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Abstract

The main goal of the present thesis was the development of novel biocompatible
nanodispersions to be used as carriers for diverse lipophilic bioactive compounds. The
purpose of these systems was the effective delivery of the encapsulated substances while
providing alternative routes of administration, other than the oral which is the most
commonly used. Two different nanodispersions were developed namely, oil-in-water
nanoemulsions and nanoemulsion-filled hydrogels. These systems were used as carriers for

the encapsulation and delivery of various lipophilic substances with pharmacological interest.

Initially, the structure of the developed systems was elucidated in order to reveal
possible differences and determine the localization of the encapsulated compounds. It was
also essential to investigate whether the nanoemulsions’ structure was affected after its
incorporation into the hydrogel matrix. In order to obtain the structural characterization of
the formulated nanocarriers Dynamic Light Scattering (DLS), Electron Paramagnetic
Resonance Spectroscopy (EPR), Confocal Fluorescence Microscopy (CFM), Cryo-Electron
Microscopy (Cryo-EM) and Small-angle X-ray Scattering (SAXS) were performed. The
investigation was carried out for both systems in the absence and presence of bioactive
compounds. Regarding the nanoemulsions, the structural study revealed that the localization
of the encapsulated compounds was dependent on their structure and had an effect on the
size of the nanodroplets and the surfactant monolayer. Nevertheless, no significant changes

in the structure of the nanoemulsion were observed after its incorporation into the hydrogel.

In order to evaluate the suitability of the formulated nanodispersions to act as delivery
vehicles of bioactive compounds different in vitro methods were implemented for their
biological evaluation. The cytotoxic effect of both nanocarriers in the absence and presence
of the encapsulated molecules was assessed through a cell viability assay using the cell lines
RPMI 2650 and WS1 as models of the human nasal epithelium and skin, respectively.
Subsequently, in vitro permeation study through Franz difussions cells and tape stripping
experiments were conducted indicating that the nanoemulsion-filled hydrogels could be more
effective for the delivery of bioactives through the skin since it demonstrated increased
penetration and improved release profiles compared to the bioactive released from the

nanoemulsions.

Consequently, the proposed nanodispersions could be promising candidates as
carriers for the effective delivery of various substances of pharmacological interest through

the skin providing increased efficacy as well as the possibility of alternative delivery routes.
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NepiAnyn

Baolkdg otoxoCc NG Tmapoucag Swatplpng Atav n  avamtuén PBlocupfatwv
vavodLaoTopwVv we popéwv xopnynons Amodiwv BLoSpaOTIKWY EVWOEWVY. JUYKEKPLUEVA
avantuxbnkav vavoyoAhaktwuato eAhailou-oe-vepd Kol USPOYEAEC HE EVOWUATWHEVO
VAVOYOAAKTWUO HE OTOXO TNV AIOTEAECUATIKN XOPNynon Twv evOUAOKWUEVWY OUCLWV UE

dappakoloykd evoladépov.

Apxikd, Sleukpwiotnke n Sopn TwV CUCTHUATWV TOU avamtuxbnkav wote va
gvtomniotolV miBaveg Stadopeg LeTaty Toug Kal va tpoadloplotel n B£on Twv BLodpacTikwv
ouclwwv. Baolkn nAtav emiong n HEAETN TNG OSOUNG TWV VOVOYOAOKTWHATWY UETA TNV
EVOWUATWON Toug otnv USpoyéAn. Ma tov Soplkd Xapaktnplopd xpnolpomotnénkav
Avvapikn  Zkédaon Owtdg (DLS), daocpatookomio HAektpovikoU MapapayvntikoU
JuvtoviopoU (EPR), Zuveotiaky Mikpookortia MBoplopol (CFM), Kpuoyovikry HAeKTpovIKN
Mwkpookortia (Cryo-EM) kat Ikédaon AkTivwv X ag PLKpEC ywvieg (SAXS). H £psuva SLe€nxon
Kol yla Ta SU0 cuoThpaTa anousia Kot mapouaia BLoSpaoTIKwY evwoswv. H SOMKN HEAETN
TWV VAVOYOAOKTWHATWY artokAAUPE OTL N Sour Twv eVOUAAKWHEVWV OUCLWV EMNpPEale Tov
TIPOOAVATOALOUO TOUC MECOH OTa vavootayovidia, eixe emidpacn oto pEyebog Twv
VavooTayovLSLwV Kal atn povootiBada tTwv enipaveloevepywyv. Qotoco, Sev mapatnpndnkav
ONUAVTIKEG aAAayEC OTn SOUA TOU VOVOYOAQKTWHOTOG META TNV EVOWUATWON TOU OTnV

USpPOYEAN.

Ma tnv afloAoynon tng KATaAANAOTNTAG TWV TPOTELVOLEVWY VAVOSLACTIOPWY Va
6pouv w¢ ¢dopeig yla TN xopnynon BLodpactikwv ouclwv, £papUOcTNKAYV SLUPOPETLKEC
pEBobdoL in vitro ywa tn PloAoyikr toug amotipnon. H kuttapotofikotnta kol Twv SUo
vavodopéwv amoucia kol mapoucio Twv evBUAOKWUEVWY Hopiwv afloloyndnke péow
HEAETNG AVAOTOANG TNG KUTTAPLIKAG PLWOLUOTNTOC UE XPON TWV KUTTAPIKWY ospwv RPMI
2650 kat WS1 w¢ povtéAa Tou avBpwrivou pvikoU kKot Sepuoatikol emiBnAiou avtiotolyo.
Méow Melpapdtwy in vitro peletnbnke n Stamepatotnta tng PLodpaoTikng oto Sépua pe
xpnon tg kuPelidwv Sldxuong Franz kal Pe TNV TeEXVIKA tape stripping. Bpébnke oOtL oL
USPOYEAEG YEUATEG HE VavOoyaAdKTwa Ba prmopoloav va eLval TILO ATTOTEAECUATLKES YLaL TNV
xopnynon Blodpaotikwv Héow Tou SEpUatog, KaBwe Toug mapeixe auénuévn dlamepatotnta
Kal BeATiwpéva podiA ameAeuBEpwWONG o€ GUYKPLON LE TO VAVOYOAAKTWHATA. UVETTWG, Ol
TIPOTELVOUEVEG VAVOSLAOTIOPEG £lval KOTAAMNAEG yla TNV OMOTEAECUATIK XoprRynon
SLadopwv oUCLWV PECW TOU SEPHATOG TTAPEXOVTAC AUENUEVN ATIOTEAECHATIKOTNTA KABWG Kol

duvatotnTa evaAlaKTIKWY 0dwv xoprnynong.

- . . . ) ) Sotiria Demisli || 6
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



Demisli Sotiria
Larissa, 2023

“Development of nanocarriers for the encapsulation of cannabinoids and
other bioactive compounds”

Doctoral Thesis

University of Thessaly
School of Health Sciences

Department of Biochemistry & Biotechnology

Number of primary pages: 17
Total number of pages: 190
Total number of figures: 58
Total number of tables: 13

Total number of references: 548

- . . ) ) . Sotiria Demisli || 7
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108




Prologue

The principal purpose of the present thesis was the development of novel
biocompatible nanodispersions to act as carriers for various lipophilic compounds of
pharmacological interest. In addition, their biological evaluation as suitable delivery systems
was of paramount importance. Two types of nanocarriers were formulated namely oil-in-
water nanoemulsions and nanoemulsion-filled hydrogels and were used as carriers for the
encapsulation of diverse lipophilic compounds of interest. The proposed systems were
structurally characterized by implementing various techniques and then their efficacy as
potent vehicles for the delivery of bioactives through the skin was assessed through in vitro

studies.

This thesis was carried out during the years 2018-2023 at the Biomimetics &
Nanobiotechnology group of Institute of Chemical Biology (ICB) at National Hellenic Research
Foundation (NHRF) in collaboration with the Department of Biochemistry and Biotechnology
of the University of Thessaly. Supervisor of this dissertation was Dr. Vassiliki Papapdimitriou.
Part of this project was financially supported by the project “CO2-BioProducts” (MIS 5031682),
which is funded by the Operational Programme “Competitiveness, Entrepreneurship and
Innovation” (NSRF 2014-2020) and co-financed by Greece and the EU (European Regional
Development Fund). Additional funding was received by the European Union and Greek
national funds through the Operational Program Competitiveness, Entrepreneurship and

Innovation, under the call RESEARCH — CREATE — INNOVATE (QFytoTera, TIEDK-00996).
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Chapter 1 — Introduction

1.1. Nanotechnology and Types of Nanodispersions

Nowadays, nanotechnology is one of the most intriguing scientific fields attracting the
attention of both the research community and industry since it offers an extensive range of
applications. The term nanotechnology is referred to the development and manufacturing as
well as the investigation, measurement, and manipulation of formulations or structures which
possess size at the nanometer scale [1,2]. Particularly, according to the National
Nanotechnology Initiative (NNI) in the United States nanotechnology is defined as a science,
engineering, and technology conducted at the nanoscale that contributes to the development
of novel applications in several fields including chemistry, biology, engineering, materials
science and physics due to its unique properties [3]. However, the acceptable particle size in
order to characterize a formulation as “nano” is still under debate with literature references
reporting nanodispersions up to 100 nm or even 500 nm in size [4-10]. One of the most
valuable branches of nanotechnology is nanomedicine where nanosized materials are applied
for the prevention or treatment of pathological conditions. These materials can be employed
as delivery vehicles for active therapeutic agents, diagnostic tools [11], biosensors, and

biomaterials. They are also useful for tissue engineering, and bioimaging [12].

Amongst the aforementioned applications, the use of nanocarriers for the delivery of
bioactive compounds is one of the most studied. This arises from the fact that both the
conventional drug formulations that are utilized until now and the natural substances that are
recently gaining ground as pharmaceutical actives demonstrating great pharmacological
action and simultaneously less toxicity than the synthetic ones [13,14] present certain
drawbacks. Even though the potential efficacy of a bioactive compound depends on some
features of the molecule itself including solubility, molecular weight, pKa, and receptor affinity,
the influence of some external factors such as pH, presence of interacting substances in the
surrounding environment, and, the enzymatic function is also crucial. As a result, the bioactive
compound of interest presents limited permeation through the natural barriers or undergoes
high systemic clearance which reduces its bioavailability and efficacy creating the need for
additional and repeating application or higher doses leading to adverse effects [11,15,16].
However, implementing nanotechnology for the development of pharmaceutical
formulations is a cutting-edge solution for the aforementioned limitations since nanocarriers
provide the ability to effectively protect, transport, and release diverse drugs [17-19] and also

natural compounds of pharmaceutical interest [20-23].
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Hence, nanocarriers have been extensively investigated as vehicles for the delivery of
multiple molecules with therapeutic potential since they present a plethora of benefits. There
are indications that nanocarriers improve the delivery and efficacy of the encapsulated
bioactive substances in multiple ways including the increase of solubilization of highly
lipophilic drugs, their enhanced penetration, and targeted delivery leading to increased
bioavailability. In addition, nanocarriers provide the ability of surface flexibility or
functionalization and can be used as delivery vehicles for miscellaneous pharmaceutical
agents. Thus, they enable the administration of large macromolecules or the simultaneous
delivery of two or more therapeutic agents with synergistic action. Simultaneously
nanocarriers protect the encapsulated molecules against metabolic degradation increasing
their stability upon storage or administration. Overall, nanocarriers have been proven
beneficial for drug delivery by changing the absorption pathways and affecting the
pharmacokinetics and biodistribution of pharmaceutical substances reducing the frequency

or the dose of administration and preventing cytotoxic or adverse effects [11,24-29].

There are various types of nanocarriers each of them owing different properties and
being suitable for different applications. Some of the most studied and used nanocarriers for
the encapsulation of active compounds are liposomes, solid lipid nanoparticles, Pickering
emulsions, micelles, dendrimers, biopolymer-based and inorganic nanoparticles [26,27,30—
33]. Nanocarriers can be classified into two broad groups according to their physicochemical
properties and the method of encapsulation of the bioactives and are characterized either as
“hard” or “soft” through adsorption or covalent bonding including inorganic nanoparticles,
metal oxides, carbon nanotubes, and quantum dots. On contrary, the latter term refers to the
nanocarriers encapsulating the bioactive molecule in their core. Some of the most commonly
used soft nanocarriers are dendrimers, micro- and nano-emulsions, liposomes, and Pickering

emulsions and they are illustrated in figure 1 below [26,34,35].

Figure 1. Some of the most widely used “soft” nanocarriers [26].
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In order for a nanocarrier to be considered ideal for biomedical applications there are some
crucial technical and also economical parameters that need to be fulfilled. Some of the
essential requirements are the use of biocompatible and inexpensive materials and the
development of formulations demonstrating high chemical stability over time and producing
non-toxic degradation by-products. Furthermore, rapid, robust, scalable, and cost-effective
formulation procedures are required to provide consistent results in every batch regarding
the size, homogeneity, encapsulation efficiency, and stability of the formulated nanocarrier
[1,15,36]. Particularly, size and shape are two characteristics of paramount importance
affecting the efficacy of the nanocarriers as delivery vehicles since their uptake and
permeation through the epithelia as well as their absorption profile are directly dependent on
them. Thus, smaller nanoparticles with sizes between 50 nm and 300 nm are usually preferred

as delivery vehicles for active molecules [1,37].

In the present thesis, the nanodispersions of interest that were developed and
investigated were nanoemulsions (NEs) and nanoemulsion-filled hydrogels (NE/HGs). These
particular systems were formulated to be used as carriers for various natural lipophilic
bioactive compounds of pharmacological interest. The developed nanocarriers were studied
to determine their potential efficacy for the transdermal delivery of bioactive compounds and
were compared in terms of the release of the encapsulated substance and skin penetration

and permeation ability by implementing in vitro techniques.

1.2. Nanoemulsions — terminology and advantages in drug development

Since the development of nanotechnology, there has been increasing interest in
diverse industries including food, cosmetic, agrochemical, pharmaceutical, and others in the
application of colloidal dispersions to encapsulate lipophilic molecules in order to protect
them and provide enhanced delivery. Specifically, NEs have attracted particular interest for
many decades and remain appealing due to their wide versatility. Especially in the field of drug
development a significant number of therapeutic agents of interest present extremely poor
water solubility making challenging their effective delivery and reducing their bioavailability.
Hence, NEs present great potential due to their unique characteristics making them ideal
candidates for drug delivery. Hence, they have been studied extensively for use as carriers for
multiple hydrophobic therapeutic compounds through diverse routes of administration

providing the possibility of improved delivery via alternative routes [4,38,39].
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NEs are colloidal nanodispersions and they are usually comprised of oil, water,
surfactants, and occasionally co-surfactants. They are defined as two immiscible liquids
stabilized by an amphiphilic surfactant with one liquid being dispersed as spherical nanosized
droplets within the other. One phase is referred to as dispersed and the other as the
continuous phase. Depending on the nature of the dispersed phase, NEs are classified as oil-
in-water (O/W) when the oil phase is dispersed in the agueous while in the opposite case they

are referred to as water-in-oil (W/O) as illustrated in figure 2 [4,8,40,41].

Figure 2. Water-in-oil (W/0) and oil-in-water (O/W) NEs with the schematic representation of the composition
and the structure of the amphiphilic surfactants used for their stabilization [42]

Since they are thermodynamically unstable systems, energy input is required for their
formulation and they tend to destabilize over time. However, the nanodroplet size and the
selection of suitable components of the formulation can affect the stability with nanodroplets
of smaller diameter leading to increased stability [43,44]. The acceptable upper limit of the
mean droplet diameter values in order for a formulation to be considered as NE range from
200 nm to 500 nm depending on the literature [26,45]. Their appearance could be clear,
turbid, or even milky according to their composition and also the size and concentration of
the dispersed nanodroplets. Nevertheless, the features of NEs are adjustable providing the
possibility to develop systems with distinct characteristics and properties depending on the
use and route of administration for which they are intended. This optimization is of paramount
importance since the properties of the formulation influence the overall bioavailability and
hence the efficacy of the encapsulated lipophilic compound and lead to enhanced protection
against environmental factors such as pH and temperature during both storage and
administration [41,46,47]. More specifically, physicochemical attributes such as size, optical

properties, and rheology as well as the type of the formulated NE (O/W or W/O) are
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considerably affected by the nature of the selected components. For instance, the
composition of the surfactant mixture favors the formulation of different types of NE with the
water-soluble ones leading to O/W type and the oil soluble to W/O ones and vice versa. In
addition, the nature and viscosity of the oil have a great influence on the size and stability of
the formulated NEs since more viscous oils produce larger nanodroplets [38,41].
Functionalization of NEs can also be obtained by surface modification of the formulated

nanodroplets providing prolonged circulation times or even targeted delivery [48].

In general, NEs have emerged as promising delivery vehicles for use in nanomedicine
due to their aforementioned ability of functionalization. In addition, they are easy to produce
and can be optimized to demonstrate long-term stability. Since NEs typically require lower
concentrations of surfactants for their formulation compared to other nanocarriers they
demonstrate reduced toxicity and can be formulated entirely from generally recognized as
safe (GRAS) components [43,46]. In addition, NEs present favorable properties for medical
applications such as enhanced solubilization of highly lipophilic drugs increased loading
capacities, and efficient masking of unpleasant after taste which could cause nausea resulting
in reduced patient compliance [38,49,50]. All these features that NEs provide result in
increased protection and bioavailability, controlled release, and enhanced permeability of the
encapsulated lipophilic molecules making them promising carriers for use in drug

development [51-53].

1.3. Emulsification methods and destabilization phenomena

Since NEs are thermodynamically unstable and usually contain low surfactant
concentrations, they cannot be formulated spontaneously and the application of external
energy is essential in order to prepare the colloidal nanodispersion from the separate
components. The required energy input for their preparation could be either mechanical or
physicochemical. More specifically, the necessary overall free energy change (AG) for colloidal

dispersion formation is expressed by the following equation (1):

Where AA*y refers to the required free energy to obtain an increase in the oil-water interface.

The term A is the interfacial area and y is the interfacial tension. On the other
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hand, as T*AS is mentioned the free energy is related to increasing the number of possible
arrangements of dispersed droplets in a NE in comparison to the separated phases with the
term T expressing the temperature and S the entropy [43]. For the successful formulation of
a NE equation 1 expressing the required external free energy (AG) must produce a positive

result.

There is a variety of emulsification methods used, each demonstrating different
advantages and limitations and providing diverse results leading to systems with distinct
characteristics. Thus, the selection of the appropriate formulation method is crucial for the
development of a system with the desired properties depending on the intended application.
In general, the implemented fabrication methods can be broadly classified into two categories
namely high-energy or low-energy methods depending on the physicochemical mechanism
that occurs resulting in the droplet disruption [4,46,54]. The selection of a suitable
emulsification method is often related to the surfactant—oil-water systems, for example,
depending on the oil phase or the concentration of the surfactants that are used high-energy

methods could provide better systems in terms of nanodroplet size or/and stability [43].

High-energy emulsification methods

As high-energy methods are described those where the aforementioned free energy
derives from mechanical forces resulting in the splitting of the dispersed phase into smaller
droplets at the nanoscale range. Special devices known as “homogenizers” are utilized for this
purpose generating powerful disruptive forces including shear, turbulence, or cavitation
[38,43,54]. Some of the most commonly used devices used to obtain the required disruptive
forces including high-pressure homogenizers, microfluidizers, and ultrasonicators are

illustrated in figure 3 below [55].

Figure 3. Overview of the most commonly used mechanical devices (homogenizers) applied in high-energy

methods for the preparation of NEs [55]
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High-energy methods are often used since they are easily scalable enabling
industrially application [41]. In addition, they are able to formulate a wide range of
formulations since they do not present any limitation on the type of oil that can be used for
nanoemulsification and provide the ability to manipulate the size of the final nanodroplets by
optimizing the system components as well as the operating conditions of the homogenizer
such as the time period and intensity of the applied disruptive energy. However, the use of
high-energy approaches is not always feasible due to the instrumental cost and the heat
produced due to friction during the procedure making challenging the encapsulation and
overall use of thermosensitive compounds [41,43,46]. In the present study, high-pressure
homogenization was employed for the development of some systems. During the specific
nanoemulsification method, a coarse emulsion produced by the mixture of oil and aqueous
phases is pumped through the restrictive valve of a high-pressure homogenizer, and the

applied high-shear stress results in the formation of smaller droplets [56,57].

Low-energy emulsification methods

On the other hand, the low-energy emulsification methods are based on the
spontaneous formation of nanodroplets within the mixture of the components since the free
energy required derives from physicochemical processes as opposed to the high-energy
approaches. In order for this procedure to take place, the composition of the system or the
environmental conditions have to be changed appropriately. Some of the most widely known
low-energy methods include spontaneous emulsification, phase inversion temperature or
composition, and emulsion phase inversion [43,58,59]. During the preparation of NEs by these
methods the composition of the system, as well as the preparation conditions (temperature,
stirring, addition rates), play a crucial role in the formation of nanodroplets of smaller size

[46].

These approaches are often preferred over high-energy techniques since no
expensive equipment is required, they are simple to implement and are appropriate for the
encapsulation of thermosensitive due to the mild preparation conditions. However, their
implementation is not always feasible since a higher amount of surfactant-to-oil ratio (SOR =
1) is often recommended and the type of oils and surfactants that can be used are occasionally
restrictive including natural emulsifiers such as proteins and polysaccharides [41,43,46].
Specifically, some of the systems developed and will be presented in the following chapters
were produced using the method of isothermal spontaneous emulsification. The mechanism
of this particular method is depicted in figure 4. For the implementation of this method, the

oil and a surfactant of a slightly hydrophilic nature are mixed thoroughly resulting in the oil
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phase which is then titrated into the water phase. The addition is performed at controlled rate
in order to enable the formulation of oil droplets at the nanoscale. In order to ensure that
effective homogenization has been accomplished by the end of the titration additional mixing

is required to fully break down any residual bicontinuous system method [43].

Figure 4. Schematic representation of the potential mechanism of NE formulation by the isothermal spontaneous

low-energy emulsification method [43]

Destabilization phenomena

Due to their metastable nature NEs tend to separate over time through various
physicochemical mechanisms causing destabilization. This phenomenon occurs due to the
gradual increase of droplet size causing a decrease in their interfacial area and reduced free
energy. The predominant mechanisms causing a NE to break down including gravitational
separation (creaming/sedimentation), flocculation, Ostwald ripening, and coalescence are
illustrated in figure 5 below. The time period between the formulation of a NE and its
destabilization could be affected by a variety of environmental factors including storage
temperature and pH values. However, the appropriate selection of the systems components
and the formulation optimization can minimize the occurrence of these phenomena leading

to NEs with high stability over time.

The method of gravitational separation arises from the different densities between
the dispersed droplets and the continuous phase and could be described either as creaming
or sedimentation depending on the movement of the aggregated droplets. The first

phenomenon occurs when the dispersed phase has a lower density than the continuous
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leading to the floating of the droplets and the formation of a thick layer while when the

reverse happens sedimentation takes place [38,46,60].

Flocculation and coalescence are two more destabilization mechanisms and in spite
the fact that both have as result the aggregation of nanodroplets are considerably dissimilar.
More specifically, during flocculation nanodroplets collide due to attractive forces forming
larger aggregates. However, the joint nanodroplets do not fuse and remain stick together as
an entity [61,62]. The distinct difference between coalescence, as opposed to flocculation, is
that in this case the colliding nanodroplets are merged forming larger ones due to the collapse
of their interfacial membrane. The use of surfactants generating strong repulsive forces
between the dispersed nanodroplets can be used to minimize this process and prevent both

flocculation and coalescence phenomena [4,38].

Finally, Ostwald ripening is one of the primary mechanisms of physicochemical
instability in NEs and often acts simultaneously with coalescence accelerating their
destabilization [41]. Ostwald ripening manifests due to the diffusion of oil molecules through
the aqueous phase resulting in the growth of the larger nanodroplets at the expense of smaller
ones leading ultimately to phase separation [63]. Nonetheless, this phenomenon can be
avoided with the selection of an appropriate oil phase with very low aqueous solubility hence
lipidic mixtures of medium chain triglycerides (MCT) and long chain triglycerides (LCT) are

regularly employed to minimize this mechanism [4,41,63,64].

Figure 5. Schematic representation of the five dominant destabilization mechanisms of nanoemulsions. The

dispersed and the continuous phases are illustrated in yellow and blue, respectively [38].
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1.4. Nanoemulsions components

The main components that comprise NEs are oils, surfactants, co-surfactants, and
aqueous phases [4]. The careful selection of components is substantial since they affect the
emulsification process and the structure and stability of the developed systems. The most
popular excipients used are biocompatible and generally recognized as safe (GRAS) and they
play a crucial role in the development of an effective nanocarrier with the desirable properties
depending on the intended method of delivery [65]. In these systems are solubilized and
encapsulated the bioactives of interest which may also affect the structural characteristics and

the stability of the formulated systems.

Since the components of the systems under study are particularly important, below
will be presented the materials used for the formulation of the O/W NEs and the NE/HGs
which were the object of study of the present thesis as well as the compounds that were

selected for encapsulation.

1.4.1. Oils

Nowadays, a plethora of novel bioactive compounds and active pharmaceutical
ingredients (APIs) are being developed at a rapid pace. However, the majority of these
substances demonstrate poor water solubility [66] which is a significant problem influencing
important properties such as the pharmacokinetic and pharmacodynamic profiles and
therefore their efficacy and fate in the human organism. For that reason, oils are used for the
formulation of O/W NEs to obtain the maximum aqueous solubility of the bioactive compound

of interest.

The choice of the appropriate type of oil is crucial since its lipophilicity is directly
proportional to the solubility of drugs [67,68]. Other factors apart from the drug solubility that
should be considered for the selection of a proper oil phase are the bioavailability, the use for
which the final nanocarrier is intended, and the degree of digestion [25]. The digestion rate
influences the oral bioavailability of the bioactive compound since faster release is obtained
when the oil phase can be easily digested [69]. Moreover, the type and concentration of the
oil used for the development of the NEs also affect the size of the nanodroplets [70—72] which
is associated with the ability of the nanocarrier to protect the encapsulated compound and
the degree of its digestion. Furthermore, specific types of oils could demonstrate
emulsification and permeation-enhancing properties as well [73,74]. Thus, the oil phase must

be selected prudently in order to have the suitable lipophilicity to solubilize the bioactive
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compound but at the same time must be able to be incorporated into the NE in a sufficiently

large quantity without affecting its stability.

Considering that the choice of the appropriate oil is influenced by miscellaneous
factors, sometimes is selected a mixture of oils in order to obtain an oily phase with the
desired requirements [75]. The oils that are frequently used for the formulation of NEs are
castor oil, olive oil, corn oil, and omega 3- and 6- containing polyunsaturated fatty acids (PUFA)
such as pine seed oil, fish oil, flaxseed oil, sunflower oil, hemp, and wheat germ oil, etc. [68—
70,76,77]. Hence, for the present study, various oils and their combinations were tested in

order to obtain stable NEs with the appropriate properties.

Extra Virgin Olive Oil (EVOO)

Extra virgin olive oil (EVOO) is one of the most popular and widely used ingredients in
the Mediterranean diet and attracts great interest in the research community due to its
unique composition and properties. Nowadays there is a vast number of studies providing
evidence concerning the multiple health benefits that EVOO presents. The most frequently
observed effects are reduced risk of cardiovascular and neurodegenerative disease as well as
action against metabolic conditions (such as type 2 diabetes mellitus or metabolic syndrome)
and some types of cancer [78—80]. Specifically, there are indications that EVOO could provide
protection against age-related cognitive decline and Alzheimer’s disease [79]. Furthermore,
there are strong pieces of evidence concerning the anti-inflammatory [81-83], antimicrobial
[84] and anti-oxidant properties that EVOO demonstrates. All the aforementioned actions are
strongly related not only to the fatty acids of the specific oil but also to the variety of its
phenolic compounds which are powerful antioxidants that are proven to be effective against

the oxidative stress associated with several diseases and cannot be found in other oils [85,86].

The composition of EVOO could vary remarkably since it is affected by multiple factors
such as olive fruit ripeness, technological process, variety, and environmental factors, the
extraction technology that is applied in order to obtain oil from the fruits [87—-90]. However,
it mainly consists of triacylglycerols (98-99%) with the major fatty acid being the
monounsaturated oleic acid (68—82% of the total fatty acids in olive oil) which is a substance
that has been proven to present health benefits [91-94]. Moreover, there are numerous
lipophilic and amphiphilic microconstituents in EVOO among them, phytosterols, squalene,
tocopherols, phenolic compounds, terpenic acid derivatives, etc. [95—97]. Oleuropein, tyrosol,
and hydroxytyrosol, as well as other micro-constituents, are depicted in figure 6. There is an

abundance of studies concerning their actions among them protection against coronary artery
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disease [98,99] or cancer [100,101]. Last but not least, of great importance are their

antimicrobial, antiviral, and antioxidant effects [102—105].

