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1 INTRODUCTION

1.1 AIM AND PLANNING

The overall aim of this research is based on the development and characterization of lipid-
based formulations namely lipid-coated magnetic nanoparticles (MNP) for theranostic
applications, Solid lipid nanoparticles (SLN), Nanostructured lipid carriers (NLC),
ethosomes (ETHO), transethosomes, gels for dermal and transdermal drug delivery, and

liposomes to target biofilm inhibitors.

The first chapter entitled ‘introduction’ based on the design, characteristics, and biomedical
applications of various lipid-based novel drug delivery systems have been used in this

research.

The second chapter deals with the materials used and the third chapter describe various
research methodologies adopted in the design and characterization of nano-carriers for

innumerable purposes.

The fourth chapter is based on the principle of magnetism, where iron oxide nanoparticles
(manufactured in the laboratory or commercial products) have been coated with
biocompatible lipids exploring various possible strategies. These lipid- MNP can be the
source of dual functioning (magnetically driven targeted drug delivery), and contrast agents
for diagnostic imaging by minimizing toxicity which is generally considered a great obstacle

in their clinical applications.

Chapters number five to ten describe improvements in drug delivery for various active

agents.

In chapter fifth, the study aimed to develop NLC able to encapsulate ellagic acid (EA) for
dermal delivery. The EA-loaded nanoparticles were prepared using two different lipid
compositions, namely tristearin/tricaprylin and tristearin/labrasol. The influence of
formulations on size, entrapment efficiency, and stability of EA-loaded nanoparticles was
investigated. Further, developed nanoparticles were tested for cytotoxicity and anti-oxidant

activity.
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In chapter sixth, caffeic acid (CA) has been encapsulated in SLN by hot homogenization and
ultra-sonication. To improve the consistency of the aqueous nanodispersion, different types
of polymers have been considered. Particularly, poloxamer 407 (P) and hyaluronic acid (HA)
gels containing CA have been produced and characterized. Finally, the antioxidant effect of
CA loaded in the nanoparticulate gel has been demonstrated by ex-vivo evaluation on human
skin explants exposed to cigarette smoke (CS), suggesting a protective effect provided by

the nanoparticles.

In chapter seventh, an investigation describes a formulative study aimed at designing ETHO
for CA transdermal administration. Size distribution and morphology of ETHO were
investigated by photon correlation spectroscopy (PCS), small-angle X-ray spectroscopy
(SAXS), and cryogenic transmission electron microscopy (cryo-TEM). CA stability in
ETHO was compared to the stability of the molecule in water, determined by mass
spectrometry. ETHO dispersion was thickened by poloxamer 407, obtaining an ethosomal

gel that was characterized for rheological behavior and deformability.

Chapter eighth describes a comparative study between SLN and ETHO for CA delivery
through the skin. The effect of lipid matrix has been evaluated on morphology and size
distribution of SLN and ETHO loaded with CA. Particularly morphology has been
investigated by cryo-TEM and SAXS, while mean diameters have been evaluated by PCS.
The antioxidant power has been evaluated by the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
methodology. The influence of the type of nanosystems on CA diffusion has been evaluated
by Franz cell-associated to a nylon membrane, while to evaluate CA permeation through the
skin, an amperometric study has been conducted, based on porcine SCOE. Finally, an
irritation patch test was conducted on 20 human volunteers to test the efficacy of both

systems.

In chapter ninth, the use of liposomes to deliver two novel synthetic biofilm inhibitors is
presented, focusing on a preformulatory study to select the best liposome composition for in
vitro test. Five different liposome formulations, composed of phosphatidylcholine,
cholesterol, and charged surfactant (2:1:1, molar ratio) have been prepared by direct
hydration and extrusion method. As charged surfactants dicetyl phosphate (DCP),
didecyldimethylammonium chloride (DDAC), di isobutyl phenoxy ethyl dimethyl benzyl

ammonium chloride (DEBDA), and stearyl amine (SA) have been used. Liposome charge,

2
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size, and morphology were investigated by zeta potential, PCS, SAXS, and electron
microscopy. The optimized liposomes with QSI (Quorum sensing inhibitors) were tested for

in vitro biofilm inhibition assays and toxicity.

In the tenth chapter, basic optimization has been done for ETHO and ETHO modified with
surface activators such as T80 and DDAB to choose the best carrier for transdermal delivery
of mangiferin (MG). Moreover, a modified oxygen electrode (OE) is employed to assess the
anti-oxidant potential of developed vesicles. Finally, the three formulations have been tested

for cell viability studies.

Chapter eleventh contains the conclusions of the above-mentioned research work

considering the obtained results and discussions.

1.2 DESCRIPTION OF NANO-SIZED DRUG DELIVERY SYSTEMS

The worldwide researchers are working to protect the entire population from numerous
diseases by designing novel strategies or by improving the existing medicine systems to
enrich patient safety and compliance. A drug carrier plays a very essential role to accomplish
good therapy. Substantial development has taken place to combat the number of diseases
using different drug cargos, which maintain the concentration, time, and releasing rate of
therapeutic moieties in the body. The main motive of drug delivery systems is to distribute
the active to a targeted site within a suitable time window along with a higher concentration

in the infected sites and as low as possible in the healthy tissues (Hallan et al., 2016).

The established and commercially available conventional drug transport systems can
increase plasma drug concentration to maintain a therapeutic window for a definite time, and
then start declining to an ineffective level followed by the same event on the second
administration. However, the achievement of adequate drug concentration for a consistent
time during disease state is the major failure in drug therapy. Moreover, conventional drug
delivery systems can not meet certain requirements such as targeted drug delivery,
biodistribution, controlled release, enhanced bioavailability, and mean residence time

(Pankhurst et al., 2016).

The design of perfect drug transporter with the capability of maintaining drug concentration

efficiently for a required duration at the desired site without affecting normal cell and body

3
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organs is much needed. Nanosized transporters hold the potential of precise drug delivery
through various administration routes providing benefits including cargo protection,
accumulation at the target site, improved pharmacokinetics bio-distribution, reduced dose
frequency, enriched drug transport across biological membranes, and prolonged or
controlled drug release. Nanocarriers excellently drive the drug to its target by balancing

safety and efficacy (Abdel-Mottaleb et al., 2014).

During the last three decades, nanotechnology for biomedical applications has been explored
a lot by researchers worldwide. Nanomedicine is not only limited to drug delivery employing
different administration routes such as intravenous, oral, transdermal, nasal, pulmonary, and
more, but also a multitude of areas such as vaccination, antibacterial, diagnostic and imaging,

and gene delivery.

Based on composition and properties, nano-carriers can be divided into two major
categories- namely organic nanoparticles including polymer-based micelles, liposomes,
ETHO, SLN, NLC, dendrimers, and inorganic nanoparticles such as carbon nanotubes,
graphene nanomaterials, gold nanoparticles, MNP, quantum dots (Lombardo et al., 2019).

Some well-known nanomaterials will be discussed in this introduction part.

1.2.1 Diagnostic applications

Nanotechnology has gained considerable interest in the diagnosis and treatment of various
life-threatening diseases mainly cancer. The imaging procedures are categorized based on
morphological, functional, and molecular levels, which provide the biological detail of a
disease with a non-invasive approach have been proposed. Particularly, spherical nano-sized
particles made of inert silica, metals, or crystals. MNP are a wonderful tool with numerous
biomedical applications, including magnetic hyperthermia, cell separations, magnetic
resonance imaging (MRI) to track tumor cells or lesion by comparing the overall magnetic
response of MNP between pathological and normal tissues, tissue engineering, and drug
delivery to very specific areas. MNP can be categorized as pure metals, metal oxides, and
magnetic nanocomposites. However, MNP have gained the highest attention in the
biomedical field composed of Co, Fe, Ni, Ti, iron oxide, and some ferrites (BaFe20O19 and

CoFex0y) (Li et al., 2016).
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In general, magnetic materials are considered as multi magnetic arrangements within one
structure. However, After conversion to the nano-scale with diameters around 10-15 nm,
these magnetic materials act as a single magnetic domain structure. They are responsive only
in the presence of a magnetic field which means are associated with para magnetism.
Therefore, can be controlled very precisely via an external magnetic field (Avval et al.,

2020).

The MNP are available in three major forms named as magnetite (Fe3O4), maghemite (y-
Fe>03), and hematite (0-Fe>O3). Magnetite (Fe** and Fe*" ions in the 1:2 ratio) is primarily
preferred among the three forms of iron oxides. If ferromagnetic material is exposed to an
external magnetic field and later turns it off, still holds the magnetization for a short period
which gives the possibility to control heat and magnetic effect in-vivo (Dulinska-Litewka et

al., 2019).

Hyperthermia is a well-established phenomenon, whereby applying high-frequency
alternating magnetic field results in heat production by MNP. This transformation of the
electromagnetic energy into heat due to MNPs oscillation is very useful in cancer therapy,
as tissues exposed to conditions of high temperature (41-47°C) may undergo apoptosis of
the tumor cells. However, precise control of magnetic heating can be accomplished by
controlling some nano-magnetic parameters (Figure 1) such as size (V), anisotropy (K),
saturation magnetization (MS), and coercivity (HC) during the entire process, otherwise
could damage neighboring cells too. The principle of heat diffusion should cause maximum
destruction or killing of tumor cells deprived of damaging the normal cells (Hervault and
Thanh, 2014). It is worth noting that, surface engineered MNP can be utilized for various
purposes, including linking of antibodies, specific peptides, drug molecules, fluorescent dye,

and CT contrast agents.
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Figure 1. Development phases and applications of MNP (Noh et al., 2017).

More than one target can be achieved simultaneously on a single delivery run of MNP in the
body as mentioned in Figure 2 (Montiel Schneider and Lassalle, 2017). In addition, the
pivotal concept of artificial engineering has been explored based on the iron oxide
nanoparticles as an ultra-sensitive nanoprobe, where antibodies can be linked to MNP. The
proposed biomarkers could enhance the real-time visualization of certain biological events
including cell trafficking, cancer metastasis, cellular signaling at the molecular and cellular
levels (Lee et al., 2007). Apart from various advantages, MNP also experienced certain
challenges, including rapid agglomeration due to large surface-to-volume ratio, chemical
reactivity, and high surface energy, consequently cause loss of magnetism. By applying a
suitable coating around MNP can make them more biocompatible with improved functioning
(Zhu et al., 2018). For instance, Byoun et al. have modified MNP by incorporating them into
the silica matrix, functionalize them with a fluorescent dye. The multi-Fe;O4@SiO2 NPs

have outstandingly retained dual functioning namely fluorescence and magnetism.
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Figure 2. Functionalization strategies of MNP.

Moreover, MNP below 10 nm with paramagnetic behavior is susceptible to rapid clearance
from the kidney because of a smaller size. This increased dimensions with the application of
polymer or lipid as a coating material have been proved to be supportive to maintain a longer
shelf life in the blood circulation (Byoun et al., 2019). Some most explored coating material
for MNP is Dextran and PEG (Ling et al., 2019), dextran-spermine biopolymer (Ghadiri et
al., 2017), b-cyclodextrin, and chitosan (Chen et al., 2017), poly (lactide-co-glycolide) as a

magnetic core, with folate-chitosan conjugate shell (Shanavas et al., 2017).
1.2.2 Drug delivery

Some of the widely investigated lipid-based drug delivery systems along with their

physicochemical properties, characterization, and applications have been discussed below.

1.2.2.1 Lipid nanoparticles- Solid lipid nanoparticles (SLN) and nanostructured
lipid carriers (NLC)

SLN with a diameter of 10 and 1000 nm have emerged as an alternative to colloidal drug
delivery systems comparable to liposomes, lipid emulsions, and polymeric nanoparticles.
They contain physiologically tolerated lipids dispersed in an aqueous phase containing

stabilizers. Due to their ability to embed both hydrophilic and lipophilic molecules, they
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became outstanding prototypes for controlled and targeted drug delivery (Mishra et al.,
2018).

The biomimetic property of SLN is valuable for penetration through various biological
barriers. Owing to these characteristics, lipids nanoparticles have been put forward as an
effective drug carrier, particularly for lipophilic active moieties that also offer distinctive
properties such as small diameter, large surface area, high drug loading (Mukherjee et al.,

2009).

SLN are nano-dispersions, in which lipid nanoparticles are dispersed as a heterogeneous
system with an inner lipid phase and an outer aqueous phase, stabilized by one or two

stabilizers (Garcés et al., 2018).

Combination therapy is a much-appreciated approach to establish synergism in resulted
response. The concept of co-delivery is also feasible in the case of lipid-based nanoparticles.
Recently, clotrimazole and alphalipolic acid have been entrapped into cationic lipid-
containing SLN. A prolonged-release was recorded without any burst effect. In-vitro testing
on 25 strains of Candida albicans demonstrates that the anti-microbial capacity was well
maintained on loading into SLN. Thus, the findings of studies are well agreed that topical
dual drug delivery through SLN as cargo is an effective approach against microbial

infections related to C. albicans (Carbone et al., 2020).

During storage, the solid lipids constituting SLN are subjected to crystallization. The
formation of a rigid core takes place that limits the movement of active molecules within the
core results in the expulsion of the drug into dispersion media. This serious problem of

instability affects the entrapment efficiency of the system (Salvi and Pawar, 2019).

For further understanding, the theoretical models of SLN and NLC have been established
using sophisticated analytical techniques including differential scanning calorimetry (DSC)
and SAXS, these techniques are capable to identify the polymorphic forms of lipid matrix,
which are dependent on the specific ratio and composition of lipid and surfactant used.
Moreover, Cryo-TEM describes the morphology of nanoscale objects (Pardeike et al., 2009).
The diagrammatical illustration (Figure 3) and characteristics (Table 1) of these theoretical

models for both SLN and NLC have been discussed.
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SLN-TYPE 1 SLN-TYPE I SLN-TYPE I

NLC-TYPEI NLC-TYPE 11 NLC-TYPE Il

Figure 3. The theoretical models for the inner structure of Solid lipid nanoparticles (SLN)
and Nanostructured lipid carriers (NLC).

The polymorphic state of the lipid depends upon its compatibility with other oils and
stabilizers. Crystallinity throughout the manufacturing process of lipid nanoparticles and
their storage determines the drug incorporation and its release pattern (Tetyczka et al., 2019).
The crystallization pattern of the lipid inside the nanoparticles is different compared to that
in bulk. Crystallization is highly dependent upon the critical crystallization temperature
required to obtain rigid nanoparticles after the homogenization step, liquid state particles
(supercooled emulsion) will be produced if a specific temperature is not reached. Further,
the choice of surfactant is another crucial factor that influences the kinetics of the

polymorphic transition of lipids (Uner, 2016).
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Table 1: Basic characteristics of various theoretical models for the inner structure of Solid
lipid nanoparticles (SLN) and Nanostructured lipid carriers (NLC).

Type Name Characteristics
On the production of SLN by the cold homogenization
technique, the drug is molecularly dispersed in the
Homogeneous matrix of lipid. In this case, neither surfactant nor drug-
matrix model solubilizing agent is utilized, core resulted as
amorphous clusters can show controlled release
properties (Miiller, 2000).
Re-partitioning of the drug to the lipid phase results in
lower drug concentration in the melted lipid. Hence,
Drug enriched shell lipids present in the core with reduced concentration
model will be in the molten state, while the shell with drug and
lipid will be solidified. This is the best-fit model to
obtain a burst release of the drug.
Drug precipitation followed by recrystallization takes
place where drug concentration is relatively close to or
at its saturated solubility in the lipid phase. Under the
Drug enriched core cooling of nanoemulsion, the solubility of drugs will
model decrease, when the saturation solubility ultimately leads
to drug crystallization before lipid crystallization will
further result in recrystallization of the lipid around the
drug core as a membrane.
Composed of disordered structure with a mixture of
different chain lengths of the fatty acids and the mixture
NLC . of mono-, di- and triacylglycerols, create many voids
The imperfect . .
crystal model and imperfections, makes them able .to accqmmodate
the drug molecules. Therefore, increasing drug
penetration capacity through the lipid layer (Miiller et
al., 2002).
When lipids with a special composition (e.g., Hydroxyl
octacosanylhydroxystearate,  isopropyl  myristate,
The amorphous dibutyl adipate) mixed, they prevent crystal formation
model during cool down. Lack of crystallinity is responsible
for the reduction in the leakage of the loaded drug.
Hence particles are amorphous.
For drugs with higher solubility in liquid lipid than in
solid lipids, phase separation occurs, where very
peculiar oil compartments within the solid lipid matrix
of the nanoparticles formed.

SLN

Type I

SLN

Type 11

SLN

Type 11

Type I

NLC

Type 11

NLC
The multiple model
Type III
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The inappropriate concentration of lipid and surfactant can affect the overall internal
structure of lipid nanoparticles. Recrystallization of lipid in nanoparticles is less than in bulk
where b’-modification transforming rapidly into the b-form to reduce imperfections, this
transition could be responsible for drug expulsion. A smart way is adopted in designing the
SLN (by controlling temperature and water loss) with the initiation of transformation from
a- to b-forms (Pardeshi et al., 2012). Thus, it has been drawn as a conclusion that drug

incorporation decreases in the following order:

Supercooled melt < a-form < b’-form < b-form

The cutaneous utility of lipid nanoparticles holds several benefits, such as the prevention of
chemical degradation of active, increasing the deposition in the stratum corneum, and reduce
flux, attributes to some very interesting outputs such as prolonged contact with the skin
surface, film-forming properties to prevent water loss. The mechanism of mixing of lipid
nanoparticles and lipids of SC promotes penetration of active into deeper tissues. Lipid
nanotransporters can establish adjacent contact with the superficial junctions of SC and
furrows between corneocyte islands, allowing uniform distribution of the drug. They also
offer a widening of inter-corneocyte gaps (Wissing and Miiller, 2003). Further, four different

models described in Figure 4 can explain the interaction of lipid nanoparticles with skin.

N A2

Water evaporation

Nanoparticles Napoparticies Nanoparticles

Nanoparticles

Sebaceous
gland

Viable skin Viable skin Viable skin Viable skin_ ~Hair follicie
‘—\__—______-—_’—\-
Close contact to skin surface Skin hydration by particle Lipid exchange between SC  Entrance info follicles and
occlusion and NLC/ SLN sebaceous glands

Figure 4. Possible mechanisms for skin permeation improvement with lipid
nanoparticles (Fang et al., 2013).
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Because of physiological lipid composition, SLN/ NLC offer an easy attachment to the SC
on forming its lipid rearrangement, allowing embedded drug molecule reaching to the deeper
skin layers. Furthermore, their nanoscale diameter also contributes to the enhancement of
the influx through the skin. Nonetheless, the adequate selection of lipid composition
concerning the molecule’s physicochemical properties also affects skin penetration largely.
The film-formation/ an occlusive film property of SLN/ NLC on the SC surface avoids

evaporation of water and also fills the defects in the skin (Garcés et al., 2018).

Furthermore, Lademann and co-workers have concluded in one study that the hair follicles
(particularly, scalp, calf, and forehead regions) are better drug depots than the stratum
corneum. They have considered nanoparticles are well suited for driving the drugs into

deeper functional structures and accumulate even for some days (Lademann et al., 2007).

1.2.2.2 Liposomes

Liposomes are one of the most successful products of nanotechnology have been launched
in the market for clinical applications. Liposomes are phospholipid and
cholesterol(resembles biomembrane) containing round vesicles along with amphiphilic
character widely accepted for various biomedical applications. Liposomes can be of many
types depending upon the lipid composition, charge on the surface, diameter, and fabrication
process. Phospholipid composition makes them free moving entities across the biological
barriers within the body, are biocompatible (Lamichhane et al., 2018). Liposomes have been
introduced to research along with various advantages as a successful biomimetic approach.
They can be modified to achieve certain objectives such as drug loading and the target-
specific precise release by avoiding rapid clearance (Allen and Cullis, 2013; Chandrawati

and Caruso, 2012).

Being foreign bodies, liposomes are usually cleared out immediately, therefore a suitable
coating material (such as synthetic phospholipids, polyethylene glycol (PEG), chitin
derivatives) is required. The much-explored PEGylation to escape liposomes against their
uptake by macrophages to enhance circulation time. Further, the biodistribution of
PEGylated vs non-PEGylated liposomes has been explained in Figure 5. This technique has
been adopted successfully to produce doxorubicin-loaded liposomes commercially available
as Doxil (Janssen Biotech, Inc., Horsham, USA) or Caelyx (Schering- Plough Corporation,

Kenilworth, USA) for the treatment of solid tumors (Akbarzadeh et al., 2013).
12
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Figure 5. Pharmacokinetics of stealth and non-stealth liposomes (Bulbake et al., 2017).

Liposomes being a commercial product, present a rationale for unloading the anti-cancer
agent specifically in tumor tissues, sparing the non-cancerous tissues by employing passive
targeting (exhibit enhanced permeability and retention (EPR) effect). After administration,
liposomes head towards the extravasation into tumor interstitium followed by the uptake via
TAM. Finally, intracellular trafficking of liposomes either with endosomes or lysosomes
results in the release of drugs in the cytosol and infiltration to the nucleo-cytoplasmic

membrane with possible DNA destruction (Gabizon et al., 2020).

Tumor-associated macrophages (TAM) is a contributing factor for tumor growth that alters
the tumor microenvironment to diminish growth barriers to protect cancer cells from targeted
immune responses. Liposomes can intrude these biological interactions within tumors by
altering TAM phenotypes via polarization. This “macrophage polarization” can switch this

growth-promoting phenotype to the cancer cell killing phenotype (Reichel et al., 2019).

Additionally, functional liposomes can be developed which are responsive to external
stimuli such as temperature and pH. Unlike MNP, where an alternating magnetic field as a
source of heat production applies to kill tumor cells. Here, liposomes can also kill cancerous
cells when the lipid phase of liposomes undergoes gel to liquid phase transitions at

temperatures above the physiological temperature. A clinically approved synergistic effect
13
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of radiation and chemotherapy is possible with liposomes. Because in terms of mild
hyperthermia, vascular permeability of cancer cells will increase significantly the mean
residence time of liposomes. Hence, the triggered release of anti-cancer agents on the target

site has assured the effectiveness of this approach (Ta and Porter, 2013).

Gadodiamide is a paramagnetic, gadolinium-based contrast agent that has been entrapped in
pH-responsive liposomes (Dipalmitoyl phosphatidylethanolamine (DPPE)/ dipalmitoyl
glycerosuccinate (DPSG), to monitor acidic pH in cancer cells. As previously mentioned in
hyperthermia, after spending persistent time in blood, these liposomes can be reached at the
target site in large numbers because of increased vascular permeability. The gadolinium-
based contrast agent was released in this study due to increased Ti-relaxivity at pH lowered

than the physiological value (Lokling et al., 2004).

Concerning the biodistribution of liposomes, an approach has been established (Pollock et
al., 2010), where liposomes can unload drugs, peptides, nucleic acids, or markers directly in
the ER membrane in 30 minutes after entering into cells, this technique is efficient for both
lipophilic and hydrophilic moieties. In this, the composition of liposomes is very important,
because the lipid used should resemble the ER membrane and perform endocytosis into

target cells.

The membrane fusibility of liposomes is quite challenging because of the complexity of the
natural biomembrane and glycoproteins. However, Chen-Yen Wang described in their study
that liposomal fusion with the membrane could be obtained in the presence of polyhistidine
under acidic conditions only. Thus, negatively charged liposomes (with anionic lipid-
phosphatidylserine) have shown the highest fusion (Wang and Huang, 1984). Besides, a
study has been conducted to assess electrostatic adhesiveness of charged liposomes to
healthy and colitis induced intestinal epithelium. Anionic liposomes over cationic and

neutral liposomes have presented better results.

Additionally, triggered drug release by disease-associated enzymes is another approach to
activate prodrugs. For instance, the retinoid phospholipid derivative has been incorporated
into liposomes which could be hydrolyzed and degraded by phospholipase A2 ITA for site-

specific delivery in colon cancer (Pedersen et al., 2010).
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1.2.2.3 Ethosomes

In the 90s, modification in the production of liposomes with ethanol fraction has emerged as
the most preferable approach towards effective transdermal delivery. This second generation
of liposomes along with flexible phospholipid vesicles are known as ETHO. The intactness
of organized vesicles with 50% of ethanol and the fluidic state of a phospholipid membrane
(elastic nature) due to the lowering of transition temperature by ethanol has been verified
by 31P NMR and differential scanning calorimetry analysis (Lai et al., 2020; Touitou et al.,
2000).

For comparison, both the ETHO and elastic liposomes have been loaded with hepatitis B
surface antigen for transcutaneous delivery. Both these formulations have shown the ability
to stimulate T helper response after uptake by dendritic cells recorded as a protective
response against an immune response. However, among both types of carrier systems, ETHO
have been reported for higher internalization and immunogenicity (Mishra et al., 2010). A
simple production method eliminates all the possible sources (thermal or light) of drug
degradation during processing. Consequently, 100% of drug encapsulation can be achieved.
The recently reported study regarding the development of ETHO for percutaneous delivery
of Coenzyme Q10, where 90% drug was remained associated with multi-lamellar ETHO
possibly because of high interaction of a drug with ethanol and phospholipids. All results
from this study reflect that ETHO loaded with Coenzyme Q10 are very promising in the
treatment of oxidative stress (Sguizzato et al., 2020b).

As described in Figure 6, ETHO are associated with the combined functioning of ethanol,
vesicle, and skin lipids. The ethanol effect generates the interaction between ethanol and the
polar head region of SC lipids that reduce their transition temperature, ultimately leads to
the state of fluidity and decreased density of lipid multilayer. Secondly, the ETHO effect
includes the fusion of ETHO with skin lipids resulting in opening new pathways facilitating
drug release more deeply into the skin (Verma and Pathak, 2010). Furthermore, the presence
of intact elastic vesicles within the SC has been demonstrated, but claims that intact elastic
vesicles can permeate through the viable epidermis to the blood circulation are more

contentious (Benson, 2016).

Transethosomes has developed as a combination of deformable liposomes (designed with

edge activators also named as transferosomes) and ETHO (Figure 7). The edge activators in
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transferosomes such as span 60, span 25, span 80, tween 60, tween 80, sodium deoxycholate,
and sodium cholate can be helpful to make vesicles more flexible, but still are unable to
deliver drugs more deeply, so synergism along with ethanol can solve this issue (Kumar et

al., 2016).
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Figure 6. Proposed model for the mechanism of skin delivery from ETHO containing
phospholipids, ethanol, and the drug (Kesharwani et al., 2015).

The skin permeation of nano-sized formulations has always remained conflicting. To make
ETHO a realistic approach, microneedle driven delivery of different ETHO has investigated.
Where authors have claimed that all nano-carriers are not able to cross SC barriers.
Therefore, the utilization of microneedles of appropriate sizes is helpful to cross the SC and
release the drug into the probable deepest layers of the dermis. It is very important here to
underline that even after crossing SC, the role of edge activators (Tween®80 and the Nachol)

and ethanol cannot be denied which makes the transethosomes more preferable among other
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nanotransportors. More precisely, cationic nano-carriers with ethanol and edge activators
have been chosen as the most promising transdermal drug delivery system (Bellefroid et al.,

2019).
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Figure 7. Schematic representation of the main permeation mechanisms of ETHO,
transferosomes, conventional liposomes, and transethosomes (Kumar Mishra et al., 2019).

1.2.2.4 Gels

During the entire development of skin therapy, semi-solid drug delivery systems have gained
tremendous success at commercial levels. For example, thermo-sensitive gels along with
swelling behavior on exposure to liquids without undergoing dissolution. The polymeric gels
composing biocompatible polymer matrices have drawn significant attention. The crucial
objectives while designing topical formulations such as controlled drug delivery, sustained
and prolonged release, tissue-engineering, reducing dose frequency with the least side effects
can be achieved with the thermo-gelling property of such polymers (Buwalda et al., 2014).
Gels mainly constitute a gelling agent (natural, semi-synthetic, or synthetic polymer) that
improves their structural strength and adhesiveness ultimately gives rise to a three-
dimensional matrix (loosely cross-linked) with increased residence time. Physical cross-
linking (with hydrogen bonding, ionic interactions) is reversible, while chemical
crosslinking (covalently Bonded) is irreversible (un Nabi et al., 2016). Some external factors
make the gels stimuli-responsive within a living body by changing in temperature, pH,

presence of the analyte, and ion responsiveness (Chaterji et al., 2007).
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There are various types of nanogels (Figure 8) are available. Thermo-responsive gels are
more considerable, composed of polymers (Poly (N isopropyl acrylamide), methylcellulose,
pluronics, tetronics, and N-vinyl caprolactam) undergone sol-gel transitions associated with
lower critical solution temperature (LCST) and upper critical solution temperature (UCST)

(Jagur-Grodzinski, 2010).

Poloxamers have been listed in the US and European Pharmacopoeia after FDA approval
for human use as a biocompatible solubilizer or surfactant (Johnston and Palmer, 1993).
Recently, poloxamer gel containing gallic acid to treat skin melanoma has been studied
(Sguizzato et al., 2020c). Where gallic acid- poloxamer gel is found very effective in scratch
wound healing and migration assays performed on human keratinocytes and melanoma cells.
The combination of gels such as Pluronic®127 and with hydroxypropyl methylcellulose can
be associated with anti-bacterial activity in burn-infections. To attain targeted drug delivery
efficiently, this combinational gel is linked to gold nanoparticles using tunable surface

plasmon resonance (SPR). In this proposed mechanism, gold nanoparticles exert their
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antibacterial activity by creating holes in the bacterial cell wall resulted in cell death due to

the release of cell content (Arafa et al., 2018).

1.2.3 GENE DELIVERY

Gene delivery involves the delivery of nucleic acids such as plasmid DNA, RNA
interference, Small interfering RNA, antisense oligonucleotides. The gene therapy
mechanism is based on the incorporation of a gene that encodes a functioning protein
significantly involves in the cure or prevention of any disease progression. However, gene
modulation seems a very promising method; still, it has some obstacles regarding its delivery
to the desired site. The main limitations are rapid clearance, site-specific targeting,
degradation by nucleases, which affect the serum half-life of siRNA to 5-60 minutes,
unmodified DNA to 10 minutes. However, ligand approach or hydrodynamic injection can
minimize these shortcomings, well-designed biocompatible cargo with the capability to
escape from the removal by the immune system, enhanced transgene expression still required
(Prabu et al., 2017). Obstructions in non-viral gene delivery are linked DNA can be lost due
to lack of strong complexation with cationic lipid, DNA-Cationic lipid complex can be
eliminated from the circulation before binding to the cell surface. Moreover, the
internalization of the complete complex is uncertain after invading the cell membrane.
Following endocytosis, a fraction of delivering DNA may be degraded because of acidic pH
or cytoplasmic DNAse. Improvement in transfection efficiency can be attained with
modification in particle chemistry, size control, surface charge, shape ligand modification
(Adler and Leong, 2010). Advancements in nanocarriers offer plentiful possibilities and
flexibility to choose a target. Due to biodegradability, ease in synthesis/ functionalization,
scale-up production, Polymers can suppose to be an alternative. Moreover, the use of
PEGylation to promote polymeric nanoparticle interactions at the cellular level is a well-
defined mechanism. However, certain limitations are also associated with the use of
polymers that cannot be avoided including, the high cost of manufacturing add on biological
analyses and process development, lack of understanding of the mechanism of degradation
leads to a generation of toxic metabolites. Further, the toxicity and stability of polymers in a

protein-rich biological medium are still conflicting (Rai et al., 2019).

