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ABSTRACT

The application of nanotechnology in drug formulation has made significant
headway over the last decade. Nanoscale controlled release systems allow to revalue
and reformulate old drugs through targeted delivery to the desired pathological site,
improving therapeutic efficiency and reducing side effects. This innovative modality
of drug delivery aims to create personalized, safer and effective treatments. A great
interest of the academic and industrial research is focused on the design and
development of advanced nanocarriers since is a profitable way in terms of costs,
times and risks than the discovery of new drugs. Herein, an extensive variety of
nanocarriers systems composed of different materials including lipids, polymers and
non-ionic surfactants have been proposed for different pharmaceutical applications.
Specifically, the carriers have been tailor-made designed to improve drug
photostability, enhance skin permeation and realize smart tools for tumor target

therapy.
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1. Introduction

1.0 Main contributions

The current century has witnessed a growing interest in the design and synthesis of
advanced nanomaterials for pharmaceutical purpose. The nanotechnology has
revolutionized the conventional delivery of drugs offering several implementations
from numerous point of view. The present thesis deals about the design of new
advanced nanodevices useful for pharmaceutical applications and the evaluation of
their potentiality as drug delivery systems through tests in vitro.

1.1 Structure of the thesis

In the framework of a long-standing research activity ongoing in the Pharmaceutical
Technology group of Department of Pharmacy, Health and Nutritional Sciences
(University of Calabria), the present thesis is divided into three self-contained
sections focused on the development of novel macromolecular systems for several
pharmaceutical applications. Specifically, the developed nanocarriers were designed
for a potential application in topical delivery (Chapter 2), in cancer therapy (Chapter
3) and in drug photoprotection (Chapter 4).

1.2 Nanotechnology in Drug Formulation

Over the last few years, nanotechnology has found an unprecedented attention in
broad areas of the science. According to the National Nanotechnology Initiative,
nanotechnology is the research and technology development at the atomic,
molecular, or macromolecular levels to create and use structures, devices, and
systems in the length scale of 1-100 nm range (Figure 1). Unlike the properties of
the bulk materials which follow the classic laws, nanoscale size particles exhibit
unique and novel properties due to the influence of quantum effect and the higher
surface area [1]. Particularly, nanotechnology has revolutionized the manipulation
of the materials used for drug delivery. The application of knowledges and
techniques of nanoscience in pharmaceutical formulation has, indeed, been well
appreciated for the ability to engineer molecules or supramolecular structures and to
produce devices with programmed functions. Nanomedicines for pharmaceutical
purposes are defined by the Encyclopaedia of Pharmaceutical Technology as solid
colloidal particles in the range size around 1-1000 nm. They consist in
macromolecular materials in which a therapeutic or diagnostic agent can be
dissolved, entrapped, adsorbed or attached [2]. The advancements of nanomedicine
are making the old drugs work better and delivering novel classes of drugs those
were previously considered unmarketable due to the low solubility and
bioavailability, high toxicity and marked side effects. Different factors such as size
and surface characteristics support the countless advantages of the use of
nanoparticles in biomedical field. The most benefits of nano sized drug formulation
are known, indeed, to be directly related to particle size that majorly affect the
distribution in the body. It has been reported that nanoscale size particles cellular
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1. Introduction

uptake is much higher than that of large particles with size ranging between 1 and
10 um [3]. Due to their small size, nanoparticles, indeed, are able to penetrate in the
tissue system, cross the blood brain barrier (BBB), be absorbed through the tight
junctions of skin endothelial cells and enter the pulmonary systems [3].
Consequently, this technology has yielded the opportunity to reach new targets and
to control drug distribution manipulating the carrier size.
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Figure 1. Size scale for nanoparticles as compared to other materials.

Not only it is possible to reach new targets, but the small size of nanodevices allows
to avoid the immediate clearance by the lymphatic system and increase circulation
times in bloodstream. Another advantage associated with small size is the larger
surface area that makes available higher amount of drug near the surface of and,
therefore, leads to a faster drug release. Additionally, the surface charges of
nanocarriers affect aggregation, stability, and drug distribution and, consequently,
the manipulation of this property must be also opportunely considered in the design
of drug carriers. Hydrophilic surface and higher surface charges are, indeed, known
to hinder the binding of plasma protein (opsonization) and prolong circulation in the
bloodstream of nanoformulations [4]. In summary, an ideal system for drug delivery
must have size large enough to avoid leakage in blood capillaries but not too large
to be recognized by the lymphatic systems and hydrophilic surfaces in order to avoid
the binding of blood components. By controlling these features with nanotechnology
approaches, it is possible to obtain smart and tailor-made nanodevices for specific
therapeutic or diagnostic purposes which is the main goal of an ideal pharmaceutical
formulation.
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1.3 Target Drug delivery

The application of nanotechnology approaches in drug delivery allows to overcome
the typical limitations of conventional pharmaceutical formulations. The efficacy of
a drug is, indeed, significantly influenced by the way which is delivered and its
biopharmaceutical properties. Physicochemical or metabolic instability, poor
aqueous solubility or permeability, insufficient drug concentration at the target
tissue, non-specific adverse toxic effects are common factors that limit the drug
clinical efficacy. To overcome these drawbacks, nanoscale size particles are used as
delivery agents by loading drug and deliver them to target tissues more selectively
with a controlled release [5]. Drug delivery systems (DDS) are designed with the
aim to enhance solubility and bioavailability, control pharmacokinetics and
pharmacodynamics drug profiles. Moreover, the delivery of drug using DDS protects
them from harsh physiological environments such as the acidic environment of the
stomach or lysosomes and from the high levels of proteases or others enzymes
present in bloodstream [6]. DDS allow also to explore new administration routes of
old drugs. Overall these reasons (Figure 2) support the advancement of DDS in a
wide range of outstanding applications in the treatment of various diseases.

Dose Reduced
Reduction toxicity

Favorable Delivery of
pharmacokinetics undeliverables

Figure 2. Advantages of DDS

It has been claimed that the main advantage of DDS is the ability to reduce drug dose
by increasing the specificity for the interest target site. The pioneer idea of targeted
drug delivery was first developed by the “magic bullet” concept of Paul Ehrlich in
the early 1900s [7]. Targeting delivery approach is the ability of DDS to reach,
recognize, bind and deliver its payload to specific pathologic tissues, and minimize
or avoid toxic effects to healthy tissues. Several strategies have been used to target
drug at the interest site such as active and passive targeting. Passive targeting refers
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1. Introduction

to the accumulation of drug-carrier system taking advantage of the unique
pathophysiological characteristics of the target site, not normally present in healthy
tissues. The most classical example is the enhanced permeation and retention (EPR)
effect, which results in accumulation of macromolecules in the tumor through an
altered vasculature and lymphatic drainage. The increased vascular permeability due
to abnormal pores of capillary membrane with size ranged from 100 to 700 nm and
impaired lymphatic drainage of cancer cell allow a preferential accumulation of
nano-sized structures [8]. The efficacy of this targeting approach is influenced by
nanoparticles properties including size, surface charge, shape, circulation time and
by the anatomical and physiological characteristics of the target site [9]. However,
EPR effect is restricted by several factors such as non-specific uptake of the particles
and non-specific delivery of the drug. It has been reported in literature, indeed, that,
some of passively targeted nanocarriers fail to reach the tumor when administered
intravenously [10]. Consequently, active targeting strategy has been advanced to
overcome the lack of specificity and limitations of passive targeting. Active targeting
relies on specific interaction between a ligand on nanocarrier surface and the target
site in order to improve uptake selectivity (Figure 3). This approach, indeed, is based
on the conjugation of a targeting moiety on carrier surface having a selective affinity
for recognizing and interacting with a specific cell, tissue or organ in the body. A
large number of disease-associated biomarkers has been identified and investigated
as targeting agents. Targeting ligands can be chemically conjugated or physically
adsorbed on carriers after formation or can be linked with nanodevices components,
such as polymers and surfactants before formation [11]. Independently of the used
conjugation approaches, the devices can be functionalized using targeting ligands of
different nature including aptamers, small molecules, proteins, peptides, antibodies,
carbohydrates or glycoproteins in function of target cell characteristics.
Physicochemical properties such as size and shape are very important parameters
influencing the in vivo nanoparticle distribution. Consequently, it is fundamental to
keep unchanged them during the conjugation process [12].

DDS can be engineered to have different drug release profiles depended on
therapeutic needs. The drug controlled release can be enclosed into two major
categories: extended and stimuli-responsive release [13]. Extended drug release
relies on the delivery of drugs over a sustained period maintaining constant their
concentration in the plasma or target tissue. This mechanism involves often polymers
that release the drugs at controlled rate due to the diffusion out of the carrier or by
degradation of the matrix over the time. On the other hand, stimuli-responsive
release is based on the modification of the structural composition or conformation of
the nanocarriers resulting in the release of drug entrapped within them in response
to specific stimuli. The signals common used can be external (temperature, light,
magnetic, ultrasound) or internal due to specific features of the pathologic tissue
(variation of pH, enzyme and redox state).
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Figure 3. Illustration of ligands for active targeting of DDS.

1.4 Nanotechnology in Skin delivery

In the last decades, the use of nanocarriers as tools to improve skin drug delivery has
attracted a large interest. As one of the widest organ in human body, the skin exhibits
many functions: it acts as barrier protecting body from external substances, plays a
role in temperature regulation, in immunological response, in neurosensory functions
and in biosynthesis of constitutive substances such as keratin, collagen, melanin,
lipids and carbohydrates [14]. Skin delivery offers a number of advantages compared
to other conventional routes: bypassing hepatic metabolism, avoiding toxic effect
related to drug oral delivery, sustained drug release, patient compliance and a
suitable route for unconscious or vomiting patients. The skin has a complex structure
composed of two layers: the epidermis and the dermis. The epidermis contains
various histologically distinct layers, stratum basal, spinosum, granulosum, lucidum
and corneum. Stratum corneum (SC) is the outermost layer made up of densely
packed dead keratin-filled corneocytes that acts as the first barrier to external agents
modulating drugs absorption into the deeper skin layers. Each cells of the SC, indeed,
has approximately a diameter of 30 um and a thickness in the range between 0.5 and
0.8 um. This structure proposed by various authors as a “brick and mortar” model
represents, thus, the main permeation rate-limiting barrier of drugs administered via
topical route [15]. Because of this peculiar organization, conventional topical
formulations are often inadequate to achieve therapeutic drug concentrations.
Several chemical and physical methods, thus, have been advanced to overcome the
main drawbacks of classical skin delivery. Among physical enhancers, micro-
needles, heating, iontophoresis, electroporation, radiofrequency and ultrasound are
extensively applied. On the other hand, nanotechnology has shown remarkable
potential in target specific delivery of drugs to the skin. Different types of

nanocarriers such as niosomes, liposomes, solid lipid nanoparticles, polymeric
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nanoparticles, indeed, have been designed by researchers to increase skin
penetration, control the release, and target drugs to specific areas of skin. There are
different possible pathways of molecular penetration of nanocarriers across the SC:

e intercellular route with partitioning into the lipid matrix;
e intracellular route through epidermis cell membrane;

e appendageal route through sweat glands and hair follicles;

Several mechanisms such as alteration of physicochemical and hydrating
properties of SC, fusion with skin components and better drug partitioning have
been proposed to explain the role of nanoparticles in skin penetration and
permeation [16]. Many characteristics of nanodevices including size, shape,
charge, surface properties affect skin permeation. For instance, several researchers
have highlighted that drug penetration can be influenced by surface charge. The
lipid layer in the SC contains a high ratio of negatively charged lipids and, thus,
positive charges on particle surface enhance the electrostatic interaction with cell
membrane and their internalization, while the diffusion of negative charged
nanoparticles seems to be slowed in cellular matrix allowing a skin drug depot
[17]. Moreover, spherical and deformable nanoparticles resulted be able to
penetrate through skin more fast than ellipsoid shaped and rigid carriers [18], [19].
Different qualitative and semi-quantitative techniques have been advanced and
employed to evaluate the in vitro skin permeation ability. Standard quantitative
tools include Franz-type diffusion cell experiments and differential tape-stripping
of the SC aiming to measure the amount of drug permeated trough a membrane
over time or accumulated in skin layers. Qualitative techniques such as laser
scanning confocal microscopy (LSCM) multi-photon fluorescence microscopy
(MFM) and transmission electron microscopy (TEM) are, instead, addressed to
estimate drug distribution in the various skin layers.

Commonly, permeation enhancers are employed in the composition of
nanocarriers aimed to alter temporarily the physicochemical structure of SC and,
consequently, improve drug permeation. Many compounds including surfactants,
small molecules, lipids and solvents have been investigated and proposed as
chemical penetration enhancers (Table 2). An ideal chemical enhancer should be
pharmacologically inert, non-toxic, non-allergenic, chemically and physically
compatible with the DDS, inexpensive and cosmetically. Moreover, following its
removal, SC should immediately and fully recover its normal barrier function.
Structure-activity studies indicated several mechanism by which skin enhancers
may act. One is the ability to increase drug diffusivity within the cutaneous
membrane and drug partitioning. Another proposed mechanism is the ability to
modify skin polarity [20].
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Anionic surfactants
Cationic surfactant
Surfactants Non-ionic surfactants
Span80, Tween 80
Sodium lauryl sulphate
Ethanol
Isopropyl alcohol
Alcohols Decanol
Hexanol
Octanol
Myristil alcohol
Lauric acid
Linoleic acid
Fatty acids Oleic acid
Palmitic acid
Isostearic acid
Sulfoxide Dymethilsulphoxides
Decylmethilsuphoxides

Cineole
Eugeneol
Terpenes Menthol
D-Limonene

Linalool
Glycols Propylen glycole
Dypropylene glycol

Polymer Chitosan
Trimethyl chitosan
Cyclodextrins a-, B-, y- cyclodextrins,
Methylated B-cyclodextrins
Table 2. Examples of penetration enhancers investigated in literature.

Delivery through skin can be classified into topical aimed to treat local diseases and
transdermal aimed, instead, to treat systemic pathologies. Nanocarriers can be
properly engineered for the desired therapeutic response varying their composition
thanks the large availability of materials suitable for drug delivery applications. For
instance, more hydrophobic formulations due to the use of surfactant with low HLB
result in a higher drug retention capacity and in a more delayed permeation. On the
contrary, hydrophilic formulations may be preferred to achieve systemic effect [21].
Several types of delivery systems such as vesicular systems (liposomes, niosomes,
transfersomes), emulsions (microemulsions and nanoemulsions), and nanoparticle
systems (microparticles, nanoparticles) have been widely investigated as drug
carriers for skin delivery both for topical and systemic therapy and cosmetic care
[22]. The first transdermal drug delivery systems approved was the scopolamine
patch for motion sickness in 1979. Since then, a few other drugs such as non-steroidal
antinflammatory, antimicrobial, antioxidant, anticancer agents have been
successfully formulated into DDS. Some of the dermal and transdermal DDS
currently available in the market are presented in Table 3.
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Name Drug Delivery Systems Company
Transderm Scop® Scopolamine Transdermal patch Novartis
Qutenza® Capsaicin Topical patch NeurogesX, Inc.
Revitalift Pro-Retinol A Nanosome L’Oreal
Renergie Microlift Silica and protein Nanoparticles Lancome
Nano-Golds® 24-karat gold Nanoparticles Neiman Marcus
Energizing Cream
Lipobelle Genstein Liposomes Mibelle Biochemistry
Soyaglycone
Table 3. Some examples of cosmetic and transdermal DDS formulation available in
market.

1.5 Nanotechnology in Cancer
Cancer is one of the most fatal disease diagnosed in more of ten million people every
year. It is a complex biological process caused by uncontrollably division of cells
and rapid spread into surrounding tissues. Conventional treatment are surgery,
radiotherapy and chemotherapy. In the last century, chemotherapy has arisen as a
viable and adjuvant therapeutic modality aimed to destroy all rapidly proliferating
cells. The main drawback of this therapy is that healthy cells are also killed and, thus,
side effects in normal tissues such as alopecia, nephrotoxicity, neurotoxicity,
cardiotoxicity commonly occur. In addition, multidrug resistance mechanism in
cancer cell is a typical observed phenomenon that reduces drug concentration at the
target site and, consequently, its efficacy. Chemotherapy still need further
improvement and the development of nanotechnological approaches has provided a
new avenue in cancer treatment. Smartly designed nanoparticles can alter the
anticancer drug distribution in the body and promote selectively the accumulation in
pathological sites. Nanocarriers if opportunely designed can, thus, reduce drug dose
while maintaining effective intracellular concentrations, thereby widening the
therapeutic window of anticancer agents. Consequently, an improved therapeutic
efficacy and reduced toxic effects can be achieved. A deep interest has been
addressed to the identification of optimal carrier characteristics in terms of size,
composition, surface charge to allow a specific delivery to cancer tissues. Different
strategies such as active, passive and local stimuli-triggered drug release have been
used to selectively target tumor. Indeed, the nanocarriers can be differently
engineered combining multiple functions at the same time in order to provide:

e Prolonged blood circulation and spontaneous accumulation to tumor site;

e Recognition of target cells through specific ligands on nanocarriers surface;

e Responsivity to local or external stimuli (e.g. pH, temperature, redox

potential, ultrasound, etc..).

The drug accumulation at the desired site depends on physic-chemical and
physiological factors such as carrier size and tumor vasculature characteristics.
Tumor vasculature is abnormal and exhibits wide fenestrations, high vascular
permeability and impaired lymphatic drenage that decreases the clearance of
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macromolecules giving, consequently, extended retention times in the tumor
interstitium (Figure 4). This effect, named EPR, is a molecular weight and size-
dependent phenomenon: particles larger than 40 kDa show prolonged half-life,
whereas nanoparticles with size between 60 and 500 nm are able to extravasate in
tumor tissue [23]. Several passive targeted nanomedicines such as Myocet®,
Doxil®, Daunoxome®, Abraxane® and Genexol-PM® have been already approved
for clinical use and other are currently in clinical trials.

Impaired lymphatic dramage
Leaky vasculature o - / Blood vessel
V<2 E>
a ' ®

Healthy endothelia

OF

Receptor-mediated
(endocytosis

Héd)thy tissue Tumor a

TRENDS in Biotechnology

Figure 4. Passive targeting strategy

To improve drug delivery accuracy, the conjugation of target specific ligands is
another important strategy employed. Indeed, target systems recognize and bind
specific cell surface receptors overexpressed in tumors and, subsequently, are
internalized via receptor-mediated endocytosis. Researchers have identified and
studies a large number of tumor targeting ligands including antibodies, aptamers,
peptides, and small molecules (Table 4).

Type Ligands
Proteins Transferrin
Antibodies anti-Her-2 , anti-MUC-1, Trastuzumab

Small molecules

Folic acid, Sugars

Aptamers AS-1411, GBI-10
Polysaccharides Hyaluronic acid
Peptides IL4RPep-1, cRGD, cNGR and CREKA

Table 4. Ligands for active targeting of DDS.

Moreover, the use of devices with the presence on surface of more than one targeting
moiety has been advanced to promote binding and cellular uptake through the
multivalent effect and to prevent receptors saturation [24]. The progress of
nanotechnology in cancer therapy resulted in the possibility to control drug
biodistribution in time and spatial. This has become possible through the
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development of nanomaterials sensitive to specific stimuli. Nanocarriers, in fact, can
be built to experience rapid changes in their structure and physical properties under
exposure to special conditions and release their payload. The main advantage of this
approach is the possibility to obtain a localize drug release in response to specific
disease-related biomarkers and prevent premature drug leakage in circulation
responsible of side toxic effects. The microenvironment of metastatic disease
typically exhibits variations in pH, redox potentials or concentrations of enzymes
and these factors can be successfully used to achieve an intracellular drug release
[25]. Moreover, stimuli can be applied externally at the target site. Among them,
magnetic field, light, ultrasounds and temperature have been extensively investigated
to trigger drug release from nanodevices in oncology.

The pioneer stimuli-responsive drug delivery formulation was first suggested in the
late 1970s with the use of thermosensitive liposomes and from them, more evolved
formulations have been provided and employed in several clinical trials
(ThermoDox, Celsion Corporation) [26]. Thermo-responsiveness allows to achieve
a drug release control at the desired site and time by the use of an external biomedical
devices (radiofrequency, microwave, and high intensity focused ultrasounds) and the
inclusion in nanocarriers of molecules with a transition temperatures close to
physiological body temperature (40—43°C) [27]. Another possibility of release
triggered by externally stimuli involves the application of a magnetic field on the
biological target during injection of magnetically responsive nanocarriers. Among
the endogenous stimuli, instead, pH-sensitive and redox sensitive are two main
strategies used in intracellular tumor drug delivery. It is well known that in tumor
cell there is a special microenvironment such as low pH and high level of glutathione
(GSH) which is different to normal cells. The introduction, thus, of pH labile
linkages based on the diorthoesters, vinyl esters, cysteine-cleavable polymers,
double esters, and hydrazones or disulphide bonds prone to fast cleavage by GSH
has been widely used to attain pH sensitivity and redox sensitivity [28]. Moreover,
because of the coexistence of different conditions in tumor microenvironment, more
than one stimuli can be used in combination to further improve drug delivery.

In the most evolved context, smart delivery systems which incorporate multiple
complementary targeting strategies, including passive, active, and stimuli-
responsive targeting in the same systems have been emerging as safer and effective
tools for antitumor therapy (Figure 5).

11
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Figure 5. Multifunctional targeting nanoparticles.

Various combinations of targeting strategies have been analysed, investigated and
have shown exciting results in preclinical studies, demonstrating their potential as
therapeutics carriers. Particular appealing is also the possibility to combine specific
targeting approaches with nanoparticles for imaging (such as quantum dots or
magnetic NPs), in order to obtain a theranostic system that can be used for
simultaneously tumor imaging, diagnosis and treatment.

Recent interests for cancer treatment are currently addressing to new therapeutic
approaches such as immunotherapy and gene therapy. Nanotechnologies have been
also implemented in these fields. Nanoparticles can be used for delivery of
immunostimulatory or immunomodulatory molecules in combination with chemo-
or radiotherapy or as adjuvants to other immunotherapies. Unlike conventional
nanomedicines that directly target cancer cells, nanoparticles designed for cancer
immunotherapy also target lymphocytes or lymphoid tissues. On the other hands,
gene therapy involves the transfer of genetic material responsible of activation of
apoptosis into a host cell through viral (or bacterial) and non-viral vectors. The most
common used non-viral vectors are polymeric or inorganic nanoparticles, which
have biological and physicochemical properties that allow them to carry the DNA
into tumor cells. Furthermore, these nanodevices may be functionalized with specific
molecules for the recognition of molecular markers on tumor cells surface, inducing
a better selectivity.

1.6 Nanotechnology in Drug Photoprotection

In the last decade, a wide-reaching impact of nanotechnology is becoming more

apparent in the management of photolabile drugs. The European Pharmacopoeia

indicates that efficacy and safety of over 250 drugs are adversely affected by light
12
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exposure through their life cycle. Exposure to light can cause changes in the
physicochemical properties of the active compounds with loss or the reduction of
therapeutic effect and formation of toxic by-products. Consequently, the
development of optimal photostabilization methods is a main pharmaceutical
research topic and stress testing according to the guidelines given in the International
Conference on Harmonization of Technical Requirements for Pharmaceuticals for
Human Use (ICH) are necessary to attest the safety and efficacy of all new drugs.
Common photoprotective strategies involve the use of light protective packaging or
formulations with appropriate coatings. Anyway, these techniques cannot be used
for topical formulations since this route of administration contributes to a higher
exposure of photolabile compounds to sunlight.

In these cases, the use of supramolecular systems able to encapsulate drugs has
aroused a lively interest for their ability to provide a valid photoprotection. The
materials and architecture of supramolecular structures capable of protecting active
compounds from light vary immensely. Particularly, there is a preference for
nanostructures prepared with biodegradable materials such as lipids or biodegradable
polymers. From literature data, cyclodextrin (CD), liposomes, solid lipid
nanoparticles, microparticles, niosomes, microemulsion and mesoporous silica
nanoparticles are the main photoprotective carriers used. CD are cyclic
oligosaccharides formed of glucopyranose monomers linked by a-(1,4)- glyosidic
bonds forming a central cavity in which the drug is incorporated. Depending on the
number of glycopyranosilic units, CD are distinguished in a-CD consisting of six
carbon units; B-CD consisting of seven carbon units; and y—Cd consisting of eight
carbon units. The spatial arrangement of CD defines a sort of cone rigid shape with
a hydrophobic cavity capable to incorporate appropriately sized lipophilic
compounds by a non-covalent complexation phenomenon (Figure 6). A large
number of molecules such as 1,4-dihydropyridine, diclofenac, naproxen,
methotrexate, quercetine, ranitidine, tretinoin, entrapped in CD matrices have shown
an improved light stability [29]. Additionally, the use of both liposomes and
niosomes as photoprotection systems has been extensively investigated. The
selection of vesicular matrix is often very difficult because the drug photostability is
affected by the carrier stability itself, which in turn depends on the vesicle bilayer
composition. Many study have compared the efficacy of liposomes and niosomes to
improve drug photostability. For instance, treitoin has shown high degradation when
incorporated in liposomes made from soy phosphatidylcholines as a consequence of
the bilayer degradation in presence of water and light. On the contrary, tretinoin-
loaded niosomes prepared from polyoxyethylene lauryl ether, sorbitan esters and a
mixture of octyl/decylpolyglucosides demonstrated a more efficient protection [30].

13
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In addition, simultaneous use of different kind of photoprotective strategies has been
proposed to increase drug photoprotection and, thus, minimize the light effects on
therapeutic activity than the same strategies used separately. For instance, drug—CD
complex incorporated in the aqueous core of liposomes or the combination of
supramolecular systems with solar filters or antioxidant agents are commonly
employed to improve the photostability effectiveness. Antioxidants, such as ascorbic
acid and a-tocopherol are typically combined with niosomes or CD due to their
ability to prevent free radicals and singlet-oxygen intermediates formation and,
consequently, increase photoprotection efficacy. Finally, it is crucial for the selection
and effectiveness of the suitable photostabilization strategy the knowledge of the
photodegradation mechanism of investigated drug. The studies, indeed, made with
molecules for which the photodegradation mechanism is well known presented
higher photostabilization effectiveness.

1.7 Nanocarriers for drug delivery
Nowadays, a large number of nanosized carriers made of different materials such as

lipids, polymers, surfactants, have been proposed in the biomedical field as
diagnostic and therapeutic tools. In the following sections, I will discuss the main
features of different types of nanocarriers used in the current thesis work.

1.7.1 Emulsions and Microemulsions

Emulsions (E) and microemulsions (ME) are dispersed systems composed of water,
oil and surfactant useful for pharmaceutical applications for their capacity to carry
both hydrophilic and lipophilic drugs. ME and E are classified as water in oil (w/0)
or oil in water (o/w), each designating the dispersed phase within the continuous
phase. Pseudo ternary phase diagrams are often constructed to indicate the existence
of different phases as a function of the composition of aqueous, oil and
surfactant/cosurfactant components.
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A wide range of surfactants, together with a variety of oils and cosurfactants have
been investigated for a potential use in the design of these systems (Table 4).

OILS
Saturated fatty acid. lauric acid, myristic acid, capric acid
Unsaturated fatty acid oleic acid, linoleic acid, linolenic acid
Fatty acid esters ethyl or methyl esters of lauric, myristic and oleic acid.
SURFACTANTS

egg lecithin, lyso lecithin, Soybean lecithin,
alkyl glucosides, alkylesters
Polyoxyethylene/Polysorbate/Tween 20,40,60,80
Non-ionic surfactants Sorbitan Monolaurate (Span)
Poloxamer,

Natural surfactants

Labrasol (Polyethylene glycol-8—caprylic acid),
Others Sodium dodecyl sulphate (SDS),
Sodium bis (2—ethylhexyl) sulphosuccinate (Aerosol OT),
Dioctyl sodium sulphosuccinate,
Sodium dexoycholate TritonX—100

Table 4. Commonly used components of E and ME.

Despite their similar composition, there are a lot of factors that differ ME from E,
that are given in Table 5. E consist of relatively large droplets in the range between
100 nm and 10 pm, whereas ME show droplet size distribution in the range around
10-100 nm [31]. In addition to their obvious droplet size difference, ME are
transparent, form spontaneously, have low interfacial energy and are
thermodynamically stable, unlike E that are milky, require energy during
preparation, have high interfacial energy and are kinetically stable [32]. ME also
need more amount of surfactant to stabilize the systems and the use of co-surfactant
(none for emulsions) due to the lower interfacial tension (about 1000 times) and
higher surface [33].

Parameters Emulsion Microemulsion
Droplet size Large (100 nm-10 pm) Small (10-100 nm)
Appearance Cloudy Transparent
Interfacial tensions Low Ultra-low
Surfactant Low High
concentration
Co-surfactant type None Short chain alcohol

Table 5. Characteristic differences between emulsions and microemulsions.

The ME and E efficacy has already been proved in various routes of admistration
such as ocular, vaginal, rectal, buccal, periodontal, parenteral, and nasal.
Particularly, they offer considerable opportunities for targeted drug delivery to and
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via the skin. In fact, ME and E have been demonstrated to improve transdermal
delivery of different drug compared to conventional formulations. The increased
percutaneous drug delivery of these systems seems to be related to different
mechanisms dependent on the properties of the drug and formulation. According to
a first mechanism, the drug penetrates to skin only from outer phase. Afterwards, the
drug in the outer phase is replaced by the drug released from the dispersed phase to
the continuous phase. This means that droplets act as drug reservoir able to allow a
constant drug concentration gradient on the continuous phase and prolong absorption
[34]. In the second mechanism, droplets break down upon contact with skin and then
release their content. Finally, another possible mechanism is the droplet fusion with
skin components. Indeed, in E and ME composition can be used substances with
natural ability to fluidize stratum corneum and improve drug partitioning into skin
acting as penetration enhancers. Due to the widely availability of material with
permeation enhancer properties, there is considerable scope to manipulate the
formulation components and characteristics to achieve a skin drug depot or optimal
systemic bioavailability depending on the desired therapeutic purpose.

1.7.2 Polymeric nanoparticles

Polymeric nanoparticles (NPs) are colloidal devices ranging in size from 10 to 1000
nm made up of natural or synthetic polymers. According to the method used for NPs
preparation, nanospheres (matrix-type NPs) or nanocapsules (reservoir-type NPs)
can be obtained. Several preparation techniques are available and can be divided in
two major groups: top-down and bottom up methodologies. In the top-down
approach, NPs are produced from preformed polymers using different method such
as emulsification, extrusion, solvent displacement, ionic gelation, salting out,
dialysis, and supercritical fluid technology. On the other hand, in bottom-up
procedures NPs are obtained directly from the monomers after polymerization with
the use of an initiator or by self-assembly in response to changes of environmental
parameters such as temperature, ionic strength, pH or concentration. Among bottom-
up procedures, coacervation, inclusion complexation and nanoprecipitation are the
most employed [35].

The drug of interest can be dissolved, entrapped, adsorbed, covalently attached or
encapsulated in the NPs [36]. Depending on the NPs structure, polymers used and
drug physicochemical properties, the release can take place by polymer degradation
and erosion or drug desorption and diffusion [37]. Polymeric NPs have been widely
employed as drug carriers for topical applications and cancer treatment. It is
extensively demonstrated, indeed, that the delivery of common chemotherapeutic
drug such as doxorubicin, paclitaxel and methotrexate trough polymeric NPs
improve their antiproliferative effect against cancer cells [38]. Moreover, polymeric
NPs have emerged as appealing carriers for topical applications. Considering the
data available up to now in literature, polymeric NPs show better ability to enhance
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skin retention rather than the transdermal drug delivery in systemic circulation.
Consequently, they are better suitable for topical treatment of skin diseases such as
dermatitis, acne, atopic eczema and psoriasis [39].

The main requirement for a polymer to be used in the design of NPs is a high
biocompatibility and rapid degradation in vivo without causing inflammatory
response. Various natural and synthetic polymers have been attracted attention for
drug controlled delivery. The most explored natural and synthetic polymers for NPs
preparation are chitosan gelatine, alginate, dextran, albumin, poly(acrylate) and poly
(lactide-co-glycolic) acid (PLGA), [40], [41]. Chitosan NPs are particular interesting
devices investigated in various drug delivery applications such as the treatment of
dermatologic and gastrointestinal diseases, pulmonary diseases, and drug delivery to
the brain, colon, ocular infections and gene/vaccines delivery [42]. Recent
investigations, instead, are focused on the use of chitosan NPs for tumor targeting,
imaging and therapy applications and the development of multifunctional DDS [43].
Chitosan offers, indeed, different advantages for drug delivery applications. First,
chitosan has chemical functional groups that can be modified to achieve specific
goals, making it a polymer with a tremendous range of potential applications.
Furthermore, chitosan has a positive surface charge and mucoadhesive properties
such that can adhere to mucus membranes and release the drug payload in a sustained
release manner. Chitosan acts, also, as a penetration enhancer by opening epithelium
tight junctions improving both paracellular and transcellular transport of drugs.
Several methods are available for the synthesis of chitosan NPs, but the most widely
used is ionotropic gelation because is a simple technique which not apply high shear
force or the use of organic solvents [44]. Overall these factors support a high
potential of this polymer in DDS formulation.

1.7.3. Lyotropic liquid crystals

Lyotropic liquid crystals (LLC) are a state of matter which exhibit simultaneously
properties of a liquid and those of an order crystalline structure. In fact, they possess
anisotropic physical properties such as their refractive index, dielectric constant,
elastic behaviour or viscosity. But at the same time, LLCs also exhibit flow
properties like a liquid; they are thus anisotropic fluids. LLCs have gained
considerable attention in the last few decades due to their potential as DDS. Higher
solubility capacity compared with traditional carriers, high carrying capacity for a
range of water-insoluble drugs, protection of sensitive drugs from enzymatic
degradation are the main advantages of these systems in pharmaceutical
applications.

LLC are formed by the swelling of amphiphilic molecules in excess of water. When
exposed to aqueous environment, amphiphilic lipids spontaneously form
thermodynamically stable self-assembled structures. Monoolein, glycerol
monooleate, phosphatidylcolines, oleyl glycerate, polaxamer block copolymers and
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some non-ionic surfactants are commonly materials forming LLC for drug delivery
[45]. In particular, by varying the temperature and the concentrations, amphiphilics
can self-assembly in various forms such as lamellar, hexagonal and cubic phases
(Figure 7).
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Figure 7. Illustration of the phase diagram of an amphiphilic molecule forming
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Lamellar phase is normally present in the organism because is the typical
organization of cell membranes. In fact, it is a surfactant bilayer structure separated
by water layers where the head polar groups are directly in contact with water,
whereas the hydrophobic chains are interdigitated in order to avoid water (Figure 8).
Lamellar phases have received particular attention for topical administration of drugs
due to the similarity with skin structure and high stability [46].

The hexagonal phase is made up by densely packed cylindrical aggregates of
amphiphilic molecules filled with water and disposed on a hexagonal lattice. Two
different type of hexagonal phase are possible: normal (Figure 8) in which the
hydrophobic chains are within the cylindrical structures and reversed in which water
are within the cylindrical aggregates and the hydrocarbon chains fill the voids
between the hexagonally packed cylinders.

Cubic phases, instead, are based on continuous curved bilayers and interpenetrating
non-intersecting aqueous channels separated by each other. Cubic phase has
spherical packing and the polar part of molecule is located on sphere surface and the
non-polar portion within the centre of the sphere (Figure 8). This unique
microstructure offers different advantages for drug delivery applications making it
optimal for gastrointestinal, pulmonary, nasal, oral, buccal, rectal, and vaginal drug
delivery [47].
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The cubic structure is, indeed, formed spontaneously and is characterized by a high
stiffness and bio-adhesive properties that allow a prolonged retention time onto
the skin. Cubic and hexagonal phases provide a slow drug release and protect
peptides, proteins, and nucleic acids from chemical and physical degradation. A wide
range of drugs with different molecular weights and water solubility have
demonstrated improved transdermal/topical delivery in cubic phases, such as
Tetracycline, Propranolol hydrochloride, Capsaicin, Diclofenac salts and Acyclovir
[48].

Furthermore, because of the ability of some materials to switch between the cubic
phase and hexagonal phase by adjusting temperature and/or pH, researchers have
designed a series of stimuli responsive LLC as DDS for specific target.

1.7.4 Liposomes and Niosomes
Liposomes, phospholipids based vesicles, have been discovered by Bangham in
1960 and have attracted much attention as DDS due to their biocompatibility,
biodegradability and non-toxicity. Indeed, liposomes are promising DDS due to their
small size and the ability to carry both hydrophilic and lipophilic drugs in aqueous
core and lipid bilayer, respectively [49]. Liposomes can be classified in four types:1)
conventional type liposomes based on anionic, cationic and neutral phospholipids;
2) PEGylated types based on the inclusion of PEG; 3) ligand-targeted type based on
the linking of a targeting moiety to liposomal surface; 4) theranostic liposome types
involving the simultaneous presence of a targeting, imaging and therapeutic element
[50]. Their properties can be accurately modified by the choice of bilayer
components and therefore changing the superficial charge, size and
functionalization. Indeed, the liposome surface is amenable to modification with
targeting ligands and polymers. The Food and Drug Administration approved
several liposomal formulations, some example available in the market are Doxil®
and AmBisome®, liposomal Doxorubicin and Amphotericin B used for the
treatment of cancer and fungal infections, respectively. Anyway, liposomes present
some disadvantages like the fast elimination from blood circulation by reticulo-
endothelial system and macrophages [51], [52], the physical and chemical instability
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(aggregation, fusion, degradation, hydrolysis and oxidation of phospholipids) and
high cost of production [53].

Niosomes, non-ionic surfactant based vesicles, are functionally analogous to
liposomes and can be used for target and sustained release of both hydrophilic and
lipophilic drugs. Anyway, the different chemical nature of their structure units make
niosomes a powerful device with several advantages with respect to liposomes. Non-
ionic surfactant indeed, have greater stability, low cost, high availability and no
special conditions are necessary during storage. Moreover, niosomes showed
intrinsic skin penetration-enhancing properties. Overall these features make
niosomes more attractive for industrial manufacturing. In literature, a large number
of studies highlighted the potential of niosomes for transdermal delivery of numerous
pharmacological agents, including antioxidant, anticancer, anti-inflammatory,
antimicrobial and antibacterial molecules. In the following sections, I report our
expert view of the current applications of niosomes and the developments that are
likely to be important in the future.

20



1. Introduction

1.7.4.1 Do niosomes have a place in the field of drug

delivery?
(Editorial)

Rita Muzzalupo® and Elisabetta Mazzotta®

* Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, Via Savinio,
Ed. Polifunzionale, 87036 Arcavacata di Rende, Italy

Published on Expert Opinion on Drug Delivery 16, (2019), 1145-1147.

1. Niosomes: a next attractive generation of drug delivery carriers

In the field of nanotechnology, niosomes are gaining increasing scientific interest as
useful drug delivery systems for several therapeutic applications due to their unique
versatility. Niosomes are vesicular nanocarriers made up of non-ionic surfactants,
developed from scientists as the best alternative to liposomes. Niosomes and
liposomes are both amphiphilic carriers with similar physicochemical properties,
pharmaceutical applications and, also, equal in vivo behaviour. Despite these
comparable features, niosomes differ in chemical composition of the bilayer and this
offers several advantages over liposomes. Liposomes are based on phospholipids,
whereas niosomes are made of surfactants with improved physical, chemical and
biological stability. Furthermore, higher drug entrapment can be achieved by
modulating the composition of niosomes bilayers and their industrial manufacture is
less expensive because does not require special handling methods and storage
conditions due to the higher stability. Most of the published papers focused on
niosomes, highlighting their optimal skin permeation potential, sustained release
characteristics, long shelf life and, high drug photo-protective activity as compared
to liposomes [1]. Niosomes production was first reported in the 70s in cosmetic
industry, but then potential applications of niosomes were expanded for the delivery
of several pharmacological agents such as anticancer, antioxidants, anti-
inflammatory, antiasthma, antimicrobial, antiviral, antibacterial molecules and
oligonucleotides. At the present state of the art, most of the publications in scientific
literature and the first clinical trials about niosomes, highlight the great potential of
these systems in dermal/transdermal applications but showed, also, the niosomal
potentialities as oral formulations for blood glucose lowering or antihypertensive or
analgesic drugs [2, 3]. Enhanced skin permeation, direct vesicle fusion with the
stratum corneum, formation of a drug reservoir into the skin and, sustained pattern
of drug release, seem to be the main characteristics that have attracted the interest of
academia and industry [4]. Common non-ionic surfactants, used in the design of
vesicular delivery systems, include alkyl ethers, alkyl glyceryl ethers, sorbitan fatty
acid esters and polyoxyethylene fatty acid esters. The choice of surfactant is a critical
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factor to be considered during the design of non-ionic vesicular systems. It is well
known, indeed, how the surfactant molecular structure clearly affects the size,
stability, entrapment efficiency, pharmacokinetics, pharmacodynamics and targeting
properties of vesicular systems. A large selection of surfactants displaying
favourable properties for specific drug delivery applications is readily available. This
offers the possibility to select the more suitable surfactant in order to achieve tailor-
made niosomes for the desired therapeutic response. Anyway, research is keeping to
explore new materials in order to customize and optimize niosomes for different
therapeutic purposes and for a potential translation in human clinical trials (Figure
1). One of the advantages of classical non-ionic surfactants is the easy chemical
modification aimed to improve the selectivity towards specific organs and cells
already without affecting healthy tissues. In the last few years, the discovery of
therapeutic targets involved in several diseases, has greatly expanded and the use of
these target molecules on niosomes surface allows an increased specificity and
selectivity of the nanodevices. Different ligands, as small-molecules, proteins, cell
penetrating peptides, sugars, monoclonal antibodies and their fragments, are usually
involved in the design of niosomes with specific targeting properties to brain,
tumour, colon, liver, lung and eyes. Recent in vivo studies reported the ability of

these engineered vesicular to selectively target tumour cells.