Figure 6. The most abundant compounds found in Extra Virgin Olive Oil [106].

Isopropyl myristate (IPM)

CH;0

ch)\o)wvv\/\/\CH 3

Figure 7. Isopropyl myristate (IPM) structure

Typically, alkyl esters are concerned to be safe and non-irritating [107] thus they are
widely used for both cosmetic and pharmaceutical applications. Specifically, isopropyl
myristate (IPM) is the ester of isopropanol and myristic acid and is an emollient with medium
polarity. It is the most commonly used alkyl ester due to its intriguing properties [108,109].
Since 2012 IPM has been reported in 1149 formulations in concentrations up to 77.3% [107]

as it provides moisturizing effects to the developed formulation [110] while acting as a
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penetration enhancer. As penetration enhancer can be characterized a compound that has
the ability to alter the skin barrier function in order to enable a desired bioactive to obtain a
faster rate of permeation [111]. It is obvious that in topical applications the use of an excipient
with these properties is especially beneficial since it improves the action of the bioactive of

interest by achieving therapeutic plasma levels of many drugs [112].

The interesting thing concerning IPM is that despite its penetration enhancing
properties it is largely retained in the stratum corneum [112] preventing systemic side-effects.
Various studies have focused on the examination of IPM’s mode of action as a penetration
promoter. It is suggested that IPM could affect the diffusivity of bioactives by incorporating
them into the stratum corneum lipid matrix [113] and facilitating the partition of drugs and
from vehicles into the stratum corneum [114]. Hence, it can be concluded that IPM could be
a useful excipient for the development of topical applications for the treatment of skin
diseases or other conditions that require transdermal delivery by overcoming the skin barrier

by increasing the permeation of the necessary bioactives through the skin temporarily [115].

1.4.2. Surfactants & Co-surfactants

Surfactants or as they can be alternatively called emulsifiers and co-surfactants are of
paramount importance for the formulation of NEs since they promote emulsification of the
two immiscible phases, the oily and the aqueous, forming the nanodroplets. The surface-
active compounds comprising of a polar hydrophilic head and a non-polar lipophilic tail are
referred to as surfactants [116,117]. Their structure is depicted in figure 8. Surfactants make
possible the formulation of NEs regardless of the emulsification method by absorbing to
droplet surfaces, enabling droplet disruption, and protecting them against aggregation

[118,119].

Hydrophilic head

Lipophilic tail

Figure 8. General structure of a surfactant molecule.

The ideal surfactant should have certain properties in order to be suitable for use in
formulations intended for industries such as food, cosmetic, or pharmaceutical. Specifically, it

is important to be stable, biocompatible, and non-toxic with satisfactory taste and odor.
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Equally significant are the effects that an emulsifier could attribute to the developed system
such as good emulsification properties which can influence the oil concentration in the
system, and effective solubilization of the bioactive compound in order to achieve adequate

bioactive loading in the NE [65,75].

Surfactants can be categorized according to their a) surface charge or b) hydrophilic-
lipophilic balance (HLB) as depicted in figure 9. Concerning the surface charge of the
hydrophilic head group, surfactants can be characterized as ionic, zwitterionic, and non-ionic.
lonic surfactants could be either cationic or anionic which means they could bear positive or
negative charge respectively. This type is not used very frequently in the preparation of NEs
since there are indications that they could induce toxicity, especially in high concentrations
[59,120,121]. Surfactants containing both cationic and anionic groups are referred to as
zwitterionic or amphoteric and their behavior depends on the pH of their environment. Hence,
in alkaline media where they gain a negative charge, they adopt an anionic behavior and vice
versa in an acidic ph. Zwitterionic surfactants are often preferred due to their good water
solubility and improved stability. Moreover, they can be combined effectively with diverse
surfactants and be functional within different disperse media [122]. Phospholipids belong to
this category and they are used frequently due to their GRAS status [55]. Finally, non-ionic
surfactants as the name suggest comprise of uncharged hydrophilic groups which can be
highly hydrated thus being more soluble in the aqueous phase of the NEs. They are the most
preferred category for the development of NEs due to their ability to create nanodroplets of
smaller size by both high-energy and low-energy approaches and they present low toxicity

[55,122,123].

Figure 9. Categorization of surfactants depending on their surface charge and HLB values.
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The classification according to HLB values, was mentioned for the first time by Griffin
in 1949 and was described as a scale depending on the ratio of the weight percentage of
hydrophilic to lipophilic groups in non-ionic surfactant molecules [124]. It is used for the
evaluation of the emulsification capability of a surfactant and it could be between 1 to 20.
Particularly, non-ionic surfactants with HLB<10 are considered as hydrophobic and tend to
formulate W/O NEs (i.e., glycerol esters, propylene glycol fatty acid esters, polyglycerol esters,
sorbitan monoesters) while those with HLB>10 such as phospholipids or polysorbate 80 have
hydrophilic nature and are useful for the development of O/W NEs [121,122,125]. In figure 10
are depicted some of the surfactants used for the formulation of the O/W NEs that will be

presented consequently in this thesis classified according to their HLB values.

Figure 10. Hydrophilic and lipophilic surfactants used for the formulation of the developed oil-in-water nanoemulsions.

Selecting the appropriate surfactant or mixture of surfactants is critical for the design
of stable and effective NEs [55]. Surfactants have the ability to stabilize NEs by preventing the
coalescence of nanodroplets and thus the phase separation [65,126]. Hence, the selection of
a suitable surfactant could provide significant stability against various environmental
conditions such as pH, ionic strength, heating, cooling, or long-term storage [55].
Furthermore, throughout the years numerous studies have been performed in order to
evaluate the effect of surfactants on various properties of the formulated lipid vesicles. So far,
there are indications that the type and concentration of the surfactants used may affect
various characteristics of the system such as the size and polydispersity index (Pdl) [122,127].
Additionally, it suggested that the entrapment efficiency, permeation, pharmacokinetics and
pharmacodynamics of the bioactive compound [122,128] are also dependent on the
surfactants. Nonetheless, as a general rule, a combination of hydrophilic and lipophilic

surfactants may be necessary in order to achieve the suitable HLB value leading to the optimal
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size and stability [55,129-132]. The combination of two or more surfactants provides the
possibility to obtain a very wide range of HLB values in order to obtain the optimal value to
achieve the formation of nanodroplets with small size with improve stability against

aggregation with the desired solubilization effect [55,117,133].

However, sometimes the utilization of surfactants is not effective enough for the
formulation of a NE with the desired characteristics. For that reason, co-surfactants are used
complementarily for the optimization of the system. As co-surfactants are characterized small,
surface-active amphiphilic molecules that usually comprise of a hydrocarbon chain and a
hydroxyl group but they are not able to formulate and stabilize NEs on their own due to the
small size of their polar head group [55]. Generally, as co-surfactants are preferred molecules
of intermediate chain length since they can facilitate the spontaneous formation of NEs by
reducing the oil/water interface [134,135]. Some of the most commonly used co-surfactants
are diethylene glycol monoethyl ether (commercial name treanscutol), butan-1-ol, chiral
alcohols, sorbitol, and polyethylene glycol [136]. It is suggested that co-surfactants facilitate
the formulation of NEs through various physicochemical mechanisms such as 1) penetration
into the surfactant monolayer increasing the fluidity [129], 2) reduction of the interfacial
tension leading to improved stabilization the NE [126]; 3) reduction of the electrical repulsion
that could present the head groups of ionic surfactants, and 4) boost the solubilization of oil

into the system [65,137-139] .

For the formulation of the NEs that will be presented in this thesis were used Tween
80 and Labrasol as non-ionic hydrophilic surfactants, Span 80 and Maisine CC as non-ionic
lipophilic surfactants, phosphatidylcholine as a naturally derived zwitterionic surfactant and
last but not least Transcutol HP was used as a co-surfactant to improve the oil solubilization
and act as a penetration enhancer. Below are presented some of the main characteristics and

properties of the excipients used for the development of the oil-in-water NEs under study.

Polysorbate 80 (Tween 80)

One of the most widely used surfactants for the formulation of diverse products in
the pharmaceutical, cosmetic, and food industries is polysorbate 80, mostly known by the
commercial name tween 80 (T80). It is a synthetic, non-ionic, viscous yellow liquid that is
comprised of the lipophilic group ethylene oxide and a long hydrophilic hydrocarbon chain
domain [140]. Due to its hydrophilic nature (HLB 15) it is mostly used for the dispersion of oil
into a water phase in order to develop oil-in-water nanodispersions. Over the years, numerous

studies have highlighted T80 as a biodegradable, non-toxic, non-mutagenic and, non-
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carcinogenic excipient presenting insignificant rates of skin carcinogenesis, with very little
potential for skin irritation in humans [141]. In addition, T80 demonstrates various actions
since it has been reported to be used not only as an emulsifier but also as a solubilizer and
penetration enhancer [133,142] of the encapsulated bioactive compounds. In fact,
polysorbates are often reported to interact with biological membranes affecting their
structure and function hence the penetration enhancement properties of T80 have been
reported in multiple studies increasing the delivery and efficacy of the encapsulated bioactive
compound [140,143-145]. For these reasons, T80 has been applied in miscellaneous
formulations for the delivery of various lipophilic bioactive compounds without exhibiting any

significant adverse effects.

Caprylocaproyl Polyoxyl-8 glycerides (Labrasol® ALF)

An excipient that is gaining constantly ground and is used increasingly for the
preparation of nanodispersions for various delivery routes is Caprylocaproyl Polyoxyl-8
glycerides widely known by the trade name Labrasol® ALF (LS). It is a non-ionic, hydrophilic
excipient (HLB 12) consisting of a mixture of mono- and diesters of poly(ethylene glycol) (PEG)
and fatty acids with the predominant ones being the medium chain fatty acids caprylic- (C8)
and capric acid (C10) [146,147]. Due to its safety, low toxicity, and high tolerance labrasol is
listed in the inactive ingredients list of the Food and Drug Administration (FDA) [148]. In
addition, its excellent bioavailability and the fact that it is easily biodegradable by enzymes
present in the human organism [149-151] reinforce its use for topical, transdermal, and oral

pharmaceutical preparations [152].

Specifically, LS either alone or in combination with other excipients has been
mentioned in various studies to improve the bioavailability of diverse bioactive compounds of
interest [150,153—157]. There are multiple studies suggesting that this property is derived
from two ways of action. First, LS can serve as a solubilizer providing the possibility of
dissolving a larger amount of the bioactive substance and hence, improving its transdermal
delivery [146]. Secondly, it has the potential to act as a penetration enhancer for the
therapeutic agents of interest in a dose-dependent manner [149,158] since it is mainly
comprised of medium-length alkyl chains (C8-C10) which are observed to penetrate more
easily the lipid bilayer of the membranes [150]. The penetration-enhancing properties of
labrasol have been investigated in various studies for oral delivery as well as for the
transdermal route of administration. Its action as a penetration enhancer lies in its ability to

change the structure and permeability of the intestinal [150,159] or transdermal [152,160]
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epithelia enabling the penetration and thus the bioavailability of the bioactive compounds.
However, an important advantage is that these changes are reversible and do not cause any
damage to the site of action. Thus, due to the substantial benefits that LS provides, it is widely

used for various drug delivery formulations.
Glyceryl monolinoleate (Maisine® CC)

Another liquid excipient with appealing properties that was used for the formulation of
the systems that were developed in the present study was Glyceryl monolinoleate or Maisine®
CC (MS). It is a lipophilic excipient (HLB 1) derived from corn oil and is actually a mixture of
mono-, di- and triglycerides of mainly linoleic (C18:2) and oleic (C18:1) acids with the
diglyceride fraction being the most abundant (40-55%). Maisine® is generally recognized as
safe (GRAS status) and it has already been utilized for the formulation of approved
pharmaceutical preparations acting as a solubilizer and bioavailability enhancer for highly

lipophilic bioactive compounds.

In general, there are indications that certain features of glycerides such as type, chain
length, and degree of saturation could affect the delivery of lipophilic bioactives [161].
Specifically, the chain length has been identified as a significant factor that could influence the
successful formulation of nanodispersions. Long chain monoglycerides have been observed to
be more effective due to their co-surfactant and solubility properties [162,163] while they can
also enhance the loading capacity and bioavailability of the encapsulated bioactives [162,163].
In addition, the chain length of the glycerides used for the formulation of nanodispersions
plays a crucial role in the bioavailability of the encapsulated bioactive compound suggesting
that long chain glycerides including MS could provide enhanced oral bioavailability [164] since
they are easily digestible and due to the induction of lymphatic absorption instead of being
eliminated through first-pass metabolism [165-169]. Furthermore, MS provides effective
solubilization of highly lipophilic bioactive substances and has the ability to maintain them in
a solubilized state in vivo during digestion and absorption resulting in enhanced bioavailability
[170]. Another intriguing property of unsaturated long chain monoglycerides with special
reference to Glyceryl monolinoleate, is their ability to open tight junctions [171] indicating
their possible use for permeation enhancement through the skin providing effective
transdermal administration as well. Hence, unsaturated long chain lipids including Maisine®
CC could be beneficial excipients for the development of formulations in order to be used for

various routes of administration of lipophilic substances [172,173].
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Lecithin (Phosphdylcholine)

Occasionally, in order to avoid the potential toxicity that synthetic surfactants could
present, research groups and industry turn towards the utilization of natural substances that
have the ability to act as emulsifiers. A well-known compound widely used in various
formulations is lecithin which can be easily obtained by chemical or mechanical extraction
from a variety of natural sources such as egg yolk, soybeans, cottonseeds, and sunflower oil.
In general, lecithin is a mixture of different phospholipids like phosphatidylcholine,
phosphatidylinositol, phosphatidylethanolamine, phosphatidylserine, and phosphatidic acid
in different concentrations depending on the source. Phospholipids are amphiphilic molecules
comprised of two fatty acid chains containing 10-24 carbon atoms which constitute the
lipophilic part of the molecule and a polar end which is mainly phosphoric acid bound to a
water-soluble molecule. Due to their amphiphilic nature, they demonstrate excellent
emulsifying properties so they are often provided with their highly purified form with the most
commonly used being phosphatidylcholine (PC) which is utilized for the formulation of various

nanodispersions for oral or transdermal delivery.

Over the years, numerous studies have highlighted the advantages of colloidal
dispersions containing PC compared to those that do not, with the first and most important
being their compatibility with the skin and the internal membranes (i.e., intestine) [174]. Since
PC is a fundamental component of all the biological membranes it is biodegradable and non-
toxic thus, it is frequently selected as a surfactant. Furthermore, there are various studies
indicating that PC has the ability to act as a transmembrane transport enhancer as well,
improving the passage of the encapsulated bioactive compounds through the skin and/or the
digestive tract depending on the route of administration providing increased bioavailability
[159,175-178]. It is also suggested that PC when combined with non-ionic surfactants could
demonstrate synergistic action improving transdermal permeation of the therapeutic agent
[175]. There are indications that PC exerts this action through various mechanisms. First of all,
it has the ability to interact with the encapsulated bioactive compound altering its hydrophilic-
lipophilic balance and improving absorption kinetics [179]. In addition, when embedded at the
interface of the nanocarriers, PC could act as an adhesion agent to the site of action and
modify the epidermal lipid barrier properties and fluidity increasing the permeability and
absorption of the active molecule through the skin [180]. Apart from the aforementioned
benefits, the nanodispersions formulated containing PC on their interface are frequently
utilized for the delivery of various bioactive compounds and even larger therapeutic molecules

such as peptides and proteins. The formulated systems are passive, non-invasive, and non-
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toxic so they could be immediately commercialized [181]. Hence, PC is a highly attractive

molecule among research groups as well as the food, pharmaceutical, and cosmetic industries.
Diethylene glycol monoethyl ether (Transcutol® HP)

As mentioned before, the solubility of an encapsulated bioactive compound into the
developed nanocarrier and its effective penetration through the epithelia are crucial factors
affecting its action. To that end, an excipient gaining increasing attention due to the appealing
properties it presents is the highly purified diethylene glycol monoethyl ether (DEGEE) with
the trade name Transcutol® HP (TRSC). It is a penetration enhancer and powerful but safe
solvent with the ability to solubilize both hydrophilic and lipophilic bioactive compounds even
those that are insoluble in common solvents. Thus, it is extremely useful as a pharmaceutical
excipient for the formulation of diverse drug products for various routes of delivery [182,183].
It is a transparent liquid, non-volatile, and practically odorless that has a very low viscosity.
Being compatible with a wide variety of other pharmaceutical excipients can be solubilized in
common solvents like glycerin, EtOH, PG, and water and can be mixed with polar lipids and
polyethylene glycol-based surfactants [182]. One of the most valuable characteristics of TRSC
is its functionality even at low concentrations resulting in favorable safety and tolerability

profiles [184].

There are numerous studies demonstrating that TRSC has the ability to act as a
penetration enhancer in two ways. First, it is capable of altering the structure of the stratum
corneum in a reversible manner in order to facilitate the diffusion of the bioactive compound
resulting in improved local or even systemic absorption [183,185]. In addition, TRSC provides
hydration to the skin thus facilitating the penetration of the bioactive compound. This
hydration phenomenon could result either from skin protection and occlusion [185,186] or
due to the interaction of TRSC with the lipid filled intercellular spaces of the stratum corneum
[182,187]. In order for an excipient to be widely utilized, it is particularly important to evaluate
its potential toxicity. Particularly, transcutol ® HP is FDA approved and listed in the Inactive
Ingredients Database nevertheless, numerous toxicological studies have been conducted for
the evaluation of its toxicity for various routes of administration [184] like dermal [188], and
oral [184]. It is suggested that TRSC especially compared to other commonly used solvents
exhibits the lowest skin damage ratio [189] while presenting local tissue tolerance in various
sites such as skin, eye, and, epithelia [190]. Furthermore, it is non-mutagenic, non-
carcinogenic, biocompatible, and rapidly metabolized leading to excretion within 24 hours

[184]. Hence, it has already been extensively reported in the literature either alone or in
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combination with other surfactants and has been utilized for the development of a broad
spectrum of formulations such as creams, gels, and emulsions used for topical [183,186,191],
transdermal [192-196], intranasal [197,198], ocular, oral and, intravenous [184,199]

administration.

1.5. Bioactive compounds

In recent years, there is a growing interest towards the use of natural bioactive
compounds for therapeutic or preventing use against various conditions. Since there is
increasing evidence that various natural compounds demonstrate salutary effects on the
human organism, in the present thesis were selected for encapsulation three lipophilic
bioactive compounds namely vitamin D3 (VD), curcumin (CU), and cannabidiol (CBD) as well as
C-phycocyanin (C-PC) which is hydrophilic. The interesting thing about the aforementioned
bioactive compounds is that they demonstrate multiple biological actions and present health
benefits when administered either in the systemic circulation or topically. Their biological

actions will be summarized below.

1.5.1. Vitamin D (VD)

One of the most essential substances for maintaining a healthy body is vitamin D or
the “sunshine vitamin” as it is also referred to, since it is synthesized in the human body
through a photoreaction activated by the sun radiation [200]. It is a lipophilic, steroid hormone
which is easily solubilized in fats and organic solvents but is insoluble in water [201]. The two
predominant dietary forms of Vitamin D are ergocalciferol (vitamin D,) which is mainly
synthesized by plants and, cholecalciferol (vitamin D3, VD) which can be obtained by animal
sources such as salmon, herring, sardines, mackerel, tuna, egg yolks, and cod liver oil [202—

205].

The latter, whose main source is the synthesis in the human organism, is the most
stable towards degradation and demonstrates biological activity interacting with diverse
targets. Hence, this bioactive compound is vital for the proper functioning of the organism but

also for the prevention of some severe chronic and neurodegenerative disorders [71,206].
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HO™
Figure 11. Molecular structure of cholecalciferol (Vitamin Ds).

The significant role of VD for the preservation of a healthy musculoskeletal system is known
for many years. However, there are indications of its implication in diverse targets throughout
the entire human body such as immune, nervous, and cardiovascular systems [207].
Nowadays, numerous studies support the immunomodulatory, anti-inflammatory and
antimicrobial properties of VD making it useful for the treatment of skin diseases such as
psoriasis, atopic dermatitis, vitiligo and others [200,208-210]. In addition, driven by the effect
of VD on the immune system, some research teams have even been able to link COVID-19 to
VD deficiency [211-214]. Furthermore, the presence of vitamin D receptors in diverse sites of
the brain indicates its importance for the prevention and treatment of several neurological
and psychiatric disorders including multiple sclerosis, stroke, Alzheimer’s and Parkinson’s

diseases, schizophrenia and, autism diseases [206,215,216].

Nevertheless, due to the modern way of life and the prolonged stay indoors during
the day, VD insufficiency or even deficiency have become evident all over the world causing
significant health problems. Thus, the administration of supplements is often essential in
order to obtain the proper daily intake. A substantial limitation to this approach is the unstable
nature of VD and its high lipophilic nature, leading to low bioavailability and efficacy. Thus,
the formulation of suitable nanocarriers is considered as an efficient therapeutic strategy to
obtain a satisfactory administration of VD not only orally but also through transdermal and

intranasal routes of delivery [217-220].

1.5.2. Curcumin (CU)

One of the most widely-known natural-source bioactive compounds is curcumin
(figure 12) which is the most abundant substance of the Curcuma longa L. rhizome. Curcumin
is a lipophilic polyphenol which has the ability to interact with multiple targets in the human

body affecting diverse signaling pathways and therefore demonstrating numerous health
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benefits. This bioactive compound is universally accepted nowadays since it is naturally

derived and demonstrates no adverse effects even in high doses [221].

Figure 12. Molecular structure of curcumin.

Curcumin is suggested to be beneficial for the skin due to its anti-inflammatory
[222,223], antibacterial [221,224] and wound healing properties [222] and has been used for

many years to treat skin conditions [225,226].

In addition, there are indications that curcumin alone or in combination with other
therapeutic molecules [25] could be beneficial for the treatment of chronic diseases including
heart and liver diseases, arthritis, gastrointestinal problems or even cancer [222,223,227].
Furthermore, due to its neuroprotective effects, curcumin could be beneficial for various
neurodegenerative disorders such as Alzheimer’s disease [228,229] or psychiatric conditions

like depression and anxiety [221].

Nonetheless, the use of curcumin as a therapeutic molecule is limited due to its highly
lipophilic nature leading to poor intestinal absorption and bioavailability. Moreover, it is a
sensitive compound which is rapidly metabolized losing its activity [230,231]. To address these

issues, the encapsulation of curcumin in suitable nanocarriers is often necessary.

1.5.3. Cannabidiol (CBD)

Cannabis is a plant with a long history as there are reports of its medicinal use since
antiquity in various parts of the world [232]. Despite the fact that cannabis has been known
for more than 5000 years for its health benefits, it is not very easily used as a medicinal
product due to the complex legislation surrounding it. Nonetheless, in the recent years the
interest towards the use of cannabis for pharmaceutical purposes is revived as new
techniques have been developed that make the administration of bioactive

phytocannabinoids more effective.

- . . ) ) . Sotiria Demisli || 41
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



Figure 13. Cannabis plant picture.

There are various species of cannabis each with different major compounds which are
used throughout the years for various applications from the production of textiles to
recreative drugs and therapeutic purposes. Particularly, Cannabis sativa Linnaeus (Cannabis
sativa L.) has attracted great interest for the use in treatment or prevention of various diseases
due to the pharmacological action of its extract. This species contains numerous bioactive
compounds among them terpenoids, flavonoids, alkaloids and, of course phytocannabinoids
with some examples of them illustrated in figure 14 [233,234]. Until now, over 100
phytocannabinoids have been identified in these plants with the most potent being either
cannabidiol (CBD) which demonstrates a plethora of health benefits or trans-A-9-
tetrahydrocannabinol (D9-THC) which displays psychoactive action, depending on the species

of cannabis [235].

Figure 14. Examples of phytocannabinoids of Cannabis sativa. A-9-tetrahydrocannabinol (D9-THC), cannabidiol
(CBD), cannabigerol (CBG), A-9-tetrahydrocannabivarin (D9-THCV), cannabichromene (CBC), cannabicyclol (CBL),
cannabinol (CBN) [232].
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The major phytocannabinoid of Cannabis sativa L. is CBD and attracts great attention
due to the plethora of health benefits it demonstrates by acting in various receptors such as
adenosine receptors, glycine receptors, opioid receptors, serotonin receptors etc. [236]. It
also interacts with multiple receptors of the endocannabinoid system which is present within
the brain and immune system [237] affecting diverse bodily functions and regulating
numerous pathophysiological phenomena [238]. Due to its interaction with diverse
pharmacological targets, it is now evident that cannabidiol exerts important pharmacological
actions. Specifically, over the years a number of studies have been published supporting the
positive effect of CBD against different neurological and psychiatric disorders. There are
indications of the neuroprotective, anti-inflammatory, antipsychotic and anxiolytic properties
of this specific phytocannabinoids [235,239,240]. Moreover, CBD could be used as an effective
treatment against severe neurodegenerative disorders such as epilepsy, Alzheimer's and

Parkinson's disease, and schizophrenia [241-245] for the relief of the symptoms.

Despite the aforementioned beneficial properties of CBD in the human organism,
nowadays its use for therapeutic purposes remains challenging as its most common form is in
oil which presents important limitations. Some crucial drawback concerning the CBD oil are
the highly variable composition of the CBD extract, the complicated determination of the
suitable dosage, the limited bioavailability, the possibility of toxic solvent residues used for
the extraction etc. [246,247]. Hence, the use of synthetic CBD and its encapsulation in
appropriate nanocarriers could be proven beneficial for the effective and safe use of this

bioactive compound.

1.5.4. C-Phycocyanin (C-PC)

Currently, algae arise great interest as natural dietary supplements. One of the most
popular species is Arthrospira (Spirulina) platensisis or A. maxima, a Gram-negative, non-toxic
species of photosynthetic cyanobacteria that is considered to demonstrate significant health
benefits being a source of high content of protein, lipid, vitamins, minerals, and antioxidants
[248].

One of the active pigments of A. maxima, which is present in large concentrations, is
C-Phycocyanin (C-PC), a light harvesting bioactive compound [249]. It is a hydrophilic, blue-
colored biliprotein which comprises of a protein with the chromophore phycocyanobilin
attached to it. The protein consists of two subunits a and B with molecular weights
approximately 18 and 20 kDa, respectively. On these subunits are attached the chromophore

molecules and specifically as figure 15 demonstrates subunit a is connected with one
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phycocyanobilin while B with two [250]. Usually, C-PC is organized in oligomers with the most

common being the hexamer complex.

Figure 15. C-Phycocyanin (C-PC) structure. A) Demonstrates the crystal of a C-PC hexamer, B) Schematic

representation of C-PC assembly.

Due to its intense color, C-PC is often used as a natural additive for food or cosmetic
applications [251,252] however there are currently various studies indicating its significant
therapeutic value. Since C-PC is a natural bioactive compound with no toxicity, it could be a
promising alternative of conventional, synthetic drugs that often present side effects or
insufficient efficacy option [253]. Particularly, in the course of time numerous studies have
been performed attributing to C-PC a wide range of biological activities such as stimulation of

the immune system, neuroprotection, protection against viruses.

The antioxidant, antimicrobial, anti-inflammatory and therapeutic properties of this
substance have been widely studied and can be used through various routes of administration
[253—-255]. Despite the plethora of health benefits that C-PC demonstrates, there are
indications that when administered orally it could be easily degraded in the gastrointestinal
tract lowering its pharmacological effect. Hence, encapsulation of C-PC in suitable
nanocarriers depending on the intended application could be a promising solution to protect

it and increase its efficacy in the human organism.
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1.6. Hydrogels
As hydrogels can be described soft materials comprised of two phases, a phase of
hydrophilic polymers composing a three-dimensional network and, a liquid phase retained in

intermolecular space that could be either water or biological fluids [256—260].

Figure 16. Schematic representation of a polymer network.

Polymers have the ability to absorb different amounts of liquids depending on their
hydrophilicity which is determined by the hydrophilic functional groups attached to their

polymeric backbone [261].

There are various suggestions for the classification of hydrogels depending on the
source of the polymer, the method of cross-linking, the electrical charge, or the
responsiveness to environmental changes [262]. However, most frequently hydrogels are
classified according to the source of polymers (synthetic or natural) and the cross-linking
method (physical or chemical) since these two parameters can have a considerable impact on
the biocompatibility of the formulated systems. Concerning the formulation method, in
applications requiring biocompatibility, physical crosslinking is preferred predominantly, since
it avoids the use of possibly toxic organic solvents [263]. Furthermore, natural polymers are
generally selected since they are sustainable, biocompatible, biodegradable, non-toxic, and
have low cost [264]. Some of the polysaccharides most frequently utilized for the

development of hydrogels are starch, alginate, carrageenan, xanthan gum, and chitosan [262].

