the formulation, its occlusive
power decreases. The mechanisms involved in this process are thought to be due
to the accumulation of water within the skin, swelling the corneocytes, and
increasing the water content in the intercellular matrix (Tsai & Maibach, 1999); On
the other hand, it also increases the skin's temperature and reduces the loss of co-
solvents through evaporation (Taylor et al., 2002). However, in some cases,
occlusion can lead to irritation and promote microbial growth (Tanner & Marks,
2008).

= Viscosity: The smaller the viscosity of the vehicle, the greater the drug release will
be since it will have a higher diffusion coefficient (Al-Khamis et al., 1986). The choice
of formulation and its appropriate rheological behaviour will determine the
residence time and local exposure of the drug to the required site.

= Dosage and application frequency: To understand the effect of excipients on

transdermal penetration, it is advisable to apply infinite doses to the donor

compartment (>100 mg of formulation per cm?). The application of infinite doses
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results in a relatively constant drug input force through the skin, allowing for the
achievement of steady-state plasma levels. However, in daily practice, such high
doses are not applied; typically, doses of approximately 2-5 mg/cm? are used,
resulting in a thin layer of the formulation (10-30 um), which is less than needed to
saturate the SC with the drug. This leads to a finite dose model. On the other hand,
the effects of excipients on the skin can impact transdermal penetration differently
when applied as a single dose or following a multiple-dose regimen. To study the
effect of dosing frequency, it is more advisable to conduct a study with multiple
finite doses (Lu & Gao, 2010).

= Absorption enhancers: Absorption enhancers are molecules of different chemical

nature that act reversibly at the SC level, disrupting and facilitating the drug's faster
penetration into viable tissues and systemic circulation. There is a general theory
(Lipid-Protein-Partition) based on possible molecular-scale alterations that the SC
undergoes due to the action of enhancers. This theory postulates that the
enhancer's action on various epidermal histological structures will occur through

one or more of the following actions (Barry, 1987, 1988; Potts et al., 1991):

- Interaction with cellular proteins, promoting permeation through corneocytes
(intracellular route).

- Interaction with the lipid structure surrounding corneocytes, increasing
intercellular diffusion (intercellular route). This action can occur through the
interaction of enhancers with the polar groups of lipids, by inserting them
between lipid structures, or by changes in polarity in certain areas, altering the

Log P of the drug between the vehicle and the skin.
Types of chemical absorption enhancers:

= Alcohols and fatty acids: The promoting effect of this group of substances depends

significantly on the size of the structures. It seems that the promoting effect is due
to the fluidization of cutaneous lipids and the increase in the level of surface
hydration that these substances can induce (Cevc et al., 1996). Saturated fatty acids
generally increase the Log P of the drug between the vehicle and the skin. Their
effectiveness is related to the length of the hydrocarbon chain. Chains with 10 or 12

carbon atoms are those that exhibit optimal lipophilicity (C. K. Kim et al., 1993;
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Tanojo et al., 1997). Unsaturated fatty acids alter the structure of extracellular lipids
and reduce the resistance to the diffusion of compounds, thereby increasing
absorption. Generally, unsaturated fatty acids are more effective than their
saturated counterparts because the double bond introduces greater disorder in the
lipid bilayers due to its flexion (Aungst et al., 1990). Regarding the optimal degree
of unsaturation, studies are inconclusive. While some authors indicate that the
promoting effect increases with the number of unsaturation, others suggest that
unsaturated fatty acids have similar or even lesser effects when compared to
saturated ones (Carelli et al., 1992; K et al., 1999; Santoyo et al., 1996). It has been
suggested that oleic acid is arranged heterogeneously in lipid bilayers, resulting in
the formation of fluid channels within the SC (Walker & Hadgraft, 1991). Oleic acid
acts on the nonpolar route, increasing both the diffusion and distribution of the
drug, but on the polar route, it only increases distribution, indicating an increase in
the hydration of the SC (Koyama et al., 1994; Yamashita et al., 1995). On the other
hand, it is worth noting that fatty acids can form ionic pairs with cationic drugs,
thereby increasing their partition coefficient and, consequently, their absorption
(Aungst et al., 1990). It is also important to note that oleic acid must be used with
caution because its application causes morphological changes in Langerhans cells of
the epidermis. These cells play a crucial role in initiating and coordinating the
immune response involving T lymphocytes. Therefore, it can lead to
immunosuppression on the skin at high concentrations (Kogan & Garti, 2006). The
promoting effect of fatty acids appears to be concentration dependent. As the
concentration of the fatty acid increases, the promoting effect also increases until
it reaches a maximum, beyond which its effect decreases (S. K. Singh et al., 1996).
Fatty alcohols have the same promoting mechanism as their corresponding fatty
acids, but weaker, as the interactions with the SC are milder. Among them, lauryl
alcohol is the most effective, being as potent as oleic acid (Yamada & Uda, 1987).

Fatty Alcohol Esters: Isopropyl myristate stands out among them. It acts on

extracellular lipids by fluidizing them and reducing their resistance to drug
penetration and/or by increasing the partition coefficient between the drug, the

formulation, and the SC (Leopold & Lippold, 1995a; Sato et al., 1988).
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= Alcohols Ethanol has been widely used as a co-solvent in topical formulations
because it can increase the solubility of certain drugs. It appears that with
hydrophobic compounds, which penetrate by dissolving into the fluid lipid regions
of the SC, ethanol dissolves in these regions, thereby increasing the solubility of the
drug in them (Berner et al., 1989). In the case of hydrophilic drugs, ethanol extracts
lipid and peptide substances, achieving an increase in the porosity of the SC. As in
other cases, the promoting effect of ethanol depends on the concentration
introduced into the formulation. Therefore, at low concentrations, ethanol
increases the solubility of the drug in the SC, at high concentrations, ethanol alters
the structure of the SC, increasing the diffusion of substances (liang et al., 1998;
Yum et al., 1994). The mechanism of action is not entirely clear; it seems to induce
dehydration of the SC and a shrinkage of keratin, leading to subsequent
conformational changes (Berner et al., 1989; Megrab et al., 1995). Increasing the
number of carbon atoms in the alcohol chain enhances the promoting effect (about
four times for each methyl group introduced), with n-propanol being more potent
than isopropanol (Y. H. Kim et al., 1992).

= Lactones: Azona (1-dodecylazacycloheptan-2-one) is an example, acting by
disrupting lipid organization and increasing the water content of SC proteins
(Goodman & Barry, 2011). The insertion of the large azona ring into lamellar regions
prevents lipid packing and crystallization in the structure, reducing resistance to
diffusion. Additionally, its twelve-carbon chain coincides with the dimensions of
cholesterol, potentially altering cholesterol-ceramide or cholesterol-cholesterol
interactions (Allan, 1995). The promoting action of azona depends on the
concentration used and the lipophilicity of the drug (Diez-Sales et al., 1996). It is
typically used at low concentrations (1-5%), and its activity is enhanced using co-
solvents such as propylene glycol. In these cases, the role of the co-solvent is to
modify the distribution of the enhancer on the skin (Beastall et al., 1988).
Additionally, there is a potentiation of the promoting effect when both are
combined, as azona increases drug passage through the intercellular route, and
propylene glycol does so through the intracellular route (Takeuchi et al., 1995).

= Surfactants: Above the critical micellar concentration, surfactants form micelles,

reducing thermodynamic activity. The observed promoting effect is due to the
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ability of these compounds to penetrate the skin and disrupt its structure.
Surfactants appear to alter both lipid structures and proteins in the SC (Goodman &
Barry, 1989). Cationic surfactants cause more irritation and damage to the skin,
followed by anionic surfactants, and finally non-ionic surfactants. Moreover, non-
ionic surfactants have a more immediate promoting effect as they penetrate the
membrane more easily than those that are charged. The promoting effect of
surfactants greatly depends on their affinity for the SC and the solubility of the drug
in the vehicle (Ashton et al., 1992).

Terpenes: they are constituents of essential oils consisting of isoprene units (C5H8),
and may include various heteroatoms in their structure. They are classified based
on the number of isoprene units in their structure as monoterpenes (C10),
sesquiterpenes (C15), and diterpenes (C20). Their physicochemical characteristics
vary, but they generally exhibit high lipophilicity. Some authors have found a linear
relationship between the promoting effect of the terpene and the logarithm of the
octanol-water partition coefficient, while others found a parabolic relationship
(Takanashi et al., 1999; Williams & Barry, 1991). Terpenes act in part by disrupting
intercellular lipid packing, thereby increasing drug diffusion (Barry, 1991). In the
case of lipophilic drugs, the use of these enhancers also increases the drug
distribution due to their solubilizing effect. An example is menthol, which
distributes among the intercellular spaces of the SC, causing reversible
disorganization of lipids (Kunta et al., 1997; Williams & Barry, 1991).

Sulfoxides: Dimethyl sulfoxide (DMSO) is a polar solvent that penetrates quickly,
exerting its promoting effect, which is concentration dependent. The promoting
effect of DMSO is due, on the one hand, to its drug solubilization properties, which
increases drug distribution to the skin. On the other hand, it also affects the SC,
reducing resistance to diffusion (Barry, 1991; Kai et al.,, 1993). At low
concentrations, DMSO s initially distributed within the corneocytes, displaces
water bound to proteins, and creates a larger solvation layer. As the concentration
increases (above 60%), it displaces water surrounding the polar heads of
intercellular lipids, mainly favoring the diffusion of polar compounds. Finally, it also
seems to distort the packing of hydrocarbon chains. Due to the high concentrations

required, the skin irritation it causes, as well as the unpleasant odor of its DMSO
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degradation compounds, derivatives such as tetradecylmethyl sulfoxide (TDCMS)
and decylmethyl sulfoxide (DCMS) have been studied (A. N. C. Anigbogu et al.,
1995).

Pyrrolidone group: Pyrrolidone group are derivatives of amino acids. The

solubilizing capacity of a pyrrolidone is partly due to the formation of lipophilic ion
pairs with anionic drugs. 2-pyrrolidone is a hygroscopic solvent like DMSO. At low
concentrations, it is distributed to proteins, denaturing alpha-keratin, and at high
concentrations, it interacts with lipids, increasing their fluidity. Additionally, it
increases the water content within the SC. 2-pyrrolidone appears to enhance the
penetration and diffusion of drugs through the polar route while reducing those of
the non-polar route (Southwell & Barry, 1983). In order to enhance the promoting
effect, derivatives of pyrrolidone have been developed, such as N-methyl-2-
pyrrolidone, among others. This derivative acts by partially extracting sphingolipids
from the SC and by hydrating the skin due to its humectant capacity (Bhatia & Singh,
2008; Ogiso et al., 1995). N-dodecyl-2-pyrrolidone, on the other hand, intercalates
into the ceramide matrix through electrostatic repulsions (Fuhrman et al., 1997).

Propylene Glycol: It is generally a good solubilizer for lipophilic drugs in agueous

vehicles. This is one of the promoting mechanisms of the compound. On the other
hand, similar to ethanol, it dissolves in the aqueous layers found between the lipid
bilayers and alters their composition. Therefore, it increases the affinity of this
phase for lipophilic substances and promotes the distribution of these compounds
between the vehicle and the skin. However, large amounts of propylene glycol in
formulations can reduce the partition coefficient between the vehicle and the skin,
potentially counteracting the benefit of increasing the concentration gradient due
to the overall reduction in drug activity in the vehicle and, therefore, decreasing
transdermal flux (Turi et al., 1979). It has also been observed it intercalates with the
polar heads of lipids and produces solvation of the alpha keratin in corneocytes,
thereby favoring the penetration of drugs through intracellular pathways (Bouwstra
et al., 1991; Takeuchi et al., 1993).

Nanoemulsions and microemulsions: Emulsions, both micro- and nano-, are

composed of small droplets, measuring 100-400 nm and 1-100 nm, respectively.

Both systems are vehicles capable of acting as enhancers for permeation and
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penetration of drugs through the skin due to the characteristics they possess,
allowing them to overcome the barrier of the SC. They also stand out for their ability
to solubilize molecules that are difficult to incorporate into traditional formulations

(Souto et al., 2022).
Finally, the following points should be considered:

= Application surface area: Generally defined by the cm? of exposed skin to the
medication.

= Application frequency: As a general rule, one or two daily applications are assumed
to be sufficient for most formulations, among other reasons because the kinetic
processes through the skin are slow; it should be noted that the SC acts as a
reservoir, allowing a gradual penetration of the medication into the deeper layers.
On the other hand, multiple applications increase absorption and bioavailability.

= Application method: Occlusive dressing, friction, and hydration through immersion
in water accelerate the penetration of certain drugs, increasing their absorption up

to 10 times, although adverse effects can also be increased.
1.3.1.0cular Permeation

The penetration of drugs into the interior of the eye after topical ocular administration
is one of the most interesting challenges faced by pharmaceutical research. The goal is
to traverse the protective barriers of the eye without causing damage to ocular
structures. Unlike other tissues, the epithelia on the ocular surface are not well-suited
for absorption, resulting in the residence time of a conventional formulation being
reduced to less than two minutes. This is compounded by losses due to systemic
absorption of the drug through the conjunctiva and nasolacrimal duct. It is estimated
that the percentage of active substance capable of reaching the anterior segment of the
eye is between 1-5% of the total administered dose. For this reason, even if the drug
reaches the aqueous humor, its diffusion to the posterior segment is generally

insignificant in most cases (Andrés-Guerrero & Herrero-Vanrell, 2008).

There are different routes to reach ocular tissues, which can be selected based on the
target tissue. Generally, for the anterior segment, the ocular topical route is preferably

used, while for the posterior segment, the intravitreal route is commonly employed
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(Lorenzo et al., 2008). The penetration of drugs when administered topically to the eye
can occur through the cornea (transcorneal route) or through the conjunctiva and sclera
(conjunctival/scleral route). It is known that most active substances administered
topically are absorbed using the transcorneal route. This explains why, for a long time,
the conjunctiva was only considered an elimination route. Nowadays, it is known that
there are substances capable of crossing the conjunctiva, reaching, on certain occasions,
the posterior segment. Figure 4 is an example of the different routes drugs can use to

get in or out the ocular tissues.

Intravitreal Route
~ -

Elimination by Blood-

Transconjunctival/Transscleral Retinal way

Route

A}

Elimination by Blood-
Aqueous Barrier

Transcorneal Route= &=

Trabecular Meshwork
Route

Elimination by Blood-
Retinal Barrier

= = = Eniry route
= = = Elimination route

Figure 4. Entry and elimination routes for drugs in ocular tissues.

= Transcorneal Route:

The passage of the drug through the cornea depends not only on the structure and
integrity of the cornea but also on the physicochemical properties of the drug and its
formulation. Essentially, it is influenced by the octanol/water partition coefficient (Log
P), which is related to the lipophilicity of the active ingredient, and the molecular weight,
which provides information about the size of the molecule (Schoenwald & Ward, 1978).
Considering the histological characteristics of the cornea, which, for practical purposes,
can be equated to a structure formed by three zones of different polarity—lipophilic
(epithelium and endothelium) and hydrophilic (stroma)—the penetration of any locally
administered drug will be conditioned by its Log P. The Log P not only evaluates the
amount of the drug distributed between the two phases but also determines the
contribution of each layer of the cornea in the resistance posed by this structure to the
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transcorneal penetration of drugs. The corneal epithelium provides the maximum
resistance to the passage of drugs, acting as a barrier for 90% of hydrophilic drugs and
10% for lipophilic drugs. The main active ingredients penetrate this layer either through
diffusion through the cells (transcellular route) or through the spaces between them in
what is known as the paracellular route. The paracellular route predominates for
hydrophilic drugs or low molecular weight ions, while the intercellular route
predominates for lipophilic drugs (Prausnitz & Noonan, 1998; Schoenwald & Stewart,

1980).

= Transconjunctival/Transscleral Route:

The conjunctiva is a mucous membrane that covers approximately 80% of the ocular
surface. It consists of a bulbar portion that covers the anterior part of the eyeball, except
the cornea, and two palpebral portions on the posterior surfaces of the upper and lower
eyelids. The conjunctival epithelium is composed of several layers of stratified epithelial
cells (5 to 15 layers) and is covered by microvilli. The bulbar conjunctiva is covered by
the tear film and contributes to its formation by secreting electrolytes, mucus, and
glycoproteins. Similar to the cornea, the passage through the conjunctiva can occur
through the transcellular or paracellular route. If we focus on the general properties of
active substances, molecular size is the limiting factor for the paracellular route in both
the cornea and the conjunctiva. On the other hand, the epithelial cells of the conjunctiva
have the same intercellular junctions as the corneal epithelium known as "tight
junctions", although the conjunctiva is more permeable to the passage of hydrophilic
molecules. The subconjunctival route also presents itself as an alternative to intravitreal
injections, which are more aggressive for the patient. This route aims to increase the
intraocular concentration of the drug by reducing its administration frequency. For this
purpose, subconjunctival implants and nano- and microparticles have been developed.
lontophoresis is a technique in which drugs penetrate the membrane in an ionized form
through the application of an electric current, restricting it to active substances capable
of ionizing. Nowadays, the access routes offered by the conjunctiva are under study
(paracellular route, transcellular, active transport, or endocytosis) (Andrés-Guerrero &

Herrero-Vanrell, 2008).
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= |ntravitreal Route:

The administration of drugs directly into the vitreous humor through an injection is
carried out to ensure the drug reaches the interior of the eye with the appropriate

concentration.

= Trabecular Meshwork Route:

Through the trabecular meshwork route, approximately 90% of the aqueous humor is
drained. This traverses the trabecular meshwork and the Schlemm's canal before
draining into the venous system. The contraction/relaxation of trabecular cells or
changes in cellular volume modify the drainage of aqueous humor. Drugs that use this
route usually target improving the functionality of this pathway due to its deterioration

(Gasull, 2003).
1.4. PHARMACEUTICAL EVALUATION OF TOPICAL ADMINISTRATION DRUGS

Topically administered drugs are generally designed to exert a local effect on the skin or
mucous membranes upon superficial application. The goal is to maximize the drug
concentration at the site of action with minimal systemic absorption. The assessment of

topical bioavailability is essential to evaluate its toxicity and effectiveness.

1.4.1.Methods for Release and Permeation Studies

To determine if the transdermal route can be an alternative to the oral route, and if the
drug meets the basic requirements for formulating a transdermal administration

system, two types of study methods are employed: in vivo and in vitro methods.

The most common in vitro studies involve the use of diffusion cells, which allow
determining the amount of drug that has diffused through the selected barrier, as well
as studying the amount of drug that has penetrated it. In these methods, both animal
or human skin/mucosa and artificial membranes (artificial skin) are used for permeation
studies, and different types of membranes are used for release studies. The diffusion
cells used can be vertical diffusion cells (Franz diffusion cell or flow-through diffusion
cell) and horizontal side-by-side diffusion cells (Ussing diffusion cell or Sweetana-Grass

diffusion cell) (S. Wang et al., 2021).

53



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

The Franz diffusion cell is a static single-chamber diffusion chamber, consisting of the
half upper part named donor chamber and the half lower part named receiver chamber,
with the selected barrier in between. In the donor chamber, the formulation with the
concentration of the drug under study is applied, and the receiver chamber is filled with
a receptor medium capable of dissolving up to 10 times the amount of drug present in
the donor compartment; this characteristic is known as the Sink condition. The receptor
medium will vary according to the physicochemical characteristics of the drug and the
characteristics of the tissue used in the study. Magnetic stirrers are incorporated into
the receiver chamber to constantly homogenize the medium. In Figure 5 we can see all

the named parts from the Franz cell.

Initial drug
/concentration (Co)

Donor chamber<Z
Animal or human skin
or artificial membranes

Receiver chamber /
or Cell body < Q (
Permeate drug

% concentration
o Stir bar

Figure 5. Franz cell diagram.

Finally, this system is coupled to a temperature-controlled jacket connected to a water
or air circuit that allows controlling the assay's temperature, or in the absence of a
jacket, the cells are immersed in a water bath. The cells are made of materials that react
minimally with many chemical substances (glass or Teflon) to minimize interference with

the substance under study (Hopf et al., 2020).

The Organisation for Economic Co-operation and Development (OECD) with the
guidelines for in vitro skin absorption studies: Guidance Document 28 (GD28), Test
Guideline 428 (TGD428) and Guidance Notes 156 (GN156). As well as the United States
Food and Drug Administration (FDA), and the European Medicines Agency (EMA) have

published various guidelines providing some recommendations for the evaluation of

54



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

topical products in in vitro release studies and in vitro permeation studies (European
Medicines Agency, n.d.; Food and Drug Administration, 1997; Hopf et al., 2020; Zsiké et
al., 2019).

Furthermore, with the values obtained in both release and permeation studies, various
mathematical models can be used to describe the kinetics of drug absorption and
release. The aim of these models is to accurately represent the processes associated
with absorption/release, be able to describe and summarize experimental data with

parametric equations and predict kinetics under variable conditions (ElImas et al., 2020).

Release studies are an important tool for the development of semi-solid pharmaceutical
forms. This study allows evaluating the speed and degree of release of an active
substance in the proposed formulation, thus determining the available quantity capable
of reaching the skin and/or mucosa (Siepmann, 2001). For its execution, synthetic
membranes and a receptor medium compatible with the formulation and the active
substances under study are used, avoiding any significant degradation or binding

phenomena during the assay (Zsiko et al., 2019).

On the other hand, in vitro permeation studies can have different objectives, ranging
from studying the amount of drug that permeates the skin or mucosa and reaches the
systemic circulation to evaluating the amount of drug retained in the tissue and/or
determining its distribution in its different layers. In this case, guidelines recommend
the use of human tissue; however, animal models are widely accepted during the
research and development stages, where porcine skin has been suggested as an

alternative due to its similar physiological characteristics.

The permeability can be performed at finite or infinite doses, as analytical limitations
may require lower flux rates producing higher concentrations or longer time intervals.
The selection of the dose also conditions the different treatment of the data from the
samples obtained during the study and the usefulness of the data obtained. In infinite
doses, a very high dose of drug/formulation is applied to the donor behavior, so that at
the end of the permeation experiment, the concentration gradient between

compartments is still maximum and constant.
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In this thesis, we have worked with infinite doses to study the transdermal permeation
of our drug. In this case, the variation in the concentration of the active ingredient in the
receptor compartment is studied as a function of time. Data are obtained by
withdrawing through the sampling arm at different time intervals according to the
release/permeation rate of the substance of interest (with the recommended range
being 6 to 12 points over 24 hours) (Hopf et al., 2020). By constructing a curve with these
variations, it is possible to apply Fick's laws and obtain parameters reflecting
penetration, such as the flux of the active ingredient (J) and the permeation or

penetration constant (Kp). Figure 6 shows an example of Fick’s law application.

Quant.=J - time +
Lag time ~

Amount of drug
permeated
LY

Time unit

Figure 6. Example of a permeation study graph.

The slope of the line relating the quantity of permeated active ingredient to time is
equivalent to J (mg/cm?/h). The characteristics of the active ingredient that mostly
influence the permeation rate are the distribution (K) and diffusion (D) through the
membrane. The product of the two coefficients quantifying these properties (K and D)
per unit of space traversed (L) of the membrane is defined as Kp (cm/h). The direct
calculation of Kp as a function of D, K, and L is hardly viable, so with some substitutions
and knowing the value of J, the value of Kp can be estimated, knowing the concentration

of the active ingredient in the donor compartment (Co) (mg/cm?3) with equation 2:
] = KpCo (2)

In the early stages of the release process, the curve formed will be convex and then

transform into a straight line. This is because in the early stages, it is not in a steady-
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state equilibrium. Over time, the permeation rate is constant, the curve is practically

linear, and it reaches a steady-state equilibrium (points forming a straight line).

If the representative line of permeation in a steady-state equilibrium is extrapolated to
the x-axis, the value of the accumulated active ingredient is zero, and the time at which
this occurs is equal to the lag time (Tl) (point of intersection of the line with the x-axis).
Consequently, Tl indicates the time it takes, from the start of the experiment, to reach

a steady-state equilibrium.

Tl helps us subsequently calculate the Laplace transform coefficients to find the Mean
Transit Time (MTT), which indicates the average time it takes for the drug to cross the
skin. In equation 3, we can see the calculation:

4 1

+ (3)
P, x P, x Ae ' 2% P,

MTT =

Where V is the volume of the dose we put in the donor compartment, P1 is the partition
coefficient, Py is the diffusion coefficient, and A is the diffusion area of the membrane.

P1and P; are calculated as expressed in equations 4 and 5:
Kp= PP, and Tl=~- P, (4) and (5)

In all types of tissues or artificial membranes, the equations to calculate the mentioned

parameters will be the same.

In in vivo methods, the penetration capacity of locally applied formulations or drugs is
estimated by evaluating the concentrations achieved in the systemic circulation or urine.
Cutaneous biopsy represents another method that allows assessing the amount of drug
that penetrates through the different structures of the skin over time. Both these and
other in vivo methods have advantages and disadvantages in terms of quantification
that can be resolved with the combination of one or more techniques for a more

comprehensive study.
1.4.2.Techniques for Determining Drug Retention in Tissue

When the goal of our study is to achieve a local action, determining the drug retained in
the different layers of the skin or mucous membranes is especially important, as it allows

us to assess whether effective concentrations are reached at the therapeutic target.
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There are numerous techniques, both qualitative and quantitative, for their

determination.

Quantitative techniques include: (1) tissue homogenization and subsequent extraction
and quantification of the drug. It is a quick and simple technique that allows the
detection of low levels of drug penetration, although it does not provide specific
localization. Therefore, separate extraction from the dermis and epidermis should be
performed. Different methods of dermoepidermal separation exist, including chemical
separation, enzymatic digestion, thermal separation, and mechanical separation
(Touitou et al., 1998; Zou & Maibach, 2018). (2) Tape stripping involves estimating the
amount of drug retained in the SC of the skin by applying adhesive tape on it, applying
slight pressure to ensure good contact with the skin, and sequentially removing
horizontal fractions of skin (0.5-1 mm) at increasing time intervals. The strips undergo
subsequent extraction to recover the retained drug. The technique can be applied in
vitro and in vivo, on human or animal skin. Additionally, estimating drug in the SC allows
extrapolating by difference the quantity retained in the rest of the skin layers, or by
determining the content in each layer, the mass balance can be established to verify the
adequacy of the assay (Escobar-Chavez et al., 2008; European Medicines Agency, n.d.;
Supe & Takudage, 2021; Zsiké et al., 2019). (3) Performing specific micrometer-thick
tissue sections using a cryostat and subsequent analysis by imaging techniques such as
confocal Raman microscopy or matrix-assisted laser desorption/ionization mass

spectrometry (MALDI-TOF) (Bonnel et al., 2018; Franzen et al., 2013).

Qualitative techniques allow determining the bio-distribution of active ingredients and
excipients in different regions of the skin and mucous membranes. Most of these
techniques involve an initial tissue sectioning in different sections, marking, and
subsequent analysis using spectroscopic techniques such as fluorescent microscopy or

immunofluorescence.
1.4.3.Toxicity and Safety

The assessment of local effects must be carried out to understand the impact on the
target tissue before the approval of a new product. In the case of topical administration,

one of the most common adverse effects is irritation. Traditionally, the potential to
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cause skin and mucous membrane irritation/corrosion has been evaluated through in
vivo tests on the skin and mucous membranes of animals, mainly rabbits. Additionally,
alternative in vivo methods have been described to identify the risk of irritation in
human volunteers through the Patch test, where irritation is assessed at 24, 48, and 72
hours after the removal of the patch with the product of interest (Basketter et al., 2004;

Draize et al., 1944).

In 1944, John H. Draize and his team, toxicologists at the FDA, developed the rabbit
irritation tests to identify and evaluate toxic reactions when test materials come into
contact with the skin, penis, or eyes. The Draize test was initially used to assess the
safety of cosmetics and later extended to insecticides, sunscreens, and antiseptics. As
the Draize test has been employed for various types of chemicals, it remained a reliable,
standardized, and internationally accepted method for eye and skin irritation for a long

time (Lee et al., 2017).

The Draize eye irritation test observed changes in the cornea, conjunctiva, and iris of the
rabbit's eye due to exposure to test substances. The New Zealand White rabbit is
commonly used as the preferred test variety because of its large eyes, ease of handling,
and relatively low cost. For a test substance, a maximum of 6 rabbits is required, but this
can be reduced to 3 when severe eye damage occurs. Depending on the physical state
of the test substances (liquid, ointment, paste, or solid), 0.1 ml or 0.1 g of the chemical
product is applied to the cornea and conjunctival sac of a conscious rabbit eye, while the
other eye remains untreated to serve as the negative and paired control. Signs of eye
irritation, including redness, swelling, cloudiness, edema, and hemorrhage, are
recorded, and scored to assess ocular irritation at specified time intervals, and once the
study is completed, the rabbits are humanely sacrificed. Although there are various
scoring systems for the Draize test, the Maximum Average Score (MAS) is the most used.
The eye is examined at selected time intervals after exposure, and lesions and changes

in the cornea, conjunctiva, and iris are scored (Lee et al., 2017).

The skin irritation test is performed on albino rabbits one day after shaving their backs.
The test substance (0.5 g solid or 0.5 ml liquid) is applied to a small area (~6 cm?), and
the treated site is covered with a patch. The patch is removed after 4 hours, and the

signs of erythema and edema are scored at 1, 24, 48, and 72 hours. For the initial test,
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one animal is used, and the test site is examined immediately after removing the patch.
If the test substance is not corrosive, the confirmation test is carried out with 2
additional animals. Erythema and edema are scored on a scale of 0 to 4 based on
severity. Histopathological examination should be considered to clarify equivocal

responses (Lee et al., 2017).

The Draize skin and eye irritation test has been criticized for a significant variation in test
results and the species difference between humans and rabbits. Additionally, this test
imposes intense pain on the rabbit during the testing procedure. To reduce animal
suffering from test chemicals in ocular irritation, the Low Volume Eye Test (LVET) was
developed, a refined version of the Draize test. LVET applies a lower volume (0.01
ml/0.01 g) of test substances only to the cornea without forced eyelid closure. In fact,
LVET shows a higher correlation with human eye responses than the original test. For
skin irritation, alternative parameters to erythema and edema have also been
developed, such as assessing cutaneous blood flow, measuring skin temperature, and

skin thickness evaluation (Lee et al., 2017).

The Hen's Egg Test-Chorioallantoic Membrane (HET-CAM) is an example of non-ocular
ex vivo organotypic models. These methods use the chorioallantoic membrane (CAM),
which resembles the vascular mucosal tissues of human eyes, and can examine the
effects of test substances on the conjunctiva. HET-CAM assesses hemorrhage (bleeding),
vascular lysis (blood vessel disintegration), and coagulation (protein denaturation intra-
and extravascular) on the CAM on the 9th day of fertilization when nervous tissue and
pain perception have not yet developed. The reaction time method is commonly used,
determining the time to each of the 3 endpoints. Another approach is the irritation
threshold method, which estimates the threshold concentration of the test material for

these parameters.

The process involves the removal of the shell from the air cell and extraction of inner
membranes to expose the chorionallantoic membrane. Subsequently, test chemicals are
applied to this membrane and left in contact for 5 minutes. The evaluation focuses on
observing vascular damage and recording the time it takes for injury to manifest. The

severity and speed of damage determine the irritancy score. The 5-minute exposure
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period has been established as sufficient to detect irritant or toxic effects, with longer

exposures not providing additional insights (Spielmann, 1995a).

It's important to consider whether the hen's egg test qualifies as an animal experiment,
as it is often viewed as borderline. Nevertheless, there is potential for its use to reduce
the number of mammals used in traditional testing, thus contributing to a decrease in

associated suffering (Spielmann, 1995a).

To quantify the results, the time taken for each reaction is measured in seconds, and an

irritation score (1S) is calculated as expressed in equation 6.

301 —secH 301 —secl 301 —secC
IS=[—300 ]*5+[—300 ]*7+[(—300 1*9 (6)

The determination of the threshold involves recording the severity of each reaction
based on a scale: 0 for no reaction, 1 for slight reaction, 2 for moderate reaction, and 3

for severe reaction (Spielmann, 1995a).

HET-CAM shows a good correlation with the Draize eye test for mild and non-irritating
test materials, including surfactants. However, solid and insoluble or adhesive materials
may pose challenges for reproducibility. Additionally, pigments and dyes can cause

interference (Lee et al., 2017). In Figure 7 we can see the diagram from both tests.

Draize eye
irritation test HET-CAM test
f_/H e % N\
\_< Draize skin @
L g irritation test |
.

Figure 7. Graphic example of the different tests mentioned above: Draize eye irritation

test, Draize topical irritation test, and HET-CAM test.
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1.5. AUTOIMMUNE DISEASES — DESCRIPTION, CLINICAL FEATURES, DIAGNOSIS AND
TREATMENTS

1.5.1.Immune System

The immune system has evolved over millions of years and serves as the body's defense
against viruses, bacteria, other invaders, and malignant cells (Cardona Villa & Serrano

Reyes, 2010).

It's important to note that the immune system, as we understand it, constitutes the
second and third lines of defense for the body. The first line of defense consists of
various physical barriers such as the skin and mucous membranes, the acidic pH of the
stomach, enzymes, and microbicidal molecules secreted by various cell types, as well as

some microorganisms residing in the body.

The skin acts as the first line of defense through the SC, providing mechanical protection
to the underlying epidermis and acting as a barrier to prevent water loss and the
invasion of foreign substances. Continuous desquamation, along with the dermis's
ability to produce chemical substances such as defensins (peptides), protects the skin
from microbial entry. Additionally, the SC harbors most of the cutaneous microbiota,
which is necessary for homeostasis and the maintenance of healthy skin, playing a
significant role in the development and regulation of the immune system. Alterations in
the structure of the SC are associated with the onset of diseases such as AD, psoriasis,

or congenital disorders like ichthyosis.

When microorganisms breach the barriers of the first line of defense, they encounter
the second line, the innate immune system, and if that is insufficient, the third line, the

adaptive immune system (Grammer & Greenberger, 2011).

The innate immune system is represented by phagocytic cells:
monocytes/macrophages, granulocytes, specifically neutrophils, and the so called
Natural Killer (NK) cells. The humoral component or complement consists of acute-
phase proteins capable of directing lysis and opsonization on biological membranes of
invaders but not the body's own due to strict control by soluble proteins and membranes

(Paola, 2012).
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The adaptive immune system includes the lymphocytic cell lines (T and B cells) and the
humoral component with specific antibodies. There are at least five characteristics that
define the adaptive immune response. First, the responses are specific to different
antigens or pathogens; second, the responses are diverse; third, after the initial
exposure to an antigen, the responses retain a memory, so upon a new exposure to the
antigen, a stronger, longer, and more effective immune response is generated; fourth,
most immune responses are self-limiting after the elimination of the antigen. Finally, the
immune response allows distinguishing between the same organism and different

organisms (Cardona Villa & Serrano Reyes, 2010).

In a healthy individual, the immune system can differentiate between what is self and
what is not, attacking only what does not belong directly to our body in the right
intensity. Malfunction of the immune system can lead to an overly intense reaction that
results in the destruction of the body's own tissues and cells or, conversely, an
insufficient reaction that fails to solve the problem. These situations are referred to as

autoimmune disorders (Ganapathy et al., 2017).

Autoimmune disorders are a group of conditions in which structural or functional
damage to cells/tissues/organs/organ systems caused by immune cells or antibodies
against normal components of the body. This situation can arise from the interaction of
various genetic, environmental, and endocrine factors in our immune system through

the following mechanisms (Ganapathy et al., 2017):

1. Release of tissue-specific antibodies through complement initiation leading to
the lysis of target cells.

2. Binding of antibodies to soluble mediators resulting in the deposition of immune
complexes.

3. Attack mediated by autoantibodies in the natural immune system resulting in
phagocytosis, cytotoxicity, and cellular immunity.

4. Autoantibodies directed against a foreign antigen and epitopes of autoantigens
mimicking the foreign antigen, causing tissue damage.

5. Action of autoantibodies on the surface of cellular structures resulting in the

stimulation/obstruction of the target structure.
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Examples of autoimmune diseases or disorders include Pemphigus Vulgaris, Sjogren's
Syndrome (SS), Behcet's Disease, Psoriasis, Systemic Lupus Erythematosus, Rheumatoid
Arthritis, and Atopic Dermatitis (AD). Figure 8 shows an example of four the six just

mentioned pathogenesis.

e (\\5.
Sjogren's Syndrome Atopic Dermatitis
Psoriasis Systemic Lupus Erythematosus

Figure 8. Examples of symptomatology of different topical autoimmune diseases.
1.5.2.Atopic Dermatitis (AD)

AD is the most common inflammatory skin condition in the pediatric population. Its
prevalence has consistently increased over the past 200 years, reaching 12% in children
and 7.2% in adults, leading to a high healthcare burden. AD typically begins in childhood,
with 60% of patients developing AD before the age of one and 90% before the age of
five (Sroka-Tomaszewska & Trzeciak, 2021a). A complex set of risk factors, including
irritants, contact and inhalation of allergens, stress, and infections, contribute to the
development and persistence of AD. Clinically, AD is characterized by itching, skin
inflammation, abnormalities in the skin barrier, and an increased susceptibility to skin
infections. This condition negatively impacts the quality of life of affected children and
their caregivers, leading to a decrease in their self-esteem as well as an increase in

depression, anxiety, and suicidal thoughts (Adler-Neal et al., 2019).

AD is a complex disease with a heterogeneous clinical picture, involving a multitude of

overlapping factors in its pathogenesis. Data suggest that extrinsic environmental
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factors work together with intrinsic mechanisms such as mutations in epidermal genes,
dysfunction of the skin barrier, immune disorders, changes in lipid composition, and skin
microbiome imbalance. It has been observed that children with a family history of
allergic diseases are at a higher risk of developing AD. In the case of parents with asthma,
allergic rhinitis, or food allergies, the risk of the child developing AD increases up to 1.5
times. When one parent has AD, the probabilities for the child triple, and if both parents
are affected, these probabilities quintuple. Moreover, it is not a Mendelian inherited
disease; genes related to AD are also subject to different inheritance phenomena such
as epigenetic changes, incomplete gene penetrance, and genomic imprinting (Sroka-

Tomaszewska & Trzeciak, 2021b).

The diagnosis of AD is made clinically and is based on historical features, morphology,
and distribution of skin lesions, as well as associated clinical signs. A consensus
conference in 2003 led by the American Academy of Dermatology suggested the
"Hanifin and Rajka" revised diagnostic criteria as the guidelines to follow at all ages. In

Table 1, an array of distinct criteria employed for the diagnosis of AD is delineated.
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Table 1. Adapted from the "Guidelines for the Treatment of AD" (Eichenfield et al.,
2014).

Essential features; they must be present:

Itching
Eczema (acute, subacute, chronic):
- Typical morphology and age-specific patterns.
- Chronic or relapse history
Patterns include:
1) Face, neck and extensors in infants and children.
2) Current or previous injuries in flexion zones in any age group.
3) The groin and armpit areas are affected.

Important features; Seen in most cases, they provide support to the diagnosis

Age of onset.