Gene therapy

Cosmetics

e =S - =
Topical and transdermal
delivery

Target therapy

Stimuli responsive delivery

Theranostic

Figure 1: Representation of different niosomes applications

Particularly, the design of potent candidates was attractive for targeting the
glioblastoma cells of brain tumour via niosomal surface modification with peptide
derived from the Israeli yellow scorpion’s venom due to its ability to penetrate the
blood-brain barrier [5]. Sugar surfactant systems, instead, are becoming popular in
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the design of niosomes for their natural ability to target brain or tumour tissues [6].
In recent years, particular attention has been paid on the design of more sophisticated
stimuli responsive surfactants able to take advantage of the physio-pathological
differences occurring in several altered conditions such as cancer, inflammation,
ischemia and infections compared to healthy cells. Much of the ongoing works
focuses on the development of pH sensitive surfactants able to undergo protonation
once penetrated into acid compartments of pathological cells destabilizing their
structure and improving intracellular release. Several studies proved the pH
responsivity of niosomes based on Span® 20 and coated with pH insertion peptide
or made of derivatives of Tween® 20 with different pH sensitive moieties like
glycine, Nmethyl-glycine, N, N-dimethyl-glycine [7, 8]. These showed a better
cytotoxicity than conventional niosomes on cancer cells suggesting the role as useful
tools for enhanced intracellular target delivery. Based on their peculiar acid-base
properties, these systems are also able to interact with DNA and other biologically
relevant molecules like oligonucleotides and RNA with a consequent potential
application as gene vectors for transfection. Other stimuli, typical used to manipulate
the surfactant properties, consist on temperature, light, glutathione, enzymes and
magnetic field. Recent studies focused on the determination of the suitable niosomal
compositions for gene therapies. Generally, cationic lipids are incorporated into
niosome formulations in order to create positively charged vesicles. Recently,
Pengnam et al. [9] synthesized a new gemini surfactant plier-like with an
ethylenediamine head group and the preliminary results showed that the niosomes
based on Span® 20/cholesterol and their cationic gemini surfactant represent
promising vehicles for nucleic acid delivery. Instead, Yang et al. [10] proposed the
combination of gene delivery and cell labelling capacity into a single niosomal
formulation based on Span® 80 and DOTAP to achieve a theranostic platform for
stem cells-based therapy and regenerative medicine. The obtained results suggested
optimal labelling ability and in vivo gene silencing of negative regulator of osteoblast
differentiation of these devices after their implantation in mouse and, consequently,
a promising utility in improving cellular regeneration. Furthermore, a depth interest
was focused on the develop of innovative surfactants from alternative renewable raw
materials at competitive prices, to meet the required safety and environmental
criteria. Among these, amino-acid-based surfactants have emerged as a novel and
attractive class of surfactants derived from amino acids such as cysteine, lysine and
arginine, which showed promising results in several scientific works. These
derivatives showed high biodegradability, low toxicity, and excellent antimicrobial
activity against Gram-positive and Gram-negative microorganisms with huge
potential applications in pharmaceutical, cosmetic and nutrition fields [11]. A great
innovation in niosomal formulation was also represented by the use of some
amphiphilic drugs with surface active properties as main component of the bilayer.
These synthetic compounds similar to a surfactant and known as

3

‘surfadrug”,
playing the role of both carrier and drug, resulted able to form vesicular systems
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bypassing the use of other excipient and improving formulation biocompatibility
[12].

2. Expert opinion

Niosomes are certainly a great and innovative promise for drug delivery and their
near future could be very bright with several pharmacological therapies and other
applications. Considering the above mentioned properties of niosome as drug
carriers, they can represent a valid alternative to liposomes. The pioneer topic
formulation was launched into the market by Lancome in 1987 and the benefits of
these systems in cosmetic field are largely validated. However, the niosomal
nanotechnology is still premature and a lot of work is still needed to guide their future
applications in different clinical fields. Effectively, niosomes are young systems and
few papers in literature have focused on these carriers. Since their birth, as evidenced
by Scopus database only 4896 scientific reports focus on niosomes in drug delivery
against 95705 ones dealing with liposomes. In most of these works, the
pharmaceutical researches have taken advantage of versatility and adaptability of
easy modified and functionalized non-ionic surfactants, to obtain specific targeting
tools or with intrinsic stimuli responsive properties. The versatility of their
constituents has led researchers to study their behaviour as anti-cancer carriers or for
applications in gene therapy. These reports and our experience in the pharmaceutical
fields underline the importance of creativity and innovation to tailor-made the
niosomes suitable for various therapeutic purposes. Furthermore, multi-functional
niosomes have been proposed as a further evolution of traditional “magic bullet” and
the way to open new possibilities to achieve personalized therapies [13, 14]. These
strategies were also extensively explored for liposomes but the incorporation of non-
ionic surfactant in the composition of lipid-based vesicular systems was largely
reported in many studies as the main reason to improve their major limitations of
phospholipids. Then, why do not replace fully phospholipids in vesicular bilayers
after seeing their important drawbacks? The niosomes potentiality is already
recognized in dermatological therapy, indeed clinical trials for treatment of acne
[15], psoriasis [16], leishmaniosis [17], wart [18] and oromucosal ulcers [19] are
currently ongoing, but it would be desirable that the same interest is directed to
different applications, such as diagnostics or therapeutics or also theranostic devices.
Therefore, it is essential to focus on the discovery of novel and innovative surfactants
able to form niosomal formulations, adequate for preclinal studies and switch after
to clinical studies. The niosomes, despite their similarity to liposomes, have peculiar
characteristics worth to be considered in order to increase availability
pharmaceutical formulations more efficacy and less expensive. The real
opportunities of these vesicular systems should be effectively considered and, in the
near future, it will be important to spend more financial resources on their studies.
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ABSTRACT

The low efficacy of Acyclovir topical therapy is due to its physicochemical properties
that limit the permeation across the stratum corneum. The goal of this research was
to evaluate the ability of biodegradable surfactant, Brij97, to self-assembly in

different types of colloid systems which can improve the Acyclovir permeation and
accumulation at the target site (the basal epidermis). New Acyclovir formulation
based on Brij97 have been analysed in order to investigate the effect of drug
encapsulation on the structure. After that, the in vitro percutaneous permeation of
Acyclovir has been compared with that one of the commercial specialty Zovirax®
5%. To estimate the potential of the new formulations proposed as topical delivery,
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it has been essential to quantify the Acyclovir in the skin layers. The results
confirmed that the self-assembly of the surfactant in different nanosized structures
improved the amount of permeated Acyclovir and the formation of intracutaneous
drug reservoir. Furthermore, the different lipophilicity and structural organization of
carriers based on Brij97 showed different influence on the promotion of permeation.
The experimental data suggest that the designed carriers could be a valid alternative
to improve the efficacy of the current antiviral therapy.

1. Introduction

Acyclovir (ACV) is a potent antiviral agent used as drug of choice to treat Herpes
labialis that is the main clinical manifestation of herpes simplex virus type 1 (HSV-
1). Herpes simplex virus (HSV) infection is one of the most common chronic viral
infection in humans and it is estimated that one third of world’s population is affected
by this disease [1]. The virus penetrates the epidermis cells, replicates within
destroying them and manifests pathologically as painful and vesicular lesions. After
this first manifestation, HSV-1 establishes a persistent and latent infection in
neuronal ganglia from which it can become active causing, consequently, recurrent
infections. The target site for ACV is the basal epidermis. It is necessary, then, a
sufficient amount of the drug to reach this site in order to suppress the viral
replication [2]. The currently available therapies have various limitations due to the
characteristics of the drug and the biological membrane. The skin, in fact, is an
effective barrier that protects the body from the outside environment and this natural
defence function limits the diffusion of most drugs across it. The drug absorption is
affected by the arrangement and composition of the stratum corneum (SC). It is made
by a multi-layered wall-like structure, in which corneocytes are embedded in a
matrix of highly selective lipids [3], that can be crossed only by small and lipophilic
molecules. ACV does not possess biopharmaceutical characteristics that guarantee
therapeutic concentrations of the drug at the target site. Consequently, frequent
applications of the actual commercial topical formulations are necessary to have an
enough drug accumulation at the basal epidermis [4]. The low and marginal ACV
permeation, in fact, pushed the researchers to develop alternative drug delivery
systems (DDS). Moreover, topical administration is becoming a very attractive way
for the local delivery of therapeutic agent. In fact, the skin as potential site of drug
absorption offers several benefits as targeted therapy and patient compliance.
Niosomes, emulsion, micro-emulsion and lyomesophases are very interesting as
topical drug delivery and they are receiving attention from the pharmaceutical
industry for its ability to improve the drug transport and targeting to the skin layers.
Niosomes are vesicular carriers widely used as effective dermal drug vehicle in the
treatment of skin disorders due to ability to enhance drug permeation and create a
localized depot in the inner layer of skin which ensure prolonged drug release over
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time, reducing systemic absorption and, thus, minimizing side effects compared to
conventional dosage form [5].

Emulsion (E) and micro-emulsion (ME) are widely used in the pharmaceutical field
for their countless benefits, enhance long term stability and increased bioavailability
[6], [7]. These dispersed systems have different features such as the stability and drop
size. ME are thermodynamically stable, clear and translucent due to small drop size
ranging from about 10—-150 nm [8]. A combination of different mechanisms has been
proposed to explain the ability of the ME to improve penetration, e.g. small droplet
size, large surface area/volume ratio, action of individual constituent, the increase of
skin hydration and high drug loading capacity [9]. Many drugs such as lidocaine
[10], alpha- tocopherol [11] and ibuprofene [12] are delivered into the skin using ME
and appeared to be ideal drug carrier for a wide range of dermatological disease.
The Emulsions (E) are generally cloudy due to larger drop size. They are kinetically
but not thermodynamically stable. It is possible to form kinetically stable
(metastable) emulsions for a reasonable period of time, if their destabilization rate is
adequately low in comparison with the expended lifespan [13]. The term “emulsion
stability”” has been described as emulsion aptitude to resist changes in its properties
over time, either chemically or physically.

Lyotropic liquid crystals (LLC), a supramolecular aggregation of amphiphilic
surfactants, are thermodynamically stable phases whose production is quite simple
and cheap. The high viscous structural organization of such colloidal aggregates
allows a localized application of the drugs and maintenance on the skin surface [14].
During the last past decades, various type of ACV nanosized drug delivery systems
such as niosomes [15], microparticles [16], nanoparticle [17], cyclodextrins [18]
have been proposed to overcoming the ACV pharmacokinetic drawbacks and to
improve the current available formulation. As far as we are aware, there is a lack of
comparative analysis on the permeation of the ACV from the different colloidal
nanostructures based on the same surfactant.

Therefore, the objective of this study is to investigate the ability of colloids based on
a biodegradable non-ionic surfactant Brij-97 as effective ACV drug delivery system.
To this purpose, we developed and compared four colloid systems: niosomes,
emulsion, micro-emulsion and lyotropic liquid crystals. The vesicular carriers have
been prepared at different molar ratio of Brij97 and cholesterol. All investigated
systems have been characterized in terms of dimension, polydispersity index and
ACYV entrapment efficiency. In addition, considering the well- known percutaneous
enhancer properties of Isopropyl myristate (IPM) [19], we hypothesized that its use
increase the amount of drug permeated. For this reason, emulsion, micro-emulsion
and lyotropic liquid crystal have been realized considering the ternary diagram phase
Brij97/IPM/H20 reported in the reference [20]. Ex-vivo permeation studies have
been performed using diffusion Franz cells and the quantification of ACV deposited
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in the skin layer has been determined by extractions. All obtained results were
compared to that one obtained using the commercial specialty Zovirax® 5%.

2. Materials and methods

2.1. Chemicals

Brij97, cholesterol (Ch), isopropyl myristate (IPM) and F127 were purchased from
Fluka (Sigma-Aldrich, Milan, Italy, 98% purity). All organic solvents were supplied
from Sigma-Aldrich (Milan, Italy) and are of high performance liquid
chromatography grade. Pharmaceutical specialty Zovirax® 5% (GlaxoSmithKline
S.p.A.) was obtained commercially.

2.2. Vesicles preparation

Acyclovir niosomes were prepared using the hydration of lipid film method [21].
Accurately weighed quantities of surfactant (Brij97) and cholesterol in different
molar ratio were dissolved in ethanol in a round bottom flask; details of composition
are reported in Table 1. The organic solvents were vacuum evaporated at 40 °C under
constant rotation to form a thin film on the wall of the flask. This film was then
hydrated under mechanical stirring at 60 °C for 30 min with 10 mL of distilled water
(empty niosomes) or drug solution (1 x 10 M). After preparation, the dispersion
was left to equilibrate at room temperature overnight to allow the complete annealing
and partitioning of the drug between the lipid bilayer and the aqueous core. Small
unilamellar vesicles (SUV) were prepared starting from MLV by sonication in an
ultrasonic bath for 30 min at 60 °C.

Formulation Brij97 Chol Diameter P.1. | &-potential ACV
(g) x107? (g x10? (nm + SD) (mVz SD) E%
N 71.0£0.3 - 518.1 +21 0.246 | -18.0+1.4 -
NA 71.0+0.3 - 585.4+ 19 0.230 | -13.3+1.0 44.0+5
N, 57.2+0.3 72+0.3 3058422 | 0236 | -13.241.0 -
NA 57.2+0.3 72+03 389.2 +18 0249 | -16.5+1.2 56.54+3
N, 35.1£0.3 19.0+0.3 227.0 21 0.199 | -15.1%+1.2 -
Nyt 35.1£0.3 19.0+03 | 24537+22 | 0254 | -15.4+1.2 49.0+ 3

Table 1. Composition, hydrodynamic diameter, polydispersity index, C-potential of
empty and loaded niosomes and ACV entrapment efficiency. The total lipid
concentration was 1 x 10°M for each sample.

2.3. Emulsion and micro-emulsion preparation

Once the emulsion and micro-emulsion region was identified in pseudo-ternary
phase diagram [20], the formulations at desired component ratios were prepared with
or without ACV. Details on the composition of formulation are given in Table 2.
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In the first step, ACV was mixed with water at different concentrations. The mixtures
of IPM (oil phase) and surfactant were heated for 3 min in a hot water bath set at 70
°C and, then, added to aqueous phase dropwise. Finally, the systems were mixed
using a vortex mixing at 2200 rpm for 5 min, followed by 2 min centrifugation at
3500 rpm. The E samples have the following percentage of ACV: 0.07, 0.1, 0.2, 0.5,
0.8 and 1.2% (w/w). The ME are prepared only at 0.07, 0.1 and 0.2% of ACV due
to the different drug solubility in these systems.

Formulation Brij97(g) IPM H,0 (g) ACV (g)x10° Diameter P.L ACV
(3} 3 (nm = SD) skin
depot
(moles)
E 0.170+ 0.005 0.230+£0.002  1.600+0.005 - 365.1£5.2 0.182 -
E1 0.170+ 0.002 0.230+£0.002  1.600+0.005 1.400+0.003 148.8+ 4.1 0.251 3.77x 107
E2 0.170+ 0.005 0.230+£0.002  1.600+0.005 2.000 +0.003 130.4+ 3.8 0.240 9.03 x10”
E3 0.170+ 0.004 0.230+£0.003  1.600+0.005 4.000 +0.005 195.9+4.2 0.171 5.65x107
E4 0.170+ 0.001 0.230+ 0.001 1.600+0.005 10.000 +0.003 168.4+ 2.7 0.220 1.91x10°
E5 0.170+ 0.002 0.230+ 0.002  1.600+0.005 16.000 +0.003 172.4+ 4.0 0.057 6.37x10°
Eé6 0.170+ 0.005 0.230+ 0.001 1.600+0.005 24.000£0.002 155.7£ 3.5 0.239 2.16x 107
ME 0.380+ 0.003 0.100+ 0.003  1.520+0.005 - 20.8£3.3 0.233 -
ME1 0.380+ 0.003 0.100+ 0.002  1.520+0.005 1.400 £0.001 13.7+£2.4 0.207 3.93 x10”
ME2 0.380+ 0.001 0.100+ 0.002  1.520+0.005 2.000 +0.005 13.6 £3.0 0.114 3.00 x107
ME3 0.380+ 0.005 0.100+ 0.001 1.520+0.005 4.000 £0.003 14.5£1.2 0.230 6.04 x10”

Table 2. Compositions, particle size, polydispersity index and amount of ACV
skin depot of emulsion and micro-emulsion formulations.

2.4. Acyclovir LL.C preparation

LLC were prepared using an accurate ratio between surfactants, oil phase and water
in order to obtain the different Brij97 liquid crystalline structures. The composition
of each sample considering the ternary diagram phase Brij97/IPM/H20 [20] is
reported in Table 3. The LLC gels were realized using two different fixed drug
percentage: 0.1% and 1%. The samples were prepared as follow: the oil phase and
the surfactant were mixed and heated at 70° for 10 min to homogenize them. The
ACV was dissolved in the water and, consequently, added at the mixture of IPM and
surfactant. In order to homogenize the samples, firstly the samples were subjected to
various cycles of centrifugation at 3000 rpm for 5 min, after they were mixed by
vortex and heat at 70 °C for 10 min.
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Phases Brijo7 wt H,0 IPM wt % ACV % ACY skin
% wt% depot
(moles)

LLC, 56.0 30.0 14.0 0.1 7.08 x 107

1 1.40 x 10°

LLC, 38.4 52.0 9.6 0.1 8.06x 107

1 1.13x 10°

LLC; 30.4 62.0 7.6 0.1 1.01 x 10°

1 9.43x 107

Zovirax® 5 2.11 x107

Table 3. Composition and amount of ACYV skin depot of liquid crystalline phase.

2.5. Size distribution analysis

The average particle size of E, ME and niosomes were determined by dynamic light
scattering (DLS) using a 90 Plus Particle Size Analyzer (Brookhaven Instruments
Corporation, New York, USA) at 25.0 + 0.1 °C. The autocorrelation function was
measured at 90°, while the laser beam was operating at 658 nm. The mean size and
standard deviation (+ S.D.) were directly obtained from the instrument fitting data
by the inverse “Laplace transformation” method and by Contin [22]. The
polydispersity index (P.I.) was used as a measure of the size distribution and P.I.
values <0.3 indicate homogenous and monodisperse populations, in the case of
colloidal systems. All analyses were done in triplicate and expressed as mean +
standard deviation.

2.6. Transmission electron microscopy (TEM)

The morphology of niosomes sample was carried out by transmission electron
microscopy (TEM), using a ZEISS EM 10 electron micro- scope at an accelerating
voltage of 80 kV. A drop of dispersion was placed onto a carbon-coated copper grid
and left to adhere on the carbon substrate for about 1 min. The dispersion in excess
was removed by a piece of filter paper. A drop of 2% phosphotungstic acid solution
was stratified and, again, the solution in excess was removed by a tip of filter paper.
The sample was air-dried and the film of stained niosomes was observed.

2.7. C-potential

The C-potential is a very important index of the stability of colloidal systems [23].
The presence of particle surface charge causes, between similar and adjacent charged
particles, the development of electrostatic repulsion forces, their degree being related
to the C-potential. High {-potential values indicate, in fact, that the particles
repel one another, and this stabilizes the system against aggregation. The (-
potential of the formulations was measured with the laser Doppler
electrophoretic mobility measurements using the Zeta-sizer ZS (Malvern
Instrument Ltd., Malvern, U.K.), at 25.0 = 0.1 °C and the values were
calculated by the instrument software, using Helmholtz—Smoluchosky
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equation. The results are reported as the means of three independent
experiments performed in triplicate.

2.8. Acyclovir entrapment efficiency

The amount of ACV retained in the vesicles was determined as follow. The
un-trapped (free) drug was removed using the dialysis technique. According
to this method, 3 mL of ACV-loaded niosomes dispersion were dropped in a
dialysis bag (Spectra/Por, MW cut-off 12,000, Spectrum, Canada) immersed
in 100 mL of distilled water and magnetically stirred. Free drug was removed
by exhaustive dialysis. The percent of encapsulation efficiency (E%) was
expressed as the percentage of the drug not entrapped into niosomes referred
to the amount of drug present in the non-dialyzed sample and it was
determined by di- luting 1 mL of dialyzed or 1 mL of non-dialyzed in 25 mL
of a mixture of isopropanol/ethanol 50:50, to obtain the vesicle rupture.
After, the measurement of absorbance at 252 nm of these solutions was
performed. Absorption spectra were recorded with a UV + Vis JASCO V-
530 spectrometer using 1 cm quartz cells. Each experiment was carried out
in triplicate and the results are expressed as mean + standard deviation.

2.9. ’H-NMR characterization of ACV LLC

The characterization of the mesophases was performed through the *H
quadrupolar interaction using nuclear magnetic resonance (NMR)
spectroscopy. The nanometric structural organization of LLC phases is
reflected in the rotational and translational motion of water molecules at the
interface with supramolecular surfactant aggregate. The orientation order of
water was detected with “H-spectra which can be used not only to
differentiate between lamellar, cubic and hexagonal phase, but also
determine the directional order and the size of microcrystal.

In this study, “H-NMR experiments were performed at a resonance
frequency of 46.53 MHz on deuterium a Bruker AVANCE 300 pulsed
superconducting spectrometer working in Fourier Transform mode. The
measurements were performed at 25 °C and 35 °C which is the temperature
at which the release experiments were conducted to verify the maintenance
of the lyotropic structure.

2.10. Polarized optical microscopy observation of ACV LLC

Polarized optical microscopy (POM) observations were typically used to
detect the existence of LLC [24], and to identify the mesophases through
their characteristic textures This type of analysis is very important to evaluate
the crystalline ordered of the various mesophases that produce typical
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birefringence effects. Phase characterization of the samples was performed
with a Leica 12 Pol optical polarizing microscope.

2.11. Transdermal permeation and skin retention study
Ex-vivo skin permeation studies were performed using vertical diffusion
Franz cells with an effective diffusion area of 0.416 cm2. The experiments
were carried out using rabbit ear skin obtained from a local slaughterhouse.
The skin, previously frozen at —18 °C, was pre-equilibrated in physiological
solution at room temperature for 2 h before the experiments. The skin was
mounted on the receptor compartment with the SC side facing upward into
the donor compartment. The donor compartment was charged with an
appropriate volume of sample and covered with Parafilm to prevent water
loss. The receptor compartment was filled with 5.5 mL of distilled water. At
predetermined time up to 24 h receptor solution were sampled for analysis
and replaced with the same volume of prethermostated (37 °C + 0.5 °C) fresh
solution. Absorption spectra were recorded with a UV + Vis JASCO V-530
spectrometer using 1 cm quartz cells.

At the end of permeation study, the skin surfaces were thoroughly cleaned
with physiological solution, dried with tissue paper, chopped into tiny pieces
and after that immersed in 10 mL of distilled water and bath-sonicated for 30
min. The extraction solutions were filtered using 0.22 pm Millipore
membrane filter and the amount of ACV were determined by UV—Vis
spectrometry. Each experiment was carried out in triplicate and the results
are expressed as mean =+ standard deviation.

2.12. Statistical analysis

All data were expressed as the mean + SD of three independent experiments.
Statistical analysis was performed using a Student’s t-test and p values of
<0.05 were considered statistically significant.

3. Results

3.1. Niosomes characterization

To our knowledge, niosomes based on Brij97 surfactant are not described in
literature. The Brij97 surfactant is able to form vesicles spherical in shape
with and without cholesterol, also when they were loaded with drug. Fig. 1
shows typical TEM micrograph obtained (Fig. 1). Visually niosomal
suspensions of Brij97 appear opalescent as well as vesicular formulations.
The ability of the surfactant to self-assembly in vesicles depends on its
structure and, in particular, on the balance between its hydrophilic and
hydrophobic portions. In fact, Brij97 has HLB value 12.4, which allows the
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achievement of suitable molecular geometry and hydrophobicity for bilayer
vesicle formation [25].

‘.

-’ .

Fig. 1. Typical TEM photomicrographs for ACV loaded niosomes (N*). Bar is
500 nm.

The presence of a large hydrophilic head group in the molecular structure
determines a high surface energy and consequently high vesicles sizes [26].
The presence of cholesterol gave rise to less turbid suspensions depending
on the amount, and to decreased niosomes size. This effect can be attributed
to the decrease in surface energy because of the increase of hydrophobicity
[27]. In Table 1, the size and some physico-chemistry properties of these
systems are reported.

Moreover, the presence of ACV influenced significantly the characteristics
of the carriers. In fact, the encapsulation of ACV into aqueous compartment
led to increased vesicular diameter. Probably, this can be ascribed to the
hydrophilic character of the drug. ACV is indeed deprotonated (pKa = 2.9)
at neutral pH condition used in the preparation. The repulsion between the
charged groups may explain the increase of vesicle diameter [25].

As reported in Table 1, the P. I. of the studied formulations were in the range
0.199 to 0.254 indicating that the vesicle population were relatively
homogenous in size. The drug had a moderate affinity to the niosomal matrix,
this result was evidenced by the values of the encapsulation efficiency from
44.00% to 56.54%.

Zeta-potential value of all the formulations was found to be negative and
changes within a range of —13.2 + 1.0 and —18.0 = 1.4 mV. This may be due
to the presence of free carboxyl groups in cholesterol and surfactant
molecule. The zeta-potential values seemed to be in- dependent of the
composition of the systems.
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3.2. Emulsions and micro-emulsions characterization

Oil in water emulsions and micro-emulsions empty and loaded with different
ACV concentration were prepared, as described above. Hydrodynamic
diameters of ME and E oil droplets are reported in Table 2. When E and ME
are visually observed, E appears milky and cloudy, while ME appear
isotropic, transparent and optically clear due to smaller size of droplets [6].
The droplet-size range for the ME was within 13.6-20.8 nm, while for the E
it was in the range 130.4-365.1 nm.

The loading of the drug led to a significant reduction of mean droplet size for
both E and ME respectively. The exact mechanism of the observed
phenomenon is not understood yet. Two different explanations can be found
in literature. The first proposes that a certain amount of undissolved drug is
located at the interface of the dispersed systems and it acts as emulsifying
agent consequently the oil drop size de- creases. The second one attributes
the decreasing of size to the reduction of surfactant mobility induced by the
presence of the drug at the interface [28].

The P. I. of E and ME ranged between 0.11 and 0.25 indicating that the
droplets size distribution was narrow and consequently the formulations were
homogeneous in size for colloidal dispersion.

3.3. LLC characterization

As reported in literature, the mixtures Brij97/IPM/H20 are able to self-
assembly in very rich mesophases with increasing surfactant content [20] and
we tested their cubic, hexagonal and lamellar structures by “H-NMR spectra.
These phases could be interesting and promising carriers for pharmaceutical
delivery. We realized different LLC based on Brij97 as possible ACV drug
delivery. The systems have been made with two different drug concentrations
(0.1 and 1%) in order to check the effect of drug incorporation on the
mesophases structure. For all samples, the visual and POM observations are
different at various drug amounts. Visually, the empty and 0.1% ACV LLC
appear as semi-solid transparent systems, while the LLC with the 1% of ACV
present a milky turbidity, indicative only of a partial solubilisation of the
drug. This effect was confirmed by the POM observations that revealed the
presence of needles in all LLC samples containing 1% drug (POM images
are not shown).

All samples showed a viscosity suitable for a topical application, LLC;
showing higher viscosity than the other mesophases, according to the
literature data for lamellar mesophase [29]. Furthermore, a rapid increase of
fluidity was observed for the LLC; that appeared as a viscous gel at room
temperature and it became liquid-like at 32 °C. The influence of temperature
on the existence of mesophases has been widely demonstrated, the
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measurement was done at 25 °C, storage temperature, and 35 °C that is the
temperature at which the ex-vivo permeation studies have been carried out.
H-NMR spectra of LLC; sample without drug showed a quadrupolar
splitting typical of a lamellar phase at 25 and 35 °C, as reported in the ternary
phase diagram [20], and this structure was preserved when ACV at different
concentration was loaded. Instead, >H-NMR spectra of LLC, showed a clear
influenced of temperature and of the presence of ACV.
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Fig. 2. ’H-NMR spectra at 35 °C. (a) LLC; and (b) LLCj;. In the top the value
of LW at different drug concentration.

The lineshape of “H-NMR spectrum of the LLC, without ACV was a typical
of a hexagonal phase at 25 °C, as reported in [20], When the temperature
increases the mixture as a viscous liquid appeared and its NMR spectrum
showed isotropic lineshape. The same effect was observed with drug
incorporation (Fig. 2a). In fact, the ACV presence in the systems changed the
structural order of the hexagonal phase and already at 25 °C *H-NMR
spectrum of LLC, was not typical of the hexagonal phase but on the contrary
typical of isotropic phase. We hypothesized that is a cubic phase due to the
high viscosity, the stiff consistency and the POM images where birefringence
was not observed with the incorporation of the drug into the LLC, system.

In ternary phase diagram, the LLC; without ACV was reported as cubic
phase and the “H-NMR spectrum recorded presented an isotropic peak
typical of this structural organization. When ACV was loaded, we measured
an increasing linewidth (LW) of spectrum recorded, the values are shown in
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the top of Fig. 2b. This behavior could be ascribed to an increase structural
order recorded at increasing of drug concentration.

3.4. Permeation and skin retention studies

The success of antiviral therapy depends on how much drug reach the basal
epidermis. ACV has a very low topical bioavailability due to its partition
coefficient (log P=—1,5) and limited aqueous and lipid bilayer solubility [30].
Multiple daily doses of the drug are consequently needed to suppress viral
replication. New topical formulations therefore were developed in this
research. The permeation experiments were, then, carried out in order to
evaluate the effectiveness of the systems proposed. In particular, the focal
point of our study is to realize systems able to improve the therapeutic
efficacy of ACV in Herpes labialis disease. The formation of intracutaneous
drug depot that would lead to prolonged drug release over the time is a crucial
factor for the success of antiviral therapy. For this reason, the quantification
of ACV in the skin layers may be useful.

3.4.1. Niosomal ex-vivo permeation and skin retention studies
The cumulative ACV permeation percentages versus time of all niosomal
samples are shown in Fig. 3a. The permeation of ACV from solution used as
control resulted lower respect to ones in niosomal formulations.

As illustrated, the higher cumulative amount of ACV permeated across rabbit
skin after 24 h was obtained for NA formulations, equal to 17.1%. This value
decreased t013.85% and 12.35% for N, and N, samples, respectively.
The ACV permeation depends on the lipophilicity of the systems: lower Ch
content, higher permeation. Ch is one of the main factor affecting the skin
permeation, an increase of Ch content reduces the bilayers fluidity of vesicles
and thereby decrease the drug leakage and increase skin deposition [32].
The incorporation of ACV in the vesicular formulation led to a greatest
accumulation of drug in the skin with respect to that obtained for the simple
solution, for which the retention was almost negligible.

The quantities of drug accumulated in the skin are reported in Fig. 3b. ACV
depot obtained with systems in presence of Ch was considerably higher with
respect to that obtained with niosomes without Ch, as expected. In fact, a
major lipophilicity of the formulation determined a high retention in the skin
because of a better physicochemical similarity with the skin layers and a
reduction of the systemic drug concentration. These characteristics are the
basis for a formulation designed to guarantee a local pharmacological effect.
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Fig. 3. A) ACYV permeation from the different niosomal samples through rabbit
ear skin at 37 °C: N* (e); N,* (A); N,* (#); ACV solution (m); (mean = SD;
n=3); b) amount of ACV permeated (lines), depot (point), not permeated
(square) from different niosomal formulation and control.

3.4.2.E and ME permeation and skin retention studies

The mean cumulative amount permeated per unit area for all E systems
resulted to be greater than the commercial cream, as reported in Fig. 4a,
demonstrating the enhancement effect of emulsion for topical delivery with
respect to the classical formulations. While the E4, E5 and E6 formulations
showed a permeation profile dependent on drug concentration, an anomalous
ACV permeation was observed for El1, E2 and E3 samples. In fact, on
increasing drug-surfactant ratio, the ACV permeation rate decreased. The
slower drug release from E2 and E3 compared to E1 might be attributed to
particular interactions that occurred between matrix and drug. In fact, it has
been reported that basic drug-substrate interaction is a crucial factor in
controlling drug release [34]. In particular, this interaction hinders the drug
leakage from matrix and, consequently, reduces the drug skin permeation
[35]. However, with the increase of drug content the interaction drug- matrix
likely must be to the saturation and an increase in the drug permeation rate
occurred. The same trends are observed with ME formulations. The results
of ACV skin permeation study through rabbit ear skin from ME are depicted
in Fig. 4b. All ME achieved an improvement of the permeation compared to
commercial cream. The highest ACV permeation was obtained with ME3
that resulted 3 times higher than Zovirax® 5%. High permeation profile
achieved from E and ME samples results are even more striking if we
consider that the new proposed formulations have a much smaller amount of
drug compared to the commercial specialty.
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Fig. 4. Amount of ACV permeated at different concentration of drug through
rabbit ear skin at 37 °C: a) Emulsion formulations E1 (A); E2 (xX); E3 (-); E4
(¢); ES5 (m); E6 (®); Zovirax® 5% (+). B) micro-emulsion formulations:
ME1(A); ME2 (x); ME3 (—); Zovirax® 5% (+).

Table 2 reported the amount of ACV deposited in the skin layers after the ex
vivo permeation studies. For all ME and E systems realized the amount of
ACYV retained was significantly higher compared to commercial specialty.
Greater deposition was observed with E4, E5, E6 and ME3. In particular, the
amount of drug deposited both E1 and ME1 was about twice higher than
commercial cream despite containing a much lower quantity of drug. These
results highlight the ability of such systems to promote permeation and create
a drug reservoir in the skin. This reservoir is made available for protracted
periods allowing a more efficient suppression of viral growth.

3.4.3. LLC permeation and skin retention studies

When the ACV were formulated as lyotropic liquid crystal samples the
experimental data were dependent on the microstructures changes and as
showed previously, these structural variations were related to drug amount.
The cumulative quantities of drug permeated from LLC with 0.1 and 1% of
ACYV across the skin are plotted versus time in Fig. 5.
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Fig. 5. Amount of ACV permeated from different samples through rabbit ear
skin at 37 °C: LLC; (m); LLC, (A); LLC; (®); Zovirax® 5% (—): a) at 0.1%
and b) at 1% of drug.

For LLCI1 and LLC2 with 0.1% of ACV, no significant difference in the
permeation rate was observed when compared to the Zovirax® 5%.
Nevertheless, the new realized systems provided a permeation similar to the
commercial specialty despite containing an amount of ACV 50 times lower.
On the other hand, the ACV permeation from LLC; was significantly higher
than Zovirax® 5%. In fact, the permeated amount was already equal to 9.58
pg/cm” against 3.46 pg/cm’ of the Zovirax®5% in the first half hour. Unlike
the samples with 0.1% of ACV, the LLC with 1% showed a release profile
significantly higher than the commercial cream (Fig. 5). The amount of ACV
permeated after 7 h was 50.38, 48.9 and 94.53 pg/cm?2 respectively from
LLC;, LLC,, and LLC; against 22 pg/cm® permeated with the specialty
Zovirax® 5%. This suggests that lyomesophases can successfully act as
ACYV permeation enhancer. It is worthy to observe the correlation between
the width of the NMR signal and the permeation data. ACV loaded in the
LLC; not change the initial microstructure, ACV concentration effect
determined only a linewidth decrease that suggest a lower order of the
system. Despite “H-NMR spectrum of LLC, and LLCs at 35 °C show
lineshapes typical of cubic phases, they had completely different skin
permeation profiles. The difference in permeation profiles may be related to
two different cubic structures. That was confirmed by the different LW of
NMR signal of the samples, as reported in the top of Fig. 2. While the LW
of LLC, empty was 139.46 Hz, the LW of LLC; was much lower, equal 69.27
Hz. In fact, LLC; visually appeared more fluid than the LLC, sample at 35 °C.
Such different fluidity of the system could explain the remarkable greater
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permeation that was observed with LLC; mesophases. As reported in
literature, it has widely been demonstrated the existence of an inverse
correlation between the viscosity of a semisolid formulation and skin
permeation. Generally, permeation decreases with the increase of viscosity
[36]. The structural disorder of the lyophases and the ACV concentration
promotes always the permeation compared to the control, the interesting
observation is that in general the permeation increases with the disorder, the
concentration and even more with fluidity of the system. All LLC systems
realized provided higher and sustained skin con- centration of drug than
Zovirax® 5% and Table 3 compares the ACV deposition for LLC at 0.1%
and 1% of ACV. This deposition is probably due to structural similarity of
the nanostructured lyophases with the particular arrangement of the skin
layers which retard the diffusion of the drug. Greater deposition of drug for
samples with 0.1% of ACV was observed for LLC; equal to 1.01 x 10™°
moles accumulated in the skin layers. While for the phases realized with 1%
of ACV, the greatest depot was given by the LLC; equal to 1.4 x 10 ° moles.
To confirm the accumulation of the drug in the skin, the permeation of ACV
was monitored following removal of the samples from the skin surface for
the next 24 h. A prolonged and slow drug release for all samples was detected
and after 24 h the formulation released about 25 pg/cm” of drug. This
confirmed the depot formation from which the drug is made available in high
concentrations for prolonged periods and the possibility to cut down the
frequency of administration and these results, then, could be optimal in the
case of drug that should act topically, as in the case of ACV.

4. Conclusions

In this study, the effect of Acyclovir incorporation in several kinds of colloid
systems on the permeation and skin deposition were evaluated. For this
purpose, the surfactant Brij97 was selected due to its bio- compatibility, low
toxicity, biodegradability and niosomes, emulsion, micro-emulsion and
lyotropic liquid crystals based on it were designed and studied. The new
formulations proposed were successfully able to significantly increase the
amount of ACV able to cross the SC and lead to the formation of
intracutaneous drug reservoir. They could represent, therefore, a valid
alternative to the commercial cream. In fact, despite having significantly
lower drug concentrations, they guarantee greater drug depot in the target site
from which it is made available for pro- longed times.

The studies carried out, also, showed that the different structural organization
of the surfactant has a different influence on the promotion of permeation:
increasing hydrophobicity (due to the cholesterol) lowers the permeation and
increases instead the skin deposition, while the higher amount of Acyclovir
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permeated was obtained from liquid crystalline gel with a lower structural
order. These results, therefore, suggest that the appropriate use of
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Diclofenac permeation mediated by diclosomes

ABSTRACT

Hypothesis: Due to the well-known surfactant-like properties of diclofenac
sodium (DS), vesicular systems consisting exclusively of DS, named
diclosomes, were designed with the aim to minimize or avoid the use of other
excipients and to improve the formulation biocompatibility.

Experiments: Diclosomes were designed and characterized in terms of
dimensions, polydispersity index, Z-potential, drug retained, stability as a
function of storage time and ex-vivo percutaneous permeation profiles.
Additionally, diclosomes were incorporated into gel dosage forms and their
performance in terms of permeation enhancement were evaluated.
Findings: DS was found to form nanosized vesicular systems, both alone
and in presence of cholesterol. Increasing hydrophobicity (due to the
presence of cholesterol) resulted in smaller vesicles, always spherical and
homogeneous in shape. Permeation of DS from free solution was found to be
lower respect to ones obtained for all diclosomal formulations, allowing
these aggregates to be considered as percutaneous permeation enhancers. DS
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permeated from diclosomal gels was higher than that obtained with
traditional niosomal gel, DS plain gel and commercial specialty Voltaren
Emulgel® 1%, while containing a considerably lower drug amount.