Specifically, chitosan is one of the most popular biopolymers since it demonstrates
numerous favorable properties. It is a hydrophilic biopolymer derived by alkaline hydrolysis of
chitin which is one of the most abundant polymers in nature extracted from the exoskeleton
of crustaceans but also fungi [258,265]. As illustrated in figure 17, the arrangement of a
chitosan monomer is linear and is composed of glucosamine and N-acetyl-glucosamine linked

by (1-4) glycosidic bonds [262,266].

- . . ) ) . Sotiria Demisli || 45
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



Figure 17. Structural arrangement of a chitosan monomer comprised of glucosamine and N-acetyl-glucosamine

linked by (1-4) glycosidic bonds.

The chitosan chain is rich in amino (-NH;) and hydroxyl (-OH) groups which can act as cross-
linkable functional groups. It has also the ability to be solubilized in acetic medium due to the
presence of free amino groups from D-glucosamine units which can interact between the

polymer chains creating hydrogen bonds formulating hydrogels [267-269].

Nowadays, there is a great interest towards the use of chitosan for the development
of functional hydrogels since it possesses intriguing characteristics. Chitosan can adopt diverse
forms and is pH-responsive being an ideal candidate for the development of “smart” materials
[264,270]. In addition, it is a non-toxic ingredient, biocompatible, and easily biodegradable by
enzymes of the human organism resulting in non-toxic by-products. Another important aspect
is the biological functions that chitosan demonstrates including antimicrobial, immunological,
and wound-healing properties [265,271]. Furthermore, of paramount importance are the
mucoadhesive properties of chitosan arising from the strong electrostatic actions of its
positively charged amino groups with the negative charged mucosal surfaces and enabling the
prolonged contact with the site of action thus making the delivery of the bioactive compound

more effective [272].

Recently, the interest in the utilization of hydrogels for diverse biomedical
applications has increased immensely since hydrogels can adopt various forms including films,
gels, membranes, and fibers [273]. Furthermore, their unique physicochemical, mechanical,
and biological features [264] renders them ideal candidates for a number of applications
including contact lenses, tissue engineering, cell growth, regenerative medicine, and wound-
healing [262,264]. In addition, controlled release of bioactives administered through oral,
topical or transdermal, pulmonary, and intranasal delivery routes is widely reported in the
literature [71,265,274]. Nonetheless, when the size of the entrapped bioactive compound is
smaller than the pores of the hydrogels, can occur burst release and the controlled delivery
becomes challenging [261]. Moreover, since the majority of therapeutic agents are lipid

soluble, hydrogels lack the ability to entrap them due to their hydrophilic nature [275,276].
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Hence, in order to tackle the aforementioned limitations, novel strategies are
examined in order to improve the efficacy of hydrogels including their combination with NEs

and liposomes [71,277] as will be described in more detail in the next chapter.

1.7. Emulgels

For decades now, natural bioactive compounds have been in the spotlight and
research groups all over the world are seeking a suitable carrier in order to protect them
against environmental conditions and improve their performance for a vast number of
applications. NEs and hydrogels have been at the center of attention for many years however,
they still present some limitations. Thus, research groups are constantly on the lookout for
new and more effective systems to act as vehicles for the therapeutic agents of interest. To
this end, currently, the focus has turned towards the development of novel nanocarriers such

as emulsion gels (EGs), in order to combine the benefits of both NEs and hydrogels.

Emulsion gels are characterized as soft, solid-like materials which generally comprise
of a polymer network with water as the dispersed medium and emulsified lipid nanodroplets
incorporated inside the gel matrix [278] and have the ability to encapsulate lipophilic bioactive
compounds. They are multifunctional systems that can be used for diverse applications in the
food, cosmetic, and, pharmaceutical industries and display tunable structural and
physicochemical characteristics enabling the formulation of miscellaneous structures
[71,277,279,280].In particular, EGs are complex colloids and are the result of the combination
of an emulsion dispersion and a polymeric gel matrix [281,282]. These systems, as illustrated
in figure 18, can be further characterized as a) emulsion-filled gels or b) emulsion-particulate
gels. As a) emulsion-filled gels are characterized the systems comprised of a polymeric matrix
into which are incorporated emulsion droplets and they are obtained by the partial or total
substitution of the dispersion medium of the hydrogel by an emulsion. On the other hand, b)
emulsion-particulate gels are formulated by aggregated emulsion droplets comprising a
network [283,284]. Even though these two structures are quite distinct in theory, practically
in an EG often these arrangements coexist resulting in a hybrid network of both incorporated

and partially aggregated droplets of oil [285].
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Figure 18. Schematic representation of the two main types of emulgels. a) Emulsion-filled gels and, b) Emulsion-

particulate gels [278].

The oil droplets which are incorporated into the polymeric matrix are defined as active
or inactive fillers and depending on their effect and possible association with the network they
can affect significantly the EGs rheology [286]. As is illustrated in more detail in figure 19,
active fillers interact with the polymeric network and their ability to either strengthen or
weaken the gel strength is correlated to their interfacial composition and the interactions
between the surfactant monolayer of the oil droplets and the polymers of the gel matrix.
Contrariwise, inactive fillers are not connected to the polymer matrix and do not demonstrate
chemical and physical affinity with the polymers resulting always in decreased network

strength [287-291].

Figure 19. Schematic representation of a) active and b) inactive fillers inside emulgels [286].

Apart from the type of fillers, there are various other factors affecting the EGs
rheology resulting in systems with a wide range of mechanical and physicochemical
properties. It is well established from a variety of studies that some major determinants
involved in the EGs structural features are the morphology and stiffness of the gel matrix
[292], the method of formulation of the gel matrix (cold-set, hot-set, acidification, and
enzymatic) [293-295] and, the physicochemical properties of the dispersed emulsion
(dispersed oil volume fraction, oil-water interfacial composition, size, properties of the

surfactants) [283,284,287,288,296—299]. Finally, the distribution of the emulsion droplets and
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their interaction with the gel matrix can have a great impact on the structural features of the

resulting system [289,290,292,300].

This type of nanocarrier is intriguing and attracts increasing attention since it is
reasonably simple and inexpensive to formulate [301]. Furthermore, EGs being complex
systems provide a combination of the benefits of both the NEs and the hydrogels. Thus, an
improved system arises, enhancing the efficacy of these nanocarriers. This hybrid
nanodispersiondemonstrates various important advantages making it suitable for the
encapsulation and delivery of both lipophilic and hydrophilic bioactive compounds
[281,286,302,303]. In addition, there are various studies indicating that the dispersion of a
drug-loaded NE into a hydrogel matrix could improve its stability [304,305] and, provide
improved protection of the encapsulated substance [306] while enhancing its release profile
[307]. Specifically, as far as the pharmaceutical industry is concerned, EGs are often selected
since they exhibit enhanced delivery, reducing adverse effects since they demonstrate
regulated [308,309] and targeted release to the desired site of action [71,310]. This feature is
a result of the prolonged contact with the administration area due to the mucoadhesive
properties that many hydrogels present [311-314]. Last but not least, these carriers are
frequently preferred over conventional NEs and hydrogels since they offer favorable sensory
features to the consumers. Among their most valuable characteristics are long shelf-life and
environmentally friendly, tunable rheology, compatibility with a large variety of excipients,
masking undesirable flavors and aromas, and water solubility. Moreover, they have a pleasant
transparent appearance and have a moisturizing effect while being greaseless, easily

administrated and removed [315-322].

Due to their tunable composition and structure and the plethora of benefits they
present, EGs have become an appealing delivery system for miscellaneous applications in the
pharmaceutical, food, and cosmetic industries [309]. Specifically, to date, EGs have been
investigated for the delivery of bioactive compounds through multiple routes of
administration including oral [309], buccal [323], topical [324,325], vaginal [326] and,
transdermal [327-329].
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1.8. Advantages and drawbacks of the most commonly used delivery routes (oral/

intranasal/ transdermal)

The use of the appropriate nanocarrier is crucial for the encapsulation and protection
of the bioactive compound of interest. Their ability to enhance the efficacy of the
encapsulated therapeutic agent due to their unique physiochemical properties is widely
known and was described in the previous chapters (Chapters 1.1 and 1.2.). However, the route
of administration of the nanocarrier and its properties are also decisive factors affecting the
fate and efficacy of the therapeutic agent as well as the short- or long-term biological effects.
Hence, it is important to select the proper delivery route in order to provide a suitable channel
to obtain targeted delivery of the nanocarriers and avoid the rapid metabolism but also

increase the efficacy and bioavailability of the therapeutic agent [330,331].

In general, the term bioavailability describes the rate and extent to which an administered
bioactive compound is absorbed into the systemic circulation and thereby its availability for
therapeutic response. In other words, it refers to the in vivo performance of a drug and is
directly dependent on the selected route of administration [332]. More specifically,
intravenous administration of a drug results in 100% bioavailability by definition [333,334]. On
the other hand, when an alternative delivery route is selected the bioavailability of the
compound of interest is in general lower due to various parameters including first-pass
metabolism, the stability of the drug in the gastrointestinal tract, epithelium permeability and

others administration [332].

Thus, the advantages and limitations of the three most prominent delivery routes
namely oral, intranasal and transdermal are presented all together in Table 1 and will be

discussed in this chapter.

Figure 20. lllustration of the most studied routes of administrations of NEs including nasal, oral, intravenous,

topical/transdermal, and ocular [38].
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Oral route of administration

Throughout the years, diverse routes of administration have been developed and studied
as illustrated in figure 20 since each of them demonstrates both favorable features and
shortcomings thus requiring a suitable nanocarrier to tackle the respective barriers and obtain
potent action of the therapeutic agent. In particular, non-invasive delivery methods have been
the most preferred among research groups and patients since they are convenient for the

delivery of bioactives requiring chronic administration [335].

Until recently, one of the most commonly used routes of delivery has been oral
administration since it is non-invasive and simple leading to patient compliance. Due to the
possibility of self-administration that provides, without the requirement of specialized
healthcare professionals or hospitalization, improves the quality of life of the patients while
also reducing the treatment cost. In addition, the oral route is promising for the delivery of
drugs with poor water-solubility and a variety of formulations including a wide range of
nanocarriers such as liquid, hydrogel, as well as solid formulations which demonstrate in

general better storage stability over time [25,166,335,336].

However, oral administration also presents some important drawbacks such as the
rapid degradation of the drug through first-pass metabolism or by the changes in the pH value
and the digestive enzymes present in the gastrointestinal (Gl) tract. Another obstacle is the
possible interaction of the administered therapeutic agent with the stomach contents and
other orally administered compounds [337]. An additional challenge of paramount
importance is the controlled release of the therapeutic agent [332]. In these cases, the
application of NEs as delivery vehicles could be beneficial in protecting the ingested
therapeutic agents from endogenous environmental conditions, minimizing the adverse
effects and prolonging their residence in the Gl tract with the result of their enhanced
absorption and efficacy [38,338]. Moreover, when patient compliance is not feasible for
example due to nausea, epilepsy, or age (geriatric/ pediatric patients) or in urgent
circumstances, oral administration is not applicable since it demonstrates slow absorption and
presents multiple levels of physiological barriers that need to be addressed in order for the

bioactive to be efficient [330,335,339].
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Figure 21. Schematic representation of some of the major nanocarriers used as delivery vehicles for oral route

[335].

Intranasal route of administration

Recently, attempts are being made in order to surpass the aforementioned limitations
of the oral route of administration. For that reason, various approaches have been employed
such as the use of functional excipients. However, the most promising way of improving the
absorption and bioavailability of the administered bioactive compound seems to be the use
of nanocarriers. So, nowadays research groups as well as the pharmaceutical industry are
investigating the use of alternative routes of delivery to improve the efficacy and targeting of
the nanocarriers and hence the bioactive compounds. One of the most substantial benefits of
nanocarriers is that they offer the possibility of alternative routes of administration avoiding
the limitations that oral administration demonstrates. Specifically, NEs have emerged as
promising delivery vehicles for nearly all the routes of administration that are known and

utilized so far [65].

The nasal cavity has been investigated as an alternative site of drug delivery since it
also provides a simple, non-invasive, painless, and well-tolerated route which are favorable
characteristics widely acceptable by the patients. Considering that there is a wide range of
therapeutic agents that can be administered intranasally intended for diverse sites of action
including topical, systemic, and central nervous system (CNS) and that sterilization is not
necessary, formulations intended for intranasal administration are attractive for the
pharmaceutical industry too [340-342]. The unique physiological and anatomical
characteristics of the nasal cavity such as reduced enzymatic activity and reasonably epithelial

permeability it has been established as one of the most efficient administration sites providing
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the potential of rapid systemic absorption and action hence being an ideal method for
emergencies [335,342,343]. Compared to the oral route of administration, intranasal
demonstrates enhanced systemic bioavailability and provides the possibility of effective
delivery of molecules demonstrating reduced stability in Gl tract or easily degraded through
first-pass metabolism including polar drugs, proteins, and peptides [330,342,344]. In addition,
for the treatment of topical conditions, intranasal administration offers advantages over oral
providing the possibility of topical administration of bioactives with the result the efficient
delivery even with the application of relatively low concentrations of the formulations. This
leads to reduced systemic toxic effects and permits prolonged contact with the site of action
resulting in extended drug absorption when it is necessary [345,346]. Last but not least,
through intranasal administration the risk of over-dosage could be avoided since the excess
formulation can be removed and due to the low volume of the nasal cavity that does not

permit the administration of high doses [347].

On the other hand, when the administration of higher concentrations of the bioactives
is required, the low volume of the nasal cavity could be a major drawback restricting the
administered formulation to approximately 100- 150 pL which occasionally is not an adequate
amount [348]. In addition, pathological conditions affecting the nasal mucosa or possible
interaction of the administered therapeutic agent with it could compromise the absorption
reducing the efficacy of the molecule of interest [340,348,349]. Other physiological barriers
considerably reducing the therapeutic action of the drugs are capillary barriers, nasal
metabolism, and mucociliary clearance which limits the contact with the site of action
[350,351]. Thus, components with mucoadhesive properties such as chitosan and poloxamer
are now being exploited in order to prolong the residence time on the nasal mucosa and
enhance the bioavailability of the administered compounds [352]. Another formulation that
is often selected in order to tackle several of the aforementioned limitations of intranasal
delivery is NEs in the form of a spray. However, since it is challenging to achieve a uniform and
steady spray deposition the dosage control is troublesome leading to repeated and long-term
administration which could cause irritation or even permanent damage due to the presence

of surfactants in the NEs [353,354].
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Figure 22. lllustration of the intranasal route of delivery providing the possibility of drug transportation to the

brain through the blood-brain barrier [126].

Transdermal route of administration

Although the oral mode of administration is conventionally used for the treatment of
dermatological conditions as well, nowadays efforts are being made to replace it with topical
formulations since as mentioned above oral administration demonstrates numerous
constraints [355]. Skin is the largest organ of the human body reaching about 10% of the
overall body mass and performs various physiological functions acting as the first defense
mechanism and protecting the body from environmental conditions and pathogens. However,
it has also emerged as an ideal site of action for the application of diverse bioactive

compounds for both topical and transdermal delivery [38,356].

Skin is a multilayered organ with the outer layer being the stratum corneum (SC)
constituting the main barrier of the skin which has to be overcome in order to achieve topical
or percutaneous delivery. As illustrated in figure 23 the structure of the SC consists of the
epidermis, dermis, and subcutaneous tissues. Specifically, SC is comprised of keratinocytes,
ceramides, fatty acids, and cholesterol [357-359]. As figure 23 depicts, skin provides the
possibility of both dermal and transdermal delivery of a bioactive compound each with
different therapeutic targets and results. In particular, to achieve dermal delivery of a drug,
the formulation is administered directly on the site of action. Dermal delivery is preferred over
oral administration for the treatment of topical conditions since it provides a higher localized
concentration of the bioactive while simultaneously reducing the systemic concentration
minimizing the adverse effects [360]. On the other hand, the transdermal route refers to the
delivery across the skin layers and requires the transportation through the skin and into the
systemic circulation of a drug concentration high enough to achieve a therapeutic effect [361].

This mode of delivery is convenient for the treatment of numerous pathological conditions
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and in combination with the use of drug-loaded nanocarriers has been established as a

promising delivery method for various therapeutic agents [330,362].

Figure 23. lllustration of the architecture of skin and representation of drug release from delivery vehicles for

topical and transdermal applications [360].

It is a fact that (trans)dermal route of administration likewise with the aforementioned
methods of delivery is self-administered, non-invasive, and painless [41,363]. However, a
benefit of paramount importance that dermal administration presents compared to oral, is its
ability to bypass the GI tract similar to intranasal administration. Because of this, the
effectiveness of the administered substance increases as metabolism is avoided and the
manifestation of adverse effects is decreased. However, transdermal administration is more
effective compared also to intranasal administration since it avoids mucociliary clearance and
even the slightest metabolism that occurs in the nasal cavity due to the presence of specific
enzymes even if they exist in small amounts [350]. Thus, the circumvention of both the first-
pass metabolism and mucociliary clearance that occurs during oral and intranasal
administration, respectively, reduces the likelihood of drug degradation [65,364—-366].
Transdermal formulations provide the possibility of prolonged contact with the site of action
resulting in controlled delivery over extended periods of time (hours or even days) and
sustained plasma level of the bioactives. Thus, enhanced bioavailability is achieved reducing
the need for frequent re-application and minimizing the possibility of skin irritation or
systemic side effects [330,335,367,368]. In addition, the systems that are selected for dermal
application offer a pleasant sensation on the skin, provide the possibility of targeted action to
a specific site and can be easily removed eliminating the formulation and interrupting the
delivery of the drug and as a result, minimize the possibility of skin irritation and adverse
effects [330,343,366]. With the continuous advancement of the field of nanotechnology,

various nanocarriers have proven to be ideal systems for enhancing drug delivery through the
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skin highlighting the advantages of this mode of administration over the oral and intranasal.
Specifically, NEs due to their ability to solubilize in their oil core and deliver highly lipophilic
drugs as well as their components (surfactants and/or oils), can interact with the SC improving
the penetration of the bioactives [369]. Hence, over the years transdermal delivery has been
preferred for the delivery of lipophilic molecules that were already administered orally in
order to overcome the Gl adverse effects. Formulations for numerous conditions have been
developed including inflammations, various infections, cardiovascular disease, and skin cancer
[370]. Specifically, (trans)dermal administration of analgesics demonstrates important
benefits compared to oral administration including improved relief of topical pain, while
reducing the systemic side effects and minimizing the risk of addiction when analgesia is

required for longer periods of time [371].

This particular route of delivery also presents some disadvantages which, however,
can be easily encountered with the selection of suitable delivery systems for encapsulation of
the therapeutic agents of interest possessing appropriate characteristics and ingredients. The
foremost obstacle that needs to be addressed to obtain effective (trans)dermal delivery is the
skin itself. Since the skin acts as a barrier demonstrating relative impermeability and high
selectivity some specific physicochemical requirements need to be fulfilled in order for a
bioactive substance to penetrate it and act either topically or systemically. The most
important features of a molecule to be considered for dermal application are low molecular
weight and moderate lipophilicity thus providing a rather small pool of bioactives that can be
delivered transdermally and demonstrate therapeutic action [368,372]. To address these
issues NEs can be employed providing the ability to solubilize and deliver highly lipophilic
drugs and demonstrating easy penetration through the pores of the skin due to their small
size thus reaching the systemic circulation [65,330,343,356,373]. Chemical penetration
enhancers such as surfactants, solvents, and fatty acids can also enhance skin permeability by
interacting with the lipids of the SC and modifying its microstructure [374,375] but they also
increase the chance of skin irritation and toxicity [335,367]. However, the possibility of skin
irritation can be reduced or completely dealt with in various ways such as the selection of an
appropriate formulation. For example, systems that present pH values between 5-7 which are
close to the pH of the skin surface, application of hydrogels, or systems providing controlled
release have been reported to reduce the possibility of skin irritation caused either by the

administered drug or the nanocarrier itself [376—379].
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Table 1. Overall evaluation and comparison of the advantages and limitations of the three most commonly used

delivery routes namely oral, intranasal, and transdermal.

Route of administration
Properties

Oral Intranasal = Transdermal

Simple \' \' v
Cost-effective v v v
Patient compliance v v v
Systemic delivery v v v
Sustained delivery \' v
Targeted delivery v v
Delivery of lipophilic drugs \' v
Patient cooperation
v v
(Geriatric/pediatric/seizure patients)
Gastrointestinal problems \' v
Circumvention of first-pass
v v
metabolism
Circumvention of enzymatic
v
degradation
Administration of large doses v v
Easy removal in case of the
v
appearance of side-effects
Possible topical irritation caused by
v
long-term administration
Direct CNS delivery v
Risk of overdosage v
Prolonged contact with the site of
v

action
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The aforementioned drawbacks that (trans)dermal delivery might present can be
encountered by using suitable colloidal nanodispersions to act as carriers of the bioactive
compounds of interest [380] leading to efficient delivery. More specifically, hybrid systems
composed of a hydrogel or a cream in combination with liposomes or NEs like the NE-filled
hydrogels that were developed in the present study have emerged as promising delivery
vehicles for (trans)dermal application. Since these types of nanocarriers demonstrate the
benefits of both systems, it is suggested that they could have great potential for (trans)dermal
applications providing controlled delivery and enhanced bioavailability while decreasing the

possibility of skin irritation [367].

All three routes of administration that have been mentioned previously, demonstrate
both advantages and limitations. However, regarding the transdermal route, the benefits
outweigh the disadvantages and since it also provides the possibility of topical as well as
systemic administration, it has emerged as a promising delivery method for a variety of
bioactive compounds including vitamins, analgesic compounds such as lidocaine and opioids
or even hormones [381]. Hence, the transdermal route has been selected and investigated for
the systemic delivery of CBD which was encapsulated in two different nanodispersions namely

an O/W NE and the respective NE/HG to study their potential as delivery vehicles.
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Chapter 2 — Aim of the study

In recent years there is an increasing interest towards natural compounds for use as
therapeutic agents. This arises from the fact that they present multiple pharmacological
actions and good safety profiles thus being ideal candidates for the treatment of various
ailments. However, the administration of some natural substances is challenging due to their
highly lipophilic nature which leads to low bioavailability and efficacy. Moreover, since they
are considerably sensitive to processing, their incorporation in various formulations is difficult

as they are easily degraded.

Therefore, the main objective of the present thesis consists of two parts with the first
being the development and structural characterization of novel biocompatible
nanodispersions for the encapsulation of natural bioactives and subsequently the in vitro and
ex vivo biological assessment of the formulated systems. In particular, the main scope was the
formulation of oil-in-water NE and NE-based hydrogels. These systems were utilized as
carriers for the simultaneous encapsulation and delivery of various lipophilic compounds and
a hydrophilic compound of pharmacological interest. An important part of the study was the
elucidation of the structure of the developed NEs as well as evaluating the effect of their
incorporation into chitosan hydrogels. Nonetheless, the in vitro and ex vivo evaluation of the
formulated systems was also essential in order to determine their suitability for the

transdermal delivery as carriers of the compounds of interest.
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Chapter 3 — Description of the experimental procedure

3.1. Formulation of nanocarriers as delivery systems of bioactive compounds and

structural study

The first goal of the present thesis was the development of novel nanocarriers. Thus,
initially various combinations of oils and biocompatible, non-toxic surfactants were used in
order to prepare stable O/W NEs. For that purpose, two formulation methods were
implemented, a low energy and a high energy one. The most stable NEs were selected for
further investigation and for the encapsulation of three lipophilic bioactive compounds
namely curcumin, vitamin D, and cannabidiol. For the second part of this study, diverse
biocompatible and biodegradable polymers and their combinations were used in different
concentrations for the formulation of the hydrogels. In the most stable system, the hydrophilic
C-PC-extract from Spirulina maxima was embedded. Finally, the selected NE was incorporated
into the developed hydrogels resulting in the novel hybrid systems, the NE-based hydrogels

or emulgels.

Subsequently, the aforementioned nanodispersions were structurally characterized
applying a variety of advanced techniques. To determine the size and homogeneity of the NEs
Dynamic Light Scattering (DLS) was employed immediately after their formulation and in
various time points in order to study their stability over time. Furthermore, Electron
Paramagnetic Resonance (EPR) spectroscopy was performed for the structural
characterization of the surfactants’ monolayer in both the NEs and the NE-based hydrogels in
absence and in presence of the bioactive compounds using appropriate spin-probes. This
technique was applied to acquire information concerning the localization of the encapsulated
lipophilic substances and estimate the possible effects of the incorporation of the Esogels.
Then, advanced microscopy techniques such as Confocal laser scanning microscopy (CLSM)
and Cryo-electron microscopy (CryoEM) were employed to obtain a visualization of the

developed NE and the hybrid system as well.

Finally, Small-angle X-ray scattering (SAXS) provided an indication concerning the size
and shape of the developed systems and the possible structural changes of the NE upon its

incorporation in the hydrogel.
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3.2. Biological evaluation of the formulated systems

In order to determine the suitability of the developed systems as effective carriers for
the bioactive compounds of interest, their biological assessment was essential. The main goal
of this part of the study was to compare the NEs and the hybrid systems in terms of
biocompatibility and permeability. Initially, the most promising NEs and the respective NE-
based hydrogels were studied to evaluate their possible cytotoxicity in various human cell
lines in the absence of the bioactive compounds. Namely human nasal epithelial cells (RPMI
2650) and normal human fibroblasts (WS1) were used to assess the potential use of the
developed systems in intranasal and transdermal administration respectively. Subsequently,
the effect of the loaded systems on cell viability was investigated in vitro by applying the
tetrazolium-based colorimetric MMT assay to assess the inhibition of cell proliferation

induced.

Moreover, in order to estimate the potential permeation and retention in the stratum
corneum of cannabidiol, an appropriate model was used to simulate human skin. Specifically,
an ex vivo permeation protocol was performed using modified Franz diffusion cells and
porcine ear skin as the model membrane. The quantity of the cannabidiol released to the
receptor chamber over time was determined by LC-MS/MS method and subsequently,
appropriate calculations were performed to obtain the release model of cannabidiol. Finally,
the quantity of cannabidiol retained in the stratum corneum and the hair follicles of the
porcine skin was evaluated by the differential tape stripping method in addition to LC-MS/MS

technique.
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Chapter 4 — Materials & Methods

4.1. Materials

Nanoemulsions

Organic extra virgin olive oil (EVOO) from the Amfissa Variety, Pelion, Magnesia,
Greece, (acidity b 0.4%, oleocanthal 124 mg/kg, oleacein 72 mg/kg, total hydroxytyrosol
derivatives 140 mg/kg, total phenols analyzed 315 mg/kg) was generously donated by
“Myrolion” startup company. Isopropyl tetradecanoate (IPM), 98% was from Alpha Aesar,
Germany. Cholecalciferol (Vitamin D3) 2 98% was supplied from Sigma-Aldrich, Germany and
Curcumin was a product of Sigma—Aldrich Co; St. Louis, MO, USA. CBD (99 % of cannabidiol)
from Cannabis sativa L. was a gift from Ekati Alchemy Labs S.L, Barcelona, Spain. C-
Phycocyanin extract was achieved by the Group of Biomimetics & Nanobiotechnology at the
Institute of Chemical Biology (National Hellenic Research Foundation) Soybean lecithin (L-
alpha phosphatidylocholine), 90% was from Alpha Aesar, Germany. Polyethoxylene 20 (Tween
20) was purchased from Merck Schuchardt, Germany and Polyoxyethylenesorbitan
monooleate (Tween 80), pure, was purchased from Fisher BioReagents, NH, USA. Quillaja
saponin (Q-Naturale®200V) was a generous gift of Ingredion, Germany GmbH. Glycerol
monolinoleate (Maisine® CC) HLB 1, Diethylene glycol monoethyl ether (Transcutol® HP) and
Caprylocaproyl Polyoxyl-8 glycerides (Labrasol®) HLB 12, were kindly donated by Gattefossé,
France. Calcium citrate tetrahydrate, 99% was from Aldrich. Spin-probe 5-Doxyl stearic acid
ammonium salt, >99% purity, was from Avanti Polar Lipids, Alabama, USA. 5-, 12- and 16-Doxyl
stearic acid as well as the lipophilic dye Nile red were purchased from Sigma-Aldrich Chemie
GmbH Munich, Germany. 4-hydroxy-TEMPOL was purchased from Alpha Aesar, Germany.
Ethanol absolute, analytical grade was from Fisher Scientific, Loughborough, UK. Deionized

water was used and highly purified water was obtained from a Millipore Milli Q Plus device.
Hydrogels

Chitosan (200-600 mPa-s, 0.5% in 0.5% Acetic Acid at 20°C) was purchased from TCl,
Belgium. Xanthan gum from Xanthomonas campestris and Hydroxypropyl methylcellulose
(HPMC) were supplied from Sigma-Aldrich, Chemie Gmbh Munich, Germany. Acetic Acid

glacial 100% was from Merck, Darmstadt, Germany.
Cell culture

Two different cell lines were used for the evaluation of the biological effect of the

formulated systems. The human nasal cell line RPMI 2650 (CCL-30) was provided by Prof. Fabio

Sotiria Demisli || 65

Institutional Repository - Library & Information Centre - University of Thessaly
28/07/2024 01:53:12 EEST - 3.147.85.108




Sonvico (University of Parma, Parma, Italy). Cells between passages 16—30 were grown at 37
°C in complete DMEM culture media supplemented with 10% (v/v) FBS and 1% (v/v) non-
essential amino acid solution. The second cell line used was human skin normal fibroblasts
WS1 which was purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The cell line was grown in EMEM (containing 2 mM L-glutamine, 1 mM sodium pyruvate,
and 1500 mg/L sodium bicarbonate), supplemented with 10% FBS and 1%
penicillin/streptomycin (Gibco-Life Technologies). Both cell lines were grown in 75 cm? culture
flasks, maintained in a humidified atmosphere of 95% air and 5% CO2 and were subsequently
spread in 96-well tissue culture plates at a density of 5 x 10° per well for RPMI 2650 (CCL-30)
and 1.6 x 10* per well for WS1 cells. Dulbecco’s Modified Eagle’s Medium (DMEM), Eagle's
Minimum Essential Medium (EMEM), fetal bovine serum (FBS), 100 U/mL penicillin and 100
mg/mL streptomycin, phosphate-buffered saline (PBS) and trypsin-EDTA were purchased from
Gibco (Life Technologies, Grand Island, NY, USA). Thiazolyl blue tetrazolium bromide (MTT)
and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (Taufkichen, Germany).