Atopy:
- Personal and/or family history.
- Reactive IgE

Xerosis

Associate features; they help suggest the diagnosis of AD but are not enough to define
or detect AD in search or epidemiological studies.:

Atypical vascular responses (ex: facial paleness, white dermographism, delayed
paleness response)

Keratosis pilaris/ Pityriasis alba/ Palmar hyperlinearity/ Ichthyosis

Ocular/periorbital changes

Other regional meetings (ex: perioral changes/periauricular lesions)

Perifollicular accentuation lesions/lichenification/prurigo

Exclusion features; they must not be present:

Scabies

Seborrheic dermatitis

Contact dermatitis (irritant or allergic)
Ichthyosis

Cutaneous T cell lymphoma

Psoriasis

Photosensitivity dermatosis

Immune deficiency diseases
Erythroderma of other causes
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Looking at the pathogenesis of the disease, AD involves the disruption of the protein
and lipid barrier in the outer layers of the epidermis, reflecting primarily a decrease in
the expression of epidermal differentiation proteins (e.g., filaggrin) and tight junctions
(the main barrier against transepidemal water loss (TEWL); e.g., claudins), as well as a
decreased concentration of long-chain fatty acids and ceramides. The dysfunctional
barrier leads to increased susceptibility to external aggressions, such as
proinflammatory microbes and allergens, toxins, and irritants. In adults, the reduced
production of antimicrobial peptides (AMPs) in response to stimuli alters the normal
defensive response to environmental pathogens, and the reduction of type 1 cytokines

from T helper cells (Th1) may diminish the antimicrobial response in affected children.

Antigen-presenting cells capture antigens to present them mainly to CD4+ T cells, and
keratinocytes directly release chemokines and cytokines such as interleukins (IL): IL-1pB,
IL-25, and IL-33. The initiation of chemokines and cytokines induces the release of
additional cytokines, and their contribution to heightened oxidative stress underscores
their significance in chronic inflammation. This inflammatory environment results in an
immune response predominantly skewed towards Th2 cells, leading to increased
amounts of characteristic Th2 cytokines such as IL-4, IL-5, IL-13, and IL-31. Th2 cytokines,
especially IL-4 and IL-13, contribute to further polarization of Th2 cells, promote the
switch of antibody isotype towards Immunoglobulin E (IgE), a specific class of mammal
antibodies IgE, and recruit eosinophils that continue to impair the epidermal barrier
function by inhibiting its differentiation, lipid production, and AMP expression. Although
Th2 skewing is universal among patients with AD, the activation of other T helper cell-
driven pathways (e.g., Thl in adults, Th17 in children and Asians) is more heterogeneous
and may be related to other patient factors, such as age and race. Many of the same
exogenous signals (allergens, irritants, pathogens) and endogenous signals (cytokines,
neuropeptides, lipids) act as pruritogens and directly modulate and/or sensitize the
itching sensation. Activation of cytokine receptors (e.g., IL-4, IL-13, IL-31, IL-33, TSLP), G
protein-coupled receptors, and transient receptor potential channels results in action
potentials, which propagate sensory information to the central nervous system and
stimulate the local production of inflammatory mediators such as calcitonin gene-

related peptide and substance P.
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Janus kinase (JAK) proteins and signal transducers and activators of transcription (STAT)
factors bind to the intracellular part of type I/Il cytokine receptors that are responsible
for recognizing soluble inflammatory mediators such as IL and INF. Upon binding an
extracellular ligand to the cytokine receptor, JAK proteins become activated and
phosphorylate STAT proteins, which in turn dimerize and translocate to the nucleus.
There, they activate gene transcription. There are four members of the JAK family (JAK1,
JAK2, JAK3, and non-receptor tyrosine-protein kinase (TYK2)) and seven additional
members of the STAT family that selectively associate with different cytokine receptors
in various combinations. The JAK-STAT signaling pathway is crucial for measuring the
effect of various key cytokines that bind to immune cells, keratinocytes, and peripheral
sensory neurons to propagate inflammation and itching, including IL-4, IL-5, IL-13, IL-31,

IL-22, and thymic stromal lymphopoietin (TSLP) (Chovatiya & Paller, 2021).

The treatment of this disease will depend on the degree of manifestations present in
the patient. It is crucial to be aware of the causative factors to avoid them and reduce
relapses (Wollenberg et al., 2018). The European Academy of Dermatology and
Venerology classifies different treatments based on the severity of symptoms:
erythema, exudation, excoriation, dryness, fissures, and lichenification. Both in children
and adults, it begins with proper skin care education, and depending on the signs, topical
or oral glucocorticoids, systemic immunosuppressants, and progressively more

intensive therapies are added (Oranje, 2011).

1.5.3.Sjogren's syndrome (SS)

The SSis a chronic autoimmune systemic rheumatic disease that can occur alone, known
as primary SS, or in the context of another underlying connective tissue disease, most
commonly rheumatoid arthritis or systemic lupus erythematosus, referred to as
secondary SS. It has a clear preference for the female gender (ratio 9:1), with a
prevalence rate ranging from 0.1 to 4.8% of the total female population. It can start at
any age but more frequently affects women between the fourth and fifth decades of

life.

SS involves a lymphocytic infiltration of the salivary and lacrimal glands leading to

secretory dysfunction mediated by the immune system. It is characterized by symptoms
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of dry mouth (xerostomia) and dry eyes (dry keratoconjunctiva), dysfunction of lacrimal
and salivary secretory glands, ocular surface staining, autoantibodies, and focal
infiltration of lymphocytes in salivary and lacrimal glands. Dry eye, a very common
condition, may or may not be related to the syndrome. The distinctive feature of dry eye
due to SSis the alteration of the corneal barrier clinically measured as increased uptake
of fluorescent dyes like fluorescein (de Paiva & Rocha, 2015). In both primary and
secondary SS, symptoms can be diffuse and misleading, leading to incorrect diagnoses.
Approximately half of those affected may not receive a diagnosis, and the subtle
symptomatic presentation, especially in the early stages, results in a significant delay in
diagnosis and underreporting, with an average time elapsed from the onset of

symptoms to diagnosis of three and a half years (Nair & Singh, 2017).

The classification criteria for primary SS include clinical manifestations and objective
tests related to dry eyes and dry mouth, characteristic serological abnormalities
(presence of Anti-Ro/SSA and/or Anti-La/SSB antibodies), and compatible
histopathology (focal lymphocytic sialadenitis) of the minor salivary gland. Currently, the
most used classification criteria are the European-American consensus criteria of 2002

(Lépez-Pintor et al., 2015).

Nowadays, the burden of this disease is substantial due to the lack of effective
therapeutic options. The pathogenesis is multifactorial and involves dysregulation of
various immune pathways. Patients with primary SS have shown higher expression of B-
cell activating factor (BAFF), also known as B-lymphocyte stimulator (BLyS), in serum and
salivary glands compared to controls. This factor stimulates the growth and
hyperactivity of B cells, suggesting an important role of these cells in the pathogenesis

of this disease with lymphoproliferative complications (Lépez-Pintor et al., 2015).

The mechanism by which SS develops is not clear, and various factors seem to contribute
to the progression of the condition. Essentially, in the presence of a genetic
predisposition and an environmental or hormonal trigger, glandular epithelial cells
become dysregulated and release chemokines and adhesion molecules. This triggers the
migration of dendritic cells and lymphocytes (T cells and B cells) to the glands. Dendritic
cells in the glands produce high levels of interferons (IFN), leading to increased retention

of lymphocytes in the tissues and their subsequent activation. IFNs stimulate the
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production of BAFF by epithelial cells, dendritic cells, and T cells. BAFF promotes the
irregular maturation of B cells, leading to the formation of autoimmune B cells that

secrete local autoantibodies (Voulgarelis & Tzioufas, 2010).

Despite continuous advances in our understanding of the mechanisms involved in the
pathogenesis of the disease, there is currently no targeted treatment for SS, as
mentioned earlier. Treatment is decided on an individual basis depending on the activity
of the disease and the presence and extent of extraglandular manifestations. In patients
with secondary SS, the indication for treatment is based on the underlying disease. In
general, a multidisciplinary team, including family doctors, rheumatologists,
ophthalmologists, and specialists in chronic diseases, as well as dentists, should be
involved in the treatment. Depending on the affected organ or organs and the symptoms
presented, consultation with other specialists (gynecologists, pulmonologists,
neurologists, etc.) may be necessary. To measure the activity of systemic disease, the
EULAR SS disease activity index (ESSDAI) was developed and validated (Stefanski et al.,
2017).

In most patients, the primary goal of therapy is to improve the quality of life by
addressing the symptoms. At the same time, this is a challenging task for physicians, as
evidence-based treatment options are limited, and most therapeutic approaches are
only symptomatic. Patient education plays an important role, focusing on compliance
with daily behavioral rules, addressing environmental factors (e.g., air humidification),
prevention (e.g., sleep hygiene), as well as physical condition (aerobic resistance training

to combat fatigue) (Stefanski et al., 2017).

There are several tears substitutes available to treat keratoconjunctivitis sicca. The
composition of tear substitutes varies according to the complex physiology of the
preocular three-layer tear film (lipid layer, aqueous layer, and mucin layer). Since
immunity-mediated mechanisms play a central role in the pathogenesis of dry eyes, anti-
inflammatory treatment with cyclosporine A eye drops has gained significant
importance. Its efficacy has been demonstrated in randomized controlled trials (RCTs),
and based on the data from these studies, the 0.1% cyclosporine A cationic emulsion
received marketing authorization from the EMA. Additional measures that significantly

enhance the quality of life for these patients include the use of punctal plugs in the tear
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drainage area to retain tears and the placement of extra-large contact lenses ("scleral

lenses") with water storage function (Stefanski et al., 2017).

In Figure 9, we can see two of the mentioned examples for the treatment of SS.

(b)

Figure 9. (a) Punctual plugs for ocular drainage. (b) Scleral lenses. Image (a) has been

obtained from the Online Patient Community for Dry Eye (Nguyen & Maharaj, 2020) and

image (b) has been acquired from the Weston Contact Lens Institute (Kramer, 2022).

Xerostomia is treated jointly by dentists and otolaryngologists. The surface of the oral
mucosa is relatively large, and it is necessary to moisten different structures of the oral
cavity (tongue, teeth, gums, oral mucosa). Additionally, the composition of saliva varies
according to function and time of day. Optimal therapeutic compensation for the
complex functions of saliva cannot be achieved. Two systematic reviews on topical/non-
pharmacological treatments conclude that, although symptoms can be relieved, saliva
flow cannot be increased. Dental care for patients with xerostomia is particularly
challenging as the lack of saliva reduces the tolerability of removable dental
restorations. In contrast, patients with SS achieve good results with dental implant

treatment (Stefanski et al., 2017).

Treatment for advanced stages of SS may require surgeries to improve ocular hydration
or systemic treatments such as hydroxychloroquine, sodium mycophenolate,

pilocarpine, and/or omega-6 (Bjordal et al., 2020).
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1.5.4.Immunosuppressants and Baricitinib (BNB)

Immunosuppressive drugs help inhibit or decrease the intensity of the immune response
in the body. They are most commonly used in organ transplants, where it is necessary

to prevent the activation and rejection of the newly transplanted organ.

Advanced knowledge of signal transduction pathways has led to the development of
drugs like small molecule inhibitors that target intracellular cytokine pathways,
providing a pharmacological alternative to biologic products. Although biologic products
have been a significant advancement in immunotherapy due to their high selectivity and
therapeutic efficacy, they do not elicit the same response in all patients. BNB, whose
structure is shown in Figure 10, is an example of an alternative proposed to biologic

products.
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Figure 10. Structure of BNB obtained from the PubChem open database belonging to

the National Institutes of Health of the United States (NIH).

The JAK-STAT pathway operates under the influence of more than 50 cytokines and
growth factors and is considered a central communication point for the immune system.
There are 4 JAKs: JAK1, JAK2, JAK3, and the TYK2. It is the specific combination of JAK
and STAT that determines the functional outcomes of cytokine receptor stimulation

(Bechman et al., 2019).

The JAKs, more specifically, are enzymes that transduce intracellular signals from cell

surface receptors to produce a series of cytokines and growth factors involved in
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hematopoiesis, inflammation, and immune function. The presence of BNB decreases,

therefore, these three mentioned actions.

In Figure 11, we have a diagram where we can see the different reactions that occur in

a cell in the presence or absence of BNB.
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Figure 11. Scheme of the mechanism of action of BNB.

BNB dose-dependently inhibits the phosphorylation of IL-6-induced STAT3 throughout
the bloodstream of healthy volunteers, with a maximum inhibition observed 2 hours
after administration, returning to a near-baseline state at 24 hours (Committee for

Medicinal Products for Human Use (CHMP), 2020).

BNB is characterized by its low water solubility (0.357 mg/mL), making it challenging to
develop various formulations containing it; however, it has high solubility in organic
solvents such as DMSO and polyethylene glycol-400 (PEG-400) (Alshetaili, 2019; Anwer
et al.,, 2021).

Currently, BNB is used orally for the treatment of moderate to severe AD, rheumatoid
arthritis, COVID-19, and has recently been approved for the treatment of alopecia areata
in adults. It is also being studied for the treatment of Systemic Lupus Erythematosus
(Committee for Medicinal Products for Human Use (CHMP), 2020; Markham, 2017;
Wishart et al., 2023). Its oral administration is performed using tablets of 2 to 4 mg

concentration.
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1.6. NANOSYSTEMS

Various methods have been developed to enhance drug permeation through the skin:
physical methods, manipulation of the SC, release systems, optimization of the drug or
the vehicle, and the combination of strategies. Within release systems, one of the most
commonly used strategies today is the development of nanoscopic systems:
nanovesicular and nanoparticulate systems as dermal and transdermal administration
systems. Their dermal and transdermal administration is justified by different factors.
On the one hand, they have the advantage of protecting the substance they contain,
increasing the drug's shelf life. On the other hand, these systems could act as

penetration enhancers and also function as reservoirs for sustained release.

These systems have shown an increase in drug absorption, penetration, half-life,
bioavailability, and stability. Thanks to their size, which is not perceptible by the immune

system, they can release the drug into the target tissue using lower doses.

Nanomedicine is an emerging field that combines nanotechnology with pharmaceutical
and biomedical sciences. One of the goals is to develop nanoparticles (NPs) for
biomedical applications, such as drug delivery vehicles and imaging agents with higher
efficacy and improved safety and toxicology profiles. Due to their submicrometer size
and high surface-to-volume ratio, NPs exhibit key differences compared to bulk
materials, including changes in biochemical, magnetic, optical, and electronic
properties(Albanese et al., 2012; Barenholz, 2012a; Flihmann et al.,, 2019;
Khodabandehloo et al., 2016; Tenzer et al., 2011). NPs are colloidal systems with sizes

ranging from 10 to 1000 nm (Zimmer & Kreuter, 1995).

NPs can be made from a wide variety of materials, including proteins, peptides,
polymers, lipids, metals and metal oxides, and carbon. The most relevant NP structures
include drug conjugates and complexes, viruses, dendrimers, vesicles, micelles, core-
shell structures, virus-like particles, and carbon nanotubes, among others (Janib et al.,
2010; Kewal K., 2008). Typically, NPs are classified based on their composition and
materials. Thus, NPs can be categorized as inorganic NPs, polymer-based NPs, lipid-

based NPs, and protein-based NPs (Gu et al., 2011; B. Kim et al., 2019; Wicki et al., 2015).
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Inorganic NPs are primarily composed of metals or metal oxides and have generated
considerable interest due to the ability to adjust their size and modify their surface
(Qin et al., 2019). Their production is highly controllable, allowing for a wide variety
of inorganic NPs with different properties (Qin et al., 2019).

= Protein-based NPs are composed of proteins or modified proteins, which can self-

assemble into larger structures (Unzueta et al., 2015). This provides an advantage
over other NPs, as the protein's own structure can act as both the targeting unit and
the vehicle.

= Polymer-based NPs are utilized in biomedical applications due to the

biocompatibility and biodegradability of their main components, the polymers(Qin
et al.,, 2019). These NPs are solid structures whose surface can be easily
functionalized with desired molecules to alter their properties (Gu et al., 2011; Qin
et al,, 2019).

= Lipid-based NPs are composed of natural or synthetic lipids (Grimaldi et al., 2016).

This type of NP can be easily functionalized with certain ligands or molecules to

acquire new properties (Puri et al., 2009).
1.6.1.Nanovesicles

Within lipid-based NPs, we find nanovesicles. Nanovesicles are primarily composed of
amphiphilic molecules that self-assemble into closed bilayer structures, enclosing an
aqueous core inside (Grimaldi et al., 2016; Immordino et al., 2006; Qin et al., 2019).
Nanovesicles can be divided depending on the nature of the membrane components.
Liposomes are one of the main types of vesicles, whose amphiphilic molecules are
mainly phospholipids (Bulbake et al., 2017a; Cabrera et al., 2016; Immordino et al.,
2006). They can carry hydrophobic or hydrophilic molecules (Elizondo et al., 2011;
Grimaldi et al., 2016).

Nanovesicles are one of the types of NPs that are gaining attention for drug
administration via intravenous and for the development of fluorescent organic NPs
(FONSs) for optical imaging. As explained before, nanovesicles are lipid-based NPs that
are spherical complexes formed by amphiphilic molecules. When amphiphilic molecules
are dispersed in water, they self-organize to form a closed bilayer, encircling a liquid

compartment inside (lumen) (Islam Shishir et al., 2019; Lipowsky & Sackmann, 1995;
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Whitesides & Grzybowski, 2002). Amphiphilic molecules have at least two parts, one
that is soluble in a solvent (the hydrophilic part) and one that is insoluble (the
hydrophobic part). When the solvent is water, it is usually referred to as the hydrophilic
(water-soluble) and hydrophobic (water-insoluble) parts. Generally, the hydrophobic
region consists of one or two hydrocarbon tails, and the hydrophilic region is typically a
polar head, which may be ionized or not. When in contact with water, these types of
molecules orient themselves, protecting the hydrophobic tails from water and exposing
their polar head towards water, forming closed bilayers (Elizondo et al., 2011; Lipowsky

& Sackmann, 1995).

Depending on their size and the number of bilayers (lamellarity), as we can see in Figure
12, vesicles can be classified as: small unilamellar vesicles (SUVs, size <200 nm and a
single bilayer), large unilamellar vesicles (LUVs, size ranging from 200 to 1000 nm and a
single bilayer), giant unilamellar vesicles (GUVs, size >1000 nm and a single bilayer),
multilamellar vesicles (MLVs, consisting of several concentric bilayers), and
multivesicular vesicles (MVVs, composed of several small vesicles trapped inside larger
ones). Size and lamellarity are crucial factors determining the performance of vesicles

as drug carriers (Guida, 2010; Malam et al., 2009; Sawant & Torchilin, 2010).

@),

Suv LUV GUV
<200nm  200-1000 nm >1000 nm MLV MYV
L 1
N
. . Multilamellar Multivesicular
Unilamellar vesicles vesicles vesicles

Figure 12. Scheme of the classification of different vesicles according to size and number

of bilayers.

Nanovesicles are one of the most versatile supramolecular assemblies used as nano-
carriers for therapeutic agents due to their great flexibility in terms of size, composition,

surface characteristics, and the ability to trap and deliver active molecules with different
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physicochemical properties (Cui et al., 2012; Metselaar & Storm, 2005; Sercombe et al.,

2015).

Additionally, their structure allows them to trap hydrophilic compounds (such as
therapeutic agents, proteins, or oligonucleotides) inside the lumen or adsorb to the
surface, and hydrophobic molecules in the hydrophobic region of the bilayer (Cabrera
et al., 2016; Immordino et al., 2006). Furthermore, their membranes can be efficiently
functionalized with different targeting units that promote specific and enhanced
accumulation of the active (or bioactive) molecule in target cells or diseased organs.
Moreover, vesicles can be designed to develop stimulus-sensitive vesicle platforms that
are responsive to specific signals, either exogenous (light, heat, magnetic field, etc.) or
endogenous (changes in pH or specific enzymes), allowing the delivery of cargoes to

specific locations (Cheng et al., 2013).

These characteristics make nanovesicles very attractive candidates for biomedical
applications (Barenholz, 2012b; Gregoriadis, 1976, 1995; Islam Shishir et al., 2019; Lian
& Ho, 2001). In fact, nanovesicles are one of the most studied NPs due to their versatility
and applicability in pharmacological fields, as they are non-toxic, biodegradable, and
non-immunogenic (Shen et al.,, 2019; Soltani et al.,, 2015). The pharmacological
characteristics of nanovesicles strongly depend on their structural features. A high
degree of structural homogeneity particle-to-particle, regarding size, morphology, and
composition, is crucial for their optimal performance (Bremer-Hoffmann et al., 2018;

Tambe et al., 2019).

The stability, rigidity and permeability, functionalization, and response to an external
stimulus are regulated by the composition of the nanovesicle membrane and its
supramolecular organization. Thus, the behavior of nanovesicles is closely related to
their homogeneity in vesicles, both in size and morphology, as well as in composition
and supramolecular organization (Elizondo et al., 2011). For example, in the case of
nanovesicles used as drug delivery systems, vesicle-to-vesicle homogeneity in terms of
size and lamellarity plays a crucial role in providing a precise response to an external
stimulus, allowing for the homogeneous release of drugs at the site of action. In

fluorescence imaging applications, nanovesicles must be homogeneous in terms of the
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loading of their fluorescent dye to ensure that all nanovesicles have the same

brightness.

Vesicles can be classified based on the nature of the membrane components. Table 2
summarizes the most well-known types of vesicular systems with their membrane

components.

Table 2. Types of lipid-based vesicular systems according to the components of their

membrane.

Kind of vesicle Membrane components
Liposomes Phospholipids (and cholesterol)
Transferosomes Phospholipids and surfactants
Ethosomes Phospholipids and alcohols
Pharmacosomes Phospholipids and drugs
Virosomes Phospholipids and viral envelope protein
Ufasomes Fatty acids and surfactants
Sphigosomes Cholesterol and sphingolipids
Niosomes Cholesterol and no ionic surfactants
Quatsomes Cholesterol and ionic surfactants

1.6.1.1. Liposomes — Properties, Applications, Preparation, and Characterization

Liposomes are the most widely used vesicular systems (Bulbake et al., 2017b; Musacchio
& Torchilin, 2011; Torchilin, 2005; Xing et al., 2016). Liposomes were discovered in 1964
by Dr. Alec Bangham and others (Bangham et al., 1965; Bangham & Horne, 1964). Over
the past fifty years, liposomal nanotechnology has evolved significantly, and now
liposomes are used in various fields beyond the pharmaceutical world, including
cosmetics, food, and textiles (Barani & Montazer, 2008; Fathi et al., 2012; Papakostas et
al., 2011). Moreover, due to their biocompatibility, biodegradability, and low toxicity,
liposomes are well-recognized and applied as pharmaceutical carriers. Relevant

pharmacological specifications, such as loading capacity, leakage kinetics, and release of
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integrated drug substances, are defined based on the structural properties (e.g., size
distribution of vesicles, morphology, supramolecular organization) of these nanocarriers
(Amin et al., 2015; Arosio & Casagrande, 2016; Liu et al., 2016; Nagayasu et al., 1999;
Shmeeda et al., 2013; Wiklander et al., 2015). In particular, liposomes with sizes around
80 and 100 nm have garnered significant interest in the field of drug delivery for
intravenous administrations. These molecular nano-assemblies are large enough to
evade renal elimination but small enough to exhibit uptake by the mononuclear
phagocytic system of the liver and spleen, prolonging circulation half-life in the body and
thereby improving the likelihood of reaching target cells or organs. Moreover, they can
accumulate in tumors due to the enhanced permeability and retention effect (EPR)

(Greish, 2010; Ngoune et al., 2016).

Some liposomal drugs have met pharmaceutical quality criteria concerning
physicochemical properties, reproducibility, stability in storage, and clinical
requirements, and have thus been approved by regulatory agencies and are now
commercially available (Bulbake et al., 2017b). However, these systems often exhibit
some drawbacks, such as poor colloidal and chemical stability during circulation in the
bloodstream. This is because pure liposomes are not thermodynamically stable entities
as they lack a spontaneous curvature and, therefore, collapse over time into the lamellar
equilibrium state of aggregation (Grimaldi et al., 2016). Pure liposomes correspond to
kinetically trapped metastable states, formed by an external input of energy over a

stable flat lamellar phase.

The kinetic stability of pure liposomes is limited by the insolubility of their structural
components, phospholipids, in water (Riehemann et al., 2009; Sercombe et al., 2015).
From a thermodynamic standpoint, the equilibrium state is not closed vesicles but a flat
lamellar bilayer. Moreover, phospholipids are not chemically stable in the long term and
are susceptible to hydrolysis, oxidation, or peroxidation, which is typically mitigated by
adding antioxidants and storing at low temperatures. The physical instability of pure
liposomes leads to issues related to the permeability of their membrane, causing rapid
leakage of their payload. To overcome this problem, cholesterol is often incorporated
into liposomes, increasing their rigidity and stability while reducing permeability

(Gregoriadis & Davis, 1979; Kirby et al., 1980; Ulrich, 2002).
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Generally, liposomes are obtained by forming a lipid film, which is then resuspended in

a specific aqueous system, forming multilamellar vesicles (MLVs). From these liposomes,

different vesicular structures can be obtained through an extrusion or sonication

process. It is through these processes that smaller vesicles formed from a single bilayer,

typically ranging from 20 to 400 nm in diameter, can be achieved.

Liposomes can be classified based on their size and lamellarity, like other nanosystem:s,

or based on the preparation method. The following table (Table 3) shows their

classification more specifically:

Table 3. Classification of liposomes according to number of bilayers and methods of

preparation.

BILAYER NUMBER PREPARATION METHODS
Name Definition Name Definition
small dimensions Formation of 'inverted micelles' that
SUV (Small unilamellar REV (Revers . . o
. . . ) collapse into a viscous state similar to a
Unilamellar  vesicles. Vesicle evaporation . .
. ) gel when the organic phase is removed
vesicles) diameter: 20- method) .
through evaporation.
80nm.
Large dimensions
LUV (Larg unilamellar SPLV (Stable  Formation of stable multilamellar
unilamellar  vesicles. Vesicle plurilamellar  vesicles with multiple aqueous
vesicles) diameter: 80- vesicles) compartments containing the drug.
100nm.
GUV (Giant G|a.mt dimensions EATMLY Ifc is carried out by submerging the
. unilamellar liposome sample under water and
unilamellar . . (Frozen and . .
. vesicles. Vesicle changing the temperatures with large
vesicles) ) Thawed) )
diameter: >1um. gradients.
E .
MLV Small dimensions VET (Vesicles

(Multilamellar
large vesicles)

Vesicle diameter:
400 nma > 1um.

prepared by

It is used to do small monodisperse

extrusion vesicles.
technique)
DRV It involves hydrating the lipid film in an
(Dehydration- organic solvent and then removing the
Rehidration  organic solvent under vacuum to
method) prepare the liposomes

Despite the morphological differences and physicochemical characteristics of these

different types of liposomes, they can be collectively classified as traditional liposomes.
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Summarizing the results obtained with liposomes for topical drug administration, it is
noteworthy to highlight the study by Du Plessis et al, where up to a five-fold increase in
retained triamcinolone acetonide in the epidermis and dermis was observed, with low
levels of the drug systemically compared to conventional formulations. Various studies
by the same authors show similar results with econazole and progesterone(Du Plessis et

al., 2002; Mdller et al., 2002).

Subsequent investigations, conducted with corticosteroids, antibiotics, and anti-
inflammatory agents, highlighted that conventional liposomes only increase drug
deposition in the skin (Bangham, 1995; Mason et al., 2006; Mezei & Gulasekharam,
1980). The lipid composition of the vesicles, the preparation method, and the state of
the liposome bilayers are the main factors described to affect liposome deposition

(Pierre & Dos Santos Miranda Costa, 2011; Shivakumar & Narsimha, 2010).

After extensive research on their effectiveness as systems for topical drug
administration, it has been established that most of these types of liposomes primarily
act at the dermal level, as they do not have the ability to penetrate the deeper layers of
the skin. However, various experimental results show their effectiveness for
transdermal administration, increasing penetration (Fresta & Puglisi, 1997; Mezei,

1985).
1.6.1.2. Mechanisms of Action of Liposomes for Topical Administration

In parallel with the intense research on these vesicular systems, the mechanism of
action through which liposomes provide high efficacy in dermal and transdermal drug
administration has been investigated. Based on the different permeation mechanisms

of liposomes, they can be grouped into four categories:
= Free Drug Mechanism:

According to this process, the drug permeates independently once it is released from
the vesicles. In this way, the vesicles are considered solely as a vehicle that can offer

controlled drug release (Flaten et al., 2009).
= Permeation Enhancement Mechanism:

The first record describing this mechanism concludes that egg lecithin used for vesicle
formation reduces the skin's barrier effect (Ciotti & Weiner, 2002). Subsequently, it is
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established that lipids from the SC can solubilize by forming inverse micelles with vesicle
phospholipids (Niemiec et al., 1995). Several authors have reported results supporting
this mechanism; however, other authors have established results contrary to the

previous ones (Ganesan et al., 1984; Kato et al., 2011; Touitou et al., 1994).
= Adsorption and/or Fusion of Vesicles with SC:

This mechanism has emphasized the importance of the interaction of vesicles with the
SC. It has been suggested that there is first an adhesion process on the skin's surface and

subsequently a possible fusion with the lipid matrix of the SC (Leopold & Lippold, 1995b).
= Appendageal Permeation:

This drug permeation route has been considered generally for topical formulations. In
the case of liposomes, specifically Transfersomes®, a decrease in effectiveness under
occlusive conditions led to the hypothesis that favoring hydration conditions could cause
corneocytes to swell and close the extracellular spaces, which would be the main route
for liposomes, and thus appendageal permeation would be the primary mechanism for
drug release into the skin. This hypothesis is attempted to be verified by studying the
release of insulin topically, using in vivo models such as animals with different densities
of hair follicles. Studies indicated no significant differences using the same type of elastic
liposomes (EI Maghraby et al.,, 2010). Other authors have demonstrated the
effectiveness of this mechanism only when combined with iontophoresis (Zellmer et al.,

1995).

There are multiple factors involved in the development of these vesicular systems, as
well as in the methodologies used to describe the mechanisms of action. Therefore, it is
not possible to describe a general mechanism for these systems. For example, the
composition of vesicles would directly influence the mechanism of action. For this
reason, ongoing research is essential to provide new insights into establishing the

processes occurring during the release stage in the mechanism of action of liposomes.

82



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

1.7. CONFOCAL RAMAN SPECTROSCOPY (CRS)

In 1928, Raman and Krishnan first observed the Raman effect, but its widespread use
was hindered until the laser was developed. Since the introduction of lasers, progress in
Raman spectroscopy has been swift, transforming it from a mere curiosity in
laboratories to a valuable analytical tool. The Raman method is non-intrusive, non-
invasive, and does not require physical contact or labeling, making it a widely applicable
standard method in aqueous environments. The Raman effect involves the interaction
of light with a sample's chemical bonds, leading to an energy shift in the backscattered
light, creating a distinctive Raman spectrum detectable through spectroscopic methods.
This technique enables the identification of chemical and molecular components in a
sample, and it can also provide information about factors such as the relative quantities
of specific components, stress and strain states, crystallinity, or types of polymorphic
structures. Confocal Raman imaging, which combines Raman spectroscopy with a
confocal microscope, allows for the visualization of the spatial distribution of
compounds and the properties mentioned earlier within a sample (Gomes da Costa et

al., 2019).

Raman spectroscopy imaging stands out for its capability to examine biomolecular
details within samples. This process involves stimulating the sample with visible or near-
infrared laser light, resulting in both elastic Rayleigh scattering and inelastic Stokes
Raman scattering. The latter offers insights into the energy levels related to molecular
bond vibrations. By breaking down the Raman signal spectrally, it becomes feasible to
investigate and distinguish between active ingredients and inherent skin components.
Moreover, this analysis can reveal molecular alterations induced by active substances
on the skin. Raman spectra serve as unique identifiers, enabling the recognition and
potential tracking of molecules within the skin. As a result, it proves to be a valuable tool

for delving into cutaneous components and their interactions (Essendoubi et al., 2021).

In Figure 13, we can see a diagram of the more physicochemical functioning that occurs

when using Raman radiation on chemical molecules.
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Figure 13. Diagram of the Raman Spectrophotometry Theory. The inelastic Raman
scattering or Stokes scattering only occurs once in a million events. For this reason, it is
the signal that can provide us with the 'fingerprint.' This signal occurs at wavelengths

between 300-1900 cm™.

CRS has found extensive use in skin research, primarily serving as a qualitative method.
As mentioned earlier, it enables the distinction of the studied substance within the skin
from other components. A recent development by Caspers et al. introduced a novel
application of CRS, extending its utility to quantitative analysis. This advancement allows
for the measurement of the amounts of substances penetrating the skin. The
guantification of the overall skin absorption is achieved by computing the area under
the depth profile curves (AUC) corresponding to the thickness of the SC (Caspers et al.,

2019).
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1.8. HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

HPLC is a broad analytical chemistry technique used to separate the components of a
chemical mixture. This separation is achieved thanks to the pressure generated by the

flow of a mobile phase through a column that incorporates a stationary phase.

The principle of separation in HPLC is based on the distribution of sample compounds
between a mobile phase (driven by a pump) and a stationary phase (located in a
column). As the sample, together with the mobile phase, passes through the column,
compound groups interact differently with the stationary phase, resulting in differential

retention based on their chemical properties, thus achieving separation.

Once the different sample compounds exit the column, they continue to be propelled
by the mobile phase to the detector. The detector measures the analytes after elution
from the column, and a Chromatography Data System (CDS) translates the detected
signal. The translated data output from an HPLC analysis is called a chromatogram,
where the X-axis represents a measure of time, and the Y-axis measures a specific signal

generated by the detector.
Basic principles of HPLC:

= Analyte: Compound(s) of interest for detection in an HPLC analysis.

= Mobile Phase: Moving phase composed of solvents or eluents flowing from
injection to detection.

= Stationary Phase: The stationary phase where the physical separation of analytes
occurs.

= Flow Rate: The speed at which the mobile phase flows over time.

= Retention Time: The time between sample injection and the peak signal of the
analyte in a chromatogram.

= Efficiency: Given as the number of theoretical plates, a key metric to quantify the
performance of a separation.

= Resolution: The ability to distinguish between peaks, a primary concern in any
separation.

= Selectivity: The ability to separate two analytes.

= Void Volume: All the volume inside a column not occupied by the stationary phase.
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= Limit of Detection: The smallest amount of an analyte that can be reliably detected.
= Limit of Quantification: The lower or upper amount of an analyte that can be reliably

guantified.

Every HPLC system has four major components: a pump that drives the mobile phase,
an autosampler for sample injection, a stationary phase column for separating sample
components, and a detector for measuring the separated components. Other elements
include connecting capillaries and tubes allowing the continuous flow of the mobile
phase and sample throughout the system, and a CDS to control the HPLC instrument,

separation, detection, and result evaluation.
Every HPLC analysis includes the following steps:

1. Mobile phase starts flowing: The pump pushes eluents or solvents through the
system at the specified flow rate.

2. Sampleinjection: Once injected into the mobile phase flow, the sample travels with
it from the injection point to the column.

3. Separation of components: Physical separation of components occurs in the
stationary phase of the column. After elution from the column, separated
components of the sample travel to the detector.

4. Detection of analytes: Detection of target analytes based on an electric signal
generated by specific properties.

5. Chromatogram generation: Translation of analyte signal detection by the CDS into

a chromatogram representing analyte signals against time.

In Figure 14, we can see a schematic of all the parts of the HPLC arranged to give us an

idea of the path that each analyzed sample follows.
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Figure 14. HPLC parts.

Factors influencing the separation of components:

Numerous factors, including the composition of the mobile phase, the chemistry of the
stationary phase, and temperature, influence HPLC separation. Successful separation
occurs only if analytes have different affinities for the stationary phase, so selecting the
appropriate stationary phase for the component under study is crucial. The main factors

affecting the separation process are:

- Physicochemical properties of the analyte: size, charge, polarity, and volatility.
- Physicochemical properties of the stationary phase: polarity, charge, and viscosity.
- Physicochemical properties of the mobile phase used: interaction with the analyte

and the stationary phase.

HPLC separation methods can be isocratic or gradient. The isocratic method uses a
constant eluent composition throughout all analyses. In contrast, the gradient method
involves a change in the mobile phase composition during the separation process. These
methods often use two solvents, referred to as A and B. The run may start with a certain
percentage of A to B, such as 60% water to 40% acetonitrile, for instance, followed by a

percentage change during the separation (Thermo Fisher Scientific Inc., n.d.).
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Gradient separations typically offer better performance than isocratic modes but are

more complex and require advanced pump machinery.
1.8.1.UV Detector

The ultraviolet-visible (UV/Vis) technique (covering a wavelength range from 190 to 800
nm) measures the fraction of radiation that passes through the sample. Its
instrumentation requires a source of electromagnetic radiation, a means to select the
wavelength at which transmittance is measured, and a detector to measure
transmittance. Transmittance is related to absorbance and the concentration of

absorbing substances through Beer's law (Martins et al., 2019).

The use of UV/Vis is attributed to its efficiency, low cost, non-destructive and
environmentally friendly approach, and operational simplicity, making it suitable for

online measurement (Martins et al., 2019).

1.8.2.Fluorimetre Detector

Fluorescence spectroscopy is a non-invasive, non-destructive, and highly sensitive
technique that requires minimal sample. For this reason, it is widely used in the study of

solid components (Y. Zhang et al., 2023).

The technique is based on the emission of electromagnetic radiation by chemical
compounds when a molecule in the lowest vibrational energy level of an excited
electronic state returns to a lower energy electronic state, emitting a photon in this
process after the absorption of light at a specific wavelength that caused the previous
excitation. Fluorescence spectra are thus formed by respective wavelengths for
excitation and emission and will depend on the chemical structure of the target
compound. Only chemical compounds with rings and rigid chemical structures will emit
electromagnetic radiation with a significant intensity, as these structures do not allow
the release of absorbed energy through pathways other than light emission (Martins et

al., 2019).

Fluorescence instrumentation is similar to UV/Vis spectroscopy, but the analytical
results are 1 to 3 orders of magnitude more sensitive than UV/Vis results (Martins et al.,

2019). In Figure 15 we can see the difference between both technics.
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Figure 15. Operating scheme of fluorescence spectroscopy and UV/Vis spectroscopy.

1.9. Justification of Validations

The FDA defines the validation process as the establishment of documented evidence
that provides a high degree of assurance that a specific process will consistently produce
a product meeting its predetermined specifications and quality characteristics (The FDA

Group, 2022).

The validation of a process includes three interrelated steps: Installation Qualification
(1Q), Operational Qualification (0Q), and Performance Qualification (PQ). 1Q verifies that
the equipment and its systems or subsystems have been installed according to
installation drawings and/or specifications. Without proper equipment and support
system installation, operational and PQs would not provide accurate information that
could be used to document consistent and predictable performance. OQ is defined as
establishing confidence that the equipment and process subsystems are capable of
consistently operating within established limits and tolerances. PQ provides
documented evidence that the integrated system or process is capable of consistently
producing the intended product safely and of high quality within predefined acceptance
criteria. Before conducting process validations, it is essential to have well-defined and

documented "sample size" requirements for validation activities (The FDA Group, 2022).
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The objective of the analytical procedure must be clearly understood, as this will govern
the validation characteristics that need to be assessed. The typical validation
characteristics to be considered are Accuracy, Precision, Repeatability, Intermediate

Precision, Specificity, Limit of Detection, Limit of Quantification, and Range (ICH Expert

Working Group, 2005).
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The main objective of this research is to develop and biopharmaceutically characterize

BNB liposomes for topical application in the treatment of skin and ocular diseases: SS

and AD. To achieve these proposed objectives, this work has been divided into several

stages leading to the following specific goals:

Development and validation of a HPLC method with fluorescence and UV/Vis
detectors for the detection and quantification of BNB according to criteria such
as linearity, accuracy, precision, sensitivity, selectivity, and specificity. Following
the recommendations of ICH Q2A and ICH Q2B from the International

Conference on Harmonization (ICH).