Notably, some conducted investigations on lipid nanocarriers for gene delivery eliminate all

these problems. For instance, a Cationic surfactant composing liposomes conjugated with
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lambda DNA exposed to endo and exo-nucleases present in serum remained intact and stable
without causing any toxicity. Transfection by liposomes is a well-established technique

(Cortesi et al., 1996).
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2  MATERIALS

Fe;04- 14-29 nm with purity 99.55 % kind gift sample by Nano Teknoloji bilisim Imalat Ve
Danismanlik Ltd. Sti., Turkey.

Miglyol 812N (tricaprylin; C8/C10 fatty acid triglycerides; caprylic/capric triglycerides;
1,2,3-propanetriyl ester caprylic acid; caprylic acid, 1,2,3-propanetriyl ester; glycerol
trioctanoate; glyceryl tricaprylate; octanoic acid, 1,2,3propanetriyl ester) was a gift of
Cremer Oleo Division (Witten, Germany). Labrasol® (caprylocaproyl macrogol-8
glyceride; PEG-8 caprylic/capric glycerides) was purchased form Gattefossé (France). The
copolymers poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) Pluronic F127 (poloxamer 407, p407) (PEO98-POP67-PEQ98) was obtained from
BASF (Ludwigshafen, Germany). Hyaluronic acid (HA) with molecular weight 300 kDa,

was a kind gift of Soliance (Paris, France).

Clark-type oxygen electrode was purchased from UAB “OPTRONIKA”, (Vilnius,
Lithuania).

Nylon membranes (pore size 200 nm) and dialysis tubing cellulose membrane (size-100 feet,
mol wt 12 kDa) were purchased from Millipore Sigma (St Louis, MO, USA). Soybean
lecithin (PC) (90% phosphatidylcholine) used for liposome/ ETHO preparation was
Epikuron 200 from Lucas Meyer, Hamburg, Germany.

Iron (II) chloride, Iron (III) chloride, Curcumin (CUR), Tween 80, stearic acid, EA,
Tritearin, poloxamer 188 (methyl-oxirane polymer, 75:30), Cholesterol (CH), dicetyl
phosphate (DCP), didecyldimethylammonium chloride (DDAC), di isobutyl phenoxy ethyl
dimethyl benzyl ammonium chloride (DEBDA) and stearylamine (SA), sodium citrate
dihydrate, citric acid monohydrate, sodium chloride, 2,2-Diphenyl-1-picrylhydrazyl
(DPPH), dimethyl sulfoxide (DMSO) and ascorbic acid. Nylon and polycarbonate
membranes (pore size 200 and 50 nm respectively). catalase (CAT) from bovine liver
(H202:H20, oxidoreductase, mol wt 250 kDa) (CAT) and PER from horseradish (mol wt 44
kDa) (PER) and all other solvents and materials were provided by Merck (Milano, Italy).
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3 METHODS

3.1 PRODUCTION OF NANOSYSTEMS
3.1.1 Preparation of MNP

The MNP were synthesized with slight modifications as described by Toledo et al (de
Alcantara Sica de Toledo et al., 2018). In detail, the iron (II) chloride and iron (IIT) chloride
(see chapter 4, Table 5) were dissolved into water and the mixture was subjected to magnetic
stirring for 30 minutes. The sodium hydroxide was added gradually until the color changes
from deep orange to non-uniform black. Then the mixture was centrifuged (Thermo
scientific CL31R multispeed centrifuge) at 4000 rpm with a radius 112 for 10 minutes. After
removing the supernatant, MNP were congealed at -20°C for 7-8 hours. Finally, the resulting

MNP were lyophilized overnight using an Edwards modulyo freeze dryer.

3.1.2 Preparation of lipid nanoparticles

3.1.2.1 Solid lipid nanoparticles by emulsion-dilution technique

Briefly, a mixture of stearic acid and Polysorbate 80 was melted at 80 °C and bidistilled
water was heated at the same temperature. Bidistilled water was dispersed into the fused
lipid phase to form O/W hot emulsion under sonication for 5 minutes (Branson® ultrasonic
cleaner, Opto-lab, MO, Italy). The hot emulsion was diluted with cold bidistilled water under
high-speed homogenizer (Ultra Turrax T25, IKA-Werke GmbH & Co. KG, Staufen,
Germany) at 11,000 rpm for 10 min. The dilution of the system leads to precipitation of the
lipid phase forming fine particles those were stored at room temperature. The composition

is reported in chapter 4, Table 6.

In the case of loaded SLN (chapter 4, section 4.2.2), MNP and CUR were added to the lipid
phase before the emulsion formation (Sguizzato et al., 2017).
3.1.2.2 Solid lipid nanoparticles by homogenization and ultra-sonication technique

SLN were prepared by a hot homogenization technique based on ultrasound treatment
(Esposito et al., 2008). The dispersing phase was an aqueous solution of poloxamer F68 or

pl88 (2.5% w/w) while the disperse phase was constituted of tristearin (5% w/w, with
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respect to the whole weight of the dispersion). Briefly, the p188 aqueous phase (4.75 mL)
heated at 80 °C has been added to the molten lipid phase (250 mg) and mixed at 15000 rpm,
at 80 °C for 1 min (IKA T25 digital ultraturrax). The obtained emulsion has been submitted
to ultrasound homogenization at 6.75 kHz for 15 min (Microson ultrasonic Cell Disruptor-

XL Minisonix) and let cooling at 25 °C. SLN dispersions were stored at room temperature.

In the case of CA loaded SLN (see chapter 6 and 8, section 6.2.1 and 8.2.1 respectively), CA
(0.1% w/w with respect to the whole dispersion; 2% w/w with respect to the lipid phase)

was added to the fused lipid phase before the emulsification step.

3.1.2.3 NLC preparation

NLC were prepared by hot homogenization and ultra-sonication (Esposito et al., 2019b).
Shortly, a lipid mixture composed as reported in chapter 5 (Table 11) constituting the 5% by
weight as compared to the total weight of dispersions, was melted at 70°C. Then poloxamer
188 aqueous solution (2.5% w/w) was added at the same temperature under 15,000 rpm
homogenization for 1 min (Ultra Turrax T25, IKA-Werke GmbH & Co. KG, Staufen,
Germany). Afterward, the obtained emulsion was ultrasonicated (MicrosonTM, Ultrasonic

cell Disruptor) at 7 kHz for 15 min and cooled down to room temperature.

EA-containing NLC (NLC-EA) were prepared (see chapter 5, section 5.2.1) by adding a
DMSO solution of the drug to the molten lipid mixture at 70°C. Afterward, the production
protocol proceeded with the addition of the poloxamer aqueous phase as above described.

NLC dispersions were stored at room temperature.

3.1.2.4 Miscellaneous techniques

Some other strategies (chapter 4, section 4.2.7) also have been adopted to encapsulate MNP

along with slight modifications including as follows and remarks have been given in Table

9.

SLN containing surface-modified MNP (Abidi et al., 2018), Emulsion-diffusion method
(Oliveira et al., 2018), hot homogenization technique (Grillone et al., 2015), solvent
diffusion method (Ying et al., 2011), microemulsion technique (Peira et al., 2003), air spray

technique (Rasekh et al., 2017) and, NLC (de Almeida et al., 2017).
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3.1.3 Preparation of liposomes

Plain (phosphatidylcholine, cholesterol, 2:1 molar ratio) and charged (phosphatidylcholine,
cholesterol, charged surfactant, 2:1:1 molar ratio) liposomes have been obtained (chapter 9,
section 9.2.2) using direct hydration method with slight modifications (Puglia et al., 2010).
In detail, liposome dispersions were produced by solubilizing 25 mg/ml lipid phase in
methylene chloride/methanol mixture (1:1, v/v). The organic solvent residue was removed
using a rotary evaporator under vacuum to attain a thin lipid film, which was subsequently
hydrated with 2 ml of sterile water followed by 10 minutes of swirling. Liposomes were then
subjected to extrusion to obtain possibly uni-lamellar vesicles with a homogeneous size
distribution (Cortesi et al., 2007). For this, the liposomal suspension was subjected to five
extrusion cycles through two stacked standard 25 um diameter polycarbonate filters with 0.2
um pore size (Nucleopore Corp.) supported by a 25 pm polyester drain disk. 10-20 bars
nitrogen pressure has been maintained within an extruder (Lipex Biomembranes,
Vancouver, Canada) during the entire process. Finally, liposomes were collected and stored

for further studies.

QSi loaded liposomes were prepared (chapter 9, section 9.2.4) using a similar scheme.
However, QSi dissolved in the aforementioned organic solvents along with other

components to achieve a final concentration of 10 mM in the system.

3.1.4 Preparation of Ethosomes

ETHO preparation was obtained by dropping bidistilled water into an ethanolic solution of
PC (30 % w/v) (Sguizzato et al., 2020b). Briefly, water was slowly added to the ethanol
phase up to a final 70:30 (v/v) ratio, magnetically stirring the system at 750 rpm (IKA RCT
basic, IKA®-Werke GmbH & Co. KG, Staufen, Germany) for 30 min at room temperature
in the dark.

In the case of CA (chapter 7 and 8) and MG (chapter 10) containing ETHO (CA-ETHO and
ETHO-MG respectively), CA/ MG was added to PC ethanol solution before the addition of

water.

Transethosomes loaded with MG have been prepared by incorporating surface activators

such as DDAB and Tween 80 (see chapter 10, section 10.2.1).
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3.1.5 Preparation of gels
3.1.5.1 Poloxamer (P407) gel

P407 gel was prepared according to the "cold technique"(Esposito et al., 2018). Briefly, a
weighed amount of p407 was gradually added to cold water (5-10 °C) under magnetic
stirring up to a final concentration of 15 (P15) or 30 (P30) % w/w Poloxamers. The container
was sealed and left in a refrigerator overnight at 5 °C. CA-gel, CA loaded nanoparticulate
and ethosomal gel were prepared as described in chapter 6 and chapter 7, section 6.2.2 and

7.2.6 respectively).

3.1.5.2 Hyaluronic Acid (HA) gel

Two different methods were used to prepare gels containing HA: a “direct method” and a
“dilution method”. The "direct method" involved the addition of HA (2% w/v) powder to

P15 at 4 °C under stirring as described in chapter 6, section 6.2.2.

The "dilution method" involved preliminary solubilization of HA (300 kDa) in water (4%
w/v). The HA solution was then diluted with P30 (1:1, v/v) and maintained at 4 °C on an
orbital shaker for 24 hours. CA loaded nanoparticulate gel was prepared as described in

chapter 6, section 6.2.2.

3.2 PHYSICAL CHARACTERIZATION

3.2.1 Particle size and Polydispersion Index

Submicron particle size and Polydispersion Index (PI) analyses were performed using a
Zetasizer Nano S90 (Malvern Instr., Malvern, England) equipped with a 5 mW helium neon
laser with a wavelength output of 633 nm. Plastic-ware was cleaned with detergent washing
and rinsed twice with Milli-Q water. Measurements were made at 25 °C at an angle of 90°.
Data were analyzed using the “CONTIN” method (Pecora, 2000). The measurements were

performed in triplicate.

3.2.2 Zeta potential measurements

Zeta potential values were determined by Zeta sizer ultra (Malvern panalytical Ltd., United
Kingdom). For all measurements, water was used as the dispersant with the index of

refraction 1.33 and temperature 25° C. Samples were characterized in the disposable folded
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capillary cell (DTS 1080, Malvern) and diluted using deionized water. Values were obtained

from three independent experiments and performed in triplicates.

These measurements have been performed at Biofilms — Research Center for Biointerfaces,
Faculty of Health and Society, Malmod University, Sweden during long-term research

mobility (January 2020 to July 2020).

3.2.3 Electron Microscopy
3.2.3.1 Scanning Electron Microscopy

The morphology of MNP and SLN was evaluated by variable-pressure scanning electron
microscopy (VPSEM) (Zeiss Evo 40XPV, Carl Zeiss AG, Oberkochen, Germany). A small
quantity of various lyophilized SLN and MNP has been taken on the butter paper and a
uniform sample layer has been applied on stab by tapping them on the powder for 3-4 times
and observed under variable pressure. Elemental analysis of MNP and SLN was done using
a scanning electron microscope (SEM) equipped with a microanalytical system energy-
dispersive (EDS). The two areas have been selected randomly to investigate the presence of

iron inside the lipid core of SLN.

The group of the Electron Microscopy Center of the University of Ferrara (Italy) conducted

the analyses.

3.2.3.2 Freeze-fracture electron microscopy

Aliquots of liposome preparations were sandwiched between copper plates and frozen using
liquid propane (—180°C). Afterward, the holders containing the frozen samples were
transferred to a Balzers BAF 400 freeze replica apparatus (Balzers, Liechtenstein) and
subjected to fracture at —150°C. The samples were immediately replicated with Pt/C (2 nm)
at an angle of 45 © followed by C (20 nm) at an angle of 90 °. After cleaning stripped replicas
with 30% sodium hypochloric and potassium dichromate-H>SO4 solution followed by
distilled water, they were mounted on 300-mesh Ni grids, and visualized after drying by
mean of a transmission electron microscope (JEM200 CX, JEOL, Tokyo, Japan).

Micrographs were taken randomly within replica regions representative of the sample.

Dr. Markus Drechsler of the University of Bayreuth (Germany) has conducted the analyses.
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3.2.3.3 Cryo-Transmission Electron Microscopy (Cryo-TEM)

To vitrify samples for Cryo- TEM, sample droplets (2 ul) were put for some seconds on a
lacey carbon filmed copper grid (Science Services, Miinchen) (Esposito et al., 2012).
Afterward, most of the liquid has been removed by a blotting paper, obtaining a thin film
stretched over the lace holes. The rapid immersion of specimen into liquid ethane cooled to
approximately 90 K (-180 °C ) by liquid nitrogen in a temperature-controlled freezing unit
(Leica EMGP, Leica, Germany) instantly allowed their vitrification. All sample preparation
steps have been conducted at controlled constant temperature in the Leica EMGP chamber.
The vitrified specimen was transferred to a Zeiss/Leo EM922 Omega EFTEM (Zeiss
Microscopy GmbH, Jena, Germany) transmission electron microscope using a cryoholder
(CT3500, Gatan, Munich, Germany). During the microscopy observations, sample
temperature was kept below 100K. Specimens were examined with reduced doses =~1000-
2000 e/nm? at 200 kV. Zero-loss filtered images have been recorded by a CCD digital camera
(Ultrascan 1000, Gatan, Munich, Germany) and analysed using a GMS 1.9 software (Gatan,
Munich, Germany).

Dr. Markus Drechsler of the University of Bayreuth (Germany) has conducted the analyses.

3.2.3.4 Transmission Electron Microscopy (TEM)

For TEM analyses, CA-SLN and CA-ETHO were negatively stained by depositing a drop
of sample on a TEM screen covered with a Formvar film (Media System Lab S.r.l. Macherio,
MB, Italy). After 1 min, the excess drop was removed from the screen with filter paper, in
order to keep a very light veil of sample on the supporting substrate. A drop of 2%
phosphotungstic acid was placed on the screen for 1 min and then removed with filter paper,
to surround the particles of the preparation deposited on the screen and adhere to their
surface. The screen prepared in this way was observed with a ZEISS EM 910 transmission

electron microscope (Carl Zeiss Microscopy, GmbH, Munich, Germany).

Paola Boldrini has done the TEM analysis and imaging at the Electron Microscopy Center
of the University of Ferrara, Italy.
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3.2.4 Small-angle X-rays scattering (SAXS)

Samples were placed into PCR tubes in an automated sample changer and then transferred
to a temperature-controlled quartz capillary and exposed for 1s, acquiring 30 frames at 35
°C to check equilibrium conditions and to eventually monitor radiation damage. Data
collection was performed using a Pilatus Dectris 2 M detector. The X-ray wavelength A was
0.10 nm and the explored Q-range (Q is the modulus of the scattering vector, defined as 4n
sin 0/, where 20 is the scattering angle) was 0.1 to 4.4 nm™'. 2D data were corrected for
background, detector efficiency, and sample transmission and then radially averaged to

derive I(Q) vs. Q curves (Barbosa et al., 2010).

SAXS experiments were conducted by the group of Prof. Mariani of Universita Politecnica
delle Marche (Italy) and Nikul Khunti at the bioSAXS beamline B21 of Diamond Light
Source (Harwell, United Kingdom).

3.2.5 Rheological studies

Rheological measurements were performed with an AR-G2 controlled-stress rotational
rheometer (TA Instruments, New Castle, DE, USA) (Sguizzato et al., 2020a). The geometry
used was an aluminum cone-plate with a diameter of 40 mm, an angle of 1° and a truncation
of 28 um, equipped with a solvent trap to prevent solvent evaporation during the
experiments. The viscoelastic properties of the gels (elastic modulus G’ and viscous modulus
G’’) were assessed in oscillation mode. The oscillation frequency was set at 1 Hz and the
deformations applied were all in the linear regime. Temperature ramps from 5 °C to 50 °were
obtained at a temperature rate of 1 °C/min and were controlled by a Peltier plate. Before
starting the experiments, a 2-min conditioning time at 5 °C was applied. Measurements were

performed thrice at least for each sample, to ensure reproducibility.

The experiments were conducted by the group of Prof. Nicolas Huang of the Institut Galien

Paris-Sud (University of Paris-Sud) (France).
3.2.6 Lyophilisation and reconstitution of solid lipid nanoparticles

For lyophilization of the SLN, a 10% w/w trehalose has been selected concerning the total

weight of the final preparation. To check the stability of lyophilized SLN, they have
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undergone reconstitution with MilliQ water as the same weight of preparation before
lyophilization. All vials were kept undisturbed for 5 minutes to ensure proper wetting of the
cake and the reconstitution time for each formulation has been recorded. Finally, the physical

stability of reconstituted SLN has been analyzed for 30 days with diameter measurements.

3.2.7 Deformability

Deformability measurement of ethosomal vesicles was done by an extrusion method (Jain et
al., 2007). Ethosomal dispersions (ETHO, CA-ETHO) and ethosome gels (ETHO-pol and
CA-ETHO-pol) were extruded through polycarbonate filter membrane (pore diameter 50
nm) using stainless steel, 25-mm diameter filter holder (extruder, Lipex Biomembranes,
Vancouver, BC, Canada), applying 2.5 bars of pressure at 25 °C. The volume of ETHO
formulation extruded in 1 (ethosome dispersions) or 25 (ethosome gels) min was measured.
Vesicle size has been measured by PCS before and after the extrusion. The deformability of

the vesicles membrane was calculated according to the following equation:

Def =] x (rv/rp) (1)

Where, Def is the vesicle deformability; J is the ratio between the volume of extruded
formulation (mL) and the time of extrusion (min); rv is the vesicle size (after extrusion); and

rp is the pore size of the filter membrane.

3.2.8 Spreadability studies

The spreading capacity of P, P-CA, P-HA and P-H-CA was evaluated at ambient temperature
(25 °C) 48 h from gel preparation (Esposito et al., 2015). Precisely, 100 mg of gel were
placed on a Petri dish (3 cm diameter) then subjected to pressure by a glass dish carrying a
50-g mass. The time taken by the gel to fill the entire dish was measured. The spreadability
test was performed three times and the mean values + standard deviations were calculated

using the following equation:

S=mx1/t 2)

where S is the spreadability of the gel formulation, m is the weight (g) tied on the upper
plate, 1 is the diameter (cm) of the glass plates, and t is the time (s) taken for the gel to fill

the entire diameter (Esposito et al., 2015).
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3.3 DRUG CONTENT

3.3.1 Encapsulation efficiency and loading capacity

The encapsulation efficiency (EE) of CUR in SLN, EA in NLC, CA in SLN or ETHO, QSI
(CDC & PF) in liposomes, MG in ETHO were determined as described (Esposito et al.,
2019b). A 0.5 mL aliquot of each type of dispersion was poured into a centrifugal filter
(Microcon centrifugal filter unit YM-10membrane, NMWCO 10 kDa, Sigma-Aldrich, St.
Louis, MO, USA) and centrifuged (Spectrafuge™ 24D Digital Microcentrifuge,
Woodbridge, NJ, USA) at 8,000 rpm for 20 min. The amount of entrapped drug was
determined after solubilizing the lipid phase with a known amount of methanol in case of
SLN, NLC and ethanol in case of ETHO, liposomes (1:10 v/v) and kept under stirring for 3
or 0.5 hours. Whereas the amount of free drug was determined in the filtered aqueous phase.
The samples were then filtered through 0.45/ 0.22 um membrane pore size and analyzed by
HPLC. All data were the mean of 6 determinations on different batches of the same type of

dispersion.

Firstly, the EE was calculated as:

= amount of drug detected in lipid phase x100/Total amount of drug employed 3)

Secondly, the amount of free drug was calculated as:

=Total amount of drug employed- amount of free drug detected / total amount of drug

employed x 100 4)

Thirdly, loading capacity was calculated as:

= amount of drug detected/ amount of lipid phase x 100 (5)

3.3.2 Shelf-life studies

Shelf-life stability studies in case of EA-NLC were conducted in triplicate by analyzing at
predetermined times, the physical aspect, the drug entrapment and the size of NLC

dispersions up to 2 months from production.
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Particularly, physical stability studies were performed analyzing macroscopic aspect (phase
separation, turbidity and macroscopic viscosity) under visual inspection; the drug
entrapment was analyzed by HPLC as above described while the size was by PCS analyses

as above indicated.

Chemical stability was evaluated determining EA content by HPLC analyses (see above),

thus shelf-life values were calculated as described by and summarized below.

Log (EA residual content, %) was plotted against time allowing the calculation of the slopes
(m) by linear regression. Afterwards, the slopes (m) values were used for the determination

of k values applying the equation.

K =m x 2.303 (6)

Shelf life values (the time for 10% loss, too) and half-life (the time for 50% loss, ti2) were

then calculated by mean of equations, respectively.

too = 0.105/ K (7

tin=0.693/ K (8)

3.3.3 Solubility and stability evaluation

The solubility of CA was determined by saturating water, or ethanol/water 30:70 solution,
with an excess of drug in sealed glass vials, at 22 °C. The obtained saturated solutions were
horizontally shaken at 300 rpm for 8 h, in the dark and centrifuged at 3000 g for 15 min. The
supernatant was withdrawn and filtered through a regenerate cellulose filter membrane, 0.22
um pore size, 25 mm diameter (Millipore-Sigma-Aldrich Merck, Darmstadt, Germany). CA
concentration was determined by mass spectrometry analysis as below reported. In order to
detect CA chemical stability, 1 ml samples of CA-SOL were stored in different conditions,
namely at 4, 22 and 40 °C for 30 days.

Stability profiles were evaluated by mathematical modelling, particularly the following

mathematic models were applied to the percentage of a residual drug as follows (Permana et

al., 2020):
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Zero order: Qt=Q0 + K t 9)

First order: InQt =1nQ0 - K t (10)

where Qt (%) is the percentage of residual drug at time t, QO is the initial value of Qt, t is

the time, and K is the coefficient corresponding to zero or first-order kinetic models.

Further, the physical-chemical stability of Nano systems stored at 22 °C for 6 months was
investigated. Particularly size stability was determined by PCS periodically, evaluating Z-
average diameter and dispersity index of SLN, CA-SLN, ETHO and CA-ETHO. To evaluate
CA chemical stability, its content was quantified by disaggregation of CA-SLN with
methanol (1:10 v/v), or dilution of CA-ETHO with ethanol, (1:10 v/v), and kept under
stirring for 2 or 0.5 h, respectively. A CA-SOL (0.5 mg/ml) (CA-water) was taken as control.
After sample filtration by nylon syringe filters (0.22 um pores), the amount of CA has been
analyzed by HPLC, as below reported.

3.4 ANTI-OXIDANT ACTIVITY
3.4.1 DPPH (2, 2-diphenyl-1-picrylhydrazyl) assay

DPPH radical-scavenging assay is widely used to rapidly evaluate antioxidant capacity
(Blois, 1958) and in particular, it is ideal for phenolic compounds. This assay allows
measuring the hydrogen donation ability of an antioxidant to convert the stable DPPH free
radical into 1, 1-diphenyl-2-picrylhydrazyl, which is accompanied by a colorimetric reaction
from deep-violet to light-yellow, which can be evaluated by measuring the percentage
reduction of the absorbance of the solution at 517 nm after the radical reaction with the
products to be tested. The percentage of radical scavenging capacity was calculated using an

equation.

DPPH radical-scavenging capacity (%) =[1- (A1 — A2/A0] x 100 (11)

Where, AO is the absorbance of the control (without EA), Al is the absorbance in the
presence of the EA, and A2 is the absorbance without DPPH. To a methanol solution of
DPPH (1.5 mL) 0.750 mL of EA (solution or NLC in DMSO) at different concentration were

added. The absorbance at 517 nm was measured with a UV-VIS spectrophotometer (Jenway
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7305 Spectrophotometer) according to a described procedure (Wang et al., 1998) Results

were expressed as umol Trolox equivalent/g of compounds.

In the case of CA, the absorbance of the sample (DPPH solution plus CA-SLN or CA-ETHO
or CA-SOL). The ability to scavenge the DPPHe was evaluated using different sample
concentrations. Particularly, the IC50 values (i.e. the sample concentration required to
scavenge 50% of the DPPH-free radicals) were obtained, expressing values as ascorbic acid
equivalents, by linear regression analysis. The absorbance values have been measured with
Safire plate reader (Tecan Trading AG, Switzerland), the IC50 for ascorbic acid was roughly
6.1 ug/ml (Hallan et al., 2020)

Also, the total antioxidant value of CA-ETHO and CA ethanol solution has been measured
by photo chemiluminescence assay using Photochem, ACL kit (Analytica Jena AG,
Germany). The antioxidant values of the samples were determined following the
manufacturer's instructions, the results have been expressed in terms of trolox equivalents

(TE) (Dhavamani et al., 2014).
3.4.2 FRAP assay

The FRAP method is a quantitative assay for measuring the ferric ion reducing the ability of
plasma and is based on the reduction of ferric ions (Fe*") to ferrous ions (Fe**) under acidic
conditions in the presence of 2,4,6-tripyridyl-s-triazine (TPTZ) (Benzie and Strain, 1996).
In the presence of an antioxidant, the Fe>*~TPTZ complex is reduced to the ferrous form,
corresponding to an intense blue coloration that is read to a fixed wavelength of the
absorption maximum (593 nm). The antioxidant activity has given as pmol Trolox

equivalent/g of compounds, as this standard was used to perform the calibration curves.

3.5 ANALYTICAL TECHNIQUES
3.5.1 Ultra-violet spectrophotometric method

The UV-Spectrophotometer (Perkin Elmer, UV/ VIS/ NIR spectrophotometer, lambdal9)
has been used for the analysis of MG. The absorption values (n=5) have been taken for each

analysis, which were corresponding to the maximum absorption of MG (255 nm).
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3.5.2 High-performance liquid chromatography (HPLC) analysis

HPLC determinations were performed using a HPLC system (1200 Series, Agilent
Technologies, USA) equipped with an isocratic pump, an UV-detector and a 7125 Rheodyne

injection valve with a 50 pl loop. Each injection was performed in triplicate (n=3) and

compared with standards of known concentration.
Details of HPLC conditions for each drug studied are below reported in Tables 2 to 4.

3.5.2.1 Curcumin

Table 2. HPLC analysis method for curcumin.

Specifications Details
Column C18 RP-column (Kinetex® (5 pm) 4.6 x 150 mm)
Mobile phase Acetonitrile, acetic acid, methanol 65:30:5 v/v/v
Flow 0.5 ml/ min
Injection 50 pul
Wave length 425 nm
Retention time 3 min

3.5.2.2 Ellagic acid

Table 3. HPLC analysis method for ellagic acid.

Specifications Details
Column Cis RP-column (Kinetex® (5 um) 4.6 x 150 mm)
Mobile phase Methanol, water and phosphoric acid 55:45:0.1 v/v/v
Flow 0.6 ml/min
Injection 40 pl
Wave length 254 nm
Retention time 5.9 min
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3.5.2.3 Caffeic acid

Table 4. HPLC analysis method for caffeic acid.

Specifications Details
Column Cig RP-column (Grace® - Platinum (5 pm) 4.6 x 150 mm)
Mobile phase Water, acetonitrile, 80:20 v/v, pH 2.5
Flow 0.7 ml/ min
Injection 50 ul
Wave length 325 nm
Retention time 4.5 min

3.5.2.4 Quorum sensing inhibitors (CDC & PF)

Reverse-phase high-performance liquid chromatography (RP-HPLC) analyses of QS
inhibitors containing LP-SA have been performed on a Beckman HPLC System Gold
equipped with a 126 Solvent Module and a UV detector Module 168. In the case of CDC,
samples have been loaded on a stainless steel Zorbax® Cig (4.6 x 150 mm,) packed with 3.5
um particles (Agilent, Santa Clara CA, USA), while for PF, samples on a stainless steel
Kinetex Cig (4.6 x 150 mm,) packed with 5 um particles has been used (Phenomenex Inc.,
Torrance CA, USA). The compounds have been monitored at 220 nm using a linear gradient
from 0% of solvent A (water containing 0.1% TFA) to 100% solvent B (acetonitrile
containing 0.1% TFA) over 25 min at a flow rate of 0.7 ml/min in the case of CDC (retention
time 5.7 min) and at 0.5 ml/min flow rate in the case of PF (retention time 16.89 min). Data
acquisition and processing were performed using 32Karat 8.0 software. The method was
validated for linearity (R2 = 0.995), repeatability (relative standard deviation 0.02%, n=6
injections) and limit of quantification (0.04 pg/ml). Analyses were conducted in triplicate,

mean and standard deviation values were calculated.