1. Introduction

Drug delivery systems (DDS) are a class of nanodevices able to provide
enhanced efficacy and to reduce adverse side effects of therapeutics agents
[1]. DDS are typically inert and they only transport drugs by forming a carrier
able to encapsulate hydrophobic or hydrophlilic drugs [2]. Moreover, they
have been reported to target these compounds at desired site, with definite
rate and timing. Unfortunately, despite the variety of nanocarriers developed
to treat diseases (i.e. nanoparticles, liposomes, polymers and proteins),
success is limited to just a few formulations [3]. The most important
drawback of these nanocarriers is their low drug loading capacity [4,5]. To
overcome this limitation, the direct use of drug molecules as components of
nanocarriers has been recently proposed by several researchers, with the aim
to substantially increase the drug loading content, to minimize the use of
inactive materials, and suppress drug premature burst release [6].

Many pharmacologically active compounds are amphiphilic molecules,
which tend to self-associate and to interact with bio- logical membranes
likewise classical surfactants, whereby they have been defined as surfadrug
(blend of surface active drug) [7]. Using an amphiphilic drug in the design
of DDS would minimize or avoid the use of other excipients, improving the
formulation safety and thus facilitate their clinical translation [8,9]. Thus,
DDS made of sulfadrugs could represent a great innovation in the
pharmaceutical field, because of their dual function: one related to the
pharmacological nature of the molecule and the other related to the
technological properties of the obtained carriers [10]. Additionally, these
nanodevices may also serve as carriers of other drugs, to achieve combination
therapy [10].

Classes of amphiphilic drugs including analgesics, tranquilizers, antibiotics,
local anesthetics, non-steroidal antiinflammatory and chemotherapics have
been extensively reviewed [8]. The structural features of amphiphilic drug
molecules influence their association pattern in aqueous solution and
consequently their interaction with biological membranes. Generally,
sulfadrugs contain one or more flexible and hydrophobic aromatic nuclei, to
which an ester group or a charge-bearing N atom is directly attached or which
include a pyridine-like N atom [11]. The flexibility of the aromatic ring leads
to these drugs may resemble typical surfactants in their association
behaviour. In aqueous medium, surfadrugs can exist as monomers or can
aggregate into micelles, bilayers and mesophases, depending on the
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concentration, hydrophilic-hydrophobic balance and, obviously, method of
preparation [11]. Additionally, the different structures can be interconverted
as a function of pH, temperature, ionic strength and surfadrug concentration
[12,13].

Since macromolecular aggregates obtained from surfadrugs have been
reported to act as effective drug delivery systems [14], we decided to test the
aggregation properties of a widely used amphihilic drug, the diclofenac
sodium. The vehiculation of DS has been studied in depth by the scientific
community and also our research group contributed to increase knowledge
in this field, investigating the effect of its compartimentalization and
vehiculation into different macromolecular drug delivery systems [15—17].
Considering the well-known surfactant-like properties of diclofenac sodium,
we hypotized that its direct use to form diclosomes (blend of diclofenac
sodium-based niosomes), could avoid the use of other excipients in the
preparation of DDS and increase the amount of loaded drug. In this context,
pure diclosomes were compared with diclosomes contained different mole
ratio of drug and cholesterol in terms of dimensions, polydispersity index, Z-
potential, retained DS and ex-vivo percutaneous permeation profiles.
Additionally, to make diclosomes more exploitable for a direct application
onto the skin, we incorporated vesicles into a gel dosage form and we
evaluated its performance in terms of permeation enhancement, comparing
with commercial specialty (Voltaren Emulgel® 1%).

2. Materials and methods

2.1. Chemicals

Diclofenac sodium (DS), cholesterol (Ch), Span 60 and carboxymethyl
cellulose were purchased from Fluka (Sigma-Aldrich, Milan, Italy, 98%
purity). All organic solvents were supplied from Sigma-Aldrich (Milan,
Italy) and are of high performance liquid chromatography grade.
Pharmaceutical specialty Voltaren Emulgel® 1% (Novartis FarmaSpA,
Italy) was obtained commercially.

2.2. Preparation of vesicular systems and gels

Diclosomes were prepared by the hydration of lipidic film method.
Accurately weighed amounts of DS and Ch were dissolved in ethanol in a
round-bottom flask. After mixing, solvent was evaporated under reduced
pressure and constant rotation to form a thin lipid film. This film was then
hydrated with 10 mL of dis- tilled water at 60 C for 30 min, to obtain
multilamellar vesicles (MLV). After preparation, the dispersions were left to
equilibrate at 25 C overnight. Small unilamellar vesicles were obtained from
MLV by sonication in an ultrasonic bath for 30 min at 60 C. The purification
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of diclosomes from untrapped materials was carried out by exhaustive
dialysis for 4 h (details are reported in Section 2.3.3), using Visking tubing
(Spectra/Por®, cut-off 12—14 kDa), manipulated before use in according to
Fenton’s method [18]. After purification, diclosomes were immediately used
in subsequent experiments.

Formulation Composition DS Ch DS Concentration
(mg)+5 (mg)+5 ™M)
DS DS:Ch/100:0 32.10 - 1.00x10
DSCh/82 DS:Ch/80:20 24.40 9.03 7.76x107
DSCh/55 DS:Ch/50:50 15.90 19.30 5.09x10

Table 1. Composition of diclosomes at 25 oC. All formulations were prepared
at 1 x 107> M of total lipid concentration. Values represent mean = SD (n = 3).

Additionally, to make diclosomes more exploitable for a direct application
onto the skin, we incorporated vesicles into gel dosage forms. Diclosomal
gel and diclosomal gel 55 were prepared incorporating diclosomes obtaining
from DS alone and DS/cholesterol in ratio 50:50 into the gel matrices,
respectively. In DS plain gel, DS was incorporated directly into the gel, while
DS niosomal gel were prepared incorporating Span 60-niosomes into the
polymeric matrix. Details on the preparation procedures were reported
below.

Diclosomal gels formulations were prepared adding 5 mL of diclosomal
solutions to 0.150 g of carboxymethyl cellulose and magnetically stirring up
to 3 h, to get homogeneous opalescent gels. DS plain gel formulation was
prepared according to the same procedure, dissolving DS in 5 mL of distilled
water and adding this solution to 0.150 g of carboxymethyl cellulose. This
formulation was realized with a DS content of 1% w/w, to compare with the
commercial specialty Voltaren Emulgel® 1%.

DS niosomal gel was prepared as follow. Firstly, traditional niosomes were
prepared dissolving 43 mg of Span 60 in ethanol, evaporating the solvent to
obtain a thin lipid film and then hydrating with 10 mL of DC aqueous
solution (1.25 10—3 M corresponding to 3.94 mg of DS). A certain amount
of niosomal suspension was lyophilized and 0.71 g of this powder
(containing about 50 mg of DS) were added to 5 mL of distilled water, to
obtain a DS content of 1% w/w. Afterwards, DS niosomal gel was obtained
by adding this suspension to 0.150 g of carboxymethyl cellulose and
proceeding as above reported.
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2.3. Characterization of niosomes

2.3.1.Size distribution and Z-potential analysis

Vesicles diameter and size distribution were determined by dynamic light
scattering (DLS), using a 90 Plus Particle Size Analyzer (Brookhaven
Instruments Corporation, New York, USA) at 25.0 = 0.1 C. The
autocorrelation function was measured at 90°, while the laser beam was
operating at 658 nm. The polydispersity index (P.I.) was used as a measure
of the size distribution. It was directly obtained from the instrumental data
fitting procedures by the inverse “Laplace transformation” and by Con- tin
methods [19]. P.I. values 0.3 indicate homogenous and monodisperse
populations in the case of colloidal systems. The Z-potential of the
formulations was measured with the laser Doppler electrophoretic mobility
measurements using the Zeta-sizer ZS (Malvern Instruments Ltd., Malvern,
U.K.), at 25.0 £ 0.1 -C.

Z-potential values were calculated by the instrument software, using
Helmholtz—Smoluchosky equation. All analyses were done in triplicate and
expressed as mean =+ standard deviation.

2.3.2.Morphology

The morphology of diclosomes was examined by Transmission Electron
Microscopy (TEM) and the images were obtained with a TEM Jeol 1400 Plus
electron microscope, operating at an acceleration voltage of 80 kV. A droplet
of the vesicles suspension was placed on a Formvar/Carbon coated copper
grid, forming a thin liquid film. Water in excess was removed by a piece of
filter paper, followed by air-drying.

2.3.3.Evaluation of DS content into vesicles

The amount of DS retained in the vesicles was determined by exhaustive
dialysis. 3 mL of diclosomes dispersion were dropped into a dialysis bag,
immersed in 100 mL of distilled water and magnetically stirred. Samples
were dialyzed for 60 min each time until no drug was detectable by UV—vis
spectrometry. The percentage of DS retained into the vesicles (E%) was
expressed as the percentage of the drug retained in the purified sample,
referred to the total amount of drug present in the non-purified one. E% was
determined by diluting 1 mL of purified and 1 mL of non-purified diclosomes
in 25 mL of ethanol, followed by the measurement of maximum absorbance
of these solutions at 276 nm, corresponding to the DS wavelength. Ethanol
allows the breaking of vesicular membranes and the solubilizing of DS.
Absorption spectra were recorded with a UV Vis JASCO V-530
spectrometer using 1 cm quartz cells. Each experiment was carried out in
triplicate and the results are expressed as mean + standard deviation.
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2.3.4.Stability studies

The stability of diclosomes both in suspensions and in gels was evaluated by
storing the formulation at 4 C and 25 »C in the dark for a month, monitoring
size, PI, Z-potential and retained DS percentages every 14 days. In the case
of diclosomes incorporated in the hydrogels, 0.2 g of the diclosomal gel were
diluted (1:10 w/w) with distilled water and mixed until a clear dispersion was
obtained. After, the measurements were carried out as usual. Each analysis
was carried out in triplicate and the results are expressed as mean =+ standard
deviation.

2.4. Ex-vivo DS permeation study

The experiments were carried out in the vertical Franz diffusion cells for 24
h at 37 -C, using rabbit ear skin obtained from a local slaughterhouse, as
reported elsewhere [15]. The skin, previously frozen at 18 °C, was pre-
equilibrated in physiological solution at room temperature for 2 h before the
experiments. A circular piece of this skin was sandwiched securely between
the receptor and donor compartments with the epidermal side in contact with
the receiver medium. The donor compartment was charged with an
appropriate volume of sample (so as to keep DS moles constant), covered
with Parafilm® to prevent water loss and mantained in the dark, while the
receptor compartment was filled with 5.5 mL of distilled water. At regular
intervals up to 24 h, the medium was removed and replaced with an equal
volume of prethermostated (37+ 0.5 °C) fresh distilled water. The complete
substitution of the medium was needed to ensure sink conditions and
quantitative determination of the small amounts of drug permeated. The
release of free diclofenac sodium was investigated by the same procedure
and used as control. The content of drug in the samples was analyzed by UV—
vis spectrophotometry. Each experiment was carried out in triplicate and the
results are expressed as mean standard deviation.

2.5. SKin DS retention studies

For skin DS retention study, the pieces of skin were removed from the
diffusion cell after 24 h, cleaned with physiological solution and then gently
dried by pressing between two tissue papers. Skin was homogenized in 10
mL of distilled water for 2 h and after, extraction solutions were filtered. DS
amounts were determined by UV—vis spectrophotometry. Each experiment
was carried out in triplicate and the results are expressed as mean standard
deviation.
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2.6. Statistical analysis

Statistical analysis was performed using a Student’s t-test. p values of 0.05
were considered statistically significant. Each experiment was carried out in
triplicate and the results are expressed as mean + standard deviation.

3. Results and discussion

2-[(2,6-Dichlorophenyl)amino] benzene-acetic acid sodium salt (DS) is a
non-steroidal anti-inflammatory drug (NSAID) for pain control and
treatment of rheumatic diseases. It is available in a number of administration
forms which can be given orally, rectally, topically or intramuscularly [20].
DS undergoes an intramolecular cyclization under the acidic conditions
found in gastric juices, which can cause its inactivation, so it is recommended
to take it after meals. The drug has a relatively short elimination half-life (1.5
h), which limits the potential for drug accumulation and requires frequent
administrations [21]. DS is not effectively absorbed after transdermal
application, also because its photosensitivity, and its most frequent adverse
effects were gastrointestinal [22,23].

Structurally, DS possesses two benzene rings and a carboxyl group and it is
expected to aggregate in the aqueous solution when its concentration is large
enough, due its surfactant-like structure. In contrast to what happens for other
diclofenac salts, several researchers demonstrated that, despite DS is surface
active, it is not capable of forming micelles, probably due to the effect of the
counterion [24-26].

Since no information on the possibility to obtain vesicular systems
exclusively from DS is currently available, diclosomes starting from 1:0 up
to 1:1 of mixtures of DS and cholesterol were designed. These ratios have
been set because cholesterol content is thus usually included in a 1:1 molar
ratio in most formulations [27]. Details on vesicles compositions are reported
in Table 1.

Despite the absence of CMC [28], this surfadrug was found to form vesicular
systems both alone and in presence of cholesterol, at 8:2 and 5:5 mol ratios.
Probably, this is favored by the preparation technique: by supplying
mechanical and thermal energy, the thin layer evaporation method provides
the DS film closes on itself, forming a bilayered structure surrounding an
aqueous core.

Visually observed, diclosomal vesicles possess an opalescent appearance: the
addition of Ch gave rise to milky and cloudy dispersions with increasing
turbidity, as shown in Fig. 1.

As can be deduced from Table 2a, the presence of Ch may cause an
improvement of diclosomes bilayer rigidity and cohesion, result- ing in a
strong decrease of vesicles diameter.
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Cholesterol is known to abolish the gel to liquid phase transition of vesicular
systems and to influence the membrane permeability and encapsulation
efficiency, resulting in niosomes that are less leaky [29]. In our case,
increasing amounts of Ch may progressively convert the surfadrug gel phases
to a liquid ordered states, whose properties are intermediate between those
of the solid and of the liquid-disordered fluid bilayers.

Fig. 1. Visual appearance of diclosomes

P.I. ranged from 0.190 to 0.250, and one narrow distribution was obtained
for almost all formulations, indicating that the vesicles population is
relatively homogeneous in size.

Z-Potential values were between —22.4 mV and —25.8 mV at 25 °C,
indicating that there is a certain electrostatic repulsive force between the
vesicles, giving appreciable stability. Thus, in the case of diclosomes, Z-
potential could depend both on the contribution given by DS and Ch
structured into the bilayer [30].

The morphological features of the diclosomes were evaluated by
Transmission Electron Microscopy. TEM images showed that all the
vesicular suspensions were spherical, homogenous in size and shape (Fig. 2),
with regular and well-defined edges. The presence of Ch did not affect the
vesicles morphology. These data are well correlated with DLS
measurements.

1 pm

Figure 3. Typical TEM photomicrograph for A) DS; B) DSCh/82 and C)
DSCh/55 samples.
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As shown in Table 2, the amount of DS retained in each formulation were
about 35%, 33% and 31%, for DS, DSCh/82 and DSCh/55, corresponding to
3.52x107° 2.57 x 10 ® and 1.57x 10"® mol/mL, respectively. Obviously, the
retained DS into the systems decreases proportionally with the decrement of
the DS concentration in the stock solutions and with the increase of Ch
content. Probably, this may be due to the competition between both
amphiphilic molecules for the formation of the bilayer: the presence of
increasing amount of Ch may limit the retention of DS in the lipophilic
lamellae.

It is well known that niosomes properties and stability depend on several
parameters such as bilayer composition and preparation methods [10,27]. For
this reason, a multi experimental setup has been also designed in order to
evaluate how small changes in the technical procedures may affect the
physical-chemical characteristics of the vesicles.

It has been widely demonstrated that hydration temperature plays a
fundamental role in the formation of vesicles, affecting their shape and size
[27]. In our study, we fixed the hydration temperature at 60 °C and we also
verified the possibility to obtain vesicles at 40 °C. An increase of vesicles
size was detected, while no relevant changes in Z-potential were found
(Table 2b). Concerning the amount of DS retained, pure diclosomes showed
E% few percent- age points lower than that obtained by preparing the
formulation at 60 °C. In presence of Ch, an opposite behavior was detected.
The properties of the vesicular membranes may be manipulated to improve
their performances (i.e. increase drug loading), by altering the composition
of the bilayer [31]. Our formulations were prepared both at 10 x 10> M and
2.5 x 10 M of total lipid concentration at 60 °C, and results demonstrated
that, as the total lipid level decreases, the amount of DS retained also
decreases in a proportional manner, since the higher drug concentration
gradient may promote an higher retention of DS into the bilayer. In fact,
despite the highest values of E% obtained by the formulations prepared with
2.5 x 10° M of total lipid concentration, if we calculate the effectively
retained DS moles, this trend appears clearer and more immediate (Table 2c¢).
Also in this case, while Z-potential did not change significantly, vesicles
diameter increased. Thus, the optimal pure diclosomal formulations in terms
of size and E% were those prepared with 1 x 10> M of total lipid
concentration at 60 °C, whereby we decided to use these samples in the
subsequent percutaneous permeation experiments.
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Formulation Diameter P.I. Z-potential E% Retained DS
(nm=SD) (mV+£SD) mol/mL
2a
DS 547.0+12 0.250 -25.8¢19  35.19+1.3 3.52x10°°

DSCh/82 413.7£11 0.190 -23.1+1.8 33.17+1.21 2.57x10°
DSCh/55 357214 0.222 -22.442.6  30.86x1.45 1.57x10°
2b
DS 612.5£18 0.231 -22.4+2.0 27.50+1.6  2.75x10°
DSCh/82 462.6£14 0.283  -22.6+1.7 37.87+1.0 2.93x10°
DSCh/55 417.8€15 0.238  -24.7+1.8 43.86+1.3 2.22x10°
2¢ |
DS 761.9+15 0.203 -26.5+1.5 40.17+1.2  1.00x10°
DSCh/82 497.0£14 0.207 -23.9+1.8 46.77+1.7  9.06x107
DSCh/55 408.6£11 0.167  -22.5+1.7 56.71+1.4  7.08x107

Table 2. Hydrodynamic diameter, P.I., Z-potential and E% of diclosomes at 25
oC. All formulations were prepared at 1 x 10> M of total lipid concentration at
60 -C (2a), and 40 -C (2b). Hydrodynamic diameter, P.I., Z-potential and E%
of diclosomes at 25 °C of formulations prepared at 2.5x 10~ M of total lipid
concentration at 60 °C (2¢). Values represent mean £ SD (n = 3).

3.1. Diclosomes stability

One of the principal requirements of vesicular systems to enter the
pharmaceutical market is a long-term stability during the storage period,
consisting in the maintenance of physical and chemical characteristics until
their use by the patient. Generally, the stability of vesicles is determined by
monitoring their principal parameters, such as size distribution, Z-potential
and encapsulation efficiency, whereby instability processes result in changes
in size and drug loss. In this context, the stability of diclosomes was
evaluated by storing the samples at 4 -C and 25 °C for a month, and
monitoring the formulation physical-chemical parameters every 14 days.
Results were collected in Table 3.

Formulation T Time Diameter P.I Z-potential E%

(°O) (days) (nm=£SD) (mV=SD)

DS 4 14 678.6+19 0.270 -18.6x1.4 30.42£1.2

28 693.8£16 0.311 -16.8+1.2 31.56x1.4

25 14 731.6+22 0.282 -19.3+1.5 34.58+1.7

28 774.0£35 0.512 -16.5+£1.2 32.30+1.3

DSCh/82 4 14 472.3+13 0.258 -21.9+1.7 34.52+1.3

28 461.2+10 0.211 -18.3+x1.4 31.84+1.9

25 14 478.6+15 0.246 -20.3+1.5 34.45+1.4

28 440.5+11 0.252 -18.4+1.4 34.48+1.5

DSCh/55 4 14 436.8+17 0.247 -19.2+1.5 28.63+1.3

28 389.9+12 0.173 -18.2+0.6 26.75+1.7

25 14 445.0+14 0.226 -22.0+1.7 28.09+1.7

28 430.0+15 0.210 -18.7+1.3 27.27+1.6

Table 3. Hydrodynamic diameter, P.I., Z-potential and E% of diclosomes
prepared at 1 x 107> M of total lipid concentration at 60 °C (mean = SD; n = 3),
as a function of storage time.
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As shown, generally the size of all diclosomal formulation is quite large
already after 14 days, respect to the corresponding stock suspensions. The
P.I. and E% did not change considerably after storage both at 25 °C and 4 -C
up to 1 month, while Z-potential slightly decreased. It is worthy of note that
a considerable variation in size and distribution occurred only with DS
sample when stored at 25 °C, suggesting that a diclosomes aggregation
happened. The same experimental setup was designed also for the
formulations prepared at 40 -C or at lower lipid concentrations, to evaluate
their stability as a function of storage time. Results are shown in Table 4.

Formulation T Time  Diameter P.I.  Z-potential E%
(°C) (days) (nm=£SD) (mV+SD)
DSy 4 14 943.9£37 0374  -20.1£l1.5 28.56+0.9
28 981.2+42  0.424  -22.4+1.7 29.98+1.3
25 14 1088.6+34  0.401 -19.6£1.5 29.90+1.2
28 1055.2+41 0.330  -17.4+1.3 29.31+1.2
DSCh/824 4 14 438.7+13 0237  -23.5+1.8 38.36+1.6
28 528.9+14  0.211 -22.2+1.7 40.30+1.3
25 14 494.9+10  0.251 -23.3+£1.8 40.70+1.2
28 449.2+12  0.245  -22.3£1.7 39.65+1.9
DSCh/554 4 14 539.6£13  0.206  -20.3£1.5 44.05+1.4
28 428.9+16 0.220  -25.6+2.0 46.87+1.3
25 14 539.1£15  0.239  -21.4£1.6 45.95+1.9
28 546.1£17  0.289  -19.9£1.5 42.75+1.8
DSy 4 14 1006.4+21 0.256  -20.4+1.5 39.20+1.2
28 936.9+18 0.242  -17.2+13 41.42+1.4
25 14 1067.1£19 0.352  -17.7+1.3 42.70+1.3
28 1089.1£20 0.267  -17.6£2.1 40.43+1.6
DSCh/82y 4 14 573.3+13  0.231 -22.4+1.7 52.35+1.7
28 555.0+¢11 0.164  -18.2+0.7 50.28+1.5
25 14 436.6+11  0.241 -19.5%1.5 44.33+1.4
28 592.3+10 0.190  -15.1£1.2 46.08+1.8
DSCh/55;4 4 14 376.9+12 0209  -20.3%1.5 62.92+1.0
28 393.1+11  0.228  -15.2+0.3 61.62+1.2
25 14 402.8+14  0.221 -21.4+1.6 58.66+1.4
28 378.8+13  0.223 -15.6+1.1 69.80+1.7

Table 4. Hydrodynamic diameter, P.I., Z-potential and E% of diclosomes
prepared at 10 x 10~ and 2.5 x 10 M of total lipid concentration at 60 °C
(mean = SD; n = 3), as a function of storage time.

Pure diclosomes size changed in a relevant manner both at 25 °C and at 4 °C,
reaching almost double values compared to the initial ones, meaning that
aggregation process occurred. Formulations containing Ch as membrane
additive generally showed a modest increase of hydrodynamic diameter,
while they generally preserved their physical-chemical parameters, without
any significant differences during storage.
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Given these results, pure diclosomes prepared at 1 x 10> M of total lipid
concentration working at 60 °C were selected and used in the subsequent
experiments.

3.2. Diclosomes stability after incorporation into the gel

The stability studies performed on diclosomal suspensions were also carried
out on vesicles after their incorporation into the carboxymethyl cellulose
hydrogel. This valuation is the primary tool used to assess preliminarly
quality of the formulation in terms of storage time. The incorporation of
diclosomes into the gels produced an opalescent and viscous system. Size
distribution, Z-potential and E% were monitored from 24 h to 28 days of
storage, performing tests every 14 days.

Results demonstrated that a progressive vesicles size increase occurred just
after 24 h (average percentage increase of about 5%) with strong variations
up to 28 days 24 h (average percentage increase of about 35%), probably due
to the coordination between the vesicles and the polymeric chains that
contributing to increase the hydrodynamic diameter.

4. Ex-vivo DS permeation studies

4.1. Diclosomes

In order to predict the behavior of diclosomes after topical administration,
DS, DSCh/82 and DSCh/55 formulations were tested by using excised rabbit
ear skin mounted in the Franz cell diffusion system. The permeation
experiments were carried out under sink conditions, maintaining the
apparatus at 37 <C. The accumulative permeation percentages versus time of
all samples are shown in Fig. 3a and compared with DS solution.

As illustrated, almost 17% of the drug permeated within 24 h from DSCh/55:
this value slightly decreased to 13.6% and 13.0% for DSCh/82 and DS,
respectively. Anyhow, permeation percent- ages achieved by diclosomal
formulation were always higher than that achieved by drug solution (9.7%).
This suggests that diclofenac sodium can successfully act as surfadrug and it
could be considered as percutaneous permeation enhancer, specially, when it
is in the form of vesicular aggregates. Despite the efficacy of DS loaded
niosomes in enhancing ex-vivo percutaneous penetration was well
demonstrated, our project represents the first study demonstrating the
effective promotion effect of bilayered structures made exclusively of DS,
respect to classical vesicles obtained from traditional surfactants or
phospholipids.

However, the DS permeation profiles obtained by diclosomes were biphasic.
An initial fast permeation of the drug was observed up to 7 h, which could
be due to some molecules of DS adsorbed on the vesicles surfaces or
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beginning to leak out from the systems, because the fusion with the skin.
After, a steady state was achieved until a plateau was reached.

As illustrated, the flux of DS across the skin clearly varies depending on the
nature of the formulations: the higher Ch content, the higher the permeation.
These results can be explained considering the physical-chemical similarity
existing between diclosomes and stratum corneum (sc). The lipid
composition of the sc is dominated for about 90% by ceramides, cholesterol
and free fatty acids, whereby it is extremely lipophilic and able to ostacolate
the passage to hydrophilic molecules [32]. In particular, Ch affects
membrane permeability and trafficking, regulating its stability, fluidity and
phase behavior [30]. For these reasons, Ch and its esters have been widely
used also as penetration enhancers for transdermal delivery [33]. DSCh/82
and DSCh/55 samples contained increasing amount of Ch in the bilayer,
contributing to the system lipophilicity. As reported in literature,
hydrophilic-hydrophobic balance value of the carrier was one of the principal
factors in determining the percutaneous penetration of a drug: generally,
penetration increase gradually with the carrier lipophilicity, probably
because of better interactions with the skin layers [34].

The effect of amphiphilic molecules in altering the skin barrier depends on
their own structure [35]. Anionic surfactants have been reported to interact
strongly with both keratin and lipids, dis- ordering the lipid layer of skin and
making the membrane more permeable [36]. Due to the amphiphilic nature
of DS, we may hypothesize that it behaves the same way of a classical
anionic surfactant. Moreover, in the case of ionizable drugs, the chemical
form of the most suitable candidate for permeation is the un-ionized one,
since it has a lower polarity and high logP, providing higher affinity for the
sc [37].

Diclofenac sodium is the sodium salt of the 2-(2,6- dichloranilino)
phenylacetic acid, possessing a pka of 4.15 and a logP of 13.4 and about 1.0
for the un-ionized and ionized forms, respectively [38,39]. LogP estimates
the partition coefficient of the drug between a hydrophobic (n-octanol) and
hydrophilic vehicle (aqueous phase): when the drug is in the form of a salt, a
dominant hydrophilicity of the drug is expected. In the case of DS, a certain
hydrophobicity is retained even in the ionized form, due to the formation of
ion pairs [40]. In fact, ion pairs formation may confer sufficient lipophilicity
to ensure a flux across a membrane, as reported elsewhere for diclofenac
diethylammonium salt [41]: the same behavior could be kept by sodium salt
of diclofenac.

Generally, vesicles are considered as one of the best vesicular system for
topical drug administration, as their function varies with type and
composition. Their versatility lies in the ability to control the release of the
medicinal agent according to the specific needs of the therapy. Vesicular
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systems may provide a localized depot of drug within the skin, which ensure
prolonged drug release over time, reducing systemic absorption and thus
minimizing side effects [42]. Alternatively, vesicles may be designed in
order to enhance transdermal drug delivery, to promote skin penetration and
to increase systemic drug concentrations, bypassing the disadvantages of
other administration routes [43]. Obviously, a more pronunced drug resevoir
into the upper layers is preferred when a pharmacological local effect is
required.

To perform a more in-depth study we also evaluated the percentages of DS
retained into the skin within 24 h: data were reported into Table 5.
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Fig. 3. (a) DS permeation from the different samples through rabbit ear skin at
37°C:(a) (A)DS; (m) DSCh/82; (¢) DSCh/55;(e) DS solution. (mean = SD; n =
3).(b) DS permeation from the different samples through rabbit ear skin at 37
oC: (#) diclosomal gel; (%) diclosomal gel 55; (m) DS plain gel 1%; (A)
traditional niosomal gel; (o) Voltaren Emulgel® 1%. (mean £ SD; n = 3).

As already mentioned, vesicular aggregates not only increased the drug
permeation, but promoted the accumulation of DS into the sc and upper skin
strata, creating a depot from which DS could move slowly. This means that
diclosomes may provide a slow and extended DS permeation and they could
be very useful when a pharmacological local effect is required.

4.2. Semisolid formulations

Considering these promising results, we decided to validate these findings by

designing semisolid formulations for DS topical administration.

Incorporation of vesicles into gel is the most common approach for the

preparation of effective topical formulation, because the long retention time

of the gel onto the skin has been reported to prolong the drug release rate and
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reduce the dosing frequency [44]. Ex-vivo performances of diclosomal gels
were compared with commercial specialty (Voltaren Emulgel® 1%), DS
plain gel and Span 60-niosomal gel. The permeation profiles were illustrated
in Fig. 3b.

As expected, the lowest drug permeation was observed for DS plain gel (4.71
10~® mol), followed by commercial specialty (1.03 10~' mol), because
Voltaren Emulgel® 1% contains additional excipients acting as percutaneous
permeation enhancers. The cumulative DS permeated from diclosomal gels
were higher (1.24 107 and 1.51 10”7 mol for DSGel and DSCh/55Gel) than
those obtained with the plain gel and commercial specialty, con- firming the
drug permeation enhancing effects of vesicular systems across the skin. The
amazing result is that, while plain gel and commercial specialty contains 1%
of the drug (1.25 10> mol charged in the donor compartments), our systems
provided greater permeations while containing an amount of DS 7.5 times
lower (1.00 10°° mol charged in the donor compartments). This finding is
even more striking when compared with niosomal gel made of Span 60
(containing DS in the aqueous core). Despite 1.11 x 10> mol charged in the
donor compartment, the amount of drug permeated up to 24 h was 1.35 10~/
mol. This means that DS in form of diclosomes may increase the drug
accumulation in the sc and could promote its permeation better than when it
is compartimentalized in the aqueous core of classical vesicles. Probably, this
may be due to the fact that in classical vesicles, DS has firstly to overcome
the vesicles bilayer and then the polymeric matrix to reach the skin, causing
some slowdown in the permeation rate.

To confirm the hypothesis according to which diclosomal gel promoted the
accumulation of DS into the sc creating a depot from which DS can move
slowly, DS permeation even after removing the DSCh/55Gel (as significative
sample) from the skin was monitored for the next 24 h.

Sample Permeated Permeated Skin Skin
DS DS DS DS
(moles) % (moles) %
DS 1.30x107 13.00 2.30x107 23.00
DSCh/82 1.36x107 13.60 1.85%x107 18.50
DSCh/55 1.67x107 16.70 2.53x107 25.30
DS solution 9.70x10™® 9.70 - -

Table 5. Amount of DS (moles and%) permeated and retained in the skin after
24 h of ex-vivo permeation study.

A continous flow of DS was detected, reaching 47 pg/cm?2 of permeated DS
after this time. This means that diclosomal gels may provide a slow and
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extended DS permeation and at the same time, they could temporarily
accumulate the drug.

5. Conclusion

In summary, innovative topical formulations from diclofenac sodium named
diclosomes were developed with or without cholesterol. The use of DS both
as amphiphilic carrier constituent and pharmacologically active compound,
may offer the possibility to bypass the use of additional excipients and
improve the formulation safety. DS was found to form nanosized vesicular
systems, both alone and in presence of cholesterol: increasing
hydrophobicity (due to the cholesterol) resulted in smaller vesicles, always
spherical and homogeneous in shape. Permeation of DS from free solution
was found to be lower respect to ones obtained for all diclosomal
formulations, that can be considered as percutaneous permeation enhancers.
Additionally, to make diclosomes more exploitable for a direct application
onto the skin and to improve patient compliance, we incorporated vesicles
into a gel dosage form and we evaluated its performance in terms of
permeation enhancement. As expected, DS permeated from diclosomal gels
was higher than that obtained with traditional niosomal gel, DS plain gel and
commercial specialty, while containing a considerably lower drug amount.
Therefore, diclosomes may represent the best option to increase the drug
accumulation in the SC and promote its permeation across the skin, allowing
us to propose the derived diclosomal gels as useful multi-component topical
formulations.

These early results are a promising first step for the development of
pharmacological devices in which DS could play the role of both carrier and
drug, bypassing the use of additional excipients and increasing the system
biocompatibility, for a more specific and efficient therapy.
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ABSTRACT

Thermo-sensitive vesicles are a promising tool for triggering the release of
drugs to solid tumours when used in combination with mild hyperthermia.
Responsivity to temperature makes them intelligent nanodevices able to
provide a site-specific chemotherapy. Following a brief introduction
concerning hyperthermia and its advantageous combination with vesicular
systems, recent investigations on thermo-sensitive vesicles useful for
controlled drug delivery in cancer treatment are reported in this review. In
particular, the influence of bilayer composition on the in vitro and in vivo
behaviour of thermo-sensitive formulations currently under investigation
have been extensively explored.

Keywords: thermo-sensitivity; hyperthermia; liposomes; vesicles; drug
delivery; cancer

1. Introduction to Novel Approaches for Chemotherapy
The treatment of cancer with antineoplastic drugs is known as chemotherapy
[1]. Generally, chemotherapeutics are administered intravenously and, due
to their systemic distribution, the therapeutic effect at the tumour site is
achieved only after high dose administration, often causing resistance and
severe adverse effects [2,3].
In recent decades, drug delivery systems (DDS) have been designated as the
solution to systemic toxicity due to chemotherapy. DDS are versatile systems
since they can be designed in order to encapsulate the opportune amount of
drug that reaches the tumour site and releases a sufficient amount of
chemotherapeutics to produce an effective therapeutic response [4]. Among
several macromolecular carriers, vesicular systems such as liposomes and
niosomes, have been widely investigated and proposed as the most promising
[5]. First, vesicles were only designed to provide site-specific treatment,
while the second-generation of such systems also possesses the ability to
trigger drug release, assuring higher control of the therapy. Among stimuli-
sensitive approaches, temperature-sensitive vesicles (TSV) have been
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successfully developed, with the commercial ThermoDox® version
currently undergoing phase III clinical trials. After being administered
intravenously, = ThermoDox®  (TSL-Dox) in combination with
radiofrequency ablation (RFA) leverages two typical features of tumour
biology to deliver higher concentrations of drug directly to the tumour site.
First, the rapidly growing tumours have a leaky vasculature and, therefore,
are permeable to liposomes, enabling their accumulation within tumours.
This mechanism is known as the enhanced permeability and retention (EPR)
effect. Second, when the tumour tissue is heated at about 40 °C, the
thermosensitive carriers rapidly change their structure and the selectively
destabilized liposomal membrane releases the drug directly into the tumour
and the surrounding vasculature [6]. Therefore, systemic delivery of an
anticancer drug loaded into thermo-sensitive vesicles represents a strategy
that allows both the local control of release using mild hyperthermia and the
subsequent accumulation of the drug by diffusion in the tumour mass,
ensuring minimal exposure to the drug in normal tissue [7]. There are several
clinical trials with TSL-Dox, all with the formulation ThermoDox® in
combination with various heating modalities. In human clinical trials, as
heating sources, high-intensity-focused ultrasound (HIFU) in combination
with magnetic resonance imaging (MRgHIFU), and for animal clinical trials
microwave devices and various light sources, are used [8]. Recent
investigations on thermo-sensitive vesicles useful for controlled drug
delivery in cancer treatment, focusing on the influence of bilayer
composition on the in vitro and in vivo behaviour of thermo-sensitive
formulations, are reported here.

2. Hyperthermia and temperature-sensitive vesicles (TSV)

2.1 Hyperthermia and Cancer: General Remarks
Hyperthermia is defined as the procedure of raising the temperature of the tumour

tissue to 4043 °C, and it has been used in the treatment of several diseases, including
cancer, showing many therapeutic benefits, as illustrated in Figure 1[9]. The most
obvious advantage of hyperthermia is its direct cytotoxicity: it may kill or
damage tumour cells, with limited effects on healthy cells. This is due to the
disorganized and compact vascular structure of cancer cells, which prevents
heat dissipation and, in combination with tumour oxygenation, can induce a
cell final necrotic or apoptotic death [10,11]. When cells in the body are
exposed to temperatures higher than normal (i.e., 42 °C), several changes
occur, making them more sensitive to other treatments (such as
chemotherapy and radiotherapy), due to synergistic action resulting in an
enhanced cytotoxic effect [12]. Accordingly, hyperthermia is mainly used as
an adjuvant therapy [13]. Additionally, hyperthermia treatment is claimed to

68



3. Nanocarriers for Cancer Therapy

improve tumour blood flow and vascular permeability and to increase vessels
pore size. Therefore, an intensified vesicle extravasation nearby the tumour
site, improving drug delivery, has been demonstrated [ 14]. Obviously, killing
the cells depends both on the length of treatment and temperature achieved
during the therapeutic sessions and it has been reported that thermo-
tolerance, consisting in a transient resistance to additional heat stress, occurs
when hyperthermia sessions have been given in an interval shorter than 48—
72 h [15]. For these reasons, hyperthermia must be carefully controlled and
monitored. The higher the temperature and the longer the time that heat is
applied to the tumour, the stronger is the lethal effect induced [15].

Killing or weakening
tumor cells
. Vascular
Hyperthermia permeability ] .
Promotion of drug delivery

Chemotherapy
<
Action
Radiationtherapy

Figure 1. Hyperthermia most important therapeutic benefits.

According to the extension of the treatment area, hyperthermia can be local,
regional or whole-body, giving heat delivery to localized, advanced or deep
and widespread cancer, respectively [16]. Generally, a number of techniques
including ultrasound, microwaves, radiofrequency, ferromagnetic seeds and
resistive wire implants have been used to heat the tumour site. Local
hyperthermia is used for small tumours located superficially or within an
accessible body cavity (i.e., rectum or esophagus), while regional
hyperthermia is often destined to treat advanced tumours affecting large parts
of the body, organs or limbs or limbs (major and minor pelvis, abdomen or
thighs). Widespread cancerous cells may be destroyed or sensitized to drugs
by achieving a systemic temperature of 42.0 °C in the whole organism: this
mechanism is called whole-body hyperthermia and can be administered only
after deep analgesia and sedation or general anesthesia [17].
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2.2Hyperthermia and Its Combination with Vesicular

Systems

Vesicular systems able to release drugs after heating of few degrees above
physiological temperature represent an attractive strategy to treat cancer, due
to the possibility to control drug release by changing the heating focus and
power [18]. The first temperature-sensitive formulation of such systems was
designed in 1978 by Yatvin et al. [19], and since then, a lot of smart thermo-
sensitive nanodevices have been proposed [20], with the first formulation
demonstrating its in vivo efficacy in 2000 [7] and entering human clinical
trials in 2011 as ThermoDox® [6].

In recent decades, additional and combined approaches to improve the
performance of classical thermo-sensitive vesicles have been reported. For
instance, a pre-hyperthermia treatment has been proposed to improve tumour
vasculature permeability for passive carrier accumulation, followed by a
second heat trigger producing interstitial drug release [21]. Additionally,
surface modifications for active targeting of the tumour vasculature or
tumour cells have been proposed [22].