Development of different liposomes and optimization of the developed
formulations to select the best components and their ratio to produce liposomes
and evaluate their impact on morphometry and stability. Thus, selecting the

most suitable formulations for further studies.

Physicochemical characterization of the formulations through the measurement
of morphometric characteristics (particle size and polydispersity) by photon
correlation spectroscopy, transmission electron microscopy (TEM), and

rheological characterization.

In vitro drug release studies from liposomes using Franz cells in a suitable
medium that provides sink conditions (non-saturation) throughout the assay.
These studies are conducted at body or skin temperature (372C/322C) to
reproduce the temperature conditions of the body and/or mucous membranes.
In vitro release studies provide information on the fraction of the drug released
from the formulation and, therefore, will be available for subsequent

permeation through the skin/mucous membranes.

Ex vivo drug permeation studies in human skin and porcine mucous. These
studies are conducted with Franz cells and provide information on the drug's
permeability through the biological membranes under study. On the other hand,
they also provide information on the formulation's ability to modulate drug

permeation (in relation to the drug in solution).
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= |n vitro and in vivo tolerance studies are conducted to assess the compatibility
of formulations on skin and mucosa: HET-CAM test, corneal transparency test,

modified Draize test, and histological study.
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3.1. MATERIALS

BNB, Ammonium salt formate, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (POPG) and the
permeation enhancers: Nonane, Lauryl acrylate, Squalene, Atone, Sebacic acid, (R)-
(+)-Limnonene, a-Pinene, N-ethylpirrolidine, (+)-3-caren, 1-decanol, Myristic alcohol,
Oleic acid, Menthol and Octanoic acid were bought at Sigma-Aldrich (Madrid, Spain).
Gattefossé (Barcelona, Spain) supplied Transcutol® P [Diethylene glycol monoethyl
ether]. Acetonitrile was purchased at Fisher Chemical (Loughborough, UK). Lipids La-
phosphatidylcholine (La-PC) and 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
(POPE) were bought at BOC Sciences (London, UK). Cholesterol (CHOL) (ovine wool >
98%) and ceramides (CER) (bovine spinal cord > 98%) were acquired at Avanti Polar
Lipid Inc. (Alabaster, AL, USA). Finally, BeautyBio GIoPRO® roller microneedling for
histological procedures were bought at Currentbody (Barcelona, Spain), contains 540

titanium needles that are 0.25 mm long, corresponding to 72.3 microneedles/cm?.

Water Millipore MilliQ purification system (Millipore Corporation, Burlington, USA)
was used to obtain ultrapure water for all experiments, and all the other chemical

reagents used were of analytical grade.
3.2. BIOLOGICAL MATERIALS

The human abdominal skin, governed by protocol code 93-01162 02/18 approved on
17 January 2020 by the 99 Bioethics Committee of SCIAS Hospital de Barcelona,
underwent dermatoming to achieve a thickness of 400 um (Aesculap GA 630,

Aesculap, Tuttligen, Germany).

Corneal and scleral tissues were procured from female pigs (cross Landrace x Large
White, 25—-30 kg) that had previously participated in surgical university practices,
adhering to the guidelines of the Ethics Committee of Animals Experimentation at the
University of Barcelona. Immediate enucleation of eyes occurred post-sacrifice, with
subsequent excision of corneal and scleral tissues performed in situ. The harvested
tissues were transported to the laboratory immersed in an artificial aqueous humour

solution for debridement and preparation before permeation experiments.
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All the skin samples used to study the liposomes intended for topical use on skin
underwent physical alteration using microneedles to simulate an AD skin. This
process involved piercing the epidermis to mimic AD skin conditions. Importantly, this
technique, performed on live animals, is painless as the needles do not come into

contact with nerves or blood vessels.

3.3. METHODS

3.3.1.BNB solution preparation

To create a saturated solution of BNB, an excess of BNB was dissolved in
Transcutol®P, and any residual particles were removed through filtration using a 0.45
pm nylon filter. This saturated solution was employed to investigate the intrinsic
permeation characteristics of BNB and the effect of physical enhancers
(microneedles) in the same study. Additionally, solutions containing BNB at a
concentration of 2 mg/mL, with the addition of 5% of various permeation chemical

enhancers (as outlined in Table 4), were prepared.

In the permeation study, a 2 mg/mL BNB solution without any enhancers was utilized
as the reference to evaluate the enhancement factor provided by the permeation
enhancers. The selection of a 2 mg/mL concentration was based on the daily oral
dose of BNB available in the market, serving as a reference point. Given the absence
of specific topical application data for BNB, this concentration was chosen to initiate
an assessment of its permeation capacity and safety, with the aim of achieving a local
effect through topical application. This concentration choice allows for the
exploration of BNB's permeation behavior and safety considerations in the absence

of established topical application guidelines.

98



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

Table 4. Permeation enhancers used in the study, along with their molecular formula,

molecular mass, and CAS Register number.

P::‘r:ae:;cieorn Molecular formula MOIZ;:;I)VIaSS CAS Register Number
Nonane CoHa20 128.26 111-84-2
Lauryl acrylate C1502H328 240.38 2156-97-0
Squalene C3oHso 410.72 111-02-4
Azone CigH3sNO 281.5 59227-89-3
Sebacic acid C1004H13 202.25 111-20-6
(R)-(+)-Limonene CioH1s 136.23 5989-27-5
a-Pinene CioH16 136.23 80-56-8
N-ethylpirrolidine  CsH9N 71.12 123-75-1
(+)-3-caren CioH16 136.23 498-15-7
1-Decanol C100H22 158.28 112-30-1
Myristyl alcohol C140H3p 214.39 112-72-1
Oleic acid C1802H34 282.46 112-80-1
Menthol C100H20 156.27 89-78-1
Octanoic acid CgO2H16 144.21 124-07-2

CAS: Chemical Abstracts Service.
3.3.2.Preparation of the Liposomes
Five different liposome formulations were prepared:

i Pure POPC liposomes

ii. POPC:CHOL (0.8:0.2, mol/mol) liposomes
iii. POPC:CHOL:CER (0.36:0.24:0.40, mol/mol/mol) liposomes
iv. Pure La-PC liposomes

V. POPE:POPG (3:1, mol/mol) liposomes.
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All liposome samples were prepared following the methodologies described in
previously published works (Vazquez-Gonzalez et al., 2019). Briefly, for the
formulation of each liposome sample, 500 mg of BNB was added to lipid solutions in
a round-bottom flask with 10 mM chloroform—methanol (2:1, v/v), achieving the
desired molar lipid concentration for each composition. Subsequently, the mixture
underwent sonication for 10-15 s to ensure complete dissolution of BNB. After
removing the solvent via a rotary evaporator, the resulting thin lipid film was
subjected to high vacuum overnight in the absence of light to eliminate any residual

traces of organic solvent.

Rehydration of the thin films was carried out using a solution containing 10 mM
TRIS-HCI ([tris(hydroxymethyl)aminomethane] 150 mM NaCl) and 5% (v/v)
Transcutol® P at pH 7.40 (Ahmed et al., 2015; Botet-Carreras et al., 2021). Energetic
vortexing was applied for 5 cycles at a temperature exceeding the lipid mixture's
transition temperature, resulting in the formation of large multilamellar vesicles. To
homogenize the liposome size, an ultrasound bath with temperature control was
employed for 15 minutes. At last, the liposomes underwent purification by passing
through a Sephadex® G50 column mounted in a 5 mL syringe and centrifuged at 1000
rpm for 10 s using a Rotanta 460R centrifuge (Andreas Hettich GmbH & Co. KG, DE,

Tuttlingen, Germany) to eliminate non-encapsulated BNB.
3.3.3.Liposomes Physicochemical Characterization

The physicochemical characterization encompassed several parameters, including
pH, the vesicle size and polydispersity index (PDI), the zeta potential (ZP), the
osmolality, and encapsulation efficiency. pH measurements were conducted at room
temperature using a pH-meter micro pH 2001 (Crison Instruments SA, Alella, Spain)

in triplicate.

Vesicle size, PDI, and ZP were determined using a Zetasizer Nano S (Malvern
Instruments, Malvern, UK). All measurements were performed in triplicate, yielding
satisfactory deviation values (Moussaoui, Abo-horan, et al., 2021). Surface electrical

properties of the liposomes were assessed through electrophoresis measurements
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using a Zetasizer 2000 (Malvern Instruments Ltd., UK) after appropriate dilution (0.1%

w/v).

Furthermore, for the liposomes intended for ocular use, more in-depth
physicochemical studies were conducted to ensure the tolerability of these in the
eyes, so the influences of pH and ionic strength were also investigated for the
liposomes pure La-PC and POPE:POPG (3:1, mol/mol). For this task, dilute liposomal
dispersions were prepared at different pH values (3—8), and ZP determinations were
made after 24 hours of contact under mechanical stirring (50 rpm) at 25.0 £ 0.5 °C.
pH was checked and readjusted before measurements. ZP values were also recorded
for liposomes formulated at pH 6 with various electrolytes (NaCl, CaClz, and AlCl3)
and concentrations ranging from, 2 x 1071, 107, 1072, 1073, 107, and 10™ M. All
measurements, including those on blank and loaded liposomes, were performed nine

times.

Osmolality was determined using an Advanced 3320 Micro-Osmometer (Advanced

Instruments, LLC, Norwood, MA, USA) (Mallandrich et al., 2021).

Encapsulation efficiency (EE) for the five liposomes was assessed by breaking the
liposomes with 80% Transcutol® P and 10% Triton, followed by quantifying the BNB
amount using HPLC. The measured BNB amount was compared to the initial amount

using Equation (1) (Mallandrich et al., 2021).

EEY% = &xwo (7)
Qo

where, EE% represents the effectiveness of encapsulation, Qs denotes the quantity of
BNB in milligrams that is retained within the liposomes, while Qg signifies the initial

amount of BNB in milligrams utilized for the preparation of the liposome.
3.3.4.Morphological Study of the Liposomes

The analysis of morphology was conducted using a JEM-1010 microscope (JEOL Ltd.,
Tokyo, Japan) via TEM. A single droplet of each liposome was deposited onto copper
grids coated with Formvar®. The liposome sample made contact with the grid for a
duration of 1 minute. Following this, a drop of 2% uranyl acetate solution was applied

to the grid, succeeded by the addition of methylcellulose for a 10-minute period. Any
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excess methylcellulose was removed by gently tapping the filter paper at a diagonal
angle. Subsequently, the grid was allowed to air-dry before undergoing image

analysis (Andrade-Carrera et al., 2017).
3.3.5.In Vitro Durg Release Study

To evaluate drug release, we employed a dialysis membrane with a molecular cut-off
weight of 14,000 Da (Sigma—Aldrich, Madrid, Spain) in Franz-type diffusion cells with
a diffusion area of 0.64 cm? and a receptor chamber volume of 4.9 mL (Crown Glass
Company, Inc., Jersey City, NJ, USA) (Mallandrich et al., 2017; Moussaoui, Fernandez-
Campos, et al., 2021). Prior to use, the membrane was hydrated in methanol:water

(1:1) for 24 hours, washed, and then positioned in the Franz diffusion cells.

Transcutol® P served as the receptor medium and was stirred at 500 r.p.m. to
maintain homogeneity and sink conditions. The experiment was conducted at 32°C
using a thermostatic water bath. In the donor compartment, 500 pL aliquots of each
formulation were added, with five replicates for each liposome. Throughout the 31-
hour experiment, 200 uL samples were collected at specific time intervals, and
Transcutol® P was refilled after each collection to ensure a constant volume in the
cells. The collected samples underwent analysis using a validated HPLC-fluorescence
method. The cumulative amounts of BNB released from each liposomal formulation
were plotted against time, and different kinetic models were applied for data analysis
to describe the drug release profile. The determination coefficient (r?) was used to

evaluate the goodness of fit (Kurakula et al., 2012).

Furthermore, non-modelestic parameters were computed to compare various
release profiles, including the MRT of BNB from the formulation, the AUC
representing the amount of BNB released and the efficiency (E) indicating the
percentage of BNB released from the initial formulation (Pérez-Gonzalez et al., 2021).

Experiment details are provided in Table 5.
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Table 5. Experimental conditions for the in vitro release test.

Parameters Conditions

Receptor fluid Transcutol® P

Cell volume 4.9 mL

Diffusion area 0.64 cm?

Membrane Dialysis membrane
Replicates 5 replicates
Temperature 32+0.5°C

Stirring 500 r.p.m.

Dose 500 puL of each liposome

Sample volume 200 plL

0 (pre-sample time point), 3.0 h, 7.0 h, 20.3 h, 24.5 h, 28.3 h,

Sampling times and 31.0 h

3.3.6.Ex Vivo Permeation Study

The assessment of BNB's permeation and diffusion through the skin utilized Franz
diffusion cells obtained from Crown Glass Company, Inc. (NJ, USA). These cells had a
diffusion area of 2.54 cm? and a receptor compartment volume of 14 mL. Transcutol®
P served as the receptor fluid to maintain skin conditions, and the experiment was

conducted at 32 2C with continuous stirring in the receptor compartment at 500 rpm.

For the study of the intrinsic permeation of the drug, a saturated solution of BNB was
applied to human skin dermatomed at 400 um. Both untreated healthy skin and skin
treated with microneedles were included in the investigation. Using a roller with 540
titanium needles (72.3 microneedles/cm?) with a length of 0.25 mm was used to
gently press onto the skin surface. Both types of skin were mounted on Franz cells,
and a BNB saturated solution was administered. Samples of 200 pL were collected
and replaced with an equal volume of Transcutol® P at predetermined intervals over
24/30 hours. Details regarding the conditions employed in the ex vivo permeation
tests are outlined in Table 6.
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Furthermore, various solutions of BNB at a concentration of 2 mg/mL, with a chemical
permeation enhancer (refer to Table 6), were tested. Aliquots of 600 puL of the BNB
solution (either alone or with an enhancer) were applied to the skin. Samples of 200
uL were collected at different time points, with the same volume of fresh receptor
fluid replacing each sample immediately after collection to maintain constant cell
volume throughout the test. The sampling time points and the experiment duration
for both intrinsic permeation and chemical enhancer permeations were determined
based on prior method development experiments to ensure a meaningful sampling

of the permeation profile. The tests were conducted in triplicate.

Quantification of the samples obtained in both tests was performed using HPLC
coupled to a fluorescence detector. Experimental conditions for the ex vivo skin

permeation tests are summarized in Table 6.

Table 6. Experimental conditions for different enhancers, physical and chemical, ex

vivo skin permeation tests.

Condition Description

Receptor fluid: Transcutol®P

Cell volume: 14 mL
Diffusion area: 2.54 cm?
Membrane: Human skin
Thickness: 400 pm
Replicates: 5 replicates
Temperature: 32+0.5¢9C
Stirring: 500 r.p.m.
Dose: 600 plL
Sample volume: 200 plL
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To investigate the ex vivo permeation of liposomes intended for topical application
in a potential treatment for AD (POPC, POPC:CHOL, and POPC:CHOL:CER), we
adopted similar conditions used for the direct permeation of BNB in a transcutol
solution. The permeation studies were conducted using Franz diffusion cells with a
surface area of 0.64 cm? and a receptor chamber of 4.9 mL. Altered abdominal human
skin to simulate AD was positioned between the donor and receptor compartments
(Mallandrich et al., 2017; Moussaoui, Fernandez-Campos, et al., 2021). Transcutol® P
served as the receptor medium, maintained at 32 2C and constantly stirred. 500 uL
of each liposome was applied to the donor compartment. Samples of 200 uL were
collected over 25 hours, and Transcutol® P was added after each sampling time.
Analysis of the samples was performed using the validated HPLC-fluorescence

method.

Ex vivo corneal and scleral permeation studies were conducted using Franz diffusion
cells, we used the same diffusion cells as the previous study, a surface area of 0.64
cm? and a receptor chamber of 4.9 mL. Tissues were positioned between the donor
and receptor compartments (Mallandrich et al., 2017; Moussaoui, Fernandez-
Campos, et al., 2021). We applied 500 uL of liposome, either La-PC or POPE:POPG, in
the donor compartment, with five replicates for each tissue. Receptor compartment
was Transcutol® P kept at 37 2C, and stirred continuously. A volume of 200 pL was
withdrawn from the receptor compartment at fixed intervals and replaced by an
equivalent volume of Transcutol® P. Quantification of the samples was conducted

using HPLC with a fluorescence detector.

The experimental conditions for both permeation studies, one involving altered
human skin (AHS) with liposomes intended for AD treatment and the other in ocular
tissues, are delineated in Table 7 and in Figure 16 we can see the diagram followed

by all the tissues on the ex vivo and extraction studies.
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Table 7. Experimental conditions for the ex vivo permeation test in skin and ocular

tissues with the different liposomes.

Parameter Conditions
Receptor fluid Transcutol® P
Cell volume 4.9 mL
Diffusion area 0.64 cm?

Altered Human Skin

Membrane
Cornea and Sclera
Replicates 5 replicates
37 £ 0.5 °C for Sclera and Cornea
Temperature
32+ 0.5 °C for skin
Stirring 500 r.p.m.
500 pL of liposomes (La-PC or POPE:POPG) on sclera and cornea
Dose 500 pL of liposomes (POPC, POPC:CHOL, and POPC:CHOL:CER) on

skin
Sample volume 200 plL

Sampling times on

<clera and cornea 0 (pre-sample time point), 2.1 h,4.2 h,and 6.0 h

Sampling times on

<kin 0 (pre-sample time point), 7.0 h, 14.5h, 19.7 h, 22.5 hand 25.0 h

Liposome

s
_ skin or ocular
i tissue

s - ~Transcutol )
| Washed and Transcutol
— weighted tissue
Ultrasonic bath
Ex vivo permeation study Drug extraction from the tissues BNB determination by HPLC

Figure 16. Ex vivo permeation and extraction studies diagram.
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3.3.7.Retention Study

After completing the permeation study, all tissues were removed from the diffusion
cells and washed with distilled water to eliminate any remaining liposomes or BNB
solution on the tissue surface. To extract BNB retained in the tissues (Moussaoui,
Abo-horan, et al., 2021), the permeation area was excised, weighed, and immersed
in 1 mL of Transcutol® P, followed by sonication for 10 minutes using an ultrasonic
water bath. Subsequently, the supernatant was filtered and quantified using HPLC
with a UV/Vis detector. The extraction process from various tissues is illustrated in
Figure 16. The amount retained in the tissues [Qret (ug/g skin/cm?)] was calculated
using Equation (2), and the results are expressed normalized by the weight of the
tissue as well as by the diffusion area (0.64 cm? or 2.54 cm?) and multiplied by the

recovery of the drug:

100

W x A R’ (8)

In the provided equation, Qext represents the amount of drug extracted from the
tissue, measured in pg. W denotes the weight of the tissue in grams, and A represents
the diffusion area in cm?. Lastly, R signifies the proportion of BNB that is recovered in

each tissue also known as recovery constant (Mallandrich et al., 2017).
3.3.8.Biopharmaceutical parameter data analysis

Three parameters were calculated for each type of permeation: flux (Jss, ug/h),
permeability coefficient (Kp, cm/h), and the theoretical predicted plasma

concentration in human steady state applied to a 10 cm? surface (Css, ng/mL).

The permeation profile was generated by plotting the cumulative permeated
amounts of BNB against time. Flux was determined by analyzing the linear portion of
the permeation profile using regression analysis (GraphPad Software Inc. version 5.0,
San Diego, CA, USA) (Sanz et al., 2017). The resulting slope, corresponding to the flux,

is described in Equation 2:

Jss = (9)
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Where, Jss represents the flux (ug/h-cm?) at the steady state; at the steady state, Qt
denotes the amount of drug in the receptor fluid that diffused through the skin (ug),
A signifies the cell diffusion area (cm?); and t is the time during which the receptor

medium has been accepting the drug (h).

The permeability coefficient was determined by the ratio of flux to the initial

concentration, as described in Equation 3:

_ Jss

Kp = — 10
p ' (10)

Where, Kp represents the permeability coefficient expressed in cm/h, where Jss
denotes the flux, and Co corresponds to the initial concentration of the applied drug

expressed in pug/mL.

The predicted plasma concentration at the steady state in humans was determined

based on Equation 4:

]SS * A
[CL,]"

Css = (11)

Css (ug/mL) represents the predicted concentration of BNB in the plasma,
considering a hypothetical application surface of 10 cm? (A), and the plasma
clearance in humans (Clp) (Gomez-Segura, Parra, Calpena-Campmany, et al., 2020)

obtained from literature sources (9.42 L/h) (CHMP, n.d.).

The MTT signifies the duration in which BNB traverses the skin. The MTT of BNB was
calculated for both skin treated with enhancers and non-treated skin, the equation
used is described in the Equation 3 from the introduction. As well as all the elements
needed for calculations are defined in the equations 4 and 5 from the same segment:

the partition coefficient (P1) and the diffusion coefficient (P2) and the TI.

Lastly, the enhancement factor (EF) was calculated as the ratio of the permeability
coefficient (Kp) of the enhancer to that of the non-treated skin, as per Equation 8

(Shaikh et al., 2009):

K, enhancer

EF = )
K,(non — treated)

(12)
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3.3.9.In Vitro Tolerance Study

The potential risk of ocular irritation induced by BNB liposomes was assessed through
the HET-CAM test. This test measures the capacity to induce toxicity on the CAM of
a 10-day embryonated hen’s egg, sourced from the G.A.L.L.S.A. farm in Tarragona,
Spain. The effects observed include the onset of hemorrhage (bleeding), coagulation
(blood vessel disintegration), and vessel lysis coagulation (protein denaturation intra-
and extra-vascular) (Mallandrich et al., 2021). Each of these elements were evaluated
individually, and their cumulative impact was used to determine a score (IS). This
score was subsequently utilized to classify the irritancy level of the test substance
(Spielmann, 1995b). The equation used to calculate the IS value is described in the

introduction in the equation 6.

For the HET-CAM test, 300 pL of liposomes was applied to the CAM, and the
membrane was observed for 5 minutes to assess the severity of each reaction,
following the INVITTOX protocol. A solution of NaOH 0.1 N served as the positive
control, while a 0.9% NaCl solution was used as the negative control (Interagency

Coordinating Committee on the Validation of Alternative Methods (ICCVAM), 2010).

Furthermore, we assessed alterations in corneal transparency following the
application of liposomes to the cornea. The method involved exposing the cornea to
a specified beam of light and detecting the transmitted light without absorption or
scattering (Meek & Knupp, 2015). Transmittance was examined in the wavelength
range of 150 to 760 nm for corneas that had been immersed in Liposome La-PC,
Liposome POPE:POPG, PBS pH 7.4 (negative control), and ethanol (positive control)

for a duration of 10 minutes (Garcia-Otero et al., 2021).
3.3.10. Corneal and Scleral Histological Study

For the histological examination of the cornea and sclera, tissue samples from both
were exposed to dilutions of Liposome La-PC, Liposome POPE:POPG, or distilled
water (negative control) for a duration of 6 hours. Subsequently, the samples were
processed for hematoxylin and eosin staining, following the methodology outlined by
Gbémez Segura et al. (GOmez-Segura, Parra, Calpena, et al., 2020). In a summary,

corneal and scleral tissues were fixed in 4% buffered paraformaldehyde for 24 hours.
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After dehydration, these tissues were embedded in paraffin, cut into 6 um sections,
stained, and mounted on DPX (Sigma Aldrich). The samples were observed under a

microscope (Olympus BX41 and camera Olympus XC50) in a blind-coded fashion.
3.3.11.In Vivo Skin Tolerance Study and Histological Analysis

Liposomes designed for topical application, specifically POPC liposome, POPC:CHOL
liposome, and POPC:CHOL:CER liposome, underwent evaluation using a modified
Draize skin test to investigate their impact on induced erythema and edema. This test
involved simulating atopic skin flare-up conditions with xylol. Non-anesthetized New
Zealand healthy rabbits from Harlan (Barcelona, Spain) were employed, adhering to

standard care conditions with ad libitum access to food and water.

The objective was to identify potential signs of damage on altered skin, gauged by
the levels of erythema and edema (Gupta, 2016; Lee et al., 2017). The studies were
conducted in accordance with the Mexican Official Norm for Animal Care and

Handling (NOM-062-Z00-1999).

To induce altered rabbit skin (ARS) to simulate a normal skin from an AD patient,
microneedles were utilized to compromise the skin barrier function on the rabbits'
backs, one day after baseline measurements and shaving. Animals were categorized
into different groups: the negative control group, which only underwent
microneedles; the positive control group, which, in addition to microneedles,
received xylol to induce skin irritation; and three other groups that received

microneedles, xylol, and one of the liposomes.

Subsequently, 0.5 mL of xylol was applied to all rabbits except the negative control.
The positive control received microneedles plus xylol. Responses were recorded at
15 minutes, 45 minutes, and 3 hours 30 minutes. Simultaneously, transepidermal
water loss (TEWL) and skin hydration were measured at these time points. A visual
scoring system assessed inflammation, classifying from 1 to 4 based on the extent of
erythema and edema (S. Singh & Singh, 2004): 0 denotes no erythema and no edema,
1 denotes a little sign of erythema or edema, 2 denotes explicit erythema or slight

edema, 3 denotes a moderate to severe erythema or edema and 4 refers to serious
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erythema (beet redness) through to the first signs of depth injuries or severe edema

(Mehanna et al., 2020).

Xylol served as an irritant to induce allergic contact dermatitis (ACD), characterized
by manifestations such as skin redness, swelling, warmth, itching, dryness, and
flaking. Other articles, like those of Patricia L Nadworny et al. (Nadworny et al., 2010)
or Liu Tang et al. (Tang et al., 2021), used dinitrochlorobenzene, or Paul L. Stanley et

al. (Stanley et al., 1991), who used 12-O-tetradecanoylphorbol-13-acetate (TPA).

TEWL, measured by Tewameter (TEWL-Dermalab, Agaram Industries, India),
indicates the amount of water that can diffuse through the skin SC per unit of time,
with higher values suggesting damage to the skin barrier (Netzlaff et al., 2006). The
appropriate structure of intracellular lipids in the SC is one of the key factors in
retaining transdermal water (Alexander et al., 2018; Verdier-Sévrain & Bonté, 2007).
The skin hydration was measured by a Corneometer (EnviroDerm, Ireland),

guantifying the water content within the corneum.

Following the 3-hour monitoring of the mentioned parameters, the animal specimens
subjected to treatment underwent a histological evaluation to analyze the impact of
the administered liposomes. To ensure this assessment, the animals were humanely
euthanized using xylazine (Rompun® 20 mg/mL, Bayer Hispania, Sant Joan Despi,
Spain) and ketamine (Imalgene® 100 mg/mL, Boehringer Ingelheim Animal Health
Espafia, Sant Cugat del Vallés, Spain). The euthanasia mixture was injected through
the right ear vein at a dosage of 4 mg/kg, as detailed in Parra-Coca et al. (Parra-Coca

et al.,, 2021).

Following the confirmation of clinical death, the skin from the dorsal area was
promptly excised, rinsed with PBS pH 7.4, and left overnight at room temperature in
4% buffered formaldehyde. Subsequently, the skin samples were embedded in
paraffin wax. Transverse sections of 5 um thickness were prepared, stained with
hematoxylin and eosin, and subjected to examination using a light microscope
(Olympus BX41 and camera Olympus XC50) on blinded-coded samples to assess the

histological structure (Garrés et al., 2022).
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3.3.12. Confocal Raman profiling

The Raman analysis was conducted utilizing a Model 3510 SCA Skin Analyzer,
equipped with RiverICon version 3.0.130327 software from RiverD International B.V.,
Rotterdam, The Netherlands. The instrument was configured with two near-infrared
(NIR) lasers emitting monochromatic light at 785 nm and 690 nm, respectively.
Spectra were captured in two regions: the fingerprint region (FP) spanning 400—-1800

cm™ and the high wavenumber region (HWN) ranging from 2500 to 4000 cm™.

Prior to the experiment, the instrument underwent calibration using an external
National Institute of Standards and Technology (NIST) glass calibration standard, in
addition to the instrument's internal Raman calibration standards, which included a
neon lamp and a polymethylmethacrylate Raman sample. Calibration success was
determined by meeting the predefined criteria within the software and achieving a

signal-to-noise ratio exceeding 30.

To generate the Raman profile of BNB, ten frames were sequentially captured with a
30-second exposure time, and the average of these frames was computed. Two
different solutions were prepared using solvents: a 2% BNB solution in Transcutol and
a 5% BNB solution in DMSO. DMSO and Transcutol blanks were also prepared to
eliminate reference signals from the solvents, facilitating the isolation and analysis of

the signal specific to the drug.

While the majority of Raman spectroscopy typically employs a single wavelength like
785 nm and focuses on the FP region from 450 to 1750 cm™, encompassing Raman
signatures of various skin components, including natural moisturizing factor (NMF),
ceramide, uranic acid, etc., it is noteworthy that the HWN region (2800—-3800 cm™)
with prominent Raman peaks of water and methyl groups is also crucial in assessing

tissue hydration(R. Zhang et al., 2021).
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3.3.13. BNB Determination by HPLC

The quantification of BNB in samples obtained from both in vitro release studies and
ex vivo permeation studies (in skin and ocular tissue) was carried out using an HPLC
system equipped with a fluorescence detector. However, the analysis of samples
derived from the study of the drug amount retained in the tissue was conducted using

an HPLC system with a UV detector.

The HPLC system with a fluorescence detector (HPLC-F) comprises a Chromatograph
Waters Alliance 2695 and a Fluorescence Jasco FP-1520 detector set at an excitation
wavelength (EX) of 310 nm and an emission wavelength (EM) of 390 nm. The

chromatographic conditions for the determination of BNB are presented in Table 8.

Table 8. Chromatographic conditions for the determination of BNB with a

Fluorescence detector.

Parameters Conditions

Chromatographic column Symmetry C18 (4.6 x 75 mm, 3.5 um)

Mobile phase Ammonium Formate 10 mM pH 7:ACN (75:25 v/v)
Flux 1 mL/min

Injection volume 10 pL

Wavelength Ex 310 nm and Em 390 nm

Standard concentrations range 0.031 to 1 pg/mL

The HPLC system with a UV detector (HPLC-UV) consists of a Waters 1525 pump and
a 2487 UV-VIS detector (Waters, Milford, USA) operating at a wavelength of 310 nm.

Table 9 outlines the chromatographic conditions employed for the analysis of BNB.
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Table 9. Chromatographic conditions for the determination of BNB with a UV

detector.

Parameters Conditions

Chromatographic column Symmetry C18 (4.6 x 75 mm, 3.5 um)

Mobile phase Ammonium Formate 10 mM pH 7:ACN (75:25
v/v)

Flux 1 mL/min

Injection volume 10 pL

Wavelength EX 310 nm

Standard concentrations range 2.5 - 40 pg/mL

3.3.14. Validation of the Analytical Methods

Due to the broad concentration range observed in the samples collected from the ex
vivo permeation study and drug extraction from the different tissues, two distinct
HPLC methods were validated and used as we explained in the previous section
3.3.13 for the quantification of BNB: HPLC-UV for samples with concentrations falling
within the range of 2.5 - 40 pg/mL, and HPLC-Fluorescence for samples within the

concentration range of 0.063 to 1 ug/mL.

All the components and characteristics of both methods have just been explained;

we will now proceed to describe the validations of both HPLC procedures.

Calibration curves for both analytical methods were established by diluting BNB in
Transcutol®P, starting from a stock solution of 60 pg/mL of BNB in Transcutol®P. The

concentrations of the working standard solutions are provided below:

=  HPLC-F curve: 0.063, 0.125, 0.25, 0.5 and 1 pg/mL;
=  HPLC-UV curve: 2.5, 5, 10, 20 and 40 pg/mL.

Empower 3 software (Waters, Milford, USA) was used to process the data. The

validation of the methods was performed as described in the ICH Q2A and ICH Q2B
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Guidelines (ICH Expert Working Group, 2005), in terms of, precision, accuracy,

linearity, sensitivity and specificity.

Linearity:

Five calibration curves at 5 concentration levels were prepared to evaluate the
linearity of both methods. The correlation coefficient (r?) of the calibration curves
was calculated by linear regression analysis, and the response factor for each

calibration curve was evaluated, by one-way analysis of variance (ANOVA).

Accuracy and Precision:

The inter-day precision of both methods was determined with five calibration curves
prepared on different days by two different researchers and the relative standard

deviation (%RSD) indicated the precision at each concentration level.

The accuracy was assessed by calculating the percentage of relative error (%RE) of
the estimated concentration to the nominal one, at each concentration level
(Equation 9):

(CO - Cn)
%RE = — 13
o C, 100’ (13)

where, Cp is the observed concentration and Cn is the nominal concentration.

Sensitivity and specificity:

The limits of detection (LOD) and quantification (LOQ) led to stablish the sensibility
of the methods. The LOD and LOQ were calculated starting from the relationship
between the standard deviation of the response and the slope of the calibration
curve. Equation 10 and Equation 11 describe the estimation of LOD and LOQ,

respectively:

3.3%sS
LOD = : (14)
p
10 * s
LOQ = _— (15)

where, s is the standard deviation of the response, and p is the slope of the calibration

curve.
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The specificity was evaluated as the absence of any peaks interfering at the retention

time of BNB in the chromatographic conditions.
3.3.15. Statistical Analysis

Prism®, v. 5.00 software (GraphPad Software Inc., San Diego, CA, USA) was used for
all statistical studies. The T-test was performed on the permeation with non-treated
and treated skin with microneedles and ANOVA analysis was conducted on the
permeation data regarding the chemical enhancers with statistical significance of

p<0.05.
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In this section, we delve into the results of the thesis, presenting a comprehensive
analysis of the findings obtained through various experiments and studies. The

outcomes discussed here provide valuable insights into the use of topical BNB.

| present all the findings at the same order | have written the different

methodologies.

4.1. LIPOSOMES PHYSICOCHEMICAL CHARACTERIZATION
4.1.1.Liposomes Intended for SS Treatment: La-PC and POPE:POPG

The liposomes underwent measurements for pH, osmolality, and encapsulation
efficiency, with the corresponding outcomes detailed in Table 10. Both liposomal
formulations exhibited a pH within the physiological range, an osmolality value

suitable for ophthalmic application, and an encapsulation efficiency below 20%.

Table 10. Results for pH, osmolality, and encapsulation efficiency (EE) of the

liposomes. The values are expressed as the mean + SD (n = 3).

Liposome pH Osmolality (mOsm/Kg) EE (%)
La-PC 74%0.1 306 +2 12+0.9
POPE:POPG 7.4+0.1 3055 11+£1.1

The liposomes share comparable sizes and bear a negative charge, with POPE:POPG

displaying a notably higher ZP. The specific values are detailed in Table 11.

Table 11. Liposome composition alongside their respective hydrodynamic diameter,

PDI, and ZP The outcomes are presented as the mean + SD (n = 3).

Hydrodynamic

Composition Formulation . PDI Zeta Potential (mV)
Diameter (nm)

blank 73.0+3.0 0.040 -225+1.1
La-PC

+BNB 61.7+0.5 0.081 -20.7%+0.5

blank 60.5+0.6 0.124 -32.0+£3.0
POPE:POPG

+BNB 51.7+0.8 0.202 -37.0+5.0
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The investigation into surface electrical properties demonstrated a pH-dependent
behavior in the liposomes. ZP values indicated a consistently negative surface charge
across the entire pH range for all formulations, with no discernible distinctions
between blank and loaded liposomes. Figure 17 illustrates the ZP variation of the

liposomes relative to pH.
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Figure 17. ZP of liposomes as a function of pH. Each point represents the Mean + SD
(n = 9). *** Statistical differences between La-PC liposomes and POPE:POPG
liposomes (p < 0.0001) on a t-test analysis comparing La-PC vs. POPE:POPG loaded

with BNB. Significance level set at p < 0.05.

The ZP results concerning the influence of ionic strength are depicted in Figure 18.
Generally, there is an observable trend of decreasing absolute values as the

concentration of electrolytes increases.

In the pH investigation, no significant differences between blank and loaded
liposomes were detected. Specifically, in the presence of monovalent and divalent
cations, ZP exhibited negative values at low electrolyte concentrations, with absolute
values decreasing as the electrolyte concentration rose. With NaCl, the negativity
persisted around 0 and slightly became positive at concentrations of 102 M, 10 M,
and 2 x 101 M, respectively. For Ca?* ions, ZP values turned positive or approached 0
from concentrations of 10* M or 102 M, depending on the liposome type. Finally, ZP

values remained positive across the entire range of concentrations tested for Al*3.
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Figure 18. ZP of liposomes as a function of the concentration of NaCl, CaCl,, and AlCls
at pH 7.4. (a) La-PC liposomes and (b) POPE:POPG liposomes. Each point represents
the mean £ SD (n =9). An ANOVA was conducted and then followed by Tukey analysis,
considering three groups of electrolyte types at each concentration for both
liposomes La-PC and POPE:POPG loading BNB. *** Statistical differences p < 0.0001
between all the electrolytes; *** Statistical differences p < 0.0001 between NaCl vs.
AICI; for La-PC; * Statistical differences p < 0.05 between NaCl and CaCl; vs. AlCls for
La-PC; *** Statistical differences p < 0.0001 between NaCl and AICls vs. CaCl,.

4.1.2.Liposomes Intended for AD Treatment: POPC, POPC:CHOL and
POPC:CHOL:CER

The three liposomes mentioned at the title section (POPC, POPC:CHOL and
POPC:CHOL:CER) were characterized for pH, particle size and size distribution, EE and
surface charge. The evaluations were conducted on freshly prepared liposomes and

after storage at 4 °C for 1 month.

The pH value of all liposomes was consistent at 7.4 t+ 0.1, aligning with the

requirements for effective atopic skin treatments. Additionally, the EE was
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comparable across formulations, with EE (%) values of 6.21 + 0.55% for POPC, 5.57 +
0.50% for POPC:CHOL, and 6.21 + 0.63% for POPC:CHOL:CER.

Table 12 provides details on the vesicle size, PDI, and ZP for each liposome. While all
liposomes exhibited similar characteristics, POPC:CHOL:CER liposomes displayed a
higher ZP. The table also includes information on the physical stability of the

liposomes over a one-month period.

Table 12. Liposomes composition: hydrodynamic diameter, PDI and ZP; and physical

stability for 1 month. The results are presented as mean £ SD (n = 3).

Hydrodynamic

iti PDI Y4 P ial (mV
Composition Diameter (nm) eta Potential (mV)
1Day 1Month 1DaylMonth 1Day 1 Month
0= -14.2 +
POPC 86.0 86.9+1.1 0.120 0.119 -13.9+0.8
1.4 0.3
POPC:CHOL + _ +
3.5% 554+1.3 0.174 0.172 13.2% -13.5+0.9
(8:2, mol/mol) 0.9 13
POPC:CHOL:CER
4.1 + -18.3 +
(3.6:2.4:4.0 60 5 65.0%07 0120 0.117 f: -18.1+1.3

mol/mol/mol)

A one-way ANOVA test was carried out and then followed by Tukey’s multiple
comparison test. All three liposome sizes are statistically different from each other (p
< 0.0001). Similarly, the ZP of POPC:CHOL:CER is different from the other two
liposomes (p < 0.05). Liposome POPC and POPC:CHOL do not have a significantly

different ZP compared to each other.