3.5.3 Mass spectrometry

The CA concentration was determined weekly by a LC-MS/MS system (Thermo Scientific,
Waltham, MA, USA) composed of a micro HPLC Surveyor Plus (pump, column,
thermostated compartment, autosampler, and solvent delivery system) and a LTQ XL mass
spectrometer according to a previously developed method (Bergantin et al., 2017).
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CA was separated by HPLC under gradient elution condition with H2O + 0.1% v/v formic
acid and acetonitrile + 0.1% v/v formic acid as mobile phases. Flow rate was 150 pl/min and
gradient was 5-30% acetonitrile in 20 min. Chromatographic column was a Symmetry
(Waters) 100 x 2.1 mm, packed with 3 um fully porous particles and thermostated at 25 °C.
Main MS conditions were as following: capillary temperature 275 °C; sheat gas 40 au;
source voltage — 4.00 kV; capillary voltage — 6.00 V; tube lens — 47.20 V. Detection of CA
was performed by selected reaction monitoring (SRM) mode. The SRM detection was
operated in the negative electrospray ionization mode using the transitions m/z 179 ([M - H]

-) — 135.

3.5.4 Gas chromatographic analysis

After ETHO preparation, the ethanol presence was checked by gas-chromatographic analysis
(Agilent G4407) equipped with a thermal conductivity detector and a Restek Porapak Q
porous polymers packed column (80/100 mesh, 20 m): carrier gas flow rate was set at 200
kPa; injector temperature was 200 °C; column temperature was 150 °C; detector temperature
was 180 °C. One microliter of 1:10 diluted ETHO sample (n = 3) was injected and ethanol
(retention time around 3.3 min) was determined by external calibration (Weatherly et al.,

2014).

The mass spectrometry and gas chromatographic analysis were conducted with the help of
Prof. Nicola Marchetti, Department of Chemical and Pharmaceutical Sciences, University

of Ferrara, Italy.

3.6 IN VITRO ANALYSIS

3.6.1 In vitro diffusion studies

CA diffusion from SLN /ETHO or their respective gels, while EA diffusion from NLC was
studied using Franz diffusion cells supplied by Vetrotecnica (Padua, Italy) and associated to
nylon membranes (pore diameter 0.2/0.45 um). The membrane, previously hydrated for 1 h,
was mounted on the lower receiving section of the cell previously filled with 5 ml of
bidistilled water in case of CA and ethanol and phosphate buffer 60 mM (30:70, v/v)
alternatively at pH 7.4 or pH 5.5 in case of EA . This solution was stirred at 500 rpm by a
magnetic bar and thermostated at 32 = 1°C (Puglia et al., 2010). After mounting the upper

donor section on the lower by mean of a clamp, 1 ml of each formulation was poured on the
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membrane surface. The donor compartment was then sealed to avoid evaporation. Two
hundred microliters samples of receiving phase were withdrawn at predetermined time
intervals (1-8 h) and analyzed for CA/ EA content using HPLC. Each removed sample was
replaced with an equal volume of receiving phase. The CA/ EA concentrations were
determined six times in independent experiments and the mean values + standard deviations
were calculated. The mean values were then plotted as a function of time. Flux values were
computed from the slope of the linear portion of the accumulation curves, while D were

calculated dividing fluxes by the CA/ EA concentration (mg/ml) in the analyzed form.

3.6.2 In vitro release studies

In vitro release studies were performed by dialysis using dialysis membranes (Merck
Millipore, Milan, Italy) with 15000 Da cut-off. Sink conditions and QSi solubilization were
established adding 30% methanol by volume to the aqueous receiving phase (Siewert et al.,
2003). 20 ml of receiving phase was poured in the external compartment and continuously
stirred at 500 rpm with a magnetic bar (see chapter 9, section 9.2.5.). 2 ml of each QSi loaded
LP-SA were placed in the dialysis bag then at predetermined time intervals 0.15 ml of
receiving phase were withdrawn and QSi content was evaluated by HPLC as above reported.

Each removed sample volume was replaced with the same amount of fresh receiving phase.

3.6.3 Skin Resistance measurements

Skin resistance measurements (see chapter 8, section 8.2.9) have been conducted using
electrochemical impedance spectroscopy (EIS). The measurements have been made with the
skin membrane mounted in Franz diffusion cell (PermeGear Inc. Hellertown, PA, USA)
equipped with 4 electrodes (Bjorklund et al., 2013). Briefly, impedance measurements were
carried out using potentiostat from Ivium Technologies (Eindhoven, Netherlands) within a
frequency range 0.1 Hz-1M Hz and 10 mV voltage amplitude. The temperature 32 + 1 °C
has been maintained throughout the measurements. The interactions of SLN and ETHO with
skin membrane were evaluated measuring skin membrane resistance. The donor chamber
was filled with citrate buffer saline (CBS, 10 mM sodium citrate dihydrate, citric acid
monohydrate, and 150 mM sodium chloride, pH 5.5) (SC site of skin), while phosphate
buffer saline (PBS, sodium chloride-disodium hydrogen phosphate-potassium chloride-
potassium dihydrogen phosphate (1:1:1:1), pH 7.4) was poured in the receptor chamber

37



Chapter-3

(dermal part of the skin) to mimic physiological conditions. The impedance spectra of skin
membrane were recorded for 30 min (5 min interval); afterward CBS was replaced by SLN
or ETHO. The impedance measurements were then carried on for 70 min in the presence of
the nanosystems. Lastly, SLN or ETHO were again replaced by CBS, followed by a
recording of impedance data for 20 min. Alterations in skin and solution resistance were
evaluated using a data analysis program included in Ivium Potentiostat software.
Specifically, skin resistance was determined by fitting impedance vs frequency data to an
equivalent circuit considering the solution resistance, (Rsol), connected in series with skin
membrane impedance. The skin membrane impedance was represented as a parallel
combination of a resistor (for skin membrane resistor, Rmem) and a constant phase element

(CPE). The change in skin membrane resistance (Ohm) was plotted vs time (min).

These measurements have been obtained from Biofilms — Research Center for Biointerfaces,
Faculty of Health and Society, Malm6 University, Sweden during long-term research

mobility (January 2020 to July 2020)

3.6.4 In vitro assessment of CA-hydrogen peroxide reactions in the skin using SCOE

A SCOE apparatus was employed as previously described with some modification (Hallan
et al., 2020; Nocchi et al., 2017). Briefly, an oxygen electrode was covered with excised
porcine skin membrane (500 um thickness, 16 mm diameter) and fixed by rubber o-ring.
Amperometric measurements were performed under immersion of the assembled SCOE into
an electrochemical measurement glass cell containing 10 ml of CBS (10 mM sodium citrate
dihydrate, citric acid monohydrate, and 150 mM sodium chloride, pH 5.5) under constant
agitation with magnetic stirrer. The current of the electrode was recorded using AMEL
model 2059 potentiostat/galvanostat (AMEL, Milano, Italy) by applying -0.7 V (vs
Ag/AgCl) on the Pt electrode of the oxygen electrode. After achieving the stable baseline,
the response to 0.5 mM H>O; was recorded, and CA (0.5 mM) in ethanol:CBS (30/70 v/v)
solution (CA-SOL), SLN, CA-SLN, ETHO and CA-ETHO were measured. All
measurements were conducted at 32 °C. From the current response of the SCOE, the lag
time, tie (i.e., the period required to establish a linear concentration gradient across the
membrane) was calculated. The time zero was assigned to the moment of CA addition into
the measurement cell and the delta current values were integrated over the experimental

time. The integral vs time curve became linearly dependent on the time when approaching a
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steady-state of the current response. This linear part of the integral vs time dependence was
fitted to a linear equation and extrapolated towards time-axis. The intercept was taken as a

tig value. The Dapp was calculated according to the following equation:
Dapp = d?/ 6 tiae (12)
Where d is the thickness of the stratum corneum, assumed to be 10 um.

Moreover, SCOE model was modified by replacing skin with dialysis membrane entrapping
relevant enzymes to model skin response to the antioxidants in the presence of H>O». The
possibility to model skin response with two enzymes, namely CAT and PER, was explored
by drop-casting a CAT/PER mixture (1:1, v/v, comprised of 1 mg/mL of each enzyme) onto
the tip of oxygen electrode and covered with dialysis membrane (this set-up is referred to as
OE). The enzyme-modified oxygen electrode (OE) was then used in measurements in a
similar way as SCOE. Compared to SCOE experiments, a lower H>O> concentration,
specifically 0.1 mM, was added to CBS pH 5.5, followed by the addition of 0.03 mM of CA-
SOL, SLN, CA-SLN and MG-SOL, MG-ETHO. The response of OE was evaluated for each

type of nanosystem.

These measurements have been obtained from Biofilms — Research Center for Biointerfaces,
Faculty of Health and Society, Malm6 University, Sweden during long-term research

mobility (January 2020 to July 2020).

3.7 CELL LINE STUDIES
3.7.1 Invitro MTT test
3.7.1.1 Nanostructured lipid carriers with EA and ETHO with MG

HaCaT cells were grown in Dulbecco's modified Eagle's medium High Glucose (DMEM),
(Lonza, Milan, Italy), supplemented with 10% FBS (foetal bovine serum), 100 U/ml
penicillin, 100 pg/mL streptomycin and 2 mM L-glutamine. Cells were incubated at 37 °C
for 24 h in 95% air/5% CO2 until 80% confluence.

The different formulations, namely EA DMSO solution, both types of empty NLC, NLC-
EA1 and NLC-EA2, were dispersed in cell culture medium and diluted to reach EA
concentrations ranging from 10 to 75 pM. Concerning empty-NLC, they were added
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following the same dilution step used for NLC-EA to reach their same content in lipid

nanoparticles within the wells.

Similarly, in case of MG, different formulations, namely ETHO/ MG-ETHO, ETHO T80/
MG-ETHO T80, ETHO DDAB/ MG-ETHO DDAB and MG-SOL (MG in ethanol and
water) were dispersed in cell culture medium and diluted to reach MG concentrations

ranging from 5 to 50 uM.

Seeded cells were exposed to the selected formulations for 24 h, afterward, the treatment
was completely removed and 110 pl of MTT (0.5 mg/ml) were added and incubated for 4 h.
To convert the MTT solution into a violet-colored formazane, 100 ul of DMSO was
subsequently added and incubated for 15 minutes. After shaking, the solution absorbance,
proportional to the number of living cells, was measured using a spectrophotometer at 590
nm and, after subtracting background at 670 nm, thus converted into a percentage of

viability.

3.7.1.2 Cell culture and cytotoxicity studies on liposomes for QSI

The effect of plain, cationic or anionic liposomes on cell proliferation was determined on in
vitro cultured human lung carcinoma A549 cells(ATCC® CCL-185™) (Fahr et al., 2005).
Standard conditions for cell growth were D-MEM/F-12 (1:1) (1X), liquid - with L-
Glutamine (Invitrogen), medium supplemented with 10% fetal calf serum (Irvine Scientific,
Santa Ana, CA) and Pen-Strep 1x (Omega Scientific Inc., Tarzana, CA) in 5% CO2 at 90%
humidity. Cell viability was determined by MTT test (3-(4,5-dimethilthiazol-2yl)-2,5-
diphenyl tetrazolium bromide) colorimetric assay (Roche Diagnostics Corporation,
Indianapolis, IN) following the manufacturer’s instructions as previously described
(Bortolotti et al., 2015). Cell viability was determined by treating A549 cells with different
concentrations of cationic nanocarriers in terms of cationic detergent, from 0 to 25 pM, for

24 h. Afterward absorbance was read at 590 nm.

3.7.2  P. aeruginosa culture and biofilm formation assay

Pseudomonas aeruginosa PAO1 strain was grown at 37 °C in aerobic condition in M9
Minimal Salts medium (Sigma-Aldrich, St Louis, MO, USA). Biofilm studies were

performed on planktonic P. aecruginosa PAOT1 culture by microtiter plate colorimetric assay
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(Chugani et al., 2012). After overnight growth, optical density at 600 nm was assessed to
determine bacterial growth. After appropriate dilution in M9 medium, 100 ul of P.
aeruginosa suspension was added in each well of a microtiter plate. The optical density
(OD600) at inoculation was 0.04. Bacteria were then treated with different concentration
(0.1-25 uM) of QS inhibitors, empty liposomes and drug-encapsulated liposomes in
triplicates for 24 h or 48 h at 37 °C. Broth without bacteria was used as negative control.
Extent of biofilm formation was measured using crystal violet dye. Briefly, after incubation,
the wells were washed three times with phosphate-buffered saline (PBS; Sigma-Aldrich) and
plate was 60 °C-dried for 90 min. Samples were then stained with 200 pl of crystal violet
solution (1%) for 15 min. After incubation, wells were washed several times with tap water
to eliminate the excess of dye and the plate air-dried. Then, 100 pl of acetic acid 33% was

added to each well to solubilize crystal violet and the absorbance read at 570 nm.

The biofilm formation assay were performed by Dr. Daria Bortolotti and Prof. Roberta

Rizzo. Department of Chemical and Pharmaceutical Sciences, University of Ferrara, Italy.

3.7.3 Immunohistochemistry

Paraffin sections of human skin biopsies (4 pum) were deparaffinized in xylene and
rehydrated in decreasing alcohol gradients. Antigen retrieval was achieved using heat-based
epitope retrieval with 10 mM sodium citrate buffer (AP-9003-500, Thermo Fisher Scientific,
USA) (pH 6.0) at a sub-boiling temperature in a 500 W microwave for 10 min. After cooling
for 20 min, sections were washed 2 times for 5 min in PBS, blocked with 5% BSA in PBS
at RT for 45 min, and incubated overnight at 4 °C with primary antibodies for 4HNE
(AB5605 Millipore Corp., USA) at 1:400 dilution in 2% BSA in PBS. The next day, sections
were washed 3 times in PBS for 5 min, followed by a 1 h incubation with fluorochrome-
conjugated secondary antibodies (A11008 Alexa Fluor 488) at 1:500 dilutions in 2% BSA
in PBS at RT, and then washed with PBS 3 times for 5 min. Nuclei were stained with DAPI
(D1306, Invitrogen) for 1 min in PBS at RT, and sections were then washed with PBS. The
sections were mounted onto glass slides using PermaFluor mounting media (ThermoFisher
Scientific) and imaged via epifluorescence on a Leica light microscope equipped at 40x

magnification. Images were quantified using ImageJ (Pecorelli et al., 2011).
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Dr. Maddalena Sguizzato has performed Immunohistochemistry at the Plants for Human

Health Institute of the North Carolina State University (USA).

3.8 IN VIVO TESTS
3.8.1 Patch test

An in vivo irritation test was performed to evaluate the effect of SLN and ETHO applied in
single dose on the intact human skin. The occlusive patch test was conducted at the
Cosmetology Center of the University of Ferrara, following the basic criteria of the protocols
for the skin compatibility testing of potentially cutaneous irritant cosmetic products on
human volunteers (SCCNFP/0245/99) (Nohynek et al., 2010; Robinson et al., 2002). The
protocol was approved by the Ethics Committee of the University of Ferrara, Italy (study
number: 170583). The test was run on 20 healthy volunteers of both sexes, under their
written consent to the experimentation, in accordance with The Code of Ethics of the World
Medical Association (Helsinki Declaration 1964) and its later amendments for experiments
involving humans. Subjects affected by dermatitis, with history of allergic skin reaction or
under anti-inflammatory drug therapy (either steroidal or non-steroidal) were excluded. Ten
microliters of SLN, CA-SLN, ETHO or CA-ETHO were posed into aluminum Finn
chambers (Bracco, Milan, Italy), and applied onto the skin of the forearm or the back
protected by self—sticking tape. The samples were directly applied into the Finn chamber by
an insulin syringe without a needle and left in contact with the skin surface for 48 hours.
Skin irritant reactions (erythematous and/or edematous) were evaluated 15 min and 24 hours
after removing the patch and cleaning the skin from sample residual. Erythematous reactions
have been sorted out into three groups, according to the erythema degree: light, clearly
visible and moderate/serious. The average irritation index was calculated as the sum of
erythema and edema scores and expressed according to a scale, considering 0.5 as the
threshold above which the formulation is to be classified as slightly irritant, 2.5-5.0 as

moderately irritant and 5.0-8.0 as highly irritant.

3.9 EXVIVO TESTS

3.9.1 Human skin explant culture

Human skin explants (HSE) were prepared from the superfluous skin of healthy adult donors

(1860 years old). Breast or abdominal tissue specimens were obtained from patients
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undergoing plastic surgery. Skin biopsies (12 mm punches) were cultured into standard 6-
well plates in contact with culture medium at 37 °C in 5% CO> humidified air. The culture
medium was Dulbecco’s Modified Eagle Medium (DMEM) with 1% antibiotic-antimycotic
solution (10,000 units penicillin, 10 mg streptomycin and 25 pg amphotericin B — Sigma-
Aldrich, Germany) and 1% r-glutamine (Sigma-Aldrich, Germany) (Esposito et al., 2015).
After 1 day in culture, the medium was changed and HSEs were topically treated with 20 pL
of SLN-P-CA for 24 h.

3.9.2 Cigarette smoke exposure

After 24 h of treatment, the HSEs were exposed for 30 minutes to CS generated by burning
one research cigarette (12 mg tar, 1.1 mg nicotine) using a vacuum pump, as previously
described (Ximena Maria Muresan et al., 2018). Control HSEs were exposed to filtered air.
After exposure, the explants were incubated in fresh media at 37 °C in a humidified 5% CO:

atmosphere for 24 h.

3.9.3 Protein extraction

Samples for Western blot analysis were washed in PBS and frozen in liquid nitrogen. The
biopsies were extracted in ice-cold conditions using a tissue protein extraction reagent (T-
PER buffer, Thermo Fisher Scientific, MA, USA) added consisting of protease and
phosphatase inhibitor cocktails (Sigma, Milan, Italy), using a bead-based homogenizer at
12400 rpm at 4 °C for 15 min. The protein concentration was measured by the Bradford

method (BioRad, CA, USA) (Kulkarni, 2012).

3.9.4 Western blot analysis

The samples (20 pg protein) were loaded onto 12% sodium dodecyl sulfate polyacrylamide
gel (SDS-PAGE) and then transferred onto nitrocellulose membranes. Blots were blocked
in PBS containing 0.5% Tween 20 and 5% not-fat milk (BioRad). The membranes were
incubated overnight at 4 °C with the appropriate primary antibody HO-1 (Abcam,
Cambridge, UK). The membranes were then incubated with horseradish PER conjugated
secondary antibody for 90 min at RT, and the bound antibodies were detected in a
chemiluminescent reaction (ECL, BioRad). Chemiluminescence was detected on a

ChemiDoc imager (BioRad) (Ximena M. Muresan et al., 2018). The blots were reprobed
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with B-actin as the loading control. Images of the bands were digitized, and the densitometry

of the bands was performed using Imagel software (Valacchi et al., 2017).

Dr. Maddalena Sguizzato has performed ex-vivo studies at the Plants for Human Health

Institute of the North Carolina State University (USA).
3.10 DATA ANALYSIS AND STATISTICS

For each of the variables tested, two-way analysis of variance (ANOVA) was used. A
significant result was indicated by a p value <0.05. All the results are expressed as mean =+
SD of 6 determinations for nanoparticle characterization experiments and 3 determinations

obtained in 3 independent experiments for in vitro cultured cells tests.
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4 DEVELOPMENT AND CHARACTERIZATION OF LIPID COATED
MAGNETIC NANOPARTICLES

4.1 INTRODUCTION

The utilization of functionalized superoxide paramagnetic iron oxide nanoparticles (SPION)
with magnetic properties offers a new promising direction towards theranostic aids (the
combination of both diagnostic and therapeutic applications). They work under influence of
the external magnetic field. To attain Para-magnetism, the diameter of such MNP should be
below 20 nm. It has long been a scientific and technological challenge to synthesize these
systems by avoiding particle aggregation, achieving the desired particle shape and uniform
size distribution. The toxicity associated with these particles is the main concern and the
extent of biocompatibility highly depends on the nature of the magnetic content, final NP
size and the nature of the coating. Therefore, non-toxic surface coatings should be required
for the MNP to improve their in-vivo effectiveness (Akbaba et al., 2017). The surface
modification of these particles will be helpful not only to stabilize the colloidal system; but
will also solve the shortcomings with their biocompatibility by enhancing the circulation
time. Additionally, the ligand approach can provide improved site-specificity with minimal

drug load in cancer management (Luchini and Vitiello, 2019).

MNP coated with polyarabic acid and functionalized with doxorubicin presented excellent
membrane permeation properties. The remarkable drug loading and release behavior,
insignificant in-vivo toxicity, and favorable therapeutic potential concerning commercially
available clinical MRI contrast agents (Patitsa et al., 2017). MNP were chosen to fabricate
the markers and modified to enhance the lipophilicity by incorporating them into the lipid
phase. Under Magnetic Resonance Imaging (MRI), the bio-distribution pattern of these lipid
nanoparticles has been studied. Owing to their soft surfactant and lipid shell, adequate
stability resulted in satisfying magnetite release across an injured Brain—Blood Barrier

(Igartua et al., 2002).

Another study has been conducted where the self-assembled lipid nanotubes (LNTs)with
glycolipid composing of glucose and oleic acid, have been used as a coating material. The

LNTs were also able to maintain their morphology in warm water because they form crystals
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below the gel-to-liquid crystalline transition temperature. The proposed coating has avoided
the strong aggregation tendency of the MNP. This strategy has presented tremendous
dispersibility and biocompatibility (Han et al., 2012).

Further, the loading of MNP and drug molecule together into SLN could also be a possible
solution to the above-mentioned problem. This synergism will accomplish the theranostic
effectiveness as shown in Figure 9, where the drug can release under the influence of the

alternating magnetic field.

O Lipid-coated MNPs Drug release

() (b)

Figure 9. Release of drug from magnetic-lipid nanoparticles under magnetic field.

The magnetic solid lipid nanoparticles (M-SLN) loaded with ibuprofen were successfully
fabricated using the emulsification dispersion-ultrasonic technique. This particulate system
have shown 80% drug encapsulation. Further, the loaded MNP inside the core have been
verified with TEM analysis. This study indicates the possibility to achieve a controlled drug
release with MNP (Pang et al., 2009).

This investigation aimed at exploring the possibility of combining the advantages of both

SLN and MNP for better drug targeting. MNP and SLN have been fabricated using the co-
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precipitation method and emulsion followed by the dilution technique respectively. After
optimizing blank SLN, successful loading of MNP have been achieved and the presence of
MNP inside the core of SLN have been assured by elemental analysis. Separately, schemed

SLN also have been optimized for CUR and evaluated for various parameters.

4.2 RESULTS AND DISCUSSIONS
4.2.1 Preparation of MNP

The MNP have been produced along with composition (Table 5) and their macroscopic and
microscopic aspects have been characterized. The MNP were dark brown in appearance
(Figure 10 (a)) and no alteration in color has been observed during the entire storage time.

The SEM images of MNP has been shown in Figure 10 (b).

Table 5. Composition of MNP.

Sample no. Components % WI/W
1 FeCl; (Fe*" 1.97
2 FeCl, (Fe*" 3.2
3 NaOH Traces
4 H>O 95

Mag= 132KX 104m = _ . = Vecuum Mode = Variable Pressure
Output To = DisplayFie [ WD= 9.0mm  EHT=2000kV  Signal A= VPSE 63 Date 17.Jul 2018

b

Figure 10. (a) Physical appearance and (b) SEM image of MNP.
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4.2.2 Preparation of solid lipid nanoparticles

The empty SLN (F-SLN) have been produced by the emulsion-dilution technique as per
composition (Table 6) and were found physically stable in terms of dimensions during
storage. Further, the loading of MNP into SLN have been accomplished after optimizing the
empty SLN system. However, the settlement of MNP have been observed at bottom of vials
during storage time. The possible reason for this settlement could be an inadequate ratio of
lipid to MNP. It must be underlined that the brown color of M-SLN (Figure 11, b-d) unlike
the empty SLN (Figure 11, a), indicates that MNP have been loaded into the SLN up to some

extent.

Table 6. Percentage (% w/w) composition of SLN.

SA! P80 Aqueous Phase CUR MNP
80°C 4°C
F30M-SLN 0.86 1.43 21.94 75.76 - 0.08
F70M-SLN 2 3.34 21.26 73.40 - 0.08
F100M-SLN 2.85 4.77 20.74 71.63 - 0.08
CUR-SLN 2 3.34 21.26 73.40 0.05 -

IStearic acid, > Polysorbate 80.

To verify this point, three different ratios of lipid phase to MNP were selected namely F30M-
SLN, F70M-SLN, F100M-SLN for 30:1, 70:1, and 100:1 w/w receptively. On the other
hand, CUR loaded SLN were produced and were macroscopically stable (Figure 11, e)
without undergoing phase separation or aggregation. The CUR-SLN gave the yellowish

appearance verifying the presence of CUR distributed uniformly throughout the system.
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@ (o)

B (©

Figure 11. Macroscopic aspects of (a) F-SLN, (b) F30M-SLN, (¢) F70M-SLN, (d) F100M-
SLN, and (e¢) CUR-SLN.

4.2.3 Particle size and Polydispersion Index

The diameter of all SLN was measured using PCS from day 1 to day 90 reported in Table 7.
No drastic change in diameter has been noticed during the entire storage period. Moreover,
PCS analysis evidenced a monomodal size distribution, indicated by dispersity indexes

below 0.3 in all cases.

Table 7. Dimensional distribution parameters of SLN, M-SLN, and CUR-SLN.

F-SLN F30 M-SLN F70 M-SLN F100 M-SLN  CUR-SLN

Day Z ave (nm) Z ave (nm) Z ave (nm) Z ave (nm) Z ave (nm)
P.I P.I P.I P.I P.I

1 537.9+389 702.9+222.6  597.17+118.7 546.3+37.5 480.3+£59.9
0.20 0.10 0.14 0.13 0.18

30 583.3+84.7 760.5+30.62  598.33+212.5 590.3 + 65.1 477.5+47
0.21 0.14 0.10 0.18 0.12

60 547 £+ 84.1 724.4+141.6 413.9+179.9 522.1+£67.3 413.8+£68.0
0.15 0.21 0.16 0.28 0.17

90 513.8 +109.1 674.8 +32.6 344.63 £79.6 4593 +41.5 413.7+£63.6
0.19 0.34 0.13 0.12 0.21

4.2.4 Morphology and elemental analysis of nanoparticles

The morphology of SLN and MNP has been investigated with the VPSEM technique.
Initially, liquid and lyophilized samples of SLN have been tested under VPSEM. However,

it was not feasible to analyze the samples. For better visualization, all the samples have been
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lyophilized with 10% Trehalose (cryo-protectant). The lyophilization along with cryo-
protectant has given better result quality. The 100:1 (lipid phase: MNP w/w) has represented
better particle morphology (Figure 12).

Additionally, the elemental analysis has been performed by VPSEM equipped with
microanalytical energy dispersive system in Figure 13. Wherein, the empty SLN shows the
presence of carbon 64.2 + 0.2% and oxygen 35.8 + 0.2% by weight, while M-SLN evidenced
by 51.6 £ 0.3 %, oxygen 48.2 = 0.3, and 0.2 % iron. This analysis assured the successful

entrapment of iron inside the lipid core.

Mag= 1.53KX 20wm o . = Vocuum Mode = Varsble Pressure |
oo | WD=80mm  £HTr=2000kv SignalA=VPSEGS piibpriiall

() W)

Mag= 123KX 30pm
[—

= ral A Vocuum odo
pos il WD= 85mm  EHT=2000kv Signal A= VPSE G3 i

(c) (d)

Figure 12. SEM images of (a) F-SLN, (b) F30M-SLN, (¢) F70M-SLN, d) F100M-SLN.
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4.2.5 Characterization of Lyophilised SLN

The SLN were lyophilized in the presence of 10% trehalose, followed by sample
reconstitution with MilliQ water at defined conditions. All the lyophilized cakes were brittle,
easy and rapid to reconstitute. The higher reconstitution time was recorded in the case of the
lowest lipid content that is F30M-SLN. The redispersed SLN have shown better physical
stability in terms of mean diameter up to 30 days (Table 8).

B Spectrum 1

Wt% o
C 642 02
0O 358 02

m Spectrum 4
Wt% o
C 516
0O 482
0.2

Figure 13. Elemental analysis of (a) F-SLN, and (b) F70M-SLN.
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Table 8. Dimensions and reconstitution time of reconstituted SLN.

F-SLN F30M-SLN F70M-SLN  F100M-SLN
Z ave (nm) Z ave(nm) Z ave (nm) Z ave (nm)

Day P.I P.I P.I P.I
i 492.4+59.6 596.6+43 582.7+21.7 539.1+35.86
0.15 0.23 0.15 0.11
10 568.13+31.1 528.8+99  508.5+22  540.77+ 743
0.16 0.21 0.15 0.09
'R.T.(min) 3.30+0.3 5.49+0.9 3.5+0.7 25+0.4

I Reconstitution time.

4.2.6 Encapsulation efficiency

The amount of CUR encapsulated into SLN with respect to the total amount used initially
for the preparation of SLN was evaluated using ultracentrifugation and HPLC method. After
centrifugation, the two separated phases (aqueous phase and lipid phase) have been tested
via HPLC separately. The results indicate that 84.28 + 4.25 % CUR was associated with the
lipid phase of SLN.

4.2.7 Miscellaneous techniques used to load MNP

Some other strategies by changing the type of lipids and techniques have been explored. The

remarks of all the techniques have been discussed in Table 9.

Experiments are still in progress to design the best strategy to accomplish the successful

loading of MNP to the lipid nanoparticles.
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Table 9. Various methodologies adopted to load MNP.

Technique Remarks

The high surface to volume ratio can be

SLN containing surface-modified  responsible for the settlement of MNP in SLN.
MNP The stearic acid coating was done to stabilize

the MNP followed by incorporation into SLN.

The mixture of phosphatidylcholine and
Emulsion-diffusion method glyceryl  monostearate  employed and
stabilized by pluronic F-68.

The o/w type emulsion obtained by cetyl
Hot homogenization technique palmitate and MNP as oil phase and aqueous
dispersion was stabilized by tween-80.

In this ultrasonic technique, MNP first
dispersed in 2.5% w/w poloxamer 188

Solvent diffusion method aqueous solution and stabilized by oleic acid.
Finally, the resulting mixture added to
monostearin.

The combination of MNP, stearic acid, and
phosphatidylcholine was employed. To
achieve a clear microemulsion, sodium
taurocholate and butanol have been used.