2.3 Ideal Thermo-Sensitive Vesicles

An ideal thermo-responsive nanodevice should be obtained by materials that
are safe and sensitive enough to respond to temperature changes between 39
°C and 42 °C. Furthermore, the device may be able to sequester a drug until
it reaches the tumour site, where hyperthermia can promote -carrier
extravasation and a localized triggered release, ensuring minimal drug
exposure for normal tissue (Figure2) [14].

extravasation tumor cells

leaky tumor blood vessel

localized hyperthermia

Figure 2. Schematic mechanisms involved in combining hyperthermia and
thermo-sensitive devices therapy.
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Traditional thermo-sensitive vesicles are composed of lipids or non-ionic
surfactants that undergo a gel-to-liquid phase transition slightly above 37 -C,
whereas more recently, temperature-sensitization of nanosized carriers has
been demonstrated with the use of lysolipids and synthetic temperature-
sensitive polymers, as illustrated in Figure 3 and extensively explored in the
following section [18]. The most important feature of a phospholipidic or
non-ionic surfactant membrane is the existence of a temperature-dependent
reversible phase transition (7,), in which the phospholipid or surfactant
hydrocarbon chains undergo a transition from an ordered (gel) to a more
disordered fluid (liquid crystalline) state. In the gel phase, lipid molecules
are ordered and condensed with fully extended hydrocarbon chains, and are
constrained to the two-dimensional plane of the membrane. Upon heating,
the mobility of the lipid head groups gradually increases. As the temperature
is further increased and is close to 7}, the orientation of the C—C single bonds
in the hydrocarbon chains begins to switch from a #rans to a gauche
configuration.

Lysolipids Thermo-sensitive Liposome
LTSL

— d

Thermo-sensitive Liposomes
TSL

Peptides-modified Thermo-sensitive Liposomes
PpTSL

Figure 3. Schematic representation of different thermo-sensitive liposome
(TSL) systems: lysolipids thermo-sensitive liposomes (LTSL), peptides thermo-
sensitive liposomes (PpTSL), polymer thermo-sensitive liposomes (PTSL).
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At temperatures higher than T1,, the bilayer exists in a fully liquid phase.
Individual lipid molecules are still confined to the two-dimensional plane of
the membrane as in the solid phase, but they are able to move freely and
rapidly within the plane, as illustrated in Figure4[ 23]. Obviously, the
physical state of the bilayer affects the permeability, leakage, and overall
stability of the liposomes and the 73, is a function of the lipid mixture,
whereby it can be altered by changing the bilayer composition [24].
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Figure 4. Phase transition behaviour of temperature-sensitive vesicles (TSV).
Below Tm, lipid membranes exist in solid phase and therefore no drug release
is expected. When the temperature of lipid membrane passes through 7m, the
bilayer permeability increases, promoting drug release.

3. Recent Advances on Thermo-Sensitive Vesicles for
Controlled Drug Delivery

Since the first temperature-sensitive formulation in 1978, several approaches
were further developed in order to optimize carrier performances. Below, we
report a detailed discussion on the most representative thermo-sensitive
vesicular systems, which are classified and commented on according to the
strategy for which why they were designed, and focus on the potential of
their peculiarities.

3.1 Traditional Thermo-Sensitive Liposomes
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To ensure the therapeutic success of TSL, the 7}, must be preferably a few
degrees above the physiological temperature and in the range of typical
temperatures of the mild hyperthermia. 1,2-dypalmitoyl-sn-glycero-3-
phosphocoline (DPPC) which has a T, of 41.4 °C is used as a major
component in most TSL formulations, despite this phospholipid has been
reported to limit drug release [19,25].

The first thermo-sensitive liposome (TSL), introduced by Yatvin and
collaborators in 1978 was made of DPPC and 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) in 3:1 molar ratio. The 7}, obtained depended on the
lipid combination and it ranged between 42.5 and 44.5 °C, and in this
temperature interval drug release occurred [19].

After the pioneering study of Yatvin [19], a lot of TSL formulations based
on mixtures of DPPC and other phospholipids, have been designed and
studied, with the objective to improve in vitro vesicles stability, to increase
the drug release rate [26] and demonstrating that the combination of TSL and
hyperthermia is really able to increase the level of several cytotoxic drugs at
the tumour site and enhance their therapeutic effect [27,28].

As reported in Tablel, the inclusion of other components such as cholesterol
(CH) and modified-polyethylene glycol (PEGs) into the lipid bilayer, can
prolong the liposome circulation time together with a significant
enhancement in their content release upon heating. CH was introduced to
optimize vesicle stability in serum [26]. The presence of CH in the bilayer is
able to reduce the undesired drug leakage at 37 °C, when the temperature is
below the 7T, [29]. Another issue of TSL obtained by using conventional
phospholipids is the rapid elimination by the reticuloendothelial systems
(RES), that limits the bioavailability of the vehiculated drug. To overcome
this drawback, the design of stealth liposomes by using PEG-lipids has been
proposed [30].

Composition Drug Ref
DPPC/CH/DSPE-PEG2000)/DSPE-PEG(2000)-Folate DOX [31]
DPPC/HSPC/CH/DPPE-PEG2000/DOTA-DSPE DOX + GD [32]
DPPC/DSPC/DPPGOGDPPC/P-lyso-PC/DSPE-PEG2000 DOX [33]
DPPC/P-lyso-PC/DSPE-PEG2000 DOX [34,35]
DPPC/HSPC/CH/DSPE-PEG2000 DOX [26]
DPPC/DSPC/DSPE-PEG200055:40:580:15:5 DOX [36]
DPPC/DSPCDPPC/DSPC/DPPGOG CF [37]
DPPC:MSPC:DSPG:DSPE-mPEG200082:8:10:4 Epirubicin [38]
DPPC:MSPC:DSPE-PEG2000:DSPG83:3:10:4 Paclitaxel [39]
DPPC:DSPE:PEG2000:EPC:MSPC82:11:4:3:4 Docetaxel [40]
DPPC:CHO:DSPE-PEG90:5:5 5-Fluorouracil [41]
DPPC:MPPC:DSPE-PEG200086:5:4 Vinorelbine [42]
DPPC: DSPE-PEG2000: MSPC75:17:8 DOX + Vincristine [43]
DPPC:MSPC:DSPE-PEG200085.3:9.7:5.0 DOX + ProHance® [44]

Table 1. Most used lipids in TSL preparation.
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Interesting results have been obtained by Dicheva and collaborators by the
introduction for the first time of cationic lipids in the bilayer composition.
Indeed, cationic nanocarriers have been reported to deliver selectively
anticancer drugs to angiogenic endothelial cells and tumour cells. This
strategy provides an important targeting to endothelial and tumour cells
compared to non-cationic formulations [45—47].

Other studies have been carried out by preparing TSL with a multifunctional
target or loaded with different bioactive molecules. An interesting multi-
functional approach was proposed by Pradhan in 2010. The researchers
described folate receptor targeted thermo-sensitive magnetic liposomes, and
showed that this formulation that integrate active targeting, magnetic field
gradient targeting, drug temperature triggered release and pharmacological
activity can be used advantageously for thermo-chemotherapy of cancers
[31]. Traditional TSL have been also proposed for drug co-encapsulation, as
reported by de Smet and collaborators in 2013, combining doxorubicin and
gadolinium (GD) in 111In-labeled liposomes. In this study, the authors used
high-intensity focused ultrasound (HIFU) to obtain deep and local
hyperthermia combined with magnetic resonance imaging (MRI) to allow
cancer diagnosis and treatment. The result has shown that HIFU-mediated
hyperthermia of the tumour increased more than a 4-fold higher uptake of the
radiolabeled TSL while the doxorubicin concentration increased about 8-fold
in the tumour [32]. Another study that investigated the simultaneous release
of Gemcitabine (Gem) and GD was realized by Affram et al. [48]. In this
study the researchers prepared two TSL delivery systems with one
encapsulated with Gem, a poor membrane-permeable drug, and another
encapsulated only with GD. They demonstrated that this strategy improved
the antitumour efficacy of Gem, and increased distribution of Gem and GD
in tissues and organs. In addition to bilayer composition, the in vitro and in
vivo drug release rate from TSL is influenced by many factors such as
physico-chemical properties of the carriers (i.e., vesicles size), and chemical
and biological characteristics of the environment in which they are located
after the injection (i.e., the presence of serum and its composition). An in—
depth study devoted to the evaluation of the vesicles size influence on drug
release after intravenous application was proposed in 2010 by Hossann and
collaborators [49] and they concluded that in vitro release properties of TSL
are dramatically influenced by vesicle size in the range of 50 to 200 nm. With
decreasing vesicle size the content release rates is increased due to the
membrane curvature increasing, resulting in more packing defects and
consequently more membrane permeability. Furthermore, TSL stability at 37
C in serum is also dramatically affected and several studies demonstrated
how even the drug release is influenced by the presence of serum. In fact, as
reported in literature, the components possess a destabilizing effect on the
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bilayer of vesicles, because the interaction of serum components with the
membrane bilayer appears to increase the diameter of packing defects or
pores, followed by an increase in release rates of hydrophilic compounds
[50]. The research group of Hossann in 2012 evaluated the effect of two
major serum proteins, albumin (HSA) and immunoglobulin type G (IgG), on
the stability and integrity of the following TSL formulations:
DPPC/DSPC/DPPG2(DPPG2-TSL), DPPC/DSPC/DPPG2/DSPE-PEG2000
(DPPG2/PEG-TSL), DPPC/P-Lyso-PC/DSPE-PEG2000 (PEG/Lyso-TSL),
and DPPC/DSPC/DSPE-PEG2000 (PEG-TSL). In particular, HSA was
reported to increase the carboxyfluorescein (CF) release from all
formulations around Tm, while IgG was found to affect only anionic TSL.
Moreover, the CF release increased around or above the Tm, dependently on
the HSA concentration, but below the Tm the protein stabilized the bilayer
[51].

Unfortunately, the purported low stability of TSL in blood circulation limited
also their capacity to reach the site action in effective doses, because of their
reduced plasma half-life. A high stability in serum, associated to the
enhanced permeability and retention (EPR) effect, may allow the drug to
accumulate at the desired site in concentrations high enough to produce a
therapeutic effect. With the aim of improving TSL-mediated drug delivery,
the surface of liposomes is often modified with a hydrophilic polymer such
as PEG that, as reported before, is able to provide steric protection to the
carrier by increasing its surface hydrophilicity and consequently reducing the
binding of serum component, preventing opsonisation and limiting its
capture by the RES [52]. An exhaustive study on the use of DSPE-PEG200
has been reported by Li and collaborators by incorporating this compound
into the bilayer and evaluating the optimal concentration of grafted polymer
on the liposomal surface to stabilize the vesicles in serum and to improve the
release efficiency under mild hyperthermia. The results suggested that the
incorporation of 5% mol DSPE-PEGy is sufficient to stabilize the lipid
membrane in serum at physiological temperature and to enhance the kinetics
release at 42 <C. Moreover, the authors demonstrated that the use of higher
density DSPE-PEGjo may cause the membrane integrity collapse,
producing a significant CF release [53].

The main approaches developed to overcome the limited drug release
occurring in traditional TSL include the incorporation of thermo-sensitive
polymer or lysolipids into the bilayer, or a change in the methodology
treatment [ 18]. Recently, Li and collaborators have proposed a novel two step
mild hyperthermia approach to further improve the therapeutic performances
of DPPC/DSPC/DSPE-PEG;p-based TSL [36]. The first step of mild
hyperthermia (41 °C) increases tumour vasculature permeability and
maximizes intratumoral liposomal drug accumulation; the second step
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promotes the drug release from TSL, with minimal drug redistribution
through circulation. This type of heating protocol is known as the interstitial
release approach. The authors observed that the liposome accumulation and
DOX bioavailability at the tumour site obtained with the two-step approach
is increased when compared to the one-step classical treatment, resulting in
being particularly beneficial for large and deep-seated tumours [36]. The
effect of heating protocol on drug release profile from TSL has been also
investigated by Al-Ahmady et al. The research group developed a new type
of TSV by inclusion of leucine zipper peptides within a lipid bilayer (Lp-
Peptide hybrids) and investigated their activity in vivo using two different
heating protocols: the first was an interstitial release approach; the second
was an intravascular release protocol in which TSL are administered during
the heating process, resulting in drug release inside blood vessels when
reaching the heated area. Both methods proved to be effective, but the
suppression of tumour growth was greater with the intravascular approach.
This study, therefore, highlights the importance of the choice of the heating
protocol that in turn depends on the physical-chemical characteristics and on
the pharmacokinetic profile of the TSV to improve clinical efficacy [54].

3.2 Influence of Lysolipids on Thermo-Sensitive Liposome

(TSL) Properties

Lysolipids (LP) are phospholipids in which one or both acyl group
derivatives have been removed. Their non-cylindrical structure allows them
to be easily incorporated into a lipid membrane and to alter the chemical and
physical properties of the bilayer, such as membrane permeability,
morphology and stability. The incorporation of a small amount of LP leads
to a destabilization and reduction of membrane ability to act as a barrier, due
to changes in membrane curvature caused by the particular geometry of
lysolipids [55]. Moreover, the presence of a lysolipid in the bilayer has been
reported to reduce the phase transition temperature of traditional thermo-
sensitive liposomes from 43 °C to 39-40 °C and, furthermore, their
accumulation at the grain boundaries and the formation of stabilized defects
may result in an increased drug release rate [56]. The decrease of Ty, is
necessary and clinical trials recommend mild HT <43 oC because higher
temperature can cause hemorrhage or damage to the surrounding healthy
tissue [6]. The most frequently used lysolipids are shown in Figure 5. The
first example of lysolipids-modified TSL was proposed in 1999 by
Anyarambhatla and collaborators, incorporating LP in PEGylated TSL, with
the aim to decrease the 7;, phase transition and to promote a rapid drug
release [57]. This first formulation originally comprised
DPPC/MSPC/DSPE-PEG2000 in 90:10:4 molar ratio and since then slight

bilayer modifications have been proposed, reviewed as well by Landon in
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2011 [6]. Typically, traditional TSL were able to release a drug over 30 min,
while after the lysolipids inclusion into liposomes bilayer, drug release
occurs in a matter of seconds [58].

MPPC

MSPC

O
NN NN N NN .dp)\-o/\/N\
HePC

Figure 5. Most frequently used lysolipids.

In 2010, de Smet and collaborators [59] studied the simultaneous release of
doxorubicin and gadolinium, a contrast agent for magnetic resonance image
(MRI) guidance, co-encapsulating them in two different thermo-sensitive
systems: a traditional liposomal sample made of DPPC/HSPC/CH/DPPE-
PEG2000 and a LTSL system based on DPPC/MPPC/DPPE-PEG;p9. Drug
release from LTSL formulation was faster than that obtained from the
classical TSL formulation at 42 C, as required by an ideal thermo-sensitive
system, but unlike TSL, this formulation presented also an unwanted leakage
of doxorubicin at 37 °C [59]. The presence of lysolipids, in fact, determined
a certain vesicle’s sensitivity to the serum, due to their ability to make the
liposomal bilayer interact with HSA or exchange and incorporate themselves
into cellular membranes [60]. This desorption from the bilayer led to a
premature drug leakage at physiological temperature, invalidating the
clinical success of low thermo-sensitive vesicles. Nevertheless, the co-
encapsulation of MRI contrast agent did not influence the loading and release
kinetics of DOX and this suggested that their simultaneous release makes
possible the in vivo monitoring and control of the drug delivery process [60].
Different thermo-sensitive formulations encapsulating carboxyfluorescein
(CF) were developed starting from mixtures of DPPC, DSPC, P-Lyso-PC,
DSPE-PEGyp00, DPPG; and hexadecylphosphocholine (HePC). Results
demonstrated that the CF release rate increased with decreasing liposomes
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size, in the temperature range between 30 and 45 °C. Probably, this is due to
an increase of membrane curvature, resulting in more packing defects and
consequently in a higher membrane permeability, as reported in literature
[61]. Nevertheless, release rate depended on the composition of the bilayer:
while CF release from DPPG,-TSL is strongly affected by vesicle size, a
similar behaviour was not observed for DPPG,/HePC-TSL [34].
Furthermore, the CF release appeared also to be higher in the presence of
serum, due to the highest interaction of albumin with DPPC-TSL and DPPG-
TSL, resulting in an increased diameter of packing defects and release rates.
In 2007, Hossann and collaborators proposed a novel TSL formulation with
a prolonged plasma half-life without the use of PEGylated lipids, commonly
used strategy, but based on DPPGOG [33]. Since the only TSL formulation
in clinical trials applies DSPE-PEG2000 and lysophosphatidylcholine (P-
lyso-PC), the main objective of this study was to compare the influence of
DPPGOG, DSPE-PEG;¢0 and P-lyso-PC on in vitro vesicles stability and on
thermal-triggered drug release. Three different formulations were developed
and compared in presence of fetal calf serum: DPPC/DSPC/DPPGOG
50:20:30, DPPC/P-lyso-PC/DSPEPEG;p00 90:10:4 and PEGylated based
TSL. The DPPGOG based formulation showed an improved stability at 37
°C compared to PEGylated liposomes. In DPPC/DSPC/DPPGOG sample,
CF was retained up to 10 h at 37 -C in serum, whereas PEGylated TSL
became unstable after 6 h. Furthermore, DPPGOG was reported to increase
membrane permeability similarly to P-lyso-PC, releasing over the 70% of CF
at their 71,. All these properties were retained when CF was replaced with
DOX. In fact, DPPGOG-TSL retained 89% of DOX and released it
completely only at 42 °C. In conclusion, DPPGOG was able to prolong the
liposomes in vivo half-life, like DSPE-PEG3¢09, and to increase the drug
release like P-lyso-PC, without a negative effect on TSL stability [33].
Cisplatin-loaded LTSL were designed by Woo and collaborators in 2008,
proposing a new drug encapsulation method, named passive equilibration,
consisting in drug loading in preformed LTSL. The researchers demonstrated
that cisplatin was released from LTSL at 42 oC within 5 min [62].

The potential of LTSL for high molecular weight molecule delivery was
studied by Zhang and collaborators [63]. Fluorescein isothiocyanate
conjugate-albumin was used as a model drug (MW 66 kDa) and incorporated
into liposomes, demonstrating not only excellent stability at physiological
temperature, but also a fast release behaviour at 42 and 44.5 -C [63].

In 2011, Tagami and collaborators hypothesized that Brij surfactants could
replace the functions of MSPC, a single acyl chain lipid/surfactant, and
DSPE-PEG2000, a PEGylated lipid/surfactant in the LTSL formulation, to
obtain a simplified thermo-sensitive carrier [64]. The results showed that
only Brij78, may be optimally incorporated both via the thin film method or
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post-insertion approach, achieving formulations with better performances
compared to traditional lysolipids-based thermo-liposomes. In particular,
Brij78-based formulations showed stability at 37 «C comparable to that of
LTSL and a fast DOX release at 40—42 -C already within 2—3 min [64].
More recently, new thermo-sensitive vesicles based on a
alkylphosphocholines, a novel class of substances with anticancer and
antiprotozoal activities (structurally related to lysophospolipids), have been
designed [14]. Hexadecylphosphocholine (HePC) is one of the most
representative molecules and presents increased metabolic stability
compared with lysolipids. Additionally, unlike classical cytostatic drugs,
HePC is not myelosuppressive and can stimulate leukopoiesis and
thrombopoesis [65]. HePC is able to act at the same time as drug and carrier
constituents, conferring peculiar and interesting functionality to the
formulation, allowing the use of additional excipients to be bypassed,
increasing system biocompatibility, and making them suitable candidates for
special biomedical applications [14]. In 2008, Lindner and collaborators
decided to investigate the HePC ability to induce a burst release from
DPPGOG-based TSL by mild hyperthermia. As expected, HePC increased
the CF release rate similarly to lysolipids and also it exerted stronger
therapeutic efficacy against cancer cells when incorporated into liposomal
membrane comparing micellar formulation [37].

3.3 Polymer-Modified and Peptides-Modified Thermo-

Sensitive Liposomes

Thermo-sensitive polymers present a low critical solution temperature
(LCST) that corresponds to their sharp coil-to-globule transition and phase
separation. These polymers are water-soluble below their cloud point (CP)
while, above it, hydrogen bonds between water molecules and the polymer
hydrogen bond-forming groups become weaker, resulting in less hydrated
polymer chains [66]. Consequently, the polymers undergo a coil-to-globule
transition, causing their precipitation. The presence of a thermo-sensitive
polymer in the vesicles bilayer leads to a destruction of the membrane and to
the release of the drug above LCST [67]. Thermo-sensitive polymers can be
incorporated into liposomes by coupling to a hydrophobic moiety that is able
to dissolve in the liposomal bilayer [68]. Since temperature promotes
changes in solubility, turning polymers from hydrophilic to hydrophobic
molecules, this parameter may be used to control the stabilization and
destabilization of PTSL, allowing control also of the drug release and
interaction with cells and serum proteins [66,69].

This strategy has been investigated in depth and one of the first thermo-
sensitive polymers incorporated into liposomal membrane was the poly(N-

isopropylacrylammide) (pNIPAM) [70]. The main drawback of this polymer
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is that it possesses a LCST around 32 C in aqueous solution, which does not
coincide with the basic requirement of an ideal pharmaceutical thermo-
sensitive system [71]. Researchers have tried to overcome this problem
through its copolymerization with appropriate co-monomers, in order to
bring the LCST to a desired temperature range [70].

Even pH-sensitive monomers such as PAA may also be co-polymerized with
NIPAM, conferring relevant targeting ability to different physiological
districts [67]. Poly(NIPAM-co-propylacrylic acid) has been synthesized by
reversible addition-fragmentation chain transfer giving products with a
LCST of 42 °C (at pH 6.5). PTSL prepared with this polymer has been found
to release 100% of loaded DOX at 42 -C within 5 min (95% of the content
in 10 s at 42 °C), with a minimum release (less than 20%) at 37 C within 30
min in serum [72].

DPPC liposomes modified with 5% of p(NIPAAm-co-PAA) are stable in
serum and are able to release 70% and 100% of loaded DOX already after 5
min of heating at 40 -C and 42 °C, respectively. Additionally, the release
from p(NIPAAm-co-PAA)-modified liposomes is higher at acid condition
(typical of tumour cells) because of the pKa PAA (pKa = 6.7). At acid pH,
in fact, the carboxyl group of PAA is protonated and promotes its coil-to-
globule phase transition and consequently drug release [67].

Liposomes modified with co-polymers of NIPAM and acryloylpyrrolidine
(pAPr) were already proposed by Kono and collaborators in 1999 [73].
Also, acrylamide (AAM) was used to modify the LCST of pNIPAM, as
reported by Han and collaborators in 2006. Authors synthetized various co-
polymers of NIPAM and AAM by changing the monomers ratio and
observed that the variation of LCST depended on the acrylamide content
[74]. Its incorporation increased the hydrophobicity of the polymer chains,
resulting in the increase of LCST. Furthermore, the authors incorporated this
copolymer into the bilayer of different TSL and observed that
DPPC/HSPC/CHOL/DSPE-PEG;000-PNIPAM-AAM,; formulation gave the
highest DOX release rates in serum. These results highlighted that the
increase in hydrophobicity of the polymer induces a stronger interaction with
lipid membrane and consequently enhances the drug release from liposomes.
Conversely, the presence of PEG on the liposomes surface decreases their
interaction with serum proteins in the bloodstream and prolongs the in vivo
stability of carriers compared with polymer unmodified liposomes [74].
Another polymer used for the polymer-modified TSL preparation has been
poly[2-(2-ethoxy) ethoxyethyl vinyl ether] (p-EOEOVE). This polymer
exhibits a LCST around 40 °C, undergoing a sharply structural transition
from a highly hydrophilic coil to a hydrophobic globule [75]. These PTSL
are stable and retain the drug inside them below physiological temperatures.
However, they exhibit a higher release of the encapsulated DOX above 40
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°C reaching complete emptying within 1 min at 45 -C. Additionally, the
copolymer-modified liposomes exhibit long circulating properties and
biodistribution like that obtained by traditional PEG-modified liposomes
[75]. Considering polymer EOEOVE potentiality in drug delivery, similar
copolymers have been prepared. In particular, poly [2-(2-ethoxy)
ethoxyethyl vinyl ether-block-octadecyl vinyl ether (p-EOEOVE-block-
ODVE)] with a LCST around 40 °C has been synthesized: the
poly(EOEOVE) block acts as the temperature-sensitive moiety, while the
poly(ODVE) block behaves as anchor units [76]. In 2011, the performance
of PTSL in terms of visualization and efficacy against a tumour was
investigated by Katagiri et al. [77] In this study the authors incorporated
hydrophobized Fe;O4 nanoparticles into the poly(EOEOVE-bODVE)
liposomal bilayer via hydrophobic interactions. An alternating magnetic field
was used to heat the Fe;O4 nanoparticles and to induce the release of a
fluorescent marker. The potential of the same carrier as “theranostic” nanodevice
has been successful investigated by Kokuryo et al. preparing PTSL loaded with an
anticancer drug, a MRI contrast agent, and a fluorescent dye with the aim of
monitoring drug delivery in cancer therapy [78].

The drug release rate from grafted-polymer-TSL depends on several variables as the
polymer molecular weight and grafted density. Recently, van Elk and collaborators
developed N-(2-hydroxypropyl) methacrylamide mono/dilactate (pHPMAlac)-
grafted liposomes, varying polymer molecular weights, composition and anchoring
it to cholesterol [68]. Results have shown that release starts at the polymer CP
temperature, and that it increases with the decrease of CH-pHPMAIlac molecular
weight. Furthermore, the presence of CH contributes to reducing the polymer
thermo-sensitivity. The release percentage of DOX from CH-pHMAlac-grafted

liposomes, with a CP at 11.5 °C, is been about 89% at 42 °C after 5 min, while
that obtained with the sample possessing a CP at 25 °C has reached the same value

only at 52 °C. Moreover, authors have observed that the grafting density affects the
liposomes thermo-sensitivity: only 5% polymer-grafting density CH-pHMAlac
ensures a fast release at the desired temperature [68].

An innovative approach to prolong the plasma half-life of TSL relies on the
incorporation onto the bilayer of a thermally responsive elastin-like polypeptide
(ELP), consisting of a Val-Pro-Gly-Val-Gly units [79]. ELP is reported to act like a
LCST polymer, swelling below the transition temperature, due to a hydrogen bonding
interaction between ELP and water molecules, and drying out above LCST, due to
hydrophobic interaction, making the bilayer less flexible [80]. In 2013, Park and
collaborators [72] have used modified ELP to confer thermo-sensitivity to liposomes,
producing a more rigid membrane at physiological temperatures and reducing vesicle
instability during blood circulation. The ELP N-terminal portion has been conjugated
with a single stearyl group (C18) for anchoring to the lipid bilayer of DPPC/DSPE-
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PEG2000/CH liposomes. The resulting formulation has shown a high stability at
physiological conditions and has given a significant release of encapsulated DOX
after mild heating. The authors have demonstrated that ELP-liposomes can release

more than 95% of drug content in 10 s at 42 °C, while less than 20% is released

within 30 min at 37 °C in serum. The designed formulation has shown a plasma
half-life of 2.03 h compared to a half-life of 0.92 h reported for LTSL. A significant
delay in tumour growth has been achieved by ELP-liposomes in combination with
high intensity focused ultrasounds compared to LTSL, already after one intravenous
injection [72].

3.4 Multifunctional Thermo-Sensitive Liposomes (MTSL)

In the field of drug-delivery systems, the use of a single strategy is not generally
sufficient to enhance anticancer therapy efficacy. Therefore, the design and
development of carriers that combine different strategies in the same system, making
them clinically more efficacious, are needed [81]. The thermal triggering approach
has been very successful when combined with active or passive targeting strategies
to further enhance its efficacy. A synergistic combination is one that joins tumour
vasculature targeting with temperature-triggered release. This is achieved by coating
the thermo-sensitive vesicle surface with antigens expressed on angiogenic tumour
vasculature, such as ligands for integrins vascular endothelian growth factor receptor
(VEGFR), platelet-derived  growth  factor receptor (PDGFR), and
CD13/aminopeptidase N [82]. A novel cyclic Asn-Gly-Arg (NGR) peptide not
containing a disulfide bridge was synthesized by Negussie and collaborators and
used to confer target properties to LSTS. In vitro fluorescence microscopy evaluation

demonstrated that the peptide was actively taken up by a CD13™ cancer cell, showing

minimal binding to CD13™ cells, and displayed 3,6-fold greater affinity than a linear
form also when conjugated on the liposomal surface of a LSTL [22].

Kim and collaborators improved the performance of thermo-sensitive liposomes by
coupling them with a cyclic arginine-glycine-aspartic acid (cCRGD) peptide, able to
enhance tumour accumulation through the targeting to a,3; integrin, overexpressed
in tumour vasculature and in several malignant tumours. The cellular uptake of
these multifunctional vesicles was 7-fold higher than that obtained with no-
targeted liposomes. These results were also confirmed by in vivo tumour
accumulation experiments [83].

The use of cationic lipids and temperature-triggered release represents another
strategic combination for use in cancer treatment. Cationic nanocarriers have been
reported to deliver selectively anticancer drugs to cancer cells thanks to the
electrostatic interactions with overexpressed anionic glycoproteins, phospholipids
and proteoglycans on the tumour vasculature [84,85]. Additionally, the vesicle
accumulation at the cancer site is facilitated by the irregular and slow blood flow
and hyperthermia, which promotes carrier extravasion [84]. Recently, as mentioned,
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Dicheva and collaborators [47] have designed PEGylated cationic thermo-sensitive
liposomes (CSTL) made of DPPC, DSPC, DSPE-PEG and the cationic lipid
DPTAP. These vesicles have displayed a high stability at physiological temperature
and release kinetics of CF similar to that achieved by non-cationic thermo-sensitive
liposomes (NCTSL). The levels of binding of CSTL to BML (benign metastatic
Leiomyoma) and HUVEC (human umbilical vein endothelial cells) are higher at

37 °C compared to NCTSL. Upon binding due to their small size, CTSL are easily
internalized into cancer cell and the release of CF is triggered by temperature
increase and might occur both extracellularly and intracellularly, improving the
therapeutic outcome. The same research group has demonstrated the effectiveness
of this system by encapsulating DOX and the resulting effective mild hyperthermia-
triggered drug release has confirmed the success of the dual targeting approach
[46]. Additionally, the cytotoxicity of DOX-CTSL is higher than that obtained
when loaded in TSL after treatment on several tumour cells lines. Furthermore, the
decrease of cationic lipid in the bilayer from 10 to 7.5 mol % does not influence the
cellular CTSL tumour targeting and related induction of cytotoxicity [47]. A new
multifunctional formulation is also developed for the specific delivery of small
interfering RNA (siRNA). To do this, Yang et al. in 2016 combined two main
strategies into a single carrier to give rise to smart multifunctional TSL. The first
involves direct conjugation of cell penetrating peptide (CPP) to siRNA via
disulphide bonds (designated as siRNA-CPPs) which determines the carrier
sensitivity to glutathione. In the second strategy, the siRNA-CPPs were
encapsulated, to overcome their limitation in vivo, in TSL containing an Asparagine-
Glycine-Arginine (NGR) peptide with vasculature target function. Under dual
stimulus of hyperthermia and intracellular redox environment, the siRNS-
CPPs/NGR-TSL has higher in vivo tumour efficacy and gene silencing efficiency
rather than the free siRNA-CPPs under hyperthermia [86].

3.5 Thermo-Sensitive Niosomes (TSN)

Niosomes are non-ionic surfactant vesicles obtained on hydration of manufactured
non-ionic surfactants, with or without joining of cholesterol or other lipids. They are
vesicular systems like liposomes that can be utilized as carriers of amphiphilic and
lipophilic drugs. Niosomes are promising vehicles for drug delivery and, being non-
ionic, they are less dangerous and enhances the therapeutic index of the drug.

For the first time, in 2016, Tavano et al. have decided to investigate the natural
characteristic of certain surfactants to transfer their thermo-sensitivity properties to
niosomes. Pluronic L64 belonging to the class of poly (ethylene oxide)-poly
(propylene oxide)-poly (ethylene oxide) blocks surfactants and its derivative were
used to form thermo-sensitive vesicles either in the presence or absence of
cholesterol, evaluating the effect of small changes in composition on the thermo-
sensibility of the carriers [87]. The use of L64 as an amphiphilic constituent, with
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claimed stealth and thermo-sensitive functionality, may give the possibility to
bypass the use of additional excipients, increasing the system biocompatibility.

The in vitro calcein release studies have been performed at 25, 37 and 42 °C, that are
representative of storage, physiological conditions and mild hyperthermia, showing

a more pronounced calcein release from L64-based niosomes at 42 °C. Due to these
promising results, authors have validated the thermo-sensitivity of these by
encapsulating 5-FU in the aqueous core. Also, 5-FU release has exhibited a

temperature dependence, with a marked increase at 42 °C, confirming that the
temperature-sensitivity of these niosomes depends only on the surfactant
characteristics and it is not affected by the chemical nature of the drug [87].

3.6 Thermo-Sensitive Polymersomes (TSP)
Polymersomes (Ps), also known as polymeric vesicles, are based on the self-assembly

of synthetic amphiphilic branch, graft and dendritic copolymers [88]. Compared to
liposomes, Ps present countless advantages such a high stability, multi-drug loading
capacity and membrane property versatility, due to the great variability of the starting
materials [89]. Recently, the development of stimuli-responsive polymersomes to
further control the release of drugs has attracted a lot of interest and is achieved
through the use of thermo-sensitive amphiphilic polymer. Already in 2006, Li and
collaborators  prepared  polymersomes  from  poly[N-(3-aminopropyl)-
methacrylamide hydrochloride]-b-poly(N-isopropylacrylamide) (PAMPA-
PNIPAAM): when temperature is raised above the LCST of the PNIPAAM chains,
the polymer become insoluble in water and its monomers self-assembled into the
vesicular structure [90]. In the same year, Qin and collaborators studied the influence
of temperature on assembly and disassembly of polymersomes encapsulating DOX,
obtained from PEG-b-PNIPAAm with 7-20% wt PEG content [91]. By increasing
the temperature, polymer and monomers gave vesicles, easily destroyable by cooling
because of the increased hydrophilic character. Unfortunately, this system required

very high temperatures to form polymersomes and a reduction often below the 37 °C
to promote drug release; thus, it could not be effectively used in combination with
mild hyperthermia treatment. To by-pass this limitation and to encourage the
formation of polymersomes at room temperature, mixtures of thermo-sensitive and
hydrophobic polymer blocks have been proposed. Zhou and collaborators
synthesized novel polymersomes based on star copolymers presenting a hydrophobic
hyperbranched poly[3-ethyl-3-(hydroxymethyl)oxetane] (HBPO) core and several
hydrophilic PEG arms [92]. Unlike classical thermo-sensitive Ps, these novel carriers
have been formed at room temperature and destabilized above the LCST, enhancing
membrane permeability and drug release. In 2015, Liu and collaborators, designed
polymersomes from hydrophilic poly(N-vinylcaprolactam) (PVCL) attached to a
long hydrophobic PDMS poly(dimethylsiloxane) core block, generating a thermo-
responsive bola amphiphile, conducting an in depth and extensive study [93]. Several
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poly(N-vinylcaprolactam)n-poly(dimethylsiloxane) 65-poly(N-
vinylcaprolactam)n(PVCL,-PDMS¢s-PVCL,) copolymers have been synthesized
with varying PVCL amounts, but only samples with a PVCL ratio between 0.36 and
0.52 are able to form stable vesicles at room temperature. Polymersomes size
decreases with the temperature rise, dependently on the PVCL chain length. In fact,

when the temperature increases from 25 °C to 55 °C, vesicle volume lowers with
increasing PVCL length (from PVCL;, to PVCL;s5). Conversely, PVCLo-
PDMS¢s-PVCL 9 shows an increase of hydrodynamic diameter from 300 to 800 nm.
Furthermore, the authors have investigated the DOX release from PVCL;p-PDMS¢;s-
PVCL](), PVCL15-PDMS65-PVCL15, and PVCL[Q-PDMS65-PVCL19 based

formulations both at 25 and 42 °C, in a fluid-simulating tumour environment,

achieving released drug percentages of 86%, 29%, and 11% at 42 °C, respectively,
and demonstrating a strong dependence on PVLC length [85]. After temperature
increase, collapse and aggregation of PVLC block occurs, leading to a decrease of
Ps size and to an improvement of membrane permeability, favouring the release of
DOX. Also, hydration and dehydration of PVLC blocks linked to the hydrophobic
PDMS block play an important role, since it is assumed that hydrophilic molecules
may overcome the hydrophobic PDMS layers by the presence of transient pores at
high temperature. Finally, the cytotoxicity of DOX-loaded PVCL;,-PDMSgs-
PVCL,( polymersomes has been evaluated on human alveolar adenocarcinoma A549
cell line, with the result that cell viability decreased from 85% to 59% and from

71% to 50% for polymersomes containing 0.1 and 0.5 pg mL~1 of drug,
respectively. Therapeutic efficacy stopped after 48 h for 0.1 and 0.5 pg mL~ ! DOX-

loaded vesicles, while for vesicles containing 1 and 5 pg mL ™! of DOX it continued
until 72 h, achieving cell cytotoxicity higher than 75% and 97%, respectively [93].

4. Conclusions

In the field of temperature-sensitive drug delivery systems, thermo-sensitive vesicles
in combination with local hyperthermia represent a powerful tool for tumour specific
drug delivery. This review has shown the considerable progress in the development
of thermo-sensitive vesicle formulations for targeted cancer therapy developed since
1978. Mild hyperthermia exposure has been proved to be an ideal external stimulus
able to trigger localized drug release. Therefore, the combination of this strategy with
a carrier sensitive to temperature changes between 39 °C and 42 °C resulted in a
promising strategy to improve therapeutic efficacy. The latest studies suggest that
such a carrier could be able to release rapidly and extensively a hydrophilic drug
when the temperature increases a few degrees above physiological temperature. The
efficacy of TSV depends both on the specific vesicular formulation, on the
encapsulated drug, and on the specific heating modality. The progress obtained in
the last few years on the new formulations to improve the TSV efficacy are reported
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in this review, but we recommend reading the recent review about the new heating
modality [94]. One limitation of many current TSV formulations is the still relatively
short plasma half-life, which limits the duration available for delivery, reduces the
quantity of encapsulated drug available for release, and also negatively impacts
systemic toxicities. Promising results are obtained by the synergistic effect due to
the combination of several approaches in the same nanodevices. We are sure that the
rational design of a multifunctional thermo-responsive system has remarkable
potential in target cancer therapy. In summary, TSV represents a highly promising
drug-delivery approach that has the potential for considerable clinical impact in the
near future.

Abbreviations

AAM acrylamide
C Calcein
CF carboxyfluorescein
CH cholesterol
CP cloud point
CPP cell penetrating peptide
CTSL cationic thermo-sensitive liposomes
DDS drug delivery systems
DOX Doxorubicin
DPPC 1,2-dypalmitoyl-sn-glycero-3-phosphocoline
DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol
DPPGOG 1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol
DSPC distearoyl phosphocholine
DSPE-PEG;0 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-Nmethoxy(PEG)-2000
FCS fetal calf serum
GD Gadolinium
Gem Gemcitabine
HBPO hydrophobic hyperbranched poly[3-ethyl-3-(hydroxymethyl)oxetane]
HePC hexadecylphosphocholine
HAS human serum albumin
HSPC hydrogenated soyphosphocholine
IgG immunoglobulin type G
LCST low critical solution temperature
LP Lysolipids
LTSL lysolipids thermo-sensitive liposomes
LTST low thermo-sensitive liposomes
MPPC Monopalmitoylphosphatidylcholine
MSPC monostearoylphosphatidylcholine
MTSL multifunctional thermo-sensitive liposomes
NCTSL non-cationic thermo-sensitive liposomes
PAA propyl acrylic acid
PAMPA-PNIPAAM poly[n-(3-aminopropyl)-methacrylamidehydrochloride]-b-poly(n-
isopropylacrylamide) PDGFR patelet-derived growth factor receptor
PDMS poly(dimethylsiloxane)
pEOEOVE poly[2-(2-ethoxy)ethoxyethyl vinyl ether]

pEOEOVE-block-ODVE poly [2-(2-ethoxy)ethoxyethyl vinyl ether-block-octadecyl vinyl ether]
EOEOVE-block-ODVE pHPMAlac N-(2-hydroxypropyl)methacrylamide mono/dilactate

P-Lyso-PC 1-palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine
pNIPAM poly(N-isopropylacrylammide)

PpTSL peptides thermo-sensitive liposomes

Ps polymersomes

PTSL polymer thermo-sensitive liposomes

PVCL poly(N-vinylcaprolactam)
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PVCL,-PDMS4s-PVCL,,  poly(N-vinylcaprolactam)n-poly(dimethylsiloxane)65-poly(N-
vinylcaprolactam)n RES  reticulo-endothelial system

Tm phase transition temperature

siRNA small interfering RNA

TSL thermo-sensitive liposomes

TSN thermo-sensitive niosomes

TSP thermo-sensitive polymersomes

TSV temperature-sensitive vesicles

VEGFR endothelian growth factor receptor
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ABSTRACT

In the last decades, gene therapy has become a novel therapeutic strategy for cancer

treatment, including immunologic and molecular approaches. Among molecular
avenue, the design of efficient and effective gene delivery systems, like cationic
liposomes and niosomes, has been widely investigated and proposed as the most
promising research area. The advantages of cationic vesicles rely on their natural
ability to form complexes with anionic genetic molecules and deliver them into the
cells via the endosomal pathway. Obviously, cationic vesicles-mediated gene
delivery is affected by numerous factors, in particular composition, that strongly
affects vesicle physical-chemistry characteristics and transfection effectiveness. This
review will analyse the potential of cationic nanocarriers in cancer gene therapy,
focusing on the role of liposomes and niosomes as vesicular devices and giving an
exhaustive collection of the most representative investigations.