As we can see in the Table 12, one month after their preparation, these values were
recalculated, and no significant changes were observed, with the maximum variation

being limited to 4%.
4.2. MORPHOLOGICAL STUDY OF THE LIPOSOMES

TEM images of all the investigated liposomes are illustrated in Figure 19. The

liposomes obtained exhibited a spherical shape, and no aggregates were observed.
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Figure 19. TEM images of the liposomes. (a) Liposome La-PC; (b) POPE:POPG. (c)
Liposome POPC; (d) Liposome POPC:CHOL; (e) Liposome POPC:CHOL:CER. The scale

bar stands for 200 nm less in image B, which represents 500nm.
4.3. IN VITRO DRUG RELEASE STUDY

The release data from all liposomal studies were subjected to various kinetic models.
None of the liposomes' release profiles aligned with a nonlinear regression model.
Among the five liposomes studied, four exhibited a drug release kinetic profile fitting
the One Site Binding (hyperbolic) equation, while the POPC liposome displayed a

distinct profile, aligning with the Polynomial: Second Order equation.
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When comparing liposomes designed for ophthalmological application, both
followed a hyperbolic system. Specifically, liposome La-PC demonstrated a faster
drug release compared to liposome POPE:POPG. Moreover, liposome La-PC achieved
complete drug release, while liposome POPE:POPG released only 64%, with the

remainder retained.

Regarding liposomes designed for skin application, it was observed that liposome
POPC:CHOL:CER exhibited a faster drug release than the other two liposomes. By the
8th hour, the release of BNB had reached a plateau, indicating that the maximum
amount of drug release had been achieved. However, the total amount of drug
released was lower than that observed with the other liposomes. In contrast,
liposomes POPC and POPC:CHOL showed sustained release profiles for up to 53
hours, achieving a 2-fold drug release compared to liposome POPC:CHOL:CER, as

illustrated in Figure 20.

Figure 20 depicts the release profiles of BNB with four liposomes’ data fitted to the
one-site binding model (Y = Bmax*X/KD + X) and one liposomes’ data fitted to

Polynominal: Second Order (y = A + Bx + Cx?).

POPC:CHOL
POPC:.CHOL:CER
POPC

La-PC
POPE:POPG

tttdd

Cumulative released amount
of baricitinib (ug)

0 20 40 60
Time (h)
Figure 20. Release profiles of BNB from the liposomes intended to use in AD
treatment: POPC, POPC:CHOL and POPC:CHOL:CER; and release profiles of BNB from
the liposomes intended to use in SS treatment: La- PC and POPE:POPG. The graph
stands for BNB cumulative released (ug) vs. time (h). Results are expressed by mean

+SD (n=5).
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As we have investigated the drug release from the 5 liposomes in the same way, so
to better appreciate the differences in the release profiles among them, we have
depicted them in a single graph. Subsequently, in view of we want to apply the
liposomes for different purposes, we have presented their kinetic modeling
characteristics in separate tables. First, we have liposomes intended for
ophthalmological use (Table 13) which provides the fitted values for the model's
parameters Bmax and KD. A T-test comparing La-PC and POPE:POPG revealed
significant differences for Bmax. And in the following table, we have liposomes
designed for direct applications on the skin (Table 14) which present the equations

for each of the three liposomes.

Table 13. Best fit values in the kinetic modeling for the liposomal formulations and
the statistical analysis by a T-Test between La-PC and POPE:POPG. Significance level

set at p < 0.05.

Parameters La-PC POPE:POPG
Bmax (ug) 21.42 6.836

KD (h) 2.735 2.398

SE Bmax 0.424 0.052

SE KD 0.290 0.105

95% Cl Bmax 20.33t022.51 6.701 t0 6.971
95% CI KD 1.989 to 3.480 2.128 t0 2.668
R? 0.9992 0.9999
p-value Bmax <0.0001

p-value KD 0.3047

Bmax = maximum amount released (pg); KD = time required to reach 50% of the drug

release (h); SE = standard error; Cl = confidence interval.

The context of our investigation into the treatment of AD, it is noteworthy that the
liposomes designed for this study present divergent drug release profiles, as we

previously mentioned. Particularly, the formulation containing POPC exhibits a
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unique release profile, deviating from the equations characterizing the other two
formulations, namely POPC:CHOL and POPC:CHOL:CER. The intricate dynamics of
drug release are visually represented in Figure 20, elucidating the distinct kinetic
behaviors of these liposomal formulations. Table 14 provides detailed information on
the best-fit values obtained through kinetic release modeling for each liposome

formulation.

Table 14. Best-fit values for liposome formulations in kinetic release modeling.

Best-Fit Values According to the

Liposome Equation ]
P 9 Equation

A B C Bmax (Mg) Ka (h)

Polynominal: Second Order

POPC 0.21 0.08 0.002 - -
y = A+ Bx + Cx?
One site binding
POPC:CHOL (hyperbola) - - . 18.37  38.34

Y = BmaxX/(Kqg + X)

One site binding
POPC:CHOL:CER (hyperbola) - - . 5.55 1.45
Y = BmaxX/(Kd + X)

A, B and C = parabola coefficients. Hyperbola parameters Bmax = maximum amount

of BNB that can be released; and Kd = drug release constant.

For the comparison of distinct drug release profiles among the three liposome
formulations, non-modelistic parameters such as AUC, release efficiency and MRT
were calculated. As shown in Figure 21, the non-modelistic parameters, along with
the corresponding statistical tests, affirm the presence of significant differences
among the three liposomes. Specifically, liposome POPC:CHOL exhibits the highest
AUC values and the greatest release efficiency percentage. However, in contrast, it
registers the lowest MRT value, indicating a comparatively faster drug release profile

compared to the other liposomal formulations.
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Figure 21. Non-modelistic parameters of: (a) Area Under the Curve (AUC: pg/h); (b)
Efficiency (E: %); (c) Mean Release Time (MRT: h). A one-way ANOVA test was carried
out, followed by Tukey’s multiple comparison test (* p < 0.05, *** p < 0.0001). The

results are presented as the mean £ SD (n = 5).

4.4. EX VIVO PERMEATION STUDIES

In the results of the ex vivo permeation studies, | first present those conducted with
BNB solutions, including the intrinsic solution used on skin treated with physical
promoters, such as microneedles, and the 2 mg/mL BNB solutions employed with
various chemical promoters. Next, | present the results obtained from ex vivo
permeation in the cornea and sclera using the La-PC liposome and the POPE:POPG
liposome. Finally, we have the results of ex vivo permeation in the skin using the POPC

liposome, the POPC:CHOL liposome, and the POPC:CHOL:CER liposome.

4.4.1. Intrinsic permeation of BNB in human skin (non-treated and treated skin

with microneedles)

First, the intrinsic permeation study was performed using a saturated solution of BNB
in Transcutol®P on intact healthy skin and skin treated with microneedles as a
physical promoter. We present the results of the following study in Table 15, which
shows us permeation parameters such as the MTT in the skin and the enhancer factor
(EF), and Figure 22, where we can observe the drug permeation profile in both types
of skin, its flux (Jss, pg/h-cm?), the permeability coefficient of BNB to permeate each
of the skins (Kp, cm/h), and finally, the predicted plasma concentration at the steady-

state in human skin (Css, pg/mL).
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Table 15. Biopharmaceutical parameters of BNB solutions with and without physical

penetration enhancer.

Parameter Normal skin Treated with microneedles
MTT (days) 93.8 31.2
EF - 3.0

MTT = mean transit time in the skin; EF= enhancement factor.
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Figure 22. BNB permeation profile in normal and skin treated with microneedles: (a)
BNB cumulative amount permeated (ug) vs time (h); (b) BNB solutions flux (Jss;
ug/h-cm?); (c) The permeability coefficient of BNB (Kp; cm/h); (d) Predicted plasma
concentration of BNB at the steady state in the plasma considering a hypothetical
surface of application of 10 cm? (Css) (ng/mL). Results are expressed by mean + SD (n
=5). T-test analysis of variance with a statistically significant difference: ** = p < 0.01;

*%% = p < 0.0001.

In all cases, the value of the studied parameters was higher in the skin treated with
microneedles compared to normal skin, with the amount permeated in the skin
where we used the physical enhancer being 2.5 times higher than the amount

permeated in normal skin.
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4.4.2. Evaluation of Chemical enhancers on BNB’s permeation through human

skin

The impact of the chemical enhancers was assessed by a permeation study using a
2mg/mL solution of BNB in Transcutol®P with different chemical enhancers on intact
healthy skin The permeation profile of BNB with the tested enhancers and without
enhancer is presented in Figure 23, the Jss (ug/h-cm?) is depicted in Figure 24 and
Table 16 shows the rest of the permeation parameters: Kp (cm/h), Css (ug/mL), the
MTT (days) and the EF for each penetration enhancer. A solution at the same
concentration of BNB was used as a control (Non E). See Table 16 for the equivalence

of the enhancers code and their identity.
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Figure 23. BNB permeation profile: BNB cumulative amount permeated (ug) vs time
(h): (a) Mean cumulative amount BNB permeated; (b) mean cumulative amount

BNB permeated without M enhancer.
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Figure 24. Flux of BNB obtained from the permeation of solutions with different
enhancers and comparison to the plain solution without chemical enhancer. Results
are expressed by mean + SD (n = 5). ANOVA with Turkey’s Multiple Comparison
Test. Statistically significant difference between solutions vs no enhancer: ** = p <

0.01; *** = p < 0.0001.

Table 16. Biopharmaceutical parameters of BNB solutions with and without a
penetration enhancer. Parameters presented are Kp, predicted plasma concentration

of BNB at the steady state in humans (Css), MTT in the skin and the EF.

Permeation enhancer Kp (x10%cm/h) Css (ng/mL) MTT (days) EF

Nonane 0.57+0.05 0.12+0.01 NA 0.97
Lauryl acrylate 0.3710.03 0.08£0.01 NA 0.63
Squalene 1.54+0.16 0.33+0.02 64.1 2.59
Azone 2.22+0.23 0.47+0.05 NA 3.73
Sebacic acid 0.10+0.01 0.02+0.00 NA 0.17
(R)-(+)-Limonene 1.55+0.15 0.33+0.03 NA 2.61
a-Pinene 4.35+0.42 0.92+0.09 22.7 7.32
N-ethylpirrolidine 0.7940.08 0.17+0.02 NA 1.33.
(+)-3-caren 7.14+0.74 1.5140.16 13.8 12.02
1-Decanol 3.17+0.32 0.67+0.07 NA 5.33
Myristyl alcohol 7.49+0.78 1.59+0.17 13.2 12.60
Oleic acid 0.18+0.01 0.04+0.00 535.2 0.31
Menthol 15.18+1.60 3.22+0.34 NA 25.55
Octanoic acid 5.92+0.60 1.26+0.13 16.6 9.97
Non-Enhancer 0.59+0.06 0.13+0.01 165.7 -

Results are expressed by mean + SD (n = 5).
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Menthol by far achieves superior permeation compared to the other studied
situations, followed by Myristyl alcohol and (+)-3-carene. Specifically, compared to
permeation without using any chemical enhancer, they manage to multiply the

permeation of BNB in the skin by 25, 12, and 12, respectively.
4.4.3. Ex Vivo Sclera and Cornea Permeation Study

The evaluation of both liposomes on the cornea exhibited robust correlation with r?
reaching 0.99, indicating a strong association. In the sclera, the r? values were even
higher, surpassing 0.97. Subsequent to this analysis, a comprehensive set of
permeation parameters was calculated, encompassing the permeation profile, flux
(Jss, ug/h), permeability coefficient (Kp, cm/h), cumulative permeated amount at 24
h (Cum BNB 6 h, pg), and theoretical plasma concentration in humans at the steady
state (Css, ng/mL) for BNB. The distinctive behavior of both liposomes on the sclera
is visually depicted in Figure 25, while Figure 26 illustrates their respective impact on

the cornea.

IN
)
o
o]
]

w
1
o
[e2]
1

(ng)
Flux (ug/h)

o

*

1 * La-PC
POPE:POPG

Cum amount permeated
o
N
1

La-PC POPE-POPG

(a) (b)

0.054 0.0001+

*k*k

—

Kp (cm/h)
Cee (ug/mL)

La-PC POPE-POPG

La-PC POPE-POPG

(c) (d)

131



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

Figure 25. Ex vivo scleral permeation. (a) BNB permeation profile: BNB cumulative
amount permeated (ug) vs. time (h); (b) BNB flux for each liposome; (c) BNB amount
retained in the scleral tissue; (d) theoretical plasma concentration at the steady-state
in humans. Results are expressed by mean + SD (n=5). T-test analysis with statistically

significant difference: *** = p < 0.0001.
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Figure 26. Ex vivo transcorneal permeation. (a) BNB permeation profile: BNB

cumulative amount permeated (pg) vs. time (h); (b) BNB flux for each liposome; (c)
BNB retained amount in the cornea; (d) theoretical plasma concentration at the
steady state in humans. Results are expressed by mean + SD (n=5). t-Test analysis,

statistically significant difference: *** = p < 0.0001.
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4.4.4. Ex Vivo Skin Permeation Study

In view of the heightened permeability characteristic of AD skin relative to healthy
skin, microneedles were utilized to augment skin permeability, resulting in a more

permeable skin known AHS as we mentioned in the methodology section.

The permeation profile, showcasing the cumulative amount permeated through AHS
over a 25-hour duration, is illustrated in Figure 27. Notably, liposome POPC:CHOL
exhibited the highest permeation, closely trailed by liposome POPC:CHOL:CER, while
liposome POPC displayed the lowest permeation among the three liposomes tested.
The calculated permeation parameters, including flux (Jss, ug/h), permeability
coefficient (Kp, cm/h), and theoretical predicted plasma concentration in human

steady state (Css, ng/mL), are detailed in Table 17.
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Figure 27. BNB permeation profile: cumulative amount of BNB permeated (ug) vs.

time (h). The results are presented as mean + SD (n = 5).

Table 17. Permeation parameters of three liposomes: cumulative amount of BNB
permeated at 25 h (AP25h, ug), flux (Jss, ug/h), permeability coefficient (Kp, cm/h)
and predicted steady-state plasma concentration in human steady state on a 10 cm2

surface application (Css, ng/mL).

AP35, (Ug) Jss (ng/h) Kp (10™* cm/h) Css (ng/mL)
POPC 5.13+0.52 0.22 +£0.03 1.14 £ 0.16 0.36 £ 0.05
POPC:CHOL 21.93+£2.20 0.29+0.03 1.52 £0.16 0.48 £ 0.05

POPC:CHOL:CER 14.36+1.40 0.77+0.07 4.01 £0.37 1.28 £0.12
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ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were
performed, and all were statistically different from each other (p < 0.001). Results are

expressed by mean £ SD (n =5).
4.5. AMOUNT OF DRUG RETAINED

The results of the studies on the amount of drug retained in the tissue, whether skin,
cornea, or sclera, are presented in the same order as the ex vivo permeation results.
| first present the amount of drug retained using physical promoters, followed by the
amount of drug retained using chemical promoters, and concluding with the results
of the different liposomes. | start with those studied using ocular tissue and finish

with those studied using skin.

4.5.1. Intrinsic Permeation of BNB in Human Skin (Non-Treated vs. Treated Skin

with Microneedles)

The BNB retained in the skin after conducting the permeation study, both in non-
treated skin and treated skin, is shown in Figure 28 and Table 18, skin treated with

microneedles retained about 2.5-fold BNB more than non-treated skin.

1.004 *kk
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0.50+
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0.00-
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Figure 28. BNB amount retained in skin. Results are expressed as mean = SD (n = 5).

t-test analysis of variance. Statistically significant difference: *** = p < 0.0001.
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Table 18. The amount of BNB retained in the skin is expressed as mg/g/cm? and the

percentage of the amount spread at the beginning.

Qret (mg/g/cm?) % BNB retained (%/g skin)

Non-treated skin 0.31+0.06 6.66+0.99

Treated skin with MN 0.76+0.09 16.08+1.90

Results are expressed by mean £ SD (n = 5). MN: microneed|es.

4.5.2. Evaluation of the Effect of Chemical Enhancers on BNB’s Permeation

Through Skin

The BNB retained in the skin after conducting the permeation study with different
chemical enhancers is shown in Figure 29. The enhancer which led to a higher
retention of BNB in the skin was B (Lauryl acrylate). Table 19 shows the amount and
percentage retained in the skin for each enhancer tested, as well as the drug amount

retained in the skin with no enhancer.
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Figure 29. BNB amount retained in the skin treated with different permeation
enhancers. Results are expressed as mean * SD (n = 5). ANOVA with Turkey’s Multiple
Comparison Test. Statistically significant difference between solutions vs No

enhancer: * = p < 0.05; ** =p <0.01; *** = p < 0.0001.
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Table 19. BNB amount retained in skin expressed as pg/cm2 and %/g of BNB retained

from the initial amount of seeding.

Code Permeation enhancer Qret(pug/cm?) % BNB retained (%/g skin)

A Nonane 1.04 +0.21 0.08 £0.01
B Lauryl acrylate 5.91+0.53 0.49+£0.04
C Squalene 1.10+0.13 0.09+0.01
D Azone 1.78 £0.12 0.14+0.01
E Sebacic acid 2.59+0.22 0.21+0.01
F (R)-(+)-Limonene 1.07 £0.12 0.09 £ 0.01
G a-Pinene 0.43 £0.02 0.03 +0.00
H N-ethylpirrolidine 0.49 £0.35 0.04 £0.02
I (+)-3-caren 0.08 £ 0.00 0.00 £ 0.00
J 1-Decanol 1.00 +0.09 0.08 +£0.00
K Myristyl alcohol 1.50%0.12 0.12+0.01
L Oleic acid 0.51 +£0.04 0.04 £ 0.00
M Menthol 2.18+0.19 0.18 £0.01
N Octanoic acid 0.55 +0.06 0.05 £ 0.00
Non-E - 1.55+0.17 0.13+0.01

Results are expressed as mean = SD (n = 5)

4.5.3. Retained BNB in the Cornea and Sclera

Figure 30 portrays the quantity of BNB retained in the sclera and cornea, revealing
notable disparities between the liposomes in the sclera. Specifically, POPE:POPG
retained BNB at a rate two times higher than La-PC. Conversely, no statistical
variances were detected in the amount of BNB retained in the cornea, with both

liposomes demonstrating comparable levels of retention.
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Figure 30. BNB amount retained in the tissues: (a) cornea (b) sclera. Results are
expressed as mean + SD (n = 5). T-Test analysis with a statistically significant

difference: *** = p < 0.0001; ns = non-significant.
4.5.4. Retained BNB in the Skin

Figure 31 visually displays the quantity of BNB retained in the tissues, accompanied
by the pertinent statistical outcomes. Remarkably, liposome POPC demonstrated
noteworthy statistical differences when compared to both liposome POPC:CHOL and
liposome POPC:CHOL:CER. Interestingly, no significant distinctions were observed
between liposome POPC:CHOL and liposome POPC:CHOL:CER regarding BNB

retention in the tissues.
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Figure 31. Retained amount (ug/cm?) of BNB at 25 h in the AHS. Results are expressed
as mean  SD (n = 5). ANOVA test analysis of variance, followed by Tukey’s multiple
comparison test, were performed. Statistically significant difference: *** = p <

0.0001; ns = no statistically significant difference.
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4.6. TOLERANCE STUDY AND HISTOLOGICAL ANALYSIS
4.6.1. HET-CAM

The potential irritant effect of the liposome formulations on both eyes and skin was
assessed using the HET-CAM method, involving the application of the liposomes on
the CAM of 10-day embryonated eggs. Intriguingly, no signs of hemorrhaging,
coagulation, or vessel lysis were observed within 5 minutes after the application of
the formulations, as illustrated in Figure 32. In stark contrast, the positive control
displayed immediate hemorrhaging, and after 5 minutes, both hemorrhaging and
coagulation were evident, highlighting the effectiveness of the HET-CAM method in

discerning potential irritant effects.
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Figure 32. Evaluation of the irritant effect of the formulations by HET-CAM. (a)
negative control (saline solution), (b) positive control (sodium hydroxide solution
0.1N, (c) La-PCliposome, (d) POPE:POPG liposome, (e) POPC liposome, (f) POPC:CHOL
liposome and (g) POPC:CHOL:CER liposome

The IS obtained after the HET-CAM test are meticulously documented in Table 20.
Impressively, the IS values for all liposomes remained consistently below 0.9,
signifying an absence of any discernible irritating potential. This outcome
underscores the favorable safety profile of the liposomes as assessed through the

HET-CAM technique.

Table 20. IS of the liposomes tested by the HET-CAM technique.

Formulation IS Classification
Positive control (0.1 N NaOH) 16.10 £ 0.08 Irritating

Negative control 0.07 £ 0.00 Non-irritating
La-PC 0.07 £0.00 Non-irritating
POPE:POPC 0.07 £0.00 Non-irritating
POPC 0.07 £0.00 Non-irritating
POPC:CHOL 0.07 £0.00 Non-irritating
POPC:CHOL:CER 0.07 £0.00 Non-irritating

IS £ 0.9, non-irritating/slightly irritating; 0.9 < IS < 4.9, moderately irritating; 4.9 < IS

< 8.9, irritating; and 8.9 < IS < 21, severely irritating (Mallandrich et al., 2021).

AD can extend to facial skin, manifesting symptoms like dryness, redness, sensitivity,
and itching. Given the need for soothing the liposomes destined for AD on facial skin,
the potential tolerance of the liposomal formulations was evaluated for periocular
application. This assessment provides valuable insights into the compatibility and
safety of the liposomal formulations when applied around the eyes, acknowledging

the specific challenges posed by AD symptoms on facial skin.
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4.6.2. Cornea Transparency

The assessment of corneal transparency played a pivotal role in evaluating the
potential irritant effect of the liposomes. Notably, corneas treated with ethanol,
serving as the positive control, displayed a distinct reduction in transmittance within
the 300-650 nm wavelength range, indicating a substantial decrease in corneal
transparency by up to 20% compared to the negative control. Conversely, the
transmittance profiles of both liposomes closely mirrored that of the negative
control, suggesting that the liposomes did not adversely affect the transparency of
the cornea. This observation is crucial in affirming the safety profile of the liposomes

concerning potential irritant effects on the cornea, as illustrated in Figure 33.
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Figure 33. Transmittance from 190 to 850 nm wavelength of the corneas treated with
PBS (negative control), ethanol (positive control), La-PC (L-a-phosphatidylcholine),

and POPE:POPG liposomes after 10 min of incubation.
4.7. IN VIVO TOLERANCE STUDY

The tolerance of the liposomal formulations on altered skin, subjected to
microneedle punches, was assessed in New Zealand rabbits. As depicted in Figure 34,
the progression of ARS monitored for 3 h 30 min after applying xylol to induce
erythema and edema, simulating flare-ups associated with AD. Intriguingly, all three
liposomes demonstrated a delay in the onset of edema and erythema induced by
xylol. Notably, the use of POPC liposomes was particularly notable for reducing the
damage caused by xylol. The negative control of ARS, untreated with any substance

or formulation, served as a baseline reference. This experiment provides sheds light
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on the potential protective effects of the liposomal formulations against irritants on

altered skin.

3,5 hours

Before application

Positive control

-
Liposome Popc -
Liposome
POPC:CHOL
Liposome
POPC:CHOL:CER

Negative control

Figure 34. Pictures of 5 groups of rabbits used for the modified Draize test: before
the application of xylol and liposomes, at 15 min, 45 min and 3 and a half hours after

the respective applications.

The erythema and edema presented on the rabbits’ backs are classified by the view

scoring system (see Table 21).
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Table 21. A modified Draize score was employed to evaluate erythema and edema
resulting from xylol exposure, both with and without subsequent application of the

liposomes (mean = SD, n = 5).

Chemicals Before Induced 15 min 45 min 3h
Er and Ed

Er Ed Er Ed Er Ed Er Ed

Negative control 0.00+ 0.00+ 0.00+ 000+ 0.00+x 0.00+ 0.00%f 0.00z
8 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00+ 0.00+ 000+ 000+ 0.00+ 0.00+ 0.00%f 0.00z

Liposome POPC 5 00 000 000 000 000 000 000 0.0

Liposome 0.00+ 0.00+x 000+ 000+ 1.00+ 0.00+ 0.65%* 0.00=
POPC:CHOL 000 000 0.00 0.00 0.3 0.00 0.40 0.00
Liposome 0.00+ 0.00+ 000+ 000+ 145+ 0.00+ 0.37%+ 0.00%

POPC:CHOL:CER 0.00 0.00 0.00 0.00 0.42 0.00 0.03 0.00

Positive control 0.00+ 0.00+ 354+ 162+ 350+ 184+ 240+ 0.50%
(xylol) 000 0.00 0.20 041 0.40 0.13 0.30 0.02

Er = erythema; Ed = Edema.

The pictures of Figure 34 are supported by the graphs shown in Figure 35, which show
the evolution of the transepidermal water loss (TEWL), and the evolution of the skin

hydration, of rabbits with altered skin.
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Figure 35. Results of TEWL and skin hydration during 210 min before and after
formulations application on rabbits with induced dermatitis by xylol, except for the

negative control. (a) TEWL; (b) Skin hydronation (AU). Results are expressed as mean

+SD (n=5).
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4.8. CORNEAL AND SCLERAL HISTOLOGICAL STUDY

No structural changes were observed in the sclera and cornea in the histological
analysis using hematoxylin and eosin staining under control conditions (Figure 36).
The application of two diluted liposome treatments did not induce any modifications

in either the cornea or the sclera.

Control - La-PC POPE:POPG
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Figure 36. Sclera and cornea sections stained with hematoxylin and eosin. The upper
row shows the cornea (A—C) and the sclera is shown below (D—F) in different
conditions: control conditions (A,D); La-PC (B,E) and POPE:POPG (C,F); (1) corneal
epithelium (non-keratinized stratified squamous epithelium); (2) substantia propria;

(3) episcleral; and (4) stroma. Magnification = 200x, scale bar = 100um.
4.9. SKIN HISTOLOGICAL STUDY

After the completion of the modified Draize test, a histological study was performed
to assess potential structural changes in the modified skin resulting from the
application of the formulations. The histology results for various liposomes, along
with positive and negative controls, are depicted in Figure 37. The skin treated with
the POPC:CHOL:CER liposome exhibited SC loss (Figure 37e), suggesting a disruptive
effect. In contrast, skins treated with either POPC or POPC:CHOL liposomes did not

show any discernible alterations.
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Figure 37. Skin sections colored with eosin and hematoxylin. (a) Control negative skin;
(b) positive control; (c) treated with POPC; (d) treated with POPC:CHOL; and (e)
treated with POPC:CHOL:CER. sc = stratum corneum, d = dermis, * shows loss of SC,

A arrowhead indicates leukocyte infiltrate. Magnification = 200x, scale bar = 100 um
4.10. CONFOCAL RAMAN PROFILING

The profile of the confocal spectrum of BNB is depicted in the following figure. We
present the spectrum in the HWN range (2500-4000 cm™) and the FP region (400-
1800 cm™).

Analyzing the spectra obtained from the Transcutol solution and the DMSO solution
in Figure 38, we present the signal obtained with DMSO, as we observe that it exhibits

higher quality and definition.
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Figure 38. BNB spectrum based on the isolated signal attributed to BNB from the

spectra of BNB solution on DMSO. Left: FP region and right: HWN region.
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As we can see in Figure 38, BNB shows enhancement of vibrational modes around
1600 cm?, which can be indicative of the purine structure present in BNB. The band
near 1200 cm™* corresponds to the sulfone group. Finally, in the HWN, we observe a

peak around 2810-2960 cm that is associated with the C-CH3 bonds.
4.11. VALIDATION OF ANALYTICAL METHODS

Two validated methods were established for quantifying BNB in the collected
samples. Due to the low concentration in ex vivo permeation test samples, an HPLC-
fluorescence method was developed and validated. For higher concentration,
samples obtained from skin extraction after permeation tests, an HPLC-UV method
was utilized and validated. The results of both method validations are detailed in the

subsequent sections.
4.11.1. HPLC-UV method

The parameters studied included linearity, accuracy, precision, specificity, and
sensitivity. Figure 39 shows the calibration curves obtained; the r2 values of each
calibration curve were >0.999. The ANOVA showed no statistically significant
differences between the response factor obtained (p > 0.05) demonstrating that the

method is linear within the concentration range of 2.5 - 40 pug/mL.
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Figure 39. Linearity of the HPLC-UV method for the quantification of BNB within the
con-centration range of 2.5 - 40 pg/mL. The linearity was assessed by linear
regression of the response (area) versus concentration from the standard working
solutions by quintuplicated.
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The accuracy and precision of the method were calculated as the percentage of the
RE and the RSD, respectively. The data are shown in Table 22. The results of the %RE
and %RSD are below 10% indicating that the method has enough precision and
accuracy within the range 2.5 — 40 pg/mL, this criterium is based on the ICH Q2 and
Q14 guidelines (Committee for Medicinal Products for Human Use, 2022; ICH Expert
Working Group, 2005).

Table 22. Accuracy (%RE) and inter-day precision (%RSD) for BNB standard solutions.

Esti-mated concentration results are expressed by mean £ SD (n = 5).

Concentration of the standard Estimated %RE (%) %RSD (%)
(1] 0 (1] 0

solution (pug/mL) Concentration (pug/mL)

2.50 2.28 +0.06 8.50 2.90
5.00 4.90 £0.06 1.81 1.28
10.00 10.09 £ 0.06 -0.96 0.69
20.00 20.41£0.22 -2.06 1.11
40.00 39.79£0.09 0.51 0.24

The specificity of the analytical method was demonstrated because there was no
interference of any other compound at the retention time of BNB (Figure 40). The

retention time of BNB was 3.16 min.

The LOQ provided the sensitivity of the method. Both, the LOD and the LOQ, were
calculated from the standard deviation of the response and the slope of the
calibration curve of 2.5 - 40 ug/mL. According to equations 8 and 9, the LOD for BNB
was established at 0.70 + 0.29 pg/mL and the LOQ was established at 2.11 + 0.31
ug/mL. These results indicate that the method is sensitive enough for the

guantification of BNB in the samples from the drug extraction procedure.
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Figure 40. Chromatogram of BNB standard 40 pg/mL.
4.11.2. HPLC-Fluorescence Method

As in the HPLC-UV method, the parameters studied were linearity, accuracy,
precision, specificity, and sensitivity. The r? values of each calibration curve were
>0.999 as Figure 41 shows. The ANOVA showed no statistically significant differences
between the response areas obtained (p = 0.05) demonstrating that the method is

linear within the concentration range of 0.063 — 1.000 pug/mL.
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Figure 41. Linearity of the HPLC-F method for the quantification of BNB within the
concentration range of 0.063 — 1.000 pg/mL. The linearity was assessed by linear
regression of the response (area) versus concentration from the standard working

solutions by quintuplicated.

The accuracy and precision of the method were obtained within the concentration
range of 0.063 — 1.000 pug/mL. The results are shown in Table 23 expressed as

percentages of the %RE and %RSD, respectively. These results show suitable precision

147



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

and accuracy for the intended analysis (Committee for Medicinal Products for Human

Use, 2022; ICH Expert Working Group, 2005).

Table 23. Accuracy and inter-day precision for BNB standard solutions. Estimated

concentration results are expressed by mean £ SD (n = 5).

Concentration of the Estimated Concentration %RE %RSD
standard solution (pug/mL) (ng/mL) (%) (%)
0.063 0.06 £ 0.00 -1.31 4.08
0.125 0.12 £ 0.00 0.11 1.65
0.250 0.25+0.00 -0.22 1.16
0.500 0.50 £0.01 0.82 2.22
1.000 1.00 £+ 0.01 -0.23 0.63

The analytical method was considered specific because it demonstrated that there is
no interference of any other compound at the retention time of BNB (Figure 42). The

retention time of BNB was 3.16 min.
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Figure 42. Chromatogram of BNB standard 0.25 pg/mL.

The LOD and LOQ were calculated within the concentration range 0.063 - 1 pug/mL,
the LOD for BNB was established at 0.0116 + 0.009 pg/mL and the LOQ was
established at 0.040 * 0.006 pg/mL. These results indicate that the method is
sensitive enough for the determination of BNB in samples from the receptor fluid

collected in the ex vivo permeation assays.
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In the present work, the study of BNB liposomes has been conducted as a new
formula for the topical treatment of autoimmune diseases, specifically AD, and SS.
The goal is to provide the possibility of developing an alternative or adjunct treatment
with easy application and fewer adverse effects. Consequently, achieving greater
patient adherence to the prescribed treatment. To accomplish this, an initial study of
BNB in solution was conducted to understand its permeation and retention
capabilities on the skin. This involved comparing a simple solution of BNB in Glycol
monoethyl ether (DEGEE), commercially known as Transcutol®, with the same
solution in the presence of different chemical enhancers or using direct physical
enhancers. After studying the drug's behavior, various liposomes were formulated,
and 5 were selected to continue with the thesis—three for skin application and two

for ophthalmic application.

In all studies, the same receptor medium was used in permeation tests, transcutol®.
We chose this solvent because of its high solubility and its good safety profile that

does not compromise the skin's structure (Osborne & Musakhanian, 2018).

For the first time, we were able to observe the BNB spectrum using CRS technique.
The FP region is crucial for identifying and characterizing molecular structures, it
contains unique vibrational modes associated with specific chemical bonds, allowing
for the identification of functional groups and overall molecular structure. In drug
analysis, the FP is often essential for confirming the identity of a particular drug
compound. The HWNs associated with functional groups involving hydrogen atoms.
It is important for studying hydrogen bonding, which can provide information about
the molecular interactions and the solid-state structure of the sample. We initially
employed the CRS technique to explore the depth of BNB penetration into the skin.
The signal strength proved insufficient for studying the low concentrations typical of
our permeation and retention studies. The primary requirement for conducting
measurements using CRS is that the molecule under examination must exhibit
spectral characteristics of adequate intensity, allowing the signals to be distinguished
from those originating from the skin components. This limitation was not due to the
inefficiency of the CRS technique but rather to the specific solution we aimed to use

for our study which was not sufficient at the low concentrations we found the drug
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to overcome the various usual noises present in the measurement and surpass the

signal from the pigskin. Consequently, we continued our analyses using the HPLC.

So to analyze the samples generated in the study, we have developed and validated
two new methods. One of them is an HPLC-UV/Vis method with isocratic elution,
offering the advantages of being faster and simpler than those already published in
the literature for analyzing BNB (Gandhi & Kapoor, 2019; Hoang et al., 2021). For
those samples with a lower drug concentration (fluid from the permeation assays), a
second HPLC method coupled with a fluorescence detector, which is more sensitive,
was developed. To the best of our knowledge, there are no publications addressing

any fluorescence analytical technique for this drug.

As mentioned earlier in this work, we have investigated the use of different
enhancers, both chemical and physical strategies, to enhance the viability of BNB on
the skin. As a physical enhancer, solid metal microneedles were used to assess the
intrinsic permeation of BNB into human skin. As expected, the skin treated with
microneedles showed greater penetration of BNB, creating an annular pathway that
increases permeability. Therefore, this is a strategy to consider in the topical delivery
of BNB, as microneedles are minimally invasive and painless due to their small size,
as indicated by their name. Not only was permeation improved with microneedles,
but the drug was also retained more on the treated skin. This allows for a depot effect
that can enhance treatment effectiveness by depositing a greater quantity of the

drug at the target organ.

In a healthy adult, the maximum concentration (Cmax) achieved with multiple doses
of 2 mg every 24 hours is 6.96 pg/mL, and the minimum concentration is 3.57 pg/mL.
Taking these data into account, we can consider that the saturated concentration of
BNB does not reach the minimum concentration necessary for a systemic therapeutic

effect (Shi et al., 2014).

Regarding chemical enhancers of permeation, menthol exhibited the most significant
effect on the penetration of BNB through human skin, increasing permeation
approximately 25-fold compared to permeation without any enhancer (H. Wang &

Meng, 2017). Myristyl alcohol, carene, and octanoic acid followed the effect of
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menthol in decreasing order. Menthol belongs to the class of terpenes. These
compounds have demonstrated an ability to increase the penetration of lipophilic
drugs by altering the structure of lipids in the SC, interacting with intracellular
proteins, or enhancing the partition coefficient of the drug's co-solvent (Maibach &
Wane Smith, 2005). Myristyl alcohol is a saturated fatty alcohol with 14 carbon atoms
(C14). There are several studies on the impact of the carbon chain length of fatty acids
on the improvement of permeation. A chain length around C12 has shown an optimal
balance between skin affinity and partition coefficient. A shorter chain may not be
sufficiently lipophilic for the skin (for example, octanoic acid), while longer chains
may have a high affinity for the lipids in the SC (Maibach & Wane Smith, 2005).
However, when evaluating the amount retained on the skin, it is noteworthy that
lauryl acrylate showed the maximum effect despite having a low flux value. This
enhancer offers promising prospects for improved treatment because it limits the
amount of permeated drug while keeping the drug on the skin, thereby avoiding a

systemic effect (Shi et al., 2014).

In summary, microneedles improved the penetration and retention of the drug
through the skin in a range of 2 to 3 times. Terpenes and fatty acids had a more
significant impact on the penetration of BNB, with menthol increasing the
permeation of BNB 25 times compared to a simple solution, and esters can multiply
the retention of BNB on the skin up to 3 times. Therefore, percutaneous delivery of

BNB is a promising alternative to the oral route.

Once we understand the permeation and retention capabilities of BNB with the
different enhancers, we decide that, for the characteristics we are seeking in our
product in the thesis, the same nanosystem formulation would suffice to provide the
needed assistance for both permeation and retention in the skin and ocular tissues.
BNB has been used orally, and there is currently no available literature on

nanostructured systems loaded with BNB for topical administration.

BNB has been tested (only) once on the skin, and there is very little information on
the formulation of this drug in nano-systems. Author Bhaskarmurthy et al.
investigated the potential of BNB in reducing inflammation-induced edema in the ear

by TPA in mice, and it was administered from a solution of BNB in acetone:DMSO
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(Hiraganahalli Bhaskarmurthy & Evan Prince, 2021). Our study, therefore, encourages

further research by building on the potential of BNB for use also on ocular mucosa.

Of the 5 liposomes formulated with different lipids, two were selected for the

treatment of SS, and three for the treatment of AD.

The two liposomes for SS were formulated using three different types of lipids
combined, resulting in the following two liposomes: La-P and POPE:POPG. These
liposomes were selected to combine the immunomodulatory effect and the lipid
effect to supplement the layer of the lacrimal lipid film. It is known that lipid
composition alterations, besides the downregulation of specific proteins or changes
in the rheological behavior of tears, are common in dry eye disease. The goal of lipid-
based formulations is to mimic the lipid layer of the lacrimal film by combining the
two components, aqueous and lipid (Garrigue et al., 2017). The author Hofauer et al.
had also attempted to apply liposomes to the buccal, nasal, and ocular mucosa in
patients with SS to alleviate symptoms such as xerostomia, dry keratoconjunctivitis,
and dry rhinitis, and they achieved positive results. Therefore, it could be fruitful to
load the liposomes with a specific immunomodulator so that the two components

synergize, thus achieving a more advanced treatment (Hofauer et al., 2013).