Microemulsion technique

The lipid phase composing tristearin,
polyethylene glycol, and MNP was sprayed
into the aqueous phase containing 2.5 % w/w
poloxamer.

Three different triglycerides namely tristearin,
suppocire, and tripalmitin have been used
along with capric triglycerides in 1:1 w/w,
stabilized by tween 20.

Air spray technique

NLC
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5 ELLAGIC ACID CONTAINING NANOSTRUCTURED LIPID CARRIERS
FOR TOPICAL APPLICATION: A PRELIMINARY STUDY

5.1 INTRODUCTION

Phyto-pharmaceuticals are pharmaceuticals derived from botanicals. These natural
ingredients are more easily and readily metabolized by the body, thus after administration
they may provide increased absorption in the bloodstream. EA is a phyto-pharmaceutical
substance found in many fruits and plants such as raspberries, strawberries, pomegranates,
blackberries and many other plants food. EA (2,3,7,8-tetrahydroxy-chromeno [5,4,3-
cde]chromene-5,10-dione) (Table 10) is the dimeric derivative of gallic acid and has a
significant attractiveness in food supplements because of its potentially beneficial effects

against a wide range of diseases (Malik et al., 2011).

Table 10. Chemical structure and some physicochemical characteristics of EA.

Melting point
(W)

.DQ_%}G{ 302.20 254 1.59(2.32) >360

chemical structure MW Amax Log P
(nm)

Various studies indicate that EA possesses antimutagenic, antiagenic, antioxidant and anti-
inflammatory activity in bacterial and mammalian systems (Khanduja et al., 1999; Loarca-
Pifia et al., 1998). In addition, EA has been proved to be an efficient skin whitener and
suppressor of pigmentation. Besides anti-oxidant activities, EA also is cytotoxic towards
different types of cancer cells, such as osteogenic sarcoma, tongue, pancreatic, leukemic,
neuroblastoma, breast, prostate gland and colon cells (Edderkaoui et al., 2008; Fjaeraa and
Nanberg, 2009; Seeram et al., 2005). It also possesses anti-inflammatory, anti-bacterial, anti
angiogenesis, anti-atherosclerosis, anti-hyperglycemic, antihypertensive and cardio- effects

(Landete, 2011; Larrosa et al., 2010; Malik et al., 2011; Rosillo et al., 2011).
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However, EA has found limited use in therapeutic applications due to its low water solubility
(around 9.7 pg/mL) and permeability (class IV of the BCS) (Bala et al., 2006; Chavda et al.,
2010). When orally administered EA is poorly absorbed due to low aqueous solubility,
metabolism in gastrointestinal tract (Seeram et al., 2004), first pass effect and irreversible

binding to cellular DNA and proteins problems.

The incorporation of drugs in lipid nanoparticles is a smart approach to overcome
bioavailability (Lim et al., 2004). Among lipid-based colloids, SLN and NLC can be
mentioned. SLN are generally produced using solid lipids stabilized by the presence of
surfactants dispersed in the aqueous phase. As a drawback during the time the lipid
crystallization of the solid lipid core of these particles may lead to the leakage of the included
active compound, thus influencing the EE. NLC were developed to overcome these
drawbacks by mean of a partial replacement of the solid lipid with a fluid lipid. In this way,
the lipid core matrix becomes less ordered as compared to SLN and can accommodate high

amounts of active compound reducing loss problems.

For our studies, we analyzed two different blends of solid and liquid lipids. The first one
based on the use of a mixture of the liquid caprylic/capric triglycerides (Miglyol) and the
solid tristearin. In the second case, a mixture of caprylocaproyl macrogol-8 glyceride
(Labrasol) and tristearin was used to produce NLC. In the hot state the two lipids form one
phase and during the cooling process, a phase separation occurs in which small oily droplets
are included in the solid matrix. Taken into the account these assumptions, the present paper
will describe the preparation, characterization and preliminary in vitro studies of EA-

containing NLC for dermatologic purposes.

5.2 RESULTS AND DISCUSSION

5.2.1 Production and characterization of NLC-EA dispersions

The NLC-EA composed as reported in Table 11, were obtained by dispersing the lipid phase
in the aqueous phase under sonication (Esposito et al., 2019b) achieving stable and
homogenous dispersions. The corresponding empty NLC, namely e-NLC1 and e-NLC2,
were obtained using the same procedure apart for the addition of EA. As already known, a
fluid lipid (i.e. tricaprylin or labrasol) when mixed to solid lipids allows to the formation of

solid particles homogenously embedded of fluid compartments. However, during the
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preparation almost the 4% by weight of total used lipid phase was lost on the vessel and less

than 1% gave rise to the formation of agglomerates.

After production, nanoparticles were characterized in terms of dimensions and morphology.
Dimensions and size distribution of the produced NLC were determined by mean of PCS.
The analyses were made immediately after preparation and periodically at regular intervals
in order to investigate the stability of nanoparticles by time. Table 12 summarizes the

obtained values of mean diameters and polydispersity.

Table 11. Composition of the produced NLC-EA.

NLC-EA1 NLC-EA2
(% of total dispersion’s weight)
Tristearin 3.35 4
Miglyol 1.65 -
Labrasol - 1
Poloxamer 188 (2.5% w/v) 95 95
Ellagic Acid (EA) 0.025 0.025

Analyzing the obtained values, it should be noted that in general no variations of the
diameters occur during time. Some differences in size are appreciable between empty and
drug-containing nanoparticles only in the case of NLC1, which shows an increase from 116.5
nm to 195.7 nm in the presence of EA. However, concerning the polydispersity indexes,
empty NLC showed a reduction during time while EA-loaded NLC showed no great
variations, indicating that NLC has maintained up to 2 months their monomodal dimensional

distribution.

Cryo- TEM allows the study of the morphology of the produced NLC. Figure 14 depicts the
cryo-TEM images of e-NLCI1, e-NLC2, NLC-EA1 and NLC-EA2. It is evident that no
morphological differences are evident among the considered types of NLC. Notably, some
large and flat particles are detectable together with deformed, elongated and circular platelet-
like or elliptical shaped nanoparticles depending to their position with respect to the site of
observation, namely from the top to edge-on view or intermediate positions (Esposito et al.,

2017; Sguizzato et al., 2017).
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Table 12. Mean diameters of NLC as determined by PCS.

e-NLC1 e-NLC2 NLC-EA1 NLC-EA2

Day Z ave (nm) Z ave (nm) Z ave (nm) Z ave (nm)
P.I P.I P.I1 P.IL

1 116.5+0.6 188.3+1.2 195.7+2.1 189.6 £3.9
0.37 0.31 0.36 0.33

20 1189+5.6 183.1+6.2 192.0+0.8 181.3+5.1
0.40 0.31 0.52 0.29

30 117.2+7.6 182.0+1.5 1904 +29 195.8 £ 6.4
0.43 0.28 0.40 0.37

60 118.7+2.3 176.6 £3.2 189.8 £2.3 189.2+£2.6
0.39 0.33 0.30 0.31

s.d. = standard deviation calculated after 5 determinations on different batches of
the same type of dispersion. P.I.= polydispersity index.

Figure 14. Cryo- TEM images of e-NLC1 (panel A), NLC-EAL1 (panel B), e-NLC2 (panel
C) and NLC-EA2 (panel D).
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The inner structural features of NLC, NLC-EA1 and NLC-EA2 were investigated by SAXS.
Results are reported in Figure 15 and clearly indicate that NLC-EA1 and NLC-EA2
nanoparticles are characterized by a lamellar organization of the inner matrix, both in the
presence or absence of EA. Particularly, SAXS profiles show a Bragg peak at Q=0.143 A-
1, which corresponds to a lamellar structure with a repeat distance (which measures the sum
of the bilayer thickness and the thickness of the water layer separating two adjacent bilayers)
of 43.9 A. Indeed, the four preparations are very similar, therefore it can be asserted that
neither the different lipid composition nor the presence of EA modifies the structural
organization of lipid nanoparticles. Note that considering the very low solubility of EA in

water, data suggests solubilization of the drug inside the paraffinic region of the lipid layer.

El

10 g
- I
S - 0.00 0.10 020 0.30
(4] Q (A
N
o] -
- C

0.1

_l 1 L1 1.1 ll PR T Y 1 1 ) I |

2 4 6 8 2

4 6 8
0.01 0.1

Q (A1)

Figure 15. SAXS profiles of e-NLC1 (full blue line), e-NLC2 (full red line), NLC-EA1
(dotted blue line), NLC-EA2 (dotted red line). The signal of sole water is indicated with a
black line. The inset shows the SAXS profiles after the subtraction of the water contribution.
Here, the curves are scaled for clarity. The vertical black line indicates the constant position
of the Bragg peaks.

58



Chapter-5

5.2.2 Drug encapsulation efficiency and shelf life

The amount of drug encapsulated in NLC concerning the total amount used for the
preparation was evaluated by high-performance liquid chromatography (HPLC) using a
reversed-phase column. The amount of entrapped EA was determined after centrifugation
by dissolving in a known amount of ethanol the lipid phase, while the amount of free EA
was determined in the filtrated aqueous phase. The content of EA in both fractions was
calculated by comparison with a standard solution. Particularly, EA content in the produced
NLC was calculated as a function of time and expressed as a percentage of the total amount

used for the preparation.

As reported in Table 13, drug recovery after NLC production was almost quantitative as
compared to the total amount used for the preparation. In the aqueous fraction, the amount
of EA was always below the detection limit of the analytical method employed, indicating a
high EE of loaded-NLC. Indeed, the drug encapsulation was 91.50 + 2.42 % in the case of
NLC-EAL1 and 96.61 £ 3.67 % in the case of NLC-EA2 dispersions.

Shelf life stability was calculated plotting Log (EA residual content, % with respect to drug
content at time 0) against time, obtaining first-order kinetics (data not shown). From the
slopes (m) obtained by linear regression, the time at which the drug concentration has lost
10% and 50%, namely shelf life (too) and half-life (ti2) respectively, were calculated and
reported in Table 13. All data were statistically significant (p<0.0001).

It was found that EA in solution decomposes quickly (ti2 being 56 days), while NLC are
able to increase the protection of EA as compared to the solution with different efficiency.
Indeed NLC-EA1 maintain 90% of EA stability for almost 2 months (57 days), whilst for
NLC-EA2, tog is around 40 days. The ti2 values reach more than one year for NLC-EA1 (378
days) and 8.5 months for NLC-EA2, increasing the stability of EA of 6.72 and 4.59 fold as

compared to the solution.

The macroscopic aspect of both NLC-EA1 and NLC-EA2 did not change over time. Notably,
no phase separation phenomena, settling of particles, and absence of aggregate formation

were evident after three months from production.
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Table 13. EA content in NLC as a function of time and shelf-life values.

EA recovery (%)*
Time EA
(days) (ethanol solution) NLC-EAL NLC-EA2
1 100.00 £ 1.41 91.50+2.42 96.61 +3.67
10 96.58 £2.22 91.06 £3.91 92.69 +£0.93
20 84.31 £2.81 90.37 £2.50 91.15+£2.27
30 74.29 £ 2.63 89.66 £2.51 90.86 + 1.85
60 48.24 + 6.14 87.57 £2.40 88.63 +£3.67
Shelf life values
K 0.012325 0.001832 0.002682
too (days)P 8.52 57.30 39.14
ti2 (days)© 56.23 378.18 258.33

@ percentage as a function of initial EA content by weight. ® time at which the drug
concentration has lost 10%. € time at which the drug concentration has lost 50%. The
results are the average of 3 independent experiments + s.d.

5.2.3 In vitro experiments

5.2.3.1 Antioxidant activity

It is well known that various pathophysiological processes are due to the presence of free
radicals, thus the antioxidant intervention is of pivotal importance. Indeed, the beneficial
effects of polyphenols on human skin are largely described, such as antioxidant, anti-aging,
anti-inflammatory and anti-cancer activities (Badhani et al., 2015; Lo et al., 2011; Yang et
al., 2016). In this view, both EA-containing NLC formulations were subjected to two
different tests to evaluate their antioxidant capacity as compared to the active solution and

the empty NLC. The chosen tests were DPPH and FRAP.

It has to be underlined that in both cases it was impossible to test the activity of empty NLC
because the addition of their DMSO solution to the radical or FRAP mixture gave rise to the
formation of a certain opalescence or precipitation, respectively. As for the NLCs containing
EA, the data summarized in Table 14 relate to extremely diluted solutions that did not give
great opalescence or precipitation problems in the test media. However, unlike EA in the
chosen solvent (DMSO) is perfectly soluble, the two NLCs in the same solvent appeared as

suspensions.
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Table 14. Antioxidant activity of NLC-EA as determined by FRAP and DPPH assays.

DPPH FRAP
soﬁll:‘i-on 25834.90 + 0.00 100 3‘;09%22"261; 100
NLC-EA1  9545.16 = 0.00 37 191?1292819* 58
.

*all the compounds were test at the same concentration (0,005 mg/ml) *: umol Trolox
equivalents/g ®:% of activity = percentage of antioxidant activity as compared to EA in
DMSO solution.

In light of these observations, the antioxidant activity data reported in Table 14 indicate for
both types of NLC-EA a lower activity with respect to EA solution. In particular, regarding
the FRAP assay, the antioxidant activity of both the loaded NLC is around 60% as compared
to the solution. This behavior could be possibly ascribed to a combination of events. Firstly
(a) the recovered amount of EA within the formulation which is lower as compared to the
solution being comprised between 91 to 96 % (Table 13) and (b) the amount of solubilized
EA in the could possibly influence also a lasting antioxidant activity during time. On the
other hand, the values obtained with the DPPH assay are quite far from those expected,
certainly due to the incompatibility of the DMSO solvent with the test methodology (Cao et
al., 1993; Soare et al., 1997).

The profile that emerged from these tests underlines how the two new formulations preserve

the excellent antioxidant capacity of the active.

5.2.3.2 EA diffusion from NLC

To evaluate the release of EA from NLC-EA1 and NLC-EA2 formulations, Franz-cells
associated with nylon membrane were used. Particularly, two different pH values were
considered for the receiving phase constituted of phosphate buffer, namely pH 7.4 and 5.5.
Furthermore to establish the sink conditions and to promote EA solubilization, 30% ethanol
by volume was added to the receiving phase (Santos et al., 2013; Siewert et al., 2003).
Moreover, it has to be underlined that due to the poor water-solubility of EA, the comparative

EA solution used for diffusion release experiments was made in DMSO.
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Figure 16 reported the diffusion release profiles of EA from solution and both types of NLC.
The amount of EA that penetrated through the membrane per unit area was plotted against
time and the slopes, which represent the steady-state fluxes, were calculated by linear
regression. The calculated regression coefficients squared were higher than 0.96. The
normalized fluxes (Jn) calculated and the results of these calculations are reported in Table

15.
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Figure 16. In vitro diffusion kinetics of EA from DMSO solution (circles) or NLC-EA1
(squares) and NLC-EA2 (diamonds) as determined by Franz cell associated to nylon
membranes. Experiments were conducted in phosphate buffer at different pH, namely 7.4
(closed symbols) and 5.5 (open symbols). Data are the mean of 4 independent experiments
+ s.d.
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Particularly, in agreement with the scarce water solubility of EA, the Jn values were in
general very low being comprised 0.003 and 0.663. Notwithstanding these results, from the
obtained profiles it is evident that the two NLC systems displayed similar behavior in
controlling EA release. Moreover, as expected the influence of the pH of the receiving phase
is appreciable. Indeed as indicated by literature, pH influences the release, solubility and
permeation of acidic drugs (Akula and P.K., 2018; Lambers et al., 2006; Salamanca et al.,
2018; Spagnol et al., 2018).

It is interesting to see that at pH typical of the skin surface, which ideally should be slightly
acidic being comprised in the acidic range from pH 4.0 to 7.0 (Lambers et al., 2006) the
release of EA is higher as compared to the same formulation tested at neutral pH (i.e. pH
7.4) (see Figure 16 and Table 15). This result could be noteworthy for a potential topical
application of NLC-EA onto the skin.

Table 15. In vitro diffusion coefficients of EA.

Jn (pg/cm?/h) log Jn R?
NLC-EA1 pH 7.4 0.005 -2.30 0.969
NLC-EA2pH 7.4 0.003 -2.52 0.984
EA-solution pH 7.4 0.112 -0.95 0.990
NLC-EA1 pH 5.5 0.430 -0.36 0.979
NLC-EA2 pH 5.5 0.500 -0.30 0.995
EA-solution pH 5.5 0.663 -0.17 0.999

5.2.3.3 Cytotoxicity studies

It is well known that lipid nanocarriers can improve solubilization and stabilization of drug
molecules thus influencing the pharmacokinetics of drugs in reason of the different
distribution after systemic administration (Hristo Svilenov, and Christo Tzachev, 2014).
Moreover, lipids are physiological safe compounds being components of many natural food
sources and therefore presenting metabolic pathways for their degradation. In addition, due
to the promising results concerning EA diffusion and antioxidant activity, the in vitro activity
of the produced formulation was further investigated. Particularly, cytotoxicity was assessed
by MTT assay on HaCaT cells comparing the activity of EA-loaded NLC to that of EA in
DMSO solution. The obtained results are graphically shown in Figure 17.
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It should be underlined that, although both types of NLC are characterized by some toxicity,
NLCI are less cytotoxic than NLC2. Furthermore, the presence of EA does not heavily
influence the cytotoxicity of these formulations. On the other hand, a result that confirms
our initial hypothesis is that both these formulations have a reduced cytotoxicity as compared

to that of the DMSO solution allowing us to propose them as a possible vehicle for the EA.

NLC dispersion (ul)
0 30 60 90 120

' I ' I ' I ' 1

cell growth (% of control)

EA (uM)

Figure 17. In vitro antiproliferative effect on HaCat cells of EA in DMSO solution (crossed
squares), e-NLC1 (closed circles), e-NLC2 (closed squares), NLC-EA1 (open circles) and
NLC-EA2 (open squares). Data are the mean of three independent experiments + s.d.
conducted in triplicate. P values are always <0.01.
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6 NANOPARTICULATE GELS FOR TOPICAL ADMINISTRATION OF
CAFFEIC ACID

6.1 INTRODUCTION

CA is a naturally occurring hydroxycinnamic acid amply present in coffee, fruits, vegetables,
oils, grapes, and tea (Janbaz et al., 2004; Khan et al., 2016). CA (Figure 18) and its
derivatives can be considered as strong antioxidants due to different mechanisms, such as
radical scavenging activity and inhibition of lipid peroxidation (Gulcin, 2006; Valko et al.,
2007). The capability to inhibit or retard oxidation reactions makes CA suitable to counteract
inflammatory diseases, aging and some type of tumors (Kang et al., 2008; Nichols and
Katiyar, 2010; Prasad et al., 2009). Indeed CA has a photoprotective effect against UVB-
induced cellular changes and can prevent DNA damage induced by free radicals, thus it has
been proposed as a chemo-preventive agent against cutaneous malignant melanoma (Kang

et al., 2008; Nichols and Katiyar, 2010).

HO

HO

Figure 18. Chemical structure of caffeic acid.

Since the skin represents the largest and outermost organ of human body, it is exposed to
many hazards, such as extreme temperatures, UV radiations, mechanical trauma, as well as
biological and chemical agents present in pollution and cigarette smoke (CS). CS is
considered responsible for multiple, highly diverse effects on human health, including
cancer, noncancerous lung diseases, atherosclerotic diseases of the heart and blood vessels,

and toxicity to the human reproductive system (Furrukh, 2013; Macacu et al., 2015; Onor et
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al., 2017). In addition, CS can affect the skin both directly on the epidermis and indirectly
via the bloodstream, causing mucocutaneous signs, precocious skin aging, chronic
dermatoses and skin cancer (Ortiz and Grando, 2012; Prieux et al., 2020). Indeed CS
components affect cellular redox hemostasis and induce skin inflammation (Chang et al.,
2018). For instance, some chemicals, such as polycyclic aromatic hydrocarbons, are able to
pass through the epidermis and reach the dermis, leading to systemic effects (Soeur et al.,
2017). The skin can counteract the CS toxic effect by natural mechanisms of defense, acting
as antioxidants or oxidant-degrading systems. On the other hand, this homeostatic protection
can unsuccessfully increase cutaneous ROS, finally leading to the onset of dermatological
diseases (Prieux et al., 2020). In this respect, the cutaneous administration of antioxidants

represents an approach to restore homeostasis, thus preventing ROS-mediated disorders.

The idea at the basis of the present investigation is the possibility to apply CA on the skin in
order to counteract pathologies and disorders induced by CS. Since CA is poorly soluble in
water, a nanotechnological formulation has been studied suitable for CA solubilization and
able to control CA delivery, prolonging its antioxidant action. Particularly, SLN have been
proposed, being biocompatible non-toxic delivery systems, suitable for the inclusion of
drugs with different physico-chemical properties in an aqueous physiological environment
(Esposito et al., 2008, 2019b; Pink et al., 2019). Since SLN dispersions don’t possess
adequate viscosity for skin permanence, they need to be thickened, resulting in a final
nanoparticulate semi-solid form (Esposito et al., 2013). Thus, a preformulatory study has
been conducted aimed at selecting a polymer for SLN thickening. Namely, poloxamer 407
and hyaluronic acid (HA) have been considered (Figure 19). The former is a copolymer
constituted of polyoxyethylene- polyoxypropilene units characterized by thermogelling
properties, while the latter is a natural polymer known for wound healing properties and
investigated in this study to modulate the formulation strength (Artzner et al., 2007; Li et al.,
2019; Mayol et al., 2008; Pereira et al., 2013).
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Figure 19. Chemical structure of (a) hyaluronic acid and (b) poloxamer 407.

The mechanical properties of the nanoparticulate gel have been characterized by rheological
studies, while CA diffusion has been evaluated by Franz cell. Finally, CA antioxidant effect

has been evaluated ex-vivo on human skin explants exposed to CS.

6.2 RESULTS AND DISCUSSION

6.2.1 SLN production and characterization

In order to find a vehicle suitable for CA administration on the skin, the drug has been
encapsulated in SLN. SLN dispersions were produced by a method based on emulsification
of a fused lipid phase constituted of tristearin with an aqueous solution constituted of p188,
by hot homogenization and ultrasonication. During the emulsification, tristearin droplets
were stabilized by pl88, afterward under cooling, the droplets solidified into solid
nanoparticles. The final aspect of SLN dispersions was milky and homogeneous. Table 16

reports the composition of SLN produced in the absence and the presence of CA.
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Table 16. Composition (% w/w) of the indicated formulations.

Nanoparticulate tristearin p188! water CA?
system
SLN 5 2.38 92.62 -
CA-SLN 5 2.38 92.52 0.1

poloxamer 188; 2caffeic acid

6.2.1.1 Morphological analysis

SLN morphology has been studied by cryo-TEM and X-ray diffraction. As shown in Figure
20 (a), CA-SLN were characterized by flat irregular elongated particles.

1(Q) (a.u.)

0.0' PSS EPEPET A BT AR S

Figure 20. (a) Cryo-TEM images of CA-SLN. (b) X-ray scattering profile for SLN (blue)
and CA-SLN (red) samples. SLN sample has been measured only up to Q = 0.35 nm™..
Experiments were performed at Diamond Light Source (UK).

With regard to inner structure of SLN, X-ray diffraction evidenced the presence of a lamellar
organization. Figure 20(b) shows the X-ray profiles corresponding to CA loaded and

unloaded SLN: in both cases Bragg peaks are observed, the position of which scales as 1:2:3
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(note that the second order has very low intensity and that SLN sample has been measured
in a narrow Q-range), as expected for a 1D lamellar organization of the lipid matrix. The
unit cell, which corresponds to the lamellae repeat distance, is 43.9 A. Since peak intensity,
width and position are independent on the presence or absence of CA, it can be concluded

that the drug does not alter the inner structural organization of the SLN.

6.2.1.2 Dimensional distribution

SLN and CA-SLN have been analyzed by PCS, in order to have information on their
dimensional distribution (Table 17). The mean dimensions of SLN, expressed as equivalent
spherical diameters, considering spheres with the same nanoparticle volume, were around
200 nm, with dispersity indexes below 0.3. The presence of CA slightly affected dimensional

distribution.

Table 17. Dimensional characteristics and encapsulation parameters of the indicated
nanoparticulate systems.

Nanoparticulate ~ Z-Average! Dispersity!  Encapsulation Loading
system (nm) +s.d. index +s.d. efficiency’ (%) capacity® (%)
SLN 216 £ 12 0.28 £0.02 - -
CA-SLN 201 £11 0.29 +£0.03 88.2+£83 1.8+0.03
SLN-P 225+ 10 0.23 £0.04 - -
SLN-P-CA 230 + 14 0.26 £0.03 88.2£8.3 1.8+0.03

'as determined by PCS; “Percentage (w/w) of drug encapsulated, with respect to the total
amount used for the preparation. *Percentage (w/w) of drug within nanoparticles, as
compared to the amount of lipid used for the preparation. Data represent the mean + S.D. of
6 independent experiment

6.2.1.3 Evaluation of CA encapsulation efficiency in SLN

CA was successfully encapsulated within SLN, as determined by analyzing drug content
after ultracentrifugation. Indeed CA concentration in SLN was 0.88 mg/ml, namely 88%
w/w of the drug employed was associated to the nanoparticulate lipid phase (1.7% with
respect to the lipid phase), while 12 % was in the dispersing aqueous phase (Table 17). This
result is related to the physicochemical behavior of CA, being partially soluble in water (log
P 1.53). It is interesting to note that SLN enabled to 1.76-fold increase CA solubility with

respect to water, where CA is soluble up to 0.5 mg/ml.
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6.2.2 Preparation and characterization of gels

Since nanoparticulate dispersions do not possess an adequate viscosity for cutaneous
administration, a preformulatory study has been conducted in order to find a vehicle suitable
for SLN thickening. Particularly different polymers have been considered, namely the
copolymer PEOos-POP¢7-PEQO9g poloxamer 407 (p407) and HA. P407 is characterized by
thermogelling properties, while HA can confer plastic behavior, increasing strength of the
final gel (Li et al., 2019; Pereira et al., 2013). Table 18 reports the composition of the gels
produced using the polymers alone or in combination. P-HA and P gels were obtained by

addition of polymer powder to cold water.

Table 18. Composition (% w/w) of the indicated formulations.

Gel system tristearin p188! p4072 HA3 water CA*

P - - 15.0 - 85.0 -
P-HA - - 15.0 2.0 83.0 -
P-CA - - 15.0 - 84.9 0.1

P-HA-CA - - 15.0 2.0 82.9 0.1
SLN-P 4.25 2.02 15.0 - 78.52 -

SLN-P-CA 4.25 2.02 15.0 - 78.42 0.1

P-P188-CA - 2.02 15.0 - 82.88 0.1

Ipoloxamer 188; 2poloxamer 407; *hyaluronic acid; *caffeic acid

Notably CA solubility in P-CA was 1 mg/ml, thus 2-fold higher with respect to CA-SOL,;
indeed p407 in water self-aggregates forming micelles that increase drug solubility. In the
case of P-HA-CA, a preformulatory study has been conducted to find the best way to
combine the two polymers. Direct addition of HA powder to p407 solution resulted in
clumps difficult to disperse, thus a method was selected based on 1:1 (v/v) dilution of a p407
30 % (w/w) solution with a HA 4 % (w/v) solution, finally leading to the composition of P-
HA-CA reported in Table 18.

6.2.2.1 X-ray scattering analysis

In order to investigate the supramolecular structure of the gels, SAXS experiments have been
conducted on P, P-CA, P-HA and P-HA-CA at different temperatures (e.g. 20, 30 and 37
°C). Results are reported in Figure 21. Curves are particularly noisy, because of the low

polymer concentration and of the low contrast. In the case of P (a), a low-angle, narrow
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Bragg peak and a broader peak at higher Q are detected at all temperatures. The two peaks
are in the order 1:V3, according to the occurrence of a of a pseudo-hexagonal packing order
with a lattice constant of = 220 A. Quite surprisingly, the peak intensity of the low-angle
peak increases on heating, suggesting that the sample ordering increases as a function of
temperature. Indeed, even though it is well know that by elevating the temperature, the
dehydration of the hydrophobic p407 blocks combined with the hydration of the hydrophilic
ones leads to the formation of spherical micelles; it is noteworthy that on heating, the
subsequent packing of the micellar structures results in a 3D cubic lattice, which constitutes
the main structure of p407 gels. Similar profiles, together with the same thermal effect, have
been found for the P-CA sample (b), indicating that the gel supramolecular structure is

conserved after the addition of CA.
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Figure 21. SAXS diffraction profiles of P (a); P-CA (b); P-HA (c) and P-HA-CA (d) at 20
(blue), 30 (light blue) and 37 (red) °C. The dashed line indicates the position of the first
correlation peak. Experiments were performed in Graz (AT) laboratory.

71



Chapter-6

A different behavior is detected in the presence of HA: at one side, P-HA SAXS curves (c)
are characterized by the absence of peaks at any of the investigated temperatures, while the
P-HA-CA sample (d) shows the same profile already observed for P and P-CA gels with two
differences: (i) at 25 °C no peaks occur; (ii) the peaks observed at 30 and 37 °C correspond
to a larger pseudo-hexagonal packing correlation distance (242 A). As a first conclusion,
SAXS data indicate that the p407 based gels have a well-structured organization both in the
absence and the presence of CA, with an increasing internal order induced by temperature,
as expected considering the temperature-responsive nature of the gel (Wei et al., 2002) and
the sol-gel transition below reported in Table 20. On the contrary, data confirm that HA

disorganizes the ordered structure, resulting in the absence of peaks.

In order to better define the gel ordered structure, model fitting of the SAXS data has been
performed. According to the accepted structural model, a body-centered cubic lattice of
micelle structures with paracrystalline distortion has been considered. The micelles were
monodispersed and the size of the paracrystal infinitely large. Paracrystalline distortions
were assumed to be isotropic and characterized by a Gaussian distribution. The model

scattering intensity [(Q)* was calculated using equation 13:

I(Q)* = kIV), Viatice P(Q) Z(Q) (13)

I(Q) (a.u.)
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0
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Figure 22. Data fitting for P-CA SAXS curve at 30°C.
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where £ is the volume fraction of spheres, ¥} is the volume of the micelles, Viatice is @ volume
correction for the crystal structure, P(Q) is the form factor of the sphere and Z(Q) is the
paracrystalline structure factor for a body-centered cubic structure (Matsuoka et al., 1990).
Fitting parameters were the nearest neighbor distance (D), the lattice distortion vy, the micelle
radius R and the electron densities of the micelle and the solvent. As an example, fitting
results are reported in Figure 22, while the most relevant fitting parameters are reported in

Table 19.