Keywords: Liposomes; Niosomes; Gene therapy; Cancer

1. Cancer gene therapy: current strategies

In the last decades, gene therapy (GT) has become a novel therapeutic approach for
cancer treatment. GT involves the transfer of genetic material into cells to treat
diseases caused by altered gene expression [1]. In particular, since cancer develops
from mutations of critical genes regulating biochemical cellular processes, gene
therapy has been proposed as a novel and effective strategy against tumor. Two
different classes of mutated genes have been identified in cancer disease. The first
group includes oncogenes, that are involved in the codification of proteins that
enhance cell proliferation: their mutation leads to a constitutive activation [2]. The
most frequent alterations refer to the ras, c-myc, c-erbB-2, abl and bcl-2 genes. The
second group includes tumor oncosoppressors encoding for proteins which normally
either inhibit cellular proliferation or cause cell death. Deletions or mutations in these
genes result in the loss of their functionalities [2]. The oncosoppressor gene more
frequently involved in cancer development is the p53, called the guardian of genome
[3-5]. In health conditions, the cellular replication cycle depends on the balance
between oncogenes and oncosoppressors, whereby their inappropriate

activation/inactivation leads to uncontrolled proliferation [3].
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Gene therapy overcomes the common drawbacks of classical biological approaches,
like cytotoxic capacity and poor selectivity, resulting in a more effective therapy
with reduced side effects [1]. Cancer gene therapy includes several strategies, which
can be divided into two main categories: immunologic treatments (including
immune-enhancement genes and vaccines) and molecular treatments (including
antisense oligonucleotides, gene silencing, suicide genes, anti-angiogenesis and drug
resistance gene therapies) [6], as summarized in Fig. 1.

Cancer

Molecular Target

Vaccines Antisense Gene ? Antigiogenesis Drug Resistence
Accines Oligonucleotides | Silencing Gene Therapy Gene Therapy

Fig.1 Most used approach for cancer gene therapy

1.1. Immunological Approach
Immunotherapy relies upon the enhancement of the immune system to target genes
and vaccines and destroy cancer cells. Tumor cells are immunogenic, due to the
secretion of immunosuppressive factors, the down-regulation of antigen expression
and the lack of co-stimulation [7], so the normal immune response is not enough
strong to eradicate cancer [8]. In this light, vaccine and immune-enhancement
therapies have been proposed as immunomodulatory approaches against cancer.
Both strategies rely on agents able to modulate the immune response to a desired
level by potentiating or suppressing the tumor-induced immunologic tolerance [6].
Immune-enhancement therapy focuses on checkpoints-molecules located on certain
immune cells that need to be activated (or inactivated) to start an immune response
[9]. Common co-stimulatory molecules used in gene cancer therapy are cytokines
such as Interleukin-12, leading to the activation of T lymphocytes and natural killer
cells [10]. Conversely, one of the first inhibitory checkpoint molecules to be
clinically targeted was Cytotoxic T-Lymphocyte-Associated protein 4 (CTLA-4).
When the binding site of CTLA-4 on the lymphocytes is occupied, their cytotoxic
action is inhibited [11]. Vaccination acts by inducing or increasing the specific
recognition of tumor cells by the immune system that, therefore, is trained to respond
and more effectively fight against malignant cells [12]. Gene based-vaccines and cell
based-vaccines have been designed and developed. Gene based-vaccines consist in
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the direct injection of tumor antigen encoding genes able to discriminate between
healthy and cancer cells, while cell based-vaccines are antigen-presenting cells,
which are manipulated ex vivo to enable a tumor antigen action [12].

1.2. Molecular Approach

Molecular approaches in gene therapy rely in the activation or inhibition of
oncogenes, correction or silencing of mutated genes, use of antiangiogenesis or drug
resistance genes, induction of cell cycle arrest or cell apoptosis. Below, a brief
explanation of the most used strategies is reported.

1.2.1. Antioncogenes Strategy

Antioncogenes, as antisense or antigene oligonucleotides, are short nucleic acid
segments that can bind to a specific sequence of the RNA or DNA, resulting in the
inhibition of the oncogene activity [13]. Antisense oligonucleotides approach is
based on the use of antisense oligonucleotides (AON), synthetic single stranded
strings of nucleic acids that bind to RNA and thereby alter or reduce its expression,
resulting in the inhibition of oncogenes [14]. When inserted into the cell, antisense
oligonucleotides block the transduction at ribosome level, inducing the degradation
and inhibition of proteins with proliferative action. The main drawback is that the
genetic error needs to be corrected in all the tumor cells. Antigene oligonucleotides
approach concerns the binding to the DNA, resulting in a non-functional triple
helical structure and a block of gene expression at the transcription stage [15].

1.2.2. Gene Silencing Strategy

Gene silencing is a process of gene expression down-regulation, which finds its best
expression in RNA interference (iRNA) therapeutic strategy [16]. iRNA is mediated
by small interfering RNAs (siRNAs), which are intracellularly generated from
double stranded RNA (dsRNA), through the cleavage activity of a ribonuclease I11-
type protein. siRNA interacts with RNA-induced silencing complex (RNA induced
silencing transduction) and guides it to identify a complementary strand to degrade
and silence the gene target [16]. The only limitation of this therapeutic strategy is the
low availability of siRNA after systemic administration, due to the enzymatic
degradation, phagocytosis, kidneys filtration and subsequent elimination.

1.2.3. Suicide Gene Strategy

The suicide gene strategy is based on the introduction into malignant cells of a viral
or a bacterical gene, which allows the expression of an enzyme able to convert non-
toxic prodrug into a lethal drug, causing cell death in directly or indirectly way [17].
p53 protein is the most studied cellular switch able to induce apoptosis. Suicide gene
strategy makes cancer cells more vulnerable and sensitive to chemotherapy,
improving its safety and effectiveness [18].
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1.2.4. Antiangiogenesis Gene Therapy

Cancer tissue proliferation is associated with angiogenesis, providing the necessary
nutrients to cancerous cells. Hence, antiangiogenesis gene therapy, which interferes
with this process, could produce interesting therapeutic effects at the tumor site [19].
Both physiological and pathological angiogenesis are characterized by an increased
release of proangiogenic cytokines from endothelial cells. Therefore, endothelial
growth factor (VEGF), fibroblast growth factor (FGF), interleukin 4 (IL-4) and
interleukin 8 (IL-8) could represent the main target of gene therapy [20].
Antiangiogenesis gene therapy is carried out not only by inhibition of angiogenic
inducers, but also through the use of either angiogenic inhibitors such as angiostatin
and endostatin, or cytotoxic drugs, like interferon and interleukin-12 [20]. Compared
to conventional gene therapies, antiangiogenesis gene therapy shows a low systemic
toxicity and the absence of drug resistance phenomena, whereby it represents a
promising anticancer treatment [19].

1.2.5. Drug-Resistance Gene Therapy

A further approach of cancer gene therapy includes the prevention of the toxic effects
of anticancer drugs by transferring the drug resistance genes into normal cells,
making them resistant to chemotherapies [21]. This strategy avoids the toxic levels
of drugs occurring in traditional chemotherapy and minimizes the appearance of side
effects in healthy cells.

2. Vectors for cancer gene therapy

The success of gene therapy depends on the efficiency of gene transduction, which
in turn is related to the chemical-physical properties of the carrier used to vehiculate
and deliver the genetic material. An ideal vector for GT must possess some specific
requirements: it should protect the nucleic acids from enzymatic degradation by
nucleases and preserve small molecules, such as siRNA, from renal elimination.
Moreover, it might promote the permeation of the nucleic acids across cell
membranes, which is hindered by the electrostatic repulsions between the negatively
charged groups of the genetic material and the membrane phospholipids [22].
Furthermore, the vector must be adequate to the gene size and the amount and
duration of its product expression. Currently, gene therapy vehicles can be
categorized into the two following groups: biological and non-biological systems
(Fig. 2) [23].
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Fig. 2 Schematic representation of principal vectors for cancer gene therapy.

2.1. Biological Vectors

Biological carries are viruses, which naturally infect cells and transfer their genetic
materials into the host cells. The advantages related to the use of these vectors rely
in the prompt availability of natural and efficient systems for the insertion of DNA
into the cells. Indeed, they have a high transfection efficiency in contrast to the non-
viral vectors. Viruses used for this purpose are synthetically modified to eliminate
their pathogenicity and retain their high efficiency in gene transfer. Obviously,
viruses are immunogenic, difficult to modify, and with limited loading capacity [24].
Viruses used as gene vectors are divided into two classes ac-cording to survival and
replication mechanisms. The first class includes the non-lytic viruses, such as
retroviruses and lentiviruses, which produce virions leaving cells intact, while the
second class consists of lytic viruses, such as adenoviruses and herpes simplex
viruses, which destroy the infected cells after their replication and virions formation
[25]. The non-lytic viruses (single stranded DNA) present several drawbacks such
as the relatively small amount of genetic information that can be packaged into the
vector, the uncontrolled integration of the virus into the genome, leading to a
theoretical risk of mutations, and the possibility of homologous recombination
between vectors and endogenous retroviruses, resulting in replication-competent
new viruses [25]. Instead, double stranded DNA viruses (lytic viruses) have a higher
packaging capacity and transfectability, but conversely, their immunogenicity makes
repeated applications very problematic, due to the lack of integration into the cellular
genome, leading to the loss of genetic information [24].
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2.2. Non-biological Vectors

Cationic polymers, peptides, cationic lipids and vesicles represent the non-biological
or non-viral vectors for cancer gene therapy [26-28]. These carriers present less
limitations than the viral gene carriers, even if their efficiency is lower. They have
been reported to possess high loading capacity and be very versatile vectors, because
they may be designed and modified to enhance specificity [29]. In addition, they are
biodegradable, low toxic and immuno-genic. They show a lower activation of
complement than the viral vectors. Generally, non-viral carriers possess a positive
charge promoting the complexation with the negative phosphate groups of the
nucleic acids, and determining non-specific interactions with plasmatic proteins such
as opsonines, which results in a rapid elimination and a reduction of their half-life
[30]. This disadvantage is normally overcome by the use of cationic PEGylate
molecules, which provide steric protection to the carriers [31]. This review analyses
the potential of cationic nanocarriers in cancer gene therapy, focusing on the role of
liposomes and niosomes as multi-functional vesicular devices and giving an
exhaustive collection of the most representative investigations.

3. Cationic vesicles for gene delivery

3.1. Liposomal and Niosomal Nanocarriers

Gene therapy has become a promising approach for treating cancer by including not
only therapeutic genes but also designing efficient and effective gene delivery
systems [6]. Among non-viral vectors, liposomes and niosomes have been widely
investigated and proposed as the most promising strategy [23]. Both systems are
formed from the self-assembly of amphiphilic molecules in an aqueous environment,
resulting in closed bilayer structures delimiting an internal aqueous core. Liposomes
consist of phospholipid bilayers, whereas niosomes are constructed from surfactant
molecules. Niosomes have greater stability, lower costs, higher availability and
reduced purity problems than liposomes [32]. Due to their structure, these vesicular
systems are able to encapsulate both hydrophilic molecules in the internal aqueous
core and lipophilic sub-stances into the bilayer, compartment. They have been
successful used as drug delivery systems to achieve controlled release, drug targeting
and permeation enhancement [32]. Liposomes and niosomes improve the circulation,
the distribution and the stability of loaded drugs and enhance the drug therapeutic
efficacy [33]. These vesicular carriers were firstly proposed in cancer treatment by
Gregoriadis and collaborators from 1974 [34], while their introduction in gene
therapy came only 13 years later with the work of Felgner [35]. Since 1987 increased
efforts have been made to develop of carriers for a more efficient delivery of nucleic
acids, in both animals and humans [36].
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Fig. 3 Peculiarity of cationic vesicles exploitable in cancer treatments: ability to load
genetic material, affinity for tumor vasculature and promotion of drug permeation
across skin.

3.2. Versatility of Cationic Vesicles in Cancer Treatment

Essential requirement for liposomes and niosomes as effective tool for gene delivery
is the presence of a positive charge on the vesicles surface. In fact, several
researchers have outlined that cationic vesicles (CV) possess better physical-
chemical characteristics for both gene and anticancer drug delivery than anionic and
neutral carriers [37]. Cationic vesicles can form complexes with anionic genetic
molecules and deliver them into cells via the endosomal pathway [38]. In particular,
CV enter cells by adsorption/fusion with the cell membrane or endocytosis, and
deliver the genetic material into the cell cytoplasm [39].

Positive charged nanocarriers have been reported to deliver therapeutic genes and
cytotoxic drugs specifically to the tumor vasculature, rich in anionic glycoproteins,
phospholipids and proteoglycans (Figure 3) [40]. This strategy, called neovascular
therapy, was very successful also because angiogenesis is a consistent feature of
tumors [41, 42]. Additionally, the slow and irregular blood flow in tumor vessels
favour the interactions between the cationic carriers and anionic sites on the
vasculature, whereby the development of devices that exhibit affinity to the cancer
vasculature could improve drug/gene therapeutic effects by increasing its
concentration at the tumor site [43-45]. Moreover, positive effects on skin
permeation have been also reported by cationic vesicles [46]. Skin surface bears a
net negative charge due to the presence of negatively charged molecules into the
lipid layer of the stratum corneum, so positive charges at the vesicle surface could
enhance the permeation rate of drugs and genes through the skin [47].
Unfortunately, cationic vesicles are far from to be ideal carriers, as several
drawbacks have been found: fast elimination from blood, some cytotoxicity due to
their positive charge, and non-specific interactions with cell components, serum
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proteins and enzymes [48]. In order to overcome these inconvenients, several
modifications have been done to improve their properties. The size, charge and
surface characteristics of liposomes can be easily altered through the inclusion of
specific compounds (helper lipids, stimuli-sensitive lipids) in the formulations by
surface modifications. Aggregation of cationic carriers limits their interaction with
blood proteins or blood cells, whereby PEGylation (or other procedures claimed to
provide stealth properties), may be considered an efficient approach to avoid this
inconvenient, and extend their half-life [49]. Stealth-cationic vesicles represent a
potential solution to drawbacks associated with cationic lipoplexes while
conjugation with targeting molecules has been reported to improve specific delivery
[50-53].

3.3. Cationic Vesicles-Mediated Gene Delivery

In vivo complexes made of cationic vesicles-nucleic acid have been administered via
numerous delivery routes including intravenous, intramuscular, intraperitoneal,
subcutaneous, transdermal and mucosal route [54]. Compared to viral vectors, CV
can be used to transfer DNA of unlimited size; moreover, they are simple and quick
to formulate and possess low immunogenicity [55, 56].

Cationic vesicles-mediated gene delivery depends on numerous factors including
composition, that strongly affects physical-chemical characteristics of vesicles such
as size, charge, morphology, bilayer elasticity and pharmaceutical effectiveness [57].
It was reported that the transfection efficiency can be enhanced by varying the type
and amount of cationic lipids and surfactants used in the preparation [58]. Generally,
cationic amphiphilic molecules used as transfection reagents consist of a
hydrophobic group, such as alkyl or fatty acid chains, and a positively charged head
group, which is essential for binding nucleic acid phosphate groups, resulting in
nucleic acids condensation [59]. The control or modification of the CV physical -
chemical properties can be carried out through the synthesis of new cationic lipids
or, more preferably, by mixing different commercial lipid molecules, avoiding
additional and complicated chemical preparation steps [31, 60, 61]. As gene carriers,
cationic niosomes are usually prepared from mixtures of single chain surfactant
molecules, such as sorbitan fatty acid esters, polyoxyethylenesorbitan fatty acid
ester, cholesterol, polyoxyethyl-ene alkyl ethers and quaternary ammonium
compounds [62, 63].

3.3.1. Preparation Methods

Cationic vesicles can be produced through several methods, including ethanol
injection (EI), detergent dialysis (DD) and thin film hydration (TF), but not all
methods are feasible for gene loaded nanocarrier formation.

Ethanol injection is a simple vesicles formulation method based on the injection of
ethanol-dissolved lipids into an aqueous phase to form liposomes or niosomes [64].
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Clearly, EI is more efficient in encapsulating ethanol soluble molecules and since
genetic material is neither lipophilic or ethanol-soluble, this method is not the best
way to produce cationic vesicles for a later complexation with nucleic acids [65].
The detergent dialysis method consists in the conversion of a mixed micelles solution
into bilayered vesicles, after detergent removal from the solution [66]. DD has been
reported to be effective in encapsulating lipophilic drugs within its forming bilayer,
and it is often used for production of lipoplexes [67, 68]. However, the most common
method to produce vesicles is the thin film hydration, obtained by adding an aqueous
solution to an adsorbed lipid film, which causes its detachment and to self-assembly
in bilayer vesicles [69]. Both hydrophilic and lipophilic substances can be easily
located in the inner aqueous core or in the lipophilic domain of the bilayer,
respectively, making TF the most efficient and appropriate method for gene loading.
Additionally, reverse phase evaporation (REV) and asymmetric vesicles formation
(AVF), have been proposed to improve the encapsulation of large oligonucleotides
[70]. REV vesicles are produced by introducing a drug aqueous solution into an
organic phase containing lipids and sonicating this mixture to produce small drops
of aqueous phase in the organic solvent. The amphiphilic lipids locate at the interface
and, after organic phase evaporation, they form vesicles containing an aqueous core
[71]. On the other site, AVF is an inverse emulsion method and has been used to
encapsulate genetic material [72]. In this case, vesicles are prepared by producing
reverse micelles around water drops within an oil phase. Afterwards these micelles
are passed through a lipid monolayer that forms the outer vesicular layer, giving
bilayer vesicles. This procedure allows to control the bilayer composition (as the
inner and outer layers are added separately) and include additional functionality only
outside the vesicles [72]. Unfortunately, the use of organic solvents during reverse
phase evaporation and asymmetric vesicles formation could have adverse effects on
the stability of oligonucleotides, and any residual solvent could introduce toxicity
[73]. Recently, Yang and collaborators have carried out a comparative study on
preparative methods of cationic lipoplexes, demonstrating that, among REV, EI and
TF, the thin film hydration represents the best lipoplexes formation method in terms
of quality and stability of the formulation [65]. Similar results were obtained by
Levine et al., who found that TF method was best for gene encapsulation giving a
higher yield and avoiding the use of organic solvents [74].

3.3.2. Physical-Chemical Characterization Methods
Quantification of genetic material encapsulated into liposomes or niosomes is basic
for the evaluation of the lipoplexes pharmacological performances. Several methods
have been proposed and used, but as most cationic vesicles do not need purification,
no final quantification is required [74]. DNA content can be quantified by measuring
the activity of radioactive labelled nucleotides, but the convenience of this methods
limited by the associated risk of radio-active exposure [75]. Instead, PicoGreen DNA
quantification method exploits the difference in fluorescence intensity before and
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after vesicles disruption mediated by Triton X-100 [76]. PicoGreen is an
intercalating dye, so proteins do not interfere with the resulting measurements [77].
Also, UV spectrophotometric analysis is classified as common DNA quantification
tool, but it is not often used because it does not distinguish between DNA and RNA
and it is sensitive to contaminations from lipids and surfactants [78, 79].
Additionally, several inconsistencies were found between PicoGreen analysis and
UV absorbance measurement [80]. To over-come the limitations related to the most
used quantification methods, covalently labelled RNA/DNA or fluorescently
labelled DNA have been proposed [81, 82].

4. Recent advances in cationic vesicles-mediated gene delivery.
Cationic liposomes can be used as non-viral vectors for gene therapy due to their
ability to easily promote complexation with nucleic acids, forming lipoplexes that
are capable of transporting these nucleic acids into cells. In the late 80's a study by
Felgner e al. [35] reported, for the first time, the ability of cationic liposomes to
efficiently form complexes with DNA and transfect the COS-7 cell line. This study
helped to understand the potential of liposomes for gene therapy. Felgner’s
lipoplexes were prepared starting from small unilamellar liposomes based on N-[1-
(2, 3- dioleyloxy) pro-pyl-N, N, N-trimethylammonium chloride (DOTMA) after
spontaneous interaction with DNA. This procedure gave large DNA aggregates
surrounded by thin lipidic fibers, or condensed DNA coated by lipid bilayers, with a
100% DNA loading [35]. The dynamics of the lipoplex formation is not well known,
but it has been demonstrated that the lipid packing parameters determines the
structural organization. The lipoplex is obtained by the addition of a solution of
cationic liposomes to an aqueous solution of DNA. The electrostatic interactions
between negatively charged phosphate groups of the nucleic acid molecules, and the
positively charged liposomes, drive the spontaneous formation [83]. These
interactions lead to nucleic acid charge neutralization, and are followed by the
disruption of liposomes and the condensation of nucleic acid molecules into
lipoplexes. Ross and Hui [84], in 1999, reported that the lipoplex structure does not
look like that of small unilamellar liposomes from which they derive. Lipoplexes
consist of hydrated DNA layers alternating with cationic lipid bilayers (Fig. 4A). A
structural variant consists of a reverse hexagonal phase in which the DNA is
allocated in the aqueous core (Fig. 4B) [85]. magnetic cationic liposomes, giving a
considerable drug accumulation at the tumor site, under magnetic field guidance.
More recently, non-ionic surfactants have been incorporated into cationic liposomes
bilayers as helper components for the delivery of plasmid DNA and
oligodeoxyribonucleotides. Huang et al. pre-pared modified cationic liposomes with
sorbitan monoesters and in vitro cellular uptake experiments showed that Span plays
an important role in increasing the cellular uptake of encapsulated oligonu-cleotides
[100]. In particular, the authors observed that cationic liposomes modified with Span
40 significantly facilitated the cellular uptake by COS-7 and HeLa cells and showed
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some positive effects on gene expression. The same research group proposed
polysorbate-based cationic niosomes by TF method as gene carriers [62]. These
formulations included non-ionic surfactants (Tween®™) and a modified cationic
cholesterol. The cationic cholesterol, as a membrane additive, offers positive charges
useful to bind genetic material and facilitate the access to the negative cellular
membrane, improving intracellular transfer. Tween surfactants, particularly Tween
85, gave great stability to vesicles, high efficiency of gene transfer and strong bio-
compatibility.

Zhou et al. [101] designed new surfactant vesicles for the delivery of siRNA. This
novel vector, made of non-ionic surfactant, Span 80, DOTAP, and TPGS, was
compared with DOPE/DOTAP and Span 80/DOTAP. Obtained data showed that the
Span 80-based formulation was 6-fold more active than DOPE formulation in siRNA
delivery.

Paecharoenchai et al. [102] obtained vesicular systems from Span 20, cholesterol,
and novel synthesized spermine-based cationic lipids with different acyl chain length
(C14, C16 and CI18). The highest transfection efficiency, as well as the low
cytotoxicity and the minimum haemolytic effect in vitro, was obtained by sper-mine-
C18 based niosomes.

Sarker et al. [103] prepared cationic liposomes from synthesized hydrochloride salt
arginine-based cationic lipids and trifluoroacetic acid salt arginine-based cationic
lipids, without helper lipids. The transfection efficiency and the cytotoxicity of the
arginine-based vesicles were evaluated on neuronal and human cervical cancer cells.
Researchers observed that the counter ions in the arginine head groups did not
influence the morphology of lipoplexes. In particular, the pDNA acted as a bridge
among the cationic membranes and also stabilized the condensed lamellar phase.
Several studies have suggested that there is a simple and direct correlation between
structure and transfection efficiency. Zuhorn et al. [86] have shown that formation
of the hexagonal phase in lipoplexes (following interaction with anionic lipids) is
essential for the translocation of nucleic acids across endosomes into the cytoplasm.
Caracciolo et al. [87], however, have demonstrated that DO-TAP/DOPE/cholesterol
liposomes with a multilayer structure in-crease the transgene expression in ovary
adenocarcinoma cells, 4 folds more than compared with DC-Chol/DOPE liposomes.
On the contrary, other researchers have demonstrated that DC-Chol/DOPE
complexes transfect human tracheal epithelial cells more efficiently than other
cationic lipid-DNA complexes [88]. It should be noted that the interactions of
lipoplexes with cellular membrane lipids may result in a structural organization
different from the original structure. Several studies have shown that the presence of
helper lipids improved the transfection efficiency of liposomes and decreased the
cytotoxicity associated with the high positive charge [58, 89-91]. For instance, helper
or neutral lipids, such as DOPE, DOPC, Chol and MO, are often included in
formulations to improve the characteristics of liposomes. These lipids were found
able to change the liposome lamellar phase into a non-lamellar phase [92]. The
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structured phases are able to promote fusion with endosomal mem-branes and
destabilization of lipoplexes during transfection [93]. In particular, Yang et al. [65]
developed cationic liposomes based on DOPE and 3B- [N-(N°, N’-
dimethylaminoethane) carbamoyl] cholesterol (DC-Chol). The samples were
prepared with different methods, (TF, RPE and EI). through Morphology, particle
size and zeta potential of the resulting samples were investigated. Samples by TF
method showed better stability within 2 months, without aggregation at size increase
and higher zeta potential values. On the basis of regression equations and response
surface models, authors identified the optimal formulation giving the highest
encapsulation efficiency [65]. Different gene delivery systems were developed
starting from DOTAP or DC-CHOL in combination with other lipids including
DPPC, DOPE, EPC and DPPE by Ramezani et al. in 2009 [94]. Researchers
observed that DOTAP: DPPE, DC-CHOL: DOPE and DOTAP: DOPE: DPPE
formulations showed the highest transfection activity.

An in-depth study on the influence of preparation methods on the lipoplexes
characteristics were performed by Levine et al. [74] Liposomes and pDNA-
encapsulated liposomes were prepared with DPPC, DPPE-PEG2000, and cholesterol
with three different methods: TF, REV and AVF, pDNA concentration was
determined by measuring activity from radioactively labelled pDNA. TF was
evaluated the best preparation method as REV method provided no advantage over
the TF in terms of overall pDNA yield, and the use of organic solvents could give
adverse effects and toxicity concerns.
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Fig. 4 Schematic representation of structure lipid-DNA arrangement in
lipoplex: A complexed lamellar; B complexed reverse hexagonal structure.

It is worthy to note that the presence of uncomplexed cationic vesicles may influence
the transfection activity and cytotoxicity, so formulations must be controlled by
finely tuning the lipid film composition. This procedure implies modifications of
positive/negative charge ratio. Sample may contain uncomplexed cationic
liposomes. These vesicles may compete with lipoplexes for binding/uptake the cells,
and give additional toxicity [95]. Therefore, in order to maximize the overall pDNA
encapsulation, the lipid concentration should be increased, while in order to
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minimize the number of uncomplexed carriers within the formulation, higher pPDNA
and lower lipid concentrations should be used [74].

One limitation for in vivo applications of lipoplexes is their short half-life, which
decreases the possibility of liposomes to reach their site of action. The optimization
of lipoplexes has been made by the inclusion of functionalities at the liposomes
surface. A common method to increase the half-life of liposomes involves their
surface modification with inert and biocompatible polymers, such as polyethylene
glycol (PEG). PEG can be used to coat the vesicles surface, reducing the peripheral
liposome charge and the proteins binding. As a consequence, the liposome
recognition by opsonins decreases, avoiding clearance, increasing circulation time
and reducing toxicity [96].

Nicolazzi et al. [97] prepared cationic lipoplexes inserting PEG-lipids into bilayers.
In this case, PEG was not used to stabilize the particles by steric repulsions, since
the stabilization was readily maintained by the cationic charges of complexes, but it
was the shielding compound for preventing interactions with seric proteins. This
strategy allowed authors to get lipoplexes with a lower blood clearance, a higher
accumulation and a gene expression in the lung. Another approach relies in the
simultaneous delivery of drug and gene in tumor treatments.

An exhaustive example was reported by Kang et al. [98], who combined
hydrophobic drug and siRNA for the treatment of multidrug resistance in cancer. In
this study the authors studied the co-delivery of anticancer small interfering RNA
(siRNA) and a chemical MEK inhibitor using cationic liposomes, and they observed
an increase of anticancer activity both in vitro and in vivo. Recently, a synergic
combination between hydrophobic drug and pDNA for applications in cancer
immunotherapy as well as for the enhancement of tumor was reported by Peng et al.
[99]. Researchers developed a targeted thermosensitive co-delivery system based on
magnetic cationic liposomes loaded with doxorubicin and SATB1-shRNA and
evaluated its antitumor effect against gastric cancer both in vitro and in vivo. The
results suggested that gene delivery efficiency and doxorubicin release could be
improved with magnetic cationic liposomes, giving a considerable drug
accumulation at the tumor site, under magnetic field guidance.

More recently, non-ionic surfactants have been incorporated into cationic liposomes
bilayers as helper components for the delivery of plasmid DNA and
oligodeoxyribonucleotides. Huang et al. prepared modified cationic liposomes with
sorbitan monoesters and in vitro cellular uptake experiments showed that Span plays
an important role in increasing the cellular uptake of encapsulated oligonucleotides
[100]. In particular, the authors observed that cationic liposomes modified with Span
40 significantly facilitated the cellular uptake by COS-7 and HeLa cells and showed
some positive effects on gene expression.

The same research group proposed polysorbate-based cationic niosomes by TF
method as gene carriers [62]. These formulations included non-ionic surfactants
(Tween”™) and a modified cationic cholesterol. The cationic cholesterol, as a

105



3. Nanocarriers for Cancer Therapy

membrane additive, offers positive charges useful to bind genetic material and
facilitate the access to the negative cellular membrane, improving intracellular
transfer. Tween surfactants, particularly Tween 85, gave great stability to vesicles,
high efficiency of gene transfer and strong biocompatibility.

Zhou et al. [101] designed new surfactant vesicles for the delivery of siRNA. This
novel vector, made of non-ionic surfactant, Span 80, DOTAP, and TPGS, was
compared with DOPE/DOTAP and Span 80/DOTAP. Obtained data showed that the
Span 80-based formulation was 6-fold more active than DOPE formulation in
siRNA delivery. Paecharoenchai et al. [102] obtained vesicular systems from Span
20, cholesterol, and novel synthesized spermine-based cationic lipids with different
acyl chain length (C14, C16 and C18). The highest transfection efficiency, as well
as the low cytotoxicity and the minimum haemolytic effect in vitro, was obtained by
sper-mine-C18 based niosomes. Sarker ef al. [103] prepared cationic liposomes from
synthesized hydrochloride salt arginine-based cationic lipids and trifluoroacetic acid
salt arginine-based cationic lipids, without helper lipids. The transfection efficiency
and the cytotoxicity of the arginine-based vesicles were evaluated on neuronal and
human cervical cancer cells. Researchers observed that the counter ions in the
arginine head groups did not influence the morphology of lipoplexes. In particular,
the pDNA acted as a bridge among the cationic membranes and also stabilized the
condensed lamellar phase.

Experimental results indicated that larger carriers showed elevated transfection
efficiency, because of their higher contact with the cells, confirming that lipoplexes
physical-chemical properties strongly affected the lipoplexes performance.

ABBREVIATIONS
Chol Cholesterol
CV Cationic vasicle

DC-Chol 3 B-[N-(N",N*-dimethylaminoethane)carbamoyl] cholesterol

DD Detergent dialysis

DOTMA N-[1-(2, 3- dioleyloxy)propyl-N, N, N-trimethylammonium chloride
DOPE 1, 2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOPC Dioleoylphosphatidylcholine

DOTAP 1, 2-dioleoyl-3-trimethylammonium-propane

DPPC 1, 2-dipalmitoyl-sn-glycero-3-phosphocholine

DPPE 1, 2-dipalmitoyl-sn-glycero-3-phosphoethanolamine

DPPE-PEG2000

N-(Carbonyl-methoxypolyethyleneglycol 2000)-1, 2-distearoyl-sn-glycero-3-
phosphoethanolamine, sodium salt

EI Ethanol injection

EPC Egg L-a-phosphatidylcholine

GT Gene therapy

MO Monoolein

TF Thin film hydration

TPGS D-a-tocopheryl polyethylene glycol-1000 succinate
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ABSTRACT
Liposomes coated with multifunctional polymers were proposed as innovative
platform for tumor targeting drug delivery. Novel Folic-thiolated-chitosan (FTC)
derivatives possessing active targeting and redox responsivity ability were
developed, characterized and employed to coat liposomes made up of PC:PG:Chol.
The physicochemical properties such as size, surface charge and drug encapsulation
efficiency were evaluated before and after coating process. The formation of a
coating layer on liposomal surface was confirmed by the slight increase of particle
size and by the inversion of Zeta-potential values. FTC-coated liposomes showed a
redox-dependent drug release profile: good stability at physiological conditions and
a rapid release in presence of glutathione. Moreover, their cytotoxic activity after
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loading with doxorubicin was evaluated on B16-F10 melanoma cancer cell lines.
The results showed an enhanced antitumor efficacy of FTC-coated liposomes
compared to chitosan-coated liposomes used as control. The increased cytotoxicity
of FTC-coated liposomes could be attributed to higher cellular uptake via Folate
receptor-mediated endocytosis and to the triggered drug release by the reductive
microenvironment of tumor cells. Therefore, our formulations show great potential
as nanocarriers for targeted cancer therapy.

Keywords

Liposomes, Folic acid, Redox responsive, Chitosan, Doxorubicin

1. Introduction

Multi-target drug delivery systems are innovative pharmaceutical devices emerging
as one of the most promising challenge in cancer therapy. The major limitation of
traditional chemotherapy is the low drug selectivity and the use of supramolecular
carriers aiming to modify drug distribution and to improve pharmacokinetic and
pharmacodynamic profiles has been extensively reported in literature [1]. Several
approaches such as active and passive targeting have been, indeed, studied to achieve
a controlled drug release, increased cellular uptake, enhanced drug distribution,
prolonged half-life and reduced side effects. Anyway, the expected results were far
from optimal and inadequate to obtain clinical efficacy. To further improve drug
performance, the design of tailor-made carriers combining several targeting
approaches in a single system has been actively pursued in the last years. Smart
engineered nanocarriers exhibiting simultaneously multiple tumor targeting
properties have shown great promise in clinic and could be used in the near future as
tools for personalized cancer therapy. Different strategic combinations have
demonstrated a high control of drug release at the site of action and reduced drug
leakage avoiding toxic effects on healthy cells [2, 3]. Among the strategies adopted
to increase tumor targeting capability, considerable efforts have been paid to the
design of stimuli responsive nanodevices. Both biological/endogenous and non-
biological/exogenous stimuli are currently investigated as triggers to activate a fast
and localized drug release within the interested target site [4]. External stimuli-
responsive nanoparticles offer some advantages including spatial, temporal and dose
control of the drug release through a remote apparatus that can be switched on and
off at will [5]. Common external signals used are temperature [6], magnetic field [7,
8], ultrasound[9] and light[10]. On the other hands, the drug release can also be
triggered by specific biological signals of altered microenvironment of cancer cells.
Tumors normally present low pH [11], high redox potential [12] and specific
proteolytic enzymes [13] and, thus, carriers can be smartly engineered to undergo

rapid changes in their structure only under exposure to these conditions. Among the
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stimuli investigated for anticancer drug delivery, very interesting results have been
achieved with glutathione (L-y-glutamyl-L-cysteinylglycine, GSH), a natural
antioxidant involved in cellular redox homeostasis [14]. GSH represents the major
organic reducing agent in the human body protecting the cells from harmful effects
of free radicals. Due to the role of GSH in tumor initiation, progression and drug
resistance [15, 16], GSH concentrations inside cancer cells (2-20 mM) are, in fact,
significantly higher (four-fold) than that in extracellular matrix (2-20 pM) or in
normal healthy cells [17]. Therefore, the incorporation in nanocarriers of disulfide
linkages cleavable by GSH is ongoing as a promising way to obtain a selective and
localized drug release. Notably, disulfide bonds act as controlled gates, thus,
preventing the premature drug leakage, decreasing the systemic toxicity and
triggering the release only in the redox rich environment of the cancers cells [18].
Moreover, active targeting approach exhibits unique advantages in current cancer
therapy. This strategy refers to a selective molecular recognition between ligands on
carrier surface and specific receptors on tumor tissues. Many cancer cells, indeed,
exhibit overexpression of specific receptors in response to their increased metabolic
demand. The specific interaction of modified carriers with cell receptors allows an
enhanced drug accumulation in the tumor microenvironment and, subsequently, an
improved internalization via receptor mediated endocytosis. A large variety of
molecules such as antibodies, proteins, cell penetrating peptides, sugar and small
molecules were deeply investigated for active delivery of drugs to cancer tissues
[19]. Folic acid (FA) is one of the most popular approaches because its receptors are
overexpressed in a wide range of epithelial cancer cells such as ovary, breast, liver,
brain, colon, lung and kidney [20] and exhibits high binding affinity with
dissociation constant (Kd) < 1 nM [21]. On the contrary, folate receptor shows low
expression frequency in normal healthy cells. Folate receptors actively internalize
folate conjugated devices via receptor mediated endocytosis. Consequently, the
surface functionalization of nanocarriers with folic acid represents an attractive
strategy to increase the uptake and accumulation of the chemotherapeutic drug at the
tumor site.

Liposomes are nanovesicular systems suitable for the design of multifunctional
devices due to their excellent features such as biocompatibility, biodegradability,
sustained and controlled release [22,23,24]. Their application in cancer treatment is
still limited by various drawbacks related to the premature drug leakage, low
physical and chemical stability and non-specific targeting [25,26]. Surface coating
of liposomes with biocompatible polymers has been proposed as a potential way to
overcome some of these limitations [27,28]. In particular, the coating of liposomes
with multi-targeted polymers may be a strategic approach aiming to enhance target
specificity towards cancer. A recent study focused on the design of liposomes coated
with pH sensitive polymers demonstrated an enhanced anticancer activity and
cellular uptake of them [29].
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Herein, taking into account all these considerations, we reasoned the design of
liposomes coated with polymer combining active targeting and redox-responsivity
as innovative platform for intracellular anticancer drug delivery.

To achieve this goals, chitosan, a natural, biocompatible, easily modified
(chemically) polymer was selected as starting material. In the first step, the polymer
was functionalized with a targeting agent FA and L-cysteine (L-Cys) residues that
can be easily oxidized by air to give inter- and intramolecular disulfide bonds. The
synthesized polymers were characterized, used to coat Calcein loaded liposomes and
the redox-responsive behavior was studied. After confirming the sensitivity to
reduced environment, Doxorubicin (Dox), an anthracycline antibiotic with broad-
spectrum antitumour activity, was loaded in liposomes and the cytotoxicity of the
liposomes coated with the new conjugate was investigated in B16-F10 melanoma
cancer cell lines.

2.0 Materials and Methods

Chemicals
Egg phosphatidylocholine (PC), Phosphatidylglycerol (PG) were purchased from

Lipoid. Chitosan (low molecular weight), N-cyclohexyl-N-(2-morpholinoethyl)
carbodiimide-metho-p-toluenesulfonate, L-cysteine, Folic acid, Doxorubicin
hydrochloride, Glutathione, 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide and all other reagents used were purchased from Sigma- Aldhrich.

2.1 Preparation of Folic-thiolated-chitosan

Following the scheme shown in Figure 1, Folic-thiolated-chitosan (FTC) conjugates
were synthetized through a two step-process. Firstly, L-Cys conjugation to chitosan
backbone was achieved via amide formation. Three different thiolated chitosan (TC)
derivatives were synthesized and the quantities used are reported in Table 1. Briefly,
the carboxylic group on L-Cys was activated by PTCD in demineralized water for 1
hour. Next, CHT was dissolved in acetic acid 1 %(v/v) to obtain a 1% (w/v) polymer
solution and added dropwise to the above solution under magnetic stirring. The pH
of the reaction mixtures was carefully adjusted to 5 with NaOH 0.5 M. After that,
the mixture was reacted in the dark at room temperature under stirring for 4 hours.
The resulting solution was extensively dialyzed [molecular weight (MW) cutoff 12
kDa] for 3 days, first against 5 mM HCI, twice against 5 mM HCI containing 1%
NaCl, and finally against 1 mM HCI. Finally, the polymers solutions were
lyophilized and used for the synthesis of Folic-thiolated-chitosan (FTC).
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Conjugate Chitosan L-Cysteine PTCD
(mg) (mg) (mM)
TC1 150 150 50
TC 2 150 300 150
TC3 150 600 150

Table 1. Amounts of reagents used ( 10%) for the synthesis of TC conjugates
with different weight ratios of L-Cysteine.