The two liposomes have exhibited suitable characteristics for ophthalmic application:
their small size will not damage the cornea upon application, and their pH is close to
that of tears (7.4 — 7.5), so no irritation is expected. Additionally, their osmolarity also
falls within stipulated criteria. The liposomes should resist aggregation due to van der
Waals forces, as the ZP value is highly negative (Samimi et al., 2019; Watters et al.,
2012). The electrical surface of the study focuses on two aspects: first, the
dependence on lipid composition, and second, the influence of pH and ionic strength

on the ZP.

One of the major limitations of liposomal systems is the aggregation of vesicles,
leading to the destabilization of the system (Clares et al., 2009). In the same line, the
study of the electrical properties of the surface provides the expected relevant
information; the lipid composition of liposomes has a direct influence on the ZP due

to the different net charges of the lipids used: POPE:POPG liposomes have much
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more negativity than the La-P liposome. Another aspect is that the surface charge
could also determine the interaction of liposomes with the ocular membrane due to

the high negative charge of mucins.

Absolute values of the ZP show a marked increase when the pH is elevated. Changes
in pH can also affect the degree of ionization of lipids. Specifically, the phosphate
groups of the polar heads of phosphatidylcholine and phosphoglycerol are
neutralized with acidic pH by hydrogen ions dispersed in the medium. In contrast, as
the pH value increases and hydroxyl groups in the medium increase, a greater
number of phosphate groups on the surface are dissociated, leading to an increase in
the electrical charge of the surface of these particles (Clares et al., 2013). The pH of
tears is approximately 7.45, ranging from 7.14 to 7.82, depending on daily and
seasonal influences, and it can even rise to 7.89 in patients with dry eye syndrome,
such as SS (Van Haeringen, 1981). Nano-systems with a ZP between +30 mV and -30
mV are considered to have low stability (Raval et al., 2019). Under these conditions,
our formulations would have values outside the range of +30 mV/-30 mV, which

would likely provide adequate stability (Clares et al., 2014).

Aqueous media are most used as a vehicle in ocular drop preparations, examples
being sterile water for injections, isotonic sterile saline solution, balanced salt
solution (BSS®), and a balanced salt solution with a composition similar to the
intraocular medium. Both the composition of these vehicles and the conditions of
physiological buffering introduce electrolytes with different valences that could
influence the surface electrical characteristics of liposomes. The main electrolytes are
Na*, K*, CI5, and HCO~, with lower levels of Mg?* and Ca?*. Thus, the results of
electrokinetic analysis of liposomes as a function of the ionic strength of the medium
could serve to predict their dispersion stability (tendency to aggregate) and their

mucoadhesive capacity.

The eye can tolerate tonicity within the equivalent range of 0.6-2% NaCl. However,
to achieve isotonic solutions with tears and ensure they are comfortable for the eyes,
a quantity equivalent to 0.9% NaCl 0.15 M is generally used. According to our results,

as the concentration of salts increases, counterions accumulate closer to the
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particle's surface, compressing the double layer and weakening repulsive forces, thus

reducing the ZP (Hunter, 2001).

Regarding the effect of AICls, ZP values were positive across the entire range, likely
due to the adsorption of this ion to the surface of liposomes. Finally, a high
concentration of electrolytes equivalent to an isotonic solution can produce an
increase in charge, showing slightly positive values. This phenomenon can lead to the
formation of large aggregates and rapid sedimentation, resulting in a flocculated
system that is easily redispersible (Arias et al., 2008). Additionally, due to their
positive charge, liposomes could interact better with the ocular film, prolonging the
drug's residence time on the cornea and thereby extending the therapeutic interval

(Astarita et al., 2021; Mishra et al., 2011).

A rapid release of BNB is observed in the first 4-6 hours, followed by a slower release
for both liposomes after these initial 6 hours. A released amount of BNB is obtained
from the La-PC liposome, approximately three times higher than that of the
POP:POPG liposome. This suggests that the lipid used in the preparation of liposomes
has a significant impact on the extent of drug release. The release profiles of both
liposomes fit the "one-site binding" mathematical model or a single binding site
corresponding to a hyperbolic curve. The parameters of this model are Bmax, which
corresponds to the maximum amount of drug that can be released, and KD, referring
to the time needed to achieve 50% drug release. Statistically significant differences
were observed in Bmax. However, no statistically significant differences were found
in KD, indicating that both liposomes achieve 50% drug release in a similar time frame

(approximately within the first 2 and a half hours).

The author Ansari et al. developed polymeric NPs loaded with BNB with the aim of
improving BNB's bioavailability to reduce the dosage and minimize adverse effects
(Ansari & Alshahrani, 2019). The authors prepared NPs with poly-lactic-co-glycolic
acid and conducted a thorough characterization, obtaining an optimized formulation

that exhibited sustained release for 24 hours, aligning with the Higuchi model.

Despite the fact that the La-PC liposome shows higher release in in vitro models, this

has not been a limiting factor for POPE:POPG in terms of penetration and permeation
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through the cornea, where the amount retained in the tissue was similar for both
liposomes. In the case of permeation, it was the POPE:POPG liposome that showed
higher permeation. Conversely, La-PC was superior to POPE:POPG in permeation and
penetration in the sclera. This is likely due to the difference in composition between
the sclera and cornea, with the latter primarily composed of type | collagen and
proteoglycans, while the sclera is mainly composed of connective tissue (Nishida et
al., 2022). The amount of retained BNB in the corneal and scleral tissue would act as
a reservoir and likely act as a local anti-inflammatory and immunomodulator,
avoiding systemic side effects since the predicted concentration in steady-state
plasma (Css) is lower than the concentration achieved with oral administrations (Shi

et al,, 2014).

Focusing now on the liposomes developed to serve as adjuvant treatment in AD:
POPC liposome, POPC:CHOL liposome, and POPC:CHOL:CER liposome, we can discuss
the following results. Starting with the physicochemical characteristics, such as pH,
vesicle size, and ZP, influence the skin (Gonzéalez-Rodriguez & Rabasco, 2011). The
POPC liposome has the largest vesicles, followed by the POPC:CHOL liposome, and
the one with the smallest vesicles is the POPC:CHOL:CER liposome. All of them have
a PDI below 0.2, which indicates uniformity in particle size. Their small size and low
PDI mean that the formulations tend to pass more easily through sterilizing filters,
making them more suitable for application on damaged skin that can easily become
infected. In contrast, the ZP helps predict particle stability; a high ZP indicates a stable
formulation. Therefore, the POPC:CHOL:CER liposome is the most stable among the
three tested liposomes (Paranjpe & Miller-Goymann, 2014). The differences
between the lipids used in each formulated liposome can lead to different release
profiles described by various kinetic models (Schroeder et al., 2009). In our study, the
two liposomes containing CHOL exhibit the same kinetic model, suggesting that the
presence of CHOL in the liposome has a strong impact on the drug release
characteristics. The fastest release of BNB over a short period was presented by the
POPC:CHOL:CER liposome but not by the POPC:CHOL liposome. Although the POPC
and POPC:CHOL liposomes exhibited a similar amount of released BNB at 54 hours,
the POPC:CHOL liposome showed higher AUC levels than the POPC:CHOL:CER,
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indicating superior performance for POPC:CHOL. The mathematical release model is
an excellent tool for assessing differences between formulations (Campos et al.,
2012; Dominguez-Villegas et al., 2014; D’Souza, 2014). Furthermore, non-modelistic
parameters are useful for comparing formulations with different kinetic models. In
this study, non-modelistic parameters show a relationship between the amount of
released BNB from each formulation along with release efficiency, with the
POPC:CHOL liposome formulation showing higher values. BNB is a molecule with low
solubility in water under physiological conditions, as observed from its structure. It
does not exhibit charged structures at pH 7.40, suggesting that it could be found
within the depths of the lipid bilayer. Additionally, it presents several groups capable
of stabilizing the molecule in hydrophobic regions through hydrogen bonds. These
facts indicate that BNB incorporates into the lipid membrane of the liposome,
remaining there and not being released to permeate through the skin. To overcome
this issue, liposomes containing BNB were supplemented with 5% Transcutol. The
structure of Transcutol allows it to be incorporated parallel to the hydrocarbon chains
with its OH group close to the main group of phospholipids, distorting the
phospholipid bilayer. Then, when liposomes containing BNB interact with the skin
surface, BNB can be easily released from the liposome, and Transcutol molecules can
increase the water solubility of BNB, facilitating its distribution to the skin surface.
Various authors have demonstrated that if the lipids are like those found in the SC,

more drugs will penetrate the skin (Gonzalez-Rodriguez & Rabasco, 2011).

It is worth mentioning that human skin contains cholesterol and ceramides, and
imbalances in their levels cause alterations in the skin's barrier function. Thus,
restoring ceramide and cholesterol levels in the skin harmonizes this function
(Pappas, 2009). Authors Sinico and Fadda explain that permeation and release could
be higher when liposomes are formed with lipids already present in the skin (Sinico
& Fadda, 2009). This would explain the greater permeation of POPC:CHOL and
POPC:CHOL:CER liposomes compared to POPC liposomes. POPC:CHOL:CER liposomes
tripled the values of flux, permeability coefficient, and theoretical steady-state
plasma concentration in humans compared to the other liposomes studied.

Therefore, ceramide could be acting as a permeation enhancer. Ceramides have been
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considered the main factor in controlling the skin barrier function, and the enhancing
effect of ceramide analogs has been demonstrated in various studies (Chen et al.,
2014). Since the predicted steady-state plasma concentration does not reach
therapeutic levels, BNB will only exert a local effect on the skin (Committee for

Medicinal Products for Human Use (CHMP), 2020).

The retention of BNB in the skin was not statistically different between POPC:CHOL
and POPC:CHOL:CER; therefore, both liposomes would be a good option to achieve a
local effect of BNB since both liposomes achieve values 100 times higher than POPC
liposomes (Figure 31). Liposomes with cholesterol and ceramide — which are lipids
found in the skin — are capable of diffusing through the skin, thus creating a reservoir
effect for BNB. The concentrations achieved inside the skin are higher than those
obtained in the blood with oral therapy for AD treatments, considering the density of

human skin as 1 g/ml (Rins et al., 1991; Shi et al., 2014).

The HET-CAM test did not show any irritation effects caused by any of the three
liposomes. Regarding the modified Draize test, a good score was observed for
erythema and edema (Table 21). The POPC liposome effectively counteracted the
impact of xylene on the skin, and neither erythema nor edema was observed during
the 3 hours of the tolerance study. Xylene caused both reactions, erythema and
edema, which were observed from the first assessment (after 15 minutes) until the

end of the tolerance study, which was after 3 hours.

The POPC:CHOL and POPC:CHOL:CER liposomes also effectively counteracted the
edema caused by xylene. However, after 45 minutes of application, a slight erythema
appeared in the areas where the POPC:CHOL and POPC:CHOL:CER liposomes were
tested. Nevertheless, this effect was more than 2 and 3 times lower than the
erythema caused by xylene. TEWL values were consistent for all liposomes, with
values similar to the negative control (within the range of 8-15 g/h-m2, indicating a
healthy value for rabbits), while the positive control showed a significant increase.
The results are in line with those obtained in control rabbits, as observed by authors
Babu M. Medi and Angela Anigbogu (A. Anigbogu et al., 2000; Medi & Singh, 2006).
The skin hydration values remained constant and followed the trend of the negative

control, while the positive control showed a consistent increase during the tolerance

159



Liposome Study of Baricitinib as a Novel Formula for Topical Treatment of Autoimmune
Diseases

study. Finally, the histological study demonstrated that the POPC and POPC:CHOL
liposomes prevented any damage to tissue structures. Based on these promising
results, further biochemical studies need to be conducted to test the effectiveness of
these liposomal formulations in animal models of the disease, including mutant

animals, before proceeding to clinical trials.
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Throughout the research, significant advances have been made in understanding the
study of BNB liposomes as a new formulation for the topical treatment of
autoimmune diseases, contributing to existing knowledge through the studies

conducted to achieve the aforementioned objectives.

These results have important practical implications in the field of biotechnology, as
well as theoretical contributions to understanding the behaviour of BNB. The main
goal of this thesis has been to develop and biopharmaceutically characterize (in vitro
and ex vivo) BNB liposomes for topical application in the treatment of topical

diseases: SS and AD. For this purpose, we have reached the following conclusions:

= Two high-resolution liquid chromatography methods with fluorescence and
UV/Vis detection have been developed and validated for the detection and
quantification of BNB according to the criteria of linearity, accuracy, precision,
sensitivity, selectivity, and specificity. These methods have allowed us to obtain
many of the conclusions mentioned below.

= Among the developed liposomes, five have been selected and have shown
promising results, either for topical application as an adjunct treatment for AD
or as an adjunct treatment for SS.

= The physicochemical characteristics of the formulations have consistently shown
conditions compatible with the intended applications.

= Release studies have demonstrated sufficient drug release from the formulations
under conditions like those found on the skin and/or mucous membranes.

= Permeation studies on human skin and porcine mucous have confirmed that the
permeation occurring in both skin and mucous membranes would not be
sufficient to produce a systemic effect. However, they have shown retention in
the tissue sufficient for a local effect.

= |n all cases, the formulations have been compatible for application on both skin

and mucous membranes.
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Abstract: Sjogren’s syndrome is a chronic systemic autoimmune disease affecting from 0.2 to 3% of
the general population. The current treatment for Sjogren’s syndrome is aimed at controlling
symptoms such as dry eyes and xerostomia. Systemic therapy with glucocorticoids or
immunosuppressants is also used. Baricitinib is an immunosuppressant drug, specifically a Janus
kinases 1 and 2 selective inhibitor. We propose ocular liposomal formulations loaded with
baricitinib for the management of Sjogren’s syndrome. The novelty of the work relies on the fact
that, for the first time, baricitinib is intended to be used for topical delivery. Two liposomal
formulations were prepared with different lipids: (i) L-a-phosphatidylcholine (La-PC) and (ii) a
combination of lipids 1-palmitoyl-2-oleoyl-phosphatidylethanolamine: sl1-Palmitoyl-2-oleoyl-sn-
glycerol-3-phosphoglycerol (3:1, mol/mol) (POPE:POPG), and they were physicochemically
characterized. The in vitro drug release and the ex vivo permeation through corneal and scleral
tissues were also assessed. Finally, the tolerance of the formulations on the ocular tissues was
evaluated by the HET-CAM technique, as well as through the histological analysis of the cornea
and sclera and the cornea transparency. Both liposomes resulted in small, spherical shapes, with
suitable physicochemical properties for the ocular administration. La-PC led to higher flux,
permeation, and retention in the sclera, whereas POPE:POPG led to higher flux and permeation in
the cornea. The formulations showed no irritant effects on the chorioallantoic membrane.
Additionally, the liposomes did not affect the cornea transparency when they were applied, and the
histological analysis did not reveal any structural alteration.

Keywords: Sjogren’s Syndrome; liposomes; baricitinib; JAK inhibitor; ocular delivery; transcorneal
permeation; transscleral permeation; ocular tolerance.

1. Introduction

Immunologic diseases are caused by an imbalance between the immune system
function to protect the body from bacteria and viruses and tissue damage because of the
immune response [1]. Some kinds of autoimmune diseases are immunologic diseases,
which are the result of identifying the patient’s own organs, tissues, and cells as foreign
and activating an immune response against them. Individually, these diseases are rare,
but as a group, they are the most common diseases in industrialized countries [2], and
they affect between 5 and 10% of the European and North American population [3].
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Sjogren’s syndrome (SS) is a chronic systemic autoimmune disease that can be
suffered as a unique disease (primary SS) or can be a consequence of another autoimmune
disease (secondary SS) [4]. Primary SS is a highly prevalent, chronic, autoimmune
exocrinopathy today, affecting from 0.2 to 3% of the general population. It is caused by
the loss of central tolerance, which generates epithelitis and acinar atrophy due to
predominantly inflammatory cell types which infiltrate into the exocrine glands and
certain extraglandular tissues [5]. It is characterized by keratoconjunctivitis sicca (dry
eyes) and xerostomia (dry mouth) [4,6].

The European Study Group on Classification Criteria developed and validated a
criteria classification for primary SS between 1989 and 1996. It was made observing 180
people, of which 76 were affected by primary SS and 104 were not. It is organized in a
classification tree performance and has a sensitivity of 96.1% and a specificity of 94.2% [7].

Different anti-inflammatory and immunomodulatory drugs are used in the
treatment of ocular inflammatory and immunological diseases. Two examples are
diclofenac, used as an anti-inflammatory agent, and cyclosporine, used an as anti-
inflammatory and immunomodulatory drug [8]. Baricitinib is an immunosuppressant
drug that acts inhibiting selectively Janus kinases 1 and 2, among others, and reduces
disease signs and symptoms by decreasing inflammation, cellular activation, and
proliferation of key immune cells. Baricitinib has already been used for the treatment of
atopic dermatitis through oral administration with good outcomes: oral baricitinib
improved signs and resolved symptoms better than topic cyclosporin [9]. Another
advantage is that baricitinib has anti-inflammatory properties due to its therapeutic path.
Now, baricitinib is orally administrated for the treatment of moderate-to-severe atopic
dermatitis and rheumatoid arthritis, and it is also being studied for its oral administration
for systemic erythematosusmatous, psoriasis, and primary SS [10,11]. The pilot study of
baricitinib oral administration conducted in China using active SS patients seemed to
show efficacy and safety [12]. The actual treatment for primary SS is divided into topical
treatment for the mouth and eyes to control the symptoms and avoid complications, and
systemic treatment for parotid enlargement and extraglandular signs. Topical treatments
are preventive: fluor is used to avoid periodontal diseases and chlorhexidine for
electrostimulation; and for the eyes, artificial tears are used. Anti-inflammatory drugs and
local ciclosporin, pilocarpine, or cevimeline secretagogue are used in both cases to
stimulate saliva or lacrimal flow. Systemic treatments consist of glucocorticoids and
different immunosuppressants [13].

Liposomes are spherically shaped nano-sized to micro-sized vesicles composed of
biodegradable natural or synthetic phospholipids. They are formed spontaneously in an
aqueous medium so that inside the vesicles different agents can be encapsulated; the
hydrophobic agents between the lipids and the hydrophilic ones in the aqueous core [14].
Liposomes can have very different properties because of their composition, surface
charge, size, phospholipid bilayer membrane, and method of preparation [15-17]. One
way for liposomes to be classified is by their size and number of bilayers: multilamellar
liposome vesicles (MLV) and unilamellar vesicles (UV). The latter group has three more
stages, as shown in Figure 1.

The liposomes’ composition is biocompatible, biodegradable, and non-toxic, and the
flexibility of their formulation allows for different sizes of liposomes that make it possible
to use them as eye drops [8]. These characteristics also help at the time of preparing an
ophthalmic formulation, during which, some points need to be studied to avoid
compatibility problems: the pH has to be in a range close to the physiologic pH, the
osmolarity has to be isotonic with the tears and to prevent infections, and sterility is also
necessary [18]. The high capacity of entrapment relies on its ability to encapsulate a wide
range of drugs, and having this advantage overcomes the common problem of drugs that
are water-insoluble or poorly soluble in this kind of formulation [19]. As for liposome size
and charge for eye application, it has been shown that the interaction of liposomes with
cornea follow this order: MLV+ > SUV+ > MLV->SUV-> MLV [8].
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Figure 1. Classification of the liposomes based on their size and number of lipid layers. SUV, small
unilamellar vesicle; LUV, large unilamellar vesicle; MLV, multilamellar liposome vesicle; GUV,
giant unilamellar vesicle.

To our knowledge, no studies involving baricitinib administered by the ophthalmic
route have been conducted. Stevenson and co-workers determined the efficacy of another
Janus kinase inhibitor; 0.003% tofacitinib was applied ocularly in mice which had induced
corneal thermocautery, resulting in a decrease in the interleukins [20]. In another study,
Hofauer and colleagues investigated the efficacy of liposomal agents for the symptoms of
xerostomia, keratoconjunctivitis sicca, and rhinitis sicca in a clinical trial involving
patients with Sjogren’s syndrome. The authors concluded that liposomes were an effective
local approach since they significantly reduced the symptoms of xerostomia,
keratoconjunctivitis sicca, and rhinitis sicca after 2 months of treatment [21]. Taking into
account the satisfactory results obtained by Stevenson et al. with tofacitinib and those
obtained by Hofauer with liposomal agents, we aimed to formulate liposomes loading
baricitinib for ophthalmic administration as an alternative or co-adjuvant treatment for
Sjogren’s syndrome [9]. Therefore, our intention with these formulations is to simplify the
eye topical treatment to one step. We characterized two liposomes with two different
lipids and we assessed the baricitinib release from the formulations as well as the capacity
of baricitinib to penetrate the corneal and scleral tissues through ex vivo permeation tests.
We also investigated the tolerability of the developed formulations on the eye by
alternative in vitro methods, such as the HET-CAM technique and the evaluation of the
cornea transparency. Finally, we conducted histological studies on the tissues after the
permeation test.

2. Materials and Methods
2.1. Materials

Baricitinib and an Ammonium salt formate were bought at Sigma-Aldrich (Madrid,
Spain). Gattefossé (Barcelona, Spain) supplied Transcutol® P [Diethylene glycol
monoethyl ether]. Acetonitrile was purchased at Fisher Chemical (Loughborough, UK).
Lipids L-a-phosphatidylcholine (La-PC) and 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE) were bought at BOC Sciences (London, UK) and 1-
Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (POPG) was obtained at Sigma-
Aldrich (Madrid, Spain).

2.2. Biological Materials

Cornea and sclera were obtained from residual individuals of female pigs (cross
Landrace x Large White, 25-30 kg), previously used in surgical university practices and
according to the Ethics Committee of Animals Experimentation at the University of
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Barcelona. The eyes were immediately enucleated after the animals were sacrificed, and
corneas and scleral tissues were excised in situ and transported to the laboratory
immersed in artificial aqueous humor solution to be debrided and plain-prepared for the
permeation experiments.

2.3. Methods
2.3.1. Preparation of the Liposomes

A total of 500 mg of baricitinib was placed in a round-bottom flask and 10 mM
chloroform-methanol (2:1, v/v) lipid solutions -La-PC or POPE:POPG (3:1, mol/mol) were
added to the flask to obtain the required lipid molar concentration for each composition
[22]. To ensure the baricitinib was fully dissolved, the solution was sonicated for 10-15 s.
The round-bottom flask was then mounted on a rotary evaporator and the solvent was
evaporated protected from the light. Dry lipids with baricitinib were left under a high
vacuum in a desiccator protected from light overnight. Thin films were rehydrated with
10 mM TRIS-HCI, 150 mM NaCl pH 7.40 [23,24] supplemented with a 5% (v/v) of
Transcutol® P. Large multilamellar vesicles were obtained after 5 cycles of vigorous
vortexing of the solution over and below the transition temperature of the lipid mixture.
To homogenize the liposome size, the liposome solution was placed in an ultrasound bath
with 100% sonication amplitude (the controlling temperature did not exceed the 37 -C) for
15 min. Finally, non-encapsulated baricitinib was eliminated by filtering the liposomal
solution through a Sephadex® G50 column mounted in a 5 mL syringe and centrifuged at
1000 g rpm in a Rotanta 460R centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen,
Germany).

2.3.2. Liposomes Physicochemical Characterization

The physicochemical characterization included the measurement of pH, the vesicle
size and polydispersity index, the zeta potential, the osmolality, and the efficiency of
encapsulation.

pH was measured at room temperature with pH-metre micro pH 2001 (Crison
Instruments SA, Alella, Spain) by triplicate.

Liposome size, polydispersity index (PDI), and zeta potential (ZP) were measured
with a Zetasizer Nano S (Malvern Instruments, Malvern, UK); all measurements were
made in triplicate and showed satisfactory deviation values [25]. The surface electrical
properties of the liposomes were measured after suitable dilution (0.1% w/v) by
electrophoresis measures using a Zetasizer 2000 (Malvern Instruments Ltd., UK).
Furthermore, the influences of pH and ionic strength were also investigated. For this task,
dilute liposomal dispersions were prepared at different pHs (3—-8) and ZP determinations
were done after they had been in contact for 24 h under mechanical stirring (50 rpm) and
at 25.0 £ 0.5 °C. Before carrying out the measurement, the pH was checked and readjusted.
Similarly, the ZP values were also recorded for liposomes formulated at pH 6 with
different electrolytes. Hence, the effect of the particular electrolyte (NaCl, CaClz, and
AIlCls) and concentrations ranging from, 2x10-, 10, 102, 10-%, 10, and 10> M, were
assayed. All measurements were also performed on blank liposomes and loaded
liposomes nine times.

Osmolality was measured using an Advanced 3320 Micro-Osmometer (Advanced
Instruments, LLC, Norwood, MA, USA) [26].

The efficiency of encapsulation (EE) was measured by breaking the liposomes with
80% of Transcutol® P and a 10% of 10% Triton and quantifying the amount of baricitinib
by HPLC. The amount of baricitinib was compared to the initial amount (Equation (1))
[26].

EE% = % x 100, )

o



Pharmaceutics 2022, 14, x 1895

5 of 20

where, EE% is the efficiency of encapsulation, Qf is the amount of baricitinib in mg
retained inside liposomes, and Qo is the amount of baricitinib in mg used initially to
elaborate liposomes.

2.3.3. Morphological Study of the Liposomes

The morphological study was carried out by TEM with a JEM-1010 microscope (JEOL
Ltd., Tokyo, Japan). One drop of each liposome was put on copper grids covered with a
layer of Formvar®. The sample was in contact with the grid for 1 min. Next, one drop of
2% uranyl acetate solution was placed on the grid, and subsequently, a drop of
methylcellulose was placed on the grid for 10 min; the excess methylcellulose was wiped
with filter paper, tapping the filter diagonally. Finally, the grid was allowed to dry before
image analysis [27].

2.3.4. In Vitro Drug Release Study

In vitro release studies were carried out using Franz-type diffusion cells [28,29] with
a diffusion area of 0.64 cm? and a receptor chamber of 4.9 mL. We used a dialysis
membrane with a molecular cut-off weight of 14,000 Da (Sigma-Aldrich, Madrid, Spain).
The membrane was hydrated for 24 h in methanol:water (1:1) and rinsed before being
mounted in the Franz diffusion cell (Crown Glass Company, Inc., Jersey City, NJ, USA).

Transcutol® P was the receptor medium which provided the sink conditions
throughout the study. Aliquots of 500 pL of two different liposomes were added to the
donor compartment. A volume of 200 pL was taken and replaced with Transcutol® P at
established times over 31 h. The experiment conditions are set out in Table 1. The samples
obtained were analyzed by a validated HPLC-fluorescence method. The concentrations of
baricitinib in the liposomes were determined as described in the efficiency encapsulation
section. The data were fitted to different kinetic models and the best fit was selected based
on the determination coefficient r2 [30].

Table 1. Experimental conditions for the in vitro release test.

Parameters Conditions

Receptor fluid Transcutol® P

Cell volume 4.9 mL

Diffusion area 0.64 cm?

Membrane Dialysis membrane

Replicates 5 replicates

Temperature 32+0.5°C

Stirring 500 r.p.m.

Dose 500 pL of liposomes (La-PC 13.99 pug/mL and POPE:POPG 9.83 ug/mL)
Sample volume 200 puL

Sampling times 0 (pre-sample time point), 3.0 h, 7.0 h, 20.3 h, 24.5h, 28.3 h, and 31.0 h

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

2.3.5. Ex Vivo Permeation Study

Ex vivo corneal and scleral permeation was conducted with Franz diffusion cells. The
tissues were fixed between the donor and the receptor compartments [29,28]; the area
exposed to permeations was 0.64 cm2. We applied 500 pL of liposome, either La-PC or
POPE:POPG, in the donor compartment, with five replicates for each tissue. receptor
compartment was Transcutol® P kept at 37 C for the scleral tissue and at 32 2C for the
cornea, and stirred continuously. A volume of 200 uL was withdrawn from the receptor
compartment at fixed times and replaced by an equivalent volume of Transcutol® P.
Experimental conditions for the ex vivo permeation test are shown in Table 2. The samples
were quantified by HPLC with a fluorescence detector.
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Once the permeation study was complete, all tissues were removed from the
diffusion cells and rinsed with distilled water to eliminate the liposomes remaining on the
tissue surface. To extract baricitinib retained in the tissues [25], the permeation area was
cut out, weighed, and immersed in 1 mL of Transcutol® P and sonicated for 10 min using
an ultrasonic water bath. The supernatant was filtered and quantified by HPLC. Figure 2
depicts the procedure for drug extraction from the corneal and scleral tissues. The amount
retained in the tissues (Qret) was calculated according to Equation (2), and the results are
expressed normalized by the weight of the tissue as well as by the diffusion area (0.64 cm?)
and multiplied by the recovery of the drug:

_ Qext , 100
Qret = ==X —, 2)

where, Qext is the amount of drug extracted expressed in pg, W is the weight of the tissue
((g), A is the diffusion area (cm?), and R is the recovery of baricitinib in each tissue [29].

Table 2. Experimental conditions for the ex vivo permeation test.

Parameter Conditions

Receptor fluid Transcutol® P

Cell volume 49 mL

Diffusion area 0.64 cm?

Membrane Cornea and Sclera

Replicates 5 replicates

Temperature 37+0.5°Cor32+0.5°C

Stirring 500 r.p.m.

Dose 500 uL of liposomes (La-PC or POPE:POPG)
Sample volume 200 uL

Sampling times 0 (pre-sample time point), 2.1 h, 4.2 h,and 6.0 h

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

Rz,
/ Liposome A )
|
o SN Cornea or ‘ ,
y S .
ahER N L
washed and Transcutol
£ \,\ Trinéciitol weighted tissue ag'l ‘
Baricitinib
Ex vivo permeation study Drug extraction from the tissues determination by
HPLC

Figure 2. Ex vivo permeation studies diagram.

2.3.6. Baricitinib Determination by HPLC

The amount of baricitinib in each sample was quantified by HPLC with a
fluorescence detector. The HPLC is composed of a Chromatograph Waters Alliance 2695
and a Fluorescence Jasco FP-1520 detector at an Ex wavelength of 310 nm and an Em
wavelength of 390 nm. Table 3 shows the chromatographic conditions for analyzing
baricitinib.
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Table 3. Chromatographic conditions for the determination of baricitinib.
Parameters Conditions
Chromatographic column Symmetry C18 (4.6 x 75 mm, 3.5 um)
Mobile phase Ammonium Formate 10 mM pH 7:ACN (75:25 v/v)
Flux 1 mL/min
Injection volume 10 uL
Wavelength Ex 310 nm and Em 390 nm

Standard concentrations range 0.031 to 1 pg/mL

2.3.7. In Vitro Tolerance Study

The potential risk of ocular irritation caused by baricitinib liposomes was studied by
the HET-CAM test, which measured the ability to induce toxicity on the chorioallantoic
membrane (CAM) of a 10-day embryonated hen’s egg (from the G.A.L.LS.A. farm,
Tarragona, Spain). The effects are recorded in seconds during 5 min by the onset of
hemorrhage (bleeding), coagulation (blood vessel disintegration), and vessel lysis
coagulation (protein denaturation intra- and extra-vascular) [26]. These elements were
considered individually and then combined to derive a score (IS), which was used to
classify the irritancy level of the test substance [31].

301-secH 301-seclL 301-secC
IS = -5+ -7+ -9, (3)
300 300 300

where, H is the hemorrhage, L is vessel lysis, C is coagulation, and sec is the time in seconds
when signs started.

We applied 300 pL of liposomes to CAM and we observed the membrane for 5 min
to determine the degree of severity of each reaction according to the INVITTOX protocol
[32]. We used NaOH 0.1 N as the positive control, and a solution of 0.9% NaCl as the
negative control [32].

Additionally, we evaluated changes in the corneal transparency after applying the
liposomes to the cornea. The technique consists of exposing the cornea under a defined
beam of light and detecting the light transmitted without absorption or scattering [33]. We
examined the transmittance from 150 to 760 nm on corneas after these had been immersed
in Liposome La-PC, Liposome POPE:POPG, PBS pH 7.4 (negative control), and ethanol
(positive control) for 10 min [34].

2.3.8. Corneal and Scleral Histological Study

For the histological study of cornea and sclera, samples of both tissues were exposed
to the dilution of Liposome La-PC, the dilution of Liposome POPE:POPG, or to distilled
water (negative control) for 6 h, and then processed for hematoxylin and eosin staining
[35]. In a brief summary, corneas and scleral tissues were fixed in 4% buffered
paraformaldehyde for 24 h and then, after dehydration, these tissues were embedded in
paraffin and cut at 6 um, stained, and mounted on DPX (Sigma Aldrich). Samples were
observed under the microscope (Olympus BX41 and camera Olympus XC50) on a blind
coded sample.

3. Results
3.1. Liposomes Physicochemical Characterization

The pH, osmolality, and encapsulation efficiency of the liposomes were measured
and the results are presented in Table 4. Both liposomes showed physiological pH, a
suitable osmolality value for the ophthalmic application, and encapsulation efficiency
below 20%.
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Table 4. pH, osmolality, and encapsulation efficiency (EE) of the liposomes. Results are expressed
by mean + SD (n = 3).

Liposome pH Osmolality (mOsm/Kg) EE (%)
La-PC 74+0.1 306 +2 12+0.9
POPE:POPG 74+0.1 305+5 11+1.1

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

Both liposomes have similar sizes and are negatively charged. Specifically,
POPE:POPG exhibits a higher ZP. Values are shown in Table 5.

Table 5. Liposome composition with their respective hydrodynamic diameter, polydispersity index
(PDI), and zeta potential (ZP). Results are expressed by mean + SD (n = 3).

Hydrodynamic

Composition Formulation ’ PDI Zeta Potential (mV)
Diameter (hm)
LopC blank 73.0+3.0 0.040 —225+1.1
¢ +baricitinib 61.7£05 0.081 -20.7+05
, blank 60.5 + 0.6 0.124 —32.0+30
POPE:POPG +baricitinib 51.7+0.8 0.202 37.0£50

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

The surface electrical study revealed that liposomes showed dependence on the pH.
The ZP values revealed the negative surface charge of the liposomes in the entire pH range
for all formulations, and no differences between blank liposomes and loaded liposomes
were observed. Figure 3 shows the zeta potential of the liposomes as a function of pH.

20

—
S - 20
£
o -40 —a— Ler-PC Bar
N _ = Ler-PC Blank
I .
-60 T - . POPE:POPG Bar
T - T T POPE:POPG Blank
i I 1
L
-80 4
- 100
1 2 3 4 5 6 7 8 9
pH

Figure 3. ZP of liposomes as a function of pH. Each point represents the Mean + SD (n = 9). ***
Statistical differences between La-PC liposomes and POPE:POPG liposomes (p < 0.0001) on a t-test
analysis comparing La-PC vs. POPE:POPG loaded with baricitinib. Significance level set at p < 0.05

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

The results of ZP as a function of ionic strength are shown in Figure 4. In general, it
is observed that the absolute value tended to decrease as the concentration of either
electrolyte increased.

Regarding the pH study, no differences between blank liposomes and loaded
liposomes were recorded. Specifically, for monovalent and divalent cations, the ZP at low
electrolyte concentrations showed negative values and decreasing absolute values as the
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electrolyte concentration increased. In the case of NaCl, this negativity was maintained
throughout the range in the vicinity of 0, and was slightly positive when the salt reached
a concentration of 102 M, 101 M, and 2 x 10! M, respectively. In the presence of Ca? ions,
ZP values became positive or close to 0 from 10 M or 102 M, depending on the type of
liposome. Finally, ZP values were positive throughout the range of concentrations tested
for Al

| 50
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20
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E ©—Bar CaCl2
- 0 =O—Bar AICI3
[-%
N 10 =d=Blank Nacl
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-70
-80
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Figure 4. P of liposomes as a function of the concentration of NaCl, CaClz, and AICls at pH 7.4. (a)
La-PC liposomes and (b) POPE:POPG liposomes. Each point represents the mean + SD (n=9). An
ANOVA was conducted and then followed by Tukey analysis, considering three groups of
electrolyte types at each concentration for both liposomes La-PC and POPE:POPG loading
baricitinib. *** Statistical differences p < 0.0001 between all the electrolytes; ** Statistical differences
p < 0.0001 between NaCl vs. AlCls for La-PC; * Statistical differences p < 0.05 between NaCl and
CaClz vs. AIClIs for La-PC; *** Statistical differences p < 0.0001 between NaCl and AICls vs. CaClz.
La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

3.2. Morphological Study of the Liposomes

TEM images of both liposomes are shown in Figure 5. The liposomes obtained
resulted in a spherical shape and no aggregates were observed.
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Figure 5. TEM images of the liposomes. (a) Liposome La-PC (L-a-phosphatidylcholine), and (b)
POPE:POPG (1-palmitoyl-2-oleoyl-phosphatidylethanolamine: 1-Palmitoyl-2-oleoyl-sn-glycerol-3-
phosphoglycerol (3:1, mol/mol). The scale bar stands for 200 nm.

3.3. In Vitro Drug Release Study

The release profile of both liposomes fits a nonlinear regression. They follow a
hyperbola system where the liposome La-PC can release the drug faster than liposome
POPE:POPG, and in addition, the liposome La-PC can release all of the drug, whereas
liposome POPE:POPG can release just 64%. The rest remains trapped. Figure 6 shows the
release profiles of baricitinib. Both liposomes’ data are fitted to the one-site binding model
(Y = Bmax*X/KD + X). Table 6 shows the fitted values for the model’s parameters Bmax
and KD. The statistical analysis by a T-test comparing La-PC and POPE:POPG showed
significant differences for Bmax.



Pharmaceutics 2022, 14, x 1895

11 of 20

25+
52
c
= 20 o
§3 o
[
= © — i e
efg ¥ S LpC
25 32 . a-
2 i
SE 104 / - POPE:POPG
2
o5& 59
0 T T T 1
0 10 20 30 40
Time (h)

Figure 6. Release profiles of baricitinib from the liposomes POPE:POPG (1-palmitoyl-2-oleoyl-
phosphatidylethanolamine: 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol), and
La-PC (L-a-phosphatidylcholine): baricitinib cumulative released (pg) vs. time (h). Results are
expressed by mean + SD (n =5).

Table 6. Best fit values in the kinetic modeling for the liposomal formulations and the
statistical analysis by a T-Test between La-PC and POPE:POPG. Significance level set at p < 0.05.

Parameters La-PC POPE:POPG
Bmax (ug) 21.42 6.836

KD (h) 2.735 2.398

SE Bmax 0.424 0.052

SE KD 0.290 0.105

95% CI Bmax 20.33 to 22.51 6.701 to 6.971
95% CI KD 1.989 to 3.480 2.128 to 2.668
R? 0.9992 0.9999
p-value Bmax <0.0001

p-value KD 0.3047

La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol). Bmax = maximum amount
released (ug) ; KD = time required to reach 50% of the drug release (h); SE = standard error; CI =
confidence interval.