Table 19. Fitting parameters of SAXS data of gels obtained at 37°C.

Fitting parameter P (20°C) P (37°C) P-CA(37°C) P-HA-CA (37 °C)

D (A) 247.7 246.6 250.2 262.6
lattice distortion 0.18 0.14 0.11 0.12
micelle radius (A) 79.2 93.6 104.8 120.5

Errors are in the order of 5% for D and micellar radius and of 10% for the lattice
distortion.

Even if the SAXS curves are very noisy, the fit is remarkably good. Fitted parameters show
that poloxamer molecules, self-assembled into spherical micelles of about 90 to 120 A radii,
form a gel in which the spherical micelles are packed into a 3D cubic lattice. Thermo-
sensitivity of p407 explains the lattice distortion decrease (e.g., the increase of the gel
ordering) observed in P as a function of temperature. On the other side, the presence of CA
appears to induce a further increase of order, while HA increases the lattice distortion. This
observation is also confirmed by the absence of Bragg peaks which characterizes the P-HA

gel.

6.2.2.2 Rheological study

When p407 gels are used for topical applications, the transition temperature at which the
fluid aqueous polymer solution turns to a semi-solid material, Tsol-gel, is recognized as one
of the most important parameters (Baloglu et al., 2011). Rheology represents a precious way
to study the behavior of thermosensitive formulations since in these systems viscoelastic
properties (e.g. elastic G” and viscous G’ moduli) depend on their physical state. Therefore,
the Tsol-gel can be easily determined by performing rheology experiments as a function of

the temperature. Figure 23 reports the G” and G’ profiles for P, P-CA, P-HA and P-HA-CA.
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In all cases, the thermal behavior is very similar, thus indicating that on heating all
formulations became more elastic than viscous, as expected, due to the transition from liquid
to structured gel (Baloglu et al., 2011) The maximum elastic modulus, which is an indication

of the strength of the formed gel, is also very similar.

The sol-gel transition temperature was evaluated considering the temperature at which the
elastic modulus (G’) and the viscous modulus (G”) are equal (Dumortier et al., 2006). The
resulting Tsol-gel values are shown in Table 20. A few points should be evidence: first, the
comparison between P and P-CA profiles (in the case of P-CA the gel forms at a lower
temperature with respect to P, with a Tsol-gel difference of 4.2 °C) suggests that the presence
of CA increases the system order, as indicated by SAXS results. Second, P-HA-CA displays
a Tsol-gel value higher than P-HA (the difference is 2.4 °C), indicating a less ordered
structure, in agreement with X-ray scattering findings. Indeed SAXS and rheology are
complementary, because the former characterizes the supramolecular structure of samples,

while the latter defines the macroscopic behavior (Bodratti and Alexandridis, 2018).

20 40 60
Temperature (°C)

o

Temperature (°C) Temperature (°C)

Figure 23. Effect of the temperature on elastic (G’, blue) and viscous (G’’, orange) moduli
for P (a), P-CA (b), P-HA (c) and P-HA-CA (d).
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Table 20. Tsolge1 and spreadability parameters of the indicated gels.

Gel Tsol-gel Spreadability (g X cm/sec)

P 26.11 £3.1 11.41 +£1.88

P-CA 21.87+£2.1 11.40+£1.75

P-HA 2240+£2.2 12.50 £1.30

P-HA-CA 2480+5.2 12.45+1.20
P-P188-CA 28.1+1.2 -

SLN-P - 10.02 + 1.68

SLN-P-CA - 10.00 £ 1.81

6.2.2.3 Gel spreadability study

Spreadability represents a technological parameter affecting the extrudability of semisolid
forms from the package, their capability to cover skin area, the patient compliance and
definitely the therapeutic efficacy of drugs (Sguizzato et al., 2020a). At this regard, to gain
information on their application on skin, the gel spreadability values have been evaluated
(Table 20). All the gels possess a suitable spreadability for cutaneous administration.
Nonetheless, P and P-CA were less spreadable with respect to HA containing gels,
suggesting that the presence of HA reduced gel consistence. CA did not affect spreadability
of both gels.

6.2.2.4 In vitro CA diffusion kinetics from gels

In order to investigate the efficiency of gels designed as topical vehicles and to select the
polymer to employ for SLN thickening, the in vitro CA diffusion was studied by Franz cell
associated to nylon membranes. Particularly P-CA and P-HA-CA have been considered and

compared to the plain CA-SOL as reported in Figure 24 (a).
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Figure 24. CA diffusion kinetics from CA-SOL (blue), P-HA-CA (green) and P-CA (red),
CA-SLN (yellow) and SLN-P-CA (black), as determined by Franz cell. Data are the mean
of 6 independent experiments.

Diffusion profiles fitted well with zero-order kinetics. It should be considered that in the case
of CA-SOL, CA concentration was 0.5 mg/ml, thus the D, obtained dividing flux by CA
concentration within the formulation, was double with respect to the flux (Table 21). CA
fluxes from both gels were slower with respect to CA-SOL, particularly in the case of P-CA.
Indeed the D of CA from P-HA-CA was 3.13-fold lower than CA-SOL, while in the case of
P-CA, D was 3.73-fold lower.

Table 21. Fluxes and diffusion coefficients of the indicated formulations.

Formulation F! (mg/cm?/h)  D? (cm/h)

CA-SOL 63.05+4.41 126.11 £8.82
P-HA-CA 40.23 £2.81 40.23 £2.81
P-CA 33.77£2.36 33.77£2.36
CA-SLN 26.21 £ 1.83 26.21 £1.83
SLN-P-CA 7.90 +0.55 7.90 +0.55

IFlux; 2Diffusion coefficient; Data are the mean of 6 independent Franz cell experiments.
On the basis of the obtained results, since P-CA (a) displayed the lowest Tsolget and

spreadability values and (b) was able to better control CA diffusion, p407 was selected for
SLN thickening.

76



Chapter-6

6.2.3 Preparation and characterization of nanoparticulate gels

SLN thickening has been achieved by direct addition of p407 to nanoparticle dispersions.
The compositions of the obtained nanoparticulate gels are reported in Table 18. The addition
of p407 increased consistency but did not affect the macroscopic aspect of nanoparticulate
forms, being milky and homogeneous. Cryo-TEM images, reported in Figure. 25 (a) and
Figure 25 (b) show the presence of elongated irregular flat particles that appear more thin

and electron dense when observed on side view.

(@) (b)

Figure 25. Cryo-TEM images of SLN-P-CA (a) and (b).

Mean dimensions of SLN-P and SLN-P-CA were almost unvaried, being 10 or 20 mm-
higher with respect to plain SLN and CA-SLN, as measured by PCS. As expected, EE values
were not affected by p407 addition. The presence of p407 in the aqueous dispersing phase
of CA-SLN resulted in the formation of micelles, probably embodying an amount of CA

present in the aqueous phase.
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6.2.3.1 X-ray scattering analysis

X-ray diffraction experiments on the nanoparticulate gels confirmed that both the
nanoparticle inner structure and the whole gel structure were conserved. Indeed, Figure 26
clearly shows that the scattering profile of SLN-P-CA combines the characteristics of the
CA-SLN profile (Figure 20b) plus the ones of the profile observed for P-CA (Figures 21b
and 26, the second referred to a P-CA sample measured at the same beam-line). Notably,
peak positions were very similar: the spacing of the Bragg peaks assigned to SLN scales as
1:2:3 (the second-order peak has a very low intensity also in this case, see Figure 20b),
confirming the 1D lamellar organization of the lipid matrix. As a further confirmation of the
absence of effects on the structural properties of nanoparticles, the lamellae repeat distance
resulted in 43.8 A (43.9A in CA-SLN). The position of the low angle peaks corresponding
to the gel structural organization (the first narrow and the second rather large, according to
the low-degree of order previously discussed) were in the order 1:V3, indicating the
preservation of the paracrystalline micellar packing with a lattice constant of = 214 A
(Matsuoka et al., 1990). Accordingly, in the case of P-CA the lattice constant was confirmed
to be ca. 220 A.

. { —— SLN-P-CA
—— P-CA

0.1 0.2 0.3 0.4
e’
Q@A)

Figure 26. X-ray scattering profiles for P-CA (red) and SLN-P-CA (light blu) samples
measured at 37 °C. The dashed line indicates the position of the gel first correlation peak;
the arrow points the position of the first Bragg peak related to the inner organization of the
SLN. Experiments were performed at Diamond Light Source (UK).
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6.2.3.2 Rheological and spreadability studies

The effect of p407 addition has been evaluated on rheological behavior and spreadability of
nanoparticulate gel. Particularly the thermosensitive behavior of SLN-P-CA has been
compared to plain CA-SLN and to a mixture of p407/ p188 containing CA (P-P188-CA) at
the same concentration used for SLN production. Figure 27 shows the effect of the

temperature on G’ and G’ moduli.

In the case of P-P188-CA (Figure 27a) the G’/G’’ profile was similar to P-CA (Figure 23a),
even though the presence of p188 delayed significantly the gelation temperature, up to 6 °C
concerning P-CA. This behavior could be attributed to the formation of mixed p188/p407
micelles that organized themselves differently concerning the compact paracrystalline
structure found in P-CA gel (Artzner et al., 2007; Matsuoka et al., 1990) Conversely, the
rheological profile of CA-SLN (Figure 27b) was characterized by the absence of crossover,
with G’ higher than G”’, indicating a more elastic than viscous behavior for the whole
temperature range. The differences between P-P188-CA and CA-SLN profiles suggest that
p407 governed the copolymer mixture profile, while p188 did not affect CA-SLN
rheological behavior. In the case of SLN-P-CA the addition of p407 to SLN did not modify
this trend, but a sudden increase of the moduli could be noticed at = 20 ° C. Thus, both SLN
and p407 had a major effect on the rheological behavior of the gel. The differences between
SLN-P-CA and P-P188-CA profiles should be attributed to the presence of lipid
nanoparticles that disorganized the micellar system formed in the case of the mixture of

copolymers.

Even though it was not possible to precisely define the Tsorgel of SLN-P-CA, the system was
characterized by a soft gel consistency, as confirmed by the spreadability values reported in
Table 20. It should be underlined that the spreadability of SLN and CA-SLN was not
measurable because of their liquid state. On the other hand, the addition of p407 to SLN and
CA-SLN enabled to obtain systems whose spreadability values were closed to those of P and

P-CA.
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Figure 27. Effect of the temperature on elastic (G', blue) and viscous (G", orange) for P-
P188-CA (a), CA-SLN (a) and SLN-P-CA (b).

6.2.3.3 In vitro CA diffusion kinetics

CA diffusion from SLN-P-CA has been investigated by Franz cell. As shown in Figure 24b,
the diffusion profile of CA from the nanoparticulate gel was the slowest, indeed D was 8-
fold lower than CA-SOL and 4-fold lower with respect to P-CA. This result suggests that
the association between nanoparticles and the entanglement of p407 copolymer chains

enabled to slow down CA diffusion.
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6.2.4 Ex vivo evaluation of SLN-P-CA in protecting human skin against oxidative
damage

6.2.4.1 Immunofluorescence staining

The skin is the main barrier of our body against environmental insults and several studies
have investigated the effects of outdoor stressors on cutaneous tissues (McDaniel et al.,
2018). For instance, CS, a well-known environmental stressor, is able to interact with lipids
present within the SC of the skin, leading to the generation of free radical species and lipid
peroxidation products, such as 4-hydroxynonenal (4-HNE) (Pecorelli et al., 2019; Sticozzi
et al., 2014). Therefore, in order to investigate the effect of CA delivered by SLN-P in
protecting skin against oxidative insults, immunohistochemical analysis for 4HNE protein
adducts levels has been performed on HSE with or without SLN-P-CA exposed to CS for 30

min, as reported in the method section, at different time points (0’ and 6 hours).

As shown in Figure 28, the HSE exposed to CS displays a significant increase in 4HNE
protein adduct levels compared to the not exposed skin explants (Air), both at 0 and 6 hours.
Moreover, the pre-treatment with SLN-P-CA was able to counteract the oxidative damage
induced by CS exposure, as indicated by the decrease in 4HNE fluorescence intensity level

in the SLN-P-CA treated HSE compared to untreated ones.
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Figure 28: Immunofluorescence (IF) staining for 4HNE (green) and DAPI (blue) in ex vivo
human skin biopsies exposed to CS for 30 min directly after exposure and 6 h post-exposure
at 40x magnification (panel a). Immunofluorescent signal was semi quantified by using
Imagel software (National Institutes of Health, Bethesda, MD) (panel b). The results are
shown as the mean of three experiments. **** p < (0.0001 with respect to CTRL Air at the
same timepoint.
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6.2.4.2 Western blot analysis

In order to investigate the effect of CA involved in the cutaneous antioxidant response, Heme
oxygenase-1 (HO-1) protein levels (stress-response enzyme (Kubo et al., 2019; Rajagopalan
et al., 2016)) were also evaluated in the different samples. HO-1 has been determined by
Western blot analysis 24 hours after CS exposure, quantified by densitometry and
normalized by the beta-actin level for each sample, as depicted in Figure 29. Our results
demonstrate that the pre-treatment with SLN-P-CA was able to counteract the significant
increase in HO-1 protein levels induced by CS after 24 hours, confirming the result obtained
with immunohistochemical analysis and underlying the ability of the CA containing

nanoparticulate gel in preventing skin oxidative stress damage.
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Figure 29: Effect of cigarette smoke (CS) on heme-oxygenase (HO-1) protein expression
levels evaluated on human skin explants (HSE) treated with SLN-P-CA, exposed to air or
CS for 30 min and harvested after 24 h. (a) Representative Western blot analyses of HO-1
protein expression (with the respective B-actin controls). (b) Mean expression of HO-1 as a
ratio of B-actin. The results are shown as the mean of three experiments. **** p < 0.0001
with respect to CTRL Air.
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7 DESIGN AND CHARACTERIZATION OF ETHOSOMES FOR THE
TRANSDERMAL DELIVERY OF CAFFEIC ACID

7.1 INTRODUCTION

A broad range of disorders, spanning from inflammatory diseases to skin cancer, many of
which did not find yet an efficacious therapy, can affect human skin. Thus, there is an unmet
need for effective strategies to treat dermatological pathologies (Boehncke and Schon, 2015;
Eyerich and Eyerich, 2018; Leonardi et al., 2018; Wu and Cohen, 2019). Many antioxidant
compounds possess therapeutic activities, for instance, CA is a naturally occurring
hydroxycinnamic acid with remarkable antioxidant, anti-inflammatory and antiproliferative
properties (Esposito et al., 2019a; Gulcin, 2006; Khan et al., 2016; Valko et al., 2007).
Notably, some studies have demonstrated CA potential in the treatment of skin inflammatory
pathologies, such as psoriasis. Moreover, thanks to its antioxidative power, CA can exert
photoprotective action towards DNA damage, protecting skin against aging and preventing
melanoma (Dziato et al., 2016; Kang et al., 2008; Nichols and Katiyar, 2010; Prasad et al.,
2009). Despite the pharmaceutical potential of antioxidant molecules, some of them are
prone to degradation, being sensitive to oxygen, light and high temperature (Pinho et al.,
2015). Besides, it should be noticed that the barrier effect of the SC often represents an
obstacle to active molecules permeation, hampering their final pharmacological effect. In
this respect, antioxidant encapsulation could represent an appropriate strategy to control
chemical instability and to improve their performances under skin application (Munin and
Edwards-Lévy, 2011). Among the different micro and nano-systems provided for drug
encapsulation and transdermal delivery, ETHO represent a smart strategy. Indeed, ETHO
are vesicular systems constituted of phospholipids, such as phosphatidylcholine (PC),
ethanol (20-45%) and water (Godin and Touitou, 2003; Gollavilli et al., 2020; M. Abdulbaqi
et al., 2016; Natsheh et al., 2019; Touitou et al., 2000). The multilamellar vesicles of ETHO
allow improving the loading of poor soluble molecules with respect to the well-known
liposomes. Indeed, the presence of ethanol stabilizes the vesicles and controls their
entrapment efficacy (M. Abdulbaqi et al., 2016; Touitou et al., 2000). Moreover, many
studies have demonstrated the ETHO capability to achieve transdermal delivery of drugs,

due to a synergy between ethanol and phospholipids. In fact, on one hand ethanol renders
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vesicles softer with respect to liposome ones, on the other ethanol and phospholipids enhance
drug penetration. Indeed, ethanol is able to disorganize the SC barrier, opening spaces for
ETHO crossing, while the peculiar structure of phospholipids, similar to skin lipids,
promotes ETHO permeation (Godin and Touitou, 2003; M. Abdulbagqi et al., 2016; Natsheh
et al., 2019). On this matter some authors have demonstrated the presence of intact vesicles
in the skin strata, suggesting that ETHO can overcome the SC, allowing deep drug
permeation (Shen et al., 2014; Zhang et al., 2018; Sguizzato et al., 2020b). In this context,
the object of the present investigation is a pre-formulative study aimed at the development
of ETHO for CA solubilization and delivery through the skin. Particularly, the ETHO
capability to control CA degradation has been investigated. Moreover, since low viscous
vehicles need a thickening agent to obtain the appropriate residence time when applied on
the skin, the copolymer P407 has been added to ETHO. This copolymer, constituted of
polyoxyethylene-polyoxypropilene units, possesses thermogelling properties when
dispersed in water, passing from fluid to semi-solid materials over a transition temperature
Tsol-gel a(Artzner et al., 2007; Sguizzato et al., 2020a). The structural organization and
mechanical properties of ETHO formulations have been investigated by SAXS and
rheometric analyses. Franz cell has been employed to detect the influence of ETHO
entrapment on CA diffusion kinetics. Finally, an amperometric study has been conducted in
order to evaluate CA permeation through the skin. Particularly, an in vitro tool based on
SCOE has been exploited to assess the kinetics of CA penetration through SC and its
involvement in antioxidative reactions in skin at the presence of H20O: (Eskandari et al.,
2019). In SCOE apparatus, an electrode allows registration of Oz concentration changes in
the membrane due to reactions of H>O> and polyphenols in the skin (Nocchi et al., 2017).
This electrochemical monitoring enables to obtain a reliable prediction of in-vivo cutaneous

antioxidant administration (Hernandez et al., 2019).

7.2 RESULTS AND DISCUSSION
7.2.1 Caffeic acid solubility and stability

To determine the CA stability in water, its content has been evaluated in an aqueous solution
of the drug stored in different conditions. Mass spectrometry analyses revealed that CA was
soluble in water up to 0.5 mg/ml. CA-SOL underwent complete degradation within one
month (Figure 30a). As expected, the degradation was influenced by the temperature, being

more rapid in the case of the CA solution stored at 40 °C with respect to 22 and 4 °C.
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The mathematical modeling of CA residual content, obtained by fitting profiles with
equation 9 and 10 in chapter 3 -methods, section 3.3.3. , revealed that CA stability followed
a zero-order kinetic model, as indicated by the high coefficient correlation values reported
in Table 22, suggesting that CA stability was independent of its concentration (Permana et
al., 2020). In order to control CA stability, the possibility to entrap the drug within a

nanotechnological formulation has been investigated.
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Figure 30. (a) Caffeic acid content in aqueous solution stored at 22 (open circle), 4 (triangle)
or 40 (square) °C for 30 days. (b) Caffeic acid content in aqueous solution (black) or in
ETHO (grey) stored at 22 °C.

Table 22. Kinetic modeling of stability profile of CA-SOL stored for 30 days at different
temperatures.

Kinetic 4°C 22°C 40°C
parameters R?/K! R?/K R?/K
Zero-order 0.991/3.442 0.968 / 3.256 0.986/3.382
First order 0.760/0.197 0.716 / 0.207 0.869/0.142

Where K is the coefficient corresponding to zero or first-order kinetic models and R? is the
coefficient of determination. data were the mean of 3 independent experiments, S.D. were
within + 5%
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7.2.2 Preparation of ethosomes

Since CA is soluble in ethanol (up to 50 mg/ml) as per the data from
(https://www.chemicalbook.com/ChemicalProductProperty EN_CB6281061.htm). ETHO

were selected for CA delivery, being biocompatible transdermal nano-systems, containing
high amounts of ethanol. Particularly, ETHO were constituted of PC ethanol solution and
water (30:70 v/v), as reported in Table 23. ETHO were spontaneously and rapidly obtained
by a cold method, dropping water into a PC ethanol solution under magnetic stirring, finally
leading to milky dispersions. Water addition occurred within 20 sec, afterward the vials have
been sealed, preventing ethanol evaporation, indeed ethanol concentration, determined by
gas chromatography with thermal conductivity detection (Weatherly et al., 2014) was
actually 30 £ 1 % v/v (n = 3). CA-ETHO were obtained after CA solubilization in the PC
ethanol solution, followed by the addition of water. ETHO and CA-ETHO compositions are
reported in Table 23.

Table 23. Composition of the indicated formulations.

Formulation PC! ethanol  P4072 water CA3
code % w/w % w/w % wiw % wiw % wiw
ETHO 0.9 29.1 - 70.0 -
CA-ETHO 0.9 29.1 - 70.0 0.1
pol ; ] 15.0 85.0 ;
P-CA - - 15.0 84.95 0.05
ETHO-pol 0.76 24.74 15.0 59.5 -
CA-ETHO-pol 0.76 24.74 15.0 59.41 0.085

!soy phosphatidylcholine; poloxamer 407; 3caffeic acid

The EE of CA in ETHO, evaluated by ultracentrifugation and HPLC analysis, indicated that
CA was completely associated to vesicles (EE = 98% + 2). The high EE achieved by CA-
ETHO should be attributed both to the presence of ethanol and to the simple production
method, avoiding high energy input, such as heating and mechanical stresses, preserving CA
from possible degradation (Munin and Edwards-Lévy, 2011; Sguizzato et al., 2020b). In this
respect CA encapsulation in ETHO appears more advantageous with respect to another PC
based nanovesicle system recently described by Permana et al. Indeed, the authors reported

a more complex preparation procedure, based on rotary evaporation followed by
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homogenization and sonication, leading to a 45% EE of CA at the latest (Permana et al.,

2020).

The capability of ETHO to solubilize CA has been further investigated, revealing that the
upper limit was 5 mg/ml, thus 10-fold higher with respect to CA solubility in water. This
result is ascribable to the CA solubility value in ethanol/water (30:70 v/v), being 5.5 mg/ml.

7.2.3 Characterization of ethosomes

To shed light on the structure and dimensions of ETHO, cryo-TEM, PCS and SAXS have
been employed. Figure 31 (a) reports a cryo-TEM image of CA-ETHO, showing the typical
fingerprint structure, ascribable to the double layer organization of PC, resulting in
multilamellar vesicles with spherical, as well as elongated shape. On the other hand, CA-
ETHO dispersed within poloxamer gel (CA-ETHO-pol (Figure 31 (b) and (c))maintained

similar aspects.

Regarding size distribution as reported in Table 24, mean diameters expressed as Z-Average
were around 200 nm, with very slight differences between ETHO and CA-ETHO. PCS
analyses evidenced a monomodal size distribution, as indicated by dispersity index values

below 0.2 (Table 21).

Table 24. Dimensional distribution parameters of ETHO and ETHO gels, as determined by
PCS.

Formulation Time Z-average (nm) % Dispersity index+ s.d.
Code (days) s.d.
CA-ETHO 900 223158.21655j:i 2201.601 833 : 8:8§
ETHO-pol 900 325729. '19512442'?001 852 : 8:8§
CA-ETHO-pol 900 328838.'28513457'.5102 832 : 8:%

s.d.: standard deviation; data are the mean of 3 independent determinations on different
batches

88



Chapter-7

Figure 31. Cryo- TEM images (Cryo-TEM) of CA-ETHO (a) and CA- ETHO-pol (b, c).
Bar corresponds to 200 nm (a and b) or 100 nm (c).
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SAXS experiments were performed to confirm the structural properties of ETHO. Figure
32areports water (1), ETHO (2) and CA-ETHO (3) scattering profiles. In the case of ETHO,
a typical bilayer form factor scattering pattern (e.g. the broadband centered at about 1.5 nm"
1) is observed. Such a profile denotes the presence of PC unilamellar vesicles or, more
probably, PC multilamellar vesicles characterized by a very disordered positional correlation
between adjacent bilayers and/or by a very limited number of stacked bilayers (Sguizzato et
al., 2020b). On the other hand, the X-ray scattering pattern of CA-ETHO is characterized by
low-intensity Bragg peaks superposed to the bilayer form factor, as a clear indication of the
formation of PC multilamellar vesicles. Therefore, CA presence appears to induce a small
but clear increment of the positional correlations between adjacent bilayers (Andreozzi et
al., 2010). The bilayer-to-bilayer repeat distance, derived from the peak positions and
corresponding to the sum of the bilayer thickness plus the thickness of the water layer
separating two adjacent bilayers, was 6.90 nm. In this regard it should be noticed that other
authors have found that the incorporation of hydrophobic phenolics into lipid vesicular

systems bilayers could thoroughly affect the bilayer organization (Malekar et al., 2016).
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Figure 32. SAXS profiles observed at 35 °C. (a): water (1), ETHO (2), CA-ETHO (3); (b):
pol (1), P-CA (2), CA-ETHO-pol (3). Arrows indicate the main diffraction peaks.
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7.2.4 Evaluation of CA antioxidant activity

The antioxidant activity of the CA-ETHO was evaluated using the DPPH radical scavenging
activity and photochemiluminescence methods (Dhavamani et al., 2014; Marinova and
Batchvarov, 2011; Singh Hallan et al., 2020). Note worthily, both methods demonstrated
that CA encapsulation within ETHO did not affect its antioxidant capacity. Indeed, IC50
values measured by DPPH were 10 pg/ml and 7 pg/ml respectively for CA-ETHO and CA
in ethanol solution, while photochemiluminescence revealed an antioxidant capacity of 49.0

+0 .9 and 46.4 + 0.7 pmol TE/ml for CA-ETHO and CA ethanol solution respectively.
7.2.5 Evaluation of CA-ETHO stability

In order to check the size stability of ETHO, size distribution of samples stored in the light
at 22 °C has been evaluated by PCS periodically for 3 months. As reported in Figure 33(a)
and Table 24, vesicle size remained quite stable, indeed mean diameter slightly increased (=

20 nm) after 90 days from ETHO and CA-ETHO production.

CA content in ETHO has been evaluated within 6 months from CA-ETHO preparation, to
detect the effectiveness of ETHO in controlling CA degradation. Noteworthily, some authors
have investigated the possibility to entrap CA in vesicular or nanoparticulate system,
however, to the best of our knowledge, the capability to control CA degradation has not been
yet underlined (Dikmen et al., 2015; Permana et al., 2020; Saija et al., 1999; Scheller et al.,
2011). Remarkably, after 3 months CA content in ETHO was almost unvaried, being 93%
of the initial content, while, after 6 months 77 % of CA was still present in CA-ETHO
(Figure 30b). Conversely, a CA ethanol/water solution (30/70, v/v) taken as control, stored
at 22 °C, underwent a CA 15 % loss after just 3 days, confirming the role of ETHO in
maintaining CA stability.

7.2.6 Ethosome gel preparation and characterization

ETHO dispersions need to be thickened to be applied on the skin (Bendas and Tadros, 2007;
Tanriverdi and Ozer, 2013). For this purpose, the copolymer p407 has been directly added
into the ETHO dispersions under stirring, up to a final 15 % w/w concentration. The addition
of p407 slightly diluted both ETHO and CA-ETHO (Table 23). However, ETHO-pol and
CA-ETHO-pol maintained the milky homogeneous aspect of ETHO, while gaining a semi-
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solid consistency. It is well known that p407 in water self-aggregates, giving rise to spherical
polymeric micelles with a PPO hydrophobic core and a hydrophilic PEO screen (Sguizzato
et al., 2020b, 2020a). Upon addition of p407 into ETHO dispersions, reasonably an
interaction occurred between the polymer and the multilamellar PC structure constituting the
membrane of ETHO vesicles. Moreover, the formation of polymeric micelles, as well as

mixed PC-p407 micelles, is conceivable.

In order to detect the influence of p407 on the architecture of CA-ETHO dispersions, their
morphology has been visualized by cryo-TEM. Figure 31(b) and 31(c) refer to CA-ETHO-
pol, showing irregularly shaped oligo lamellar vesicles with multiple lipid sheets.
Particularly, in Figure 31(c) a big multilamellar fingerprint vesicle is detectable, as in the
case of CA-ETHO. Cryo-TEM analysis suggests that even if the addition of p407 affected
the regular spherical shape of CA-ETHO, the typical supramolecular organization of PC was

preserved.

Further insights on the structure of thickened vesicles, especially on the ETHO structural
changes due to p407 addition, have been obtained by SAXS. Namely, CA-ETHO-pol has
been compared to p407 gel (pol) and to p407 gel loaded with CA (P-CA), whose
compositions are reported in Table 23. SAXS results are reported in Figure 32(b), showing
very similar curves in the case of pol (1) and P-CA (2), being characterized by two low angle
peaks, indicating that no effects were induced by CA addition on p407 aggregation
properties. Notably, the recent model-fitting has demonstrated that the two peaks are related
to the disordered organization of the polymer micelles in a 3D cubic structure, with a lattice
constant of about 20 nm (Sguizzato et al., 2020a). In this respect P-CA profile indicates that
3D organization was not altered by the presence of CA. Conversely, in the case of CA-
ETHO-pol (Figure 32(b), 3) the two low angle peaks are further detectable, although in a
shifted position, together with strong and narrow Bragg peaks, evidencing that the addition
of p407 in CA-ETHO led to a very ordered multilamellar structure. Consequently, three
points should be stressed: (i) the diffraction peaks of CA-ETHO-pol were narrower and more
intense with respect to CA-ETHO (Figure 32(a), profile 3), suggesting that the diffuse
background between the Bragg peaks was no longer modulated by the bilayer form factor.
Therefore, the addition of p407 strongly increased the positional correlations between
adjacent PC bilayers; (ii) the repeat distance for CA-ETHO-pol appeared 5.20 nm, thatis 1.7

nm minor than CA-ETHO, suggesting a diminished hydration of the bilayers; (iii) the 3D
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disordered cubic packing observed in P-CA was maintained in the presence of ETHO,

though the lattice constant was = 15 nm, hence decreased of roughly 5 nm.