Ex vivo study

For the evaluation of the release of the bioactive compounds with vertical Franz
diffusion cells, a synthetic cellulose membrane with molecular weight cut-off 14,000 and
average flat width 43mm (Sigma-Aldrich Co St. Louis, MO, USA) and porcine ears (kindly
donated by a local providerin Serbia, as the ex vivo experiments were performed in the Faculty

of Pharmacy, University of Belgrade, Belgrade, Serbia) were used.
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4.2. Methods
In this chapter, the methods and protocols used in the thesis will be presented in
detail. Firstly, the formulation methods of a) the oil-in-water NEs both in the absence and
presence of the bioactive compounds, b) the hydrogels and, c) the emulsion-filled gels, will be
described. Then, the techniques employed for the structural characterization and the

biological evaluation of the developed systems will be presented.

4.2.1. Formulation of the nanocarriers

In the present study the main objective was the development of novel nanocarriers
for the encapsulation of three lipophilic and a hydrophilic compound. To that end, a series of
stable O/W NEs were formulated and characterized and then three different bioactive
compounds (vitamin D, curcumin, CBD) were encapsulated in the most promising systems. In
addition, chitosan-based hydrogels were also prepared into which either C-phycocyanin to
result loaded hydrogels was added or O/W NEs were incorporated resulting in hybrid systems,
the NE/HG. Following, the formulation of the systems in the absence and presence of the
bioactive compounds will be described in more detail.

4.2.1.1. Oil-in-water nanoemulsions and encapsulation of the bioactive

compounds
To obtain stable and non-toxic O/W NEs various combinations of biocompatible

surfactants and oils were used and two emulsification methods were performed.

42.1.1.1. Nanoemulsions in the absence of bioactive compounds

HIGH ENERGY METHOD

In this approach, high pressure homogenization was selected which was described in
more detail in Chapter 1.2. To implement this two-step emulsification method, initially the
appropriate amounts of surfactants and oils were weighted to prepare the oil phase and then
coarse emulsions were formulated by mixing the oil phase with the aqueous phase using
mechanical agitation in ambient temperature. The production of the final O/W NEs (H1-H4)
was obtain by passing the coarse emulsions through a Panda PLUS1000 (GEA, Niro Soavi) high-
pressure homogenizer at maximum pressure 700 bar applying up to 12 recirculation passages.
After the homogenization procedure the final NEs from the exit of the homogenizer were
immediately cooled using an ice bath. The compositions of the different NEs that were

formulated are presented below in Table 2.
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LOW ENERGY METHOD

As the low energy method, the isothermal spontaneous emulsification method which
was also presented previously in Chapter 1.2, was selected. For the development of the low
energy O/W NEs (L1-L4), proper amounts of the surfactants and oils presented in Table 1 were
weighted and mixed in mild conditions using a magnetic stirrer to prepare the oil phase.
Following, to achieve the formulation of the NEs the oily phase was added into the aqueous

phase dropwise under constant magnetic stirring at room temperature.

4.2.1.1.2. Encapsulation of the bioactive compounds

For the formulation of the loaded NEs first stock solutions of the lipophilic bioactive
compounds in oils were prepared to be used as the oil phase of the O/W NEs. Vitamin D and
curcumin were solubilized in IPM while CBD was dissolved in a 1:1 mixture of IPM and EVOO.
Appropriate amounts of these solutions were used to obtain NEs with different concentrations
of the bioactives. The oil stock solutions were then mixed with surfactants to form the
respective oil phases for the development of the three different loaded NEs by the low energy
emulsification method as described above. Specifically, two loaded NEs were formulated using
the L1 composition encapsulating 1mg/mL of either vitamin D or curcumin, respectively. For
the formulation of the CBD-loaded systems, the composition of L4 NE was selected and three
different concentrations of CBD were encapsulated, namely 1mg/mL, 5mg/mL and, 10mg/mL

to determine the most appropriate amount that would not affect the NEs’ stability.

Table 2. Composition of the NEs formulated using high-pressure homogenization (H1-H6) and isothermal
spontaneous emulsification (L1-L4) methods.

Ingredients Systems

(% w/w) H1 H2 H3 H4 L1 L2 L3 L4
Water 92 92 91 90 92 93 91 91
Tween 80 2 4 2 2 2 2 2 2
Labrasol 2 - 2 2 2 2 2 2
Lecithin - 0.4 - - - - - -
Maisine 1 - 1 1 1 1 1 1
Trancutol 1 - - 1 1 - - -
IPM 2 - 2 2 2 0.4 4 2
EVOO - 3.6 2 2 - 1.6 - 2

4.2.1.2. Formulation of hydrogels
For the formulation of the hydrogels either two single biopolymers namely chitosan
(CS) and, hydroxypropyl methyl cellulose (HPMC) or combinations of two different types of

monomers were used, resulting in homo-polymeric or co-polymeric networks, respectively.
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Various hydrogels were prepared using different amounts of acetic acid solution 1% (v/v) of
pH 3 (A.A. 1%) or water (H;0) as the dispersion media in order to achieve a system easy to
handle and with the desired sensory properties (Table 3). For the development of the
hydrogels the desired amounts of polymers were weighted in glass tubes and next the
dispersion medium was added providing systems with different concentrations. This mixture
was gently stirred with a spatula to avoid the formation of bubbles until the polymer was
uniformly distributed.

Table 3. Compositions of formulated hydrogels that were tested for the incorporation of C-Phycocyanin and for
the development of the emulsion-filled hydrogels.

Dispersion  Concentrations % w/v

Polymer
1 Chitosan AA. 1% '\I’\'/'ngoﬁ;f
: e o V. 20%
3 Chitosan + HPMC AA. 1% l\'\;';r)‘( 2-.3‘:/2

4.2.1.3. C-Phycocyanin extraction and formulation of loaded hydrogels
C-Phycocyanin (C-PC) was initially studied as a hydrophilic model compound for the
formulation of C-PC loaded hydrogels. Two separate hydrogels comprised one of CS and the
other of HPMC were selected for the incorporation of the C-PC extract and for further
investigation. The C-PC extract that was used, was obtained by our lab implementing an
extraction and purification protocol based on techniques widely used for this purpose [382—
385]. Dried biomass of the cyanobacterium Arthrospira platensis was used and was attempted

to obtain an extract with the highest possible c-phycocyanin content.

The procedure started with the weighing of an appropriate amount of arthrospira
powder and the lysis of the cells overnight using phosphate buffer solutions and constant
stirring. Following, the solution was centrifuged at 10000 g for 10 minutes at 4°C to remove
the biomass and collect the supernatant. The supernatant was then saturated with
ammonium sulfate (AS) [(NH4).S04] to achieve protein precipitation. After centrifugation, the
precipitate was collected and redissolved in phosphate buffer (pH 7) to perform dialysis. The
C-PC content and relative purity of each fraction obtained by the described methodology was
assessed by measuring absorbance at 280 and 620 nm. The entire process occurred in
temperature of 4°C and in the dark to avoid C-PC degradation. Finally, the obtained C-PC

extract was lyophilized providing a powder of bright blue color as illustrated in figure 24.
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The lyophilized C-PC extract was then used for the formulation of the loaded
hydrogels. Four different concentrations of C-PC extract (10-40 mg) were incorporated into
the CS and HPMC hydrogels and the resulting systems were optically observed over time and
studied in terms of different pH values and temperatures to determine the effect of these

parameters on the bright blue color of C-PC.

Figure 24. Final, lyophilized product obtained by C-PC extraction and purification protocol.

4.2.1.4. Formulation of nanoemulsion-filled hydrogels
For the formulation of the emulsion-filled hydrogels, the aforementioned O/W NEs

were prepared both in the absence and presence of the three lipophilic compounds under
study. To obtain this composite system, chitosan was selected to formulate an emulsion-filled
hydrogel of 1.25% w/v final concentration. In order to incorporate the NE into the hydrogel,
an amount of the A.A. solution was replaced by the NE resulting in a dispersion medium

consisting of A.A. solution and NE in a ratio 1:1.

4.2.2. Structural study

One of the main objectives of the present thesis was the development of suitable
nanocarriers with the perspective of encapsulating and releasing effectively various lipophilic
bioactive compounds. To this end a crucial aspect was the elucidation of the structure of the
formulated NEs in the absence and presence of the bioactive substances in order to determine
the effect of their encapsulation on the properties of the systems. It was also essential to
investigate whether the incorporation of the NE into the hydrogel matrix affects its structure

and interfacial properties.

Thus, in order to study the formulated systems in terms of size, homogeneity, shape,
and interfacial properties, advanced analytical techniques were implemented. In particular,
Dynamic Light Scattering (DLS), Electron Paramagnetic Resonance Spectroscopy (EPR),
Confocal Microscopy (CLSM), Cryo-Electron Microscopy (Cryo-EM) and, Small-angle X-ray

Scattering (SAXS) were applied. These methods provide useful information concerning the
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structure of the systems and, the interfacial properties of the NEs indicating the suitability of
the formulated nanocarriers to act as delivery vehicles.
4.2.2.1. Dynamic Light Scattering (DLS)

When developing a new nanocarrier for the delivery of bioactive compounds it is
essential to elucidate the size and homogeneity of the system. It is well established that these
features have a great impact on the formulation of an effective vehicle since they affect its
stability over time as well as its efficacy, cellular uptake, bioavailability and clearance, possible
toxicity and in general determine whether the formulated nanocarrier is suitable for a specific
route of administration. In addition, the diameter and size distribution of the nanocarrier
affects the processability, appearance and overall performance of the final product [32,386—

390].

Thus, Dynamic Light Scattering (DLS) is a well-established technique for the
investigation of the size and homogeneity of colloidal delivery systems such as NEs [391,392].
The principle of this technique lies on the fact that the particles in a suspension moving
according to Brownian motion scatter an incident light beam in all directions with different
intensities dependent on their size and shape [393]. The Brownian motion theory explains the
perpetual movement of the particles in a dispersion which is caused by their random collision
with the solvent molecules that surround them [393]. An important effect arising from that
theory is that small particles move faster compared to larger ones leading to the Stokes-
Einstein equation that expresses the particle size in relation to its velocity which is referred to
as translational diffusion coefficient (D) [394,395]. Thus, the hydrodynamic radius (R) of the

particles can be determined by the following Stokes-Einstein equation (1):

R = kT
~ 6mnD

(1)

Where k is the Boltzmann constant (1.38064852 x 10723 J/K), T is the temperature of the
suspending medium in Kelvin degrees, n is its viscosity, and D the translational diffusion

coefficient.

When a monochromatic laser collides with the particles of a dispersion, light is
scattered spherically in all directions with an intensity proportional to the sixth power of their

radii [396] as can be observed by the following equation (2):
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(2)

Since the diameter of the dispersed particles plays crucial role to the intensinty of the
scattered light, two different theories have been expressed concerning the type of the
scattering depending on the size of the particles. The observed scattering of particles with
diameter smaller (<A\/10) than the incident light carries the same energy towards all directions
and is angle-independent and is characterized as Rayleigh scattering [397]. On the other hand,
when the radii of the dispersed particles exceed the aforementioned size threshold,
anisotropic Mie scattering is detected according to which the scattered light is angle-
dependent and scattered more intensely towards the direction of the incident light [398,399].

The two described scattering types and their differences are illustrated below in figure 25.

Figure 25. Schematic representation of the Rayleigh and Mie scattering types according to the dispersed particle
radii.

Hence, DLS is actually based on the two assumptions that 1) the particles in the suspension
follow the Brownian motion and 2) are spherical with small diameter and exploits these
features of colloidal dispersions in order to determine the hydrodynamic radius (R) of the

nanoparticles [400].

Another important feature of nanodispersions that can be investigated using DLS is the
particle size distribution expressed by the polydispersity index (Pdl) [401,402]. The values of
this dimensionless index range from 0 to 1 demonstrating perfectly homogenous distribution
of particle size or a highly polydisperse system with multiple particle size populations,
respectively. Concerning the lipid-based nanocarriers, it is generally accepted that when the
Pdl value is 0.3 or below, the system under study is monodispersed with a homogenous
population of oil nanodroplets [391,403—405]. Below, in figure 26 a typical intensity particle

size distribution graph is illustrated.
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Figure 26. Picture from the experimental procedure demonstrating a typical intensity size distribution graph.

DLS is a fast, simple, reproducible method which is non-invasive and does not require complex
sample preparation. Therefore, it is frequently used for the investigation of the size of
nanodispersions and the particle distribution as a powerful analytical tool [391,394].
Furthermore, this technique is user-friendly since it is essentially automized and the available
instruments are compact and affordable. A typical DLS instrumentation and its mode of
operation are demonstrated in figure 27. An important feature of the more current
instruments is the backscatter detection system at 173° which is also present in the Zetasizer
Nano ZS (ZEN3600) from Malvern Instruments (UK) used for the measurements of the
formulated NEs. The specific detector enables the investigation of highly concentrated
systems reducing the phenomenon of multiple scattering by excluding excess scattered light.
On the same time, it enhances the signal of smaller particles while avoiding the scattering

contribution of large particles providing more reliable results [393,406].
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Figure 27. Schematic representation of Dynamic Light Scattering instrumentation.

In the present study, DLS was implemented for the investigation of the formulated
NEs in terms of size and particle size distribution (Pdl) both in the absence and in presence of
the bioactive compounds. Measurements were carried out immediately after the preparation
of the NEs and at various time points. To obtain more accurate results for each system three
separate sample were taken and each of them was measured three times. Hence, the resulting
Pdl values and the hydrodynamic radius mentioned were the average of nine measurements.
All samples were filtered prior to the measurements using 0.45 um filters and the temperature
during the experiment was stable at 25°C. The measurements were conducted at the
scattering angle of 173° using a Zetasizer Nano ZS (ZEN3600) from Malvern Instruments (UK)
equipped with a He-Ne laser (632.8 nm) using a noninvasive back scatter (NIBS) technology.
For the process of the results the Malvern Zetasizer Nano software was employed which fits
a spherical model of diffusing particles with low polydispersity and the mean diameter of the
nanodroplets was calculated by the Stokes-Einstein law as mentioned before. Furthermore,
the size and homogeneity of the formulated NEs was investigated over time in order to
determine possible changes and the stability of the systems.

In spite the fact that DLS allows the detection of particle sizes even down to 1nm in
diameter [407,408], it is unable to distinguish the aggregates from one single vehicle and does
not provide information about the shape and morphology of the system [32]. Hence, it is
necessary to implement additional structural techniques to obtain supplementary information

in order to fully characterize the developed nanocarrier.
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4.2.2.2. Electron Paramagnetic Resonance Spectroscopy (EPR)
Electron Paramagnetic Resonance is a spectroscopic technique based on the

absorption of microwave radiation by paramagnetic centers with one or more unpaired
electrons. Through this method it is possible to measure the energy of separation (splitting)
of unpaired electrons, when exposed to a magnetic field. This technique is also referred to as
Electron Spin Resonance (ESR) and is considered suitable for the study of structure and
membrane dynamics of an interface. The implementation of EPR has been described for many
applications provided that unpaired electrons exist including the study of free radical reactions
[409,410], structural study of physicochemical systems [70,279,411] as well as biological
systems [412,413].

As a principal, the spin of an electron is ms= £1/2 however, in the presence of magnetic
field the electron could be oriented parallel or antiparallel to the magnetic field adopting the
lower (ms= -1/2) or higher (ms= +1/2) energy state respectively. In EPR spectroscopy, when
microwave energy is absorbed, a transition occurs between the two energy states which is

described by the following equation (3):

AE = hv = gBHo (3)

where AE is the energy difference between the two states, h the Plank's constant, v refers to
the radiation frequency of the microwaves, g is a dimensionless isotropic factor/coefficient, B

is the Bohr constant, and finally Ho represents the magnetic field intensity [414].

Specifically, in the field of NEs the investigation of the surfactants’” monolayer
properties is crucial hence, EPR spectroscopy using the spin-probing technique is a useful tool.
This method is a valuable method since it is non-invasive and provides information concerning
the localization of the bioactive molecules, the structure and dynamics of the surfactants’
monolayer and also an indication of the ability of the nanocarrier under study to release the
encapsulated compounds. EPR spectroscopy using the spin-probing technique plays an
important role in the elucidation of the structure of surfactant interfaces near species with
unpaired electrons, which are referred as spin-probes. Nitroxides are one of the most used
categories of molecules as spin-probes since they possess the necessary unpaired electrons.
In spite the fact that, they are free radicals they demonstrate exceptional stability due to the
chemical protection provided by the methyl groups located near the nitroxide ring. In the
present study, three amphiphilic fatty acid derivatives labelled at different positions of the

aliphatic chain were used to probe membrane dynamics at different depths namely 5-, 12-
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and 16- doxyl stearic acids (5-DSA, 12-DSA, 16-DSA) whose chemical structure is depicted in

figure 28(a,b,c) below.

Figure 28. Molecular structures of the three nitroxides that were used as free radical in the present study namely,
a) 5-DSA, b) 12-DSA and c) 16-DSA (source: https://spectrabase.com/).

These compounds have the ability to interact with the surfactant molecules creating the
monolayer and provide spectra with three distinct peaks which give indirect information
about the membrane dynamics closest to the surfactant tails (5-DSA) or the nanodroplets’ oil
core (16-DSA) depending on the position of the nitroxide ring. Since the obtained spectrum of
each spin-probe is affected by its microenvironment, any change can by associated with
structural changes of the NE for example absence or presence of an encapsulated bioactive
compound. In figure 29, a characteristic EPR spectrum of 5-DSA is illustrated. From its analysis
three values can be calculated. The correlation time tr (equation 4) which demonstrates the
ability of the spin-probe to rotate, order parameter S (equation 5) which is indicative of the
surfactants’ monolayer rigidity and finally, the isotropic hyperfine coupling constant oo

expressing the micro-polarity of the environment near the spin probe.

Specifically, parameter 1z can be calculated by the following equation:

T, =6 x 10 "[(h/h. )" + (hy/h_)"" — 2]AH, (4)

where h.1, hoand h.; represent the intensity of the three spectrums’ peaks respectively and

AH, refers to the width of the central line as illustrated in figure 29. This relationship can be
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applied either for fast (10'1< tr< 3%x10? s) or slow (tr > 3x10° s) motion region however, for
the first one is more accurate since they depict precisely the molecular motion of the spin

probe [411].

2 Amax |

ho

344 346 348 350 352 354
Magnetic Field (mT)

Figure 29. lllustration of a typical EPR spectrum of a nitroxide spin-probe with the three distinct peaks. Parameters
Amaxand Amin are also presented [415].

Order parameter S provides a measure of the spin probe’s arrangement and can take values
between 0 for the completely random state and 1 for the completely ordered state suggesting
increase rigidity of the surfactants’ monolayer. From the analysis of the obtained spectrum,

using equation 5 order parameter can be calculated [411]:

(5)

Where A refers to the half-distance of the outer EPR lines (2Amax) and A, represents the half-
distance of the inner EPR lines and are the hyperfine splitting constants. Parameters Azz= 33.6
G, Axx= 6.3 G and Ayw= 5.8 G are the single crystal values. The ratio (co/ao) is the polarity
correction where o= (Axx + Aw +Az)/3 and o'o= (A + 2A,)/3 represents the isotropic hyperfine
splitting constant for the spin probe in the membrane. The latter parameter (o'o) depends on
the polarity of the spin-probes’ environment and is increasing when the nitroxide

paramagnetic ring is located in a more polar environment [411].
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To prepare the samples for the EPR measurements, initially stock solutions (2 mM) of
each spin-probe (5-, 12-, 16-DSA) in ethanol were prepared. Following, appropriate amounts
of the aforementioned stock solutions were inserted in eppendorf tubes. After ethanol
evaporation, 1 mL of the NEs was added and let for 48 hours in order for the spin-probe to
incorporate to the membrane of the surfactants. For the preparation of the respective hybrid
systems the former NEs were incorporated into the chitosan hydrogels. Both the NEs and the
hybrids had 0.02 mM final concentration of the spin-probes. EPR measurements were
conducted at room temperature with an EMX EPR spectrometer (Bruker BioSpin GmbH,
Germany) functioning at the X-Band (9.8 GHz). To obtain the EPR measurements both systems
were inserted in a low dielectric constant quartz flat cell suitable for aqueous samples
(Wilmad-LabGlass, Cortecnet Europe, France). The EPR settings were set up as follows: center
field of 0.348 T, scan range 0.01 T, gain of 5.64x103, time constant of 5.12 ms, conversion time
of 5 ms, modulation amplitude of 0.4 mT. The programs Bruker WinEPR acquisition and
processing (Bruker BioSpin GmbH, Germany) were used to perform data collection and

analysis respectively.

4.2.2.3. Confocal Fluorescence Microscopy (CFM)
The method of Confocal Fluorescence Microscopy is an analytical tool that can be

used in diverse applications. It is most commonly used in the field of cell biology [416—418]
however due to the advantages that this technique presents, efforts are being made to utilize
it as well for the physicochemical characterization of pharmaceutical formulations such as
microspheres, tablets, hydrophilic matrices and, colloidal nanodispersions [419]. Specifically,
concerning the latter formulation, CFM has been employed for the investigation of structural

changes or the detection of destabilization mechanisms [419].

In order to perform CFM an essential step is the labeling of the formulation under
study using a suitable fluorophore. As fluorophores are characterized molecules which have
the ability to absorb light energy with result the excitation of their orbital electrons to higher
energy. Subsequently, when they return to their ground the absorbed energy is lost as emitted
photons. Each of these molecules possess distinct spectral characteristics depending on their
specific electronic configurations. Hence, a particular fluorophore is sensitive to a particular
range of excitation wavelengths referred to as the excitation spectrum and in turn has the
ability to emit fluorescence at longer wavelengths [419]. To obtain a CFM measurement an
excitation laser beam targets the sample under study. A fluorescence light produced by the
dye molecules is emitted directly back following the same optical path while passing through

an aperture and then reaches the detector (photomultiplier). Due to the fact that the focal
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point in the sample and the aperture are situated in conjugate planes the photomultiplier can
detect only light derived from the focal plane since the light coming from other planes cannot
pass through the aperture. Due to the described optical arrangement of the focal points this

III

method is referred to as “confocal”. The sensitivity of this technique can be adjusted sinc416e
by decreasing the size of the aperture, the stray or out-of-focus areas of the sample light that

reaches the detector is minimized [416].

Figure 30. Schematic representation of the experimental set up of a laser fluorescence microscope and illustration
of the confocal principle [416].

This method has attracted much attention recently for the morphological study of
colloids since it presents sensitivity and selectivity due to the ability to label a specific phase
of the dispersion using a particular fluorophore as a dye. Furthermore, it is considerably
versatile and provides the possibility to image up to three separate fluorophores at once [419].
In addition, CFM is exceptionally valuable for the structural investigation of colloidal systems
in their native state and in room temperature without the need to implement complicate
conditions for sample preparation such as freezing or decreased pressure in contrast to other
microscopic techniques like electron microscopy [420,421]. The implementation of CFM
demonstrates favorable features compared to conventional microscopic techniques allowing
improved visualization due to reduced blurring of the image, increased resolutions as well as

enhanced signal-to-noise ratio [419].

In order to acquire visualization of the NEs’ oil phase and investigate whether its
structure and size is affected by the incorporation into the hydrogel confocal fluorescence
microscopy was performed. In spite the fact that this method is not extensively used for the

imaging of nanodispersions without the simultaneous use of living cells, it was selected in the
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present study as a preliminary imaging technique since it was simple and rapid. Firstly, the
NEs and the respective hybrids in the absence of bioactive compound were prepared for
visualization via the confocal microscope as follows. The lipophilic dye Nile red was used to
stain the oil phase (1:1 mixture of IPM/EVOO) and then NEs and the corresponding NE-filled
hydrogels were formulated as mentioned in previous paragraphs 4.2.1.1.1. and 4.2.1.2.
respectively using the aforementioned oil phase. Subsequently, one drop of the stained
samples was placed on a slide and covered with a cover slip cautiously in order to avoid the
formation of air bubbles. All the samples were mounted on a confocal laser scanning
microscope (Leica TCS SPE, Leica Microsystems, Heidelberg, Germany) and visualized with an
excitation wavelength at 488 nm and emission wavelength at 500 nm. The LAS AF software
(Leica Microsystems) was used for acquisition of the images.

4.2.2.4. Cryo-Electron Microscopy (Cryo-EM)

Cryo-Electron Microscopy (Cryo-EM) constitutes an invaluable tool for the investigation
of the actual morphology of colloidal nanodispersions. It is widely used to study the structure
of colloidal systems in terms of size and shape providing reliable data at the supramolecular
level (1-2 nm resolution). This method is widely used especially for the elucidation of the
structure of NEs in their native state since it has the ability to acquire detailed information
about their internal structure as well as detect surfactant aggregates or other minor structural

changes that would not be obvious with other methods [422,423].

A typical transmission electron microscope (TEM) could be described as an inverted light
microscope with the difference that the sample is illuminated by an electron beam [424].
Specifically, the TEM operation is based on the illumination of a sample by an electron beam
which is produced by an electron gun located at the top of the microscope column and focused
on the sample by a system of electromagnetic lenses. The transmitted electrons are then
projected onto a viewing screen or an image recording device providing the visualization of
the sample. In this method, the contrast is achieved by the interaction of the electrons with
the formulation under study. However, in order to obtain accurate imaging, the appropriate
sample preparation is crucial. There are various ways to prepare a sample for visualization via
TEM including negative staining, freeze-fracture and vitrification by plunge freezing and the
appropriate method must be chosen conscientiously as different information can be obtained
by each of them concerning the colloidal structures. In this study particularly, vitrification by
plunge freezing was selected since it provides direct investigation of colloids in the vitrified,

frozen-hydrated state which is very close to the native state of the NEs [425-427].
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Furthermore, since electrons poorly penetrate matter, it is also essential to achieve a thin

sample to obtain its morphological study.

The resolution can also be adjusted since it is correlated to the acceleration voltage
of the electrons. Consequently, when the voltage is increased causes a decrease of the
electrons’ wavelength resulting in higher resolution and vice versa the contrast decreases
when the acceleration voltage is increased since the scattering of the electrons is inversely
related to their velocity. Hence, for the elucidation of the structure of colloidal

nanodispersions the values of the applied voltage are usually between 80 and 200 kV.
(A) Electron microscope
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Figure 31. lllustration of an experimental set up of a transmission electron microscope [423].