In the second step, PTCD (0.04 mmol) was added to 2 mg ml"'of FA (0.02 mmol) in
dimethyl sulfoxide and stirred at room temperature for 1 hour. Then, 100 mg of TC
was dissolved in 10 ml of acetic acid 1 % (v/v), added to the above solution and
stirred in the dark at room temperature for 16 hours. The mixture was, thus,
precipitated leading the pH to 9. The flocculent precipitate was collected and then
dialyzed (molecular weight cut-off, 12 kDa) against the excess amount of 0.1 M
sodium phosphate buffer (pH 7.4) for 3 days and, then, water for 3 days. Finally,
after being freeze-dried, the resulting products were obtained and stored at 4°C until
further use. 'H-NMR (400 MHz, D,0) & (ppm): 1.97 (s, -NHCOCH3), 2.63 (s, -
CH,SH), 3.07 (s, proton of Glucosamine unit of CHT), 3.25-3.80 (m, proton of
Glucosamine unit of CHT), 6.95 (d, aromatic proton of FA), 7.65 (d, aromatic proton
of FA), 8.74 (s, aromatic proton of FA).

PTCD

Figurel. Synthesis route of Folic-Thiolated Chitosan. Abbreviations: L-CYS, L-
Cysteine; PTCD, N-cyclohexyl-N-(2-morpholinoethyl) carbodiimide-metho-p-
toluenesulfonate; FA, Folic Acid.

2.2 Characterization of FTC conjugates
2.2.1 '"H-NMR analysis
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"H NMR spectra were recorder at 25°C with a Varian Mercury 400 MHz instrument.
The chitosan and three FTC polymers were each dissolved in deuterium oxide (D20)
acidified with 2 % (v/v) trifluoroacetic acid (CF3COOH). The signals obtained were
reported in parts per million.

2.2.2 Quantification of Folic acid

The amount of FA conjugated on CHT was evaluated using UV-Vis spectroscopy,
considering its absorption at 285 nm. The conjugates were dissolved in 1 % acetic
acid at the concentration of 2x10” mg/mL and the measurements of the absorbance
of these solutions were performed. The FA concentration was calculated on the basis
of a standard curve previously plotted from a stock solution of FA dissolved in a
0.1M NaOH solution, from which subsequently dilutions in 1% acetic acid were
made in the range 0.2-2x10 mg/mL.

2.2.3 Determination of thiol and disulfide bond content
The amount of thiol groups on the polymers was determined via iodometric titration

[30]. Firstly, a storage iodine solution was prepared at concentration 0.1 M by
dissolving 0.63 g of I, and 1.93 g of KI in 25 ml of distilled water and diluted just
before the assay. Each polymer was hydrated in 0.5 M acetate buffer pH 2.7 in
different concentrations (0.5-0.05 mg/ml). Then, 1 ml of starch aqueous solution
(1%, w/v) and 1 ml of iodine (1 mmol/l) were added to 2 ml of each sample. Iodine
promotes the oxidation of free thiol groups. The excess of iodine reacts with starch
giving a blue complex easily measured at 560 nm. The amount of thiol moieties was
calculated from a standard curve of L-Cys in a concentration range of 20—70 mol/I.
Disulfide bond content was measured after reduction with NaBH,4 and conversion to
thiol groups. Control samples were elaborated with non-thiolated chitosan.

2.3 Liposomes preparation
Multilamellar (MLV) and small unilamellar (SUV) liposomes made up of

PC/PG/Chol 9:1:5 (mol/mol/mol) were prepared by the thin film hydration technique
as reported. In brief, accurately weighted amounts of lipid were dissolved in a
Chloroform /Methanol (2:1 v/v) mixture in a round-bottom flask. The solvents were
evaporated under reduced pressure and constant rotation to form a thin lipid film on
the walls of the flask. Hydration of the lipid film was performed adding 1 ml of PBS
buffer pH 7.4 at 42°C and applying bath sonication and intensive vortex. The
obtained liposomes dispersion, thus, was left to equilibrate for 2 hours at a
temperature above the transition temperature of the lipid (42°C) in order to allow
complete annealing of any structural defects. SUVs were prepared from MLV
applying probe sonication until the formation of clear dispersion. Titanium
fragments released from probe as result of the high intensity of sonication were
removed by centrifugation at 15000 rpm for 20 min. Finally, the liposome
dispersions were stored at 4°C or used immediately.
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2.4 FTC coating of liposomes

The coating of liposomes was performed using a polymer/lipid mass ratio equal to
0.1, reported as the best condition to achieve the maximum coating efficiency in a
previous work [31]. Firstly, the coating solutions were prepared dissolving the
polymers in isotonic acetate buffer (pH 4.4). The exact phospholipid content of the
liposomes was measured by the Stewart assay in order to know the concentration of
polymer solution necessary to achieve FTC/PC equal to 0.1 (mass ratio). The
polymer solution was added dropwise into liposomes dispersion at equal volume,
under continuous stirring for 1 hour. CHT-coated liposomes in the same conditions
were prepared as control.

The coating efficiency (CE%) of the liposomes was determined as the ratio between
the phospholipid content within the FTC-coated liposomal fraction and the total
phospholipid content of liposomes. For this, the FTC-coated liposomes were
subjected to centrifugation at 14.000 rpm for 20 min until complete sedimentation
of the coated liposomes. The phospholipid concentration before and after
centrifugation was determined by the Stewart assay. Thus, CE % was calculated
using the following equations:

lipid content in pellet

CE.% = 100

lipid content before the centrifugation

2.5 Liposomes physicochemical characterization

2.5.1 Stewart assay
The lipid concentration of the liposomes dispersions was measured by the Stewart

assay [32] based on the formation of a colored complex between phospholipids and
ammonium ferrothiocyanate (485 nm). Firstly, the Stewart reagent was prepared by
dissolving 27.03 g of FeCls 6 H,O and 30.4 g of ammonium thiocyanate in 1 L of
double distilled water. Then, 20 pL of each liposomal suspension were mixed with
2 mL of Stewart reagent and 2 mL of CHCIl;. The resulting mixture was intensively
vortexed for extraction of the lipid complex in the organic phase and, after that,
centrifuged at 4000 rpm for 5 min. The lipid concentration was calculated on the
basis of a standard curve prepared with known amount of each phospholipid.

2.5.2 Size distribution and Zeta potential measurements
The liposomes size and distribution before and after coating were measured by

dynamic light scattering (DLS) technique (Malvern Nano-Zs; Malvern Instrument,
UK) at 25 °C and an angle of 173°. The Polydispersity Index (P.I.) was used as a
measure of the size distribution. P.I. less than 0.3 indicates a homogenous and
monodisperse population in the case of colloidal systems [33]. Zeta potential was
also measured at 25 °C by the same instrument using the Doppler electrophoresis
technique.
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2.6 In vitro redox responsive release studies
To evaluate the redox responsive nature of the designed liposomes, the release

experiments were performed in presence or absence of GSH in order to simulate the
intracellular compartment of cancer cells and the physiological environments.
Calcein, a water soluble and fluorescent probe was used as release molecule and
Calcein-loaded SUV liposomes were initially prepared as above described using a
buffered solution containing Calcein in a quenched concentration (100 mM). Calcein
liposomes were separated from non-entrapped drug by gel filtration on a Sephadex
G-50 (1 cm x 30 cm) column eluted with PBS buffer. Subsequently the liposomes
were coated using a 0.1 (w/w) FTC/lipid ratio by the method mentioned above. CHT-
coated liposomes were also prepared and their release profiles were evaluated in the
same conditions.

Aliquots of liposomes suspension were placed in dialysis bags (0.5 mL), manipulated
before use (Visking dialysis tubes, 20/30 cut-off: 12,000-14,000 Da) and suspended
in 20 mL of phosphate buffer saline (PBS, pH 7.4) with or without 10 mM GSH at
37 °C. At prescribed time intervals, 2 mL of the release medium were withdrawn
maintaining the volume of the receptor compartment with an equal volume of fresh
solution. The total amount of drug in the withdrawn samples was determined by the
quantitative fluorescence spectrophotometric method (emission wavelength: 470
nm, excitation wavelength: 520 nm). The results were presented in terms of
cumulative release as a function of time. All drug release studies were carried out in
triplicate.

2.7 In vitro cytotoxicity assay
The cytotoxic effects of empty liposomes coated with new polymers were evaluated

towards Human Embryonic Kidney 293 (HEK-293) cells using the 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) dye test (cell
viability) The cells were grown in RPMI medium (Gibco) supplemented with
penicillin-streptomycin (100mg/ml), and 10% heat-inactivated FBS, at 37 °C, 5%
CO2/saturated humidity. For the assay, the cells were seeded at a density of 5 x10*
cells/ml in 24-well tissue culture plates for 24 h to allow the adhesion of the cells.
The culture medium was, then, replaced with fresh medium and the different
liposomal formulations were added at final polymer concentration of 0.6 and 1.8
pg/ml. After 3 h, the cells were washed and incubated with fresh medium for other
45 h. Untreated HEK-293 cells were used as control. At the end of the incubation
time, 50 pul of MTT tetrazolium salt (5 mg/ml dissolved in PBS) were added to each
well and the cells were incubated at 37°C and 5% CO, for additional 4 h, to allow
the formation of violet formazan crystals. Acidic isopropanol (500 ul) was added to
solubilize the formazan crystals in the cells. Viable cells (%) were calculated based
on the formula (A570sample - A570background)/(A570control -A570background)
x 100, where A570control is the OD-570 nm of untreated cells and A570background
the OD-570 nm of MTT without cells.. Values of cell viability are expressed as the
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mean of at least three different experiments + S.D.

2.8 Doxorubicin Liposomes: Preparation and evaluation of

anticancer activity.
Dox was loaded into the liposomes using the active loading technique. According to

this method, PC/PG/Chol liposomes were prepared in ammonium sulfate
(INH4]2S04, 120 mM) instead of PBS, as described above. The un-trapped external
ammonium sulfate was removed by ultracentrifugation at 40000 rpm for 2 h and,
then, the pellet was resuspended in PBS pH 7.4. Subsequently, a Dox solution (0.2
mg/mL) was added to the liposomes at a 7:1 phospholipid/ Dox weight ratio and
incubated at 60 °C for 1 hour protected from the light. Finally, the liposomes were
firstly purified from non-encapsulated drug by ultracentrifugation (40.000 rpm for 1
h) and then coated as described above.

Dox encapsulation in liposomes was determined as the molar ratio of drug over lipid
[D/L (umol/ umol)] in the Dox encapsulating liposomes. The drug as well as the
lipid content of each liposome preparation was measured as described below. For the
measurement of the Dox amount, 200 pL of each liposomes dispersion was
completely dissolved in 1.98 mL of PBS and 2 mL of Triton 10 %. Then the
absorption of Dox at 481 nm wavelength was recorded on an UV—vis spectrometer
and the concentration was calculated according to the standard curve constructed by
standard solutions of Dox in PBS/Triton 10% (linear in the 2.5-40 ppm range). For
the measurement of phospholipid concentration, instead, the Stewart assay was used.
The anticancer activity of liposomes coated with target polymer was evaluated in
B16-F10 melanoma cancer cells. The cells were seeded at a density of 5 x10* cells/ml
in 24-well tissue culture plates as above described. The cells were treated with Dox-
loaded liposomes at two concentrations; 1 and 3 uM. After 3 h of incubation the cells
were washed and incubated with fresh medium foranother 45 h. Values of cell
viability are expressed as the mean of at least three different experiments + S.D.

2.9. Statistical analysis

Data are expressed as mean + S.D. of at least three independent experiments.
Statistical analysis was performed using Student’s t-test. P-values < 0.05 were
considered statistically significant.

3.0 Results

3.1 Characterization of FTC conjugates
In this study, novel folate redox-responsive chitosan derivatives were designed and

characterized. The aim was to combine redox-responsivity and active targeting into
a single polymer for improved specificity on targeting cancer cells. FTC conjugates
were synthetized in a two-step synthesis pathway by covalent coupling of L-Cys and
FA to CHT using the carbodiimide chemistry, as shown in Figure 1. '"H-NMR and
UV-vis spectroscopy were performed to characterize the chemical structure of the
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resultant materials. The 'H-NMR spectra of FTC conjugates showed a new peak at
2.63 ppm corresponding to methylene protons on -CH,SH confirming the successful
L-Cys conjugation. Moreover, the appearance of peaks at 8.74 ppm, 7.65 ppm, 6.95
ppm which correspond to the aromatic ring of folate revealed the effective
incorporation of this targeting molecule in CHT backbone. The successful FA
conjugation was also confirmed by UV-vis spectroscopy. In fact, the typical
absorption peak of FA at 280 nm was clearly observed and the content of FA
conjugated resulted be 59.70+ 4.60, 28.16 + 1.04 and 45.85 + 4.92 umol /g polymer
respectively for FTC1, FTC2 and FTC3. Iodometric titration was used to evaluate
the free thiol groups and disulfide bonds content in the polymers and the results of
quantitative assay are reported in Table 2. As can be observed, the highest degree of
conjugation was achieved using a polymer:L-Cys ratio of 1:4 . Moreover, the
41.13%, 33.53% and 62.00% of the total amount of thiol groups were oxidized to
the disulfide during conjugation process respectively for FTC1, FTC2 and FTC3
(Table 3) .

Conjugate CHT:L-Cys:FA -SH free total -S-S bond
Ratio (wt:wt:wt)
(umol/g (mol/g polymer)
polymer)
FTC1 1:1:0.1 90.2+4.5 37.0£ 1.9
FTC2 1:2:0.1 122.0+ 6.1 41.0+2.1
FTC3 1:4:0.1 160.0+ 7.9 99.2 +£4.8

Table2. Amount of thiol groups and disulfide bonds grafted on chitosan obtained by
iodine titration method.

3.2 Characterization of liposomes
Redox-responsive nanodevices were obtained by coating traditional liposomes made

up of PC:PG:Chol with the multi-functional polymers synthetized. The physical
polymer coating can give to liposomes some attractive features, such as an improved
stability accompanied by prolonged circulation times and resistance to macrophage
uptake, redox-responsivity and active targeting properties. Several studies were
carried out in order to confirm the effective formation of a coating layer on liposomes
surface and to evaluate its effect on vesicles physicochemical characteristics since
are key aspects that contribute to the overall behavior of the systems in vitro and in
vivo. The mean diameters, P.I. and Zeta-potential of liposomes before and after the
coating are given in Tables 3. The designed liposomes showed a specific distribution
size depending on the presence or absence of the coating layer. In fact, uncoated
liposomes had a mean size ranged between 57.35 nm and 134.10 nm with a
polydispersity index (PI) always < 0.3 indicating a narrow size distribution. The
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coating process, as expected, induced a slight increase in the vesicle size without
negatively affecting the characteristics of the systems. The designed liposomes have
an average diameter smaller < 400 nm as shown in Table 3. This smaller size is a
desirable feature for anticancer delivery systems since it is a crucial parameter in
influencing their stability in vivo. Commonly, liposomes with small size are
associated to extended bioavailability compared to larger liposomal formulations and
higher tumor accumulation through EPR effect [34]. The mean diameter of
liposomes coated with plain CHT was higher than FTC-coated ones. This could be
explained by the presence in the new conjugate of disulfide bonds among thiol
groups located close on different polymer chains. These intermolecular linkages may
lead to decrease the vesicles size and the development of a dense and compact
structure. positive nature of polymers employed which indicates successful
conjugation on liposomes surface. The presence of a polymer coating on liposome
surfaces was also confirmed by the inversion of the Zeta potential from negative to
positive values. Uncoated liposomes showed a Zeta potential equal to -20.9+ 1.1mV,
while the polymer-coated liposomes had a Zeta potential ranged between +27.8 +
0.4 and +31.2 = 0.1 mV. The shift in Zeta potential towards positive side can be
ascribed to particles leading, thus, a high stability of the systems designed with no
appearance sedimentation and coagulation in 3 months. Moreover, the positive
nature of the designed liposomes may improve their vascular targeting ability and
tumor accumulation thanks to the electrostatics interactions with anionic molecules
in the tumor microvasculature such as proteoglycans, glycoproteins and anionic
phospholipids [35]. The coated polymer over liposome ratio is a key parameter to
evaluate the coating ability. The CE% values measured for PC/PG/Chol liposomes
coated using CHT resulted be 77.58% in good agreement to previous study [31]. In
the case of new conjugates, the CE% was found to be 94.39%, 91.23 % and 88.47 %
respectively for FTC1, FTC2 and FTC3 indicating a better coating ability compared
to CHT.
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Formulation Size (nm) P.I1 Zeta-potential
(mV)
EMPTY LIPOSOMES
Non-coated 80.10 £ 4.60 0.233 -209+ 1.1
Chit-coated 157.40 +31.09 0.349 +29.2+2.1
FTC1-coated 92.58 £10.85 0.306 +323+£29
FTC2-coated 120.90 £9.41 0.222 +27.8+0.4
FTC3 coated 103.60 +2.80 0.280 +31.2£01
CALCEIN LIPOSOMES
Non-coated 57.35+0.78 0.221 -11.5+04
Chit-coated 13520+ 3.44 0.281 +29.6+3.7
FTC1-coated 104.20 £1.61 0.334 +382+1.0
FTC2-coated 89.37+2.34 0.267 +17.8+3.9
FTC3-coated 83.12+4.65 0.352 +17.7+45
DOX LIPOSOMES

Non-coated 134.10 £ 1.35 0.260 -14.1+1.5
Chit-coated 400.90 £15.37 0.380 +25.6+4.8
FTC1-coated 162.50 £3.93 0.326 +295+£22
FTC2-coated 225.04 £17.33 0.324 +21.5+0.8
FTC3-coated 159.92 £ 4.07 0.205 +279+1.2

Table 3. Physicochemical properties (hydrodynamic diameter, polydispersity index
and Zeta-potential) of empty, Calcein and Dox liposomes based on PC/PG/Chol before
and after coating with CHT and FTC polymers.

3.3 In vitro release studies

Extended drug retention in blood circulation and triggered release at the target site

are important items to achieve in order to develop an optimal intracellular drug

delivery system. To this end, the physical coating of liposomes with polymers

containing disulfide bonds has been proposed in this work. The disulfide bonds in
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surface coating should be able to reduce drug leakage during blood circulation and
allow a selectively and quickly payload release triggered by the presence of reducing
agents in tumor microenvironment. We decided, thus, to perform the release studies
using GSH as reducing agent. The experiments were carried out in PBS pH 7.4 in
presence and absence of 10 mM of GSH considering the concentrations of reducing
agents in the cancer cell cytosol and in the extracellular matrix/blood plasma,
respectively. The release profiles of Calcein used as model molecule from FTC-
coated liposomes are shown in Figure 2. It is clearly proved that the release rates
were markedly influenced by GSH. The drug release at pH 7.4 was very low
indicating a high stability of disulfide bonds in the polymer backbone at
physiological conditions. The presence of intermolecular disulfide linkages protects
the drug against premature leakage and maximizes its location on the site of
application. On the contrary, in presence of GSH the trend was already different
since the first hour. The Calcein release was significantly greater throughout the
investigated time range in reductive conditions predicting a rapid release in reduced
cytoplasm of cancer cells. This faster and sustained drug release can be attributed to
cleavage of disulfide linkages due their sensitivity to GSH. These formulations
satisfied, thus, basic requirements of redox-responsive delivery systems for cancer
therapy: drug retention during circulation and promoted release in response to
reductive stimuli. In particular, the three different polymers showed a different
ability to minimize the drug release at physiological conditions. The drug release at
pH 7.4 resulted to be inversely proportional to the amount of disulfide bond present
in the polymer chains. These results clearly suggested that FTC-coated liposomes
may control drug release in a redox-responsive manner. A control experiment using
liposomes coated with CHT with neither disulfide bonds nor FA ligands was also
performed under similar conditions. Calcein release from control liposomes did not
exhibit GSH dependence. In fact, similar release kinetics in presence and absence of
GSH were obtained. The current results confirmed our expectations and suggest that
the presence of disulfide linkages could make nanocarriers highly stable before
reaching tumor site but allow a complete and accelerated release after uptake in the
redox environment of cancer cells.
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Figure 2. Redox-triggered release of Calcein from polymer coated liposomes in
phosphate buffer pH 7.4 in absence (o) and presence of GSH 10 mM (A) at 37 °C
(mean + standard deviation, n =3). CHT coated liposomes were used as a reduction
insensitive control. In all cases, each value represents the mean + S.D. of three
independent experiments. At every sampling time, percentage of drug released in GSH
10 mM medium was statistically different (p < 0.05) from that recorded in medium
without GSH.

3.4 In vitro evaluation of coated liposomes toxicity

Biocompatibility studies of liposomes coated with multifunctional polymers were
performed by evaluating the cytotoxicity to HEK-293 cells. Blank polymer coated
liposomes were tested in the 0.6 to 1.8 pg/mL polymer concentration range. As
shown in Figure 3a, HEK-293 cells treated showed cell viability ~ 90% at all tested
concentrations after 48 h indicating a good biocompatibility and non-toxic nature of
FTC polymers.
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Figure 3. Biocompatibility assessment of empty polymer coated liposomes towards a)
HEK-293 and b) B16-F10 cells after 48 h at different doses, which correspond to the
doses of vesicles required to have DOX concentrations of 1.0 and 3.0 pM.

3.5 Dox-Loaded liposomes: physicochemical characterization and
anticancer activity

At this point, we decided to evaluate the potential anticancer activity of these
multifunctional liposomes by loading Dox, a potent anticancer agent.
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Figure 4. Dox encapsulation efficiency determined as the molar ratio of drug over
lipid [D/L (umol/ umol)] of uncoated and coated liposomes.
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Firstly, the drug was loaded in liposomes by the active loading method and, after,
the coating process was performed.

The sizes of drug-loaded vesicles before and after coating were small enough to
extravasate from the blood into the tumor interstitial space (Table 3).

The liposomes showed good capability in loading Dox and any leakage of
encapsulated Dox wasn’t observed during the coating process both with CHT and
FTC, as shown in Figure 4. On the contrary, higher drug entrapment efficiency was
obtained in polymer coated liposomes. This behavior is ascribed to the more compact
layers on liposomal surface which prevent the drug lost [36].

B16-F10 cells were selected as models to evaluate the antitumor activity of Dox-
loaded liposomes coated with FTC using non-target CHT-coated liposomes as
control. To identify the best conditions for anticancer activity evaluation, two
different Dox concentrations (1.0 and 3.0 uM) were tested. The results revealed that
empty coated-liposomes (both CHT and FTC) were practically non-toxic (cell
viability > 88.3% at 48 h) under the conditions applied in the experiments (Figure
3b). On the contrary, a significant reduction of viability was observed in the cells
exposed to liposomes coated with FTC and loaded with Dox. In fact, at the highest
Dox concentration tested, a better cell-growth inhibition was observed for FTC-
coated liposomes than the ones coated with CHT. In detail, the cell survival rate was
reduced to 89.61 % after treatment with CHT-coated liposomes, while the value was
42.99, 32.24 and 46.99% with the use of FTC1, FTC2 and FTC3, respectively. This
should be attributed to enhanced intracellular uptake by folate receptors and quickly
intracellular release of Dox due to the sensitivity to high GSH levels present in
cytoplasm of cancer cells.

The obtained results showed an enhancement of anticancer activity was achieved
only at the highest Dox concentration (3 uM) used, but not at the lowest one (1 uM).
This could be ascribed to the fixed ratio of FTC/Dox in liposomes that lead at higher
amount of the new conjugates with targeting properties only with the increase of Dox
concentrations. Consequently, a threshold amount of FTC is necessary to confer
targeting properties to liposomes. However, it was demonstrated that the targeted
liposomes had a higher anticancer activity compared to the non-targeted ones. This
suggest that the developed nanoliposomes could penetrate inside the cells via
endocytic processes and release the drug in the cytoplasm where GSH level is higher
and the disulfide bonds can be broken, facilitating the drug release. Our formulations,

thus, could be used in the future as multifunctional devices for controlled release of
Dox.
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Figure S B16-F10 cell viability when exposed to Dox-loaded liposomes coated with
different polymers after 48 h. Cell proliferation is expressed as mean + S.D. of three
experiments and as the percentage of the control assumed to be 100%. *p<0.05 vs
control; e p<0.05 vs CHT-coated liposomes treated cells.

4.0 Conclusions

In summary, we have developed a multitarget liposomal platform for enhanced
intracellular Dox delivery in anticancer therapy. To achieve this goal, novel
multifunctional chitosan conjugates were synthetized by simultaneous combination
of active targeting and redox responsivity and used to coat liposomal formulations.
The designed liposomes showed a GSH dependent drug release profiles and
enhanced cytotoxicity towards melanoma cell lines compared to non-target
liposomes. We believe that physical coating of liposomes with the developed
polymers enhanced tumor specificity of nanodevices and offers a promising
approach for smart drug delivery. Anyway, these early results are a promising first
step for the development of multi-functional devices and future research work is
necessary to be performed to evaluate cellular uptake ability and to test these
liposomal systems in animal models to obtain in vivo data.
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ABSTRACT

The clinical efficacy of Methotrexate (MTX) is limited by the poor water solubility,
the low bioavailability and the development of resistance in cancer cells. Herein, we
developed novel folate-redox responsive chitosan (FTC) nanoparticles for
intracellular MTX delivery. L-cysteine and Folic acid molecules were selected to be
covalently linked to chitosan in order to confer it redox responsiveness and actively
targeting of folate receptors (FRs). NPs based on these novel polymers could possess
tumor specificity and a controlled drug-release due to the overexpression of FRs and
high concentration of reductive agents in the microenvironment of cancer cells. NPs
were prepared using ionotropic gelation technique and characterized in terms of
sizes, morphology and loading capacity. /n vitro drug release profiles exhibited a
GSH dependence: in normal physiological environment, NPs maintained good
stability, whereas in a reducing environment similar to tumor cells, the encapsulated
MTX was promptly released. The anticancer activity of MTX loaded FTC-NPs was
also studied incubating HeLa cells with formulations for various time and
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concentration intervals. A significant reduction in viability was observed in a dose
and time dependent manner. Particularly, FTC-NPs showed a better inhibition effect
on HeLa cancer cell proliferation compared to non-target chitosan based NPs used
as control. The selective cellular uptake of FTC-NPs via FRs was evaluated and
confirmed by fluorescence microscopy. Overall, the designed NPs provide an
attractive strategy and potential platform for an efficient intracellular anticancer drug
delivery.

Keyword

Redox-responsive, folate-targeting, chitosan nanoparticles, Methotrexate,
intracellular drug release.

1.0 Introduction

Specific, effective and safe intratumoral delivery of active drug is one of the key
issues in cancer therapy. Polymeric nanoparticles (NPs) are one of the most
promising candidates to achieve this purpose and overcome the drawbacks of
traditional chemotherapy. NPs, indeed, have gained increasing attention for their
efficacy to improve pharmacokinetics and biodistribution drug profiles with higher
degree of selectivity and specificity. NPs have several unique physical and biological
properties that allow to target tumors and minimize side effects on healthy tissues
[1]. The excellent features of NPs include prolonged systemic circulation, high
preferential accumulation at the tumor sites by enhanced permeation and retention
effect (EPR) and the ability to overcome P-glycoprotein-mediated multidrug
resistance of cancer cells [2]. Among the most commonly used NPs, chitosan (CHT)
based NPs play a pivotal role. CHT is a naturally occurring biopolysaccharide that
has been extensively explored in pharmaceutical and biomedical fields due to unique
biological activities including anti-oxidant, anti-inflammatory, antifungal and
antimicrobial activity. This polysaccharide provides a profitable tool for the design
of innovative delivery systems due to its biocompatibility, biodegradability, non-
toxicity and mucoadhesivity [3]. Another interesting feature that promotes CHT as
a promising material for effective drug delivery is its cationic nature. This is a special
characteristic from the technological point of view because makes it a suitable
material for electrostatic interactions with negatively charged molecules. Indeed, the
common method used for NPs preparation is the ionic gelation technique, an easy
method based on the electrostatic interaction between the positively charged chitosan
chains and anionic crosslinking agents such as glutaraldehyde, tripolyphosphate and
polyaspartic acid sodium salt [4]. Moreover, CHT is considered a natural anticancer
polysaccharide. Many in vitro and in vivo studies have been published thanks to
application of this polymer for the design of anticancer tools [5], [6], [7], but their
efficacy is restricted due to the low efficiency of specific targeting [8]. However, the

presence of reactive functional groups gives huge opportunities for chemical
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modifications with a wide range of molecules in order to improve its targeting tumor
ability.

NPs, indeed, can be designed to present well-defined properties according to the
therapeutic purposes and to be able to respond and adapt to the surrounding
pathological environment in order to release the payload only when it is necessary.
Notably, the microenvironment within tumor is quite different from normal healthy
cells such as its acidic and reductive conditions, different expression levels of some
enzymes and receptors, etc. These distinctive features critically affect the success of
NPs and, if opportunely considered in the design of nanocarriers, could be provide
advantages for target cancer treatment. For instance, one important tumour hallmark
is the overexpression of the specific receptors compared to normal cells [9]. In order
to improve nanocarrier selectivity, several approaches have been advanced, mostly
including the functionalization with ligands that are specifically recognized by
receptors on cancer cell membrane. The tailorable chemistry of NPs allows them to
be easily modified by conjugation of aptamers, antibodies, proteins, peptides, nucleic
acids, or small molecules that specifically bind these receptors and promote cellular
uptake via receptor-mediated endocytosis [10], [11]. In particular, Folic Acid (FA)
is one of the most employed ligands for active targeting approach due to the countless
advantages such as the low cost, the high stability and the broad library of
conjugation reactions available [12]. In fact, FA can specifically bind to the folate
receptors (FRs), overexpressed by many kinds of cancer cells, so it can be used as a
drug-targeting ligand for cancer therapy [13], [14]. Various type of Folate based
targeting drug delivery systems such as liposomes, nanoparticles, solid lipid
nanoparticles and micelles have been designed and exerted greater anticancer
activity than non-targeted systems [15], [16], [17], [18].

Once at the desired site of action, an ideal nanodevices for cancer therapy must still
rapidly released the payload to effectively kill tumor cells. To enhance the
intracellular drug release, a growing interest is currently focused in the design of
functional polymers with reactivity to the tumor microenvironment [19].

The incorporation of stimuli responsive linkages in the polymeric network allows a
triggered and localized drug release by responding to endogenous stimuli typical of
tumor tissues. Various stimuli responsive nanosystems such as enzyme responsive,
pH responsive, temperature responsive and redox responsive have been developed
for controlled delivery applications [20], [21], [22], [23]. Among these, redox
potential is of particular importance owing the fact that the concentration of
intracellular glutathione (GSH 2-10 mM), a tripeptide responsible for reduction of
disulfide linkages is approximately 2-3 order higher than that of the extracellular
GSH (2-20 uM) [24]. Furthermore, cancer cells exhibit 4 folds-higher GSH levels
as compared to normal healthy tissues [25] due to the rapid proliferation and the
GSH-mediated phase II detoxification mechanism involved in drug resistance of
cancer cells [26]. Accordingly, nano-systems can be tailor-made to be redox
responsive by incorporation of disulphide linkages thanks to their stability in mildly

132



3. Nanocarriers for Cancer Therapy

oxidizing environments (of atmospheric oxygen and bloodstream) and their lability
in the presence of reducing agents. The reducing environment of tumors plays, thus,
the role of internal signal that allows the destabilization of redox-responsive
nanocarriers via the cleavage of disulphide bond into free thiols. Therefore, the use
of redox-responsive NPs is an advantageous method to target the release of a drug
inside of cells and improve consequently its efficacy.

Methotrexate (2,4-diamino-N-10-methyl propylglutamic acid, MTX) is a folic acid
antagonist widely used in treatment of autoimmune disease and different cancers
including acute lymphoblastic leukemia, head and neck cancer, lung cancer and
breast cancer [27], [28]. MTX acts by inhibiting dihydrofolate reductase
(DHFR) enzyme involved in the conversion of dihydrofolate (DHF) to
tetrahydrofolate (THF) which is required for the synthesis of DNA and RNA.
However, its clinical efficacy is often compromised by some limitations. First,
undesirable side effects such as neurotoxicity, renal toxicity, bone marrow inhibition,
liver toxicity, and acute and chronic obstructive pulmonary diseases are typical
related to MTX. Moreover, bioavailability of MTX is low due to its poor water
solubility and multidrug resistance in cancer cells due to cellular efflux of the
molecule mediated by P-glycoprotein. In order to overcome these limitations, novel
MTX delivery systems, such as nanoparticles [29], microspheres [30] and liposomes
[31] have already been developed. Encapsulating drugs, in fact, in colloidal systems
is a technique that allows to control pharmacokinetic and pharmacodynamic
properties and increase therapeutic efficacy [32].

The objective of this research was, thus, the design of a multifunctional CHT
derivative for targeted delivery of MTX to human cervix adenocarcinoma cell lines
(HeLa). We decided to investigate the antitumor activity of a smart hybrid material
possessing simultaneously folate active targeting properties and GSH
responsiveness. Firstly, novel Folic-thiolated chitosan (FTC) derivatives were
synthetized through the conjugation of L-cysteine (L-Cys) and FA to CHT. The
resulting polymers were employed for the design of NPs as redox responsive
platforms for the intracellular delivery of MTX. Via folate receptor-mediated
endocytosis, the NPs can selectively enter tumor cells and, subsequently, the MTX
can be rapidly released in response to the high reductive environment of the
cytoplasm. Therefore, after NPs preparation with ionic gelation technique and
physicochemical characterization, the release experiments were performed in
reductive media mimicking the GSH concentrations in extra and intracellular space.
By comparing with the redox-insensitive CHT-NPs, in vitro antiproliferative activity
of FTC NPs were studied on HeLa by using MTT assay. Furthermore, the cellular
uptake efficiency was evaluated by fluorescence microscopy. All the studies were
carried out to evaluate the potential of the nanosystems proposed as devices for
efficient intracellular MTX delivery.
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2.0 Materials and method

Chemicals

5,5-dithiobis(2-nitrobenzoicacid) (DTNB, Ellman’s reagent), MTX, methotrexate;
CHT, chitosan; TPP, sodium triphosphate; PBS, phosphate buffer solution; HCI,
hydrochloric acid; NaBH4, sodium borohydride; FA, folic acid; FRs, folate
receptors; EDC, 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;

2.1 Preparation of Folic-thiolated-chitosan

The synthesis of Folic-thiolated-chitosan (FTC) was carried out as shown in Figure
1 via conjugation of L-Cys and FA to CHT backbone in a two step-process.
Specifically, derivatives with three different weight ratios of CHT and L-Cys (1:1,
1:2, 1:4) were synthesized and the quantities used are reported in Table 1.

Figurel. Synthesis route of Folic-Thiolated Chitosan. Abbreviations: L-CYS, L-
Cysteine; EDC, 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride; FA,
Folic Acid.

Briefly, CHT was dissolved in acetic acid 1 %(v/v) to obtain a 1% (w/v) polymer
solution. Separately, the carboxylic group on L-Cys was activated by EDC in
demineralized water for 1 hour and, then, added dropwise to the above solution under
magnetic stirring. The pH of the reaction mixtures was carefully adjusted to 5 with
NaOH 0.5 M. This mixture was stirred for 4 hours in the dark at room temperature.
After that, the reaction mixture was extensively dialyzed [molecular weight (MW)
cutoff 12 kDa] for 3 days, first against 5 mM HCI, twice against 5 mM HCI
containing 1% NaCl, and finally against | mM HCI. At the end, the polymers were
lyophilized and stored at 4°C until further use.
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The FA conjugation was performed in the following method. Briefly, EDC (0.04
mmol) was added to 2 mg ml"of folic acid (0.02 mmol) in dimethyl sulfoxide and
stirred at room temperature for 1 hour. Separately, 100 mg of Thiolated-chitosan
derivative was dissolved in 10 ml of acetic acid 1 % (v/v), added to above solution
and stirred in the dark at room temperature for 16 hours. At the end of the reaction,
the mixture was precipitated leading the pH to 9. The precipitate was collected and
then dialyzed (molecular weight cut-off, 12 kDa) against the excess amount of 0.1
M sodium phosphate buffer (pH 7.4) for 3 days and, then, water for other 3 days.
The resulting products were freeze-dried and subjected to 'H nuclear magnetic
resonance (NMR) characterization to demonstrate the successfull conjugation of L-
CYS and FA to the CHT. 'H-NMR (300 MHz, D,0) & (ppm): 1.75 (s, -NHCOCH3),
2.55 (s, -CH,SH), 2.87 (s, proton of Glucosamine unit of CHT), 3.30-3.76 (m, proton
of Glucosamine unit of CHT), 7,17 (d, aromatic proton of FA), 7.56 (d, aromatic
proton of FA), 8.51 (s, aromatic proton of FA).

2.2 FTC characterization

2.2.1 Ellman test

The amount of free thiol groups on FTC conjugates were determined with Ellman’s
reagent according to a previously reported method [33]. Briefly, 0.5 mg of each
conjugate was hydrated in 500 pl of 0.5 M phosphate buffer pH 8.0. Then, 500 pl of
0.03 %(w/v) of DTNB dissolved in the same buffer were added to the sample and
the resulted solution were incubated protected from the light for 2 h at 37°C. Finally,
the absorbance of the supernatant was measured at 405 nm and the amount of thiol
groups was calculated on the basis of a standard curve obtained using L-Cys. The
content of disulfide bonds was measured after reduction with NaBH4 and determined
with Ellman’s reagent as described above.

2.2.2 Quantification of FA

The amount of FA on novel designed polymers was evaluated using UV-Vis
spectroscopy, considering its absorption at 285 nm. The FTC conjugates were
dissolved in 1 % acetic acid at the concentration of 2x10 mg/mL and absorbance
measurements of these solutions were performed. The FA concentration was
calculated on the basis of a standard curve previously plotted from a stock solution
of FA dissolved in a 0.1M NaOH solution, from which subsequently dilutions in 1%
acetic acid were made in the range 0.2-2x10> mg/mL.

2.3 Nanoparticle preparation.

FTC nanoparticles were prepared according to ionic gelation technique which is
based on the complexation of an anion crosslinking agent, sodium triphosphate
(TPP), with cationic polymer. Briefly, FTC polymers were dissolved in acetic acid
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1 % (v/v) achieving a concentration of 3 mg/ml. 0.5 ml of MTX alkaline solution
(2.02 x 10 M) was added and the pH of the resulting solution was adjusted to 5.5
with NaOH 1 M. After that, NPs were immediately and spontaneously formed by
adding dropwise 1 ml of aqueous solution of TPP (2 mg/ml) under constant stirring
at room temperature. The purification of the resulting NPs was carried out by
ultracentrifugation at 15000 rpm for 90 min.

2.4 Nanoparticles characterization

The mean particle size and distribution of the NPs were determined by dynamic light
scattering (DLS) analysis using a 90 Plus Particle Size Analyzer (Brookhaven
Instruments Corporation, New York, USA) at 25.0 + 0.1 °C. We measured the
autocorrelation function at 90°. The laser beam was operating at 658 nm. The size
distribution was directly obtained from the instrumental data-fitting procedures
through the inverse Laplace transformation and by Contin methods [34]. The
samples were analyzed 24 h after preparation and appropriate dilution in distilled
water. Each sample was measured six times, and the results were expressed as mean
+ standard deviation (SD).

The Zeta potential values of NPs were measured with the laser Doppler
electrophoretic mobility measurements using the Zeta-sizer ZS (Malvern
Instruments Ltd., Malvern, U.K.), at 25.0 + 0.1 °C. ZP evaluates the electric charge
at the surface of the particles and it is an important index of the physical stability of
colloidal systems. The measurements were performed in distilled water and the
values were calculated through the instrument software, using Helmholtz—
Smoluchosky equation. The results are reported as the means of three independent
experiments performed in triplicate.