Regarding size distribution, PCS data reported in Table 24 evidenced that mean diameters
of ETHO and CA-ETHO underwent roughly a 70 nm increase under p407 thickening, but
still maintained a narrow size distribution, as indicated by dispersity indexes. As reported in
Figure 33(b)and Table 24, Z-average mean diameters of ETHO-pol and CA-ETHO-pol were
almost stable up to 30 days, afterwards they sustained respectively an 80 and 100 nm
increase. Anyway, after 3 months from CA-ETHO-pol preparation, Z-Average mean
diameter was 383 nm and PI 0.26, indicating that the vesicle size distribution was not

particularly affected by aging.
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Figure 33. Mean diameter variation for ETHO (a) and ETHO-POL (a) unloaded (criss-cross
pattern) or CA loaded (grey pattern). Diameters have been measured by PCS during time,
up to 3 months from production and expressed as Z-average. Data are the mean of 3
determinations on different samples.

7.2.7 Rheological study

To straighten out the impact of p407 presence on CA-ETHO and to have information on the
thermal response of ETHO formulations, their rheological behaviour has been studied.
Particularly the viscoelastic properties have been investigated, evaluating the storage G’ and
loss G’ moduli. The storage modulus represents the energy stored in the elastic structure of

the formulation, while the loss modulus reflects the viscous part or the dissipated energy (Xu
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et al., 2014) . Figure 34 reports the G’ and G’ profiles for ETHO, ETHO-pol, P-CA and
CA-ETHO-pol. In the case of the liquid vehicle ETHO, G’ and G’ profiles were roughly
constant with low values and overlapped up to 35 °C; afterward they slightly increased, up
to 50 °C. On the other hand, in the case of thickened forms, the thermal behavior was very
different. Indeed, profiles were characterized by an initial phase where G’ overcame G’ at
low temperature, followed by a second phase with an inverse trend, with G’ higher than G’
at higher temperature. This rheological behavior is characteristic of the thermogelling
properties of p407. The inflection points correspond to the Tsol-gel temperature, indicating the
transition from liquid to structured gel (Dumortier et al., 2006). Since the storage modulus
profile overcame the loss modulus, ETHO-pol, P-CA, and CA-ETHO-pol can be considered
as mainly elastic above Tsol-gel. It 1s interesting to note that the Tsol.get in the case of P-CA was
roughly 22 °C (Table 25), while the presence of ETHO substantially reduced Tsol-gel by 10
°C. Indeed, the presence of vesicles in ETHO-pol creates a more structured gel network with
respect to the pol gel. Moreover, CA presence further increased the gel organization,

decreasing the sol-gel transition temperature.
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Figure 34. Effect of the temperature on storage (G', green) and loss (G", blue) moduli for
ETHO (a), ETHO-pol (b), P-CA (c) and CA-ETHO-pol (d).
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7.2.8 Deformability study

One of the peculiar features of ETHO is related to their deformability, enabling them to pass
intact through natural membranes, such as the skin (Elsayed et al., 2006). To study the effect
of CA and p407 on the deformability of ETHO, the variation of mean diameter has been
evaluated under vesicle extrusion. The extrusion was conducted at 25 °C since at higher
temperatures CA-ETHO-pol viscosity prevented their passage through the extruder. The
results are summarized in Table 25. CA-ETHO were rather more elastic than unloaded
ETHO. Notably, ETHO and CA-ETHO were characterized by deformability values 10-and
20-fold higher with respect to the thickened forms. Thus, the presence of p407 decreased the
vesicle deformability, indeed as demonstrated by SAXS measurements, in the case of CA-

ETHO-pol, the polymer promotes the formation of packed multilamellar structures.

Table 25. Deformability parameters and transition temperatures of the indicated
formulations.

Fonél:(l;tmn Vesicle size! (nm) (mll)/(:l‘zin ) Tsol-get (° C)
ETHO 109.13 £ 1.07 6.21 £0.52 -
CA-ETHO 116.80 £ 1.60 8.06+0.46 -
P-CA - - 21.87 £0.99
ETHO-pol 186.93 £ 17.66 0.61 £0.04 11.43 +£0.47
CA-ETHO-pol 194.13 £9.71 0.40+0.16 13.60 £ 2.13

1Z-Average, as measured by PCS after extrusion; ? vesicle deformability; data are the mean
of 3 independent determinations on different batches

7.2.9 1In vitro CA diffusion Kinetics

To gain information on the efficiency of ETHO as cutaneous vehicles for CA, its diffusion
kinetics have been studied in vitro by Franz cell-associated to nylon membranes (Dhavamani
et al., 2014). We chose to employ a synthetic membrane to perform an initial comparative
screening between the different formulations, while porcine skin membrane has been further
employed for ex-vivo evaluation. Namely, CA-ETHO-pol has been investigated and
compared to P-CA and the CA-SOL (Figure 35). From the slopes of the linear profiles, F
values have been obtained, D values have been calculated and reported in Table 26. As
expected, the fastest diffusion has been obtained in the case of CA-water, followed by P-
CA, from which CA diffusion was almost 4-fold slower. CA diffusion from CA-ETHO was
95



Chapter-7

dramatically slower, indeed D values were 137-fold lower with respect to CA-water,
suggesting that the multilamellar organization of the vesicles firmly held CA and controlled
its diffusion. In this regard other authors described multilamellar vesicles as more suitable
to control drug release with respect to unilamellar ones (Joo et al., 2013). The vesicle role in
controlling CA diffusion was confirmed also in the case of the thickened vehicle CA-ETHO-
pol, indeed the drug diffusion was 8.6-fold lower with respect to P-CA. On the other hand,
CA diffusion from CA-ETHO was 4-fold slower than from CA-ETHO-pol. This behavior
was unpredictable, indeed the viscous structure of the ETHO gel was expected to restrain
CA diffusion. Anyway, it can be hypothesized that, in the case of CA-ETHO-pol, the
addition of p407 affected the strong CA association to the PC bilayers, as indicated by the
diminished hydration of the bilayers and increased order found by SAXS (Figure 32b). Thus,
CA could be more tightly associated to the PC bilayer of ETHO vesicles with respect to
ETHO-pol structure, from which CA can diffuse faster.

500 -
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200

Caffeic acid (ug/cmz/h)

Figure 35. CA diffusion kinetics from CA-water (blue square), P-CA (green open circle),
CA-ETHO (black crosses) and CA-ETHO-pol (red closed circle), as determined by Franz
cell. Data are the mean of 6 independent experiments.

96



Chapter-7

Table 26. Fluxes and diffusion coefficients of the indicated formulations.

Formulation F! +s.d. CA D2+ s.d.
code (mg/cm?/h) (mg/ml) (cm/h)*10 -3
CA-water 108.77+13.4 0.5 217.54 £26.8
P-CA 2870+ 34 0.5 5740+ 6.8
CA-ETHO 1.59+1.1 1.0 1.59+1.1
CA-ETHO-pol 564+24 0.85 6.63 +2.82

IFlux; 2Diffusion coefficient; data are the mean of 6 independent Franz cell experiments

7.2.10 Ex-vivo evaluation of permeation and role of CA in antioxidant reactions in skin

Amperometric measurements have been conducted to detect the CA permeation through the
skin. Particularly SCOE has been prepared by placing skin membrane on the tip of the
oxygen electrode. The electrode allows registration of O, concentration changes in the
membrane due to reactions of H>O» and polyphenols in the skin. In brief, when SCOE is
immersed into a buffer solution, the electrode current (baseline current) corresponds to 0.26
mM of dissolved O in the solution. To model inflammatory conditions with elevated ROS
in skin, H>O» is added into the solution. The H>O» permeates through the SC and gives rise
to additional O> (Equation 14), thus increasing electrode current, due to CAT enzyme

abundantly present in the epidermis:

Cat
2H,0, — 2H,0 + 0, (14)

The possible polyphenol penetration and its engagement in the antioxidative reactions are
indicated by the SCOE, showing the reduction of the electrode current. To understand this
amperometric response, it should be considered that several antioxidative enzymes in the
skin possess PER type activity (equation 15), which in the presence of polyphenols consume
H>0», leaving less of it for CAT reaction (equation 14). The PER type reaction, in the case
of the polyphenol CA as a hydrogen donor, for reduction of H>O» to water is specified below.

Peroxidase like enzymes in skin

2H,0, + CA 2H,0 + CA,, (15)
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Figure 36. Schematic representation of mechanism of skin covered oxygen electrode.

In a previous study, the possibility of SCOE to monitor the kinetics of polyphenol
penetration through SC and its engagement in antioxidative reactions in the presence of H2O>
in skin has been demonstrated in Figure 36(Eskandari et al., 2019). SCOE allowed assessing
permeability and engagement of CA in antioxidant reactions, which are catalysed by PER
like enzymes present in skin. The results of the measurement with this electrode are
presented in Figure 37 and can be explained by the following. After the SCOE is immersed
in CBS, approximately 30 min are needed to get steady-state current, indicating that skin,
O; distribution in the skin as well as O diffusion profiles in the skin have equilibrated after
immersion of SCOE into CBS. As can be seen from Figure 37, when 0.5 mM of H>O; is
injected into the measurement cell filled with CBS, a gradual increase in reduction current
(reduction current is regarded as negative by definition) has been observed, due to H>O»
penetration into the skin and production of O> by CAT reaction (equation 14). Due to
biological variability of skin, the SCOE response to H>O: is presented as an average response

(Figure 37).
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Figure 37. Relative, average amperometric current response of SCOE immersed in CBS, pH
5.5, to addition of H2O> (0.5 mM, red dotted and solid lines, n = 13) CA sol (CA 0.5 mM,
triangle, n = 3); CA-ETHO (CA 0.5 mM, square, n = 6) and unloaded ETHO (circles, n =
4).

As can be seen from Figure 37, a steady-state current is reached after approximately 30 min,
indicating that equilibrium between H20: penetration/diffusion in skin and CAT driven Oz
production has been reached. This current response is considered as 100% response to H>0-.
Since H»0; is, currently, present in the skin, the experiment setup models inflammatory
conditions in skin with respect to elevated ROS. The time moment at which this model
situation is reached is considered as “time zero” for studies of polyphenols antioxidant effect
in the skin. At this time, the CA has been introduced into the measurement cell in form of
CA solution (CA-SOL or CA-ETHO. Upon addition of CA-ETHO and CA-SOL, the
antioxidant effect of CA has been revealed by SCOE response to lower current (Figure 37),
indicating that an amount of H>O; was reduced to water by CA, due to a PER -like reaction
in the skin. Noticeably, unloaded ETHO introduced into the cell at time zero, exerted an
initial response within 10 min. afterward, unloaded ETHO did not produce a significant
change, returning to base line, whereas CA-ETHO kept increasing the SCOE response in the
following 60 min. The initial response could be probably ascribed to the antioxidant and
barrier enforcing properties of PC (Nwosu et al., 1997; Saito and Ishihara, 1997), conferring
antioxidant activity also to unloaded ETHO. On the other hand, in the case of ETHO loaded
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with an antioxidant molecule such as CA, a synergistic effect was exploited. In the case of
CA-SOL, SCOE response was appreciable, although more delayed and less intense with
respect to CA-ETHO. These results suggested that both CA-SOL and CA-ETHO have been
engaged in the reduction of H2O2. Anyway, the antioxidant effect exerted by CA-ETHO, as
well as CA penetration, were more intense with respect to the drug in solution, demonstrating
that CA delivery through the skin should be ascribed to the ETHO supramolecular structure
and not merely to the ethanol presence. The integrity of skin membranes has been assessed
by electrical impedance measurements of their resistance [25]. The measured values were
higher than 3 kQ, demonstrating that skin membranes have good integrity, i.e., intact SC.
SCOE findings agree well with those obtained by diffusion experiments in terms of effective
delivery of CA through membranes. Noteworthily, CA diffusion through synthetic nylon
membrane was retarded by ETHO (lower apparent diffusion coefficient, Table 26) while
experiments with SCOE clearly showed that ETHO formulation promoted CA delivery into
skin. Therefore, it can be concluded that the present data corroborated previous findings
indicating the transdermal potential of ETHO (Godin and Touitou, 2003; M. Abdulbaqi et
al., 2016; Natsheh et al., 2019; Touitou et al., 2000).

100



Chapter-8

8 THE POTENTIAL OF CAFFEIC ACID LIPID NANOSYSTEMS FOR SKIN
APPLICATION: IN VITRO ASSAYS TO ASSESS DELIVERY AND
ANTIOXIDANT EFFECT

8.1 INTRODUCTION

The human skin acts as an environmental barrier, protecting the organism from external
insults (Wu and Cohen, 2019). Nonetheless, it should be considered that the skin is exposed
to many physical and chemical factors, spanning from UV radiation to xenobiotics (Oliveira
et al., 2018), that trigger the dramatic production of ROS (Valko et al., 2007). The skin
oxidative stress induced by ROS generation leads to many skin disorders, such as aging, or
serious pathologies, such as melanoma (Leonardi et al., 2018). It is well known that natural
and synthetic antioxidant molecules are able to counteract the free radical’s production,
preventing the occurrence of many diseases and boosting the organism with detoxifying
mechanisms (Bickers and Athar, 2006; Holst and Williamson, 2008). Particularly, phenolic
compounds deriving from vegetable sources possess remarkable antioxidant properties,
offering the potential for many medicinal applications (Abdel-Mottaleb et al., 2014; Dziato
et al., 2016; Nichols and Katiyar, 2010). Among them, CA, naturally found in coffee, fruits,
plants, oils, grapes, and tea, is a hydroxycinnamic acid characterized by strong antioxidant
power, due to radical scavenging activity and inhibition of lipid peroxidation (Gulcin, 2006;
Kang et al., 2008; Prasad et al., 2009). Thanks to this potential, CA can be employed in the
treatment of UVB-induced photoaging and in the chemoprevention of malignant melanoma
(Jeon et al., 2019; Khan et al., 2016; Pelinson et al., 2019). However, the poor water
solubility and chemical stability of CA makes necessary the use of specialized delivery
systems suitable for its solubilization, protection from degradation and maintenance of
antioxidative power (Fathi et al., 2013; Hallan et al., 2020; Pinho et al., 2015; Sguizzato et
al., 2020a). Recently, researchers have proposed nanosystems for antioxidant molecules
encapsulation in order to preserve them from degradation and to ensure a prolonged action
(Borges et al., 2020; Munin and Edwards-Lévy, 2011). Among the others, nanosystems
based on natural lipids have gained particular attention due to their biocompatibility, the
capability to encapsulate lipophilic molecules and easy way of production, avoiding the use

of organic solvents, thus ensuring a low toxicity profile. Additionally, lipid based
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nanosystems are suitable for cutaneous application, due to the affinity of their matrix with
the SC intercellular lipids (Esposito et al., 2019b). Upon dispersion in water, lipids give
raise to a variety of supramolecular structures, organized in different crystalline phases
(Kulkarni, 2012). Among the various colloidal systems that can be obtained depending on
composition and production method, SLN and ETHO deserve particular interest. Concerning
SLN, their matrix is usually constituted of solid lipids, such as glycerides, sterols, fatty acids
or waxes (Mehnert, 2001). Many studies have demonstrated the capability of SLN to
encapsulate active molecules in an aqueous physiological environment, modulating their
release and prolonging the therapeutic potential (Esposito et al., 2012; Paliwal et al., 2020;
Scioli Montoto et al., 2020). Notably, SLN have been recently proposed for oral and
cutaneous administration of phenolic compounds, protecting them against chemical
degradation (Borges et al., 2020; Han et al.,, 2014). On the other hand, ETHO are
thermodynamically stable vesicular systems constituted of phospholipids, ethanol and water
(M. Abdulbaqi et al., 2016). The ETHO vesicles are organized as lipid bilayers connecting
two hydrophilic regions, typified by an inner core and a dispersing phase, offering the
possibility to solubilize molecules with different physical-chemical properties (M.
Abdulbaqi et al., 2016; Sguizzato et al., 2020b). Unlike the well-known liposomes, having
some drawbacks, such as poor physical stability and high manufacturing costs, ETHO are
striking delivery systems due to long stability and simple production processes (Sguizzato
et al., 2020b). Furthermore, the ethanol presence (30-45 % v/v) confers to ETHO vesicles a
soft consistency, enabling their interaction with physiological membranes. Due to their
potential, ETHO have been investigated as cutaneous delivery systems of many drugs,
including phenolic compounds (Godin and Touitou, 2003; Natsheh et al., 2019). The
cutaneous application of lipid nanosystems allows treating many dermatological disorders
and pathologies. Indeed, the close interaction between the lipid matrix and the SC lipids
promotes the passage of the active molecules through the skin (Zeb et al., 2019). In this
regard, some authors have reported that SLN matrix applied on the skin can fuse, thus
forming a lipid film that exerts an occlusive effect, enabling the permeation of the
encapsulated drugs (Han et al., 2014; Zeb et al., 2019). Others suggest the formation of a
drug reservoir in skin, depositing the drug in the SC (Jensen et al., 2011). Conversely, many
studies have evidenced the transdermal effect of ETHO, allowing deep penetration of drugs
through the skin strata (Sguizzato et al., 2020b; Shen et al., 2014; Zhou et al., 2010). In line

with this, ethanol is supposed to disorganize the SC barrier, opening spaces through which
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the soft and malleable ETHO vesicles can pass, as indicated by the presence of intact ETHO
in the epidermis (Niu et al., 2019; Sguizzato et al., 2020b). Different nanosystems have been
investigated as carriers for phenolic compounds, demonstrating their interaction with the
skin, resulting in permeation of their encapsulated drugs and improvement of their
effectiveness (Borges et al., 2020; Esposito et al., 2019a; Fathi et al., 2013). To the best of
our knowledge, the influence of the nanosystem type on antioxidant behavior and
transdermal potential of the phenolic compound, has not been yet investigated. On this
matter, the present study describes a comparison between SLN and ETHO for the cutaneous
administration of CA. The effect of CA encapsulation has been evaluated, comparing size,
morphology, and EE. Furthermore, the physical-chemical stability of the two nano-systems,
as well as in vitro CA diffusion kinetics have been studied. Noteworthily, in order to compare
the in vivo antioxidant potential of CA encapsulated in SLN and in ETHO, an amperometry-
based approach has been employed. This recently developed electrochemical technique,
based on the use of a pig SCOE, allows to predict the kinetics of antioxidant molecules
penetration across the SC and its further engagement in anti-oxidative reactions, occurring
in the skin in the presence of H,O>(Hernéndez et al., 2019; Nocchi et al., 2017). The SCOE
method enables to measure the alterations in Oz concentration within the skin due to the
reactions of H>O» with antioxidants, mimicking in this way their cutaneous administration
(Nocchi et al., 2017). In this study, the SCOE approach was employed to compare the
penetration enhancer properties of SLN and ETHO upon cutaneous application, as well as

the antioxidant power exerted by CA encapsulated in the two nanosystems.

8.2 RESULTS AND DISCUSSIONS

8.2.1 Preparation of nanosystems

The encapsulation of CA in nano-systems suitable for its administration on the skin has been
investigated. Particularly the performances of two lipid-based biocompatible vehicles, i.e.
SLN and ETHO have been considered and compared. SLN dispersions were produced by
emulsification of molten tristearin (representing the lipid phase) with a solution of
poloxamer 188 (representing the aqueous phase) by hot homogenization followed by
ultrasonication (Sguizzato et al., 2020a). ETHO were produced by a cold method, adding
water into a PC ethanol solution under magnetic stirring (Hallan et al., 2020). To encapsulate
CA, in the case of CA-SLN the drug was added to fused tristearin before emulsification,

while in the case CA-ETHO, the drug was solubilized in the PC ethanol solution before
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water addition. Both SLN and ETHO were milky and homogeneous dispersions, devoid of
agglomerates, whose aspect was not affected by CA presence. Table 27 reports the
composition of unloaded or CA loaded SLN and ETHO.

Table 27. Composition (% w/w) of the produced nanosystems.

Nanosystem PC! tristearin poloxamer? ethanol  water

SLN - 5 2.38 - 92.62

3CA-SLN - 5 2.38 - 92.52
ETHO 0.9 - - 70 29.1
3CA-ETHO 0.9 - - 69.9 29.1

!phosphatidylcholine; *poloxamer 188; 3caffeic acid 0.1 % w/w.

8.2.2 Morphological analysis

The morphology of CA containing nanosystems was investigated by TEM and cryo-TEM,
being suitable techniques to get information on the shape of colloidal systems. In the case of
TEM, the stained technique allows to obtain a “negatively” colored preparation in which it
is possible to view the details of the treated particles under the TEM, appearing transparent
on a dark background when crossed by the electron beam. On the other hand, by cryo-TEM
higher resolution analysis of colloidal dispersions can be obtained, using unstained vitrified
specimens by the “thin-film” technique (Almgren et al., 2000). This latest method enables
to detect the inner structure of nanoparticles and to get information on their supramolecular
organization. Figure 38 shows microphotographs of CA-SLN (a, b) and CA-ETHO (c, d)
obtained by TEM (a, ¢) and cryo-TEM (b, d). The use of the different microscopic methods
enabled to appreciate the differences between SLN and ETHO nanostructures. Indeed, the
shape of CA-SLN nanoparticles appears irregular and flat, both in the case of TEM and cryo-
TEM images. Instead, CA-ETHO visualized by TEM analysis showed an evanescent and
fluffy aspect, typical of nanovesicles, confirmed by cryo-TEM, revealing the PC double
layers of multilamellar vesicles with spherical and ovoidal shape. ETHO are typically
characterized by a finger-print multilamellar pattern. This structure characterizing the

membrane of ETHO makes them suitable for transdermal penetration (Hallan et al., 2020).

The inner structure of SLN and ETHO has been investigated by X-ray diffraction. The SAXS
profiles reported in Figure 39 (a) confirm the lamellar organization already detected both in

the case of SLN and CA-SLN (Sguizzato et al., 2020a). From the Bragg peaks, a bilayer-to-
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bilayer repeat distance (i.e. the sum of the bilayer thickness plus the thickness of the water
layer separating two adjacent bilayers) of 4.39 nm has been derived, independently from the
presence or the absence of CA. Such a result confirms that the presence of CA did not affect

the structural organization of SLN (Sguizzato et al., 2020a).

Figure 38. CA-SLN (a, b) and CA-ETHO (c, d) obtained by transmission (a, ¢) or cryogenic
transmission (b, d) electron microscopy. The bar corresponds to 150 nm in panels (a), (b)
and (c) and 50 nm in panel (d).

Completely different profiles were observed in the case of ETHO. As shown in Figure 39,
panel (b), the scattering pattern for ETHO is characterized by a broad band, approximately
centered at 1.5 nm™! and typically associated to the bilayer form factor (Hallan et al., 2020).
As observed by cryo-TEM, this profile confirms the presence of PC multilamellar vesicles
characterized by a very disordered positional correlation between adjacent bilayers and/or

by only a few stacked bilayers (Sguizzato et al., 2020b). After the addition of CA, low
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intensity Bragg peaks superposed to the bilayer form factor band become visible, endorsing
the presence of PC multilamellar vesicles with an increased positional correlation between
adjacent bilayers. Indeed, the observed ordering of the lamellae stacking can be explained
by considering that CA insertion modifies the surface charge density of the ETHO bilayers
and then the balance between attractive and repulsive forces between adjacent membranes
(Andreozzi et al., 2010). The peak position indicates a bilayer-to-bilayer repeat distance of
6.90 nm. As found by other authors, the association of phenolic compounds to vesicular
systems organized in bilayers can positively influence the bilayer organization (Malekar et

al., 2016).
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Figure 39. X-ray scattering profile of SLN (a) and ETHO (b) produced either in the absence
(dotted lines) or in the presence (solid lines) of CA.

Therefore, based on cryo-TEM and SAXS analysis results, SLN are characterized by a lipid
tristearin matrix organized in lamellar structures dispersed in a poloxamer aqueous phase,
while the dispersed phase of ETHO is constituted of PC organized in multilamellar vesicles
embedding water and ethanol. Surface charge density changes produced by CA addition are

probably responsible for the observed bilayer ordering observed in CA-ETHO samples.
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8.2.3 Size distribution

The size distribution of nanosystems was evaluated by PCS (Table 28). SLN and ETHO
mean diameters ranged between 200 and 220 nm, expressed as Z-average, i.e. the intensity
weighted mean hydrodynamic size of nanoparticles, with dispersity indexes 0.28-0.29,
indicating a quite homogeneous size distribution as evidenced in the TEM images reported
in Figure 38. The typical intensity distribution, reported in Table 28, revealed the presence
of two populations, the more represented of which has a diameter of approximately 200 nm.

CA did not affect the mean size of the dispersed nanoparticles.

Table 28. Dimensional characteristics, zeta potential, pH and encapsulation parameters of
SLN and ETHO.

Parameter SLN CA-SLN ETHO CA-ETHO
Z-Average' (nm) + s.d. 216+ 12 201 £ 11 212+ 14 219+£21
Dispersity index' + s.d. 028 +0.02 0.29+0.03 0.28 £0.02 0.29+0.03

Intensity’ (nm) < s.d. 180 (88%); 175 (90%); 210 (94%); 215 (90%);
1250 (12%) 1400 (12%) 800 (6%) 850 (10%)

Zeta potential -13.8+0.1 49+0.1 -16.2+£4.5 +1.99 +£2.48
pH 546+0.01 3.66+0.02 5.64 +£0.02 3.75+0.01
Encapsula(toz; efficiency - 82.2+83 - 100 +£2.0
Loading capacity (%)* - 1.6 +0.03 - 11+0.10

las determined by PCS; ? typical intensity distribution obtained by PCS, referring to the
percentage of each population; >percentage (w/w) of drug encapsulated, with respect to the
total amount used for the preparation; *percentage (w/w) of drug within nanosystems, as
compared to the amount of lipid used for the preparation. Data represent the mean =+ s.d. of
6 independent experiments.

8.2.4 Zeta potential

Zeta potential indicates the electric potential of the nanosystems, including their ionic
environment (Zhou et al., 2010). Electrophoretic light scattering enabled to measure the
surface charge of nanoparticles. SLN and ETHO produced in the absence of CA displayed
negative and similar zeta potential values (Table 28). In the presence of CA, zeta potential
values of both nanosystems became less negative, showing an absolute value reduction of
8.91 in the case of CA-SLN and 18.2 in the case of CA-ETHO. Notably, CA-ETHO are
characterized by an almost neutral zeta potential value, indicating the presence of roughly

the same positive and negative electron charges over ETHO surface, in agreement with
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SAXS results, advising surface charge density changes in the case of CA-ETHO. As
previously found by other authors, negatively charged nanoparticles can be suitable for
incorporating positively charged drugs due to electrostatic attraction(Zhou et al., 2010),
suggesting that CA positive charges neutralize the negative charges on the nanoparticle
surface. The pH values of SLN and ETHO corroborated this hypothesis. Indeed, while SLN
and ETHO showed pH values around 5.5, the values were lower in the presence of CA (Table
28). In this respect, the SLN and ETHO opposite charges with respect to CA could be

considered as an important factor, affecting the EE.

8.2.5 CA encapsulation efficiency

The EE of CA within SLN and ETHO, was compared, evaluating the drug content by HPLC
after nanosystems ultracentrifugation. As reported in Table 28, both CA-SLN and CA-
ETHO displayed very high EE values, being able to increase CA solubility with respect to
water (0.5 mg/ml), up to double in the case of CA-ETHO. However, the nanosystems
displayed different performances. Indeed, in the case of CA-SLN, 82% w/w of the drug
weighed for preparation was associated to the disperse lipid phase, while 18% of CA was
found in the dispersing aqueous phase (Table 28). Conversely, in the case of CA-ETHO, EE
was total, with 100% of CA associated to the vesicles, representing the lipid disperse phase.
The reduction of zeta potential value of ETHO in the presence of CA could account for the
higher EE of CA with respect to SLN. Notably, the LC of the vesicles, representing the CA-
ETHO disperse phase, was 7-fold higher with respect to the solid particles, i.e. the disperse
phase of CA-SLN. At this regard, some consideration should be done: (a) CA is partially
soluble in water (logP 1.53), therefore it is assumed to be partly associated with the interface
between the nanoparticles and the external aqueous phase; (b) ETHO are based on
ethanol/water mixture (30:70 v/v) where CA is slightly soluble (5.5 mg/ml) (Hallan et al.,
2020); (c) the bilayer organization of PC vesicles improves CA association. In addition, the
differences in nanosystems production method should be considered, indeed in the case of
SLN, the melting, ultrasonication and cooling of tristearin could lead to partial degradation
of CA (Sguizzato et al., 2020a). Conversely, ETHO production is devoid from heating and
mechanical stresses, preserving CA from possible degradation. Thus, ETHO can be

considered as more suitable for CA solubilization and encapsulation.
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8.2.6 Stability of nanosystems

In order to compare the physical-chemical stability of SLN, ETHO, CA-SLN and CA-
ETHO, size distribution, zeta potential and EE of samples stored in the light at 22 °C for 6
months were evaluated. Noteworthily all nanosystems were macroscopically stable, indeed
no phase separation or sedimentation phenomena were detected, despite the low zeta
potential values evaluated by electrophoresis measurements. Variation of mean diameters of
nanosystems, measured by PCS is reported in Figure 40. As clearly shown, nanoparticle and
nanovesicle size remained quite stable, indeed SLN and CA-SLN mean size was unvaried
after 6 months, while ETHO and CA-ETHO mean diameters underwent a 10% increase after
3 months. CA presence scarcely affected the stability of both type of nanosystems, indeed
the size profile of CA-SLN was the lowest, with a mean diameter slightly smaller with
respect to SLN (15 nm), while ETHO size profiles with or without CA were completely
superposable.
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Figure 40. Effect of aging on SLN (open squares), CA-SLN (closed squares), ETHO (open
circles) and CA-ETHO (closed circles) mean diameters measured by PCS and expressed as
Z-average. Data are the mean + s.d. on 3 different batch samples stored at 22°C for 6 months.

Regarding dispersity indexes, in all cases the values remained quite stable after 6 months
from production, being 0.27, 0.14, 0.25 and 0.22 for SLN, ETHO, CA-SLN CA-SLN and
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CA-ETHO respectively, corroborating the size stability trend. Zeta potential of nanosystems
measured 6 months after their production decreased. Namely, zeta potential values were 18.3
+ 0.2 and -20.4 £ 0.3 in the case of SLN and ETHO respectively. Conversely, CA-SLN and
CA-ETHO zeta potential was -12.6 £ 0.1 and -2.5 &+ 0.4 respectively. Thus, in the presence

of the drug, after 6 months, zeta potential became more negative with respect to the initial
values (see Table 28).