In the present study cryogenic transmission electron microscopy method (Cryo-TEM)
was implemented for the investigation of the CBD-loaded and empty NEs’ morphology. For
that purpose, quantifoil® R2/1 grids were used as a substrate. The grids were prepared using
Vitrobot Mark IV System (Thermo Fisher Scientific) with 95% humidity, ashless filter paper
(Standard Vitrobot Filter Paper, $55/20mm, Grade 595) and blotting time of 4 sec [428]. After
their preparation they were then loaded in a ThermoFisher Scientific Vitrobot Mark IV grid
plunger. The chamber of the grid plunger was adjusted at 4 °C and >95% relative humidity. A
3.5 pL aliquot from each sample was applied on the prepared grids and blotted using type 595
filter paper for 6 seconds. The blotted grids were plunged in liquified ethane were further
assembled in autogrids and loaded inside the ThermoFisher Scientific Glacios 200 kV CryoEM
under cryogenic conditions. The micrographs were acquired at the pixel size of 3.17 A/pixel
and 30 e/A2 electron dose using ThermoFisher Scientific EPU V 2.11 software. The
experiments were performed at the Martin Luther University Halle-Wittenberg in Halle

(Saale), Germany.
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4.2.2.5. Small-angle X-ray Scattering (SAXS)
SAXS is a well-established, rapid and non-destructive analytical method implemented

for the structural investigation of nanostructures in liquids and solids. It has the ability to
probe the colloidal length scales of 1-1000 nm and therefore is an appropriate method to

determine the size and the structure of colloidal systems such as NE and NE/HG.

This method demonstrates significant versatility providing the ability to investigate
the morphology of a wide range of formulations. Some of the most commonly studied systems
using SAXS are colloids, polymers, minerals and metals as well as samples containing biological
materials such as proteins, and peptides. Due to its widespread applicability SAXS has evolved
to a powerful tool in the fields of pharmaceutical research, material science and biochemistry
[429-432]. This technique is frequently used since it presents high sensitivity to particle size.
More specifically, a radius increase by a factor of 10 could affect the signal intensity at zero
angle by a factor of 10°. In addition, the sample preparation is easy and straightforward in
contrast to other structural methods that may require intricate procedures such as
crystallization, vitrification or, fixation decreasing the risk of artefacts induced by preparation
[429]. However, SAXS is more beneficial when acting as a complementary technique to
confirm structural results already obtained by other techniques such as DLS and (cryo)

electron microscopy (EM) [433] .

The principle of operation of a SAXS instrument is illustrated below in figure 32.
Initially, an aligned monochromatic beam of X-rays encounters the sample. The elastic
collision between the existing inhomogeneities in the nanometer range and the X-rays cause
radiation scattering at low angles generally between 0.1-10° creating a scattering pattern
which is picked up by a detector situated behind the sample. More specifically it is located
perpendicular to the direction of the beam that hits the sample. The obtained scattering
pattern provides information concerning the morphology, shape, and size of the system under

study [431,434,435].

Figure 32. Schematic representation of the principle of method of a SAXS experiment [431].
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From the obtained SAXS profile results the scattered radiation intensity 1(q), which is
measured as a function of the scattering vector q which is described by the following equation

(6) [431,436]:

With A being the wavelength and 8 the scattering angle.

A well-established method which is commonly used for the interpretation of SAXS data is the
Indirect Fourier transformation [437]. However, it is applicable only for the study of dilute
solutions where the particle interactions are neglectable resulting a direct relation between
the particle and the achieved scattering data. Specifically, for the evaluation of SAXS data
concerning monodisperse, homogeneous, globular particles the scattering intensity can be

defined by the following equation (7):

(7)

Where N is the number of particles, S(q) refers to the structure factor which corresponds to
the interparticle scattering and P(q) is the form factor expressing the intraparticle scattering.

However, for ideally diluted solutions, structure factor S(q) is a constant and equals one [438].

In the present study, Small Angle X-ray Scattering (SAXS) experiments were carried
out on a XEUSS 2.0 device (XENOCS, Grenoble, France). Coupled to a FOX 3D single reflection
optical mirror centered on the Cu Ka radiation (A = 1.54 A), the GeniX 3D source delivers an 8
keV beam which is collimated and defined by a set of 2 motorized scatterless slits. The samples
were put in thin glass capillaries (optical path 2 mm) which were then airtight sealed. The data
were collected by a two-dimensional PILATUS-300k detector (DECTRIS, Switzerland) placed at
different distances from the sample, giving access to the angle range 0.056° — 2.26° (0.04 nm"
1—1.6 nm™). A thermostatically controlled module makes it possible to carry out studies in T
from -30 °C to 150 °C. The measurements were performed at room temperature. The
experiments were conducted at the Centre de Recherche Paul Pascal (CRPP) at the University

of Bordeaux in France.
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4.2.3. Biological evaluation

A particularly important factor for the development of nanodispersions to be used as
delivery vehicles for various bioactive compounds of pharmaceutical interest is the
biocompatibility of the carrier itself. In addition, the ability of the nanocarrier to effectively
release the bioactive compounds is of paramount importance particularly when the system is
intended for topical or transdermal delivery. To that end, a biological evaluation was carried
out in vitro and ex vivo in order to evaluate the suitability of the formulated nanocarriers as
delivery systems for cannabidiol. The most stable NEs and NE-filled hydrogels demonstrating
promising structural characteristics were investigated in terms of cell viability in vitro using
two different cells lines as presented below. Subsequently, both the NEs and the respective
NE/HGs with encapsulated cannabidiol were evaluated using an ex vivo permeation model
and the differential tape stripping technique in order to estimate the amount of cannabidiol
released from the carriers and retained by the skin. The combination of the methods that will
be presented below provides a valuable indication about the suitability of the developed
nanodispersions to act as effective delivery systems.

4.2.3.1. Cell culture

In order to conduct the cell viability assessment, initially, cell culture was prepared
under the appropriate conditions and using the suitable culture media. Two different cell lines
were used for the cytotoxicity evaluation of the developed nanodispersions. Specifically,
human nasal cell line RPMI 2650 (CCL-30) between the passages 16-30 was provided by Prof.
Fabio Sonvico (University of Parma, Parma, Italy) and WS1 human skin normal fibroblasts
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and used
for the cell culture between passages 2-5. The cell lines were grown in monolayer cultures
using complete DMEM and EMEM media (containing 2 mM L-glutamine, 1 mM sodium
pyruvate, and 1500 mg/L sodium bicarbonate) respectively. Both culture media were
additionally supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/streptomycin as an
antibiotic mixture. Furthermore, 1% (v/v) non-essential amino acid solution was also added
for the preparation of the DMEM culture medium. The cells were cultured in flasks filled with
the appropriate amount of the respective media depending on the size of the culture surface
and were incubated at humidified atmosphere at constant temperature conditions of 37°C

with 95% air and 5% CO; supply.

Subsequently, in order to detach the cells from the surface of the flask, trypsinization
was performed. Initially, the culture medium was removed and the cells were rinsed twice

with 1XPBS solution and then a solution of the enzyme trypsin was added to detach the
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adherent cells from their growth surface. Since trypsin is a proteolytic enzyme, it has the
ability to break down the proteins specifically at the carboxyl side of the amino acids’ lysine
or arginine. This leads to the dissociation of the adherent cells from the bottom of the flask.
The exact time needed for the trypsinization depends on the cell type but it normally lasts no
more than 5 minutes. When the cells are detached from the surface of the vessel, trypsin has
to be deactivated thus culture medium is added which stops the action of trypsin due to the
presence of serum. Then, the dispersed cells in the trypsin-culture medium solution are
collected, centrifuged (1800 rpm, 5 minutes, 25°C) and the supernatant is removed. Finally,
the cell pellet is resuspended in medium and the number of cells is measured using a
Neubauer counting chamber.
4.2.3.1. Cell viability assay (MTT assay)

A crucial factor during the development of novel nanocarriers is their biocompatibility
both in the absence and presence of the encapsulated bioactive compound. Hence, in order
to evaluate the potential toxicity of a system and determine the maximum concentration
which is safe for administration, in vitro biological assays using different human or animal cell
lines are applied [439]. Specifically, cytotoxicity assays are broadly utilized for the
development of new formulations of pharmaceutical interest [440] in order to assess their

toxicity.

Cytotoxicity assays are one of the fundamental tools for the identification of toxic
compounds in vitro and they are frequently selected since they are rapid, cost-effective and
do not involve hazardous reagents [439]. In principle, these methods are based on the
detection of direct or indirect changes in certain biological functions of the cells such as
number of live and dead cells, enzyme activity and cell proliferation and their correlation with
the cytotoxic activity of the administered nanodispersion and/or bioactive compound [440].
These methods can be categorized depending on the measured feature in two categories. The
first one includes the techniques measuring the total protein content such as Kenacid Blue
test and sulforhodamine B staining while the second group contains the methods which are
based on the evaluation of the redox activity of the cells like Alamar Blue assay and XTT and

MTT tests [439].

In the present thesis MTT assay was implemented for the investigation of the
potential cytotoxicity of the formulated nanodispersions both the NEs and the NE/HGs in the
absence and presence of CBD. MTT test which was first reported in 1983, is a quantitative
colorimetric assay that enables the assessment of toxicity of an administered system or

compound via the indirect measurement of the number of living cells [441]. This technique is
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frequently used for cytotoxicity evaluation since it is quick, enables the simultaneous testing
of a large number of samples and presents high sensitivity [440]. In principle, this assay is
based on the conversion of tetrazolium salt (MTT) into water-insoluble formazan crystals due
to reduction of pyridine occurred by specific dehydrogenase enzymes of the living cells
[442,443]. This process can be also detected visually since the initial yellow color of MTT is
transformed into an intense violet-colored solution when formazan crystals are solubilized

with the use of appropriate solvents like isopropanol or DMSO [439].

Q reduced form N Q
/N-___N electron mediator 4 NH
|,
< > :N;NYS NfNYS
| CH | CHs
Br- N \%7 3 N\/gi

CHj

MTT MTT formazan

Figure 33. Reaction occurred when MTT is reduced to formazan crystals [444]

Since only cells that are metabolically active have the ability to carrie out the reduction of
pyridine, MTT assay provides an indication of the surviving cell number after the

administration of the system of interest [439,445] .

For the evaluation of the cytotoxic effects of the systems under study initially the
appropriate number of the selected cells with 200 ul of the culture medium were placed in
96-well plates and left for 24 hours to adhere on the bottom of the wells. After that period of
time, the culture medium was removed and properly diluted samples corresponding to
increasing concentrations of the systems into the culture medium were prepared and
administered in each column of the plate. The first one was renewed with plain culture
medium and was used as the control., The plates were incubated for 72 hours at the end of
which the inhibition of cell proliferation was evaluated after treatment by the MTT (3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) assay according to the
manufacturer’s standard protocol: Briefly, a stock solution was prepared by solubilisation of
MTT in PBS and proper amount was added to each well. The plates were then incubated for 3
hours. The MTT solution was then discarded and the amount of the produced formazan
crystals was quantified spectrophotometrically after their solubilization in a mixture of

isopropanol/DMSO (1:1).
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Figure 34. Picture of a 96-well plate during an MTT assay conducted for the present thesis. The more intense the
purple color, the greater the percentage of cell viability.

Finally, the absorbance of the converted dye was measured at 570 nm and the cell viability

was calculated by the following equation and was expressed as a percentage.

Cell viability (%) = (OD of treated cells)/ (OD of control) x 100

where, OD is the optical density.

Depending on the calculated absorption values, the toxicity of the administered system is
estimated, the concentrations resulting in viability less than 80% are considered as toxic [439].
4.2.3.2. In vitro and ex vivo permeation studies

In the present study, the transdermal route was selected for the administration of
cannabidiol. As mentioned before in Chapter 1.7, this delivery route offers many advantages
since it is simple and non-invasive offering the patients the possibility of self-administration.
A crucial parameter that needs to be evaluated during the development of formulations
intended for transdermal delivery is the ability of the delivery system to release the
encapsulated compound of interest. For that reason, the use of vertical Franz diffusion cells is
widely employed providing an insight of the release model. A typical experimental setup as
well as a more detailed illustration of a Franz cell are depicted in figure 35. As can be observed
the cell consists of a donor compartment where the formulation under study is placed and a
receptor compartment filled with a buffer solution suitable for the experiment. In the present
study it was a mixture of PBS 1X solution and ethanol 96% V/V (1:1) which was preheated and
kept under constant stirring at 500 rpm using a magnet. Between the donor and the receptor
compartment was placed a synthetic cellulose membrane with molecular weight cut-off
14,000 and average flat width 43mm. The membrane was hydrated in the buffer solution for
24 h before the experiments were conducted. The cells used for the implementation of the

permeation study using a synthetic membrane had an effective diffusion surface area of 0.785

- . . ) ) . Sotiria Demisli || 87
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



cm? (1 cm diameter orifice) and were filled with 5 mL of the buffer solution. The cells were
surrounded by water-jacket and connected to a thermostatically controlled water bath in
order to maintain the temperature of the solution stable at 32 + 0.5 °C. With this method the
preliminary study was carry out in order to investigate the release profiles of VD and CU from

the developed NEs and the respective NE/HGs.

Figure 35. Vertical Franz diffusion cell experimental setup and schematic representation of a cell.

However, synthetic membranes usually are not able to provide results comparable to the
respective in vivo studies since it is not possible to display the intricate interactions between

the skin and the formulation under study [446].

For that reason, an in vitro permeation protocol was implemented in the present
study using full-thickness porcine ear skin as the model membrane in order to properly
evaluate the skin permeation of CBD from the NEs and the corresponding NE/HGs. The porcine
ears were purchased from a regional slaughter house in Serbia and were processed
appropriately in order for the SC to remain as intact as possible. Firstly, immediately after
slaughter the porcine ears were washed with cold tap water, dried cautiously with soft tissue,
wrapped with aluminum foil and then stored at —20 °C for preservation until use. For the
implementation of the in vitro protocol, the porcine ears were defrosted at room temperature
and then to achieve a sufficiently clear surface the hair were shortened carefully with electric
trimmer without destroying hair follicles or damage the SC. Subsequently, as illustrated in
figure 36, the full-thickness skin was detached from the cartilage using a scalpel and punched
with a custom-made spherical cutter of a 25 mm diameter to obtain discs with the appropriate
size in order to be used as membranes for the experiment. Furthermore, trans-epidermal
water loss (TEWL) (Tewameter® TM 210; Courage+Khazaka, KéIn, Germany) was measured in
order to ensure the integrity of the skin barrier. The obtained full-thickness skin discs were
placed on modified Franz diffusion cells with a surface of 2.01 cm? and a receptor chamber of

12 mL volume (Gauer Glas, Germany) and the water-bath temperature was set at a constant
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of 32 °C in order to corespond with the mean temperature of the skin surface. The porcine
full-thickness skin was placed between the donor and receptor compartments with the SC
towards the first one and after 30 min of equilibration, the donor chambers were filled evenly
with 0.5 mL of the systems (CBD-loaded NEs or NE/HGs). It should be noted that as can be
observed below in figure 36, the donor compartments were covered with Parafilm® to avoid

evaporation.

Figure 36. Steps followed for the implementation of ex vivo permeation study with porcine ear skin as the model
membrane.

Every 2 hours samples of 500 pL volume were collected, for a total of 30 hours of
experiment with the initial time point being the formulation application. Each time after
sampling the receptor compartments were filled again with an equivalent volume of fresh pre-
warmed medium. To quantify the amount of CBD in the receptor chamber through time a LC-
MS/MS method described in the following (paragraph 4.2.3.5.) was used. From the obtained
results were evaluated the release profiles from the two nanocarriers under study and were
calculated the steady-state flux (Jss), cumulative amount of CBD permeated through the skin
at the end of the 30 h of the experiment (Qson), and permeability coefficient (K,) [447]. The
experiments were carried out at the Department of Pharmaceutical Technology and

Cosmetology of the University of Belgrade in Serbia.

4.2.3.3. Tape stripping experiments
In order to evaluate the two systems under study in terms of CBD penetration through

the SC the technique of tape stripping was implemented using porcine ear [448]. For the
specific experiment was used a porcine ear preserved as described in the previous chapter
(4.2.3.3.). The ear was initially thawed, the hair was removed with a trimmer, and then it was
fixed on Styrofoam plates without separating the skin from the cartilage. For the
determination of the appropriate time point to administer the formulation the TEWL was
measured periodically using a Tewameter® TM 210 and when it reached a value of

approximately 15 g.m-2.h-2 [449] the CBD-loaded systems were applied carefully on the
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marked skin sites like shown in the picture of demonstrated below in figure 37. In order to

obtain more accurate results five independent experiments were performed.

Figure 37. Picture of a differential tape stripping performed for the present thesis. The green circles mark the
surfaces to which the CBD-loaded NE and the respective NE/HG have been administered.

Both the in vitro permeation study using Franz diffusion cells and the penetration
experiment described in this paragraph can be performed either under finite or infinite dose
regiment depending on the amount of the bioactive substance and in general the formulation
that is applied on the skin [450]. Both these administration methods present different
advantages and drawbacks and they have different applications in transdermal delivery
studies. Specifically, as finite dosing is characterized the application of a small volume of
formulation resembling the consumer exposure and provides evaluation of the bioactive
concentration in different skin layers and its total amount present in the receptor
compartment after 24 h. On the other hand, infinite dose regiment represents the application
of an amount of formulation that exceeds the typical exposure conditions and provides
information concerning steady-state flux, diffusion constant and permeability [450,451].
While the first application methodology resembles the consumer administration, it presents
erratic bioactive concentration due to its evaporation or penetration/permeation through the
skin. However, when the aim is the investigation of the fundamental permeation
characteristics or the evaluation of the effects of penetration enhancers on transdermal
absorption of the bioactive compound under study infinite dose regiment is commonly
employed.

The present study was performed under infinite dose regimen, using the same dosing
conditions as for in vitro skin permeation study (1 mL of each of the formulations were left on
the skin for 2 h (effective diffusion area: 4.02 cm?)) in order to preserve a constant rate of
absorption of the CBD through the skin or as it is also referred to the steady-state flux and
with this method it is generally accepted that there is no change in the bioactive concentration

within the formulation during the experiment [452]. To determine the quantity of SC removed,
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each adhesive tape was weighted precisely before starting the tape stripping. When the 2 h
incubation time was over, the excess nanodispersions were carefully removed using dry
cotton swabs and started the procedure of gradual removal of the SC, for which were used 30
adhesive D-squame® discs (CuDerm Corporation, USA). For this process the adhesive tapes
were pressed onto the skin with a roller to avoid any wrinkling and following were removed
with a fast motion. After that the weighing was repeated and, each tape was inserted into a
centrifuge tube to extract the CBD. To obtain that, 4 ml of ethanol (70%, v/v) was added in
each tube and followed sonication (Sonorex RK 120H, Bandelin, Berlin, Germany) for 15 min
and the centrifugation at 4000 rpm for 5 min (Centrifuge MPW-56; MPW Med. Instruments,
Warszawa, Poland). The final supernatant was accumulated and analysed for CBD content
using LC-MS/MS method that will be presented below in paragraph 4.2.3.5. [448]. The
experiments were performed at the Department of Pharmaceutical Technology and

Cosmetology of the University of Belgrade in Serbia.

4.2.3.4. Liquid chromatography- mass spectrometry (LC MS/MS Method)
In order to detect and quantify the CBD contained in the samples obtained by the in vitro

permeation study (paragraph 4.2.3.3.) and the tape stripping experiments (paragraph 4.2.3.4.)
the high-pressure liquid chromatography method was implemented in combination with mass
spectrometry also referred as LC-MS. In general, liquid chromatography (LC) being one of the
most valuable tools of analytical chemistry is widely used since it provides the ability to
separate, identify and quantify the substances of a complex sample dissolved in a liquid [453].
This method is widely used since it is adaptable, demonstrates high sensitivity and provides

the ability to analyze non-volatile and thermosensitive species [454,455].

Specifically, High Performance Liquid Chromatography (HPLC) was implemented in the
present study. In this method the sample is inserted into the instrument through an injection
valve and eluted into the column by the mobile phase which is a solvent forced into the
column by a high-pressure pump. The separation takes place in the mobile phase and the
effluent of the column is guided to a detector generating a signal which in turn is gathered by
a software, processed and finally converted into a chromatogram [454]. The use of high-
performance liquid chromatography in combination with mass spectrometry (HPLC—MS) or in
our case tandem mass spectrometry (HPLC—MS—MS) has proven to be the analytical method
of choice for an abundance of assays implemented in various steps of drug discovery [456].
The main MS instrumentation is depicted below in figure 38 and includes firstly a sample
insertion system and, an ion source into which the samples’ components are transformed to

positive or negative ions. These are then accelerated towards the third MS segment the mass
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analyzer where the ions are separated based on their mass to electrical charge ratio which is
represented by the relationship, m/z. The fourth part is the detector which receives the
separated ions and transforms the ion current into electrical signals which are then processed

through the final MS components the data system.

Figure 38. Schematic representation of the basic instrumentation of a typical LC-MS.

To determine the CBD in aliquots obtained by the in vitro penetration and permeation
experiments an LC-MS/MS method was performed. A liquid chromatographic system Accela
1000 (Thermo Fisher Scientific, San Jose, California, USA) was used which consists of an auto
sampler and quaternary pump. Chromatographic separation was obtained using Infinity Lab
Poroshell 120 EC-C18 (100 mm x 4.6 mm, 2.7 um; Agilent Technologies, USA) at 40 °C. To
achieve isocratic elution at flow rate of 500 pL/min a mixture of acetonitrile and 0.1% formic
acid (80:20, v/v) was used. The complete analysis time was 6 min. For the mass analysis was
used a TSQ Quantum Access MAX triple quadripole spectrometer equipped with electrospray
ionization source and worked with nitrogen as nebulizing gas. ESI source parameters were
optimized by syringe infusion (20 pL/min) of CBD standard solution. For data acquisition
selected reaction monitoring (SRM) positive scan mode was used. ESI source and mass
spectrometry parameters were the following: spray voltage 3500 V; vaporizer temperature
400 °C; sheath gas pressure 50 units; ion sweep gas 0 units; auxiliary gas 45 units; ion transfer
capillary temperature 250 °C; capillary offset 35 units; tube lens offset 50 units; skimmer offset
0 units; peak width relating to resolution 0.7 for Q1; scan with (m/z) 0.02; scan time 200 ms.
Xcalibur software v. 2.1.0.1139 was used for data acquisition and processing (Thermo Fisher
Scientific, San Jose, CA, USA). Mass spectrometry was employed in order to detect specific
ions for analyte identification. MS full-scan mass spectra indicated that in ESI source [M+H]+
was the dominant ion for CBD (m/z 315.3). The setting of SRM transition channel for CBD
monitoring was selected product ions at m/z 193.2 (collision energy was 19 V). The
experiments were implemented at the Department of Pharmaceutical Technology and

Cosmetology of the University of Belgrade in Serbia.
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Chapter 5 —Experimental results & Discussion

5.1. Nanoemulsions as carriers of naturally derived lipophilic bioactive

compounds

In the present thesis, the main goal was the formulation of stable nanocarriers,
suitable for the encapsulation, protection, and release of diverse lipophilic bioactive
compounds. The ultimate objective was the development of a nanodispersion with improved
characteristics that could provide enhanced delivery of the bioactives under study.
Specifically, as mentioned in previous chapters (Chapter 1.5. and 4.2.1.1.1.), three different
molecules with the potential to act as therapeutic agents, namely vitamin D3 (VD), curcumin
(CU) and cannabidiol (CBD) (figure 39) were selected as model compounds in order to confirm

the ability of the formulated nanodispersions to act as delivery vehicles.

a) b) c)

Figure 39. Chemical structure of the encapsulated model lipophilic compounds a) vitamin Ds, b) curcumin and, c)
cannabidiol.

Initially, O/W NEs were developed using non-toxic and biocompatible ingredients. As the oil
phase were selected isopropyl myristate (IPM), extra virgin olive oil (EVOO), and a mixture of
these two. At first, a concentration of 2 % w/w of oil phase was selected which was
subsequently increased up to 4 % w/w to enable the encapsulation of a higher concentration
of the bioactives. For the stabilization of the developed systems, a combination of hydrophilic
and lipophilic surfactants including Tween 80 (T80), Labrasol (LS), and Maisine (MS) was used
at a concentration of 5% w/w. In some cases, Transcutol at a concentration of 1 % w/w was
also added as a co-surfactant and solubilizer to enhance the stability of the formulated NEs
and the solubilization of the encapsulated compounds. The exact composition of the O/W NEs
developed in the present thesis is mentioned in Table 2 (Chapter 4.2.1.1.1.). All the
components of the systems were selected bearing in mind their potential health benefits (in
the case of EVOO) or toxicity in order to develop biocompatible formulations. Particularly, T80
is a non-ionic surfactant commonly utilized for the development of stable and biocompatible

O/W NEs [395,457,458]. Moreover, all the systems contained a 2:1 mixture of two other non-
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ionic surfactants namely Labrasol (caprylocaproyl polyoxyl-8 glycerides) and Maisine (glyceryl
monolinoleate). This combination was considered appropriate since caprylocaproyl polyoxyl-
8 glycerides have been previously reported in the literature as suitable for the formulation of

biocompatible O/W NEs [77,459] while glyceryl monolinoleate is a vegetable oil derivative.

It is well established in the literature that using a combination of surfactants leads to
increased solubilization of the oil and aqueous phases resulting in the formulation of more
stable systems [460,461]. Thus, a mixture of surfactants with different hydrophilic lipophilic
balance (HLB) values presented below in table 4, were selected for the preparations of the

O/W NEs developed in the present thesis.

Table 4. Surfactants and co-surfactants used for the formulation of the O/W NEs and their respective HLB values.

Surfactant HLB value

Tween 80 15.0
Labrasol ALF 12.0
Maisine CC 1.0
Lecithin 4.0
Transcutol HP 4.2

When a mixture of surfactants is used for the preparation of a NE, the HLB value resulting
from this combination depends on the percentage and the HLB value of each individual
surfactant. More specifically, the following equation (9) is applied for the calculation of the

HLB value of a mixture of two or more surfactants:

HLB gesired = (% surfactant A) x (HLB surfactant A) + (% surfactant B) x (HLB surfactant B)  (9)

Thus, in the present thesis, the HLB value of the surfactant mixture Tween
80/Labrasol/Maisine was calculated using the aforementioned equation and was determined
equal to 11 which is a value capable of producing O/W NEs [462]. An attempt was made to
use the hydrophilic T80 and the lipophilic lecithin as a mixture of surfactants for the
preparation of stable biocompatible systems since the latter is widely used as a biocompatible
and biodegradable emulsifier in various pharmaceutical, food and cosmetic products
[70,77,463]. The resulting HLB of the Tween80/Lecithin mixture was also calculated as
aforementioned and despite the fact that it was found equal to 14 which is a slightly higher

value, it did not demonstrate increased stability.
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5.2. Nanoemulsions as carriers of naturally derived lipophilic bioactive

compounds
5.2.1. Stability study of O/W nanoemulsions by Dynamic Light Scattering
(DLS)

Since NEs with different compositions were developed implementing either high- or
low-emulsification methods the study of their stability was essential. Stability is a crucial
factor for the use of a NE as a carrier for bioactive compounds. Thus, DLS was employed for
the study of all the formulated systems in terms of size and homogeneity (Pdl) which are

indicative of their overall stability.

In total, eight O/W NEs were developed. Four NEs (H1, H2, H3, H4) were formulated
using high-pressure homogenization as the high-energy method and the other four (L1, L2, L3,
L4) were formulated through isothermal spontaneous emulsification which was the low-
energy method. All the developed NEs, were measured with DLS immediately after their
preparation and at different time intervals in order to determine their initial size and
homogeneity as well as their changes over time. In table 5 below are presented the days of
storage stability for each NE as well as the hydrodynamic diameter and Pdl of the formulated
NEs in the absence of bioactive compounds on the first day of their formulation compared to
the last day they appeared stable. All the formulated systems demonstrated Pdl < 0.250
indicating satisfactory homogeneity. Regarding the droplet size and the stability of the
developed NEs there are indications that they are strongly affected by the formulation
method as well as the presence of the co-solvent transcutol and the type of the selected oil

phase.

More specifically, concerning the low-energy NEs (L1-L4) it was observed that L1 that
contains 2% IPM in combination with the co-solvent transcutol demonstrates lower Pdl values
and adequate stability remaining optically clear for 60 days. On the other hand, when
transcutol was omitted and simultaneously a part of the oil phase is replaced with EVOO like
in the case of L2, higher values of both Pdl and droplet size occur and as demonstrated in
figure 40 a sharp increase is observed in both the Pdl and the droplet size leading to rapid
destabilization after 22 days. However, since there are indications in the literature suggesting
that transcutol may present toxicity [464-466], efforts have been focused on achieving the
preparation of stable systems without this ingredient. In addition, the use of higher
concentrations of the oil phase was investigated in order to obtain the solubilization of a

higher amount of bioactive substances. Hence, NEs L3 and L4 were stabilized with 5% w/w of
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the same mixture of surfactants but different oil phases. More specifically, the L3 contained
4% w/w IPM while the L4 contained 4% w/w of a 1:1 IPM and EVOO mixture. The presence of
EVOO in NE L4 leads to higher Pdl value and increased droplet size (0.237 £ 0.009 and 204.0 £
5.1 nm) as compared to NE L3 (0.155 + 0.004 and 0.155 * 0.004 nm), however L4 remained

stable for an additional 10 days.