The morphology and size of the NPs were analyzed using transmission electron
microscopy (TEM). A droplet of the NPs dispersion was stratified onto a carbon-
coated copper grid and left to adhere on the carbon substrate for about 1 min. The
dispersion in excess was removed by a piece of filter paper. A drop of 2%
phosphotungstic acid solution was stratified and the solution in excess was removed
by a tip of filter paper again. The sample was air-dried and observed under a ZEISS
EM 10 electron microscope at an accelerating voltage of 80 kV.

2.5 Drug entrapment efficiency

MTX encapsulation efficiency was determined by indirect method measuring the
amount of untrapped drug. Briefly, NPs were centrifuged at 15000 rpm for 90 min
in order to separate the non-encapsulated drug from NPs and, then, the amount of
free MTX in supernatant was analyzed using UV spectrophotometry at 306 nm. The
entrapment efficiency was calculated according to the following equation:
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EE% = MTX tot — MTX free 100
0= MTX tot x

2.6 In vitro redox-responsive drug release

MTX release was carried out in phosphate buffer pH 7.4 in the absence and presence
of 10 mM GSH to simulate the physiological conditions and reductive cytoplasm of
cancer cells, respectively. Aliquots of NPs suspension (1 mL) were placed in dialysis
bags (Visking dialysis tubes,20/30) and suspended in 25 mL of medium at 37 °C
under gentle magnetic stirring. At predetermined time intervals, 2 mL of the medium
was withdrawn while maintaining the volume of the receptor compartment with an
equal volume of fresh release media. Samples were periodically analyzed using
UV-—visible spectrophotometry at 306 nm. MTX standard calibration curve was used
to determine the concentration of released MTX. All experimental procedures were
repeated three times, and the results were in agreement within + 4% standard error.

2.7 Cell culture

The HeLa cells (a human cervix adenocarcinoma cell line) obtained from American
Type Culture Collection (ATCC, Manassas, VA, USA) were grown in DMEM
(Thermo-Fischer Scientific, MA, USA) supplemented with 10% (v/v) FBS, 2 mM
L-glutamine, 100 Ul/ml penicillin and 100 pg/ml streptomycin at 37 °C in a
humidified incubator with 5% CO2. These cells were routinely cultured in 25 cm®
flasks and were passaged using trypsin-EDTA when they reached approximately
80% confluence.

2.8 In vitro cytotoxicity assay

The in vitro cytotoxicity of the blank and MTX-loaded NPs was evaluated in HeLa
cells by MTT assay. Briefly, the cells (8x104/ml) were allowed to settle by
incubating the plates for 24 h at 37 °C and 5% CO,. After the addition of 0.1, 1 and
10 pg/ml of free MTX, MTX-loaded FTC-NPs and MTX-loaded CHT-NPs. Then,
the cells were incubated for 4 h and subsequently, washed and further cultured with
fresh medium up to a total of 24, 48 and 72 h. Untreated HeLa cells were used as
normal control. Moreover, the cytotoxicity of empty NPs towards the cells was
evaluated under identical conditions. At the end of the incubation time, 100 pl of
MTT (5 mg/ml) dissolved in Dulbecco’s Phosphate Buffered Saline, pH 7.4 were
added to each well and cells were incubated at 37°C and 5% CO, for additional 4 h,
to allow the formation of violet formazan crystals. Then the medium was removed
and a solubilization solution (100 pL, 16% SDS in 40% DMF, pH 4.7, prepared at

37 °C) was added to dissolve formazan crystal incubating the plate for another 30
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min at 37 °C. The amount of formazan product was measured at 570 nm using a
ELX800 microplate reader (Bio-Tek Instruments, Inc., VT, USA). Each experiment
was performed in triplicate. The percentage of viable cells, directly proportional to
the amount of formazan crystals formed, was calculated using the following
equation:

AT
cell viability = ExlOO

where AT is the absorbance of the treated cells and AU is the absorbance of the
untreated cells. Cell viability values are expressed as the mean of at least three
different experiments + SD.

2.9 Cellular uptake studies

Sodium fluorescein (NaFl) loaded FTC-NPs were prepared using the same methods
described above (for MTX) and then purified by ultracentrifugation at 15000 rpm
for 90 min. NaFl was loaded to provide a final concentration of 0.03 mg/ml. Hela
cells were seeded onto 6-wells plate on coverslip in DMEM (medium) and incubated
overnight before the addition of NaFI loaded CHT-NP (100ul/ml). Free NaFl added
to DMEM (0,003mg/ml) was used as control. Upon incubation at 37 °C for 4h, the
media were removed, the cells were washed with PBS three times and fixed with 4%
paraformaldehyde in PBS for 10 min at room temperature. All coverslips were
mounted on clean glass slides with UltraCruz, a mounting medium containing DAPI,
(Santa Cruz biotechnology, TX, USA) and examinated on a conventional fluorescent
microscope, Nikon Microphot EPI-FL, (Nikon, JP) equipped with a mercury lamp.

2.10 Statistical analysis

The data are expressed as mean £ S.D. of at least three independent experiments.
Statistical analysis was performed using Student’s t-test. P-values < 0.05 were
considered statistically significant.

3. Results

3.1 FTC characterization

New multi-functional CHT-based NPs possessing redox responsiveness and folate-
targeted properties were developed and investigated for a potential application in
tumor target therapy. Nanocarriers responsive to the reductive conditions are
particularly appealing for the intracellular drug delivery applications in cancer
therapy. Notably chitosan, one of the biodegradable polymers most used for tumor
drug delivery, was selected as starting material due to the presence of reactive amino
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groups that make it an attractive biomaterial apt to several modifications in order to
improve tumor targeting ability.

In this study, L-Cys and FA were functionalized and conjugated to CHT backbone
through amide bonds in a two-step reaction. EDC was used as coupling agent and
three different derivatives with various CHT/L-Cys w/w ratios of 1:1, 1:2 and 1:4
were synthetized.

These modifications had many advantages. The first was that L-Cys residues can be
easily oxidized by air to give inter- and intramolecular disulphide bonds that are
cleavable in a reductive environment. Consequently, the incorporation of disulphide
linkages in NPs structure makes them to be redox responsive leading in a promptly
and selective drug release only in response to reductive stimuli in a specially
controlled manner. On the other hand, the FA was employed to functionalize NPs
for an active tumor targeting and allow a preferential accumulation on tumor tissue
via FRs mediated endocytosis. The combined activity of FRs targeting and redox
responsiveness has been proposed in order to achieve an improved MTX delivery in
cancer cells and, thus, high therapeutic efficacy.

Synthetic pathway of the FTC polymer is summarized in Figure 1 and the chemical
structure was characterized by "HNMR analysis. The NMR spectra of synthesized
FTC indicated a new peak at 6 2.75 ppm corresponding to methylene protons of L-
Cys confirming the conjugation reaction and the successfully formation of a thiol
functionalized polymer. Moreover, the coupling of FA residues with CHT was
confirmed by the appearance of the peculiar signals at 7.17, 7.56 and 8.51 ppm,
which are characteristic peaks attributed to the aromatic protons of folate ring. The
successful conjugation of FA was also confirmed by UV— visible spectroscopy
analysis and the amounts of FA conjugated are given in Table 1.

Conjugate | Chitosan L-Cys EDC | CHT:CYS:FOL | -SH total % Folic acid
(mg) (mg) (mM) Ratio (w:w:w) disulfide pmol/g
pmol/g polymer
polymer bond
FTC1 150 150 50 1:1:0.1 114.0£ 5.3 65.87 5.60£0.28
FTC2 150 300 150 1:2:0.1 407.5£9.5 92.29 5.05+0.41
FTC3 150 600 150 1:4:0.1 141.9+ 7.0 70.71 5.11£0.18

Table 1. Amounts of reagents used (£ 10%) for the synthesis of TC conjugates with
different weight ratios of L-Cysteine and results of the amount of thiol groups and FA
content obtained.

The numbers of free-thiol groups and disulfide bonds immobilized on FTC were
determined using Ellman test and the results are shown in Table 1. FTC2 polymer
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exhibited the higher disulfide content (92.29 %) among all polymers designed,
followed by FTC3 (70.71 %) and FTC1 (65.87 %).

3.2 Nanoparticles characterization

Glutathione-responsive NPs were obtained by ionic gelation technique based on the
complexation of positive charged FTC polymers with an polyanion cross-linking
agent [35]. All the formulations developed were homogeneous and really stable in
long term (more than 4 weeks, at room temperature and in the dark). The
morphological features of NPs were evaluated by TEM. TEM pictures (Figure 2)
revealed the presence of well-defined spherical NPs with smooth surface.
Physicochemical characteristics are important parameters from a pharmaceutical
viewpoint and their evaluation plays a crucial role to predict the NPs in vivo stability.
Consequently, NPs developed in this work have been widely characterized in terms
of particle size, polydispersity index (P.1.), shape and Z-potential, and results are
shown in Table 2.

NPs had a narrow size distribution as highlighted by P.I. values less than 0.3 reported
in Table 2. The mean hydrodynamic diameters ranges between 202 nm and 378 nm
and they are in good agreement with those evaluated with TEM analysis.

These small sizes (<400 nm) make them suitable to be used as drug delivery carriers.
The particle size, in fact, affects the drug release characteristics and the uptake in
tumor tissues. In literature, it has widely been reported, indeed, that solid tumors
show a hypervascular permeability and an impaired lymphatic drainage and thanks
to this, NPs can significantly accumulate in tumors by EPR effect that typically
operates in the range of 100—400 nm [37].

Figure 2. TEM micrographs of a) FTC2 and b) FTC1 NPs. Bar is a) 500 nm b) 200
nm
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Commonly, the presence of disulphide intermolecular linkages in the polymer
structure has proved to affect the NPs size [38]. The increase in disulphide content
allows the formation of smaller devices. This trend conforms to the present
experiments: in fact, smaller NPs are obtained by FTC2 polymers owing to be higher
disulphide content compared to other polymers and plain CHT. DLS measurements
of loaded samples demonstrated that, comparing to empty samples, no significant
variation in particle size occurred after drug loading.

Formulation Size (nm) P. 1 Z-Potential EE % MTX
(mV)
FTC1 364.2+3.1 0.167 +28.3+1.04 -
FTC2 202.4+5.8 0.254 +35.9+0.36 -
FTC3 234.7+7.9 0.234 +249+ 14 -
CHT 3784+74 0.318 +30.7+£3.35 -
FTC1-MTX 363.9+3.3 0.154 +26.3 +1.18 55.92 +2.88
FTC2-MTX 2583 +4.9 0.153 +28.9 +0.47 37.44 £ 522
FTC3-MTX 302.0+9.3 0.250 +26.8 + 1.89 18.28 £9.87
CHT-MTX 364.1+£2.5 0.273 +26.7 +0.99 55.15+4.52

Table 2. Average size, polydispersity index, Z-potential and entrapment efficiency of
empty and loaded NPs at 25 °C. Data are mean values + S.D. (n = 3).

Zeta-potential is a measure of the electrical charge close to the NPs surface, thus
Zeta-potential measurements are a powerful way to characterize electrostatic
properties and predict NPs stability. Formulations investigated in this work showed
positive Zeta-potential values ranging between +24.9 + 1.4 and +35.9 £0.36mV and
presented high colloidal stability. Moreover, their cationic nature makes them
effective devices for anticancer drug delivery to solid tumors. In fact, it has been
found that positively charged nanoparticles showed high cellular uptake efficacy due
to the electrostatic interactions with anionic molecules, such as proteoglycans,
glycoproteins and anionic phospholipids in the tumour microvasculature [39].

The MTX entrapment efficiency values ranged from 18.28%to 55.92%. The three
different derivatives showed different drug incorporation capacity. The reasons for
that behavior are still obscure and could be probably ascribed to different
interactions between drug and polymeric matrix.

3.3 In vitro release studies
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A good stability in blood circulation and the ability to rapidly and thoroughly release
the drug into the intracellular environment of cancer cells are important aims to be
achieved for the design of an ideal drug delivery systems for tumor therapy.

To verify the redox responsive properties of the prepared NPs, the release studies
were carried out at pH 7.4 PBS in presence and absence of 10 mM GSH to mimic
the tumor tissue and physiologic environment, respectively. As is known, GSH
concentration in the intracellular environment of tumor cells is about 4-fold higher
than normal healthy cells. Hence, GSH was chosen as the reducing agent to evaluate
the redox responsive nature of NPs. Drug release profiles for FTC3-NPs sample are
given in Figure 3. A slow release of below 35% of MTX was observed within 24 h
in PBS at pH 7.4, indicating a good stability in the extracellular medium of healthy
tissues and only a little drug leakage during blood circulation. Oppositely, in
presence of 10 mM of GSH, a faster drug release took place owing the breakage of
the crosslinking points in the NPs structure, exhibiting a release equal to 59.85% in
the first half hour and up to 88.4% in 24 h. These results demonstrated that cleavage
of disulfide bridges led to a rapid and complete drug release. Redox-responsive NPs
have, indeed, a high stability in bloodstream. On the other hand, FTC nanoparticles
can be rapidly disassembled by GSH into high reductive cytoplasm of tumor, which
results in a quick MTX release and an effectively inhibition of tumor growth.

FTC3 NPs
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Figure 3. In vitro drug release profiles from MTX-FTC3 NPs in phosphate buffer in
presence (A) and absence (o) of GSH 10 mM at 25 °C (mean + standard deviation, n
= 3). Amount of MTX release in phosphate buffer in presence of GSH 10 mM at every
time point was statistically different (*p< 0.05) from that recorded in absence of GSH.

The influence of disulfide contents on release was also investigated and the results
were summarized in Figure 5. Previously, Hu et al. [40] reported that the redox
reaction is a rate-dependent phenomenon and the reduction responsive ability could

142



3. Nanocarriers for Cancer Therapy

be modulated by varying the amount of disulfide content depending on the
application desired. In our studies, we also found that the drug release profile resulted
be closely dependent on the amount of disulphide bond presents in polymer structure
confirming the earlier studies. Higher degree of disulfide content in NPS are related
to more high responsivity. In fact, FTC2 proved to be the polymer with the higher
amount of disulfide bonds led to a drug release in presence of reducing agent 2.8
folds higher than that in physiological condition. The redox sensitivity decreased for
FTC3 and FTCI1 with an increase of drug release respectively 2.5 and 2.2 times
higher in presence of GSH related to the lower crosslinking point content in NPs
structure.

Overall, these results confirm our expectation since the nanocarriers were
considerably stable before reaching tumor sites but achieved a complete and
accelerated release in tumor cells. Therefore, the in vitro drug release studies
confirmed the redox-responsive ability of the FTC nanocarrier and provided more
supporting evidences for its great potential for intracellular tumor drug delivery.
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Figure 4. Percentage of MTX released from NPs based on FTC polymers with different
amount of disulphide content (FTC1 65.87%; FTC2 92.29 %; FTC3 70.71 %) in
phosphate buffer in presence (A) and absence (o) of GSH 10 mM at 25 °C (mean +
standard deviation, n = 3). Amount of MTX release in phosphate buffer in presence of
GSH 10 mM was statically different (* p< 0.05) from that recorded in absence of GSH.

3.4 In vitro cytotoxicity

In order to study the anticancer activity of designed formulations, cell viability was
evaluated by the MTT assay in HeLa cells after being exposed to free MTX, MTX—
FTC NPs and MTX-CHT NPs at different concentrations for 24, 48 and 72 h. The
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results showed that cell viabilities remained higher than 80% after 72 h of incubation
with empty systems in the range of concentration investigated indicating the
biocompatible and non-toxic nature of FTC polymers.
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Figure 5. HeLa cell viability tested by MTT assay in triplicate. Cells were incubated
with blank (CTR), FTC and CHT based NPs at different concentrations for 24, 48, and
72 h. The results are expressed as the percentage of the control assumed as 100%. Each
value represents the mean = S.D. of three independent experiments.
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On the contrary, good cell growth inhibition effect was observed for drug loaded
systems. As shown the Figure 6, the encapsulation of MTX in NPs greatly improved
its anticancer efficacy and affected cell viability in a time and dose-dependent
manner.

Both MTX-FTC NPs and MTX-CHT NPs, in fact, showed higher cytotoxicity
toward HeLa cells than free MTX, this maybe because drug-loaded NP can enter the
cell more accurately compared with free MTX. Typically, MTX clinical efficacy is
compromised by the acquisition of resistance in cancer cells due to the efflux by P-
glycoprotein and the availability at its intracellular site of action depends on a passive
diffusion mechanism [41]. The enhanced cytotoxicity of MTX nano-sized carriers
could be due to the improved drug cell internalization by endocytosis and lower drug
efflux from cells [42]. Besides, our studies indicated that the cytotoxicity of MTX-
FTC NPs was higher than that of the non-target MTX-CHT NPs used as control. In
detail, the cell survival rate was reduced to 57.28% after treatment for 72 h with
MTX-loaded CHT NPs, while the values were 45.92%, 34.81% and 41.23 % with
the use of FTC1, FTC2 and FTC3 NPs, respectively. The increased cytotoxicity of
MTX-FTC NPs highlighted that the redox-responsive and folate target NPs had
better potential for MTX intracellular delivery in contrast with the non-target NPs.
This may be attributed to the high affinity of folate-modified NPs to tumour cells
and a quick intracellular release of MTX under stimulation of GSH in cytoplasm of
cancer cells. These devices can penetrate inside the cells via endocytic processes and
release the drug in the cytoplasm where GSH level is higher and the disulfide bonds
can be broken, facilitating the drug release. For these reasons, FTC-NPs may be a
promising solution in delivering chemotherapeutic drugs to tumors. However,
further studies are necessary to test these systems in an animal models to obtain
important in vivo data.
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Figure 6. HeLa cell viability after incubation with free MTX, MTX loaded FTC-NPs
and MTX loaded CHT-NPs at 0.1, 1 and 10 pM for 24, 48, and 72 h evaluated using
MTT assay. The results are expressed as the percentage of the control assumed as
100%. Each value represents the mean £ S.D. of three independent experiments.
p<0.05 vs control; * p<0.05 vs CHT-coated liposomes treated cells.
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3.5 Evaluation of FTC-NPs uptake using Fluorescence Microscopy
Analysis.

To evaluate the cellular uptake ability of the designed devices in this work, green
fluorescent NaFl was loaded in FTC-NPs. The evaluation of internalization ability
of nanocarriers is essential to predict the in vivo performance. Consequently,
evidence of cellular uptake was obtained by fluorescence microscopy analysis
performed in HeLa cells after treatment with free NaFl and NaFl-loaded FTC-NPs
for 4 h. As seen in Figure 7, nearly no green fluorescence was observed in HeLa cells
incubated with free NaFl, which was due to the low permeability of fluorescein to
cell membrane [43]. Conversely, the fluorescence of HeLa cells was greatly
enhanced after treatment with FTC-NPs. This result showed that FTC-NPs were
effective in the enhancement of NaFl1 uptake. This higher cellular uptake of folate
conjugated NPs in the cancer cells can be ascribed to FRs mediated endocytosis of
NPs. Our results are, thus, being in agreement with the previous cytotoxic studies
according to which FTC-NPs were more effective than free drug in the inhibition of
cancer cell. From these results, we can draw a conclusion that the FA-decorated
redox-responsive NPs have the ability to convey anticancer drug to targeted cancer
cells and enhance the intracellular release.

Fluorescein FTC-NPs 4h incubation

Phase Contrast

523 nm fluorescence

10x magnification

Figure 7. Fluorescence microscopic pictures (10 x) of HeLa cells after incubation over
4 h with culture medium containing NaFl loaded FTC-NPs a) and free NaFI b). The
fluorescence of NaFI was excited at 475 nm and detected at a wavelength of 523 nm.
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4.0 Conclusion

In this study, multifunctional CHT nanoparticles with Folate targeted and redox
responsive properties were successfully developed as intracellular MTX delivery
systems for improved antitumor activity. To achieve this goals, disulfide bonds were
introduced in CHT backbone endowing a desirable redox-sensitivity to this system
for triggering a selective and localize intracellular drug release in tumor
microenvironment; the inclusion of folate ligands, instead, can enhance the
selectivity to tumor cells. The FTC NPs exhibited an excellent physiological stability
and a significant faster drug release in reductive environment. /n vitro antitumor
activity demonstrated that multifunctional NPs possess a better anticancer activity in
contrast to the non-targeted NPs. Consequently, the designed NPs hold great promise
as nanocarrier for target cancer therapy and further in vivo studies must be conducted
in this field to prove their efficacy.
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ABSTRACT

An in-depth analysis of nanotechnology applications for the improvement of
solubility, distribution, bioavailability and stability of reverse transcriptase
inhibitors is reported. Current clinically used nucleoside and non-nucleoside
agents, included in combination therapies, were examined in the present survey, as
drugs belonging to these classes are the major component of highly active
antiretroviral treatments. The inclusion of such agents into supramolecular vesicular
systems, such as liposomes, niosomes and lipid solid NPs, overcomes several
drawbacks related to the action of these drugs, including drug instability and
unfavorable pharmacokinetics. Overall results reported in the literature show that
the performances of these drugs could be significantly improved by inclusion into
nanosystems.

Keywords
HIV; antiretrovirals; nanoformulations; drug degradation; drug protection

1. Introduction

The human immunodeficiency virus (HIV), belonging to the lentivirus genus of the
large family of retroviridae, is the etiological agent of AIDS. The infection causes
severe consequences to the immune system including a loss of CD4+T lymphocytes
that leads to an increased susceptibility to even fatal opportunistic infections. The
identification of various antiretroviral drugs allowed defining efficacious therapeutic
regimens for the prevention and treatment of the disease by the combined

administration of two, three or more different drugs acting on crucial steps of viral
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replication. In particular, the targets of conventional drugs are proteins involved in
the viral entry or specific enzymes necessary for the virus replication such as
protease (PR), reverse transcriptase (RT) and integrase (IN). This approach known
as HAART (highly active antiretroviral therapy) nowadays represents the most
useful therapeutic treatment, even though it is affected by many drawbacks such as
lifetime administration with a consequent reduced patients’ compliance, severe side
effects, and quick viral outbreak after drug resistance emergence.

Drug Name Year* LS OB t/2 Side Effects
Class (Acronym) (%) | (hours)
1996 low 86 1.3—1.4 | Peripheral neuropathy, pancreatitis,
Stavudine asymptomatic  acidosis,  lipoatrophy,
(STV) hepatic steatosis
1986 low 60 0.5-3 Neutropenia, anemia, nausea, vomiting,
i i asthenia, headache, insomnia, skin
Zidovudine henia, headache, i ia, ski
(AZT) hyperpigmentation,  acidosis,  hepatic
steatosis
Lamivudine 1995 low 86 5-7 Cough, diarrhea, fatigue, headache,
(3TC) malaise, nasal symptoms, lactic acidosis,
hepatic steatosis
Abacavir 1998 low 83 0.8-1.5 Systerpic re§pirat0ry hypersensitivity,
ABV gastrointestinal symptoms, fever,
NRTIs ( ) tiredness, sore throat
2006 low 93 8—10 Headache, nausea, upset stomach,
icitabi diarrhea, trouble sleeping, dizziness, skin
Emtricitabine
rash, strange dreams, cough, runny nose
(FTC) g gh, runny
1992 low Peripheral neuropathy, stomatitis,
Zalcitabine 85 esophageal ulcerations, acidosis, hepatic
(ZCT) steatosis
1991 low 30 2 Gastrointestinal intolerance, peripheral
Didanosine neuropathy, pancreatitis, asymptomatic
(DDN) acidosis, lipoatrophy, hepatic steatosis
2001 low 25- 12—-15 Nausea, depression, confusion, headache,
; hitching, weakness, kidneys problems
Tenofovir 39 g ys p
(TDF)
1996 moderate | 92 25-30 Rash, Stevens-Johnson syndrome, elevated
irani transaminases blood level, hepatitis, severe
Nevirapine P
(NVR) hypersensitivity reaction
2008 high 30-40 Rash, Stevens-Johnson syndrome, toxic
Etravirine epidermal necrosis and multiform
NNRTIs (ETV) erythema, hypersensitivity reactions,
hepatic failure
Etravirine 2008 high 30-40 Rash, Stevens-Johnson syndrome, toxic
(ETV) epidermal necrosis and multiform
erythema, hypersensitivity reactions,
hepatic failure
Rilpivirine 2011 high 50 19 Rash, depression, liver problems, mood
(RPV) changes

Table 1. Relevant information of currently used RTI. *Year of FDA approval; LS =
Lipid Solubility; OB = Oral Bioavailability; t/2 = Plasma Half-life.
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HAART was demonstrated to be particularly effective in cutting down the overall
number of viral particles, but is unable to completely eradicate infection in sanctuary
sites, such as the brain, liver and lymphatic system [1-5]. Moreover, HAART always
includes one or more nucleoside and non-nucleoside reverse transcriptase inhibitors
(NRTI and NNRTI, respectively), which, despite a high antiviral efficacy,
unavoidably show important clinical drawbacks. Relevant information on common
RTI is summarized in Table 1 [6,7].In the light of these findings, the incorporation
of new or customary anti-HIV drugs into supramolecular carriers could be
particularly effective in suppressing viral replication. This strategy is corroborated
by the possibility of encapsulating drugs or genes to not only be delivered next to the
infected cells but also to target reservoir tissues to eradicate latent HIV [14]. This
innovative strategy is suitable for improving the distribution of both hydrophilic and
hydrophobic small molecules, as well as macromolecular drugs, which can be driven
toward specific tissues thanks to the reduced size of the nanoscale delivery systems.
Antiretroviral drugs can be carried as nanoparticles for their potential to better reach
macrophages, CD4+T cells and latent reservoirs organs, such as brain and
lymphnodes, that are particularly responsible of viral survival. [15-19]. Drug
delivery systems (DDS) for RTI, developed in the last few years, are described in
this survey and depicted in Figure 1, while their main properties are summarized in
Table 2.

DDS
Matrix Surface TARGET
Liposome NPs Mannose Liver, spleen, lung, brain, macrophages
Liposomes Galactose Liver
Chitosan NPs Glycyrrhizin Liver
NPs Transferrin Brain, endothelial cells
NPs Serum albumin Brain, liver, spleen
SLN Phenylalanine Blood brain barrier
Polymeric micelles Anti-GP2 antibody M-cell of gut-associated lymphoid tissue
Dendrimers Tuftsin Macrophages, monocytes, polymorph nuclear leukocytes

Table 2. Targets of DDS designed for anti-HIV therapy.
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Figure 1. Drug delivery systems for RTI nanoformulations

Once the supramolecular system reaches the site of action, a controlled drug release
provides high local concentration and longer residence time, resulting in an
improved antiviral effect (Figure 2).
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Figure 2. Representative delivery modalities for NRTI/NNRTI nanosystems to
HIV resevoirs

The major advantages and limitations of known nanosystems are listed in Table 3.
Several of these clinically used drugs show an undesirable stability profile when
exposed to stressing conditions either in solution or in solid form [20,21]. Similarly,
stress tests have been performed on supramolecular systems in order to confirm any
improved stability, under different conditions [22]. In particular, studies published
in the last few years on the RT inhibitors included in combined therapy have been
taken into consideration [15,16,23].
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DDS Advantages Limitations
Low drug loading capacity
Physical and chemical
Co-delivery of hydrophilic and lipophilic drug instability
Liposomes  Selective uptake by mononuclear phagocytes Drug leakage
Surface modification with target moiety of virus reservoir Difficulty in sterilization
Short half-life
Poor scale up
Chemical stability L . .
Protection of drug from degradation Physical instability during
Large uptake by mononuclear phagocytes and localization in the storage
Niosomes arge uptake by phagocy Difficulty in sterilization
VIFUS IESETVOLT Organs Difficulty in large-scale
Less expensive respect liposomes roduction
Functionalization with target ligand P
High drug loading capacity
. Co-delivery of different drug for anti-HIV combination therapy chlst.burst release
Polymeric . ¢ Limited safe correlated to
NP Selective uptake by lymphoid organ .
S . d . polymer toxicity
Prolonged circulation time Hioh cost producti
Surface functionalization with target moiety 1gh cost production
Hllgher S‘tatl)\lflll)ty and biological compatibility than liposomes and Low drug solubility in lipid
polymeric 5 s matrix and loading capacity
Increase the bioavailability of poorly water soluble drug D
. . rug leakage
SLN Avoidance of organic solvent ;
Particle growth
Slow uptake by the RES ; .
. . e Unpredictable gelation
Feasible-large scale production and sterilization tend
Less expensive than polymeric and surfactant carriers endency
Uniform particle size
Dendrimers Large surface functional groups for the conjugation with Toxicity problems

target moieties

Table 3. Advantages and limitations of anti-HIV DDS

2. Drug Protection Nanosystems

Most of the protocols adopted for studying the drug stability are suggested by the
ICH (International Conference on Harmonization) guidelines [24]. According to
such rules, clearly defined drug storage conditions are required to prevent the
degradation effects related to pH, temperature, light, air and humidity for either
solution/suspension or commercial formulations/packaging [25]. The protection of
sensitive drugs could often be assured by shielding with an adequate packaging [26].
When this simple precaution showed not to be sufficient, the stability of the drug,
exposed to different environmental conditions, could be improved by suitable
delivery devices, such as vesicular matrices (i.e., liposomes and niosomes),
nanoparticles (NPs), and solid lipid nanoparticles (SLN).

Niosomal and liposomal vesicles consist of amphiphilic molecules and an aqueous
compartment and differ for their structural chemical units. Both systems are very
versatile. The hydrophilic drugs can be entrapped in their aqueous core while the
lipophilic drugs can be partitioned into the bilayer domains. Liposomes are made of
natural phospholipids, resulting in a greater stability, a low production cost and
reduced toxicity [27-32], while niosomes are prepared by means of synthetic, non-
ionic surfactants, as alkyl ethers, alkyl esters and pluronics copolymers, or fatty acid
and amino acid compounds [31-33]. The preparation of these vesicles requires a
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simple procedure based on a gentle agitation or sonication of an aqueous solution of
phospholipid/surfactant and drug mixtures taken from an ultracentrifugation or low-
pressure gel filtration chromatography to purify the formed systems [34].

More recent SLN have been proposed as alternative formulations for both
hydrophilic and hydrophobic drugs. These systems are colloidal carriers based on a
solid phase lipid and a surfactant and are characterized by a spherical shape in which
the lipid portion is always solid and the surfactant acts as a stabilizing factor [22,35—
40]. Fatty acids, monoglycerides, diglycerides, triglycerides, waxes and steroids can
be applied in the preparation of SLN in the absence of organic solvent [35]. Low
cost, good physical stability, large scale production, no toxicity and high
biodegradability represent the greatest advantages in the use of these formulations
with respect to the liposomes matrices [41].

Nanoparticles systems are known promising carriers for the improvement of
solubility and pharmacokinetics of drugs as well as vaccines, nucleic acids and
therapeutic proteins. These delivery devices can influence therapeutic efficiency of
a drug, enhance its protection from degradation and reduce dose-limiting side effects.
A variety of hydrophobic or hydrophilic active molecules can be dissolved,
encapsulated, absorbed or conjugated to polymeric nanoparticles following different
techniques [42]. Several natural and biodegradable materials like chitosan have been
proposed for the realization of anti-HIV drug nanosystems. An alternative approach,
based on the formation of crystalline complex with a fixed range size, was attempted
by inclusion of the pure drug into a hydrophobic synthetic polymer [43]. Polymeric
nanoparticles based on poly(lactic acid) (PLA) or poly(lactide-co-glycolide) (PLGA)
are reported as ideal delivery systems, showing an improved therapeutic efficacy
with lower incidence of side effects [42,44—49].

A higher local concentration of active molecules is often reached by integration of
classic antiretroviral drugs in different NPs of metals [50]. According to a relative
inertness and low toxicity, silver or gold NPs have been explored in biomedicine as
multifunctional scaffolds. In particular, the application of gold NPs has been
employed to conjugate biomolecules on the outer surface. Alternative inorganic
multifunctional materials, such as silver NPs coated with poly(vinyl)pyrrolidone,
have also been exploited as drug carriers [51].

Synthetic well-defined nanopolymers with a three-dimensional architecture, known
as dendrimers, have been proposed for the vehiculation of several drugs. Generally,
a dendrimer is a symmetric and hyper-branched macromolecule characterized by the
presence of reactive groups in the central core, repeated branching units in the
interior layers of the core and functional groups spanning from the outer surface. The
drug molecule can be either entrapped inside the structure or linked to the external
functional groups. This approach was proposed for the carrying of several anti HIV
agents [52-55]. Some of these matrices are also able to improve the stability
of drugs. Several studies described the use of niosomes, metal based and
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polymeric NPs to prevent the degradation effects caused by stressing
conditions [33,50,56].

3. Nucleoside Reverse Transcriptase Inhibitors Nanosystems
The therapy based on the administration of nucleoside antiviral derivatives such as

stavudine, zidovudine, lamivudine and emtricitabine represented a first and effective
approach adopted for the management of HIV infection (Figure 3). Due to the
structural similarity to purine or pyrimidine nucleosides, the mode of action of these
drugs consists of the competition for the incorporation into viral DNA, catalyzed by
RT, so causing chain termination (Figure 4, panel b). Nowadays the most common
nucleoside derivatives used in therapy are lamivudine, abacavir, emtricitabine,
tenofovir and tenofovir alafenamide [57]. Stavudine and zidovudine, not yet
recommended in first-line therapy, were early examples of NRTIs included in
nanoformulations designed for limiting their severe side effects and improving
pharmacokinetics.
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Figure 3. Chemical structures of NRTIs.

3.1. Stavudine

Stavudine (1-((2R,55)-5-(hydroxymethyl)-2,5-dihydrofuran-2-yl)-5
methylpyrimidine-2,4(1H, 3H)-dione, STV) is one of the most commonly
used forms of NRT approved by FDA in 1996 and its use was recommended
in association with other antiretroviral agents. The drug showed major side
effects, such as high blood lactate, pancreatitis and hepatomegaly. STV was
characterized by a serum half-life of 1h only, while that of its phosphorylated
active metabolite was calculated as being 3.5 h [27]. Thus, STV loaded
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formulations able to concomitantly increase cellular uptake and sustain
release should reduce unwanted effects. Accordingly, galactosyl or mannosyl
coated liposomes loaded with STV were described. These formulations
reached the desired results showing an increased in vitro anti-HIV activity
together with a remarkable decrease of side effects. The efficacy was tested
in a mononuclear phagocyte system, a major reservoir of HIV, proving
advantages in terms of bio-stability, site-specific and ligand-mediated
delivery, compared to free drug and uncoated liposomes [27,28]. More
recently, STV-containing nanoformulations were proposed for the dual
utilization to control the residual viremia as well as to target the reservoir
sites. To achieve this aim, gelatin nanoformulations containing very low
dosage of the drug were prepared through a simple desolvation process and
loaded into soya lecithin based liposomes [29]. A study on STV degradation
under different stress conditions (hydrolysis, oxidation, photolysis and
thermal stress) was initially reported. A stability-indicating reversed-phase
HPLC assay method showed the hydrolysis of the drug to thymine in acidic,
neutral, alkaline and under oxidative stress conditions [20]. In order to
improve the stability of this drug, STV-loaded SLN for intravenous injection
were produced by high-pressure homogenization of drug lipid melt dispersed
in hot surfactant solution [22]. This SLN formulation was also studied for its
active delivery to lymphatic tissues by ex vivo cellular uptake evaluation in
macrophages. Reported experiments confirmed an improved cellular uptake
together with a prolonged activity next to the delivery site of the formulation
compared to the simple drug solution. This could account for an efficient and
safe therapeutic profile of the drug-carrier system [58 ].

VIRALRNA

ONA CHAIN

Figure 4. (a) RT catalyzes the conversion of viral RNA into pro-viral DNA before its
incorporation into the target cell genome; (b) NRTIs are incorporated into the DNA
causing chain termination; (c) NNRTIs bind the enzyme inhibiting its function.
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3.2. Zidovudine
Zidovudine, also known as azidothymidine (1-((2R,4S,5S5)-4-azido-5-
(hydroxymethyl)tetra  hydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-
dione, AZT), the first antiretroviral medication proposed to prevent and treat
HIV/ AIDS, has been approved in 1986. An extensive first pass metabolism
often requires an in vein administration. This feature and a long list of severe
side effects limit the use of this drug, which is however still present in many
therapeutic anti-HIV regimens. Its incorporation into supramolecular
matrices was extensively exploited in order to increase bioavailability and to
reduce dose-dependent unwanted effects. Positively and negatively charged
liposomes based on stearylamine and diacetyl phosphate were used as AZT
carriers. In order to enhance localization to lymph nodes and spleen, these
systems were even coated with a site-specific mannose-terminated
stearylamine ligand. Fluorescent microscopy images showed an enhanced
uptake and localization of these liposomes in the target tissues [59]. In an
early paper, a dispersed system comprising polyoxypropylene,
polyoxyethylene, oleic acid, water and cetyl alcohol as surfactant, was
described as a potential DDS. The release profile experimental analysis
showed that the delivery of AZT could be controlled this way, in accordance
with a mathematical theoretical approach [60]. This system has been
proposed as a carrier, which potentially could overcome the main drawbacks
of conventional pharmaceutical formulations [61]. AZT loaded in polymeric
NPs based on PLA and poly(l-lactide)poly(ethyleneglycol) (PLA/ PEG)
were prepared by double emulsion solvent evaporation and thoroughly
investigated in vitro for uptake into polymorphonuclear leucocytes of rat
peritoneal exudate. The cells activation by NPs was assessed by a
chemiluminescence assay suggesting a more favorable behavior of PLA vs.
PLA/ PEG complexes [62]. On the other hand, the drug release increased
proportionally to the PEG amount in the blend [63]. AZT was encapsulated
in alginate-glutamic acid amide based NPs obtained by an emulsion solvent
evaporation method. The polymeric NPs were coated with pluronic F-68 to
favor cellular internalization through the endocytosis mechanism. As a result,
the antiviral drug loaded in these nanosystems was released in a prolonged
manner. Intracellular uptake and cell viability assays also confirmed an
efficient uptake of AZT in glioma cell lines [64]. Solid lipid NPs based on
modified stearic acid and Aloe vera extract were described as an alternative
drug delivery carrier for controlled release and targeting of AZT. The plant
extract was used because of its high content of polysaccharides that showed
synergistic antiretroviral activity with AZT. The described nanocarriers did
not interact with plasma proteins and showed high drug loading and
entrapment e ciency. Moreover, fluorescent microscopy images suggested
that the natural gel facilitated the cellular uptake of AZT in brain cells [36].
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The drug proved to decompose when exposed to light or under hydrolytic
conditions, while it was more stable toward oxidation agents and thermal
stress [65]. In particular, the acid degradation induced the formation of a
pyrimidine derivative endowed with higher toxicity when compared to AZT,
as demonstrated by a mutagenicity and an aerobic biodegradability assay
[21]. Recently, three novel prodrugs of AZT, obtained by functionalization
with dicarboxylic acids, were designed in order to enhance
pharmacokinetics, chemical stability and a nity for human serum albumin
[66].