3.4. Ex Vivo Permeation Study

Both liposomes on the cornea have r? values of 0.99, whereas for the sclera, r> were
greater than 0.97. The permeation parameters were calculated, including permeation
profile, flux (Jss, ug/h), permeability coefficient (Kp, cm/h), the cumulative permeated
amount at 24 h (Cum baricitinib 6 h, ug), and theoretical plasma concentration in humans
at the steady-state (Css, ng/mL), of baricitinib. Figure 7 shows the behavior of both
liposomes on the sclera and Figure 8 shows the behavior of both liposomes on the cornea.

The baricitinib retained in the sclera and cornea is shown in Figure 9, both liposomes
have significant differences in the sclera, but no statistical differences were found in the
amount of baricitinib retained in the cornea. POPE:POPG retained baricitinib in the scleral
tissue two-fold compared to La-PC, whereas baricitinib was retained equally by both
liposomes in corneal tissue.
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Figure 7. Ex vivo transscleral permeation. (a) Baricitinib permeation profile: baricitinib cumulative
amount permeated (ug) vs. time (h); (b) baricitinib flux for each liposome; (c) baricitinib amount
retained in the scleral tissue; (d) theoretical plasma concentration at the steady-state in humans.
Results are expressed by mean + SD (n=5). La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-
palmitoyl-2-oleoyl-phosphatidylethanolamine:1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol
(3:1, mol/mol). t-test analysis with statistically significant difference: *** = p <0.0001.

°
Q
=
[0}
£ 3
[}
o —_
< gz 3
= 47 (2]

3 =
S x
& - La-PC X
5 POPE:POPG o
(@]

0 T T T T T T d

0O 1 2 3 4 5 6 7

Time (h) Lo-PC POPE-POPG
(@)
0.04+ o 0.00008 -
—
0.03+ . 0.00006
o] -
< E
£ =
S 0.02- 2 0.00004-
o
X 8
0.014 O 0.000021
0.00-
La-PC POPE-POPG 0.00000-

La-PC POPE-POPG

(c) (d)

Figure 8. Ex vivo transcorneal permeation. (a) Baricitinib permeation profile: baricitinib cumulative
amount permeated (ug) vs. time (h); (b) baricitinib flux for each liposome; (c) baricitinib retained
amount in the cornea; (d) theoretical plasma concentration at the steady-state in humans. Results
are expressed by mean + SD (n=5). La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-
oleoyl-phosphatidylethanolamine: =~ 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol ~ (3:1,
mol/mol). t-Test analysis, statistically significant difference: *** = p < 0.0001.
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Figure 9. Baricitinib amount retained in the tissues: (a) cornea (b) sclera. Results are expressed as
mean * SD (n = 5). La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine: 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol). T-
Test analysis with a statistically significant difference: *** = p < 0.0001; ns = non-significant.

3.5. In Vitro Tolerance Study
3.5.1. HET-CAM

The potential irritant effect of the formulations on the eyes was evaluated by the
HET-CAM method, which consisted of applying the liposomes on the chorioallantoic
membrane of 10-day embryonated eggs. No hemorrhaging, coagulation, or vessel lysis
were observed 5 min after the application of the formulations (Figure 10). In contrast,
hemorrhaging was observed in the positive control from the very beginning of applying
the control, and after 5 min both hemorrhaging and coagulation were observed.

(a) (b)

a5 i
Co"\ 7 C,c:-"s 4
Control negative 0 min Control negative 5 min Control positive0 min  Control positive 5 min
[
(c) (d) :
4
~ S
5 .
o
La-PC 0 min La-PC 5 min POPE:POPG 0 min POPE:POPG 5 min

Figure 10. Evaluation of the irritant effect of the formulations by HET-CAM. (a) negative control
(saline solution), (b) positive control (sodium hydroxide solution 0.1N, (c¢) La-PC liposome (L-ot-
phosphatidylcholine), and (d) POPE:POPG liposome (1-palmitoyl-2-oleoyl-
phosphatidylethanolamine: 1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol).

The values of the IS obtained after the HET-CAM test are reported in Table 7. IS
values obtained for both liposomes were below 0.9, indicating that the liposomes did not
show any irritating potential.
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Table 7. Irritation score (IS) of the liposomes tested by the HET-CAM technique.

Formulation Irritation Score (IS) Classification
La-PC 0.03 Non-irritating
POPE:POPC 0.02 Non-irritating

IS 0.9, non-irritating/slightly irritating; 0.9 <IS < 4.9, moderately irritating; 4.9 <IS < 8.9, irritating;
and 8.9 < IS < 21, severely irritating [26]. La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-
palmitoyl-2-oleoyl-phosphatidylethanolamine:1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol
(3:1, mol/mol).

3.5.2. Cornea Transparency

The transparency of the cornea was observed to assess any potential irritant effect of
the liposomes on the cornea. Corneas treated with ethanol (positive control) show a
decrease in the transmittance of up to 20% within the wavelengths 300-650 nm compared
with the negative control, indicating a reduction of the transparency of the cornea. In
contrast, the transmittance profile of both liposomes overlaps the negative control
indicating that they do not affect the cornea transparency (Figure 11).
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Figure 11. Transmittance from 190 to 850 nm wavelength of the corneas treated with PBS (negative
control), ethanol (positive control), La-PC (L-a-phosphatidylcholine), and POPE:POPG liposomes
(La-PC = L-a-phosphatidylcholine; POPE:POPG = 1-palmitoyl-2-oleoyl-phosphatidylethanolamine:
1-Palmitoyl-2-oleoyl-sn-glycerol-3-phosphoglycerol (3:1, mol/mol) after 10 min of incubation.

3.6. Corneal and Scleral Histological Study

Sclera and cornea did not show architectural alterations in the hematoxylin and eosin
staining histological analysis in the control condition (Figure 12). The treatment with the
two diluted liposomes did not alter either the cornea or the sclera.
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Figure 12. Sclera and cornea sections stained with hematoxylin and eosin. The upper row shows the
cornea (A-C) and the sclera is shown below (D-F) in different conditions: control conditions (A,D);
La-PC (B,E) and POPE:POPG (C,F); (1) corneal epithelium (non-keratinized stratified squamous
epithelium); (2) substantia propria; (3) episclera; and (4) stroma. Magnification = 200x, scale bar =
100pm.

4. Discussion

Two liposomes loading baricitinib were developed using two different lipids (La-P
and POPE:POPG) with the aim of combining the effect of an immunomodulator and the
effect of the lipids to supplement the tear film lipid layer. It is known that alterations in
lipid composition, besides down-regulation in specific proteins or changes in the
rheological behavior of the tears, are common in dry eye disease. Lipid-based
formulations aim to mimic the tear film lipid layer by combining both components, the
aqueous one and the lipid one [36]. As Hofauer and co-workers in a previous work had
applied liposomal agents on buccal, nasal, and ocular mucosa in patients with Sjogrens’
syndrome to alleviate symptoms such as xerostomia, keratoconjunctivis sicca, and rhinitis
sicca [21], and they had achieved positive results, it could be fruitful to load up liposomes
with a specific immunomodulator, as it may result in synergistic effects, achieving an
advance in the treatment.

Baricitinib has been wused orally and no literature is available reporting
nanostructured systems loading baricitinib for the topical route. It has been tested (only)
once on the skin and there is very little information on formulating baricitinib in nano-
systems. Bhaskarmurthy et al. [37] investigated the potential of baricitinib in reducing the
inflammation in ear oedema TPA-induced inflammation in mice; we can underscore that
they used a solution of baricitinib in acetone:DMSO, and they were testing on the skin,
not on the mucosa or eye. Our study, therefore, encourages further research, building on
the potential of baricitinib and its use in ocular mucosa. Both liposomes exhibit suitable
characteristics for the ophthalmic application: their smallness in size will not damage the
cornea upon application, and their pH is close to the tears’ value (7.4-7.5), so no irritation
is expected; additionally, the osmolality was also within the criterium. The liposomes
should resist aggregation due to Waals attraction forces because the zeta potential value
is highly negative [38,39]. The surface electrical study focuses on two aspects. First, the
dependence of the lipid composition, and secondly, the influence of the pH and ionic
strength on ZP.

One of the major constraints of liposomal systems is the vesicle aggregation, with the
concomitant destabilization of the system [40]. Moreover, the surface electrical charge of
liposomes does play a fundamental role in the affinity on the corneal surface [41]. Along
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the same lines, the study of the surface electrical properties provides the expected relevant
information; the lipid composition of liposomes has a direct influence on ZP, due to the
different net charges of the lipids used: POPE:POPG liposomes showed much more
negativity than La-PC liposomes. Another question is that the surface charge might also
determine the interaction of liposomes with the ocular membrane due to the high negative
charge of its mucins.

Absolute values of ZP showed a marked increase when the pH was increased (Figure
3). Changes in pH can affect the degree of lipid ionization. Specifically, the phosphate
groups of the polar head of PC and PG are neutralized at acidic pH by the hydrogen ions
of the dispersion medium. In contrast, as the pH value increased, that is, as the
concentration of hydroxyl groups in the medium increased, a greater number of surface
phosphate groups were dissociated. This determined the increase in the surface electric
charge of these particles [42]. Nanosystems with ZP between +30 mV and -30 mV are
considered to possess low stability [43]. The pH of tears is approximately 7.45 and ranges
from 7.14 to 7.82, depending on diurnal and seasonal influences, or even 7.89 in dry eye
patients with Sjogren’s disease [44]. Under these conditions, our liposomal formulations
would have values outside the range +30 mV/-30 mV, which, predictably, will provide
suitable stability [45].

The most frequently used aqueous vehicles in the preparation of eye drops are water
for injection, isotonic sterile saline (SF), balanced salt solution (BSS®), and balanced salt
solutions whose composition is similar to that of the internal ocular medium. Both the
composition of these vehicles and physiologically buffer conditions mean that there are
electrolytes of different valences that could influence the surface electrical characteristics
of the liposomes. The electrolytes are mainly Na*, K*, Cl-, and HCO-, with lower levels of
Mg?* and Ca?". In this way, the results of the electrokinetic analysis of the liposomes as a
function of the ionic strength of the medium could be used to predict their stability in
dispersion (aggregation tendency) and their mucoadhesive capacity.

The eye can tolerate tonicities within the equivalent range of 0.6-2% NaCl. However,
to achieve isotonic solutions with tears, and to ensure that they are comfortable for the
eye, an amount equivalent to 0.9% NaCl 0.15 M is generally used.

According to our results, shown in Figure 4, as the concentration of the salts increases
the counterions accumulate closer to the particle surface, which compresses the double
layer and weakens repulsive forces by reducing ZP [46].

Regarding the effect of AlCls, ZP values were positive across the whole range,
probably due to the adsorption of this ion into the surface of the liposomes. Finally, a high
concentration of electrolytes equivalent to an isotonic solution might produce charge
reversal or a large drop, showing slightly positive values. This fact will cause large size
aggregates and rapid settling, which could give rise to a flocculated system that is easy to
redisperse [47]. Additionally, thanks to their positive charge, they could interact better
with the ocular film and prolong the residence time of the drug in the cornea, and they
have increased the therapeutic interval [41,48].

A rapid release of baricitinib is observed within the first 46 h and it is followed by a
slower drug release for both liposomes after these first six hours. Higher released amounts
of baricitinib were obtained from the liposomes La-PC, about three-fold higher than the
POPE:POPG liposomes, and this suggests that the lipid used in preparing the liposomes
has a great impact on the extent of drug released. The release profile of both liposomes
fitted to a one-site binding model corresponding to a hyperbola curve. The parameters of
this model are Bmax, which corresponds to the maximum amount that can be released,
and KD, which is the time needed to reach 50% of the drug released. Statistically
significant differences were observed for Bmax. However, no statistical differences were
found for KD, meaning that both liposomes release 50% of the drug within a similar time
period (more or less in the first two and a half hours). Ansari et al. [49] developed
polymeric nanoparticles loading baricitinib with the aim of improving baricitinib’s
bioavailability in order to reduce the dose, and in turn, reducing the side effects. The
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authors prepared nanoparticles with poly-lactic-co-glycolic acid, and they conducted a
deep characterization, obtaining an optimized formulation that exhibited sustained
release over 24 h, which fitted the Higuchi model.

Despite the fact that liposome La- PC showed a higher in vitro drug release, this was
not limiting for POPE:POPG in the penetration and permeation through the cornea, where
the amount retained in the tissue was similar for both liposomes. It was POPE:POPG that
showed higher permeation. In contrast, La- PC was superior to POPE:POPG in the
permeation and penetration of baricitinib into and through the sclera. This is probably
due to the difference in the composition of sclera and cornea, whereas the latter is mainly
composed of type I collagen and proteoglycans, the sclera is primarily composed of
connective tissue [50]. The amount of baricitinib retained in the corneal and scleral tissue
would act as a reservoir and might enable a local anti-inflammatory and
immunomodulatory effect without systemic side effects since the predicted plasma
concentration at the steady-state (Css) is far below the concentration achieved in an oral
administration [51].

5. Conclusions

The HET-CAM technique is an ideal model for testing ocular irritation since the
chorioallantoic membrane is a highly vascularized structure and it is sensitive to
chemicals such as the conjunctiva [52]. Both liposomes are supposed to be well-tolerated
since no irritant potential was detected by the HET-CAM technique nor was any change
observed in the histological analysis after the application of the liposomes on the corneal
and scleral tissues. Additionally, no changes in the transparency of the cornea were
observed either, meaning that the liposomes do not cause damage to the tissue exposed
to them [34]. In light of these promising results, further studies should be carried out and
looked at so as to better assess the efficacy of the liposomes in vivo. For instance, a dry
eye in mice models would allow for the evaluation of the efficacy of the liposomes
similarly to the work of Stevenson et al. [19,20], in which the researchers tested tofacitinib,
a JAK inhibitor, applied topically in dry eye-induced mice, and they monitored cytokines
expression obtaining excellent outcomes in reducing the ocular inflammation. Since the
products intended for ophthalmic use should be sterilized, in this sense, future studies
should also consider extruding the liposomes through a 0.22 um pore size, as well as,
investigating the effect of the number of lipid layers composing the liposome on the drug
release. Another important point for future studies is the shelf-life of the formulations,
and stability studies should also be performed.

Two liposomal formulations have been developed for ocular delivery intended for
alleviating dry eyes related to Sjogren’s syndrome. The liposomes were prepared using
two different lipids, La-PC and POPE:POPG, both loading baricitinib, a Janus kinase
inhibitor. La-PC led to higher flux, permeation, and retention in the sclera, whereas
POPE:POPG led to higher flux and permeation in the cornea. The formulations showed
no irritant effects on the chorioallantoic membrane. Additionally, the liposomes did not
affect the cornea transparency when applied and the histological analysis did not reveal
any structural alteration. The two liposomes have shown promising results for ocular
application, and further studies, such as in vivo tests, should be conducted to evaluate
their efficacy, and hence, confirm their suitability in the management of dry eyes in
Sjogren’s syndrome.
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Abstract: Atopic dermatitis (AD) is a chronic autoimmune inflammatory skin disorder which causes
a significant clinical problem due to its prevalence. The ongoing treatment for AD is aimed at
improving the patient’s quality of life. Additionally, glucocorticoids or immunosuppressants are
being used in systemic therapy. Baricitinib (BNB) is a reversible Janus-associated kinase (JAK)-
inhibitor; JAK is an important kinase involved in different immune responses. We aimed at
developing and evaluating new topical liposomal formulations loaded with BNB for the treatment
of flare ups. Three liposomal formulations were elaborated using POPC (1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine), CHOL (Cholesterol) and CER (Ceramide) in different proportions: (i)
POPC, (ii) POPC:CHOL (8:2, mol/mol) and (iii) POPC:CHOL:CER (3.6:2.4:4.0 mol/mol/mol). They
were physiochemically characterized over time. In addition, an in vitro release study, ex vivo
permeation and retention studies in altered human skin (AHS) were also performed. Histological
analysis was used to study the tolerance of the formulations on the skin. Lastly, the HET-CAM test
was also performed to evaluate the irritancy capacity of the formulations, and the modified Draize
test was performed to evaluate the erythema and edema capacity of the formulations on the altered
skin. All liposomes showed good physicochemical properties and were stable for at least one month.
POPC:CHOL:CER had the highest flux and permeation, and the retention in the skin was equal to
that of POPC:CHOL. The formulations exhibited no harmful or irritating effects, and the histological
examination revealed no changes in structure. The three liposomes have shown promising results
for the aim of the study.

Keywords: liposomes; baricitinib; JAK-inhibitor; transepidermal delivery; skin permeation

1. Introduction

Lipid-based nanosystems (LBN) are formed through a lipid phase and surfactants
[1]. They have demonstrated that they improve the delivery of various active principles
to specific skin layers, with stated localization in the upper layers of the skin [2]. There are
different kinds of LBN: liposomes, ethosomes, transferosomes, solid lipid nanoparticles,
nanostructured lipid carriers, cubosomes, and monoolein aqueous dispersions [3].

The study of liposomes for drug delivery or targeting on specific sites of the body
has been going on since 1970. Liposomes possess structural flexibility in terms of their
size, composition, surface charge, bilayer fluidity, and their capacity to incorporate
virtually any drug irrespective of its solubility, or to display cell-specific ligands on their
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surface. Consequently, liposomes can be customized in numerous ways so as to create
formulations that are ideal for clinical use [4].

The structural similarity between the lipids composing the nano systems and those
composing the skin represents one of the main advantages of LBN, allowing the
interaction between the nanosystem matrix and the stratum corneum [3]. CHOL, CER and
free fatty acids are present in the stratum corneum, the superficial layer of the skin. All of
them are involved in different cellular processes at some level, such as transport functions
and immune activity [5,6]. Different subclasses of CER exist in the skin, all interacting with
the lipids [6]. Patients with AD have a different composition of lipids in their skin, and, in
particular, this arises from them having a lower proportion of CER and increased
proportions of unsaturated free fatty acids. These differences with normal skin lead to a
different organization of the lipids in the skin and thus a different skin structure [7,8,9].
AD affects populations of all ages, particularly children. It is a worldwide chronic
autoimmune inflammatory skin disorder highly prevalent in developed countries and it
has been increasing over the most recent decades. This disease implies a deterioration of
quality of life, worn down by the symptoms and secondary infections [10]. The treatment
of the disease will depend on the degree to which these manifestations are present in the
patients. It is also very important to be aware of the individual trigger factors so as to
avoid them and reduce flare-ups (Figure 1) [11]. The European Academy of Dermatology
and Venereology classifies the different treatments, grading them into six signs: erythema,
exudation, excoriation, dryness, cracking and lichenification [12]. Additional therapeutic
options should be considered in every treatment phase if established therapy is
insufficient or in cases of major infections.

Treatment recommendation for atopic eczema: adult

*Educational programmes.

*Proactive therapy with

* Use of emollients and bath
oils.

* Avoidance of clinically
relevant allergens.

*Reactive therapy with topical
glucocorticosteroids class IT
or depending on local
cofactors: topical calcineurin
inhibitors, antiseptics incl.
silver, silver coated textiles.

Treatment recommendation for atopic eczema: children

*Educational programmes.

*Use of emollients and bath
oils.

* Avoidance of clinically
relevant allergens.

*Reactive therapy with topical
glucocorticosteroids class I or
depending on local cofactors:
topical calcineurin inhibitors,
antiseptics incl. silver, silver
coated textiles.

topical tacrolimus or class II
or class III topical
glucocorticosteroids.
*Wet wrap therapy.
*UV therapy.
*Psychosomatic counselling.
*Climate therapy.

*Proactive therapy with
topical tacrolimus or class I
or class III topical
glucocorticosteroids.

*Wet wrap therapy.

*UV therapy.

*Psychosomatic counselling.

*Climate therapy.

*Hospitalization.

*Systemic
immunosuppression:
cyclosporin A, short course of
oral glucocorticosteroids,
dupilumab, methotrexate,
azathioprine, mycophenolate
mofetil.

*PUVA.

o Alitretinoin.

*Hospitalization.

*Systemic immunosuppression:
cyclosporin A, methotrexate,
azathioprine, mycophenolate
mofetil.

Figure 1. Treatment recommendations for adults and children with atopic eczema according to
European guidelines. PUVA = Psoralen and ultraviolet light therapy.

Baricitinib (BNB) is a reversible Janus-associated kinase (JAK)-inhibitor. JAK is
important because it stimulates the signal transducers and activators of transcription
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(STAT) that cause different immune responses. These include monocyte activation,
antibody secretion, erythropoiesis and acute phase reactant production [13]. Furthermore,
BNB has recently been introduced orally in cases of moderate-to-severe AD, showing
good results in reducing clinical symptoms and improving the quality of life. The most
frequent oral doses used are 2 and 4 mg, resulting in a therapeutic plasma concentration
of 0.055 ug/mL [14]. However, it has some side effects such as infectious diseases,
cardiovascular events and deep venous thrombosis [15]. Topical drug administration is
an alternative to avoid systemic effects. To our knowledge, there are no published studies
of BNB for the topical route of administration. The main aim of this work was to develop
liposomes loaded with BNB for topical administration using natural lipids as a possible
topical alternative to the oral route currently available for patients with AD. To achieve
this, the following specific objectives were set: (i) to study the physicochemical
characteristics of each liposome differentiated by the formulations of three natural lipids:
POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine), CHOL (Cholesterol) and CER
(Ceramide) in different proportions; (ii) to investigate their drug release profile, as well as
the permeation of BNB through physically altered human skin (AHS), the skin being a
model of a compromised permeability barrier, which is a particular feature in AD; and
(iif) to study the drug retention capacity on AHS, and the tolerability of the formulations
by a modified Draize rabbit test and hen’s egg chorioallantoic membrane test (HET-CAM
test). It is worth mentioning that POPC is a natural lipid found in different
microorganisms but not in human skin [16], while CHOL and CER are found in the
stratum corneum, as previously mentioned.

2. Results
2.1. Liposomes Physicochemical Characterization

Three liposome formulations were prepared: POPC liposomes, POPC:CHOL
liposomes and POPC:CHOL:CER liposomes. The formulations were characterized for pH,
particle size and size distribution, encapsulation efficiency and surface charge. This was
carried out when the formulations were freshly prepared and when they had been stored
at4 °C.

The pH value for all the liposomes prepared was the same (7.4 + 0.1), which is
adequate for atopic skin treatments [17]. Likewise, the liposomal formulations exhibited
comparable efficiency of encapsulation (EE): EE (%) of 6.21 + 0.55% for POPC; 5.57 + 0.50%
for POPC:CHOL; and 6.21 + 0.63% for POPC:CHOL:CER.

The results of vesicle size, polydispersity index (PDI) and Zeta potential (ZP) for each
liposome are presented in Table 1. All liposomes share similar characteristics, except for
liposome POPC:CHOL:CER, which has a higher ZP.

Table 1. Liposomes composition: hydrodynamic diameter, PDI and ZP; and physical
stability for 1 month. The results are presented as mean + SD (n = 3).

Composition Hydrodynamic Diameter (nm) PDI Zeta Potential (mV)
1 Day 1 Month 1Day 1Month 1 Day 1 Month
POPC 86.0+1.4 869+1.1 0.120 0.119 -142+0.3 -13.9+0.8
POPC:CHOL 53.5+0.9 55.4+1.3 0.174 0.172 -132+13 -13.5+0.9
(8:2, mol/mol)
POPC:CHOL:CER
4.1 +0. 0+07 12 117 -183+1. -181+1.
(3.6:2.4:4.0 mol/mol/mol) 641203 6500 0.120 0 8319 81£13

A one-way ANOVA test was carried out and then followed by Tukey’s multiple comparison test.
All three liposome sizes are statistically different from each other (p < 0.0001). Similarly, the ZP of
POPC:CHOL:CER is different from the other two liposomes (p < 0.05). Liposome POPC and
POPC:CHOL do not have a significantly different ZP compared to each other.
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These values were also calculated one month after their elaboration and no-
significant change was observed, the maximum being 4%.

2.2. In Vitro Drug Release Study

The drug release from the liposomes was evaluated by Franz diffusion cells using a
dialysis membrane at the cutaneous temperature, 32 °C, yielding the cumulative amount
of BNB released as a function of time. The data were then fitted to different kinetic models.
The BNB release profiles from the three liposomes varied; Table 2 indicates the
corresponding equations. The liposomes POPC:CHOL:CER and POPC:CHOL fitted a
hyperbola model, while liposome POPC was in accordance with a polynomial (second
order) model. The modeling of the release profile is shown in Figure 2.

[any
o
J

POPC
x +  POPC:CHOL
1 + POPC:CHOL:CER

[
o
l

\
“

Cumulative released amount
of baricitinib (ug)
(6]

Time (h)

Figure 2. The BNB release profiles from liposomes POPC, POPC:CHOL and POPC:CHOL:CER.
BNB cumulative released amount (ug) vs. time (h). The results are presented as mean + SD (1 = 5).

Table 2. Liposome formulations’ best-fit values in the kinetic release modeling.

Liposome Equation Best-Fit Values According to the Equation
A B C Bmax (P-g) Kd (h)
POPC Polynominal: Second Order 021 0.08 0.002 i i
y=A+Bx+Cx?
POPC:CHOL One site binding (hyperbola) i i i 18.37 38.34
y= BmaxX/(Kd + X)
POPC:CHOL:cer  On© Site binding (hyperbola) - ; ; 5.55 1.45

y= Bmaxx/(Kd + X)

A, B and C = parabola coefficients. Hyperbola parameters Bmax = maximum amount of BNB that
can be released; and Kd = drug release constant.

The liposome POPC:CHOL:CER releases the drug faster than the other two
liposomes; after 8 h, the release of BNB had already reached a plateau, indicating that the
maximum amount of the drug that could be released had been reached. Nevertheless, the
total amount of drug released is lower than with the other liposomes. In contrast, the
liposomes, POPC and POPC:CHOL, have a sustained release of up to 53 h. At this time,
those liposomes exhibited a 2-fold drug release compared to liposome POPC:CHOL:CER,
as demonstrated in Figure 2.

To compare different drug release profiles, non-modelistic parameters such as area
under the curve (AUC), release efficiency and mean release time (MRT) were calculated.
Figure 3 shows the non-modelistic parameters as well as the statistical parameters test,
which confirmed there were differences between the three liposomes. Liposome
POPC:CHOL displayed the highest values of AUC and the greatest efficiency percentage,
but, in contrast, it has the lowest MRT value.
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Figure 3. Non-modelistic parameters of: (a) area under the curve (AUC: ug/h); (b) efficiency (E:%);
(c) mean release time (MRT: h). A one-way ANOVA test was carried out, followed by Tukey’s
multiple comparison test (* p <0.05, *** p <0.0001). The results are presented as the mean + SD (n =
5).

2.3. Ex Vivo Permeation Study

As with the in vitro drug release study, the amount of BNB that was capable of
permeating through the human skin was evaluated by Franz cells. Since dermatitis atopic
skins present increased permeability relative to healthy skin, the skin was subjected to
microneedles to obtain a more permeable skin (hereinafter AHS) and was then mounted
on the Franz cells.

The permeation profile, as the cumulative amount permeated through AHS over 25
h, is outlined in Figure 4. It shows that the liposome POPC:CHOL exhibited the highest
permeation, with liposome POPC:CHOL:CER following behind, and liposome POPC
showing the lowest permeation of the three liposomes tested. The permeation parameters
calculated are presented in Table 3.

o 301
=
35 + POPC
oD
532, g i f * POPC:CHOL
=1 ]
S73 i + POPC:CHOL:CER
=]
3 g P !
Eg 101 b
o
= . :
3 v v
O Y v M
O T T 1
0 10 20 30

Time (h)

Figure 4. BNB permeation profile: cumulative amount of BNB permeated (ug) vs. time (h). The
results are presented as mean + SD (1 =5).

Table 3. Permeation parameters of three liposomes: cumulative amount of BNB permeated at 25 h
(AP25h, pg), flux (Jss, ug/h), permeability coefficient (Kp, cm/h) and predicted steady-state plasma
concentration in human steady state on a 10 cm2 surface application (Css, ng/mL).

AP35 (ug) Jss (ug/h) Kp (104 cm/h) Css (ng/mL)

POPC 5.13 +0.52 0.22 +0.03 1.14+0.16 0.36 +0.05
POPC:CHOL 21.93 £2.20 0.29 +0.03 1.52+0.16 0.48 +0.05
POPC:CHOL:CER 14.36 + 1.40 0.77 +0.07 4.01+0.37 1.28 £0.12

ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were performed, and all were
statistically different from each other (p < 0.001). Results are expressed by mean + SD (n=5).

Figure 5 illustrates the quantity of BNB retained in the tissues and the corresponding
statistical outcomes. Liposome POPC demonstrated significant statistical differences
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when compared to liposome POPC:CHOL and liposome POPC:CHOL:CER. However, no
significant differences were observed between liposome POPC:CHOL and liposome

POPC:CHOL:CER.
150 kil
—_
ENE ns
58
E g 1001
T o
g =
5 & 501
T 3
x o
ol
9
& & &
Y S
& &
L &
S

Figure 5. Retained amount (pig/cm?) of BNB at 25 h in the AHS. Results are expressed as mean + SD
(n = 5). ANOVA test analysis of variance, followed by Tukey’s multiple comparison test, were
performed. Statistically significant difference: *** = p < 0.0001; ns = no statistically significant
difference.

2.4. Tolerance Study and Histological Analysis
2.4.1. In Vivo Tolerance Study

The tolerability of the liposomal formulations on altered skin (previously subjected
to microneedle punches) was evaluated on New Zealand rabbits. Figure 6 shows the
progression of altered rabbit’s skin (ARS) monitored for 3 h 30 min after applying xylol so
as to induce erythema and edema. This was intended to stimulate AD flare-ups. All three
liposomes appear to delay the onset of edema and erythema caused by xylol. The use of
POPC liposomes was found to reduce the damage caused by xylol. The negative control
of ARS was not treated with any substance or formulation.

45 min

Before application 15 min

Positive control

Liposome POPC

Liposome
POPC:CHOL

Liposome
POPC:CHOL:CER

Negative control

Figure 6. Pictures of 5 groups of rabbits used for the modified Draize test: before the application of
xylol and liposomes, at 15 min, 45 min and 3 and a half hours after the respective applications.

The erythema and edema presented on the rabbits” backs are classified by the view
scoring system (see Table 4).

Table 4. A modified Draize score was employed to evaluate erythema and edema resulting from
xylol exposure, both with and without subsequent application of the liposomes (mean + SD, n = 5).
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Chemicals Before Ind;:l:ed Er and 15 min 45 min 3h

Erythema Edema Erythema Edema Erythema Edema Erythema Edema
Negative control 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
Liposome POPC  0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00

IEgSZ?rCnI?IQL 0.00+£0.00 0.00+0.00 0.00+0.00 0.00+0.00 1.00+0.53 0.00+0.00 0.65+0.40 0.00+0.00
Liposome

.00+0. .00+0. .00+0. .00 0. 1.45+0.42 0.00=+0. 37+0. .00+0.
POPC:CHOL:CEROOO+OOO 0.00£0.00 0.00+0.00 0.00=+0.00 5+0 0.00+0.00 0.37+0.03 0.00+0.00
z(c;s;;;ze COerIO.OO +£0.00 0.00+0.00 3.54+020 1.62+041 3.50+040 1.84+0.13 2.40+0.30 0.50+0.02

Er = erythema; Ed = Edema.

The pictures of Figure 6 are supported by the graphs shown in Figure 7, which show
the evolution of the transepidermal water loss (TEWL), and the evolution of the skin
hydration, of rabbits with altered skin.

40

i
3]

=)
N Ed
30 -e- Control positive pt
-e- Liposome POPC S 10
N =
£ Liposome POPC:CHOL <
£ - Liposome POPC:CHOL:CER ©
o Control negative 25
106, 0—% — < 4 /
c
= ) J —= —
CT . . . . . @ o.}\’g . : ; .
0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min)

(a) (b)

Figure 7. Results of TEWL and skin hydration during 210 min before and after formulations
application on rabbits with induced dermatitis by xylol, except for the negative control. (a) TEWL;
(b) Skin hydronation (AU). Results are expressed as mean + SD (n = 5).

2.4.2. Histological Analysis

Once the modified Draize test had been finished, a histological study was conducted
to evaluate whether any structural change had occurred to the altered skin due to the
application of the formulations. The histology results of the different liposomes, as well
as the positive and negative controls, are set out in Figure 8. The skin treated with
liposome POPC:CHOL:CER presented stratum corneum loss (Figure 8e) indicating some
disruptive effect. This is in contrast to the skins treated with either liposomes POPC or
POPC:CHOL, which do not demonstrate any alteration to the skin.
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Figure 8. Skin sections colored with eosin and hematoxylin. (a) Control negative skin; (b) positive
control; (c) treated with POPC; (d) treated with POPC:CHOL; and (e) treated with
POPC:CHOL:CER. sc = stratum corneum, d = dermis, * shows loss of stratum corneum, A arrowhead
indicates leukocyte infiltrate. Magnification = 200x, scale bar = 100 pum.

2.4.3. In Vitro Tolerance of the Liposomal Formulations for Periocular Application

AD can also be present on facial skin, with symptoms such as dryness, redness,
sensitivity and itching, and facial skin might need the application of soothing
formulations. This is why the potential tolerance of the liposomal formulations on the eye,
after a periocular application on the eye, was assessed by the in vitro technique HET-CAM
of fertilized chicken eggs. Table 5 shows the irritation score (IS) estimated for the
liposomal formulations. The three liposomes resulted in non-irritant formulations
exhibiting IS values similar to the negative control, whereas the positive control resulted
in higher IS values corresponding to a severely irritant substance.

Table 5. Irritation score calculated for the liposomal formulations (mean + SD of n = 3). The scores
obtained for the positive and negative controls are also reported.

Formulation
Positi trol
Negative control (‘(’).Si ;’el\?;’gg)’ POPC ~ POPC:CHOL POPC:CHOL:CER
Irritation score (IS)  0.07 +0.00 1610+008 0.07+000  0.07%0.00 0.07 = 0.00

IS £ 0.9, non-irritating/slightly irritating; 0.9 <IS < 4.9, moderately irritating; 4.9 <IS < 8.9, irritating;
and 8.9 <IS <21, severely irritating [18].

Figure 9 shows the results from the HET-CAM test. They revealed no irritant effect
of any kind; no hemorrhage, coagulation or lysis vessel were observed 5 min after 300 uL
of the respective formulations had been applied. This is opposite to the positive control,
in which lysis vessel and coagulation appeared (Figure 9b).
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Control - t0 Control - t5 Control + t0 Control + t5

(d)

(e

POPC t0 POPC t5 POPC:CHOL t0 POPC:CHOL t5 POPC:CHOL:CER t0 POPC:CHOL:CER t5

Figure 9. The irritant effect of the formulations was evaluated using the HET-CAM method, with
(a) a negative control using saline solution, and (b) a positive control using 0.1 N sodium hydroxide
solution. The other three images show the evolution of the liposomal formulations: (c) POPC
liposome, (d) POPC:CHOL liposome and (e) POPC:CHOL:CER liposome.

3. Discussion

All physicochemical characteristics, such as pH, vesicle size and ZP, influence the
liposome interaction with the skin [19]. Liposome POPC was the largest vesicle, followed
by POPC:CHOL, and the smallest was POPC:CHOL:CER. All of them had a PDI below
0.2, which is indicative of the uniformity of the particle size, and their small size and the
low PDI mean the formulations tend to pass more easily through the sterilizing filters,
which, in turn, renders them suitable for skins that are grazed or scratched and could
become infected. Instead, the ZP helps to predict the stability of particles. A high ZP
indicates a stable formulation, so the liposome POPC:CHOL:CER is the most stable of the
tested liposomes [20]. Differences in the lipid used for each liposome elaboration may lead
to different release profiles described by different kinetic models [21]. In our work, the
two liposomes containing CHOL displayed the same kinetic model suggesting that the
presence of CHOL in the liposome strongly impacts on their drug release characteristics.
The fastest BNB release over a short period of time was presented only by liposome
POPC:CHOL:CER but not by liposome POPC:CHOL (Figure 2). Although liposomes
POPC and POPC:CHOL exhibited similar BNB released at 54 h, POPC:CHOL showed a
higher AUC than POPC:CHOL:CER, indicating a superior performance by POPC:CHOL.
The mathematical modelling in the release studies is an excellent tool to evaluate
differences between formulations [22,23,24]. Furthermore, the non-modelistic parameters
are useful to compare formulations which exhibit different kinetic models. In this work,
the non-modelistic parameters showed a relation between the amount of BNB that is
released from the formulation and the release efficiency, with the cumulative permeated
amount throughout the 25 h period being the liposome POPC:CHOL, the formulation
with the highest values. Baricitnib is a molecule with poor water solubility under
physiological conditions, as observed from its structure. It does not present charged
structures at pH 7.40, suggesting that it could be found deep within the lipid bilayer.
Moreover, it presents several groups capable of stabilizing the molecule in hydrophobic
regions through hydrogen bonds. These facts point to baricitinib incorporating into the
liposome lipid membrane, remaining there and not being released to permeate through
the skin. To overcome this problem, liposomes containing baricitinib were supplemented
with 5% Transcutol. The structure of Transcutol allows it to be incorporated in parallel to
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hydrocarbon chains with its OH group near the headgroup of the phospholipids,
distorting the phospholipid bilayer. Then, when liposomes containing baricitinib interact
with the skin surface, baricitinib can easily be released from the liposome, and Transcutol
molecules can increase the water solubility of baricitinib and facilitate its distribution
towards the surface of the skin.

Different authors have demonstrated that, if the lipids are like those in the stratum
corneum, more drugs will penetrate the skin [19]. It is worth mentioning that human skin
contains CHOL and CER and disturbances in their levels cause disruption of the skin
barrier function. Yet, harmonizing the CHOL and CER levels in the skin restores its barrier
function [25]. Sinico and Fadda explained that a greater permeation and release could be
produced when the liposomes are composed of lipids that are more similar to those of the
skin [26]. This would explain the higher permeation of POPC:CHOL and
POPC:CHOL:CER compared with liposome POPC without CHOL. The liposome
POPC:CHOL:CER triplicated the results values of flux, permeability coefficient and
theoretical plasma concentration in human steady state compared with the other studied
liposomes (POPC and POPC:CHOL, see Table 3). Therefore, CER could be acting like a
permeation enhancer. CERs have been considered the principal factor in the control of the
skin barrier as the enhancer effect of CER analogues has been demonstrated in diverse
studies [27]. Since the predicted plasma concentration at steady state did not reach
therapeutic levels, it is likely that BNB only exerts a local effect on the skin [14].

Retention of BNB in the skin was not statistically different between POPC:CHOL and
POPC:CHOL:CER, so both liposomes would be a good option in order to achieve a local
effect of BNB because both liposomes reached values a hundred times higher than
liposome POPC (Figure 5). Liposomes with CHOL and CER—which are the lipids found
in the skin—were able to diffuse through the skin, thus creating a reservoir effect in the
BNB. This achieved concentrations inside the skin higher than those obtained in the blood
in oral therapy for AD treatment [28], considering the human skin density to be 1 g/mL
[29].