Table 5. Days of stability, Pdl, and size of all the developed NEs.

Systems Days of PdI (Day 0) Pdl (final day)  Size (nm) Size (nm)
stability (Day 0) (final day)
H1 30 0.088 £ 0.013 0.079+£0.009 142.9+4.6 318.6+2.5
H2 50 0.225 £ 0.007 0.226 £0.002 220.5t4.8 240.2+1.9
H3 50 0.201 £ 0.003 0.199+0.008 2416t14 231.3+14
H4 60 0.212+£0.014 0.090£0.032 139.1+7.6 2609+4.4
L1 60 0.092 £ 0.003 0.080 £ 0.010 78.6+0.2 292.7 £ 0.6
L2 22 0.122 £ 0.007 0.235+£0.012 41.8+0.3 570.7 £23.2
L3 80 0.155 £ 0.004 0.086 £ 0.007 62.1+0.9 154.9 £ 0.5
L4 90 0.237 £ 0.009 0.170£0.022 204.0t£5.1 382.6+11.3

On the other hand, when NEs formulated using the high-energy technique (H1- H4)
were tested, much larger oil droplets were observed in comparison to the respective systems
prepared with the low-energy method. More specifically, when NEs were prepared with the
same composition as L1 ones but implementing the high-energy technique (H1) a low
polydispersity (<0.1) was indeed achieved however the resulting hydrodynamic diameter was
142.9 + 4.6 nm which was significantly higher compared to the diameter of L1 (78.6 + 0.2) and
remained stable for half the time. As aforementioned, the NE L3 that was developed by
omitting transcutol and containing a higher amount of oil phase which also included EVOO,
presented Increased stability by 1 month. hence the respective NE H3 was prepared by HPH.
Even though the two systems (L4 and H3) contain the same components, the high-energy one
exhibited lower polydispersity values (0.201 + 0.003) compared with the low-energy system
(0.237 + 0.009), it presented larger nanodroplets and remained stable for fewer days. The
comparison of the above low- and high-energy NEs provides a strong indication that the
formulation method affects the physicochemical characteristics of the developed systems. In
addition, by the formulation of NE H4 was observed that the addition of transcutol provided
a decreased nanodroplet size, but did not contribute significantly to the improvement of the
homogeneity or stability of the system. Thus, in an attempt to develop a NE comprised
basically of ingredients of natural origin such as EVOO and the natural emulsifier lecithin in

combination with Tween 80 system H2 was prepared. Although it exhibited satisfactory
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polydispersity (0.225 + 0.007) and hydrodynamic diameter (220.5 £ 4.8 nm) the fact that
energy input was inevitable for its formulation and remained stable for fewer days were

decisive factors for which the system L4 was eventually selected for further investigation.

Size of empty NEs
700,0
600,0
i OH1
__ 500,0
= - OH2
< 400, H3
2 3
[T} B e
g 3000 g - e © . LB m & Ha
3 = e 8 = 5 @ & =] OL1
8 2000 i g 288 =
cg B = = 5 =| oL
100,0 E = 5 - = ] Qs
0,0 L4
0 10 20 30 40 50 60 70 80 90 100
Time (Days)
Homogeneity of empty systems
0,300
0,250
@ @ )
@ ¢ % o oe i @ OH1
0200 © 3 7T ! 2 i) OH2
L1 : T ! H3
S 0,150 @ i 4 [ T T L
| o O I H4
p -0 P {2 g1 1
0,100 i ,@ o
% % % $ 2 0 0 oL
@
0,050 ) ) P 3o oL
L4
0,000
0 10 20 30 40 50 60 70 80 90 100
Time (Days)

Figure 40. DLS study of O/W NEs: a) Droplet size and b) polydispersity index (Pdl) as a function of time.
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5.2.2. Stability study of loaded O/W nanoemulsions by Dynamic Light
Scattering (DLS)

In order to determine the suitability of the formulated NEs to act as carriers of
lipophilic bioactives two model compounds of pharmacological interest were encapsulated to
conduct the preliminary study. Namely vitamin D3 and curcumin were encapsulated into the
oil cores of low-energy O/W NE L1 as described previously in Methods (Chapter 4.2.1.1.1.)
both at a concentration of 1 mg/g. The effect of their presence on polydispersity, droplet size,
and stability was examined using DLS. As described in previous chapters of the introduction,
these parameters are crucial since they affect various properties of the nanocarriers. Their
overall efficacy to act as delivery vehicles via different administration routes, their uptake and
permeation through the epithelia and their absorption profile are directly dependent on the
droplet size and homogeneity of the formulated nanodispersion. Hence, their investigation is
of great importance for the potential application of the developed NEs as potent nanocarriers.

DLS measurements indicated that the addition of both bioactives in the dispersed oil
phase causes changes in the polydispersity as well as the size of the NE as can be observed in
figure 41. Particularly, VD3-loaded NEs demonstrated a small increase in the size of the oil
droplets from 78.6 + 0.2 nm to 83.6 £ 0.3 nm (figure 42) and also a slight increase of Pdl from
0.092 +0.003 to 0.102 + 0.005. This behavior is commonly observed when VD3 is encapsulated
in O/W NEs regardless of the mixture of the selected surfactants or the concentration used
and the droplet size increases in a concentration-dependent manner [70,77]. This could be an
indication that VD3 interacts with the surfactants’ monolayer affecting the interfacial tension

as well as the overall stability of the system.
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Figure 41. Droplet size distribution of both the empty and loaded L1 NEs measured by DLS. Encapsulation of
vitamin D3 and curcumin in low-energy O/W NE based on water, IPM, Tween 80, Labrasol, Maisine, and
Transcutol (L1). (—): empty, (- - -): loaded with vitamin D3, (...): loaded with curcumin.
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Regarding the CU-loaded NE L1, DLS measurements also exhibited an increase of
droplet size from 78.6 £ 0.2 nm to 165.6 + 1.0 nm, however, Pdl decreased from 0.092 + 0.003
to 0.072 + 0.008 (figure 41). This behavior has been previously mentioned in the literature
concerning the formulation of low-energy CU-loaded NEs and a concentration-dependent
increase in the droplet size has been observed [231,467]. Specifically, the study performed by
Sharma et al., suggested the interfacial location of CU which could be related to the observed

increase in the droplet size.
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Figure 42. DLS study of the differences in droplet size of the low-energy O/W NE L1 in the absence of bioactive
compounds and the vitamin D-loaded and curcumin-loaded NEs.

In addition, the examination of droplet size over time using DLS provided an indication of the
storage stability of VD3 and CU-loaded NEs at 25 °C (figure 42). Although the diameter of the
oil droplets of both the VD3-loaded and CU-loaded NEs was gradually increased with time up

to 320 nm and 355 nm respectively, both NEs remained physically stable for 60 days.

Subsequently, CBD was encapsulated in a low-energy NE. However, in order to avoid
the possibility of toxicity due to transcutol [464—466] and because an increased amount of oil
was required for the solubilization of higher concentrations of the bioactive, system L4 was
eventually selected for the encapsulation of CBD which was the main lipophilic bioactive
compound under study. Initially, CBD was added into the oil phase at four different
concentrations resulting in NEs containing 1 mg/g, 3 mg/g, 5 mg/g, and, 10 mg/g of the

bioactive compound. The investigation of the appropriate CBD concentration that would be
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encapsulated into the developed systems was crucial in order to determine its effect on the
droplet size and stability of the NEs. In fact, as can be observed in figure 43 below, immediately
after formulation, all four loaded NEs presented smaller nanodroplets compared to the empty
system suggesting possible interaction of CBD and the monolayer of surfactants. In addition,
the dispersion index Pdl which reflects the distribution of particle size, was below 0.3
indicating uniform dispersions. The Pdl and hydrodynamic radius values obtained by DLS were
investigated to study the NEs in terms of stability over time. It was observed that NE with 3
mg/g of the bioactive compound demonstrated a sharp increase in the droplet size leading to
destabilization after 75 days. Furthermore, it exhibited the highest Pdl (0,295 + 0,040) and size
(201,3 + 12,2 nm) of the rest of the systems. Regarding NE L4 prepared in the presence of 1
mg/g CBD, oil droplets of 126.5+3.1 nm diameter and 0.18+0.01 Pdl were formulated
demonstrating the lowest values amongst the loaded systems. Nevertheless, it was discarded
since it would be difficult to detect and assess the effect of CBD in such a small concentration.
Between the remaining three CBD-loaded NEs with the different CBD concentrations (3mg/g,
5 mg/g, 10 mg/g), the one containing 5 mg/g of CBD demonstrated the lowest Pdl (0,240 *
0,010) similar to the value of the empty NE (0,237 = 0,009). In spite of the fact that the NEs
containing 5 mg/g CBD and those with 10 mg/g CBD did not exhibit any significant difference
in the homogeneity presenting Pdl 0,240 + 0,010 and 0,258 + 0,029 respectively, the first one
demonstrated smaller droplet size (102,4 + 2,9 nm) compared to the other (170,3 + 6,6 nm)
and even in comparison to the empty one (204,0 + 5,1 nm). Thus, NE L4 containing 5 mg/g
CBD was selected for further investigation. In all four cases mean oil droplet diameter was
increased over time as presented in figure 43 while the Pdl initially decreased and then

remained practically unchanged and lower than 0.2.
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Figure 43. DLS study of the alterations in droplet size of the low-energy O/W NE L4 in the absence of CBD and the
loaded NEs with three different CBD concentrations namely 3 mg/mlL, 5 mg/mlL, and 10 mg/mlL.
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These findings suggest that the presence of CBD in the oil nanodroplets of the NEs
influences certain physicochemical characteristics. This behaviour could be attributed to the
structure of the particular bioactive compound. The molecule of CBD possesses a lipophilic tail
making it soluble to oil however, the two carbon rings present in the compound and
specifically the 1,3-Dihydroxybenzene decrease slightly the overall lipophilicity of CBD. Thus,
CBD could interact with the surfactant monolayer causing the observed changes in the
nanodroplet sizes and enhancing the stability of the NEs. In addition, the encapsulation of CBD
and its interaction with the surfactant monolayer and the oil core could induce structural
alterations at the oil-water interface possibly associated to an increase of the interfacial

tension.

This behaviour has been observed previously in literature with studies mentioning
alterations in droplet size when a bioactive compound is encapsulated in O/W NEs. These
changes have been reported upon encapsulation of vitamin D, curcumin and, lycopene among
others, and seem to depend on the structure and concentration of the bioactive and its
interaction with the surfactant monolayer. More specifically, in another study performed by
our group, an increase of the nanodroplet size was also observed when VD or CU were
encapsulated in EVOO-based O/W NEs indicating that the loading of bioactives affects the
system [71]. In addition, a previous publication concerning the encapsulation of VD in NEs with
different oils used as the oil phase demonstrated a concentration dependent increase in
droplet size that could be attributed to the vitamin’s interaction with the surfactants layer
influencing the interfacial tension as well as the overall emulsion stabilization [70]. A
concentration depended increase of the droplet size was also detected by Nikoli¢ et al., when
CU was encapsulated in low-energy NEs stabilized by polysorbate 80 and soybean lecithin
droplet size growth with increase in the concentration of curcumin was also observed. The
microstructural investigation that was carried out demonstrated the interfacial location of the
active compound explaining the observed changes in the droplet size upon CU encapsulation
[468]. In a different study performed by the same group, low-energy NEs were developed as
carriers of CU for dermal administration. The empty and drug-loaded NEs were compared
regarding their physicochemical properties indicating that the presence of CU in the

formulation caused a significant particle size increment [467].

On the other hand, in a study investigating the effect of the encapsulation of different
lycopene concentrations in protein-stabilized NEs it was demonstrated that the particle size
of the prepared system did not change linearly as the bioactives concentration increased

[469]. Three different oils were used as the oil phase, namely sesame oil, linseed oil and walnut
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oil to examine the effect of lycopene encapsulation however this behavior was observed
regardless the type of oil phase. These results could be associated with the limited solubility
of lycopene in oil and are more in accordance with the behavior that the systems of the
present thesis demonstrated since as aforementioned, it was observed that the changes of
the nanodroplet size were not proportional to the concentration of the encapsulated

molecule.

5.3. Hydrogels for the incorporation of C-Phycocyanin extract and stability study

As mentioned in the beginning of this chapter, the focus of the present thesis was the
development of nanocarriers with considerable stability in order to encapsulate diverse
lipophilic compounds. More specifically, the overall purpose of the developed
nanodispersions was their use for the effective delivery of the bioactive molecules of interest
through alternative routes of administration including intranasal and/or transdermal.
However, NEs are not considered appropriate for these administration routes since due to
their liquid nature it is impossible to remain in contact with the target site long enough for the
bioactive to be released and delivered. Hence, a strategy followed in the recent years, is the
combination of NEs with hydrogel matrices creating a novel hybrid system with
physicochemical properties such as increased viscosity which is essential for both intranasal

and transdermal delivery [470].

The hydrogel matrix selected for the incorporation of the formulated NEs is of
paramount importance. It is crucial that it does not affect the structural characteristics of the
embedded NE in order to obtain the desired release of the encapsulated bioactive
[277,280,471,472]. Thus, it was essential to prepare a hydrogel network possessing the
appropriate features in order to incorporate effectively the developed NEs for the formulation
of the hybrid systems. It was crucial to prepare a hydrogel that would act as a suitable matrix
maintaining its rheology and presenting stability over time before and after the NE
incorporation in order to protect it effectively. Various hydrogels were formulated as
described in methods (chapter 4.2.1.2.) using two different polymers namely chitosan (CS)
and hydroxypropyl methyl cellulose (HPMC) as well as their combination. Initially, hydrogels
were prepared with diverse concentrations of the polymers in the appropriate dispersion
media in order to determine the ideal consistency. As can be observed below in figure 44 the
viscosity decreased with increasing amount of the dispersion medium, providing hydrogels

demonstrating water-like consistency at low polymer concentrations.
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Figure 44. Image from the experimental procedure illustrating the difference in viscosity depending on the
polymer concentration in the dispersion medium.

Hydrogels prepared using CS, HPMC, and their combination in various concentrations
presented in table 3 (Chapter 4.2.1.2.) were optically observed at room temperature for three
months to detect changes in their viscosity, color, or possible spoilage. Hydrogels prepared
using HPMC and water as the dispersion medium as well as those comprised of both polymers
in acetic acid solution 1% v/v appeared less viscous over time. This observation could suggest
that the network slowly lost its cohesion losing its capacity to retain water. In addition, after
three weeks spoilage was observed at the top layers of those systems due to the growth of
microorganisms (mold). On the other hand, CS hydrogels remained stable for a period of three
months and did not demonstrate any changes during optical observation. This behavior could
be observed probably due to the use of acetic acid as the dispersion medium which
simultaneously acts as a preservative [473,474]. In addition, it is well-estblished that CS
possess antimicrobial properties which could also prevent the appearance of spoilage due to
mold or microorganisms [475,476]. Hence, a CS hydrogel at a concentration of 1. solution 1%
v/v was selected for the incorporation of C-PC extract as well as for the development of the
hybrid systems since it was easy to prepare, remained stable for three months and it was

convenient to spread without leaking.

Subsequently, C-PC extract was incorporated to examine the ability of the formulated
CS HG to provide a protective matrix. Initially, the incorporation of different concentrations of

C-PC extract was examined. As illustrated below in figure 45, various amounts of the extract
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were added into the CS HG in order to determine the maximum concentration that could be
incorporated. The lyophilized extract powder was added in the HG at concentrations up to 40
mg/g without optically observing any obvious sedimentation or any other change in the color
of the extract or the structure of the matrix. Solely the color of the dispersion was affected
(figure 45) becoming more intense with increasing extract concentration. All the systems
showed stability over time and retained the bright blue color of the C-PC extract for three

months without needing any additional protection against light degradation.

Figure 45. Different concentrations of C-PC extract 10 mg/g, 20 mg/g, 30 mg/g, and 40 mg/q starting from the
left.

Following, the effect of temperature on the structure of chitosan hydrogels and HPMC
hydrogels was investigated. Moreover, fructose was added to these systems to examine its
efficacy as a preservative in order to maintain the bright blue color of C-PC extract which
disappears after heating up to 45 °C due to C-PC degradation [477-479]. Thus, the
aforementioned hydrogels were prepared both in the absence and presence of 1 % w/w
fructose and 10 mg/g of C-PC extract and were incubated in two different thermal conditions
namely 50 °C and 80 °C for 30 mins at each temperature. During the first heating, the
hydrogels managed to function as a protective carrier resulting in the preservation of the color
of the C-PC extract regardless of whether they contained fructose or not. In addition, all the
systems under study did not demonstrate any significant alterations in terms of structure
upon optical observation. However, as can be observed below in figure 46 after 30 mins of
incubation at 80 °C the color was reduced significantly in all four systems. Moreover, the
HPMC hydrogel foamed intensely and did not return to its original state even after cooling to
room temperature. This result indicates that HPMC hydrogel most likely collapses during
heating in contrast to the chitosan one which remained stable. Hence, based on the
aforementioned investigation, chitosan hydrogel of concentration 1.25% w/v was selected as

most appropriate for the incorporation of the NE.
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Figure 46. Pictures of hydrogels containing C-PC-extract. On the left: Chitosan hydrogel with C-PC-extract (a)
before heating (b) after 30 min incubation in 80 °C without fructose (c) after 30 min incubation in 80 °C with
fructose. On the right: HPMC hydrogel with C-PC-extract (a) before heating (b) after 30 min incubation in 80 °C
without fructose (c) after 30 min incubation in 80 °C with fructose.

5.4. Nanoemulsion-filled hydrogels structural study

As mentioned previously, a fundamental objective of the present thesis was the
development of a novel nanodispersion providing increased efficiency for the delivery of
lipophilic compounds. Hence, based on the aforementioned studies which highlighted i) the
stability of the developed O/W NEs and their suitability as carriers for lipophilic compounds
and ii) the ability of chitosan hydrogels to act as carriers, a NE/HG also referred to as emulgel

was formulated as described in chapter 4.2.1.4.

Nowadays, it is established that the structure of the developed nanocarriers is of
paramount importance affecting various physicochemical properties as well as the release of
the encapsulated bioactive molecules [480—-483]. Thus, an essential part of this study was the
structural characterization of the developed NEs and NE/HGs which is presented in the
following chapters. By implementing diverse techniques, the localization of the encapsulated
molecules was determined. It was also investigated whether the NEs structure is affected after
its incorporation into the hydrogel. This study was of paramount importance in order to
establish whether the NEs structure is preserved maintaining its ability to act as a carrier,

resulting in the formulation of a carrier-in-carrier type system.

5.4.1. Electron Paramagnetic Resonance Spectroscopy (EPR)

In order to achieve information regarding the dynamics of the surfactant monolayer
as well as the location of the encapsulated molecules in the carriers, EPR spin probing
technique was applied. This method was implemented on the developed O/W NEs and the
respective NE/HGs in the absence and presence of the bioactives using three different
amphiphilic spin probes namely 5-, 12-, and 16-DSA as mentioned previously in chapter

4.2.1.6.
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These spin-labelled fatty acids are located at the oil/water interface and have the
ability to interact with the surfactant molecules due to their amphiphilic nature thus providing
useful information regarding their mobility and the rigidity of the environment [484]. EPR
spectra obtained by nitroxide spin probes like the ones used in the present thesis, present
three peaks due to the hyperfine interaction between the spin of the nitrogen nucleus (I=1)
and that of the unpaired electron (S=1/2). Below, in figure 47 the characteristic three-peak
EPR spectrum of doxyl derivatives (5-DSA) when they are free in a solution, is presented. As
can be observed, when the spin-probe is located in disordered fluid phases such as non-
viscous solvents it moves freely and fast leading to isotropic hyperfine coupling represented

by three symmetric narrow peaks [485].

i
e
T

3385 [G]) 3460 [G)

Figure 47. Typical EPR spectrum of the spin probe 5-DSA in solution [486].

On the other hand, in phases that demonstrate higher order such as the surfactant
monolayer of NEs, the movement of the spin probe is hindered resulting in anisotropic
hyperfine interaction, represented by asymmetric EPR peaks. Generally, EPR spectra of
unequal heights and widths suggest that the spin probe demonstrates a restrictive motion in
the environment where it is located [70,485,487]. This behavior can be observed in figures 48
and 49 illustrating the 5-DSA spectra of spin-probe interacting with the surfactant monolayer
of the developed O/W NEs and the respective hybrid systems. These figures demonstrate the
spectra obtained both in the absence and presence of the bioactives under study. In al cases,
the three characteristic peaks of the nitroxide group are distinct and they appear to have
unequal heights and widths suggesting restricted mobility of the spin probe in the surfactant

layer.
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Figure 48. EPR spectra of 5-DSA in O/W NE based on water, IPM, Tween 80, Labrasol, Maisine, and Transcutol (L1)
(left) and the respective hybrid systems (right). In black are represented the empty systems, in blue those with
encapsulated vitamin D3, and in orange those with encapsulated curcumin.

Through the analysis of the obtained EPR spectra, mobility, order, and polarity across
the surfactant monolayer off the formulated systems, were acquired. The calculation of these
parameters is feasible since the spectroscopic behavior and thus the resulting spectra of the
spin probes are highly susceptible on the environment surrounding them [488]. Therefore,
changes in the structure of a nanodispersion that can occur after the encapsulation of a
bioactive substance or its incorporation in a different environment (like a hydrogel matrix),
can be detected by the changes in the resulting spectrum. The values of rotational correlation
time, tr, order parameter, S, and isotropic hyperfine coupling constant, aN, were calculated
from the experimental EPR spectra using equations (4) and (5) respectively (4.2.1.6.) providing
a quantitative expression of the mobility of the probe and the rigidity of the interface [484].
The results of the EPR study for the empty L1 NE and the respective NE/HG as well as the VD
and CU containing systems and for the NE L4 and the hybrid system in the absence and
presence of CBD are presented in Table 6 and Table 7, respectively. The observed differences
in these values are indicative of changes in different parts of the nanodroplets since the
paramagnetic moiety of the spin probes is localized in different depths of the surfactant
monolayer. More specifically, 5-DSA is oriented closer to the polar head groups of the

surfactant monolayer as opposed to 16-DSA which is penetrated deeper closer to the oil core.
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In other words, 5-DSA perceives variations closer to the aqueous phase whereas 16-DSA

recognizes changes in the oil phase that penetrates the lipophilic surfactant chains [489].

Hence, the observed increase of the tr and S values of 5-DSA in comparison to the
corresponding ones of 16-DSA suggests that the first one is located in a region where the
surfactants are organized more tightly in contrast to the more flexible environment near the
oil phase where 16-DSA is located. Furthermore, in order to examine the polarity profile across
the surfactant monolayer the hyperfine coupling constants (aw) of both spin-probes were also
calculated from the resulting EPR spectra since this parameter is directly related to the
distance between the peaks. Comparing the obtained values for 5- and 16-DSA, it can be
observed that the latter presents higher hyperfine coupling constants in all systems (Table 6).
This could be a verification regarding the location of 16-DSA near the oil phase since in all
cases the values of an are comparable to these of pure solvent which in this case was IPM

[411].

More specifically, regarding the spin probe 5-DSA, encapsulation of VD in the O/W
NEs resulted in increased tr values from 2.73 ns to 3.62 ns with a simultaneous decrease of
order parameters from 0.16 to 0.11. As observed previously by DLS measurements, droplet
size increases upon VD addition which in turn causes a decrease in the curvature of the
surfactants layer. When this occurs the hydrocarbon chains of the surfactants become tighter
packed, thus hindering the motion of the amphiphilic spin probes. Hence, these results are in
accordance with the ones obtained by DLS indicating that VD interacts with the surfactant
monolayer of the O/W NEs increasing its rigidity. Similar behavior has been observed during
the encapsulation of VD in edible O/W NEs developed for various food applications [70,77].
On the other hand, when 16-DSA was incorporated into the systems the obtained values of tr
and S were not affected by the presence of VD which could be related to the negligible
interaction of the encapsulated compound with the spin probe at the deeper depth of the

monolayer near the oil core where is located.

In the case of CU encapsulation, both spin probes demonstrated a decrease in the
values tras compared to the empty systems as can be observed in Table 6. This suggests that
CU influences the movement of the spin probes regardless of the depth they are located in
the membrane. Since CU molecules are symmetric possessing two aromatic ring systems and
a bent conformation, it is most likely that they create free space among tightly packed
surfactant molecules, due to their chemical structure. Hence, CU encapsulation enables both

5-DSA and 16-DSA to rotate more freely resulting in the observed tr decrease [490]. However,
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this phenomenon is more distinct for the spin probe 5-DSA of which the N-O- moiety is
localized closer to the surfactants' polar head groups. According to the obtained results of the
present study, CU seems to be closer to the polar region of the surfactant monolayer. In the
case that CU did not interact with the surfactant molecules and was located closer to the oil
core, more pronounced changes in 16-DSA dynamics would be detected. Regarding the values
of order parameter S, the decrease from 0.16 to 0.11 is observed regarding 5-DSA and is
probably due to the increase of droplet size upon CU encapsulation and the resulting decrease
in the curvature of the surfactant’s monolayer as aforementioned. These findings are in
agreement with studies carried out previously investigating the structure of low energy O/W

NEs where it was also observed the interfacial location of CU [468].

Regarding local polarity an, it was not affected significantly either by the
encapsulation of VD or CU. This is an indication that the nitroxide group of both spin probes
employed in this study remains in their initial location and is not displaced in an environment

with different polarity when the bioactives are encapsulated in the nanodroplets.

Table 6.Calculated values of rotational correlation time (tg), order parameter (S), and isotropic hyperfine coupling
constant (ay) from the EPR spectra of 5-DSA and 16-DSA obtained in empty and loaded NEs (L1, L1/VD3, L1/CU)
and the respective NE/HGs (L1HG, L1HG/VD3, L1HG/CU).

System 5-DSA 16-DSA
T (ns) S oy (X107 T) tr(ns) S o (X107 T)

L1 2.73 0.16 13.8 0.36 0.02 14.8
L1/Vitamin D3 3.62 0.11 13.8 0.35 0.04 14.7
L1/Curcumin 2.14 0.11 14.0 0.33 0.04 14.8
L1HG 2.73 0.17 13.6 0.37 0.04 14.6
L1HG/VvVD3 3.61 0.13 13.8 0.35 0.04 14.7
L1HG/Curcumin 2.23 0.11 14.0 0.36 0.04 14.7

Interestingly, the values 1z, S, and an obtained by the respective NE/HGs were affected
in a similar way as in NEs indicating maintaining a consistent behavior even after their
incorporation into the hydrogel matrix. This finding suggests that the chitosan hydrogel used
as a carrier to achieve the thickening of the formulated NEs at a concentration of 1.25% w/v

does not affect the rigidity or the polarity of the surfactants’ monolayer. In other words, the
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hydrogel matrix has the ability to act as a carrier without the chitosan absorbing onto the
droplet interface or interacting with the non-ionic surfactants as it has been mentioned for

other gelling agents such as small molecules or triblock copolymers [491].

Subsequently, the corresponding investigation was carried out for the NE L4 and the
respective hybrid system in the absence and presence of CBD using 5-DSA ammonium salt and
12-DSA as the spin probes. In contrast to the L1 NE, L4 was formulated without the use of the
co-solvent transcutol and twice as much oil was used as the oil phase containing also EVOO in

combination with IPM in 1:1 ratio.

The obtained EPR experimental spectra of 5-DSA ammonium salt in empty and CBD-
loaded O/W NEs and the respective NE/HGs are illustrated below in figure 49. The
characteristic three-line EPR spectra of doxyl derivatives, when located in membranes, are
also observed in this case. The peaks show unequal heights and widths in all cases, similar to

the ones achieved from the two aforementioned systems.

Figure 49. EPR spectra of 5-DSA ammonium salt in O/W NE based on water, IPM, EVOO, Labrasol, and Maisine (a)
empty (L4) and CBD-loaded (L4-CBD) O/W NEs and (b) empty (L4HG) and CBD-loaded (L4HG-CBD) hybrids.