The chemical stability of CA-SLN and CA-ETHO was investigated, evaluating the residual
CA content in nanosystems by disaggregation and HPLC analyses. Figure 41 shows CA
content variation for CA-SLN, CA-ETHO and CA-water, taken as control. It is
straightforward that both nanosystems were able to control CA content with respect to the
simple aqueous solution, indeed in this latest case CA complete degradation occurred within
30 days. Notably, CA-ETHO were able to better control CA stability with respect to CA-
SLN. Particularly, after 6 months of storage, CA content in CA-SLN was dramatically lower
(almost 6-fold) as compared to CA-ETHO, being 13.6 and 77 % for CA-SLN and CA-ETHO

respectively.
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Figure 41. CA residual content during the time for CA-SLN (squares), CA-ETHO (circles)
and CA-water (crosses), as evaluated by HPLC. Data are the mean of 3 determinations =+ s.d.
on samples stored at 22°C for 6 months.
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The different efficacy of nanosystems to control CA stability should be attributed to their
supramolecular organization. Indeed, in the case of CA-SLN, drug protection was less
efficacious with respect to CA-ETHO, since an amount of CA (18 %, w/w) was not
encapsulated, thus prone to degradation, being present in the dispersing aqueous phase. The
encapsulated drug is supposed to be associated to the surface of SLN and thus partly exposed
to degradation during storage. In addition, some authors have demonstrated that during SLN
storage, some modification of the crystal lattice may occur, resulting in more stable
configuration, leading to the expulsion of drug molecules (Bayon-Cordero et al., 2019). This
trend is corroborated by the decrease of CA-SLN zeta potential value, suggesting a less
intense electrostatic attraction between CA and the surface of SLN matrix, finally leading to
a decrease of CA association. Conversely, in the case of CA-ETHO, the firm and complete
association of the drug to the vesicles better preserved CA from degradation (Hallan et al.,
2020). At this regard, it should be also considered that some authors have attributed to the
multilamellar organization of ETHO the capability to better control drug release with respect

to unilamellar vesicles (Joo et al., 2013).

8.2.7 1In vitro CA diffusion Kinetics

In order to compare the diffusion kinetics of CA alternatively encapsulated in SLN or ETHO
or as a solution in CA-water, Franz cells associated to nylon membranes were employed.
The amount of CA diffused per unit area was plotted against the square root of time, yielding
straight lines, as reported in Figure 42. CA diffusion from CA-water was dramatically faster
with respect to CA-SLN and CA-ETHO, indicating that both types of nanoparticles were
able to control the drug diffusion. Nonetheless, the gap between CA diffusion profiles from
CA-SLN and CA-ETHO highlights the different performances of these nanosystems.
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Figure 42. CA diffusion kinetics from CA-water (crosses), CA-SLN (squares) and CA-
ETHO (circles), as determined by Franz cell experiments. Data are the mean of 6
independent experiments =+ s.d.

Table 29 reports F values, corresponding to the slopes of the diffusion profiles, and D values,
obtained by dividing F by CA concentration (mg/ml) in the different forms. In the case of
CA-SLN, CA diffusion was 7-fold slower than in the case of CA-water and 18-fold faster
than the diffusion from CA-ETHO.

Table 29. Fluxes, diffusion coefficients, antioxidant capacity and irritation indexes of the
indicated formulations.

Formulation Fl+s.d. CA D:s.d. Irritation index (mea
code (ng/em*h)  (mg/ml) (cm/h)-103 0.25h 24 h
CA-water 36.93+92 05 7386+ 184 ; ;
SLN ; ] ; 0.15 0.15
CA-SLN 10.16+2.5 1.0 10.16+2.5 0.25 0.25
ETHO ; ] ; 0.1 0.05
CA-ETHO 0.57 + 0.09 1.0 057+0.09 0.05 0.05

'Flux; 2Diffusion coefficient; data are the mean of 6 independent Franz cell experiments;

These discrepancies evidence that in CA-ETHO the multilamellar vesicle organization and
the high ethanol concentration are able to firmly retain CA, while in the case of CA-SLN the

drug is probably partly associated on the nanoparticle surface and partly in the poloxamer
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dispersing phase, from which it can diffuse in a controlled fashion with respect to the simple
aqueous solution, but more quickly if compared to CA-ETHO. It should be underlined that
the use of Franz cell associated to synthetic membranes cannot provide information about
drug permeability through the skin. However, this model is valuable in pre-formulation
studies, to investigate the effect of different compositions on drug diffusion (Salamanca et

al., 2018).

8.2.8 CA antioxidant activity evaluation

The DPPH radical scavenging method enabled to compare the antioxidant activity of CA
encapsulated within SLN or ETHO. The IC50 values of CA-water, CA-SLN and CA-ETHO
were 7ug/ml, 9 pg/ml and 10 pg/ml respectively, indicating that CA antioxidant capacity

was maintained, either under encapsulation in SLN or ETHO.

8.2.9 Evaluation of skin membrane resistance upon nanosystems application

To understand the interaction of each type of nanosystems with skin, skin impedance has
been measured (Franz diffusion cell with four electrodes in Figure 43). In brief, an electrical
current that passes the skin membrane is generated between the counter and the working
electrodes. The reference and sensing electrodes measure the potential drop over the
membrane and the solution enclosed between these electrodes. By using Ohms law, the
impedance of the skin membrane and the enclosed solution is calculated as a ratio of the
potential drop to the passing electrical current. The measurements and the calculations are
done automatically by connecting the electrodes to Ivium potentiostate (Ivium Technologies,
Eindhoven, Netherlands) and exploiting Ivium software, respectively (Bjorklund et al.,

2013).
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Figure 43. Franz diffusion cell equipped with 4 electrodes for skin membrane resistance
measurements using electrical impedance spectroscopy.
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Figure 44. A typical example of impedance vs frequency plot. Data were fitted according to
the impedance of an equivalent circuit.

An example of impedance data in Nyquist coordinates obtained for skin membrane in CBS

in the absence and in the presence of nanoparticle formulation. The data were recorded using
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the Franz cell equipped with four electrodes. Skin resistance values were determined by
fitting the of data to the impedance of the equivalent circuit and fitting impedance vs

frequency data (Figure 44).
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Figure 45. Variation of skin membrane resistance upon addition of SLN (red), ETHO (blue).
The green profile refers to receiving phase solution. The skin membrane was assembled in a
Franz cell equipped with four electrodes.

The method allows to determine the skin resistance, a parameter directly related to the skin
barrier integrity. Indeed, a low skin resistance could indicate a damaged SC (Hernandez et
al., 2019), possibly leading to permeability increase, especially in the case of hydrophilic
solutes (Bjorklund et al., 2013). Impedance measurements of skin membrane in the presence
of ETHO and SLN indicated a strong interaction with skin, as appreciable in Figure 45,
showing a 5000 or 16000 ohm increase in the case of SLN and ETHO respectively.

The interaction of SLN and ETHO with skin was reversible since skin resistance decreased
to the same initial value upon changing SLN or ETHO back with CBS. Noteworthily, the
more pronounced increase of skin resistance occurring in the case of ETHO suggests that
PC vesicles established a sort of close contact and blending with skin lipids, sealing the

permeability pathways for ions and hydrophilic solutes in the stratum corneum.
8.2.10 In vitro assessment of CA antioxidant activity and permeability in the skin
The SCOE has been used to monitor permeability and involvement of polyphenols in

antioxidant reactions, which are catalyzed by PER -like enzymes present in skin. It is worth
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underlining that polyphenols can donate hydrogen for the reduction of H2O: in the presence
of PER type enzymes available in skin membrane (Furue et al., 2017; Lopez-Torres et al.,
1994).In the SCOE model, to mimic the inflammatory condition with respect to ROS
production in the skin, H2O2 is added into the buffer solution. The H>O; permeation through
the SC generates Oz (equation 14 in chapter 7, section 7.2.10), thus increasing the electrode

current due to the abundant presence of CAT enzyme in the epidermis.

The possible polyphenol penetration and its involvement in the antioxidative reactions is
indicated by the SCOE, showing a reduction of the electrode current. It is important to
underline that many antioxidative enzymes in the skin have PER type activity (equation 15
in chapter 7, section 7.2.10), which in the presence of polyphenols consume H>O»,

subtracting it from the CAT reaction (equation 14 in chapter 7, section 7.2.10).

The polyphenol CA, being a hydrogen donor, induces a PER type reaction, reducing H>O»
to water. Thus, upon permeation through the skin, the electrode SCOE measures the current
increase due to the O> production promoted by the CAT enzyme activity in the presence of
H>0». Before starting SCOE experiments, the integrity of skin membranes has been assessed
by electrical impedance measurements of their resistance. The measured values were higher
than 3 kQ, indicating the skin membranes integrity, i.e. intact stratum corneum. The plot,
reported in Figure 46, indicates the relative, average amperometric current response of
SCOE immersed in CBS (pH 5.5) upon addition of CA-SOL or CA encapsulated in different

nanosystems.
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Figure 46. Relative, average amperometric current response of SCOE immersed in CBS (pH
5.5) upon addition of CA in different forms. Arrow #1 marks the addition of H>O> (0.5 mM;
n =19), arrow #2 marks the addition of CA-SOL (CA 0.5 mM, black triangles, n = 3); CA-
ETHO (CA 0.5 mM, blue closed circles, n = 6), unloaded ETHO (blue open circles, n = 4),
CA-SLN (CA 0.5 mM, red closed squares, n=3), and unloaded SLN (red open squares, n=3).
The time scale is adjusted by assigning t = 0 min to the moment when the formulations have
been introduced to the measurement cell. Relative response is calculated assigning a baseline
current of the SCOE in CBS to zero and the current response to 0.5 mM H>0O, equal to 1.

In Figure 46, the response set to zero indicates the steady-state current, usually achieved in
30 min after the SCOE immersion in CBS. Afterward, the addition of H,O> (0.5 mM)
(marked by arrow #1) gradually increased the current response (recorded as more negative
current), due to Oz generation by CAT reaction, confirming the H>O> penetration into the
skin. At time 0 (arrow #2), CA-SOL, SLN, CA-SLN, ETHO or CA-ETHO were added into
the measurement cell. In the case of CA-SOL and CA-ETHO, the current response (the
reduction current) of the SCOE decreased, indicating the antioxidant effect of CA that
hampered the H>O» effect, due to PER -like reactions in the skin. Noteworthily, CA-ETHO
showed a more intense antioxidant activity than CA-SOL, suggesting that CA-ETHO
promoted CA permeation with respect to the simple solution of the drug. This result suggests
that the transdermal delivery of CA exerted by ETHO was not merely due to the ethanol
presence, but instead should be attributed to the CA-ETHO supramolecular structure.

117



Chapter-8

Moreover, in vitro permeation parameters, such as tie and Dgyp, were calculated (equation

12 in chapter 3- methods, section 3.6.4) and reported in Table 30.
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Figure 47. A typical current response of skin membrane covered oxygen electrode (SCOE)
to (1) 0.5 mM H20;and (2) 0.5 mM of CA.

The ti,e and Dapp can be calculated by considering the current response recorded as Figure
47 (from injection of H,O> and CA as arrow 1 and arrow 2 respectively. Further, a plot of
integral of current response of SCOE vs time reconstructed from an original current response
measurement with SCOE as shown in Figure 48. These types of plots were used to estimate
a ti,e for calculation of apparent diffusion coefficients. Time zero in these plots is assigned
to the moment when an appropriate compound or a formulation of interest was added into
the measurement cell. The line in this plot represents a fitting of a part of the data where the

linear dependence of the current integral vs time is observed (Eskandari et al., 2019).
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Figure 48. A plot of integral of current response of SCOE vs time.

In case of relative current response of SCOE immersed in CBS after addition of H>O», due
to the biological variability of skin membranes the experimental responses have been used
to calculate average Dapp (n = 19) and then the average response was generated (Figure 49).
In the case of CA-ETHO, tu, was longer with respect to CA-SOL, indicating a more
complicated mechanism of CA delivery. This result suggests that PC vesicles require more
time to interact with SC lipids with respect to CA-SOL, in which case ethanol simply acts

as penetration enhancer, opening pores within stratum corneum.
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Figure 49. An average response of SCOE to H2O: obtained within different skin membranes
(n = 19). Dotted line represent responses generated with Dapp + SD and Dapp - SD. SD —
standard deviation.

Table 30. Lag time (ti) and apparent diffusion coefficient (Dgyp) values of the indicated
forms calculated from SCOE and enzyme modified OE responses.

Formulation SCOE Enzyme Modified OE
tiae () Dpp (cm?/s) tiae () Dypp (cm?/s)

H>0; 500210  3.8(x1.80)x 107" 84+122 0.05(x0.0)x 107

Sol-CA 1462 +53  0.01 (£0.00) x 1071 126+ 18.32 7.00 (x£0.1) x 10°°

SLN-CA - 454 +51.61 2.50 (+4.3)x 107

ETHO-CA 5400 +3000 0.42 (£0.30) x 10°'° - -

Surprisingly, CA-SLN, SLN, and ETHO exerted an initial response in approximately 10
min, followed by a return to baseline values, or lower in the case of CA-SLN. This behavior
in the case of SLN and ETHO could be attributed to an increased skin resistance in the
presence of the nanosystems, as demonstrated by impedance measurements (Figure 45). It
is known that increased resistance of skin usually slows down permeation of hydrophilic

solutes such as H,O> (Jankovskaja et al., 2020).

In order to better understand the amperometric response of CA-SLN more intense with
respect to CA-ETHO, the diffusion limiting barrier have been reduced by 10-tape stripping.
This step has been performed to damage (thinner and more defective skin barrier) SC to

enhance its permeability. The number of tape stripping required to remove the SC barrier
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have been optimized (Nocchi et al., 2017). From the data shown (Figure 50), a comparison
of intact vs tape stripped (TS) skin has been considered. It can be seen clearly that the gluing
of SLN have been disappeared with tape stripping because skin has lost integrity. However,

the sensitivity of SCOE toward SLN remained unchanged.
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Figure 50. Relative, average amperometric current response of intact and damaged (TS) skin
covered oxygen electrode immersed in CBS, pH 5.5, to addition of H,O> (0.5 mM, arrow
#1), CA-SLN (CA 0.5 mM, inverted triangles, n = 3), unloaded SLN (triangles, n = 3), TS
CA-SLN (CA 0.5 mM, square, n=3), and unloaded TS SLN (circle, n=3).

An enzyme-modified oxygen electrode model has been employed. Namely, the OE was
covered with a dialysis membrane, instead of skin membrane, entrapping CAT/PER enzyme
system, employed in order to reproduce the CAT - PER activity exerted within the skin.
After reaching the steady-state response in the presence of H>O», at time assigned to zero,
CA-SOL, CA-SLN, ETOH:CBS (30:70 v/v) or SLN were added to the measurement cell
containing the enzyme-modified OE. As shown in Figure 51, very quick and appreciable
amperometric responses have been recorded in the case of CA-SOL and CA-SLN, with
higher profile and Dy, value in the case of CA-SOL (Table 30). The control vehicles did not

give appreciable responses, as expected. The amperometric responses, quicker with respect
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to those obtained by SCOE model, can be attributed to the absence of the pig skin, acting as
a diffusional or permeation barrier. The CA-SLN response was less intense with respect to
CA-SOL (Dgpp 2.8-fold lower), while the control vehicles responses were practically
undetectable. Thus, the OE experiment evidenced the CA-SLN capability of antioxidant
delivery with respect to the solution of the drug. The results also remarkably confirmed that
the skin represented a barrier to CA permeation in the case of its administration by CA-SLN.
On the contrary, when skin was present, in the case of SCOE, the CA-ETHO response, more
intense with respect to CA-SOL, confirmed the permeability enhancing effect of ETHO

vesicles, promoting the CA antioxidant activity due to its passage through the skin.
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Figure 51. Relative, average amperometric current response on addition of H2O2 (0.1 mM)
(marked by arrow #1; n = 13) recorded by using CAT / PER enzyme modified oxygen
electrode. Arrow #2 marks the addition of CA-SOL (CA 0.03 mM, closed triangles, n=3),
CA-SLN (0.03 mM CA, closed squares, n=3), SLN (open squares, n= 3) and EtOH: CBS
(30/70 v/v, open triangles, n=3).

Therefore, the amperometric experiments have underlined the different performances of

SLN and ETHO applied on the skin. As suggested by other authors, SLN appear less efficient
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to promote drug permeation as compared to ETHO. Indeed, many studies have suggested
that SLN can exert an occlusive effect (Tanriverdi and Ozer, 2013; Wissing and Miiller,
2003), promoting the formation of a drug depot in or on the SC, while other studies have
demonstrated that elastic ETHO can penetrate the SC through the intercellular spaces and
release the loaded drug (Zhou et al., 2010; Shen et al., 2014; Niu et al., 2019; Sguizzato et
al., 2020b). In this respect, the transdermal effect of CA-ETHO promotes a more intense and
prolonged antioxidant activity of CA with respect to CA-SLN.

8.2.11 In vivo comparative irritation test

Despite the matrix of SLN and ETHO is based on lipids generally recognized as safe,
accepted by FDA and thoroughly compatible for cutaneous administration, it should be
considered that some plant-derived compounds can cause adverse local reactions when
applied on the skin(Esposito et al., 2019a; Nohynek et al., 2010). At this regard, to in vivo
evaluate the possible irritant reactions induced by cutaneous application of nanosystems
unloaded or loaded with CA, a patch test was performed on 20 health volunteers. The number
of irritant reactions encountered at 15 min and at 24 h after the removal of the Finn Chamber
was recorded, expressed as irritation indexes, and summarized in Table 29. The results
indicate that SLN, ETHO, CA-SLN and CA-ETHO can be classified as not irritating if
applied to human skin, confirming the suitability of these nanosystems for the treatment of

skin disorders (Tanriverdi and Ozer, 2013; Yu et al., 2015).
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9 DESIGN OF NANOSYSTEMS FOR THE DELIVERY OF QUORUM SENSING
INHIBITORS: A PRELIMINARY STUDY

9.1 INTRODUCTION

Biofilms can be described as a dispersion of immobilized microbial colonies within a self-
produced matrix of hydrophilic extracellular polymers such as polysaccharides, proteins,
nucleic acids known as extracellular polysaccharide matrix (EPS). Many factors such as
surface properties, nutrient availability and the presence of microbial constituents are able
to influence the structure and composition of biofilms (Flemming and Wingender, 2010).
Indeed, biofilm-forming bacteria initially grow reversibly attached to a surface then create
an irreversible attachment facilitating their survival and leading to a more aggressive and
resistant host infection (Penesyan et al., 2015). However, biofilm formation is a very
complex process in which some cells, when reaching maturity, begin to detach and separate
from the aggregates repeatedly, leading to a continuous generation of bacteria able to spread

and originate new microcolonies as described in Figure 52. (Hall-Stoodley et al., 2004).

¢
s

@@ : i"dﬁ —

FORMATION OF
ATTACHMENT

MICROCOLONY FORMATION OF MATURE BIOFILM

MATRIX
Q Adherence of bacteria to a -
surface through appendages C EPSis g?ncmed and
like flagella, pilli, curli quorum sensing molecules

help in further biofilm

b Inhibition of Motility factor
after micro colony formation

formation
d Dispersal of biofilm cells
after maturity

Figure 52. The biofilm formation and dispersal cycle. (Banerjee et al., 2020)

For this reason, bacterial biofilm represents a challenge in counteracting different typologies

of infection, including chronic and nosocomial infections. The huge and inappropriate use
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of antibiotics during last four decades have reduced the efficacy of traditional antibiotics
rising of new bacterial defense mechanisms, together with the spread of antimicrobial
resistance. To date in the European Union the infections associated with biofilms and
antimicrobial resistance (AMR) are a leading cause of morbidity and of increased healthcare
costs (https://www.ecdc.europa.eu/en). Hence, the inhibition of biofilm formation can be

considered as a suitable target to design new antibacterial therapies.

Biofilm formation is finely regulated by the Quorum Sensing (QS) system acting
intercellular communication through molecular chemical signals that are able to control the
production of virulence factors and other biofilm cellular functions (Greenberg, 2003;
Hentzer and Givskov, 2003; Li and Tian, 2012). Therefore, compounds able to interfere with
communication systems could be able to reduce the production of virulence factors and
affect biofilm formation in order to control the development of resistant mutants. In this
view, QS inhibitors (QSi) have gained substantial attention to counteract bacterial infection
(Rasko and Sperandio, 2010), in order to increase the susceptibility to antibiotics and the
clearance of the pathogen by the host immune system (Bjarnsholt and Givskov, 2007). One
of the most studied QS system is that belonging to Pseudomonas aeruginosa (P. aeruginosa),
a gram-negative bacterium often associated with chronic lung diseases (e.g. cystic fibrosis)
and nosocomial infections, that takes advantage of biofilm formation to avoid both the host
immune system and antibiotics effect (Bortolotti et al., 2019; Rizzo et al., 2016). P.
aeruginosa possesses two QS systems, Las and Rhl characterized by a hierarchical structure
(with Las as the main QS system) and include intracellular receptors that bind specific
soluble lactones and function as transcriptional factors (Gorgani et al., 2009; Lee and Zhang,
2015). The Las system is controlled by the transcriptional activator LasR and the autoinducer
synthase enzyme Lasl (Malik et al., 2011). Recently, in our department two novels synthetic
QS inhibitor (QSi) have been synthesized, namely CDC and PF based on a cyclopentilamine
ring (i.e. homoserine lactone analogues) in order to mimic the N-(3-oxododecanoyl)-L-
homoserine lactone (30C12-HSL) scaffold involved in the synthesis of virulence factors and

biofilm formation (Malik et al., 2011).

A critical point in the treatment of biofilm-based bacterial infections is the ability of QSi to
efficiently overcome the mucous biofilm layer. In order to bypass this drawback both
allowing the transport of effective concentration of drug through biofilm and a controlled

release, the possibility to use liposomes was investigated. Particularly, this preformulatory
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study focuses on the selection of a liposome composition suitable for new inhibitors of P.

aeruginosa biofilm formation to be tested in vitro.

Among the different drug delivery technologies developed for treatment of the biofilm-
related infections, nanotechnology plays an important role. Notably, a variety of nano-scaled
drug delivery systems have been designed and employed, including polymeric nanoparticles,
dendrimers, metal nanoparticles, SLN and liposomes (Drulis-Kawa and Dorotkiewicz-Jach,
2010; Guzman et al., 2012; Ma et al., 2013; Xie et al., 2018; Zhang et al., 2010). Notably,
the use of drug delivery systems such as liposomes is a pharmaceutical composition
considered to manage effective to achieve a therapeutic effect in humans. As reported in
literature, liposomes can be considered one among different nanoparticle platforms, used to
facilitate the delivery of antimicrobials to the infection site (Zhang et al., 2010). For instance,
the use of liposomes as drug carriers seems to be advantageous over other delivery platforms
used to prevent biofilm formation on biomedical surfaces as demonstrated by the number of
liposomal formulations approved for clinical use for this purpose at the end of the first
decade of this century (Sousa et al., 2011). Therefore, these systems already suitable for

conventional antibiotic delivery should be useful for delivery of QSI formulations too.

Liposomes are the most used vesicles to control drug delivery, due to their composition
similar to the eukaryotic and prokaryotic cell membrane. Liposomes are nano-sized to
microsized spherical structures consisting of two layers of naturally or synthetic
phospholipids, such as phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine
or phosphatidyl-glycerol surrounding an aqueous core. The liposome-forming lipid bilayer
identifies two different sections: a lipophilic compartment and an inner hydrophilic core.
Due to its characteristics, the core encapsulates water-soluble molecules while the
hydrophobic domain of the bilayer is responsible for entrapping lipophilic agents.
Liposomes characteristics, including size, lamellarity and encapsulation efficacy and
positive or negative charge, are influenced either by the lipid composition and the
preparation method used (Pattni et al., 2015). Cationic liposomes can be prepared by
incorporating cationic surfactant in the bilayers. Therefore allowing a high-yield interaction

with negatively charged molecules.

Summarizing, in the present paper the synthesis of two new QSi followed by the design and

production by direct hydration and extrusion of five different liposomes formulations
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composed of phosphatidyl choline (PC), cholesterol (CH) and charged surfactant is
described. Liposomes have been then characterized in terms of size, charge, morphology and
in vitro activity to select the more suitable composition for the loading of the two novel
biofilm inhibitors. The selected liposome composition has been then studied in terms of
morphology, size, entrapment capacity and activity in vitro on biofilm and compared to the

activity of the corresponding free compound.

9.2 RESULTS AND DISCUSSION
9.2.1 Synthesis and activity of LasR antagonist

On the basis of our results obtained by Dr. Bortolotti (2019), two compounds with molecular
features characterized by high probability to act efficiently as QSi were synthetized, namely
CDC and PF (Table 31, Figure 53).

Table 31. Structure and some physico-chemical characteristics of the newly synthesized

QSi.

biofilm
inhibitor

CDC Q LV\/\/V\ 275 220 0.24

PF ﬁ n 413 220 2.51

chemical structure MW  Amax LogP

QSi are based on the 3-oxoacyl-beta-keto-amide structure containing a polyoxyethylene
chain and a cyclopentylamine to increase both stability and solubility in aqueous medium.
In addition, PF compound also has ascorbic acid (Vitamin C) in order to take advantage by
its natural antimicrobic function to enhance the inhibitory effect on the biofilm. Since these
compounds are designed to antagonize LasR receptor which functions as a transcriptional
factor, they act at cytoplasmic levels. Moreover, as above underlined, liposomes can be used
to facilitate the delivery of antimicrobials to the infection site differently from other

nanoparticle platforms (Li et al., 2020; Zhang et al., 2010)
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"H NMR: (400 MHz, CDCLy): 1.40-1.46 (m, 2H), 1.56-1.70 (m, 4H), 2.01-1.95 (m, 2H), 3.55-3.60 (m, 12H),
4.0 (s, 2H), 4.25-4.27 (m, 1H), 7.2 (br. s, 1H).

13C NMR: (100 MHz, CDCLy): 23.5, 32.6, 50.1, 61.3, 69.4, 69.7, 70.3, 70.4, 72.6, 169.3.

PF

'H NMR: (400 MHz, CD;0D): 1.33 (br. S, 10H), 1.41-1.43 (m, 2H), 1.56-1.61 (m, 4H), 1.69-1.79 (m, 4H),
1.89-1.94 (m, 2H), 2.14 (t, 2H, J = 7.2), 3.64 (d, 2H, J = 6.8), 3.81-3.84 (m, 1H), 4.03-4.08 (m, 1H), 4.46-4.52
(m, 2H), 4.76 (d, 1H, J = 1.6).

C NMR: (100 MHz, CDOD): 23.4, 25.7, 28.9, 29.4, 32.1, 35.6, 50.8, 62.0, 69.2, 71.3, 75.2, 119.0, 150.8,
174.5.

(©)

Figure 53. Synthetic flow-charts for CDC (a) and PF (b). 'H and '*C NMR spectra values
of final products (c).

QSi are not antibiotics, but molecules able to reduce biofilm formation, therefore CDC and

PF were assessed for their ability to inhibit biofilm formation. Both molecules were tested
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in the concentration range between 0.5 and 25 uM for 24h and 48h on bacterial growth by
measuring the bacterial OD at 600 nm (Bortolotti et al., 2019) and the obtained results
indicated that they did not affect the growth of P. aeruginosa (data not shown). Afterwards,
the effect of both QSi was tested on biofilm formation by colorimetric biofilm assay. As
described in Figure 54, it was observed that after 24h of treatment CDC showed significant
biofilm inhibition at 0.5 and 1 uM (p<0.01) (Figure 54a), while all the concentrations tested
for PF are able to significantly inhibit P. aeruginosa biofilm formation in a range comprised
between 20-40% (p<0,01) (Figure 54b). On the other hand, after 48h of treatment both CDC
(Figure 54c) and PF (Figure 54d) decreased their inhibitory effect on biofilm. These data
suggest that the amount of QSi added to bacteria cultures was enough to counteract the

quantity of QS molecules produced during a 24 hours culture, not of the following 48 hours.

9.2.2 Preformulatory study: liposome preparation and characterization

In order to find a formulation able to allow the efficient passage of QSi through the mucous
biofilm layer, the use of liposomes was investigated by conducting a preformulatory study
to select the more suitable liposome composition for in vitro tests. Particularly, liposomes
composed of PC, CH and charged surfactant in mixture 2:1:1 (molar ratio), respectively,
have been prepared by direct hydration. Charged liposomes were prepared alternatively by
adding to the PC/CH mixture the following charged surfactant, namely dicetyl phosphate
(LP-DCP), didecyldimethylammonium chloride (LP-DDAC), di isobutyl phenoxy ethyl
dimethyl benzyl ammonium chloride (LP-DEBDA) and stearylamine (LP-SA). As a
comparison, plain liposomes constituted by PC/CH (LP-P) were also prepared. After
preparation, extrusion (using extruder Figure 55) was performed to obtain unilamellar
vesicles with a homogeneous size distribution (Cortesi et al., 2007). This strategy allowed
the reduction of vesicles mean diameters up to 3-fold as compared to their size after
production and at the meantime decreasing the polydispersity and improving the size

distribution (data not shown) (Cortesi et al., 2007).
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Figure 54. Activity on biofilm of CDC (a, c¢) or PF (b, d) after 24h (a, b) and 48h (c, d) of

treatment.

Figure 55. Filter extruder (Lipex Biomembranes™).
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Extruded-liposomes showed similar macroscopic aspects, characterized by homogeneous
slightly white dispersions (see Figure 56a.), even if plain LP-P appeared less transparent as
compared to charged formulations LP-DCP, LP-DDAC, LP-DEBDA and LP-SA (Figure
56a.), From the morphological point of view, each category of liposomes was visualized by
means of freeze-fracture electron microscopy. A representative series of electron
microphotographs are reported in Figure 56b, ¢ and d showing plain LP-P, anionic LP-DCP

and cationic LP-DDAC liposome formulations, respectively.

Figure 56. (a) macroscopic aspect of plain liposomes constituted by phosphatidyl
choline/cholesterol (LP-P), dicetyl phosphate (LP-DCP), didecyldimethylammonium
chloride (LP-DDAC), di isobutyl phenoxy ethyl dimethyl benzyl ammonium chloride (LP-
DEBDA) and stearylamine (LP-SA) and representative electron microphotographs of (b)
plain (LP-P), (¢) anionic (LP-DCP) and (d) cationic (LP-DDAC) liposomes.
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The three categories of liposomes displayed unilamellar morphology even if a certain grade
of polydispersity was evident. These results corroborated the extruded dimensional data of
the five formulations obtained by PCS analyses performed the same day of production and

reported in Table 32.

Table 32. Size and zeta potential of liposome formulations after production, as determined

by PCS.