The HET-CAM test showed no irritation effect caused by any of the three liposomes
and, in reference to the modified Draize test, we observed a good Draize score for
erythema and edema (Table 4). Liposome POPC effectively counteracted the impact of
xylol on the skin and neither erythema nor edema were observed over the 3 h of the study.
Xylol caused both reactions, erythema and edema, which were observed from the first
assessment (after 15 min) and up to the end of the tolerance study, which was after 3 h.
Liposomes POPC:CHOL and POP:CHOL:CER also effectively counteracted the edema
caused by xylol. However, after 45 min of application, a slight erythema appeared in the
areas where liposomes POPC:CHOL and POPC:CHOL:CER were tested. Nevertheless,
this effect was more than 2-fold and 3-fold lower than the erythema caused by xylol.
TEWL values were constant for all the liposomes with similar values to the negative
control (within the range of 8-15 g/h-m2, which means a healthy value for rabbits),
whereas the positive control showed a significant increase. The results are in accordance
with those obtained in control rabbits, as observed by Babu M. Medi and Angela
Anigbogu [30,31]. The skin hydration values were constant and followed the trend of the
negative control, while the positive control showed a steady increase during the tolerance
study. Finally, the histological study demonstrated that liposome POPC and POPC:CHOL
avoided any damage to the tissue structures. Based on these promising results, further
biochemical studies should be carried out to test the efficacy of these liposomal
formulations on animal models of the disease, including mutant animals, before
proceeding to clinical trials.
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4. Materials and Methods
4.1. Materials

BNB, Ammonium Formate and POPC were purchased from Sigma-Aldrich (Madrid,
Spain). Transcutol® P [Diethylene glycol monoethyl ether] was bought at Gattefossé
(Barcelona, Spain). Fisher Chemical (Loughborough, UK) supplied the Acetonitrile.
Finally, CHOL (ovine wool > 98%) and CER (bovine spinal cord > 98%) were acquired at
Avanti Polar Lipid Inc. (Alabaster, AL, USA). A microneedle roller (Currentbody,
Barcelona, Spain) contains 540 titanium needles that are 0.25 mm long, corresponding to
72.3 microneedles/cm?2.

BNB (C16H17N702S) is a pyrrolopyrimidine, the chemical structure of which is
shown in the figure below, Figure 10, which has been obtained from PubChem, an open
chemistry database at the National Institute of Health (NIH).

Figure 10. Chemical structure of BNB.

4.2. Biological Materials

The abdominal human skin (protocol code 93-01162 02/18 approved on 17 January
2020 by the 99 Bioethics Committee of SCIAS Hospital de Barcelona), was dermatomed to
400 pm thickness (Aesculap GA 630, Aesculap, Tuttligen, Germany). All the skin was
subjected to a physical alteration with microneedles in order to simulate an AD skin by
piercing the epidermis. Since the needles do not come into contact with the nerves or blood
vessels, this technique is painless when performed on live animals.

4.3. Methods
4.3.1. Preparation of the Liposomes

Three different liposome formulations were prepared: (i) pure POPC liposomes, (ii)
POPC:CHOL (0.8:0.2, mol/mol) liposomes and (iii) POPC:CHOL:CER (0.36:0.24:0.40,
mol/mol/mol) liposomes.

All liposomes samples were elaborated in accordance with the methods published in
other articles [32]. In short, to elaborate each liposome sample, we added 500 mg of BNB
in a round bottom flask to the corresponding chloroform—-methanol (2:1, v/v) lipid
solutions to achieve the desired molar lipid concentration for each composition. Then, the
mixture was sonicated for 10-15 s to make sure all BNB was dissolved. Following the
removal of the solvent using a rotary evaporator, the thin lipid film was kept in a high
vacuum overnight in the absence of light to ensure the absence of organic solvent traces.
The thin films were rehydrated using a solution containing 10 mM TRIS-HCl
([tris(hydroxymethyl)aminomethane] 150 mM NaCl), and 5% (v/v) of Transcutol® P pH
7.40. Vigorous vortexing was performed for 5 cycles, at a temperature above that of the
lipid mixture’s transition, so as to obtain large multilamellar vesicles. The liposome size
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was homogenized using an ultrasound bath with temperature control for 15 min. Finally,
the liposomes were passed through a Sephadex® G50 column mounted in a 5 mL syringe
and centrifuged at 1000 rpm for 10 s using a Rotanta 460R centrifuge (Andreas Hettich
GmbH & Co. KG, DE, Tuttlingen, Germany) to eliminate non-encapsulated BNB.

4.3.2. Liposomes’ Physicochemical Characterization

The physicochemical properties of the liposomes were analyzed using various
parameters, including pH, vesicle size, polydispersity index, ZP and encapsulation
efficiency. pH measurement was carried out, using a pH-meter micro pH 2001 (Crison
Instruments SA, Alella, Spain), in triplicate. The Zetasizer Nano S (Malvern Instrument,
Malvern, UK) was used to determine the liposomes size, PDI and ZP. All the
physicochemical characteristics were determined in triplicate [33]. All the measures were
analyzed by one-way ANOVA test followed by a Tukey’s multiple comparison test. These
measurements were repeated on samples stored for up to 1 month at 4 °C to assess the
stability of the liposomes.

To study the EE percentage (EE%), the liposomes were broken down with
Transcutol® P: Triton at 10% (8:1), so that they released the BNB, and quantified using
HPLC (see Section 4.3.6). The comparison between the initial amount and the extracted
amount gave the EE% (Equation (1)) [32]:

EE% = 2 x 100 (1)
Qo

where Q is the total mass of BNB retained inside the liposomes and Qo is the total mass
of BNB initially used to prepare the liposomes. Both quantities are expressed in mg.

4.3.3. In Vitro Drug Release Study

In order to investigate the release of the drug, we employed a dialysis membrane that
had a molecular cut-off weight of 14,000 Da (Sigma—-Aldrich, Madrid, Spain) in Franz-type
diffusion cells. These cells had a diffusion area of 0.64 cm2 and a receptor chamber of 4.9
mL (Crown Glass Company, Inc., Jersey City, NJ, USA) [34,35]. Prior to use, the membrane
was hydrated in methanol:water (1:1) for 24 h and then washed before being set in the
Franz diffusion cells. The receptor medium used was Transcutol® P which was stirred at
500 r.p.m. to keep sink conditions. The experiment was conducted at 32 °C by means of a
thermostatic water bath. An amount of 500 pL of formulation was added to the donor
compartment; five replicates per each liposome were included. During the experiment,
samples of 200 pL were collected at specific time intervals and, in order to maintain a
constant volume in the cells, Transcutol® P was added after each sample collection. The
collected samples were analyzed by a validated HPLC-fluorescence method, as described
in Section 4.3.6. The cumulative amounts of BNB released from each liposomal
formulation were plotted over time, and the data were analyzed by different kinetic
models to describe the drug release profile. The determination coefficient (r2) was used to
assess the goodness of fit [36].

Moreover, some non-modelestic parameters were calculated to compare different
release profiles. These estimated parameters were the MRT of BNB from the formulation,
the AUC representing the amount of BNB that was released from the formulation [37] and
the efficiency (E) as the percentage of BNB released from the initial formulation.

4.3.4. Ex Vivo Permeation Study

The permeation studies were conducted using Franz diffusion cells with a surface
area measuring 0.64 cm2 and a receptor chamber of 4.9 mL. The altered abdominal human
skin was placed between the donor and the receptor compartments [34,35]. The receptor
medium was Transcutol® P. Amounts of 500 pL of each liposome was put on the donor
compartment. Samples of 200 pL were taken over 25 h and replaced by Transctuol® P
after every sampling time. We analyzed the samples using the validated HPLC-
fluorescence method (see Section 4.3.6).
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Three permeation parameters of each liposome were calculated: flux (Jss, pg/h),
permeability coefficient (Kp, cm/h) and theoretical predicted plasma concentration in
human steady state applied to a 10 cm2 surface (Css, ng/mL). Flux is the slope calculated
with the aligned points in the permeation profile [35]. The permeability coefficient was
obtained by the following equation:

Jss

Kp = 2
P= A (2)

where Co (ug/mL) is the initial concentration of BNB in the liposome and A is the surface
of the diffusion area (cm?) [34].
Css was calculated by the equation detailed below:

Jss - TSA
= T4 3)

where Jss (ug/h) is the flux, TSA (cm?) is the theoretical surface area of application, Clp
(ml/min) is the human plasma clearance of BNB and A (cm?) is the diffusion area of the
Franz cells [34]. The area of application considered was 10 cm?2.

After completing the permeation study, we removed all tissues from the diffusion
cells and washed away any liposomes remaining on the surface with distilled water. Then,
we extracted the BNB that was retained in the permeation area of the tissue, cutting it,
weighing it and immersing it in 1 mL of Transcutol® P. The sample was then sonicated
for 10 min using an ultrasonic water bath [33]. The final step was to analyze the
Transcutol® P with the extracted BNB using HPLC. We calculated the retained BNB in the
tissues (Qrt) using Equation (4) and the results were stated, normalized by the weight of
the tissue and the diffusion area (0.64 cm?) and multiplied by the recuperation of the drug;:

Qexe 100
W x A R

Qret = 4)

In this equation, Qex represents the quantity of drug extracted from the tissue and is
measured in pug, W denotes the weight of the tissue in grams, while A is the diffusion area
in cm?. Finally, R represents the proportion of BNB that is recovered in each tissue [35].

4.3.5. Baricitinib Determination by HPLC

The measurement of BNB in each sample was carried out using high-performance
liquid chromatography (HPLC) equipped with a fluorescence detector. The HPLC system
consisted of a Chromatograph Waters Alliance 2695 and a Fluorescence Jasco FP-1520
detector that operated at an excitation wavelength of 310 nm and an emission wavelength
of 390 nm. The chromatographic column was a Symmetry C18 (4.6 x 75 mm, 3.5 um) and
the mobile phase was Ammonium Formate 10 mM pH 7.4 (75:25 v/v); the flux was 1
mL/min and the volume of injection was 10 uL. The validated range for the quantification
of BNB was from 0.03 to 1 ug/mL.

4.3.6. Tolerance Study and Histological Analysis

Liposomes were also evaluated by a modified Draize skin test to study the effect on
induced erythema and edema with xylol to simulate atopic skin. We used non-
anesthetized New Zealand healthy rabbits (Harlan, Barcelona, Spain). They were cared
for in accordance with the standard conditions, receiving food and water ad libitum. The
objective was to detect the possible signs of damage on altered skin as indicated by the
level of erythema and edema [38,39]. The studies were conducted under a protocol in
accordance with the Mexican Official Norm for Animal Care and Handling (NOM-062-
Z00-1999).

To obtain an ARS, we used microneedles so as to compromise the skin barrier
function on the rabbits’ backs. This was carried out one day after having measured their
basal values and having shaved them. The animals were divided into different groups:
the negative control group which only underwent microneedles; the positive control
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group which, in addition to the microneedles, received xylol to induce skin irritation; 3
other groups which received microneedles, plus xylol, plus one of the liposomes. Next,
we applied 0.5 mL of xylol to all the rabbits minus the negative control (which also did
not have liposomes). The positive control received microneedles plus xylol.

The responses were recorded at 15 min, 45 min and 3 h 30 min. At the same points in
time, the transepidermal water loss (TEWL) and skin hydration were measured. For the
positive control, 0.5 mL of xylol was applied and evaluated at the same times as the
liposomes. A visual scoring system was used to evaluate inflammation; this system
classifies from 1 to 4 according to whether the erythema and edema were practically
imperceptible or had reached a large area of exposure [40]: 0 denotes no erythema and no
edema, 1 denotes a little sign of erythema or edema, 2 denotes explicit erythema or slight
edema, 3 denotes a moderate to severe erythema or edema and 4 refers to serious
erythema (beet redness) through to the first signs of depth injuries or severe edema [41].

Xylol was used as an irritant component to induce allergic contact dermatitis (ACD),
characterized by manifestations such as skin redness, swelling, warmth and itching and
accompanied by dryness and flaking. Other articles, like those of Patricia L Nadworny et
al. [42] or Liu Tang et al. [43], used dinitrochlorobenzene, or Paul L. Stanley et al. [44], who
used 12-O-tetradecanoylphorbol-13-acetate (TPA).

TEWL is the amount of water that can diffuse through the skin stratum corneum per
unit of time. The appropriate structure of intracellular lipids in the stratum corneum is
one of the key factors in retaining transdermal water [45,46]. TEWL was measured by
Tewameter (TEWL-Dermalab, Agaram Industries, India). An increment of this value
means there is damage on the skin barrier [47]. The skin hydration was measured by a
Corneometer (EnviroDerm, Ireland), which can quantify the amount of water within the
corneum.

After monitoring the mentioned parameters for 3 h, the treated animal parts were
histologically evaluated to assess the effect of the liposomes. To ensure this, the animals
were euthanized with xylazine (Rompun® 20 mg/mL, Bayer Hispania, Sant Joan Despi,
Spain) and ketamine (Imalgene® 100 mg/mL, Boehringer Ingelheim Animal Health
Espafia, Sant Cugat del Valles, Spain). The mixture was injected via the right ear vein at 4
mg/kg [48]. After clinical death, the back skin was immediately excised, rinsed with PBS
pH 7.4, and set overnight at room temperature in 4% buffered formaldehyde and
subsequently embedded in paraffin wax. Transverse sections measuring 5 um were
stained with hematoxylin and eosin and then examined using a light microscope
(Olympus BX41 and camera Olympus XC50) on blinded-coded samples to assess the
histological structure [49].

Finally, a HET-CAM test was conducted to evaluate the potential risk of causing
irritation to the eye after a periocular application. The HET-CAM test assesses the
potential toxicity of formulations when applied to the CAM of a 10-day embryonated
hen’s egg (supplied by the G.A.L.L.S.A. farm, Tarragona, Spain). The CAM was observed
for five minutes following application, with any reactions, such as bleeding (hemorrhage),
blood vessel disintegration (coagulation) and protein denaturation (intra- and extra-
vascular vessel lysis coagulation), being noted [18]. To this end, we applied 300uL of
liposomes to the CAM and we waited 5 min to see if there had been any reaction working
with the INVITTOX protocol [50]. The positive control used was a 0.1 N solution of NaOH,
while the negative control was a solution containing 0.9% NaCl [50]. The IS was calculated,
as described by Garrds et al., including 3 replicates per formulation [49].
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5. Conclusions

Three liposomal formulations containing BNB, a Janus kinase inhibitor, were
developed for the topical treatment of complement flare-ups in AD. The liposomes were
prepared using three different lipids: POPC, CHOL and CER. The POPC:CHOL:CER
formulation showed higher flux and permeation compared to the other formulations.
However, there were no statistically significant differences in the retention concentration
in the skin between POPC:CHOL and POPC:CHOL:CER. These formulations also showed
that they retained higher amounts of BNB than liposome POPC; this may be due to them
having a longer effect. However, further biomedical investigations should be carried out.
The formulations did not demonstrate any irritant effect in the HET-CAM test, and the
liposomes POPC and POPC:CHOL did not cause any structural alteration according to
the histological analysis.

Author Contributions: Conceptualization, O.D., M\M. and A.C.C.; methodology, O.D., M.M. and
H.C,; validation, M.M. and H.C,; formal analysis, N.G.; investigation, N.G., M.].R.-L., N.B. and R.M.-
M.; resources, O.D., M.M., A.C.C. and M.J.R.-L.; data curation, P.B.-S., O.D. and M.M.; writing —
original draft preparation, N.G. and P.B.-S.; writing—review and editing, P.B.-S. and M.M.;
visualization, M.M.; supervision, A.C.C., M.M. and H.C,; project administration, M.M., A.C.C. and
H.C,; funding acquisition, A.C.C., M.M. and H.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The protocol used to carry out the studies was in accordance
with the Mexican Official Norm for Animal Care and Handing (NOM-062-Z0O0-1999) and with the
approval of the Academic Committee of Ethics of the Vivarium of the Autonomous University of the
Morelos State of Mexico, number 0122013. Moreover, the experiments were carried out in agreement
with the guidelines stated in the protocol “Principles of Laboratory Animal Care” (publication
214/97 of 30 July).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Pol Alegret and Alexander Parra-Coca for their
excellent technical support. We also thank Harry Paul for revising the English language.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

References

1. Naseri, N.; Valizadeh, H.; Zakeri-Milani, P. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers: Structure,
Preparation and Application. Tabriz Univ. Med. Sci. 2015, 5, 305-313. https://doi.org/10.15171/apb.2015.043.

2. Bose, S.; Michniak-Kohn, B. Preparation and Characterization of Lipid Based Nanosystems for Topical Delivery of Quercetin.
Eur. ]. Pharm. Sci. 2013, 48, 442-452. https://doi.org/10.1016/].EJPS.2012.12.005.

3. Sguizzato, M.; Esposito, E.; Cortesi, R.; Terrinoni, A. Molecular Sciences Lipid-Based Nanosystems as a Tool to Overcome Skin
Barrier. Int. . Mol. Sci. 2021, 22, 8319. https://doi.org/10.3390/ijms22158319.

4. Gregoriadis, G.; Florence, A.T. Liposomes in Drug Delivery. Drugs 1993, 45, 15-28. https://doi.org/10.2165/00003495-199345010-
00003.

5. Coderch, L.; Lopez, O.; De La Maza, A,; Parra, ].L. Ceramides and Skin Function. Am. J. Clin. Derm. 2003, 4, 107-129.
https://doi.org/10.2165/00128071-200304020-00004.

6. Boncheva, M. The Physical Chemistry of the Stratum Corneum Lipids. Int. ]. Cosmet. Sci. 2014, 36, 505-515.
https://doi.org/10.1111/ics.12162.

7. Danso, M.; Boiten, W.; van Drongelen, V.; Gmelig Meijling, K.; Gooris, G.; El Ghalbzouri, A.; Absalah, S.; Vreeken, R.; Kezic, S.;

van Smeden, J.; et al. Altered Expression of Epidermal Lipid Bio-Synthesis Enzymes in Atopic Dermatitis Skin Is Accompanied
by Changes in  Stratum  Corneum  Lipid  Composition.  ]. Derm. Sci. 2017, 88,  57-66.
https://doi.org/10.1016/].JDERMSCI.2017.05.005.



Pharmaceuticals 2023, 16, 894 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

Elias, P.M. Lipid Abnormalities and Lipid-Based Repair Strategies in Atopic Dermatitis. Biochim. Et Biophys. Acta. -Mol. Cell
Biol. Lipids 2014, 1841, 323-330. https://doi.org/10.1016/].BBALIP.2013.10.001.

van Smeden, J.; Janssens, M.; Gooris, G.S.; Bouwstra, J.A. The Important Role of Stratum Corneum Lipids for the Cutaneous
Barrier =~ Function.  Biochim. ~ Et  Biophys.  Acta. -Mol.  Cell  Biol.  Lipids 2014, 1841,  295-313.
https://doi.org/10.1016/]. BBALIP.2013.11.006.

Dharmage, S.C.; Lowe, A.J.; Matheson, M.C.; Burgess, ].A.; Allen, K.J.; Abramson, M.]. Atopic Dermatitis and the Atopic March
Revisited. Allergy 2014, 69, 17-27. https://doi.org/10.1111/all.12268.

Wollenberg, A.; Barbarot, S.; Bieber, T.; Christen-Zaech, S.; Deleuran, M.; Fink-Wagner, A.; Gieler, U.; Girolomoni, G.; Lau, S.;
Muraro, A.; et al. Consensus-Based European Guidelines for Treatment of Atopic Eczema (Atopic Dermatitis) in Adults and
Children: Part L. . Eur. Acad. Dermatol. Venereol. 2018, 32, 657-682.

Oranje, A.P. Practical Issues on Interpretation of Scoring Atopic Dermatitis: SCORAD Index, Objective SCORAD, Patient-
Oriented SCORAD and Three-Item Severity Score. Curr. Probl. Dermatol. 2011, 41, 149-155.

Jorgensen, S.C.J.; Tse, C.L.Y; Burry, L.; Dresser, L.D. Baricitinib: A Review of Pharmacology, Safety, and Emerging Clinical
Experience in COVID-19. Pharmacother. |. Hum. Pharmacol. Drug. Ther. 2020, 40, 843-856. https://doi.org/10.1002/phar.2438.
Committee for Medicinal Products for Human Use (CHMP). Olumiant-Assessment Report; Committee for Medicinal Products
for Human Use (CHMP): London, UK, 2020.

Saeki, H.; Ohya, Y.; Furuta, J.; Arakawa, H.; Ichiyama, S.; Katsunuma, T.; Katoh, N.; Tanaka, A.; Tsunemi, Y.; Nakahara, T.; et
al. Executive Summary: Japanese Guidelines for Atopic Dermatitis (ADGL) 2021. Allergol. Int. 2022, 71, 448-458
https://doi.org/10.1016/j.alit.2022.06.009.

National Library of Medicine (US); National Center for Biotechnology Information PubChem Compound Summary for CID
5497103, 1-Palmitoyl-2-Oleoyl-Sn-Glycero-3-Phosphocholine. Available online:
https://pubchem.ncbi.nlm.nih.gov/compound/1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (accessed on 27 September
2022).

Jurecek, L.; Rajcigelova, T.; Kozarova, A.; Werner, T.; Vormann, J.; Kolisek, M. Beneficial Effects of an Alkaline Topical
Treatment in Patients with Mild Atopic Dermatitis. J. Cosmet. Derm. 2021, 20, 2824-2831. https://doi.org/10.1111/jocd.13936.
Mallandrich, M.; Calpena, A.C.; Clares, B.; Parra, A.; Garcia, M.L.; Soriano, J.L.; Fernandez-Campos, F. Nano-Engineering of
Ketorolac Tromethamine Platforms for Ocular Treatment of Inflammatory Disorders. Nanomedicine 2021, 16, 401-414.
https://doi.org/10.2217/nnm-2020-0403.

Gonzalez-Rodriguez, M.; Rabasco, A. Charged Liposomes as Carriers to Enhance the Permeation through the Skin. Expert Opin.
Drug. Deliv. 2011, 8, 857-871. https://doi.org/10.1517/17425247.2011.574610.

Paranjpe, M.; Miiller-Goymann, C.C. Nanoparticle-Mediated Pulmonary Drug Delivery: A Review. Int. ]. Mol. Sci. 2014, 15,
5852-5873. https://doi.org/10.3390/]J]MS15045852.

Schroeder, A.; Kost, J.; Barenholz, Y. Ultrasound, Liposomes, and Drug Delivery: Principles for Using Ultrasound to Control
the Release of Drugs from Liposomes. Chem. Phys. Lipids 2009, 162, 1-16. https://doi.org/10.1016/]. CHEMPHYSLIP.2009.08.003.
Campos, F.F.; Calpena Campmany, A.C.; Delgado, G.R.; Serrano, O.L.; Naveros, B.C. Development and Characterization of a
Novel Nystatin-Loaded Nanoemulsion for the Buccal Treatment of Candidosis: Ultrastructural Effects and Release Studies. J.
Pharm. Sci. 2012, 101, 3739-3752. https://doi.org/10.1002/]PS.23249.

Dominguez-Villegas, V.; Clares-Naveros, B.; Garcia-Lépez, M.L.; Calpena-Campmany, A.C.; Bustos-Zagal, P.; Gardufo-
Ramirez, M.L. Development and Characterization of Two Nano-Structured Systems for Topical Application of Flavanones
Isolated from Eysenhardtia Platycarpa. Colloids. Surf. B Biointerfaces 2014, 116, 183-192.
https://doi.org/10.1016/j.colsurfb.2013.12.009.

D’Souza, S. A Review of In Vitro Drug Release Test Methods for Nano-Sized Dosage Forms. Adv. Pharm. 2014, 2014, 1-12.
https://doi.org/10.1155/2014/304757.

Pappas, A. Epidermal Surface Lipids. Dermatoendocrinol 2009, 1, 72-76. https://doi.org/10.4161/derm.1.2.7811.

Sinico, C.; Fadda, A.M. Vesicular Carriers for Dermal Drug Delivery. Expert Opin. Drug. Deliv. 2009, 6, 813-825.
https://doi.org/10.1517/17425240903071029.

Chen, Y.; Quan, P.; Liu, X.; Wang, M.; Fang, L. Novel Chemical Permeation Enhancers for Transdermal Drug Delivery. Asian ].
Pharm. Sci. 2014, 9, 51-64. https://doi.org/10.1016/].AJPS.2014.01.001.

Shi, J.G.; Chen, X.; Lee, F.; Emm, T.; Scherle, P.A.; Lo, Y.; Punwani, N.; Williams, W.V_; Yeleswaram, S. The Pharmacokinetics,
Pharmacodynamics, and Safety of Baricitinib, an Oral JAK 1/2 Inhibitor, in Healthy Volunteers. ]. Clin. Pharm. 2014, 54, 1354—
1361. https://doi.org/10.1002/jcph.354.

Rins, M.; Diez, I; Calpena, A.C.; Obach, R. Skin Density in the Hairless Rat. Evidence of Regional Differences. Eur. |. Drug.
Metab. Pharm. 1991, Spec No 3, 456-457.

Medi, B.M.; Singh, J. Skin Targeted DNA Vaccine Delivery Using Electroporation in Rabbits: II. Safety. Int. J. Pharm. 2006, 308,
61-68. https://doi.org/10.1016/].JPHARM.2005.10.035.

Anigbogu, A.; Patil, S.; Singh, P.; Liu, P.; Dinh, S.; Maibach, H. An in Vivo Investigation of the Rabbit Skin Responses to
Transdermal Iontophoresis. Int. J. Pharm. 2000, 200, 195-206. https://doi.org/10.1016/S0378-5173(00)00371-9.
Véazquez-Gonzalez, M.L.; Botet-Carreras, A.; Doménech, O.; Teresa Montero, M.; Borrell, J.H. Planar Lipid Bilayers Formed
from Thermodynamically-Optimized Liposomes as New Featured Carriers for Drug Delivery Systems through Human Skin.
Int. ]. Pharm. 2019, 563, 1-8. https://doi.org/10.1016/j.ijpharm.2019.03.052.



https://doi.org/10.1111/all.12268

Pharmaceuticals 2023, 16, 894 16 of 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Moussaoui, S.E.; Abo-horan, I.; Halbaut, L.; Alonso, C.; Coderch, L.; Gardufo-ramirez, M.L.; Clares, B.; Soriano, J.L.; Calpena,
A.C.; Fernandez-campos, F.; et al. Polymeric Nanoparticles and Chitosan Gel Loading Ketorolac Tromethamine to Alleviate
Pain Associated with Condyloma Acuminata during the Pre- and Post-ablation. Pharmaceutics 2021, 13, 1784.
https://doi.org/10.3390/pharmaceutics13111784.

Moussaoui, S.E.; Fernandez-Campos, F.; Alonso, C.; Limén, D.; Halbaut, L; Gardufio-Ramirez, M.L.; Calpena, A.C;
Mallandrich, M. Topical Mucoadhesive Alginate-Based Hydrogel Loading Ketorolac for Pain Management after
Pharmacotherapy, Ablation, or Surgical Removal in Condyloma Acuminata. Gels 2021, 7, 8. https://doi.org/10.3390/gels7010008.
Mallandrich, M.; Fernandez-Campos, F.; Clares, B.; Halbaut, L.; Alonso, C.; Coderch, L.; Gardufio-Ramirez, M.L.; Andrade, B.;
del Pozo, A.; Lane, M.E,; et al. Developing Transdermal Applications of Ketorolac Tromethamine Entrapped in Stimuli Sensitive
Block Copolymer Hydrogels. Pharm. Res. 2017, 34, 1728-1740. https://doi.org/10.1007/s11095-017-2181-8.

Kurakula, M.; Srinivas, C.; Kasturi, N.; Diwan, P. V Formulation and Evaluation of Prednisolone Proliposomal Gel for Effective
Topical Pharmacotherapy. Int. ]. Pharm. Sci. Drug. Res. 2012, 4, 35-43.

Pérez-Gonzalez, N.; Bozal-De Febrer, N.; Calpena-Campmany, A.C.; Nardi-Ricart, A.; Rodriguez-Lagunas, M.].; Morales-
Molina, J.A.; Soriano-Ruiz, J.L.; Fernandez-Campos, F.; Clares-Naveros, B.; Dinu, V. New Formulations Loading Caspofungin
for Topical Therapy of Vulvovaginal Candidiasis. Gel 2021, 7, 259. https://doi.org/10.3390/gels7040259.

Lee, M.; Hwang, J.-H.; Lim, K.-M. Alternatives to In Vivo Draize Rabbit Eye and Skin Irritation Tests with a Focus on 3D
Reconstructed Human Cornea—Like Epithelium and Epidermis Models. Toxicol. Res. 2017, 33, 191-203.
https://doi.org/10.5487/TR.2017.33.3.191.

Gupta, P.K. Chapter 12-Toxicological Testing: In Vivo Systems. In Fundamentals of Toxicology; Academic Press: Cambridge, MA,
USA, 2016; pp. 131-150. https://doi.org/10.1016/B978-0-12-805426-0.00012-3.

Singh, S.; Singh, J. Dermal Toxicity and Microscopic Alterations by JP-8 Jet Fuel Components in vivo in Rabbit. Env. Toxicol.
Pharm. 2004, 16, 153-161. https://doi.org/10.1016/]. ETAP.2003.12.001.

Mehanna, M.M.; Abla, KK, Elmaradny, H.A. Tailored Limonene-Based Nanosized Microemulsion: Formulation,
Physicochemical Characterization and In Vivo Skin Irritation Assessment. Adv. Pharm. Bull. 2020, 11, 274-285.
https://doi.org/10.34172/APB.2021.040.

Nadworny, P.L.; Wang, J.; Tredget, E.E.; Burrell, R.E. Anti-Inflammatory Activity of Nanocrystalline Silver-Derived Solutions
in Porcine Contact Dermatitis. J. Inflamm. 2010, 7, 13. https://doi.org/10.1186/1476-9255-7-13.

Tang, L.; Cao, X.; Li, X.; Ding, H. Topical Application with Conjugated Linoleic Acid Ameliorates 2, 4-dinitrofluorobenzene-
induced Atopic Dermatitis-like Lesions in BALB/c Mice. Exp. Derm. 2021, 30, 237-248. https://doi.org/10.1111/exd.14242.
Stanley, P.L.; Steiner, S.; Havens, M.; Tramposch, K.M. Mouse Skin Inflammation Induced by Multiple Topical Applications of
12-O-Tetradecanoylphorbol-13-Acetate. Ski. Pharm. Physiol. 1991, 4, 262-271. https://doi.org/10.1159/000210960.
Verdier-Sévrain, S.; Bonté, F. Skin Hydration: A Review on Its Molecular Mechanisms. ]. Cosmet. Derm. 2007, 6, 75-82.
https://doi.org/10.1111/j.1473-2165.2007.00300.x.

Alexander, H.; Brown, S.; Danby, S.; Flohr, C. Research Techniques Made Simple: Transepidermal Water Loss Measurement as
a Research Tool. ]. Investig. Dermatol. 2018, 138, 2295-2300.e1. https://doi.org/10.1016/j.jid.2018.09.001.

Netzlaff, F.; Kostka, K.H.; Lehr, C.M.; Schaefer, U.F. TEWL Measurements as a Routine Method for Evaluating the Integrity of
Epidermis Sheets in Static Franz Type Diffusion Cells in Vitro. Limitations Shown by Transport Data Testing. Eur. |. Pharm.
Biopharm. 2006, 63, 44-50. https://doi.org/10.1016/].EJPB.2005.10.009.

Parra-Coca, A.; Boix-Montafiés, A.; Calpena-Campmany, A.C.; Colom, H. In Vivo Pharmacokinetic Evaluation of Carprofen
Delivery from Intra-Articular Nanoparticles in Rabbits: A Population Modelling Approach. Res. Vet. Sci. 2021, 137, 235-242.
https://doi.org/10.1016/J.RVSC.2021.05.012.

Garros, N.; Mallandrich, M.; Beirampour, N.; Mohammadi, R.; Domeénech, 0,; Rodriguez-Lagunas, M.].; Clares, B.; Colom, H.
Baricitinib Liposomes as a New Approach for the Treatment of Sjogren’s Syndrome. Pharmaceutics 2022, 14, 1895
https://doi.org/10.3390/pharmaceutics14091895.

nteragency Coordinating Committee on the Validation of Alternative Methods (ICCVAM). Test Method Protocol: Hen’s Egg Test-
Chorioallantoic Membrane (HET-CAM) Test Method; Interagency Coordinating Committee on the Validation of Alternative
Methods (ICCVAM): Bethesda, MD, USA, 2010.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics13111784

234



Intrinsic permeation of baricitinib in human skin and selection of candidates as

promoters: Two new HPLC validations

Nuria Garrés, Helena Colom, Roya Mohammadi Mey Abadi, Negar Beirampour, Ana

C. Calpena i Mireia Mallandrich.

Journal of Pharmaceutical and Biomedical Analysis, submitted Jan 31, 2024

Quartil Q2; factor d’impacte 3.571 I'any 2023.

ANALYSIS with an HPLC-UV/Vis
PERMEATION EXTRACTION and an HPLC-Fluorescence

Baricitinib

peak \‘
il

non enhancer

il

8
Retained amount of

baricitinib (mglg/em?)

3

Normal skin  Microneedles

»

8

Cum amount permeated (1ig)

10 15 20 25 30
Time (h)

235



236



'S

O o0 N o G

10
11
12
13

14
15
16
17
18
19
20
21
22
23
24
25
26

27
28
29

30
31

32
33
34
35
36
37
38
39
40
41

-- Manuscript Draft --
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Abstract: This study investigates the potential of using the skin as a target for drug delivery,
focusing on Baricitinib, an immunomodulator drug used for treating atopic dermatitis and
rheumatoid arthritis. The skin's protective nature poses a challenge to drug diffusion,
necessitating permeation enhancers. The research assesses intrinsic permeation of a
saturated Baricitinib solution in Transcutol and examines its permeation through human skin
at a concentration of 2 mg/mL. The study explores the impact of physical (titanium
microneedles) and chemical permeation enhancers on Baricitinib's permeation. Confocal
Raman Spectroscopy (CRS) and validated HPLC analytical methods, an HPLC-UV and an HPLC-
fluorescence, are employed. For the first time Baricitinib Raman profile has been obtained.
Microneedles enhance drug permeation and retention over 2-fold. Terpenes and fatty acids,
especially menthol, significantly boost permeation (25-fold) and esters improve retention (3-
fold). The findings suggest that percutaneous delivery of Baricitinib could be a promising
alternative to oral administration.

Abbreviations: BNB, Baricitinib; DMSO, Dimethyl sulfoxide; PEG-400, Polyethylene glycol-
400; AD, Atopic dermatitis; RA, Rheumatoid arthritis; AA, Alopecia areata; CRS; Confocal
Raman Spectroscopy; FP, Fingerprint; HWN, High wavenumber.

Keywords: Baricitinib; HPLC-UV; Fluorescence; Skin, Permeation enhancer; Method
validation.

1. Introduction

Baricitinib (BNB) is a small molecule (molecular weight (C16H17-N702S): 371.42 Da) (Figure
1), aJanus Kinase inhibitor with selectivity for JAK2 and JAK1. The JAK family components are
the once which activate STATs causing hyperinflammation and chronic itch at skin among
other symptoms using different neuronal cells, keratinocytes, and immunity cells on their
way (Radi et al., 2021). This inhibition may reduce the proliferation of key immune cells and
the cellular activation, resulting in a reduction of the inflammation. BNB has a low solubility
in water (0.357 mg/mL) what difficult the formulation development, instead has a high
solubility in organic solvents such us dimethyl sulfoxide (DMSO) and polyethylene glycol-400
(PEG-400) (Alshetaili, 2019; Anwer et al., 2022).
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Figure 1. Structure of BNB obtained from the open database PubChem belonging to the
National Institutes of Health (NIH).

BNB is used for the treatment of moderate-to-severe atopic dermatitis (AD), rheumatoid
arthritis (RA), COVID-19 and recently has been approved as the treatment for sever alopecia
areata (AA) in adults, and it is being studied for systemic lupus erythematosus (SLE)
treatment (Committee for Medicinal Products for Human Use (CHMP), 2020; Markham,
2017; Wishart et al., 2023). It is available as oral administration tablets, the usual dose is 4
mg once a day, but this can be reduced to 2 mg once a day when the disease is under control
(Committee for Medicinal Products for Human Use (CHMP), 2020). We want to focus on
illness with skin manifestation, so it's been demonstrated orally administrated BNB can
quickly improve skin pains as soon as after the first day starting the treatment (Thyssen et
al., 2021).

AD is a widespread and persistent condition with a genetic predisposition, it is characterized
by itching and inflammation of the skin. The usual treatment for AD is the use of topical
glucocorticosteroids with systemic immunosuppressants but it has several adverse effects,
topical corticosteroids can cause thinning of the skin, telangiectasis, and stretch mark; and
immunosuppressant drugs make easy a Staphylococcus infection what force the
coadministration with antibiotics (Oranje, 2011; Ring et al., 2012; Thomsen, 2014). RA is a
systemic inflammatory autoimmune disease that attacks the joints, causing inflammation
and damage. This can result in the gradual destruction of joints, including the loss of cartilage
and erosion of nearby bone. To minimize inflammation in patients to prevent the
accumulation of structural damage and maintain their functional abilities various types of
drugs known as disease-modifying antirheumatic drugs (DMARDs) are used for this purpose
but they don’t stop the progression of structural damage (van der Heijde et al., 2022). One
of the most used treatments is the combination of DMARDs with glucocorticoids to reduce
long-term adverse effects. The potential negative effects range from a low chance of severe
infections, or a potential higher risk of developing cancer become the most significant and
concerning adverse events (Hsiao and Fraenkel, 2019). AA is a prevalent chronic autoimmune
disorder that specifically affects tissues, leading to the loss of hair, the existing options for
treating AA, including corticosteroids, immunomodulators, minoxidil, and contact
immunotherapy, have limited effectiveness, and come with a significant chance of negative
side effects and frequent relapses, particularly for individuals with severe AA (Zhou et al.,
2021). And SLE is a multisystem autoimmune disease that frequently affects the skin
(Wallace, 2014). The treatment of SLE often involves a combination therapy that includes
high-dose glucocorticoids and immunosuppressive drugs (Tanaka, 2020), the morbidity and
mortality associated with SLE are not solely a result of immune-mediated tissue damage, they
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also arise from complications related to its treatments, including an elevated risk of
accelerated coronary artery disease and increased susceptibility to infections (Fava and Petri,
2019).

The skin is an organ that covers the whole body, acting as a protective layer of the muscles,
tissues, and organs beneath from UV radiation, mechanical stress, and exogenous pathogens
and chemicals. It keeps the body temperature and prevents dehydration; it also has a sensory
and immunological role (Fox et al., 2011). The skin is also a target for drug delivery either for
local or systemic therapy. In the latter approach, the skin is an attractive alternative to the
oral route because it overcomes the first-pass hepatic metabolism. Nevertheless, due to the
protective function of the skin, the diffusion of drugs across the skin is usually hindered and
requires the use of permeation enhancers. A high number of molecules have shown enhancer
properties, and therefore they have been classified into different families (Figure 2): solvents,
esters, fatty acids and alcohols, peptides, sugar and vitamin derivatives, lactams, terpenes,
and amino acid derivatives (Kovacik et al., 2020).

W LACTANTS

(+)-3-Carene  a-Pinene (R)-(+)-
Limonene NSNS N
Myristyl alcohol

A Ay ¢
4

Squalene FATTY ACIDS N )
Mo AND v
ALCOHOLS sic ac -
TERPENES N-ethylpirrolidine
NSNS
ESTERS AMINO ACIDS DERIVATES

Menthol Lauryl acrylate

Figure 2. Some of the enhancers used in this work, classified into their corresponding
families.