The three parameters 1, S, and an calculated from the above EPR spectra in the absence and
presence of CBD are presented in Table 7. More specifically, the values tr and S obtained in
the case of 5-DSA demonstrate an increase upon CBD encapsulation in the oil core of the O/W
NEs. Particularly, as indicated in Table 7 1tz was increased from 2.5 + 0.1 ns to 3.2 £ 0.1 ns
providing an indication of a more hindered motion of the spin probe located close to the
surfactants’ polar head groups. In addition, the values of parameter S also demonstrated an
increase from 0.13 + 0.01 to 0.19 £ 0.01 suggesting a higher rigidity in the same area. These

alterations imply that CBD penetrates between the surfactant molecules and interacts with

- . . ) ) . Sotiria Demisli || 111
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



them rendering the surfactants’ monolayer more viscous and less flexible. On the other hand,
the values of the isotropic hyperfine splitting, an, did not exhibit any significant changes
regardless of the presence of CBD. Similar behavior was detected when 12-DSA was used for
the implementation of the study. However, the corresponding values of parameters tr and S
were lower in comparison to those of 5-DSA which could be attributed to the different
locations of 12-DSA in the membrane. Concerning the isotropic hyperfine splitting, an, 12-DSA
displayed higher values than 5-DSA both in the presence and absence of CBD suggesting
differences in the micro polarity at the diverse depths of the surfactants’ monolayer where
the two spin probes are located. These results are in accordance with previous studies
regarding the encapsulation of lipophilic compounds such as Vitamin D3 or curcumin in O/W

NEs based on various oils [22,70,77].

Table 7. Calculated values of rotational correlation time (tr), order parameter (S), and isotropic hyperfine coupling
constant (ay) from the EPR spectra of 5-DSA and 12-DSA obtained by empty and loaded NEs (L4, L4-CBD) and
NE/HGs (L4HG, L4HG-CBD).

TR (ns) S oy (X107 T) T (Ns) S oy (X107 T)

L4 Empty 2.47 £0.06 0.13+0.01 13.8+0.03 1.42 +0.03 0.08 £0.01 14.4 +0.03
EL:':::y 2.45+0.17 0.15+£0.02 13.5+0.11 1.47 £0.06 0.09 £0.01 14.4+£0.11
L4 Full 3.24+£0.10 0.19+0.01 13.5+0.04 2.33+£0.07 0.14+£0.01 14.0+£0.08
L4HG Full 2.68 £ 0.08 0.15 £ 0.02 13.6+0.12 1.55+0.02 0.09 £0.01 14.3 +0.07

Then, hybrid systems prepared based on the aforementioned L4 O/W NE were investigated
using 5-DSA ammonium salt and 12-DSA as spin probes. Regarding the NE/HG in the absence
of CBD, membrane dynamics as expressed by g, S, and ay parameters were similar to the
corresponding NE (Table 7). These results indicate that the use of a chitosan matrix at a
concentration of 1.25 % w/v for the increase of the NEs’ viscosity does not affect the local
viscosity, order, and polarity. On the other hand, the CBD-loaded NE/HG was less affected by
the encapsulation of the lipophilic compound in comparison to the corresponding NE. More
specifically, the CBD-loaded NE/HGs demonstrated only a slight increase in the rotational
correlation time (tr) while order parameter (S) and local polarity remained similar to values

achieved by the empty hybrid systems. These findings suggest that the NE when incorporated
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into the hydrogel obtains a less rigid surfactant monolayer and hence the hybrid system could

probably be a more effective carrier for the transdermal delivery of CBD.

To summarize the obtained tr and S values of all the spin probes demonstrated that
the surfactant monolayer is affected by the encapsulation of all three lipophilic compounds
regardless of their structure. However, the increase or decrease of the monolayers’ rigidity
appears to be dependent on the localization of the encapsulated bioactive molecule.
Nevertheless, the results obtained by the present EPR study indicate that the NEs’ interface is
not affected by the incorporation into the hydrogel matrix. This finding suggests that NE
retains its characteristics, properties, and functionality as a carrier, and hence its combination
with the hydrogel could provide a promising delivery system possessing novel rheological

characteristics suitable for use in transdermal delivery.

5.4.2. Confocal Fluorescence Microscopy (CFM)

In spite of the fact that the aforementioned technique provided useful information on
whether the NEs surfactant monolayer is affected by its incorporation into the hydrogel, an
actual visualization of the nanodroplets was essential. Thus, confocal fluorescence microscopy
(CFM) was implemented in order to achieve an initial depiction of the NEs structure and the
possible changes in the size and shape of the formulated nanodroplets after incorporation in

the chitosan hydrogels.

Typically, CFM is utilized in combination with cells in order to distinguish the live from
the dead ones, to examine the integrity of their membrane after the administration with
diverse systems [492,493] or to investigate the intracellular release of a lipophilic bioactive
compound under study [494]. Furthermore, this method has been commonly utilized for the
monitoring of morphological changes of delivery systems when subjected to simulated
digestion through in vitro models [495-497]. However, quite recently this technique has been
applied for the microstructural characterization of O/W NEs by staining the oil phase with
various lipophilic stains. In the current thesis the lipophilic dye Nile red was used to stain the
oil phase of the developed NEs in order to obtain a visualization of the oil nanodroplets in
their native state. As demonstrated below in figure 50, this method achieved a direct depiction
of the nanodroplets providing an instantaneous and straightforward comparison of the NEs
structure before and after its incorporation into the chitosan hydrogel. The obtained images
suggested that the oil droplets of the O/W NEs had a spherical shape and a diameter of
approximately 120 nm (figure 50) which is in accordance with the results achieved by DLS.

Furthermore, confocal micrographs acquired for the respective NE/HGs did not demonstrate
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any significant changes in the shape or size of the incorporated NEs (figure 50). Hence, in both
the NE and the NE/HG systems, a uniform dispersion of the oil nanodroplets was observed
and no obvious aggregation or other changes were detected. This finding indicates that NE did
not collapse after its incorporation in the hydrogel and maintained its structure intact. As a
result, CBD remaining in the NEs oil core can be dispersed throughout the hydrogel network.
Since CBD is a lipophilic compound its dispersion in hydrophilic carriers as hydrogels would
not be possible without the NEs. Hence, hybrid systems emerge as ideal candidates for the
encapsulation and delivery of lipophilic compounds in cases where increased viscosity is

required for effective administration.

4,Gbpm 4,Gypm

Figure 50. Images obtained by confocal fluorescence microscopy illustrating the Nile red-stained oil mixture of the
formulated NEs (left) and the respective NE/HGs (right) (X 40 magnification).

There are recent studies also utilizing CFM for the visualization of the microstructure
of diverse systems. Nonetheless, similarly to the present thesis, this technique is regularly
utilized as a supplementary tool in combination with DLS or Cryo-TEM methods in order to
provide a complete image of the nanodispersion under study. The use of different dyes
including fluorescein [498], cumarin [499] or nile red [493,500,501] has been mentioned for
the staining of the oil phases of the systems under study with the latter being the most
commonly used. To date, this technique has been implemented in NEs to gain information on
their microstructure and detect any possible alterations upon different environmental
conditions such pH, temperature and salt concentrations [501], to evaluate the preparation

method and determine the ideal process [498] or simply as an additional tool for the depiction
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of a NEs’ oil phase [493,499,500]. Corresponding to the findings of the group Li et al. [501],
that did not observe any significant changes in the NE microstructure in different pH, the NEs
developed in this thesis also maintained their structure intact after their embodiment in the
HG. This result suggests the suitability of the CS HS as a matrix for the development of a novel

system with the appropriate physicochemical properties.

5.4.3. Cryo-Electron Microscopy (Cryo-TEM)

As an alternative technique to achieve direct observation of the structure of NEs and
the respective CBD-loaded formulations, cryogenic electron microscopy (cryo-EM) was
employed. This method is frequently used as an additional tool to DLS to confirm the
assumption that the developed nanodispersions possess indeed a spherical structure [502].
Furthermore, due to the high-resolution images, the identification of any co-existent structure
or aggregate that may remain undetected through DLS [422] is enabled To implement this
method all specimens were vitrified by plunge-freezing as described in a previous chapter
(Chapter 4.2.1.8.) to avoid the formation of ice crystals that perturbs their structure. The use
of cryogenic techniques for sample preparation has been proven an invaluable tool since they
provide the possibility to examine the nanodispersions under study in their native state. Thus,
a more representative visualization is obtained providing high accuracy information [422]. The
vitrification conditions selected in the present thesis were proved to be indeed applicable for
all the samples and cryo-EM data were achieved for NE L4 in the absence and presence of
CBD. Hence, direct investigation of both unloaded and CBD-loaded formulations as depicted
below in figure 51 was achieved, establishing that cryo-EM analysis could be a valuable tool

for the visualization of NEs.

The images acquired demonstrate that the formulated nanodroplets possess a highly
spherical structure as can be observed in figure 51 below. Such spherical shapes have been
also observed in O/W microemulsions intended as carriers for an analog compound of
Vemurafenib [503]. However, in that case the nanodispersions morphology was investigated
in the absence of the bioactive compound. In the present thesis, the NEs’ structure was
examined both in the absence and in presence of CBD in order to investigate the effect of the
bioactive compound on the structure of the nanocarrier. The obtained micrographs illustrate
the existence of spherical structures that demonstrate slight variations in their size ranging
from ~ 80 to 130 nm and ~75 to 134 nm for the NEs in the absence and presence of CBD,
respectively. This kind of variation in the nanodroplet size is often observed in corresponding
NEs since Cryo-TEM provides high-precision imaging [422,504,505]. Particularly, a

considerably high variation in the size of the observed nanodroplets was mentioned in a
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previous study performed by Brenelli et al. regarding the formulation of an O/W NE using an
emulsifier derived from natural source where nanodroplets of diameter from ~50 to ~500 nm
were detected [505]. The dark dots detected in figures 51A and C, correspond to the oil phase
dispersed in the aqueous one (grey areas) with the average size of the empty and loaded NEs
being 113 nm and 124 nm, respectively. Therefore, can be concluded that cryo-EM and DLS
data are in agreement with the first one confirming the DLS findings. The cryo-EM technique
was also implemented for the characterization of NEs with considerably larger diameters
(figure 51B) that could be suitable carriers for the delivery of more complex molecules in terms
of size. It is also observed the localization of the empty O/W NEs in thick vitreous ice regions,
consistently forming spherical signatures (figure 51A). It can be observed that the O/W NE
under study had preferential distribution in thicker vitreous ice similar to polymersomes
previously illustrated with cryo-EM [506—508]. This behavior has also been detected in more
viscous NEs that are adsorbed strongly onto the carbon coated grid making difficult their
removal by filter paper and it could be demonstrated due to the presence of EVOO in the oil

phase which increases the overall viscosity of the NEs under study [422].

Representative micrographs (empty nanoemulsions) Measured diameters (empty nanoemulsions)

Diameter distribution (nm) Violin plot statistics
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Representative micrographs (CBD-loaded nanoemulsions) D Measured diameters (CBD-loaded nanoemulsions)

Diameter distribution (nm) Violin plot statistics
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Figure 51. Cryo-EM study of L4 NEs. (A) Representative micrographs of empty NEs illustrate their distribution,
which is regulated by ice thickness (the thicker the ice, the highest the odds to identify the particles). Background
black dots identified in the micrographs represent possible surfactants. (B) Violin plot demonstrating the
measurements of diameters for 150 single-particle NEs including the underlying statistics in the accompanying
table. The dots in the violin plots represent each single data point. (C) Same as (A), but for CBD-loaded NEs. (D) is
the same as (C), but for CBD-loaded NEs.

Regarding the morphology of the formulated NEs, both the empty as well as the CBD-

loaded ones, demonstrated comparable structural properties (figure 51C). Statistical analysis
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of their nanodroplet diameters did not exhibit any significant change in their observed shapes
(figure 51D). This finding suggests that the encapsulation of CBD does not affect substantially
the systems’ structural rigidity and ultrastructure, indicating minimal perturbations upon drug
encapsulation. This result is in good agreement with the micrographs obtained previously by
two other groups that prepared carriers for the encapsulation of quercetin [509,510]. In the
first case TEM was implemented to visualize the quercetin-loaded O/W NEs. Those NEs
contained 37.5 % w/w of a 1:1 mixture of Labrasol and Tween 80 which was much higher than
the 4% w/w used for the formulation of the NEs of the present investigation. However, the
guercetin-loaded NEs prepared by the group of Pangeni et al. also demonstrated spherical
nanodroplets with a uniform distribution [509]. In another similar study performed by Dario
et al., nanodroplets of spherical structure with a relative fluctuation in their size were also
illustrated when O/W NEs containing quercetin concentration respective to the CBD
encapsulated in the nanocarriers of the present thesis were subjected to Cryo-TEM [510].
These findings indicate that the NEs proposed in the present study could be suitable for the

encapsulation of a lipophilic compound of pharmacological interest, like CBD.

5.4.4. Small-angle X-ray scattering (SAXS)

SAXS is an analytical and non-destructive method to investigate nanostructures in
liquids and solids. This method is able to probe the colloidal length scales of 10-1000 A and
therefore is an appropriate technique to determine the size and the structure of colloidal
systems such as microemulsions, NEs, and hydrogels [511]. However, reaching the upper limit
requires specific equipment and favourable systems. In the present study this method was
implemented in order to investigate possible changes in the NEs’ structure a) upon
encapsulation of different CBD concentrations and b) after the incorporation of NEs into the
hydrogel matrix.

Below, the obtained intensity profiles of the systems under study in the absence and
presence of various CBD concentrations in the so-called Porod representation, are depicted.
Due to the relatively large characteristic sizes, the scattering intensity | is dominated by the
asymptotic power-law decay 1/g* in the investigated range of the scattering wave vector q
which is also referred to as Porod's law. The Porod representation (I-q* vs. q), amplifies
deviations from Porod’s law, unravelling the structure [511,512]. In the specific technique, a
practical limitation arises due to the low contrast of organic matter in relation to water and
the consequent low signal-to-noise ratio. Nevertheless, some robust structural information
still emerges from the data processing, at least in a semi-quantitative sense. However, there

is still some unavoidable background superimposed to the scattering data in spite of the fact
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that the whole radiation pathway (including the sample chamber) is entirely in vacuum, and
the use of a pixel detector (PILATUS-300 k). Since background would be challenging to be
measured directly, it has been estimated using the standard approach described below.
Firstly, it has been accepted that the background level was g-independent in the investigated
range of scattering wave vector. More specifically, the background level B has been
determined by fitting the function A +Bg* to the data A +Bqg* to the data g*- R (R is the raw
scattering data) in the so-called asymptotic range of wave vector values. From the data
depicted in the Porod representation, the asymptotic regime typically starts above q=0.02
A-1. Below the results are illustrated as | - g* vs q (figure. 52) where a red line was used as a
model fit that was obtained and drawn from a model by exploiting the usual form factor of a
sphere. The spectra illustrated in figure 52 provide an indication of the NEs’ structure. The two
peaks located at 3.54/R and 3.51/R resulting from the empty NEs and the NE/HGs respectively
provide an indication regarding the mean diameter and dispersity parameter of the NE before
and after its incorporation into the hydrogel. More specifically, for the empty NEs was
suggested an assembly of non-interacting, identical spheres with a mean diameter of
approximately 118 nm and dispersity parameter of 0.28. In the case of NE/HGs, a decreased
mean diameter of 90 nm was observed while the same dispersity parameter (0.28) was
estimated.

Following, the effect of the encapsulation of two different CBD concentrations,
namely 1 mg/g and 5 mg/g, was investigated and the loaded systems were compared with the
respective NEs in absence of the bioactive of interest. The (truncated) «peak» detected at
around 0.0045 A-1 for the CBD-free system was moved to a slightly larger value, ca. 0.005 A-
1 with CBD concentration. This alteration could be associated with the decrease of the NEs’
droplet size when CBD is encapsulated in the system. However, no significant changes in size
are detected between the two loaded NEs indicating that the encapsulation of different CBD
concentrations does not influence the developed system in terms of size. However, as could
be observed from the SAXS curves (figure 52a) the diameter of the oil nanodroplets calculated
by fitting SAXS data appeared always smaller compared to the values obtained by DLS. This
difference was expected since DLS does not measure just the nanodroplets’ size but also the

hydration layer that moves with the nanodroplets [513].
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Figure 52. a) Data of SAXS in the Porod representation for empty and loaded NEs. Empty NEs (blue ®) and loaded
systems with 1 mg/g CBD (orange ®) and 5 mg/g CBD (green e), the red line is a model fit. b) Empty NE/HGs (blue
®) and loaded systems with 0.5 mg/g CBD (orange ®) and 2.5 mg/g CBD (green e), the red line is a model fit. c)
Chitosan hydrogel (black ), the red line is a model fit.

In addition, the structure of the chitosan hydrogel was examined. As can be observed
from the spectrum depicted in figure 52c it could be described as two-dimensional (thin, with
large lateral dimensions) objects like platelets. No better fit could be obtained since the data
achieved by the chitosan hydrogel was rather noisy. Nevertheless, for the drawing of the
model fit line (figure 52c), a scaling exponent equal to 2 which is in accordance with what is

expected for membranes, was selected.

Finally, the NEs’ size after their incorporation into the hydrogels was investigated to
determine possible changes. For this purpose, the hybrid systems were formulated by
incorporating NEs both in the absence and in presence of CBD in the chitosan hydrogel. In
figure 52b the hybrid systems in the absence and presence of CBD, are illustrated. More
particularly, two different CBD concentrations were investigated namely, 0.5 mg/g and 2.5
mg/g. These systems as the aforementioned ones were also evaluated in terms of size and
structure. The spectrum depicted in figure 52b illustrates that the size and the spherical

structure of the Nes were not influenced by their incorporation in the HGs, with the system in
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the absence of CBD exhibiting again a larger characteristic size in comparison to both CBD-

loaded systems.

To summarize, the findings acquired by the SAXS complement those obtained by EPR
and confocal microscopy indicating that indeed the NEs’ incorporation in the chitosan-based
hydrogel could provide protection to them without affecting significantly their structural

properties.

5.5. Biological evaluation of oil-in-water nanoemulsions & nanoemulsion-filled

hydrogels
An essential objective of the present thesis was the development of nanocarriers that
could be used as delivery vehicles for various lipophilic bioactives through alternative routes
of administration. Thus, the biological evaluation of the developed systems in terms of toxicity
as well as the assessment of their ability to act as suitable carriers to deliver the bioactives

through the skin were of paramount importance.

Since the developed nanodispersions were intended either for intranasal or
transdermal administration, it was deemed necessary to investigate their effect in two
different cell lines to determine whether they demonstrate any cytotoxicity. Hence, two cell
lines were selected for the evaluation of toxicity, namely human nasal epithelial cells (RPMI
2650) and normal human fibroblasts (WS1). Initially, NEs L3 and L4 were selected for
investigation. This was due to the fact that they were easy to prepare and did not contain the
co-surfactant Transcutol which is known to present toxicity. Subsequently, the most promising
NE in terms of toxicity as well as the corresponding hybrid system were further evaluated in
terms of transdermal delivery using synthetic membranes as well as porcine ears which served

as a model of the human skin.

The results obtained from the biological evaluation of the developed NEs and the

respective NE/HGs are reported below.

5.5.1. Cell viability assay

To investigate the effect of NEs L3 and L4 (compositions presented in Table 8) on cell
viability in vitro, the colorimetric MTT assay was performed. As aforementioned in a previous
chapter (4.2.3.2. Cell viability assay (MTT assay)), during the particular tetrazolium-based
assay the viable cells are evaluated by measuring the reduction of tetrazolium salt by

intracellular dehydrogenases occurring in their mitochondria [444]. Since the evaluation of
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the nanodispersion itself is of paramount importance in order to determine its suitability as a
carrier, the study was initially performed using NEs in the absence of any bioactive compound.
Thus, to carry out this assay, human nasal epithelial cells (RPMI 2650) were treated with
unloaded NEs L3 and L4, at a concentration range of 0.05 to 2.5 mg/mL in the cell culture

medium.

Table 8. Composition of the NEs L3 and L4 that were selected for biological evaluation.

Ingredients (% w/w)

Water T80 Labrasol Maisine IPM EVOO
L3 91 2 2 1 4 -
L4 91 2 2 1 2 2

As can be observed in figure 53 below, both NEs did not exhibit any cytotoxic effect
up to the concentration threshold of 0.5 mg/mL in the cell culture medium. It should be
mentioned that this is a rather high concentration compared to previous studies conducted
using NEs with similar composition. Particularly, in a study performed by Espinoza et al. O/W
NEs were prepared based on a mixture of the surfactants Labrasol/Tween 80/Transcutol P and
Capryol 90 as the oil phase in order to be used for nose-to-brain delivery of Donepezil [514].
The drug-loaded NEs demonstrated cell viability greater than 80% when administered in the

cell culture at concentrations ranging from 3.125 to 25 pg/mL.

Nevertheless, further increase of the NEs’ concentration led to an increase of the
cytotoxic effect, a result that could be associated with the increased concentration of the
systems’ components in the culture medium. More specifically, it is well established that
surfactants, including Tween 80, are capable to disrupt the cell membrane of epithelial cells.
As has been previously reported, Tween 80 in particular, significantly decreases the viability
of RPMI 2650 cells in a dose-dependent way [21,515]. On the other hand, the EVOO-
containing NE L4 did not exhibit the same behavior as the L3 especially at higher
concentrations. More specifically, NE L4 did not demonstrate any cytotoxicity up to the
concentration threshold of 0.75mg/mL of the culture medium in comparison to the 0.5mg/mL
observed regarding L3 NE which did not contain EVOO. In addition, in higher concentrations
(1.75mg/mL and 2.5mg/mL) while both L3 and L4 NEs displayed cytotoxicity, nevertheless L4
still presented higher cell viability. These findings could be attributed to the health benefits of
EVOO which are well-established and mentioned in the literature in abundance. To the best
of our knowledge there are no available studies performed investigating the effect of EVOO

specifically on the nasal cell line used in the present thesis. However, throughout the years
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several studies have been performed suggesting the antioxidant, anti-inflammatory and
antimicrobial properties of EVOO [81,83,84,102,105]. Particularly, in a recent review are
highlighted the effects of EVOO on the proper cell function which are mainly attributed
especially to the phenolic fracture it contains. In this review is mentioned that the polyphenols
contained in EVOO are involved in the modulation of a variety of cellular pathways
maintaining the genomic stability of the cells and protecting their nuclear and mitochondrial
DNA against damage induced by oxidative stress [516]. Therefore, there are compelling
indications based on the literature that the improved cell viability upon L4 administration
could be attributed to the presence of EVOO. Since NE L4 demonstrated reduced cytotoxic
effect in cell line RPMI 2650 even at higher concentrations, it was selected for further

investigation.
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Figure 53. Cell viability results in nasal epithelial cell line (RPMI 2650) after 72 h of treatment with L3 and L4 NEs
using the MTT cell proliferation assay. Each column represents the mean of six replicates + SD.

The nanodispersions proposed in the present thesis were formulated to provide the
possibility of delivery with alternative routes of administration. Thus, L4 NE which
demonstrated a more favorable cytotoxic profile in the nasal epithelial cells, and the
respective NE/HG both in the absence and presence of CBD were evaluated for potential
toxicity in normal human fibroblasts (WS1). This study was carried out in order to investigate
whether these systems could be suitable for topical use and possibly for wound healing due

to the potentially proliferative properties of EVOO. Accordingly, NE L4 and the corresponding
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NE/HG were administered to WS1 cells in the absence and presence of CBD at a concentration
range of 0.5 to 1.5 mg/mL and the biocompatibility of these two colloidal delivery systems
was compared. As can be observed in figure 54 presented below, neither the NEs nor the
NE/HGs exhibited any cytotoxic impact up to the concentration threshold of 1.5 mg/mL in the
cell culture medium. The high biocompatibility of the nanodispersions under study is possibly
attributed to the fairly low concentration of surfactants (5 % w/w) as well as the presence of
EVOO. In fact, the specific investigation suggests that the treatment of the WS1 cells with the

empty systems could induce a dose-dependent cell proliferation.
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Figure 54. Cell viability testing results in human fibroblasts cell line (WS1) after 72 h of treatment with L4 NE and
the respective L4/HG NE/HG in the absence and presence of CBD using the MTT cell proliferation assay. Each
column represents the mean of five replicates + SD.

This finding could be attributed possibly to the EVOO-containing oil phase [84,517] as well as
the presnce of chitosan in the hybrid systems. More specifically, in a previous study conducted
by Howling et al. [518] a strong stimulation of fibroblast proliferation was demonstrated when
highly deacetylated chitosan, like the one used in the present thesis was adminstered to the
cells. Despite the fact that the chitosans’ exact mechanism of action has not been elucidated
yet, there are indications that it has the ability to bind to serum factors, such as growth factors
inducing cell proliferation [519]. In addition, at higher concentrations, the CBD-loaded systems
demonstrated an increased cell viability suggesting that the particular bioactive molecule
could also stimulate the proliferation of fibroblasts. Since as until recently, the most common

delivery route for CBD was the oral administration, there is no comparable literature
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investigating the effect of CBD on normal human fibroblasts. Nevertheless, there studies
performed using murine models indicating the engagement of the endocannabinoid system
with the wound healing response in fibroblast cells via the upregulation of epidermal growth
factors [520]. Another study recently performed by Nigro et al. investigated the effect of the
cell viability of fibroblasts after their treatment with NE/HG formulated for the topical delivery
of coenzyme Q10 (coQ10) [521]. It is worth mentioning that the colloidal systems developed
in the present theseis were administered at noticeably increased concentrations in
comparison to the aforementioned study without demonstrating the corresponding cytotoxic

effect.

In conclusion, the results described above regarding the cell viability assessment in
vitro using two different cell lines indicate that both delivery systems under study display
considerably high biocompatibility. Furthermore, the effect of these colloidal systems on the
WS1 cell line provides an indication that they could stimulate skin fibroblast proliferation
making them ideal candidates for topical applications where wound healing is required.
Hence, this study suggests that both the NEs and the corresponding NE/HGs could be suitable
candidates for the delivery of various lipophilic bioactive compounds through diverse
administration routes including intranasal and (trans)dermal administration for a number of

applications.

5.5.2. In vitro release Study

A crucial parameter indicating the suitability of nanocarriers to act as potent delivery
systems is their ability to effectively release the encapsulated compound. Thus, a preliminary
study was conducted using vertical glass Franz diffusion cells and a synthetic cellulose
membrane in order to investigate in vitro the release of encapsulated VD and CU from NE L4

and the respective NE/HG.

In order to perform this study, 1 mL of each loaded nanocarrier was placed in the
donor compartment of each cell. The in vitro release profiles of VD and CU both from the NEs
and the NE/HGs were examined for 26 and 28 h, respectively, in 1:1 PBS buffer/ethanol
solution. Samples were collected from the receiver compartment at different time intervals
and the corresponding amount was replaced with fresh buffer. The permeated amounts of
each bioactive molecule were calculated by a Cary UV-VIS spectrophotometer at the
wavelength of peak absorption. For this calculation standard curves were prepared for both
VD and CU using appropriate amounts to prepare standard solutions of known concentrations

which were then measured at the appropriate wavelengths, namely 259 nm and 213 nm. The

- . . . ) ) Sotiria Demisli || 124
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



equations obtained by plotting the standard curves of VD (y = 0.037x, R? = 0.993) and CU (y =
0.158x, R? = 0.999) were used to determine the concentration of the bioactive substance
released over time from the nanodispersions. The membrane permeation profiles of the
bioactives VD and CU from the colloidal systems under study are depicted in the diagrams
below in figure 55, illustrating the cumulative amount of compound permeated in the receiver
compartment as a function of time. The concentration of both VD and CU in the receptor
compartment increased over time regardless of the investigated system. However, the two
bioactives demonstrated distinctive release profiles and different cumulative amounts were

detected in the receiver medium.

Vitamin D3

16
=14
£
o o
=10 [ % L]
S
L .
M 6 i
24
=
L2
=
Eom
O 9 5 10 15 20 25 30
Time (h)
Curcumin

12 .
£ 1 u
[oT¢]
= 8 ®
-
S
g 6
© 4
(]
2 ]
B gaf
£ om®
3 0 5 10 15 20 25 30

Time (h)

Figure 55. In vitro release of encapsulated (a) vitamin D3 and (b) curcumin from (m) NE L4 and (e) the respective
NE/HG at 32 + 0.5 °C. The results are presented as average * S.D.