LP-P LP-DCP LP-DDAC LP-DEBDA LP-SA
Z ave (nm) ! 191.5+1.7 180.1+3.7 197.0+2.1 180.1+1.0 205.7+1.6
P12 0.11+£0.07 036+0.1 020+£0.08 0.36+0.06 0.23+0.05

{ Potential (mV)® —28.4+04 —674+26 +90.6+03 +923+2.0 +63.1+0.9

1Zeta average diameter (mean size). 2Polydispersity index. 3Zeta Potential. Data are the mean
of 5 independent determinations on different batches of the same dispersion + standard

deviation.

All the formulations showed vesicles mean diameters around 200 nm, ranging from 180 to
205 nm with a slight increase in the case of LP-SA. Concerning the PI, a slight increase was
evident in the presence of charged surfactant in the formulation, as compared to plain
liposomes. However, a monomodal distribution was appreciable, since P.I. values were

below 0.4.

The zeta potential values contributed to good stability of liposome formulations during time,
especially significant upon addition of charged surfactant (data not shown). Indeed, thanks
to their polar intercalation within the phospholipid bilayer, charged surfactant confer charge
to the vesicles, increasing zeta potential values with respect to plain liposomes, therefore

promoting their physical stability over time by mean of charge repulsion.

In order to shed light on the structural characteristics of the produced empty liposomes, LP-
P, LP-DPC, LP-DDAC, LP-DEBDA and LP-SA were investigated by SAXS. Results related

to the effect of cationic and anionic surfactants on unloaded PC liposomes are reported in
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Figure 57. In particular, plain liposomes LP-P (Figure 57a) showed the common SAXS
diffraction pattern of multilamellar vesicles, characterized by a bilayer repeat distance
(which measures the sum of the bilayer thickness and the thickness of the water layer
separating two adjacent bilayers) of about 6.72 nm (Cortesi et al., 2007; Hodzic et al., 2012).
In contrast, the patterns b-e (Figure 57) demonstrate that the addition of CS to liposome
composition leads to a loss of positional correlations between adjacent bilayers, probably

due to surface charge density conferred to the bilayers upon surfactant insertion.
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Figure 57. SAXS profiles of the different empty LP-P (a), LP-DDAC (b), LP-DEBDA (c),
LP-SA (d) and LP-DCP (e). Experiments were performed at Diamond Light Source (UK).
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Indeed, the X-ray diffraction profiles of LP-DDAC, LP-DEBDA and LP-SA display a broad
band centered at about 0.14 A™! without any trace of diffraction peaks, e.g. a typical bilayer
form factor scattering pattern indicative of the formation of unilamellar vesicles (Andreozzi
et al., 2010; Hodzic et al., 2012). The effect is even greater for anionic surfactants in which
the absence of scattering signal observed in the case of LP-DCP suggests a complete loss of
structure. The last point should be noticed as the position of the broad band roughly
corresponded to the bilayer thickness: the thickness is about 4.7 nm for LP-SA and LP-
DEBDA, but increased to about 5.5 nm when liposomes have been prepared in the presence
of DDAC. Such an effect could be related to changes induced by DDAC in PC lateral

interactions.
9.2.3 Selection of the liposome formulation for LasR antagonist loading

In order to allow the selection of the optimal liposome composition for biofilm inhibitors
loading, the five empty liposome formulations were subjected to different in vitro assays, to
test their activity on biofilm formation and viability on P. aeruginosa cultures and A594
pulmonary cells, respectively. In view to propose this system as a topic treatment by
inhalatory administration, A549 lung cell line was selected to possibly mimic what occurs
in vivo. Indeed P. aeruginosa infection often affects the airway system and mainly interacts
with epithelial lung cells. In addition, chronicization of P. aeruginosa infection in the lungs
is involved in airway diseases (such as BCPO and cystic fibrosis). Particularly P. aeruginosa
cultures were treated for 24h with a liposome concentration ranging from 0.5 to 25 uM
(Figure 58). None of the liposome formulations affected the bacterial growth at all tested
concentrations (data not shown). It was found that LP-P and LP-DCP liposomes induced
biofilm formation (Figure 58 a, b). On the other hand LP-DDAC and LP-DEBDA slightly
reduced biofilm formation (Figure 58c, d), while LP-SA liposome significantly inhibited
biofilm formation at concentrations of 10 and 25 uM (Figure 58e, p<0.01). We obtained
similar results with a 48 hours treatment (data not shown). Concerning the pulmonary A594
viability performed using MTT test, the obtained results are reported in Figure 59. It was
found that plain LP-P (Figure 59a) and anionic LP-DCP (Figure 59b) showed a slight or no

cytotoxicity on pulmonary cells.
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Figure 58. Activity of empty liposomes on biofilm after 24h of treatment. (a) LP-P, (b) LP-
DCP, (c) LP-DDAC, (d) LP-DEBDA and (e) LP-SA.

On the other hand, cationic liposome formulations demonstrated a different behavior,
depending on the type of cationic surfactant used. Notably, LP-DDAC (Figure 59¢) and LP-
DEBDA (Figure 59d) showed a strong cytotoxic effect, whilst LP-SA (Figure 59¢) displayed

no cytotoxicity.
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Figure 59. Effect on A549 pulmonary cells viability (MTT assay) after 24h of treatment
with LP-P (a), LP-DCP (b), LP-DDAC (c), LP-DEBDA (d) and LP-SA (e).
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Taking together the effect of empty liposomes on cell viability, the bacterial growth and
biofilm formation with the results obtained by preformulatory study concerning the
characterization of empty liposomes (i.e. homogeneous aspect, monodisperse distribution
and unilamellar morphology), LP-SA has been selected as composition suitable for the

loading of the new synthesized biofilm inhibitors CDC and PF.

9.2.4 Loading of biofilm inhibitors on LP-SA liposomes

LP-SA containing biofilm inhibitors CDC (LP-SA/CDC) and PF (LP-SA/PF) were prepared
by direct hydration and extrusion using the same scheme procedure as described for
unloaded formulations. However, QSi were dissolved in the aforementioned organic
solvents along with other components to achieve the final concentration 10 mM in the
dispersion. The macroscopic aspects of both extruded and non-extruded liposomes loaded

with inhibitors have been shown in Figure 60.

The entrapment capacity (EC) of each compound within LP-SA was determined after 1 day
from liposome production, as described in the Materials and Methods section. Namely,
loaded LP-SA dispersion was separated with filter centrifugation and an amount of
supernatant with loaded liposomes was disaggregated and quantified by HPLC for drug
content (Pattni et al., 2015).

The obtained results summarized in Table 33, show that both compounds were quantitatively
loaded within the vesicles. Concerning the effect of the loading onto the vesicle size, it was
found that both QSi displayed an increase of the mean size of liposomes, being around 11%
for CDC and 20% for PF, but maintained a quite homogeneous size distribution, as indicated

by PI values (Table 33).
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Table 33. Characteristics of LP-SA unloaded or loaded with biofilm inhibitors.

LP-SA Z-ave' (nm) PI! ZP* (mV) EC%!
unloaded 205.7+ 1.6 0.229 +£0.02 +63.1+0.9 /
3CDC-loaded 223.6+1.9 0.252 £0.01 +67.8+0.4 98.8+0.5
3PF-loaded 239.6+ 1.4 0.326 +£0.06 +43.1+1.7 94+13

Values are the mean of determinations on different batches of the same type of
dispersion. 2Zeta potential and * Inhibitor concentration 10 mM.

PC: CH: OD

CDC 16D ! PF28 A

o 04.11.2019 . " 04.11.2019

Figure 60. Macroscopic aspect of CDC and PF loaded liposomes non- extruded (a and c)
and extruded (b and d) respectively.

Regarding influences of QSi on deep liposome morphology, Figure 61. reports the freeze-
fracture electron microphotographs (left) and the SAXS profiles (right) obtained from
unloaded and CDC and PF loaded LP-SA. The scattering pattern is essentially characterized
by the bilayer form factor, but the drug presence induced a low-intensity diffraction pattern,
which possibly corresponded to a multilamellar structure characterized by a low positional
correlation between adjacent bilayers and/or by a very low number of stacked bilayers
(Andreozzi et al., 2010). The measured repeat distances (10.05 and 9.20 nm for CDC and
PF, respectively) displayed a larger value as compared to that observed in plain PC/CH
liposomes (6.72 nm), therefore confirming strong repulsive bilayer-bilayer interactions

induced by the charged surfactants on the PC bilayers.
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1(Q) (a.u.)

Figure 61. Freeze-fracture electron microphotographs (left) and SAXS profiles (right) of
LP-SA formulations either unloaded (a, red) or CDC (b, blue) and PF (c, black) loaded.
SAXS experiments were performed at Diamond Light Source (UK).

9.2.5 1In vitro release studies

In vitro release studies were performed by dialysis using dialysis membranes (Merck
Millipore, Milan, Italy) with 15000 Da cut-off. Sink conditions and QSi solubilization were
established adding 30% methanol by volume to the aqueous receiving phase (Siewert et al.,
2003). 20 ml of receiving phase were poured in the external compartment and continuously
stirred at 500 rpm with a magnetic bar. 2 ml of each QSi-loaded LP-SA were placed in the
dialysis bag then at predetermined time intervals 0.15 ml of receiving phase were withdrawn

and QSi content was evaluated by HPLC as above reported. Each removed sample volume
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was replaced with the same amount of fresh receiving phase. The obtained results are

reported in Figure 62.
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Figure 62. Release kinetics of CDC (O) and PF (®) from LP-SA, as determined by dialysis.
Data are the mean of three experiments + s.d.

The release obtained indicated that both CDC and PF are released in a controlled manner

reaching after 28h at least the 60% and 40% of total amount of QSi, respectively for CDC
and PF.

9.2.6 In vitro experiments of LP-SA loaded biofilm inhibitors

QSi-loaded LP-SA were then assessed for biofilm inhibitory activity. The liposome
formulation did not affect bacterial growth after 24h of treatment at the concentration range
between 0.5-25 pM (data not showed). The biofilm assay performed at the same
experimental conditions showed the inhibition of biofilm formation for both compounds in

a dose-dependent manner (Figure 63a and b), that was significant for concentrations above
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10 uM and 1 uM for liposomes carrying CDC and PF, respectively (p<0.01). The liposome

formulation of both compounds led to a dose-dependent effect on biofilm formation.

When we compared the results obtained on biofilm inhibition with the QSi alone (Figure 54)
or liposome-loaded (Figure 63), we observed an effectively increased biofilm inhibition for
LP-SA/CDC 10 and 25 uM as compared to the same concentration of sole CDC. It was
hypothesized that the loading of QSi compounds into LP-SA might reduce the release of the
active compounds and needed a longer treatment. Therefore, biofilm inhibition experiments
in the presence of sole or LP-SA loaded QSi, have been repeated extending the treatment to
48h. Particularly, after 48h of treatment both CDC (Figure 63c) and PF (Figure 63d)
decreased their inhibitory effect on biofilm when used alone as compared to the 24h
treatment (Figure 63a, b). On the contrary, when both QSi were administered as liposomal
formulation, they maintained and increased their effect on biofilm formation (Figure 63¢ and
d), showing their activity already at low concentrations (LP-SA/CDC: 0.5 uM, p=0.0005;
LP-SA/PF: 1 uM, p<0.0001). Therefore, it can be evidenced that QSi-loaded liposomes
enhanced their ability to interfere with biofilm formation supporting a longer activity as
compared to the free form of each QSi up to 48 hours from the treatment. These data confirm
the hypothesis of a gradual release of QSi from the liposomes, therefore enabling to maintain
and to enhance the treatment efficacy for a longer period. This effect is particularly evident
for CDC compound, which presented an increased effect already at the concentrations of 0.5
and 1 uM, as compared to the administration of CDC alone (0.5 pM: 81% vs 94%; 1 uM:
75% vs 90%; p<0.01). The enhancement of this effect should be possibly ascribed to a better
distribution of lipophilic molecules in an aqueous environment due to the distribution within

vesicle bilayer, therefore influencing its bioavailability (Fahr et al., 2005).
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Figure 63. Activity on biofilm of LP-SA loaded CDC (a, c) or PF (b, d) after 24h (a, b) and
48h (c, d) of treatment.

This preliminary study was finalized to evaluate the possible employment of liposomes as
carriers for QSi. By combining the results obtained from the preformulatory study on the
choice of liposomes lipid composition with those on the cytotoxic effect and the inhibitory
activity on the formation of the biofilm, it was possible to select LP-SA as a liposomal

formulation to proceed with the loading of two QSi synthesized in our laboratories
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10 DESIGN AND CHARACTERIZATION OF ETHOSOMES FOR THE
TRANSDERMAL DELIVERY OF MANGIFERIN: A PRELIMINARY STUDY

10.1 INTRODUCTION

The skin is the foremost barrier and the largest organ in the human body. Throughout the
natural process of aging, the skin is the most crucial barrier due to the influence of internal
as well as external aging. Natural (e.g. stratum cornea, melanin) and cosmetic barriers are
not sufficient to the skin. The UV radiation passes through the skin and generates oxidative
stress and free radicals. As a result, many ECM (Extracellular Matrix Enzymes) responsible
for the degradation of skin macromolecules are activated (Lahmann et al., 2001; Quan et al.,

2009).

There are many chemicals used to fight the free oxygen species generated by internal and
external factors. Among them are many photo protectors with different mechanisms of
action, mainly on the skin’s surface (Wang et al., 2010). Mangiferin (MG), a C-glucosyl
xanthone with the formula 1, 3, 6, 7-tetrahydroxyxanthone-C2-B-D-glucoside (Figure 64),
has been widely investigated in terms of both in vivo and in vitro studies. It has been proven
to possess abundant pharmacological actions, including antioxidative, antiaging, antitumor,
antibacterial, antiviral, immunomodulatory, antidiabetic, hepatoprotective, and analgesic
effects (Ajila et al., 2010; Guha et al., 1996). MG has been identified in many plant classes
and maybe abundantly isolated from various parts of Mangifera indica (mango), including

the leaves, stem bark, fruit peels and root (Iseda, 1957).

Figure 64. Chemical structure of mangiferin.
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It is known that MG is slightly soluble in ethanol, sparingly soluble in water and practically
insoluble in some nonpolar solvents (e.g. n-hexane, diethyl ether) (Acosta et al., 2016). The
MG permeation into the skin and through the skin, as an influence on the skin’s condition,
have not been analyzed so far. In the xenobiotic passage process to the skin and through the
skin, the SC is the most important barrier. It has been found that the greatest ability to
overcome the SC is related to compounds whose log P is between 1 and 3, a molecular
weight of less than 500 Da (Lipinski et al., 1997). However, MG has very low solubility in
aqueous media (0.111 mg/ml/ logP value -0.631) and poor lipophilicity, and its efficacy in
vivo is hampered by low absorption and high speed of clearance. The bioavailability at skin
level is low and, when applied as a cream or gel, it hardly crosses the SC and remains on the
skin surface (Khurana et al., 2018). Therefore, suitable cargo for transdermal delivery of MG

is much needed.

The ultra deformable vesicles of ETHO allow improving loading of poorly soluble
molecules with respect to the well-known liposomes. Indeed, the presence of ethanol
stabilizes the vesicles and controls their entrapment efficacy (M. Abdulbaqi et al., 2016;
Touitou et al., 2000). In addition, transethosomes are the combination of transferosomes
(liposomes with certain edge activators) and ETHO (Figure 65) Elasticity of the lipid
bilayers is a very important aspect of the enhancement in permeation of deformable lipid
vesicles. It has been reported that surfactants in vesicle systems can change the packing
characteristics of the lipids in the liposomal bilayer, which modify a liposomal system with

high flexibility and elasticity (El Maghraby et al., 2004).

The skin is composed of negatively charged membranes, the reason is negatively charged
lipids present in lipid layers in SC. The charge on the vesicle surface is a very crucial factor
for transcutaneous diffusion of antioxidants. For instance, positively charged liposomes can
pass deeper and disrupt the tight junctions of lower epidermis layers (Van Tran et al., 2019).
transethosomes have shown an irregular spherical shape and higher vesicle elasticity and
skin permeation/penetration (Song et al., 2012). This fact may be due to the combination of
ethanol and edge activators that causes a rearrangement in the lipid bilayer of these vesicles.
Therefore, the surfactant (softening agents) acts as an edge activator that destabilizes the
lipid bilayers and increases the deformability of the vesicle. Due to the combination of
vesicle systems with surfactant, they can easily penetrate the pores in SC which are 5 times

less in diameter than their size (Cevc et al., 1995). The ETHO give the possibility to use
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edge activators like sodium cholate, sodium deoxycholate, Span 60, Span 65, Span 80,
Tween 20, Tween 60, Tween 80, and dipotassium glycyrrhizinate (Kumar Mishra et al.,
2019; Loan Honeywell-Nguyen et al., 2004). The employment of surfactant can also extend
the durability of ETHO and prevent drug leakage. (Chen et al., 2014).

( a) Lipid bilayer and
edge activator

A exmanl /75

Water and edge
activator

(b)

(C) Lipid bilayer, edge
activator, and ethanol

Water, edge activator,
and ethanol

Figure 65. Schematic illustration of evolution of transethosomes displaying various
components and structural morphology (Ascenso et al., 2015) .
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In this study, ETHO and transethosomes with tween 80 and DDAB have been developed to
select the best possible carrier for transdermal delivery of MG across the skin membrane.
For this, developed formulations have been characterised for physical evaluation, chemical
evaluation, and antioxidant activity by modified OE. Further, the anti-proliferative activity
of MG-SOL (MG in ethanol/water, 30/70 v/v) with respect to MG-ETHO and
transethosomes (namely, MG-ETHO T80 and MG-ETHO DDAB) have been evaluated

10.2 RESULTS AND DISCUSSIONS

This preliminary study focused on the use of ETHO containing MG to evaluate their effect
on transdermal penetration. Indeed, ETHO being mainly composed of phospholipids,
ethanol and water are very easy to be prepared. Moreover, the addition of surfactant
molecules (such as DDAB and T80) as edge activator could improve their permeation

through the skin.

10.2.1 Preparation and characterization of Ethosomes

Plain and edge activator ETHO along with the compositions as reported in Table 34 have
been prepared successfully via the cold method. The dispersions were stable and

homogenous, completely without aggregates.

Table 34. Composition of ethosome formulations considered in this study.

Formulation MG PC! Ethanol Surfactant Water
code % w/w % w/w % w/w % w/w
ETHO - 0.9 29.1 - 70
ETHO-MG 0.1 0.9 29.1 - 69.9
ETHO T80 - 0.89 28.81 0.3? 70
ETHO T80- MG 0.1 0.9 29.1 0.32 69.6
ETHO DDAB - 0.9 29.1 0.2° 69.8
ETHO DDAB-MG 0.1 0.9 29.1 0.23 69.7

'soy phosphatidylcholine; *Polysorbate 80; > Dimethyldioctadecylammonium bromide

Figure 66 reports the dimensions, and zeta potential values obtained on the first and 30" day

after production. From the analysis of these data, the diameter remained almost unvaried

either with loaded and unloaded ETHO and ETHO T80 with size below 200 nm. However,
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the presence of DDAB induced a reduction of size as compared to plain ETHO or ETHO
T80 . The PI was always below 0.3 indicating a monodisperse distribution. The strong
positive values for zeta potential in the case of ETHO DDAB indicates the successful

association of DDAB to ETHO and improved physical stability.

(a)
2 O ETHO
E%N0 e af [0 MG-ETHO
5 1Y [T ] ETHO T80
£ 100y * [J MG-ETHO T80
=504 ETHO DDAB
oL UL LWL MU WL MM = v ETHO DDAB
AOERAERONR IR NI
time (d)
(b)
Y [0 ETHO
£ 100t [J MG-ETHO
= 1 ETHO T80
5 S0 r 1 MG-ETHO T80
s ETHO DDAB
§ . ] MG-ETHO DDAB
50

NN NN
time (d)

Figure 66. (a) The diameter of vesicles at day 1 and 30 by PCS. (b) The zeta potential values
at day 1 and 30.

146



Chapter-10

The MG content in loaded ETHO have been evaluated by UV spectroscopy. Namely, MG-
ETHO undergone ultracentrifugation at 4000 rpm for 15 min and the further lipid part
collected disaggregated in the presence of ethanol and filtered. The MG in the aqueous and
disaggregated lipid part was analyzed with UV spectrophotometer at 255 nm reported in
Table 35. It is worth underlining that almost 100% of the initial concentration of MG has
been recovered in both phases constituting ETHO, but largely found in the core of ETHO
(Table 35). The possible reason could be simple approach of production and avoiding any

high-energy inputs such as heating and mechanical stress.

Table 35. Percentage of MG recovery.

vesicles Aqueous phase
MG-ETHO 75.8+23 % 242+0.9 %
MG-ETHO T80 63.2+3.6% 36.8+1.2%
MG-ETHO DDAB 57.1+£1.1% 42.9 +0.4%

10.2.2 Enzyme modified OE

The SCOE has been employed to access anti-oxidant activity of MG. However, it was
difficult to pass through skin membrane because MG is a very big molecule comprised of a
C-glucosylated xanthone (Benard and Chi, 2015). Therefore, the t,, recorded was very high
(data are not shown). A slight modification in the OE has been employed to assess the MG
against enzymatic reactions mimicking to the enzymatic system within the skin. The skin
has been replaced with a dialysis membrane. The possibility to modify OE with two enzymes
namely, CAT (CAT / H202- H202 oxidoreductase) from bovine liver and PER have been
explored. The combination of CAT: PER (1:1 v/v, comprised 1 mg/ ml) has been poured
onto the tip of OE and covered with a dialysis membrane. Almost 100% response has been
obtained (Figure 67a) by adding 0.1mM of MG in ETOH: DMSO, 8:2 v/v (MG-SOL).
Further, the three types of vesicles containing 0.ImM MG were injected and the response

has been analyzed (Figure 67b).
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Figure 67. (a) Response on the addition of 0.1 mM H>O» has been recorded by CAT
enzyme, after the steady-state response is reached in the presence of HoO2, 0.1 mM MG-
SOL.and 0.1 mM MG containing MG-ETHO, MG-ETHO T80 and MG-ETHO DDAB have
been injected to buffer solution.
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Finally, It can be concluded that MG-ETHO, MG-ETHO T80 and MG-ETHO DDAB have
released the MG quickly which further was interacted with enzymes resulted in a decrease

in reduction current.
10.2.3 Cytotoxicity studies

In order to get information about the cytotoxic effect of the formulations considered in the
present study, the MTT test was performed as described in chapter-3, section 3.7.1. This

preliminary screening has been conducted in order to choose the suitable carrier for MG.

Volume of vehicle (pL)

0 5 10 15 20 25
100 .
80 —-ETHO
- ——MG-ETHO
X
£ 60 -~-ETHO T80
£ —~—MG-ETHO T80
£ 40 ——MG SOL
> ~»- ETHO DDAB
20 ~—MG-ETHO DDAB
0 . . .
0 15 30 45 60

Concentration of MG (pM)

Figure 68. Cytotoxicity of selected formulations evaluated by MTT test on HaCaT cells
after 24h of treatment. Data are given as mean + SD.

From the obtained results (Figure 68), MG-SOL, ETHO, MG-ETHO, ETHO T80 and MG-
ETHO T80 showed more than 60% of cell viability up to the highest concentration.
Moreover, it should be underlined that the presence of MG did not affect the toxicity of the
vehicles, since no significant differences were detected between empty and loaded

formulations. However, major toxicity has been found in the case of ETHO DDAB and MG-
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ETHO DDAB. At all concentrations tested, both the empty and the loaded formulations
showed the almost complete cell death, revealing the toxic effect of DDAB.

Taking together the obtained results, except for loaded and unloaded ETHO DDAB, the

10uM concentration can be selected for further studies.
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11 CONCLUSIONS

Taking into account the results obtained during my Ph.D., the conclusions can be

summarized as follows.

The investigation reported in chapter 4 was aimed at exploring the possibility of combining
the advantages of both SLN and MNP for better drug targeting. MNP and SLN have been
fabricated using the co-precipitation method and emulsion followed by the dilution
technique respectively. After optimizing blank SLN, successful loading of MNP have been
achieved and the presence of MNP inside the core of SLN have been assured by elemental
analysis. Separately, schemed SLN also have been optimized for CUR and evaluated for

various parameters.

Concerning the study reported in chapter 5, the low solubility of EA in aqueous solution
involves to a very difficult administration. To ameliorate it, significant amounts of
surfactants have to be used resulting in toxicity in vivo. In this view, the possibility to
administrate EA using lipid nanoparticles could be very useful and interesting. It was
demonstrated that the inclusion of EA within NLC could improve the water solubility,
allowing for a reduction of the dosage. Moreover, the maintaining of high antioxidant effect
and low toxicity were evidenced for both types of NLC-EA, even if NLC-EAI seems to be
better than NLC-EA2.

The study described in chapter 6 showed that SLN-P-CA were able to long control CA
antioxidant effect, as corroborated by ex-vivo evaluation on HSE, suggesting that the effect
of CA is long-lasting. It is possible indeed that CA does not only quench the free radicals
present in CS, but stimulates the cellular antioxidant response by activating the NRF2
pathway, as already observed by other authors (Yang et al., 2019). Further studies will be
performed in order to better understand the level of penetration of this formulation, based on
time and dose in different in vivo models. This would allow to understand whether the topical
application could have even a protective effect not only in the upper epidermis but even at

the lower cutaneous layers, such as basal epidermis and dermis.

The results of the study described in chapter 7 demonstrated that ETHO can be successfully
employed to encapsulate CA with higher EE with respect to other nanosystems previously

described and to control CA chemical stability, long maintaining its antioxidant potential.
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Experiments with SCOE suggested that ETHO enhanced delivery of CA and its antioxidant
action to porcine skin with respect to CA delivery from simple solution. In this respect it
could be asserted that the transdermal effect has to be ascribed to ETHO and not to the only
presence of ethanol that could act as penetration enhancer. Nonetheless, future studies will
be undertaken in order to better investigate the interaction of ETHO with skin and/or

mechanism of CA delivery by ETHO.

In chapter 8, the study has evidenced the differences in SLN and ETHO performances as
nanosystems for CA cutaneous application. Notwithstanding the capability to encapsulate
the phenolic molecule and maintain its antioxidant power, CA-ETHO can better protect CA
against degradation, as compared to CA-SLN. Noteworthily, even though the in vitro Franz
cell experiment suggests a more intense diffusion of CA in the case of CA-SLN and a very
low diffusion in the case of ETHO, a completely different behavior was detected by SCOE
experiment based on pig skin. Indeed, this ex-vivo model highlighted the transdermal
potential of CA-ETHO that promoted CA antioxidant activity through the skin. The novel
approach based on SCOE was effective and helpful to evaluate the transdermal antioxidant
effect in the case of CA-ETHO. Furthermore, the CAT/PER modified OE enabled to
demonstrate the delivery of antioxidant effect by CA-SLN. Notably, the work and results
obtained with skin or enzymes modified OE reveal the limitations and the possibilities for
developing novel and versatile strategies to understand the effectiveness of nanosystems as

carriers for phenolic compounds.

The preliminary study reported in chapter 9 suggests that LP-SA could be considered a
promising delivery system for QSi administration, especially for those compounds showing
a lipophilic character, probably in reason of a better dissolution and subsequent
bioavailability in aqueous environment. However, studies are underway to confirm these
results, to test the stability over time of the vesicle systems produced and to improve the

release of QSi in the districts involved in the formation of biofilms.

The preliminary results obtained from chapter 10, the three types of ETHO containing MG
have been designed and evaluated for the basic characterization. The systems were found
physically stable with almost quantitative EE and also have shown the antioxidant activity

assessed by OE. However, the ETHO DDAB and MG-ETHO DDAB has shown remarkable
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toxicity in the MTT assay. Finally, the further studies will be conducted by considering the
ETHO/ MG-ETHO and ETHO T80/ MG-ETHO T80.

Though nanomedicine is still at an initial phase of development, many therapeutic active
agents that exploit nanotechnology have been accepted and commercialized. In this thesis,
we tried to develop different types of nanosystems and several evaluation techniques have
been employed. However, for significant progress to be made toward this goal, much more
effort is needed to establish testing criteria, validate efficacy, and accumulate safety data for

various nanotherapeutic agents and materials.
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13 APPENDICES

13.1 SYNTHESIS AND CHARACTERIZATION OF LAS QS INHIBITORS

Synthetic flow schemes and physicochemical properties of CDC and PF are reported in
chapter 9 (section, 9.2.1, Table 28, Figure 51). Commercially available reagents were used
without further purification. NMR spectra were recorded on a Varian Mercury Plus 400
spectrometer at 400 MHz ('H) and 100 MHz ('3C). Peak positions are given in parts per
million (8) down-field from tetramethylsilane used as an internal standard. J values are
expressed in hertz. Electrospray mass spectra were recorded on a Waters Micromass ZQ-
20000 instrument. All reactions were monitored by thin-layer chromatography and/or
reversed-phase high-performance liquid chromatography (HPLC). Analytical TLC was
carried out using Merck precoated silica gel F-254 plates. Preparative flash chromatography
was done using Merck silica gel 60 (0.063-0.200 mm) using the indicated eluent. Solvents
were dried according to standard procedures and reactions requiring anhydrous conditions
were performed under argon atmosphere. Solutions containing the final product were dried
with Na>SOg, filtered, and concentrated under reduced pressure using a rotatory evaporator.
Analytical RP-HPLC was performed on a Beckman System Gold 168 using C18 columns,
namely a Phenomex Luna (4.6 mm x 10 cm, 3p) for CDC and a Waters XBridge (4.6 mm x
15 cm, 5p) for PF, the flow was 0.5 mL/min with detection at 220 nm and with a binary
eluents system (eluent A: H2O + 0.1% TFA, eluent B: CH3CN + 0.1% TFA), using a linear
gradient (t = 0 min: 0% B, t = 25 min: 100% B). Final compounds were purified by
preparative HPLC Water Delta Prep 4000 with detection at 220 nm using an XTerra C18
column (30 x 50 mm, 5p) with the binary system (eluent A: H>O + 0.1%TFA, eluent B: 60%
CH3CN and 40% H>0 + 0.1% TFA) using a linear gradient (t = 0 min: 15% B, t = 30 min:
100% B, t = 40 min: 100% B). Melting points were measured with a hot plate Reichert-

Kofler microscope and are uncorrected.

The above mentioned QSI were synthesized by Prof. Paolo Marchetti and Prof. Claudio
Trapella. Erika Marzola, Department of Chemical and Pharmaceutical Sciences, University

of Ferrara (Italy), performed HPLC measurements.
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