Azone was the first molecule specifically designed as a skin penetration enhancer. It has very
good properties for enhancers and can help the permeations with a wide variety of drugs
(Williams and Barry, 2012). Terpenes increase skin permeation by one or more mechanisms
that interact with the lipids and/or keratin of the stratum corneum (Sapra et al., 2008).
Saturated fat-ty acids with a length of around C10-C12 act joining a polar head group. In
contrast, unsaturated chains longer than C18 disturb intracellular lipid packing and give
increased permeation (Williams and Barry, 2012). Fatty alcohols disrupt the densely packed
lipids which fill the extracellular spaces of SC. The most effective length seems to be the C10-
C12 (Kanikkannan and Singh, n.d.). Pyrrolidines or amino acids derivates improve the
permeation polar route by making diffusion more effective and reducing the nonpolar route
(Southwell and Barry, 1983). Esters have the advantage of having a polar part and a nonpolar
one. They are not the best enhancers in terms of promoting drug diffusion, but they are
milder on the skin (Csdka et al., 2007). Not only do chemical permeation enhancers exist, but
there are also physical enhancers, for instance, microneedles which act by inserting the drug
directly into the stratum corneum increasing the drug flux, whereas chemical enhancers
temporarily reduce skin resistance to enhance drug passage (Smith and Maibach, 2005).

Our goal for this work was to evaluate the impact of different permeation enhancers on the
BNB’s diffusion through human skin to achieve a localized effect in order to minimize the
potential systemic issues associated with BNB. However, the information available on its oral
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use indicates that as an immunosuppressant, it may increase the risk of infections,
infestations, and hypercholesterolemia (Committee for Medicinal Products for Human Use
(CHMP), 2020). Despite these risks, the benefit-risk ratio may still be beneficial for the
patient. The studies published so far suggest that the benefits of using BNB may be superior
to those of existing treatments (Bieber et al., 2022). To our knowledge, there have been no
safety tests conducted on the topical use of BNB. As the vehicle for BNB, we selected
Transcutol®, a glycol monoethyl ether, due to its high ability of solubilization and its safety
profile that does not compromise the integrity of the skin structures unlike DMSO (Osborne
and Musakhanian, 2018). Transcutol® has been previously used in cosmetics and oral and
topical pharmaceutical formulations, according to studies made by Gattefossé undiluted
Transcutol® caused no classifiable primary or cumulative skin irritation (Sullivan et al., 2014).
For topical products, Transcutol® has been approved by the FDA concentrations up to 49,9%
and the Good Manufacturing Practices in the USA endorses it since a 20 mg/kg concentration
for dermal route and EMEA guidelines don’t establish limits for Transcutol® in
pharmaceutical products (Osborne and Musakhanian, 2018; Sullivan et al., 2014). Even so,
Transcutol® in our project is used in a high concentration as a preliminary study so BNB has
no solubility problem in the study of different enhancers (Mohammadi-Meyabadi et al.,
2022). We have tested different types of enhancers: microneedle array as a physical
enhancer to pierce stratum corneum (SC) and different chemical enhancers to modify the SC.
Figure 2 shows the families of chemical enhancers we have considered for our study. The
permeation and retention of BNB in skin studies need validated analytical methods to
adequately quantify the drug in the tissue. To this end, Confocal Raman Spectroscopy (CRS)
and high-performance liquid chromatographic (HPLC) were used. Raman spectroscopy
imaging is noteworthy for its ability to analyze biomolecular information in samples. The
process involves exciting the sample with visible or near-infrared laser light, leading to both
elastic Rayleigh scattering and inelastic Raman scattering. The latter provides insights into
the energy levels associated with molecular bond vibrations. Through spectral
decomposition of the Raman signal, it becomes possible to probe and differentiate between
active ingredients and endogenous skin components. Additionally, this analysis can unveil
molecular modifications induced by actives on the skin. Raman spectra act as specific
fingerprints, allowing for the identification and potential tracking of molecules within the
skin, making it a valuable tool for studying cutaneous components and their interactions
(Essendoubi et al., 2021).

CRS has been widely used in skin research, mainly as a qualitative technique that, as
mentioned previously, allows you to differentiate the presence of the studied substance from
among the other components of the skin. Recently, Caspers et al. reported a new application
of CRS for the quantitative analysis of the amounts of compounds that penetrate the skin.
The quantification of total skin uptake was performed by calculating the area under the depth
profile curves (AUC) for the thickness of the stratum corneum (Caspers et al., 2019).

HPLC serves as an analytical method employed for the separation, identification, or
quantification of individual components within a mixture. The separation process relies on
the fundamental principle of column chromatography, and subsequent identification and
guantification are achieved through spectroscopy techniques. We have validated two HPLC
methods according to the International Conference on Harmonization (ICH) Q2A and ICH Q2B
Guidelines for the quantification of BNB in Transcutol®P. One HPLC method used the UV
detector for determining the drug extracted from the skin, and an HPLC with a fluorescence
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detector was used for quantifying the drug in samples from the skin permeation tests, which
needed a more sensitive method due to the lower concentration of BNB in these samples.

2. Materials and Methods

2.1. Materials

Transcutol®P [Diethylene glycol monoethyl ether] was bought at Gattefossé (Bacelona,
Spain). Sigma-Aldrich (Madrid, Spain) supplied BNB and the permeation enhancers: Nonane,
Lauryl acrylate, Squalene, Atone, Sebacic acid, (R)-(+)-Limnonene, a-Pinene, N-
ethylpirrolidine, (+)-3-caren, 1-decanol, Myristic alcohol, Oleic acid, Menthol and Octanoic
acid. BeautyBio GIoPRO® roller microneedling for histological procedures were bought at
Currentbody (Barcelona, Spain). Water Millipore MilliQ purification system (Millipore
Corporation, Burlington, USA) was used to obtain ultrapure water for all experiments, and all
the other chemical reagents used were of analytical grade.

2.2. Biological materials

Abdominal human skin (protocol code 93-01162 02/18 approved on 17/01/2020 by the
Bioethics Committee of SCIAS Hospital de Barcelona), which was dermatomed to 400 um
thickness (Aesculap GA 630, Aesculap, Tuttligen, Germany).

2.3. Baricitinib solution preparation

A saturated solution of BNB was prepared by dissolving an excess of BNB in Transcutol®P and
filtrating the leftovers with a 0.45 um nylon filter. The saturated solution was used to assess
the intrinsic permeation of BNB. Additionally, we prepared solutions of BNB at a
concentration of 2 mg/mL with 5% of different enhancers, which are listed in Table 1.

2 mg/mL BNB solution was also included in the permeation study as the reference for
evaluating the enhancement factor of the permeation enhancers. The concentration of 2
mg/mL has been chosen based on the daily oral dose currently available in the market as a
reference. Since there is no data on BNB for topical application, we decided to start with this
dose to assess its permeation capacity and safety in achieving a local effect.

Table 1. Permeation enhancers used in the study with their molecular formula, molecular
mass, and CAS Register number.

] Molecular Mass CAS Register

Permeation enhancer Molecular formula
(g/mol) Number

Nonane CoHao 128.26 111-84-2
Lauryl acrylate C1502H2s 240.38 2156-97-0
Squalene CsoHso 410.72 111-02-4
Azone CigH3sNO 281.5 59227-89-3
Sebacic acid C1004H1s 202.25 111-20-6
(R)-(+)-Limonene CioH16 136.23 5989-27-5
a-Pinene CioH16 136.23 80-56-8
N-ethylpirrolidine CsHoN 71.12 123-75-1
(+)-3-caren CioH1e 136.23 498-15-7
1-Decanol C100H22 158.28 112-30-1
Myristyl alcohol C140H3o 214.39 112-72-1
Oleic acid C180,H34 282.46 112-80-1
Menthol C100H30 156.27 89-78-1
Octanoic acid CsO;H16 144.21 124-07-2

CAS: Chemical Abstracts Service.
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2.4. Ex vivo skin permeation test

The capacity of BNB to penetrate the skin and diffuse through it was evaluated by Franz
diffusion cells (Hanson Research, Chatsworth, CA, USA; Crown Glass Company, INC, NJ, USA).
The cells had a diffusion area of 2.54 cm? and a receptor compartment of 14 mL. The receptor
fluid was composed of Transcutol®P to maintain skin conditions. The experiment was
conducted at 32 2C, and the receptor compartment was continuously stirred. To study the
intrinsic permeation of the drug, a saturated solution of BNB was tested on human skin
dermatomed at 400 um. Both types of skin, healthy skin (non-treated) and skin treated with
microneedles were included. We used a roller with 540 titanium needles on 7.47 cm? (72.3
microneedles/cm?) with a length of 0.25 mm to treat the skin by gently pressing the roller on
the skin surface. Both skin types were mounted on Franz cells and BNB saturated solution
was applied. Samples of 200 pL were taken and replaced afterwards with the same volume
of Transcutol®P at preestablished times over 24/30h. Table 2 describes the conditions used
in the ex vivo permeation tests.

Moreover, we tested different solutions of BNB 2 mg/mL with a chemical permeation
enhancer (Table 1). Aliquots of 600 L of the BNB solution (either alone or with an enhancer)
were added to the skin. Samples of 200 pL were collected at different time points replacing
the same volume with fresh receptor fluid immediately after each sample collection to
maintain the cell volume constant throughout the test. The sampling time points and the
duration of the experiment for the intrinsic permeation and the chemical enhancers'
permeations were set based on previous experiments conducted during the method
development phase to obtain a meaningful sampling of the permeation profile. The tests
were conducted in triplicate.

The samples obtained in both tests were quantified by HPLC coupled to a fluorescence
detector, as described in section 2.8.

Table 2. Experimental conditions for the ex vivo skin permeation tests.

Condition Description
Receptor fluid: Transcutol®P
Cell volume: 14 mL
Diffusion area: 2.54 cm?
Membrane: Human skin
Thickness: 400 pm
Replicates: 5 replicates
Temperature: 32+0.5¢°C
Stirring: 500 r.p.m.
Dose: 600 uL
Sample volume: 200 uL

2.5. Amount of drug retained in the skin.

We also investigated the amount of BNB retained in the skin [Qret (ug/g skin/cm?)]. To this
end, the skin was removed from the diffusion cells after finishing the permeation test and
rinsed with distilled water. The area of the skin exposed to the permeation was cut out,
weighed, and the drug was extracted with 2 mL of Transcutol®P for 10 minutes using an
ultrasonic water-bath. The solvent was collected and quantified by HPLC prior filtration
(section 2.8). The Qret was determined per area and weight of skin (2.54 cm?), and multiplied
by the recovery factor of the drug (equation 1):
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Qret = Qext/(WxA)x100/R (1)

Where Qret is the amount of drug extracted from the skin, W is the weight of the skin, A is
the diffusion area and R is the recovery (Cafiadas-Enrich et al., 2018).

2.6. Biopharmaceutical parameter data analysis

The permeation profile was obtained from the cumulative permeated amounts of BNB versus
time. The flux was determined considering the linear portion of the permeation profile by
regression analysis (GraphPad Software Inc. version 5.0, San Diego, CA, USA) Software (Sanz
et al., 2017). The resulting slope, corresponded to the flux, which is described in equation 2:

Jss = Qi/(At), (2)

Where, Jss is the flux (ug/h-cm?) at the steady state; Qt is the amount of drug in the receptor
fluid that diffused through the skin (ug); A is the cell diffusion area (cm?); and t is the time
that the receptor medium has been accepting the drug (h).

The permeability coefficient was calculated by the ratio of flux and initial concentration
(equation 3):

Kp =Jss/Co (3)

Where, Kp is the permeability coefficient expressed as cm/h; Jss is the flux, and Co
corresponds to the initial concentration of drug applied expressed as pg/mL.

The predicted plasma concentration at the steady state in human was determined according
to the equation 4:

Css = Jss-A/[Cl,], (4)

Css (pg/mL) provided the predicted concentration of BNB in the plasma considering a
hypothetical surface of application of 10 cm? (A), and the plasma clearance in humans (Clp)
(Gomez-Segura et al., 2020) which was obtained from the literature, 9.42 L/h (CHMP, n.d.).

Css (ug/mL) provided the predicted concentration of BNB in the plasma considering a
hypothetical surface of application of 10 cm? (A), and the plasma clearance in humans (Clp)
(Gémez-Segura et al., 2020) which was obtained from the literature, 9.42 L/h (CHMP, n.d.).

The mean transit time (MTT) indicates the time in which the BNB crosses the skin. The MTT
of BNB was calculated in the skin treated with enhancers and in non-treated skin in
accordance with the equation 5 (Silva-Abreu et al., 2018):

MTT = VV/(P1xPoxAe)+1/(2xP2) , (5)

where V is the volume of the donor compartment, P; is the partition coefficient, P, is the
diffusion coefficient, and Ae is the diffusional area of the skin.

The partition coefficient (P1) and the diffusion coefficient (P2) were calculated using the
following equations, equations 6 and 7 (Silva-Abreu et al., 2018):

Kp = P1-P, (6)
P,=1/6-Tl (7)

Tl is the lag time which was determined by extrapolating from the linear segment of the
permeation profile to the x-axis (Gujjar and Banga, 2014).
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And finally, the enhancement factor (EF) was calculated as the ratio of the permeability
coefficient (Kp) of the enhancer and the non-treated skin (equation 8) (Shaikh et al., 2009):

EF = Kp enhancer/Kp (non-treated), (8)

2.7. Confocal Raman profiling

The Raman analysis was performed using a Model 3510 SCA Skin Analyzer equipped with
RiverlCon version 3.0.130327 software from RiverD International B.V., Rotterdam, The
Netherlands. The instrument was fitted with two near-infrared (NIR) lasers, emitting
monochromatic light at 785 nm and 690 nm, respectively. Spectra were recorded in two
regions: the fingerprint region (FP) (400-1800 cm™) and the high wavenumber region (HWN)
(2500-4000 cm™).

Before the experiment, the instrument was calibrated using an external National Institute of
Standards and Technology (NIST) glass calibration standard, as well as the instrument's
internal Raman calibration standards, which included a neon Ilamp and a
polymethylmethacrylate Raman sample. Calibration success was determined by meeting the
built-in criteria in the software and achieving a signal-to-noise ratio above 30.

To obtain the Raman profile of BNB, ten frames were taken sequentially with a 30-second
exposure time, and the average of these frames was calculated. Two different solutions were
prepared using solvents. A 2% BNB solution in Transcutol and a 5% BNB solution in DMSO
were prepared, along with DMSO and Transcutol blanks. The purpose of using these blanks
was to remove the reference signals from the solvents, allowing us to isolate and analyse the
signal specific to the drug.

Thus, vast majority of Raman spectroscopy uses a single wavelength like 785 nm and focuses
on the FP region from 450 to 1750 cm™, which covers Raman signatures of many skin
components including natural moisturizing factor (NMF), ceramide, uranic acid, etc.
However, the HWN region (2800-3800 cm™) containing prominent Raman peaks of water
and methyl groups is also critical in tissue hydration (Zhang et al., 2021).

2.8. Validation of the analytical methods

Due to the wide concentration range of the samples obtained in the ex vivo permeation study
and the drug extraction from the skin, two analytical methods by high performance liquid
chromatography (HPLC) for the quantification of BNB were validated: HPLC-UV for samples
whose concentrations were within the range 2.5 - 40 pug/mL, and HPLC-Fluorescence for
those samples ranging within the concentrations of 0.063 to 1 pg/mL. The HPLC-UV consisted
of a Waters 1525 pump and a 2487 UV-VIS detector (Waters, Milford, USA) at a wavelength
of 310 nm, and the HPLC coupled to a fluorescence detector (HPLC-F) consisted of a
Chromatograph Waters Alliance 2695 and a Fluorescence Jasco FP-1520 detector at an Ex-
wavelength of 310 nm and an EM wavelength of 390 nm. The mobile phase consisted of
Ammonium Formate 10 mM pH 7: ACN (75:25 v/v) under isocratic elution at a flow rate of 1
mL/min in a Symmetry C18 column (4.6 x 75 mm, 3.5 um) for both methods, and the injection
volume for both methods was 10 pL.

The calibration curves for both analytical methods were prepared by diluting BNB in
Transcutol®P starting from a stock solution of 60 pg/mL of BNB in Transcutol®P. Below we
list the concentration of the working standard solutions:
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=  HPLC-F curve: 0.063, 0.125, 0.25, 0.5 and 1 pg/mL;

= HPLC-UV curve: 2.5, 5, 10, 20 and 40 pg/mL.
Empower 3 software (Waters, Milford, USA) was used to process the data. The validation of
the methods was performed as described in the ICH Q2A and ICH Q2B Guidelines (ICH Expert
Working Group, 2005), in terms of, precision, accuracy, linearity, sensitivity and specificity.

2.8.1. Linearity

Five calibration curves at 5 concentration levels were prepared to evaluate the linearity of
both methods. The correlation coefficient (r?) of the calibration curves was calculated by
linear regression analysis, and the response factor for each calibration curve was evaluated,
by one-way analysis of variance (ANOVA).

2.8.2. Accuracy and Precision

The inter-day precision of both methods was determined with five calibration curves
prepared on different days by two different researchers and the relative standard deviation
(%RSD) indicated the precision at each concentration level.

The accuracy was assessed by calculating the percentage of relative error (%RE) of the
estimated concentration to the nominal one, at each concentration level (Equation 9):

%RE=(Co-Cn)/Cn x100, (9)

where, Gy is the observed concentration and Cn is the nominal concentration.

2.8.3. Sensitivity and specificity

The limits of detection (LOD) and quantification (LOQ) led to stablish the sensibility of the
methods. The LOD and LOQ were calculated starting from the relationship between the
standard deviation of the response and the slope of the calibration curve. Equation 10 and
Equation 11 describe the estimation of LOD and LOQ, respectively:

LOD = [3.3 s/p], (10)

LOQ = [10 s/p] (11)

where, s is the standard deviation of the response, and p is the slope of the calibration curve.

The specificity was evaluated as the absence of any peaks interfering at the retention time of
BNB in the chromatographic conditions.

2.9. Statistical analysis

Prism®, v. 5.00 software (GraphPad Software Inc., San Diego, CA, USA) was used for all
statistical studies. The T-test was performed on the permeation with non-treated and treated
skin with microneedles and ANOVA analysis was conducted on the permeation data
regarding the chemical enhancers with statistical significance of p<0.05.

3. Results

3.1. Ex vivo skin permeation studies

Permeation studies investigated both the effect of physical promoters, such as microneedles,
and the effect of chemical promoters.
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3.1.1. Intrinsic permeation of baricitinib in human skin (non-treated and treated skin with
microneedles)

First, the intrinsic permeation study was performed using a saturated solution of BNB in
Transcutol®P on intact healthy skin and skin treated with microneedles as a physical
promoter. We present the results of the following study in Table 3, which shows us
permeation parameters such as the mean transit time in the skin (MTT, days) and the
enhancer factor (EF), and Figure 3, where we can observe the drug permeation profile in both
types of skin, its flux (Jss, pg/h-cm?), the permeability coefficient of BNB to permeate each of
the skins (Kp, cm/h), and finally, the predicted plasma concentration at the steady-state in
human skin (Css, pug/mL).

Table 3. Biopharmaceutical parameters of BNB solutions with and without physical
penetration enhancer.

Parameter Normal skin Treated with microneedles
MTT (days) 93.8 31.2
EF - 3.0

MTT = mean transit time in the skin; EF= enhancement factor.
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Figure 3. BNB permeation profile in normal and skin treated with microneedles: (a) BNB
cumulative amount permeated (ug) vs time (h); (b) BNB solutions flux (Jss; pg/h-cm?); (c) The
permeability coefficient of BNB (Kp; cm/h); (d) Predicted plasma concentration of BNB at the
steady state in the plasma considering a hypothetical surface of application of 10 cm? (Css)
(ng/mL). Results are expressed by mean = SD (n = 5). T-test analysis of variance with a
statistically significant difference: ** = p < 0.01; *** = p < 0.0001.

In all cases, the value of the studied parameters was higher in the skin treated with
microneedles compared to normal skin, with the amount permeated in the skin where we
used the physical enhancer being 2.5 times higher than the amount permeated in normal
skin.
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3.1.2. Evaluation of Chemical enhancers on baricitinib’s permeation through human skin

The impact of the chemical enhancers was assessed by a permeation study using a 2mg/mL
solution of BNB in Transcutol®P with different chemical enhancers on intact healthy skin The
permeation profile of BNB with the tested enhancers and without enhancer is presented in
Figure 4, the Jss (ug/h-cm?) is depicted in Figure 5 and Table 4 shows the rest of the
permeation parameters: Kp (cm/h), Css (ug/mL), the MTT (days) and the EF for each
penetration enhancer. A solution at the same concentration of BNB was used as a control
(Non E). See Table 4 for the equivalence of the enhancers code and their identity.
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Figure 4. BNB permeation profile: BNB cumulative amount permeated (ug) vs time (h): (a)
Mean cumulative amount BNB permeated; (b) mean cumulative amount BNB permeated
without M enhancer.
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Figure 5. Flux of BNB obtained from the permeation of solutions with different enhancers
and comparison to the plain solution without chemical enhancer. Results are expressed by
mean = SD (n = 5). ANOVA with Turkey’s Multiple Comparison Test. Statistically significant
difference between solutions vs no enhancer: ** = p <0.01; *** = p < 0.0001.

Table 4. Biopharmaceutical parameters of BNB solutions with and without a penetration
enhancer. Parameters presented are amount of BNB retained in the skin (Kp), predicted
plasma concentration of BNB at the steady state in humans (Css), mean transit time in the
skin (MTT) and enhancer factor (EF).

Permeation Kp (x 10* cm/h) Css (ng/mL) MTT (days) EF
enhancer

247



379

380
381
382
383

384
385
386
387
388
389

390
391
392
393
394

395
396

397

398
399

-- Manuscript Draft --

Nonane 0.57+0.05 0.12+0.01 NA 0.97
Lauryl acrylate 0.37+0.03 0.08+0.01 NA 0.63
Squalene 1.5440.16 0.331£0.02 64.1 2.59
Azone 2.22+0.23 0.47+0.05 NA 3.73
Sebacic acid 0.10£0.01 0.02+0.00 NA 0.17
(R)-(+)-Limonene 1.55+0.15 0.331£0.03 NA 2.61
a-Pinene 4.3510.42 0.9210.09 22.7 7.32
N-ethylpirrolidine 0.79+0.08 0.17+£0.02 NA 1.33.
(+)-3-caren 7.14+£0.74 1.5110.16 13.8 12.02
1-Decanol 3.17+£0.32 0.67+0.07 NA 5.33
Myristyl alcohol 7.49+0.78 1.59+0.17 13.2 12.60
Oleic acid 0.181£0.01 0.04+0.00 535.2 0.31
Menthol 15.18+1.60 3.22+0.34 NA 25.55
Octanoic acid 5.92+0.60 1.26x0.13 16.6 9.97
Non-Enhancer 0.5910.06 0.131+0.01 165.7 -

Results are expressed by mean £ SD (n = 5).

Menthol by far achieves superior permeation compared to the other studied situations,
followed by Myristyl alcohol and (+)-3-carene. Specifically, compared to permeation without
using any chemical enhancer, they manage to multiply the permeation of BNB in the skin by
25, 12, and 12, respectively.

3.2. Amount of drug retained.

In both permeation studies, the potential drug retained in the skin was extracted for
quantification purposes. The drug extracted from the skin was analyzed by UV HPLC and the
amount of BNB retained in the skin was calculated starting from the concentration in the
samples’ results according to equation 1 in both experiments, the one executed with
saturated solution and the ones with the 2 mg/mL solution.

3.2.1. Intrinsic permeation of baricitinib in human skin (non-treated vs. treated skin with
microneedles)

The BNB retained in the skin after conducting the permeation study, both in non-treated skin

and treated skin, is shown in Figure 6 and Table 5, skin treated with microneedles retained

about 2.5-fold BNB more than non-treated skin.
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Figure 6. BNB amount retained in skin. Results are expressed as mean * SD (n = 5). t-test
analysis of variance. Statistically significant difference: *** = p < 0.0001.

Table 5. The amount of BNB retained in the skin is expressed as mg/g/cm? and the percentage
of the amount spread at the beginning.

Qret (mg/g/cm?) % BNB retained (%/g skin)
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Non-treated skin 0.31+0.06
Treated skin with MN 0.7610.09
Results are expressed by mean £ SD (n = 5). MN: microneedles.

6.66+0.99
16.08+1.90

3.2.2. Evaluation of the effect of chemical enhancers on baricitinib’s permeation through skin

The BNB retained in the skin after conducting the permeation study with different chemical
enhancers is shown in Figure 7. The enhancer which led to a higher retention of BNB in the
skin was B (Lauryl acrylate). Table 6 shows the amount and percentage retained in the skin
for each enhancer tested, as well as the drug amount retained in the skin with no enhancer.

150~

*k%k

Retaind amount of baricitinib
pg/cm

Figure 7. BNB amount retained in the skin treated with different permeation enhancers.
Results are expressed as mean + SD (n = 5). ANOVA with Turkey’s Multiple Comparison Test.
Statistically significant difference between solutions vs No enhancer: * = p < 0.05; ** = p <
0.01; *** = p < 0.0001.

Table 6. BNB amount retained in skin expressed as pg/cm? and %/g of BNB retained from the
initial amount of seeding.

Code Permeation enhancer Qret (ug/cm?) % BNB retained (%/g skin)

A Nonane 1.04 +0.21 0.08 £0.01
B Lauryl acrylate 5.91+0.53 0.49+0.04
C Squalene 1.10+0.13 0.09+0.01
D Azone 1.78 £0.12 0.14+0.01
E Sebacic acid 2.59+0.22 0.21+0.01
F (R)-(+)-Limonene 1.07£0.12 0.09+0.01
G a-Pinene 0.43+0.02 0.03+0.00
H N-ethylpirrolidine 0.49+0.35 0.04 £0.02
I (+)-3-caren 0.08 £ 0.00 0.00£0.00
J 1-Decanol 1.00 £ 0.09 0.08 £ 0.00
K Myristyl alcohol 1.50+£0.12 0.12+0.01
L Oleic acid 0.51+0.04 0.04 £0.00
M Menthol 2.18 £0.19 0.18+0.01
N Octanoic acid 0.55+0.06 0.05+£0.00
Non-E - 1.55+0.17 0.13+0.01

Results are expressed as mean + SD (n = 5).

3.3. Confocal Raman Profiling
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The profile of the confocal spectrum of BNB is depicted in the following figure. We present the
spectrum in the HWN range (2500-4000 cm™) and the FP region (400-1800 cm™).

Analyzing the spectra obtained from the Transcutol solution and the DMSO solution in Figure 8,
we present the signal obtained with DMSO, as we observe that it exhibits higher quality and
definition.
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Figure 8. BNB spectrum based on the isolated signal attributed to BNB from the spectra of BNB
solution on DMSO. Left: FP region and right: HWN region.

As we can see in Figure 8, BNB shows enhancement of vibrational modes around 1600 cm™,
which can be indicative of the purine structure present in BNB. The band near 1200 cm*
corresponds to the sulfone group. Finally, in the HWN, we observe a peak around 2810-2960
cm™ that is associated with the C-CH3 bonds.

3.4. Validation of analytical methods

Two validated methods were established for quantifying BNB in the collected samples. Due
to the low concentration in ex vivo permeation test samples, an HPLC-fluorescence method
was developed and validated. For higher concentration, samples obtained from skin
extraction after permeation tests, an HPLC-UV method was utilized and validated. The results
of both method validations are detailed in the subsequent sections.

3.4.1. HPLC-UV method

The parameters studied included linearity, accuracy, precision, specificity, and sensitivity.
Figure 9 shows the calibration curves obtained; the r? values of each calibration curve were
>0.999. The ANOVA showed no statistically significant differences between the response
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factor obtained (p > 0.05) demonstrating that the method is linear within the concentration
range of 2.5 - 40 ug/mL.
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Figure 9. Linearity of the HPLC-UV method for the quantification of BNB within the con-
centration range of 2.5 - 40 pg/mL. The linearity was assessed by linear regression of the
response (area) versus concentration from the standard working solutions by quintuplicated.

The accuracy and precision of the method were calculated as the percentage of the RE and
the RSD, respectively. The data are shown in Table 7. The results of the %RE and %RSD are
below 10% indicating that the method has enough precision and accuracy within the range
2.5 — 40 pg/mL, this criterium is based on the ICH Q2 and Q14 guidelines (Committee for
Medicinal Products for Human Use, 2022; ICH Expert Working Group, 2005).

Table 7. Accuracy (%RE) and inter-day precision (%RSD) for BNB standard solutions. Esti-
mated concentration results are expressed by mean = SD (n = 5).

Concentratlf)n of the standard Estimated Concentration %RE (%)  %RSD (%)
solution (png/mL) (ng/mL)
2.50 2.28 £ 0.06 8.50 2.90
5.00 4.90 +0.06 1.81 1.28
10.00 10.09 £ 0.06 -0.96 0.69
20.00 20.41+£0.22 -2.06 1.11
40.00 39.79 £ 0.09 0.51 0.24

The specificity of the analytical method was demonstrated because there was no
interference of any other compound at the retention time of BNB (Figure 10). The retention
time of BNB was 3.16 min.

The LOQ provided the sensitivity of the method. Both, the LOD and the LOQ, were calculated
from the standard deviation of the response and the slope of the calibration curve of 2.5 - 40
pg/mL. According to equations 8 and 9, the LOD for BNB was established at 0.70 + 0.29 ug/mL
and the LOQ was established at 2.11 + 0.31 ug/mL. These results indicate that the method is
sensitive enough for the quantification of BNB in the samples from the drug extraction
procedure.
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Figure 10. Chromatogram of BNB standard 40 pg/mL.

3.4.2. HPLC-fluorescence method

As in the HPLC-UV method, the parameters studied were linearity, accuracy, precision,
specificity, and sensitivity. The r? values of each calibration curve were >0.999 as Figure 11
shows. The ANOVA showed no statistically significant differences between the response
areas obtained (p = 0.05) demonstrating that the method is linear within the concentration
range of 0.063 — 1.000 pg/mL.
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Figure 11. Linearity of the HPLC-F method for the quantification of BNB within the
concentration range of 0.063 — 1.000 pug/mL. The linearity was assessed by linear regression
of the response (area) versus concentration from the standard working solutions by
quintuplicated.

The accuracy and precision of the method were obtained within the concentration range of
0.063 — 1.000 pg/mL. The results are shown in Table 8 expressed as percentages of the %RE
and %RSD, respectively. These results show suitable precision and accuracy for the intended
analysis (Committee for Medicinal Products for Human Use, 2022; ICH Expert Working Group,
2005).
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Table 8. Accuracy and inter-day precision for BNB standard solutions. Estimated
concentration results are expressed by mean + SD (n = 5).

Concentration of the standard Estimated Concentration %RE %RSD
solution (ug/mL) (ng/mL) (%) (%)
0.063 0.06 £0.00 -1.31 4.08
0.125 0.12+0.00 0.11 1.65
0.250 0.25+£0.00 -0.22 1.16
0.500 0.50+0.01 0.82 2.22
1.000 1.00 £0.01 -0.23 0.63

The analytical method was considered specific because it demonstrated that there is no
interference of any other compound at the retention time of BNB (Figure 12). The retention
time of BNB was 3.16 min.

500.00

mVv
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0.00 1 T

Figure 12. Chromatogram of BNB standard 0.25 pg/mL.

The LOD and LOQ were calculated within the concentration range 0.063 - 1 ug/mL, the LOD
for BNB was established at 0.0116 = 0.009 pg/mL and the LOQ was established at 0.040 *
0.006 pg/mL. These results indicate that the method is sensitive enough for the
determination of BNB in samples from the receptor fluid collected in the ex vivo permeation
assays.

4. Discussion

In this work, we have investigated the use of different enhancers, both chemical and physical
strategies to enhance BNB’s availability in the skin. The receptor medium used in the
permeation tests was glycol monoethyl ether (DEGEE), commercially known as Transcutol®P;
we selected this solvent because of it is highly soluble and its safety profile is good and
therefore it does not compromise the integrity of the skin structures (Osborne and
Musakhanian, 2018).

For the first time, we were able to observe the BNB spectrum using this technique. The FP
region is crucial for identifying and characterizing molecular structures, it contains unique
vibrational modes associated with specific chemical bonds, allowing for the identification of
functional groups and overall molecular structure. In drug analysis, the FP is often essential
for confirming the identity of a particular drug compound. The HWNs associated with
functional groups involving hydrogen atoms. It is important for studying hydrogen bonding,
which can provide information about the molecular interactions and the solid-state structure
of the sample. We initially employed the CR technique to explore the depth of BNB
penetration into the skin. The signal strength proved insufficient for studying the low
concentrations typical of our permeation and retention studies. The primary requirement for
conducting measurements using CRS is that the molecule under examination must exhibit
spectral characteristics of adequate intensity, allowing the signals to be distinguished from
those originating from the skin components. This limitation was not due to the inefficiency
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of the CRS technique but rather to the specific solution we aimed to use for our study which
was not sufficient at the low concentrations we found the drug to overcome the various usual
noises present in the measurement and surpass the signal from the pigskin. Consequently,
we continued our analyses using the HPLC.

Solid metal microneedles were used to evaluate the permeation of BNB in human skin. As
expected, the skin treated with microneedles showed an increased permeation of BNB. The
use of microneedles causes an annular pathway that in-creases permeability. So, this is a
strategy to consider in the topical delivery of BNB since microneedles are minimally invasive
and painless due to their small size, as indicated by their name. Not only was the permeation
enhanced by the microneedles, but also more of the drug was retained in the skin treated.
This fact allows a depot effect that may improve the effectiveness of the treatment since a
higher amount of the drug is deposited in the target organ. In a healthy adult who has been
administered a multiple dose of 2 mg once a day, the Css is 5 ng/mL. This concentration is
higher than the predicted Css that we achieve by administering a saturated solution of BNB
on treated skin using microneedles (CHMP, 2020). With greater precision the maximum
concentration (Cmax) reached when multiple doses of 2 mg are taken every 24 hours is 16.96
ng/mL and the minimum concentration of 3.57 ng/mL, so taking these data into account, we
can consider that the saturated concentration of BNB does not reach the minimum
concentration necessary to have a therapeutic effect (Shi et al., 2014).

Concerning the chemical permeation enhancers, menthol showed the greatest effect on
BNB’s permeation through human skin enhancing the permeation about 25-fold with respect
to the non-enhancer (Wang and Meng, 2017). Myristyl alcohol, carene and octanoic acid
followed the menthol effect in decreasing order. Menthol belongs to the terpenes class.
These compounds have shown to increase the permeation of lipophilic drugs by disrupting
the structure of the lipids in the SC or by interacting with the intracellular proteins or by
increasing the partition coefficient of drug-co-solvent (Maibach and Wane Smith, 2005).
Myristyl alcohol is a saturated fatty alcohol with 14 carbon atoms (C14). There are several
studies on the impact of the length of the carbon chain of fatty acids on permeation
enhancement, a number around C12 showed an optimal balance between the affinity to the
skin and the partition coefficient, a shorter chain may be not lipophilic enough for the skin
(for instance, octanoic acid) and longer chains may have high affinity to the stratum corneum
lipids (Maibach and Wane Smith, 2005). Nevertheless, when evaluating the amount retained
in the skin, it should be noted that lauryl acrylate showed the maximum effect although it
had a low flux value. This enhancer offers good prospects as it restricts the drug's permeation
yet retains the drug within the skin. While this might not suffice for a systemic effect, the
retained drug in the tissue can effectively target the affected area of the skin (Shi et al., 2014).
This targeted approach helps avoid the systemic side effects that often arise when the drug
is taken orally.

To analyze the samples generated in the study, we developed and validated two new
methods, an HPLC-UV method with isocratic elution which has the advantages of being faster
and simpler than those already published in the literature (Gandhi and Kapoor, 2019; Hoang
etal., 2021) for samples from the drug extraction from the skin. For those samples with lower
drug concentration (receptor fluid from the permeation assays), a second HPLC method
coupled to a fluorescence detector was developed. It was highly sensitive. To our knowledge,
there are no publications dealing with any analytical fluorescence techniques for this drug.
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In summary, microneedles improved the permeation and retention of the drug through and
in the skin within a range of 2 to 3-fold. Terpenes and fatty acids had a higher impact on the
BNB’s permeation, particularly, menthol enhanced 25-fold BNB’s permeation compared to a
plain solution, and esters can multiply the retention of BNB in the skin up to 3 times. Hence,
the percutaneous delivery of BNB is a promising alternative to the oral.

5. Conclusions
This study has evaluated the permeation of the drug with a saturated solution of BNB in
Transcutol@P and the permeation capacity of the drug at the concentration level of 2 mg/mL.
The effect of physical and chemical permeation enhancers on the BNB’s permeation has also
been examined.

The physical enhancer, which consisted of solid titanium microneedles to treat the skin
before applying the saturated solution of BNB, led to a 2.5-fold enhanced permeation of BNB
and the retention of the drug in the skin. And menthol as a chemical enhancer, increased 25-
fold the permeation of BNB compared to a plain solution. In contrast, Lauryl acrylate showed
a lower permeability coefficient than the plain solution of BNB, but a higher retention of the
drug in the skin.

Additionally, a novel Raman spectrum of BNB has been published and two novel HPLC
analytical methods for the determination of BNB in samples from the permeation assays and
the drug extraction from the skin were validated, an HPLC-UV method and an HPLC-
fluorescence method for the lower concentration samples. Both methods resulted to be
specific, linear, precise, and accurate within the range 2.5 — 40 ug/mL for the HPLC-UV and
0.063 — 1 ug/mL for the HPLC-fluorescence.
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INTRODUCTION Autoimmune diseases are suffered by 3-5% of the population, some of
them can affect the skin among other organs or only itl. The clinical
manifestations in the skin are different but partly shared underlying
immunological mechanism, unspecific cutaneous symptoms are usually
exanthema, itching or scaling2z. Most of the time, the topical adjuvant
treatment for these cutaneous symptoms are corticoids but used during
long time can produce some side effects3.

PURPOSE The aim of the work was to study liposomes of baricitinib for topical
administration, an orally administrated, small-molecule, janus-associated
kinase (JAK) inhibitor.

METHODS AND Three different liposomes were elaborated containing different lipid

MATERIALS composition: 1. POPC, 2. POPC:.CHOL (82 mol/mol), and 3.
POPC:CHOL:CER (36:24:40 mol/mol/mol). And the following issues were
studied:

® Their size and polydispersity index (PDI) was determined by photon
correlations spectroscopy (PCS) with a Zetasizer Nano ZS.

» Morphological examination of liposomes was performed using
transmission electron microscopy (TEM).

® Permeation studies were performed with human skin from abdominal
plastic surgery of healthy patients, using vertical amber glass Franz-
type diffusion.

RESULTS AND DISCUSSION

The size of the liposomes was 86.0+1.4 nm and a PDI=0.120 for POPC; 53.5+0.9nm and a
PDI=0.174 for POPC:CHOL; and 64.1+0.3 and a PDI=0.120 for POPC:.CHOL:CER.

Concerning the permeation, POPC:CHOL exhibited the highest cumulative permeated . . EE i
amount at 30h (22.40%); followed by POPC with 17% of Baricitinib permeated and finally, LPConEE il 3E
POPC:CHOL:CER which permeated 6% of the applied dose. o e EE ..
ank  BE5E14 £§.."
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