Regarding VD, the amount released during the 26 h that the study was conducted,

was up to 12% and 33% from the NE and the NE/HG, respectively. According to the release
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rate obtained by the slope achieved from the plot of the cumulative amount as a function of
time the release occurred in two stages. As illustrated in figure 55, an initial stage of burst
release was observed during the first 5 h and following the release rate was significantly
decreased during the second stage. Since VD is typically intended for oral administration, its
release is most commonly investigated using in vitro gastrointestinal models [522,523] and
therefore, to the best of our knowledge there are no similar investigations discussed in the
literature. However, this release model of two stages has been previously mentioned by
Marcos Bruschi [524], suggesting that the burst release observed at the first stage of the
present study indicates the ability of the proposed nanodispersions to initially deliver the
necessary therapeutic dose of VD rapidly. Following, due to the decrease of the release rate
the developed nanodispersions could provide a steady rate of the concentration of the
bioactive agent in the blood or the preferred site of action as long as possible, resulting in a

sustained release rate and duration [524].

In the case of CU, after 28 h at the end of the study, 8% and 13% of the bioactive was
released from the NE and the NE/HG, respectively. The release from both colloidal
nanodispersions followed the zero-order kinetic described with a linear relationship of the
cumulative amount of the released drug as a function of time. It is worth noting that both the
NE and the NE/HG released the encapsulated CU with the same release kinetic indicating that
the NE maintained its structure and properties after its incorporation into the hydrogel matrix.
On the other hand, in a study performed by Rachmawati et. al [525], comparing the in vitro
release of a NE and the corresponding nanoemulgel it was observed that the two developed
systems followed a different release kinetic. More specifically, similarly to the NEs developed
in the present thesis, zero-order kinetic was observed during the release of CU from the NE of
this group. However, the release kinetic of CU changed to a Higuchi release profile when the
NE was incorporated to a Viscolam AT 100P hydrogel matrix. The research group suggested
that a burst release of the CU is obtained due to the hydrophilic nature of the polymer
comprising the gel matrix. The high hydrophilicity of the gel resulted in the formation of loose
channels within the network leading to burst release [525]. These findings indicate that the
hydrogel matrix selected for the incorporation of the loaded NE could affect its structure and
therefore alter the release profile of the encapsulated substance of interest. These results
suggest that the CS HG proposed for the incorporation of the developed NE is an appropriate
matrix that could provide protection against burst release while maintaining the NEs’

properties.
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As can be observed from the plots illustrated in figure 55, the release rate of both
lipophilic molecules from the NEs was comparable to the corresponding ones from the
NE/HGs at 32 + 0.5 °C indicating that the release rate of the bioactives is not affected by the
structure of the developed nanocarriers. However, VD and CU are released following a
different kinetic model and at different release rates with VD being released to a greater
extent. This difference between the released amounts of the two bioactive substances could
be attributed to their contrasting solubilities in ethanol which are 30mg/mL for VD versus
1mg/mL for CU. In addition, the diverse release rates are in accordance with the literature
suggesting that release rate constants are depended on the composition of the nanocarrier as
well as the structure of the incorporated bioactive compound [526]. However, in the present
study the composition of the nanocarrier does not seem to have a decisive effect on the
release of the encapsulated compounds probably because the NE maintains its structure after

the incorporation into the CS HG.

5.5.3. Exvivo permeation study

As mentioned above, investigation of the release of an encapsulated substance with
pharmacological interest from a carrier is crucial. It provides a significant indication regarding
the bioavailability of the compound under study and the suitability of the nanocarrier as a
delivery vehicle. In the present study, both NEs and the corresponding NE/HGs were examined
as delivery vehicles of CBD and compared in terms of release of the encapsulated molecule.
The structural difference of these two systems could be expected to affect their ability to
release and deliver the encapsulated bioactive compound into/through the skin [23].
Therefore, various characteristics were evaluated including the release profile and rate and
the cumulative amount of the released bioactive in order to determine the suitability of the

developed nanodispersions as delivery vehicles for (trans)dermal administration.

In spite the fact that synthetic membranes are very popular for the implementation of
in vitro release studies due to the ease of application, more than often they demonstrate
important shortcomings. Foremost, the major challenges are the inability to correlate the
results obtained from the synthetic membrane with the in vivo performance and the difficulty
to detect possible differences in release due to different structure of the vehicle encapsulating
the bioactive [527]. For that reason, in the present thesis the in vitro permeation protocol
described in Chapter 4.2.3.3. was implemented following the preliminary study that was
performed using cellulose membranes. In order to perform this study, modified Franz
diffusion cells were used and full-thickness porcine ear skin was selected as the model

membrane. Throughout the years, the similarity of the porcine ear skin to its human
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counterpart has been established via various studies including biophysical characterization
[528]. More specifically, porcine ear and human skin are strikingly comparable in terms of
structure, thickness, collagen, sweat glands and hair follicle content. In addition, they
demonstrate similar biophysical properties and the lipids of which they are composed display
corresponding behaviors resulting to equivalent penetration for topically administered
compounds [529-533]. Hence, the suitability of porcine ear skin to simulate in vivo results in
human skin has been established and is frequently utilized as model membrane for diverse
studies including transdermal delivery as well as wound healing, dermal toxicology and

radiation effects [530].

Thus, an ex vivo permeation study using full-thickness porcine ear skin as a membrane
was performed in order detect potential differences regarding the rate and extent of CBD
delivery through the skin from the investigated samples. The study was conducted under
infinite dose regimen. Although the amount of formulation which is used in these experiments
is significantly higher than the actual amount applied by patients, infinite dose experiments
allow determining the maximum flux of the CBD from a formulation and therefore enable to

parametrically compare investigated formulations.

The cumulative permeation profiles of CBD and the corresponding ex vivo permeation
parameters are presented in figure 56 and table 9, respectively. Interestingly, no CBD has
permeated through the porcine skin at the beginning of the test. More specifically, as can be
observed below in figure 56, CBD was initially detected in the receiving cells 24 and 22 h after
administration of NEs and NE/HGs, respectively. Before these time intervals, CBD
concentration was below the LC/MS-MS quantification limit. At later sampling time intervals,

NE/HG displayed higher CBD release in comparison to NEs.
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Figure 56. Permeation profiles of CBD determined across the full-thickness pig ear skin (mean * SD, n=6) reflecting
the influence of differences in nanocarrier type on the ex vivo skin absorption of CBD. (=8)
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As demonstrated in Table 9, NE/HGs exhibited higher permeation rate and permeation
coefficient which suggest enhanced transdermal absorption. Furthermore, by the end of the
30-h incubation time, the cumulative amount of CBD that was detected in the acceptor
compartment of the cells where NE/HG were administered was also higher in comparison to

the NE ones.

Table 9. Ex vivo skin penetration data for the different investigated colloidal systems after 30 h of application
(mean * SD, n=6). (=4)

Cumulative amount of . .
Qaon Permeation coefficient

steady-state flux

. CBD permeated through

2,1 2
(g/cm*h™) the skin (pg/cm) (ng/emh}
NEs 403.37 +£130.09 572.56 + 211.11 80.67 £211.11
NE/HGs @ 475.68 + 162.57 709.22 +220.62 95.14 32.51

These findings could be attributed to the presence of CS in the NE/HGs which
functions as a penetration enhancer. This phenomenon occurs due to the ability of CS to
interact with the SC in diverse ways including the modification of its protein structure and to
act as a moisturizing agent increasing the SCs’ water content [534,535]. It is well-established
that the percutaneous absorption of any bioactive compound is significantly affected by
variations in skin hydration since it influences the structure of the SC [536]. Skin occlusion
even for a short period of time, can lead to increased SC hydration, while extended skin
hydration (>8h) causes a swelling of corneocytes, creating inter-corneocyte ruptures, and
causes microstructural changes in lipid self-assembly. Hence, the percutaneous absorption of
the bioactives of interest is influenced by the swelling of the corneocytes and possibly by the
modification of the intercellular lipid phase structure and organization [537-541]. Therefore,
the penetration of the administered compounds is enhanced with increasing duration of
occlusion. This behavior could also be related to the increased viscosity of the NE/HG which
leaves a thicker and more occlusive residue on the skin leading to enhanced skin permeation
due to an increase in hydration [542]. In addition, the presence of EVOO in the oil phase of
the systems could also enhance the percutaneous absorption of CBD. This could be related to
the ability of fatty acids such as oleic acid, which is in abundance in EVOO, to function as

penetration or permeation enhancers boosting the CBD permeation through the skin [543].

Therefore, the obtained results indicate that the NE/HG itself contributed to the
improved penetration of CBD. Nevertheless, it is important to emphasize that the observed

permeation parameters of the two nanodispersions under study did not present significant

. ) ) ) . . Sotiria Demisli || 129
Institutional Repository - Library & Information Centre - University of Thessaly

28/07/2024 01:53:12 EEST - 3.147.85.108



difference, probably due to high variability of the achieved results. The high variation is
frequently reported in the literature and is highly expected since porcine ear skin that was
used is a biological membrane with diverse properties related to different characteristics of

the animals including age, sex, breeding and diet conditions.

5.5.4. Tape stripping experiments

The results obtained by the aforementioned in vitro permeation study suggest that the
physicochemical characteristics of the vehicles used for the encapsulation of CBD can induce
areversible disruption of the skin layers. Furthermore, during the 30-h in vitro skin permeation
studies it was observed that the used nanodispersions were able to promote higher degree of
skin hydration and probably induce changes of the porcine ear skin reducing its barrier
function. Thus, preliminary differential tape stripping experiments were performed on porcine
ear skin in order to investigate the quantity of CBD that penetrated through the superficial

skin layers after a shorter exposure time.

As opposed to the in vitro permeation study mentioned above where the skin was
excised from the porcine ears, during the present investigation the skin remained intact on
the cartilage. However, the same infinite dose setting was administered. The samples were
collected 2 h after the administration of the two colloidal systems and LC-MS/MS was used
for the quantification of the CBD amount. In addition, it is important to mention that a
preliminary study was initially carried out in order to determine the number of tapes required
for the complete removal of the CBD localized in the SC. The obtained results revealed that
after the removal of 30 tapes there was still CBD detected in the SC indicating a rapid
penetration of the compound in the SC. During the experiments it was decided to discard the
first two tapes removed since a very high amount of CBD was detected in these samples. This
phenomenon was notably observed in the skin surface where the NE/HGs were administered,
which could be related to the bioadhesive properties of chitosan [544]. The detection of higher
amounts of bioactives in the first tapes has been mentioned previously by other research
groups and was attributed to the adhesive properties of the nanodispersions applied on the
skin surface, resulting in the creation of a dense film on the skin following the water

evaporation [545,546].
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Figure 57. Diagram representing the stratum corneum concentration of CBD in relation to the cumulative
thickness of stratum corneum removed profiles following a 2h application of tested samples (mean * SE, n=4).

(=9)

In the present study the total quantity of CBD recovered in the SC where NE was
applied was slightly increased (3853.20 + 543.06 ng/cm2) in comparison to the NE/HG
(2745.41 + 1022.44 ng/cm?). Nevertheless, no statistically significant difference was observed,
despite the fact that the two formulations under study demonstrated differences in viscosity.
However, an obvious difference was observed between NEs and NE/HGs regarding the
penetration depth of CBD as illustrated in figure 57. More specifically, significantly increased
amount of SC was removed with 28 tapes after the administration of the NE/HG (14.644 +
8.338 um) in comparison to the NE (10.493 + 3.958 um). This finding indicates that the
cohesion of the corneocytes was probably decreased after application of the hybrid system
due to the presence of CS interacting with the SC as suggested in the previous chapter (5.5.3).
Additionally, comparing this finding with in vitro permeation results, it appears that skin
occlusion potentiated the observed effect, leading to improved CBD delivery during the

prolonged test duration.

The obtained results are in agreement with various studies conducted by other
research groups in the past. Particularly, there is a previous study investigating the effect of
viscosity of various formulations on drug penetration through porcine ear skin. The group of
Binder et al. examined formulations of different viscosities in comparison to a liquid system.
Their findings indicate that the penetration of the drug was independent of this parameter.
However, it was observed that the penetration depth of the drug was greatly affected by the

concentration of the gelling agent used in the evaluated formulations. In addition,
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corresponding to the results presented in the current study, significantly lower quantity of the
administered drug was recovered from the SC in the surface where the liquid control was
applied. This was attributed to the higher viscosity of the hydrogel formulations, adhering
more effectively on the skin surface thus leaving an increased residue on the skin even after
thorough removal of the excess formulation [547]. Furthermore, another research group
established that increased viscosity and skin penetration of a bioactive present a positive

correlation probably due to improved and prolonged contact with the skin [548].

These findings suggest a rapid and increased permeation through the SC indicating that
the proposed nanodispersions are promising candidates for the transdermal delivery of CBD.
However, the hybrid system in particular due to its characteristics and the presence of CS

demonstrated enhanced properties as a delivery vehicle for percutaneous delivery.
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Chapter 6 — Conclusions

In the present thesis, the main objective was the development of biocompatible
nanocarriers in order to be used as delivery vehicles for various lipophilic compounds.
Ultimately, the formulated nanodispersions were proposed for the delivery of bioactives of
pharmacological interest through alternative routes of administration including intranasal and

transdermal.

Initially, biocompatible oil-in-water NEs were developed using non-toxic, GRAS oils,
surfactants and co-surfactants. Particularly, isopropyl myristate, extra virgin olive oil and their
combination were used as the oil phase. Stable systems were obtained by implementing both
high- and low-energy emulsification methods and using various combinations of the selected
components. The nanodroplet size and the homogeneity of the developed systems were
evaluated using DLS in order to determine the most promising systems in terms of stability.
Two low-energy NEs monodispersed and stable for three months containing IPM and a
combination of IPM and EVOO as the oil phase were selected for the encapsulation of the
bioactives and the development of the hybrid systems. In addition, these NEs were prepared
in the absence of co-solvent or any permeation enhancers that could cause toxicity. Thus, the
three lipophilic bioactives of interest namely, VD, CU and, CBD were successfully encapsulated
in the developed NEs. All three compounds induced slight changes to the NEs in terms of
nanodroplet size and homogeneity, however, they still remained stable for three months

indicating that the developed NEs are suitable carriers.

Moreover, hydrogels were formulated using various polymers and their
combinations. In order to determine the most suitable hydrogel matrix, C-PC extract was
incorporated in them. After optical observation and carrying out studies in different
temperature conditions and pH, a chitosan hydrogel of concentration 1.25% w/v was finally
selected for the development of the hybrid systems. This HG demonstrated the most
satisfactory properties and no changes were optically observed for at least three months.
Therefore, it was considered as the most suitable matrix for the incorporation of the NEs in

order to obtain the desired “carrier in carrier” colloidal formulations.

Both NEs and NE/HGs were structurally characterized by performing EPR, SAXS,
confocal microscopy and cryo-EM. Regarding the hybrid systems, the investigation of the NEs’
structure after its incorporation into the HG was of special interest in order to elucidate

possible structural changes. Particularly, EPR spin probing indicated that the rigidity of the
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surfactant monolayer was affected differently depending on the bioactive compound
encapsulated in the system. However, all NE/HGs under study demonstrated less viscous
interfacial films in comparison to the corresponding NEs providing the indication that they
could release the encapsulated compounds more efficiently. The spherical structure of the
NEs that remained unaffected upon incorporation into the HG matrix was confirmed by a
combination of methods acting in a complementary manner. Initially, confocal micrographs
demonstrated the presence of spherical oil droplets of comparable sizes in both formulations.
In addition, SAXS results also suggested that the spherical structure as well as the size of the
NEs were not affected by their embodiment in the HG, indicating that they maintained their
properties as colloidal systems. Furthermore, SAXS exhibited that the encapsulation of
different CBD concentrations had no significant effect on the NEs’ structure and the size of
the nanodroplets both before and after its incorporation into the hydrogel. Finally, NEs in the
absence and presence of CBD were characterized via cryo-EM which also demonstrated the
presence of spherical structures and confirmed the droplet diameters that were obtained by

DLS.

Subsequently, the developed nanocarriers were examined using in vitro and ex vivo
assays in order to evaluate their suitability as delivery vehicles. First of all, a cell viability
assessment was of paramount importance in order to establish that the carriers themselves
in the absence of bioactive compounds do not demonstrate any cytotoxic effect. Hence, the
two most promising NEs were administered to human nasal epithelial cells (RPMI 2650) in
various concentrations. The system containing EVOO in the oil phase exhibited increased cell
viability even when administered in particularly high concentrations in the cell culture
medium. Therefore, it was selected for the encapsulation of CBD and for the formulation of
the hybrid systems. Subsequently, NEs in the absence and presence of CBD as well as the
corresponding NE/HGs were administered to human normal fibroblasts (WS1). Cell viability
assessment indicated that both colloidal delivery systems present increased biocompatibility
even at very high concentrations. Secondly, a preliminary in vitro permeation study using
synthetic cellulose membranes was carried out to investigate the ability of the
nanodispersions to release the bioactives. It was demonstrated that the release kinetics was
independent of the nanocarrier, however, it was related to the structure of the encapsulated
compound and its interaction with the surfactant monolayer. Both VD and CU were effectively
released, however, increased amounts were released from the NE/HG. This finding was
confirmed through an in vitro permeation study in which porcine’s ear skin was used as the

model membrane. This study was performed in order to evaluate the suitability of NEs and
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NE/HGs as vehicles for the transdermal delivery of CBD. Improved penetration of CBD was
observed for both NEs and NE/ HGs which was related to the presence of surfactants at the
interface, inducing structural changes and solubilizing the lipids and proteins of the SC.
Moreover, tape stripping experiments demonstrated enhanced penetration of CBD with
administration of the NE/HG system that could be attributed to the presence of chitosan

further affecting the structure of the SC.

Overall, the present thesis indicates that the proposed colloidal delivery systems, can
be ideal candidates for the efficient transdermal delivery of bioactive compounds of highly
lipophilic nature. The increased cell viability and the enhanced penetration properties are
essential characteristics of a nanodispersion to be used for the administration of substances
of pharmacological interest. Finally, the comparison between NEs and NE/HGs demonstrated
that the hybrid systems exhibit improved penetration through SC making them more
appropriate for transdermal administration versus the corresponding NEs. In the future, the
ability of the developed nanocarriers to simultaneously encapsulate lipophilic and hydrophilic
bioactive compounds in order to achieve synergistic action and improved biological effects
remains to be investigated. Nevertheless, the foremost benefit of the proposed systems is
that they could provide simple and non-invasive alternative routes of delivery which are of
paramount importance for people who are not able to take medication orally or they want to

avoid painful ways of delivery such as injection.
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Supplementary data

The results that were presented above in the chapters 5.5.3. Ex vivo permeation study and
5.5.4. Tape stripping experiments were obtained using the following raw data. These data
were obtained using the technique of Liquid chromatography- mass spectrometry (LC MS/MS)

in combination with a standard curve that was prepared using known CBD concentrations.

Standard curve

Table 10. lllustration of the peaks obtained by performing liquid chromatography-mass spectrometry in CBD
samples with known concentrations.

Concentration Peak 1 Peak2 Average

(ng/mL)

5 36259 29178 32718,5
10 68375 48042 58208,5
20 111812 93986 102899
50 222641 211023 = 216832
100 395630 385322 390476
200 667234 660329 663781,5
500 1421767 1413245 1417506

Using the results illustrated in the table, the following standard curve was obtained which was

then used for the processing of the raw data.
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Figure 58. Standard curve diagram that was prepared using solutions with known concentrations of CBD.
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Ex vivo permeation study

In order to obtain as accurate results as possible, NEs and NE/HGs were each applied in six
Franz diffusion cells. The obtained raw data representing the CBD concentrations that were

detected over time in each cell are presented in the table below.

Table 11. Raw date obtained during the ex vivo permeation study using the LC MS/MS method.

C (ng/mL) C (ng/mL) C (ng/mL)
NE 1 0 <LOQ 142 <LOQ 680 <LOQ
NE 2 0 <LOoQ 549 <LO0Q 2673 <LOQ
NE 3 343 <LoQ 274 <LoQ 381 <LoQ
NE 4 2510 <LO0Q 2332 <LO0Q 2847 <LO0Q
NE 5 299 <LOQ 1703 <LOQ 7465 1,12
NE 6 4619 <LoQ 5483 <LoQ 4820 <LO0Q
2 4 6
NE/HG 7 0 <LOQ 302 <LOQ 2347 <LOQ
NE/HG 8 108 <LOoQ 884 <L0Q 3343 <LOQ
NE/HG 9 120 <LOQ 3267 <LOQ 10417 4,78
NE/HG 10 1988 <LoQ 2330 <LO0Q 1726 <LO0Q
NE/HG 11 214 <LOQ 194 <LOQ 1173 <LOQ
NE/HG 12 326 <LO0Q 719 <LO0Q 2369 <LOQ

C(ng/mL) C (ng/mL) C (ng/mL)
NE 1 1845 <L0Q 361 <L0Q 39351 40,74
NE 2 5876 <LoQ 836 <LoQ 125806 148,17
NE 3 633 <LOQ 89 <LOQ 21868 19,01
8 22 24
NE 4 3067 <LoQ 218 <LoQ 34687 34,94
NE 5 13215 8,26 2230 <LOQ 164089 195,74
NE 6 5685 <LOoQ 1298 <LoQ 43374 45,74
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NE/HG 7 6938 0,46
NE/HG 8 7681 1,38
NE/HG 9 21830 18,97
NE/HG 10 2425 <LOoQ
NE/HG 11 3147 <LOQ
NE/HG 12 5456 <LOoQ

89943 103,60
71615 80,83
195918 235,29
10308 4,65

42772 44,99
29799 28,87

137355 162,52
87715 100,84

210262 253,12
12185 6,98
46069 49,09
76403 86,78
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C (ng/mL) C (ng/mL) C (ng/mL)
NE 1 42466 44,61 46198 49,25 55202 60,43
NE 2 136686 161,69 160006 190,67 178964 214,22
NE 3 24390 22,15 30478 29,71 35524 35,98
NE 4 36424 37,10 47684 51,09 52025 56,49
NE 5 187423 224,74 212680 256,12 227338 274,33
NE 6 48580 52,21 57550 63,35 63809 71,13
26 28 30
NE/HG 7 153714 182,85 175957 210,49 192260 230,75
NE/HG 8 95129 110,05 106035 123,60 110964 129,73
NE/HG 9 229717 277,29 260384 315,40 285903 347,11
NE/HG 10 13324 8,40 16337 12,14 19533 16,11
NE/HG 11 47416 50,76 55188 60,42 64608 72,12
NE/HG 12 82961 94,93 95252 110,20 106142 123,73
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Tape stripping experiments

Since porcine ears demonstrate significant variation in their structure, it was deemed
necessary to conduct five independent experiments in order to achieve results as accurate as
possible. The raw data obtained using the LC MS/MS method and the aforementioned

standard curve are presented in the tables below.

Table 12. Raw data obtained during tape stripping experiments using the LC MS/MS method (experiments 1-3).

Sample Absorbance Concentration Absorbance Concentration Absorbance Concentration

(ng/mL) (ng/mL) (ng/mL)
G1 551660 677,34 236017 285,12 504074 618,21
G2 324373 394,91 152400 181,21 273672 331,91
G3 106624 124,33 126604 149,16 380710 464,92
G4 117148 137,41 75507 85,67 113079 132,35
G5 84376 96,69 60989 67,63 81780 93,46
G6 52870 57,54 51627 55,99 104222 121,35
G7 51482 55,81 183183 219,47 64910 72,50
G8 42866 45,11 69422 78,10 90467 104,26
G9 49317 53,12 48762 52,43 77764 88,47
G10 43481 45,87 35570 36,04 47628 51,02
G11 28111 26,77 51320 55,61 86613 99,47
G12 64895 72,48 34113 34,23 77998 88,76
G13 31749 31,29 32205 31,86 56944 62,60
G14 74132 83,96 32048 31,66 66746 74,78
G15 28788 27,61 47696 51,11 88511 101,83
G16 91879 106,01 17494 13,58 92118 106,31
G17 28614 27,40 16383 12,20 59641 65,95
G18 407504 498,21 51151 55,40 86416 99,22
G19 224047 270,25 24883 22,76 125065 147,25
G20 39850 41,36 26880 25,24 78331 89,18
G21 47853 51,30 62215 69,15 68693 77,20
G22 32598 32,35 47719 51,14 159538 190,08
G23 12397 7,24 29133 28,04 83228 95,26
G24 20636 17,48 118977 139,68 66999 75,09
G25 11781 6,48 7291 0,90 79762 90,95
G26 19533 16,11 26785 25,12 106934 124,72
G27 43098 45,39 17130 13,13 126118 148,56
G28 23941 21,59 42729 44,94 109946 128,46
G29 155831 185,48 23124 20,57 66056 73,92
G30 27507 26,02 28258 26,95 92681 107,01
N1 273257 331,39 439006 537,36 348366 424,73
N2 97637 113,17 328531 400,08 333028 405,67
N3 75517 85,68 211043 254,09 200528 241,02
N4 68042 76,39 119432 140,25 127795 150,64
N5 47235 50,53 88574 101,90 94637 109,44
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N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
N30

101182

86324
37515
32746
33728
70817
69628
41166
32429
44267
42993
33769
36454
30158
44113
48204
44962
40424
46079
44846
35498
27366
33016
43422
37076

117,57
99,11
38,46
32,53
33,75
79,84
78,36
42,99
32,14
46,85
45,26
33,80
37,14
29,31
46,66
51,74
47,71
42,07
49,10
47,57
35,95
25,84
32,87
45,80
37,91

96120
108036
93110
70269
135188
80538
52975
110051
72102
65735
96831
47677
42533
43603
76874
60912
98256
47402
58992
43118
90126
73746
60150
46993
48674

111,28
126,09
107,54
79,16
159,83
91,92
57,67
128,59
81,43
73,52
112,16
51,08
44,69
46,02
87,36
67,53
113,93
50,74
65,14
45,42
103,83
83,48
66,58
50,23
52,32

114470
57762
48356
46265
86059

1534711
88502
65403
48064
43101
77771
42431
37088
81157
68315

47628
87281

123630

213213
85733
57599
43189

172194
93344

143487

134,08
63,62
51,93
49,33
98,78
1898,90
101,81
73,11
51,56
45,40
88,48
44,57
37,93
92,69
76,73
51,02
100,30
145,46
256,78
98,37
63,41
45,51
205,81
107,83
170,14

Table 13. . Raw data obtained during tape stripping experiments using the LC MS/MS method (experiments 4,5).

Sample

G1
G2
G3
G4
G5
G6
G7
G8
G9
G10
G11
G12
G13
G14
G15
G16

Absorbance

803934
345298
258673
133832
106841
105458
112476
113799
69452
118199
108456
90261
64541
141679
491291
557923

Concentration

(ng/mL)
990,83
420,91
313,27
158,14
124,60
122,88
131,60
133,25
78,14
138,72
126,61
104,00
72,04
167,89
602,33
685,13

429743
313385
235179
167238
112951
91265
100901
83089
76277
65869
61818
65823
56697
71139
45078
54589
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(ng/mL
525,85
381,26
284,08
199,65
132,19
105,25
117,22
95,09
86,62
73,69
68,66
73,63
62,29
80,24
47,85
59,67
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G17 156105 185,82 38264 39,39

G18 173876 207,90 36867 37,65
G19 98233 113,91 33605 33,60
G20 125 <LOQ 33864 33,92
G21 131050 154,68 65198 72,86
G22 125305 147,55 36156 36,77
G23 146240 173,56 73476 83,14
G24 91555 105,61 51641 56,01
G25 72471 81,89 33491 33,46
G26 62407 69,39 37485 38,42
G27 373360 455,78 38261 39,38
G28 5797156 7195,51 52295 56,82
G29 653703 804,15 41554 43,48
G30 122108 143,57 27315 25,78
N1 493260 604,78 721278 888,12
N2 350193 427,00 337340 411,03
N3 166253 198,43 200686 241,22
N4 98793 114,60 170226 203,37
N5 75768 85,99 156640 186,48
N6 61573 68,35 1105643 1365,74
N7 227844 274,96 164055 195,70
N8 582020 715,07 143112 169,67
N9 54019 58,96 128635 151,68
N10 57223 62,95 93462 107,98
N11 43808 46,28 122162 143,64
N12 67696 75,96 71877 81,16
N13 71557 80,76 80350 91,68
N14 50821 54,99 61573 68,35
N15 66683 74,70 78541 89,44
N16 50695 54,83 96788 112,11
N17 68179 76,56 122583 144,16
N18 100479 116,70 104329 121,48
N19 100123 116,25 77580 88,24
N20 95504 110,51 74112 83,93
N21 105473 122,90 86815 99,72
N22 113620 133,03 107329 125,21
N23 106782 124,53 74079 83,89
N24 81096 92,61 127261 149,98
N25 95869 110,97 116456 136,55
N26 133273 157,45 100099 116,22
N27 69829 78,61 97693 113,23
N28 110457 129,10 73521 83,20
N29 101106 117,48 86944 99,88
N30 97646 113,18 66019 73,88
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