3.3. Lamivudine

The oral agent lamivudine, (4-amino-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-
5-yl)pyrimidin-2(1H)-one, 3TC), an analogous of nucleoside cytidine, was approved
by FDA for the combined therapy with AZT in 1995 and for monotherapy in 2002.
However, the emergence of drug resistance, associated to the gene mutation of RT,
limited its clinical application [67,68]. Several nanocarriers were prepared by mixing
biodegradable networks (i.e. PEG, pluronicpolyethyleneimmine (PEI), glycyrrhizin
conjugated chitosan, mannosylated-PLGA) or dendritic networks (i.e. starPEG-PEI,
poly(amidoamine)dendrimer-PEI-PEG) or nanogels with AZT or didanosine
triphosphates under a freeze-drying method, to specifically deliver the antiviral agent
next to macrophages in the CNS. All nano-NRTIs demonstrated high efficacy in
inhibiting HIV at low M drug concentration. The major cause of NRTI neurotoxicity,
consisting in the mitochondrial DNA depletion, was also reduced 3-fold compared
to uncoated NRTIs [69]. Acid or alkaline conditions as well as an oxidative
environment caused the degradation of the drug into five different products. On the
other hand, light exposure or thermal stress did not affect drug stability [70,71]. More
recently, a mass spectrometry study evidenced the formation of an additional
degradation product when the solid drug was exposed to oxidative conditions [72].
3TC was incorporated into polymethacrylic acid NPs in dierent drug/polymer ratio
by nanoprecipitation method in order to overcome some drug limitations, such as
accumulation during multi dose therapy and poor patient compliance. These
polymers offer several advantages, including high stability and simple preparation
route compared to remaining colloidal carriers. Moreover, these nanocarriers were
shown to increase drug bioavailability and optimize the release time to the target site
without significant chemical interactions between the drug and matrix [73]. An
alternative encapsulation for 3TC was exploited by using PLGA NPs coated with
bovine serum albumin through a double emulsion procedure. It was then
demonstrated that PLGA NPs were rapidly internalized into the human liver cells
after oral administration, at different drug concentrations, confirming their high
potential as ideal 3TC delivery systems [74]. The PLGA/ 3TC system was also
investigated for the formulation of a thermosensitive vaginal gel. The system was
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obtained in the form of NPs by the formation of an amide bond between the
biodegradable polymer and the free amine group of the drug. An analogue
formulation was prepared using emtricitabine as an alternative NRTI. The NPs were
finally incorporated into a thermosensitive gel for vaginal administration. The
nanoformulations showed to be non-toxic in HeLa cells assay up to a 100 g/ mL
concentration. Similar preparations containing fluorescent NPs were found to be
active for up to 5 days, suggesting a potential long-lasting application in therapy
[75]. A similar approach was adopted for the achievement of transdermal
formulation of PLGA/ 3TC complex. NPs obtained resulted in an ideal spherical
shape and an external smooth shell. The high drug entrapment rate resulted in an
improved physical stability of the drug together with an efficient delivery after skin
permeation. This last property was enhanced after microneedles skin pre-treatment
[76]. Mannosylated-PLGA NPs were prepared to ensure an efficient delivery of 3TC
into brain macrophages. The experimental data confirmed the increased drug release
from nanocarriers and this e ect may be due to the presence of sugar receptors on the
luminal surface of blood-brain barrier (BBB) [77]. 3TC was also entrapped into
PLA/ chitosan (CS) NPs by an emulsion technique. The drug was e caciously
entrapped and protected at low values of pH, while it was rapidly released at higher
pH values, thus allowing the drug to be selectively absorbed in the intestinal tract.
These NPs were also proven to be non-toxic in a mouse fibroblasts model. Efficient
biomedical applications could be accordingly envisaged for such an inclusion system
[78]. Similar results were obtained for 3TC-CS NPs prepared by ionic gelation of
CS with tripolyphosphate anions. These formulations o er several advantages with
respect to conventional dosage forms of the drug, particularly in terms of
bioavailability [79]. The CS functionalization with glycyrrhizin was realized for a
liver targeting and a 3TC controlled release. In fact, the results of this research
confirmed a lower drug release and an augmented level of 3TC in hepatocyte tissues,
if compared with CS NPs or the free-drug solution [80]. Successively, 3TC was
loaded into poly(e-caprolactone) through a double emulsion spray-drying method
giving rise to NPs with spherical morphology. This system also proved to be
effective in improving drug bioavailability and reducing side effects [81]. Multiple
drugs combined in a single nanosystem showed significant advantages over therapy
based on a single drug. Accordingly, an example of polymeric NPs based on methyl
methacrylate or g-caprolactone was designed for the release of four different anti
HIV drugs, AZT, 3TC, nevirapine and the IN inhibitor raltegravir [82]. In a recent
paper, the incorporation of 3TC into CS with sodium alginate/ calcium chloride by
the above gelation method, in different experimental conditions, was described and
showed an impressive drug release rate lasting up to 24 h. The method proved to
furnish highly homogenous particles capable of improve bioavailability together
with a constant drug release, following a first order mechanism, with diffusion of the
drug after swelling of the polymer [83]. Protein-based NPs were prepared using
lactoferrin for the controlled release of 3TC combined with AZT and EFV, after its
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application for a single DDS. The lactoferrin possesses itself antiviral activity and
therefore acts synergistically with the entrapped drugs. The assessment of
pharmacokinetic profile for each entrapped drug and in vitro data suggested that
these NPs are able to release drugs intracellularly in a controlled and sustained
manner [84,85]. Alternative nanotechnologies used for anti-HIV drugs release
included the use of inorganic components such as iron or silica. Preliminary results
suggested a potential application for these new formulations. In particular, chemical-
physical characterization of SiO, NPs coated with magnetic Fe,O3 loaded with 3TC
were investigated for their pharmacokinetic and cytotoxic profiles showing more
favorable features compared to the free drug [86]. A similar preparation was
attempted for 3TC and zalcitabine both in form of triphosphosphates. Preliminary
results showed that these nanosystems of dideoxynucleoside triphosphates/SiO, NPs
were useful transport systems for delivering these drugs to target cells with increased
antiviral efficiency [87]. Moreover, the co-encapsulation of 3TC and AZT, both in
form of triphosphates, into iron carboxylate mesoporous NPs gave biocompatible
systems endowed with peculiar delivery properties. In particular, the drugs were
released with different kinetics: 3TC showed accelerated release, while AZT was
released more slowly. This vector protected drug from degradation, conferring at the
same time improved in vitro anti-HIV activity. In fact, these formulations contribute
to stabilizing the drugs since no alterations were detected after two-month storage
and freeze-drying reconstitution [50]. High drug bioavailability and patient
compliance were recorded after the administration of the of 3TC encapsulated into a
new gum odina based biopolymer obtained by a multiple water-in-oil-in-water
emulsion approach. The long-term stability study showed the improvement of the
stability of the emulsions after a 90-day storage compared to a similar emulsion
comprising Tween 80 as a stabilizer [88]. 3TC was also loaded in nanovesicles based
on phospholipids or non-ionic surfactants (niosomes and liposomes). The best
components and reparation methods able to produce formulations with suitable size,
improved drug encapsulation efficiency and release profile were formulated for these
systems [89,90].

3.4. Abacavir

Abacavir  ((1S,4R)-4-(2-amino-6-(cyclopropylamino)-9H-purin-9-yl)cyclopent-2-
en-1-yl)methanol, ABV) introduced in 1998, represented an alternative nucleoside
derivative administered orally in solid or solution form for the prevention and
treatment of HIV infection. Similarly to other nucleoside analogous, its use is
recommended in combination therapy because of its severe side effects like
hypersensitivity, liver damage and lactic acidosis, which all preclude monotherapy.
ABYV and its congener 3TC, after transformation into the corresponding thiol ending
ester derivatives, were conjugated to glucose-coated gold NPs, which were
investigated for their pH dependent drug release performances. This drug-delivery
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system was in turn studied for new multifunctional devices since such gold NPs,
themselves endowed with microbicide properties, proved useful for the loading of
more than one active agent differently targeting the viral replication cycle, and
therefore representing a multivalent therapeutic approach [51]. Albumin NPs loaded
with ABV sulfate were prepared by solvation method and studied for their
mechanism of drug release. Results obtained revealed a remarkable drug loading
capacity together with a sustained and controlled release within 24 h in HIV reservoir
organs [91]. A myristoylated ABV prodrug entrapped into poloxamers was evaluated
for the pharmacokinetic properties after injection in mice. Comparison of such
nanoformulation with the free drug was performed on human monocyte-derived
macrophages by proton nuclear magnetic resonance studies in terms of anti-HIV
activity.

As a result, an efficacy comparable to that of the native drug was detected for the
encased polymer, which showed a two-week lasting release [92]. A detailed study
described the formation of innovative nanocarriers named ProTide (PROdrug and
nucleotide) obtained by the loading of L-alanine and L-phenylalanine ester
phosphoramidates of ABV into PLGA and poloxamer NPs. Such formulations
showed sustained retention and antiretroviral activities for up to one month [93].

3.5. Emtricitabine

Emtricitabine (4-amino-5-fluoro-1-((2S,5R)-2-(hydroxymethyl)-1,3-oxathiolan-5-
yl) pyrimidin-2(1H)-one, FTC), is a deoxycytidine nucleoside analogous approved
in 2006 for anti-HIV therapy. Even if it showed reduced side effects when compared
to other NRTIs, FTC is largely used in triple or quadruple drug combinations.

A customary PLGA nanoformulation of this water soluble drug was achieved
through the water-in-oil-in-water emulsion method and showed a sustained release
profile in rats, with adequate drug concentration up to two weeks [94,95]. The large
volume distribution, beside a short plasma half-life, suggests the use of FTC in
alternative formulations, such as PLGA NPs. This particular administration form
proved to be able in enhancing drug stability and intracellular retention time, as
demonstrated by an ex vivo endosomal assay. A once-biweekly dosing for HIV
infection prevention or treatment was accordingly hypothesized [96]. In addition,
eight degradation products were separated and characterized by LC-MS/MS from
ABYV sulfate when subjected to forced degradation under hydrolysis, oxidation,
photolysis and thermal stressing conditions [97]. More recently, a solution state
study showed the formation of eleven degradation products [98].

The thermal decomposition of FTC was well investigated by applying different
methods. FTC largely decomposed to small molecules and insoluble substances. A
small amount decomposed to 5-fluorocytosine due to an oxidation reaction [99].
When the drug was exposed to the action of acids or bases as well as oxidative stress
conditions, an additional degradation product was detected [100].
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3.6. Tenofovir

Tenofovir disoproxil fumarate ((R)-(((((1-(6-amino-9H-purin-9-yl) propan-2-
yl)oxy)methyl) phosphoryl)bis(oxy))bis(methylene) diisopropyl dicarbonate, TDF)
is a more recently approved NRTI (2001) used in the treatment of chronic hepatitis
B and in the prevention and treatment of HIV infection. Successively its prodrug
tenofovir alafenamide fumarate ((isopropyl 2-((((((R)-1-(6-amino-9H-purin-9-yl)
propan-2-yl)oxy)methyl)(phenoxy)phosphoryl)amino)propanoate, = TAF)  was
launched in the market due to its more favorable properties after oral administration.
TAF has greater antiviral activity and better distribution into lymphoid tissues than
TDF. Both drugs are recommended in combination therapy along with other
antiretroviral agents.

3.6.1. Tenofovir SLN
Lipid NPs loaded with NRTI and NNRTI agents including TDF or TAF were

extensively studied for the improvement of bioavailability and long lasting drug
release. Several lipid matrices were designed and showed a very promising behavior
under different experimental conditions [37,101,102].

Toxic effects of TDF loaded in nanoemulsions on liver and kidney were assessed
using an animal model. Although any behavioral toxicity and mortality were not
detected, moderate alterations were however observed on both organs [103].
Extensive chemical-physical studies were performed on hybrid inclusion complexes
obtained by encasement of TDF into lipid and polymer matrices by engineered melt
emulsification-probe sonication technique. The carrier obtained by combining TDF,
lauric acid and pemulen polymer was shown to promote a noteworthy increase of
TDF trans-nasal flux, so potentially useful for nasal administration [104].
Nanocarriers based on a hydrogel-core and a lipid-shell were designed for the
controlled loading and topical vaginal release of TDF and maraviroc, a virus entry
inhibitor. These nanolipogels proved to be efficient systems and robust carriers for
the encapsulation and the prolonged in vivo release of antiretroviral drugs, showing
solubility concerns that are useful during the prevention and treatment of HIV
infection [105].

3.6.2. Tenofovir/ Dendrimers Complexes
A drug combination including TDF into dendrimers was designed for the evaluation

in an in vitro model of semen-enhanced viral infection. The results obtained
suggested that this therapeutic strategy could bypass the detrimental effects of
amyloid fibrils, present in semen, which seem responsible of the failure of topical
vaginal gels action [54]. An approach to the treatment of neuro-AIDS was based on
the use of co-encapsulated drugs into ultra-small iron oxide NPs with the addition of
dextran sulfate. The inclusion complex of TDF and vorinostat, a latency-breaking
agent, was assembled by magnetically guided layer-by-layer method and a
noteworthy blood—brain barrier transmigration of drugs was then observed. This
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strategy, aimed to the activation of latent virus and its simultaneous killing, would
result in a high efficacy to eradicate completely the infection from the CNS [106].
Nanosystems such as carbosilane dendrimers seem themselves able to inhibit HIV
replication with a potential as local antiviral agents. Nevertheless, the concomitant
administration of specific antiretroviral agents led to a potent synergistic activity.
TDF, along with AZT and EFV or with maraviroc was encapsulated into anionic
carbosilane dendrimers, bringing sulfated and naphthyl sulfonated groups to
generate potential microbicides to prevent the sexual transmission of HIV [55 ,107
—110]. An innovative therapeutic strategy could be based on the TDF prolonged
release from NPs obtained by hyaluronic acid (HA) cross-linked with adipic acid
dihydrazide. This nanosystem did not show detectable toxicity under the control of
hyaluronidase enzyme. Comparative experiments with a simple TDF/ HA gel
suggested an essential role of the enzyme during the HA degradation and TDF
release. The potential of these formulations for topical delivery of antiviral agents
for the prevention of sexually transmitted diseases was accordingly hypothesized
[111].

3.6.3. Chitosan based TDF Nanoparticles

TDF was also used as a model drug in a CS based nanopreparation coated with
sodium acetate, an aggregation-preventing agent, realized by the freeze-drying
method. The NPs cytotoxic profile on macrophages was assessed by neutral red,
resazurin, nitrite oxide and cytokines assays. Satisfactory encapsulation rate together
with a good stability of the colloidal dispersions was observed for the formulation.
Moreover, a sustained drug release beside a lack of cytotoxicity and a pro-
inflammatory effect was recorded [112]. Further improvements in terms of
mucoadhesive performance were obtained by a formulation based on TDF-loaded
CS NPs dispersed in vaginal thermogels [113]. CS based oral NPs loaded with TDF
were prepared by the ionic gelation technique and studied for their potential in
preventing esterase metabolism and facilitate active transport uptake. Both processes
were affected as confirmed by in vitro experiments. Moreover, data obtained
suggested that a clathrin-mediated mechanism is involved in the enhancement of
drug oral absorption [114].

A triple combination of TDF, FTC and bictegravir, an integrase inhibitor, was loaded
into trimethyl CS to generate a nanoconjugate with improved cellular uptake. The
efficiency of the nanocarrier was determined by spectrophotometry while XTT and
ELISA tests were used to determine cytotoxicity and anti-retroviral efficiency,
respectively. As a result, this formulation proved to inhibit viral replication at lower
concentrations than the free drugs combination, without a significant cytotoxicity,
therefore resulting in a lower drug resistance [115]. Colloids based on
polyelectrolyte complexes of CS and chondroitin sulfate were loaded with TDF and
examined for the stability at physiological conditions.
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This property was assured by the use of Zn(II) throughout the formulation procedure.
In vitro studies did not reveal toxicity of such NPs on human peripheral blood
mononuclear cells, while a remarkable dose-dependent antiretroviral activity was
detected [116]. TDF was loaded into thiolated CS core/shell nanofibers in order to
investigate the rate of drug loading, mucoadhesion properties and in vivo safety. The
formulation was fabricated by assembling poly(ethylene oxide) with the CS
component and PLA by a coaxial electrospinning technique. An enhanced drug
loading together with a prolonged drug release and an increased mucoadhesion were
assessed by in vitro studies, whereas a significant toxicity was not detected in neither
in vitro nor in vivo experimental models. These new formulations could be therefore
considered promising tools for the local delivery of microbicide agents [117].

3.6.4. Alternative Polymeric TDF NPs

An original formulation to be used for vaginal administration was fabricated by oil-
in-water emulsification of the inclusion product of TFV into PLGA and sodium
deoxycholate as an ion-pairing agent and a thermosensitive gel. Sustained release
properties in humanized BLT mice were shown for these nanoformulations when
instilled locally [118]. Similar results were obtained by loading TFV into PLGA/
stearylamine and incorporating such NPs into a hydroxypropyl methylcellulose/
PVA-based film [119 ,120]. TAF and FTC entrapped NPs were prepared for
subcutaneous administration during pre-exposure prophylaxis. Drugs were included
into the PLGA/ PVA system and investigated for their long-acting potency
detectable even after 14 days by a humanized mice model [121 ,122]. A similar
approach was exploited for the incorporation of TAF and elvitegravir, an integrase
inhibitor, during the fabrication of devices to be used during vaginal prevention [123
,124]. The drug absorption following oral administration were also positively
affected by the use of TAF/ PGLA loaded NPs, as highlighted by a statistical model
study [125]. Formulations containing mono- or by-layered films of PVA and pectin
were coupled with Eudragit NPs loaded with TDF/ FTC, by nano spray-drying
technique. These systems were designed for vaginal use with a better patient
compliance. The time of disintegration and drug release was evaluated in a simulated
vaginal fluid, showing favorable results. The by-layered films equipped with NPs
loaded with drugs showed the best performances in terms of drug release delay.
Moreover, this topic formulation was shown particularly safe by MTT and lactate
dehydrogenase assays using different cervical cell lines [126]. Multifunctional
magneto-plasmonic liposomes charged with TDF were obtained with the aim to
study guided systems for enhancing efficiency of antiviral treatment. The
distribution of such a hybrid system can be monitored by image technique and
activated magnetically into the brain. The gold shell of such nanocomplexes can be
followed by computed tomography. This way, these particular systems proved to be
efficient against HIV in infected microglia cells after adequately crossing the BBB
[127 ]. A nanosuspension of drug combination particles consisting of TDF, ritonavir
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and lopinavir, two protease inhibitors, and lipids were prepared for the development
of innovative topical formulations. This system was highly efficient in targeting
lymphocytes during anti-HIV therapy with a long-lasting action after a single
subcutaneous administration [128]. Similar results were described after the addition
of 3TC to the previously combination to give a four-drug components
nanosuspension [ 129]. Similar results were obtained for alternative combinations of
TDF and other RTI. In all cases, a persistent drug concentration was detected after
single subcutaneous injection in different HIV reservoir cells [130 ,131].

A stability study was performed on TAF and compared with the stress degradation
behavior of TDF. Gastrointestinal stability studies were conducted on both drugs,
showing the formation of six degradation products. These studies revealed a higher
stability of TAF, except for with the acid condition, where the drug was extensively
degraded [132 ].

4. Non-Nucleoside Reverse Transcriptase Inhibitors Nanosystems
An alternative approach to anti-HIV treatment with RTIs is represented by the

combined therapy using both NRTIs and NNRTIs, exploiting the synergism of the
two distinct classes of drugs. Accordingly, the multi-therapy is nowadays the most
widely adopted strategy for the treatment of HIV infection in the clinic. NNRTI act
directly by binding the enzyme, so preventing its DNA polymerase function. In fact,
their heterogeneous structures do not resemble those of nucleobases, the natural
substrate of RT (Figure 4, panel c). After a first generation NNRTI drugs introduced
in the 90s (i.e. nevirapine, delavirdine, efavirenz) approved for anti-HIV therapy,
recently some new and effective compounds entered the market (i.e. etravirine,
rilpivirine). Some more interesting compounds are currently under clinical
investigation. The structures of representative NNTRI are reported in Figure 5.

4.1. Nevirapine

Nevirapine (11-cyclopropyl-4-methyl-5H-dipyrido[3,2-b:20,30-e] [I,4]diazepin-
6(11H)-one, NVR) was the first NNRTI approved by FDA in 1996 for the treatment
of HIV infection. In order to improve the pharmacokinetics of this hydrophobic drug,
NVR was loaded into liposomes prepared by thin film hydration and extrusion
method to give uniform spherical vesicles. The matrix, obtained from egg
phospholipid and cholesterol, proved to release the drug during 22 h at physiological
pH values. The presence of proteins into the medium or the exposition of the system
to ultrasounds greatly impair the delivery mode of the drug. However, this
encapsulation method could optimize the efficacy of NVR in terms of drug stability
and controlled release to the target tissues [30]. Transferrin grafted PLGA NPs have
been designed in order to facilitate NVR in crossing vascular endothelial cells of the
human brain. This particular nanosystem allowed a favorable drug loading
with a desired controlled release, so proving to act as an efficient carrier to
promote vascular diffusion of the compound [133]. Nanoparticles of
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PLA/PEG, the surface of which was modified with serum albumin, were
prepared to improve release of the drug to the target tissues. This favorable
feature was measured after i.v. injection in rats, showing an improved
bioavailability, cellular uptake and drug accumulation in the brain, liver and
spleen, compared to pure drug solution or uncoated nanoformulations.
Moreover, no additional cytotoxicity was recorded. The capability to cross
the BBB makes these formulations potentially useful for the treatment of
AIDS related dementia [134,135]. The stability of NVP was well
investigated by a stability-indicating ultra-high performance liquid
chromatography (UHPLC) method. Drug product efficacy, safety and quality
were verified in different degradation conditions by using acids, bases, water,
metal ions, heat, light and oxidation agents. The tests were applied on the
pure compound and on its tablet formulation leading to the formation of five
degradation products [136]. A physically stable formulation of NVP was
prepared by forming a crystalline inclusion complex with biodegradable and
hydrophobic poly(e-caprolactone). Compared to pure NVP crystals, the
formulation assured a sustained drug release at physiological conditions in
PBS solution up to 6 weeks, due to the reduction of drug solubility [43].
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Figure 5. Chemical structures of NNRTI

4.2. Efavirenz

Efavirenz, ((S)-6-chloro-4-(cyclopropylethynyl)-4-(trifluoromethyl)-1H-
benzo[d][1,3]oxazin- 2(4H)-one, EFV) was approved in 1998 and is largely utilized
with other drugs for anti-HIV association therapies. However, its potential was
limited by a low bioavailability due to its high lipophilicity and other drawbacks
related to irritant effects on mucosae [137,138]. A strategy devoted to the
improvement of EFV pharmacokinetics resides in its incorporation into SLN, which
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should drive the delivery of the drug next to the lymphoid system and brain [38].
Phenylalanine anchored SLN (PA-SLN) were used to encapsulate EFV and the
resulting nanocomplex was tested for its potential to cross BBB. Phenylalanine was
chosen in order to exploit the aromatic amino acid transporter active within the
barrier. The nanocomplex showed good entrapment efficiency and a favorable drug
release, with a remarkable accumulation in brain assuring a long-lasting therapeutic
effect [139].

4.2.1. Efavirenz SLN

SLN of selected lipids as matrix medium and EFV were prepared with the addition
of a surfactant by high-pressure homogenization technique and evaluated in vivo for
their enhanced bioavailability and brain targeting. In particular, such properties were
assessed after an intranasal administration route, which could be useful for therapy
devoted to the complete eradication of HIV [39]. As an example, EFV was loaded
into SLN assembled with the use of mono- and tri-glycerides with the aid of a
surfactant. This particular formulation allowed the drug to partly by-pass liver
metabolism after oral administration and in doing so increasing bioavailability and
accumulation into spleen [140]. A prolonged drug release together with a lower
incidence of side effects, consequent to a reduced drug dosage, was achieved after
EFV incorporation into SLN.

4.2.2. Polymeric EFV NPs
Efavirenz was loaded into NPs based on methacrylate polymers, which conferred an

increased drug uptake in monocytes and macrophages [141,142]. Emulsion or
nanoprecipitation methods allowed loading EFV into biodegradable PLGA NPs. The
effects of the resulting formulations administered in combination with other free or
encapsulated anti-HIV drugs were investigated. As a result, the new formulations
proved more efficient compared to the free drugs and also a noteworthy synergistic
effect was recorded for encapsulated EFV combined with TDF, a second NRTI
[143]. EFV was dispersed with -tocopherol polyethylene glycol succinate and PVA
by an emulsion-templated freeze-drying technique to realize solid inclusion NPs.
Dry monoliths charged with these NPs proved to be stable for several months. Their
reconstitution in water furnished nanodispersions, which showed reduced
cytotoxicity together with an improved bioavailability and pharmacokinetics [49]. A
nanoformulation was obtained by combining EFV with cellulose acetate phthalate,
acting as an HIV entry inhibitor, by the nanoprecipitation method. The resulting NPs
were formulated into a thermosensitive gel, which resulted in an efficient
nanomicrobicide for long-term HIV prophylaxis [144]. Polymeric micelles based on
pluronic F127 loaded with EFV and bio-conjugated with anti-M-cell-specific
antibodies were prepared in order to evaluate their preferential target delivery to gut
micro fold cells of lymphoid tissue, one of the major HIV reservoirs in the body. The
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efficiency of such nanosystem was showed to be higher than the free drug and a
possible oral application by enteric-coated capsule was accordingly hypothesized
[145]. EFV was loaded into eudragit, pluronic and alginate sodium polymeric based
NPs by solvent evaporation method. Cytotoxicity and antiviral characterization was
investigated by syncytium inhibition assay. The polymeric nanocarrier was proven
to be more effective than the pure free drug by an enhanced drug dissolution and bio-
distribution, especially after BBB crossing. A reduced toxicity was also detected
[146,147]. NPs to be used during intranasal administration were prepared by the
encasement of EFV into CS grafted hydroxypropyl beta cyclodextrin matrices.

The results obtained confirmed a better CNS access due to an improved cellular
permeation consequent to both a higher drug solubility and a concomitant beneficial
action of CS on cell membrane [148]. Rectal polymeric formulations were prepared
by incorporation of EFV into PLGA NPs coated with PEG. This particular form
assured a prolonged drug residence in the lower colon with a long lasting
prophylactic action against HIV transmission [149]. A better BBB crossing together
with a reduction of side effects incidence was attempted by the preparation of
transferrin functionalized PLGA NPs loaded with EFV. Although a higher
deposition rate of the drug to the targeted site was recorded, the formulation did not
improve drug membrane permeation [150]. Lactoferrin NPs were fabricated for oral
or vaginal administration giving raise to significant results in terms of drug release
and bioavailability. A combination of EFV and curcumin was also attempted in order
to reach synergism for the two-microbicide agents. The results obtained confirmed
an improved pharmacokinetic profile for the drug combination nanoformulation with
respect to free drugs [151 ,152].

4.2.3. Efavirenz/ Dendrimer Complexes

EFV was incorporated into t-Boc—glycine and mannose conjugated dendrimer-based
poly(propyleneimine) (PPI). These branched three-dimensional polymers were
shown to be less toxic than free PPI and could allow the drug to reach monocytes
and macrophages, both reservoirs of HIV in the body. In fact, it is known that
inhibitors targeting only lymphocytes are ineffective in completely eradicating the
infection. These formulations demonstrated to be particularly effective since they are
able to promote a significant increase of EFV cellular uptake [153]. The same authors
loaded EFV into dendrimer-based PPI complexed with tuftsin (Tu). This latter is a
tetrapeptide coming from the cleavage of immunoglobulin G and showed to be
capable of selectively target and activate macrophages, monocytes and polymorph
nuclear leukocytes. This strategy would help EFV in avoiding unwanted effects
acting in a synergistic fashion with the peptide. Such an option was suggested by the
fact that the TuPPI complex showed no toxicity and prolonged EFV cellular uptake
in HIV infected macrophages with respect to uninfected cells [154].

4.2.4. Alternative Supramolecular EFV NPs

171



4. Nanocarriers for Drug Photoprotection

Vesicular systems consisting of gold NPs entrapped inside the aqueous core were
loaded with EFV in the bilayer membrane. The niosomes so formed were dispersed
in carrageenan/hyaluronic acid/poloxamer based thermogel after coating with an
opportunely functionalized mannose, in order to combine the action of the protein
and the sugar for an effective prophylactic vaginal application. A remarkable
inhibition of viral transmission as well as a drastic reduction of side effects was
recorded [31]. A soya lecithin/cholesterol and PEG liposomal DDS was designed in
order to overcome the limited solubility, dissolution rate and bioavailability of EFV
[32]. Similar results were achieved by the entrapment of EFV into boron nitride and
carbon nanotubes as delivery vehicles. Both the systems showed a favorable
behavior. Between the two distinct formulations, carbon nanotubes assured a higher
drug adsorption [155]. Enhanced solubility and dissolution of the drug were also
obtained by inclusion complex with hydroxypropyl--cyclodextrin. The solubility of
the complex was further increased by the addition of 1-Arginine [156]. Degradation
behavior of the drug in water solution was assessed by HPLC analyses, detecting a
total twelve degradation products under acidic conditions. Alkaline stress resulted in
the formation of only two degradation products, whereas oxidative and photolytic
conditions did not promote any degradation of the drug. All the degradation
derivatives showed remarkable toxicity, including carcinogenicity, mutagenicity and
skin irritation, as confirmed by in silico experiments [72]. The thermal behavior of
glass EFV was evaluated in different experimental conditions, showing a good
stability only at room temperature [157].

4.3. Dapivirine

Dapivirine (4-((4-(mesitylamino) pyrimidin-2-yl)amino)benzonitrile, DPV) is a
new, sparingly soluble NNRTI, under investigation for vaginal application during
the prevention of HIV sexual transmission. This compound was shown to be a non-
competitive inhibitor of RT that is particularly useful for topic treatments. In order
to improve efficacy, a microbicide film for vaginal delivery was formulated by
loading DPV into PLGA NPs and the nanosystems were in turn coupled to a PVA in
a cellulose based platform film using solvent casting technique. TDF was also added
to the formulation to achieve a synergist antiviral effect. A rapid release of active
principles was accordingly recorded suggesting an ideal behavior of such a
formulation as prophylactic microbicide [158,159]. Some advantages were also
obtained by alternative formulations of this drug. In particular, surface-engineered
poly(e-caprolactone) NPs were manufactured and evaluated in pig vaginal and rectal
mucosa, resulting in favorable drug release properties [160]. Physical-chemical
properties of these nanocarriers were evaluated upon one-year storage to a variable
temperature range. Colloidal instability affected the in vitro drug release of the NPs,
although no detectable degradation was observed for the entrapped drug [56].

4.4. Etravirine
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Etravirine  (4-((6-amino-5-bromo-2-((4-cyanophenyl)amino)pyrimidin-4-yl)oxy)-
3,5-dimethylbenzonitrile, ETV) is a NNRTI approved in 2008 for monotherapy
against HIV, also clinically used in combination with other antiviral agents in
antiretroviral treatment-experienced adult patients with onset of resistance. A
combination of ETV, maraviroc and raltegravir was loaded into PLGA by emulsion-
solvent evaporation technique. The antiviral potency of the resulting NPs was
compared to the free triple drug combination in an in vitro cells assay and on a
macaque cervicovaginal explant model in vivo. The nanoformulation provided a
prolonged release by extension of the half-life of drugs, leading to an enhanced
synergistic antiviral action [161]. An innovative approach for the design of NPs
overcoming the drawback, consisting in low drug retention and massive leakage, was
undertaken by the preparation of NP-releasing nanofiber vaginal devices.
Mucoadhesive PVA fibers coupled to PEGylated NPs should ensure an adequate
retention together with a rapid mucus diffusion. These composite nanoformulations
proved to assure a sustained ETV release for up to seven days [162].

4.5. Rilpivirine

Rilpivirine ((E)-4-((4-((4-(2-cyanovinyl)-2,6-dimethylphenyl)amino)pyrimidin-2-
yl)amino) benzonitrile, RPV) is a second-generation NNRTI, approved in 2011,
possessing increased potency, longer half-life and lesser side-effects with respect to
former non-nucleoside agents, today mainly used in combination with other anti-
HIV drugs [163]. RPV met therapeutic success either in combination with other anti-
HIV agents or in long-acting injectable nanoformulations during maintenance
therapy. Its use could also be advantageous for the prophylactic treatment of high-
risk uninfected individuals [164,165]. In two separate papers, the potential use of
long acting RPV NPs associated with cabotegravir, an HIV integrase inhibitor, was
described and an innovative monthly dosing therapeutic regimen was accordingly
proposed. Recently, the result of a phase IIb study was reported on the effectiveness
of this combination nanoformulation in maintaining adequate drug concentration in
plasma or vaginal mucus for up to one month [166—168]. RPV-loaded PLGA NPs
were fabricated by emulsion-solvent evaporation method. A sustained release in
plasma as well as faster clearance were observed in animal models, suggesting a
prophylactic use after the preparation of thermosensitive gels as well as long acting
injectable nanosuspensions [169]. Biodistribution of tri-modal theranostic NPs was
studied by single-photon emission computed tomography, magnetic resonance
imaging and fluorescence techniques. These devices were prepared by the
incorporation of Indium radiolabeled, europium doped cobalt-ferrite particles and
RPV loaded into a poly("-caprolactone) matrix included into a lipid shell. A
sustained drug release and antiretroviral activity were observed in HIV infected
macrophages. These multi-functional NPs represent a platform for the monitoring
and optimization of the antiretroviral drug pharmacokinetic profile [170].

173



4. Nanocarriers for Drug Photoprotection

5. Conclusions

There is a high level of interest in nanotechnologies for their relevant roles in the
design and development of innovative anti-HIV formulations either for oral or
topical administration. In the first case, a more specific targeted delivery together
with a sustained release represents the major goal in the field. Mucoadhesive
performance, prolonged retention time and improved patients’ compliance were
desired for vaginal or rectal application of microbicide nanoformulated antiretroviral
agents. A large number of diversely assembled nanocarriers loaded with different
classes of antiviral drugs were then developed and deeply investigated to improve
both pharmacokinetic characteristics and stability behavior. Overall results
demonstrated a potential success of such an approach for monotherapy, even though
more profitable applications were recorded for the combination therapy, the most
diffused method nowadays. In fact, anti-HIV therapeutic regimens today comprise
multiple daily doses of more drugs acting at different stages of viral replication,
which lead to poor patient compliance. Although the use of protease, integrase and
viral entry inhibitors has become customary, NRTIs and NNRTIs remain pivotal
tools during the infection management. In the light of these findings, this overview
focuses mainly on the application of nanotechnology applied to RTI as vehicles for
challenging virus eradication from depot organs and/or as a platform for the design
of modern prophylactic devices for stable or stressing conditions.
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ABSTRACT.

Photostability studies were performed on topical formulations containing
Nabumetone, an anti-inflammatory drug used in the treatment of osteoarthritis and
rheumatoid arthritis that commonly undergoes a photodegradation process to give
the 6-methoxy-naphthalene-aldehyde as the main photoproduct. In this work, drug
inclusion in micro-emulsions was proposed to achieve an improved stability to light
and at the same time a sustained release systems for topical application. The
photodegradation experiments were realized under stressed conditions according
with the ICH rules and monitored by spectrophotometry. The spectral data were
processed by Multivariate Curve Resolution (MCR), able to estimate spectra and
concentration profiles of the components involved in the kinetic process. NA
entrapped in microemulsion and formulated in solution and gel preparations was
exposed to an irradiance power of 350 W/m®. A complete photostability was
achieved when the drug was entrapped in microemulsion systems compared to
ethanol solution and plain gels. Moreover, ex-vivo permeation experiments
highlighted the potentiality of designed systems as retarded drug delivery systems.
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1. Introduction

Photosensitivity is a severe drawback that affects the drug safety during production,
storage, distribution and use by patients [1]. In particular, the exposure to light could
modify the physicochemical properties of active compounds with loss or reduction
of their pharmacological activity and, in some cases the formation of toxic by-
products. Photostability of the drugs, in fact, is a very important topic in
pharmaceutical research and photostability tests for new drugs are included as
integral part of stress testing in the ICH guidelines [2]. Consequently, the
development of advanced strategies aimed to avoid or minimize drug
photodegradation is still required. The most customary method involved in the drug
photostabilization strategies are the use of appropriate protective containers or
packaging [3]. Anyway, when the pharmacokinetic behavior of a drug is not
favorable and the absorption through the skin take too long, an active compound
should be also protected after application, allowing a prolonged exposure to sunlight.
In these cases, several approaches of encapsulation into supramolecular systems such
as cyclodextrin (CD) complexes, liposomes and niosomes have been proposed, very
often combined with antioxidants and solar filters [4-7]. Recent investigations, also,
involve the use of microemulsions as encapsulation matrices to realize
photoprotective carriers [8-10]. Microemulsions (ME) are optically isotropic and
thermodynamically stable solutions with droplet sizes in the submicron range. In
general, they consist of oil phase, surfactant, cosurfactant and aqueous phase. Some
advantages offered by microemulsions include a high drug solubilizing capability
and enhanced skin permeation for both hydrophobic and hydrophilic drugs, an easy
manufacture and a long shelf life [11-12].

In this work, the light stability of Nabumetone (4-(6-methoxy-2-naphthyl)butan-2-
one) (NA) and ability of ME as photoprotective agents were investigated. The
photostabilty studies were performed according to the ICH rules; the
photodegradation profiles were monitored by spectrophotometry and the spectral
data were processed by Multivariate Curve Resolution (MCR). This chemometric
procedure was chosen because particularly suitable for following transformation
kinetic processes as it is able to estimate spectra and concentration profiles of the
involved components [11-14]. Specifically, the proposed systems were designed for
topical application since this route of administration contributes to a higher exposure
to sunlight and no topical preparation of NA is currently available. Skin is, indeed,
an attractive and accessible route of drug delivery that offers many advantages such
as avoiding the first-pass effect associated with oral or parenteral administration, an
easy use, reduced side effects and a better patient compliance. Ex-vivo permeation
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studies, using rabbit ear skin and vertical Franz diffusion cells, were, thus, performed
to evaluate the skin permeation ability of new formulations.

2. Material and methods

2.1. Chemicals, Instruments and software
NA, propylene glycol, microcrystalline cellulose, Brij97 were purchased from

Sigma-Aldrich (Milan, Italy). Ethanol and methanol were from J.T. Baker (Holland).
UV spectra were recorded by using a Perkin-Elmer Lambda 40P Spectrophotometer
by setting the following instrumental conditions: range 200—450 nm, scan rate 1
nm/s; time response 1 s; spectral band 1 nm. Spectral acquisition and elaboration
were made by using the dedicate software UV WinLab® (Perkin-Elmer, Waltham,
MA). A light cabinet Suntest CPS+ (Heraeus, Milan, Italy) equipped with a Xenon
lamp was used to perform the photodegradation experiments. The ID65 standard
filter was set to simulate sunlight in a spectral range between 300 and 800 nm.
Multivariate analysis was performed by the software Matlab® computer
environment (Mathwork Inc., version 7).

2.2 Samples preparation

NA standard solutions were prepared in ethanol at the concentration of 5.0 pg /ml in
consideration of the low drug solubility in water.

For ME preparation, the composition was chosen considering the ternary diagram
phase BRIJ97/IPM/H,0 [15] and details are given in Table 1. In the first step, the oil
phase (Isopropyl myristate, [IPM) and BRIJ97 surfactant were mixed and heated at
70°C for 3 min. The drug was dissolved in this mixture and, then, added dropwise to
aqueous phase. Finally, the samples were subject to different cycles of centrifugation
at 3500 rpm for 10 min, followed by 4 min of vortex mixing at 2200 rpm. The final
drug concentration in ME was 0.7% w/w. Moreover, in order to make the
formulation suitable for topical application, ME were incorporated into a gel matrix.
ME gels (5 g) were prepared according to the European Pharmacopoeia [16] by the
procedure reported below: 4.35 g of NA-micro-emulsions were added to 0.5 g of
propylene glycol and 0.15 g of cellulose and stirred magnetically up to 15 min to get
opalescent homogenous gels. Furthermore, NA plain gels were prepared by
emulsifying 0.035 g NA in propylene glycol and cellulose and then 4.35 g of distilled
water were added stirring for 15 min.

Component Weight (g) t:0r 5¢gof
formulation
BRI1J97 0.95
IPM 0.25
H,O 3.80

Table 1. Composition of micro-emulsion formulation.
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2.3 Size and distribution analysis
The mean particle size of ME was measured by dynamic light scattering (DLS) using

a 90 Plus Particle Size Analyzer (Brookhaven Instruments Corporation, New York,
USA) at 25.0 + 0.1 °C. Before measurement, ME were appropriately diluted in
distilled water and the results were directly obtained from instrument data fitting
through the inverse “Laplace transformation” and the Contin methods [17]. The
polydispersity index (PI) was used as a measure of the width of size distribution. The
PI values lower than 0.3 indicated a homogenous population for colloidal systems.
All the measures were done in triplicate and expressed as mean =+ standard deviation.

2.3. Photodegradation test
The photodegradation tests were made on all the prepared liquid and gel

formulations under the following conditions: irradiation power 450 W/m®,
corresponding to 27 kJ/m” min, temperature 25 °C. The samples were analysed just
after preparation (t= 0 min) and at the several exposure times (10-30-50-70-100-130-
150-210-270-300 min) by UV spectrophotometry. All laboratory experiments were
carried out in a dark room to minimize drug photodegradation.

Drug content in gel along the photodegradation experiments was measured by MCR
applied on the UV data of the methanol extracts. At this aim, gel 0.5 g was uniformly
stratified on a glass plate to form a layer thickness of 0.25 mm and then exposed to
forced irradiation. After each irradiation dose, the glass plate was sonicated in
acetonitrile 25 mL for 10 min at room temperature. 10 ml of the obtained suspension
were centrifuged at 5000 rpm for 10 min and the supernatant was analysed after 1:10
dilution with methanol.

2.4 Ex-vivo permeation studies

Ex-vivo permeation studies were carried out using vertical diffusion Franz cells for
7 h at 37°C, through rabbit ear skin obtained from local slaughterhouse. The skin,
previously frozen at —18 °C, was pre-equilibrated in physiological solution at room
temperature for 2 h before the experiments. A circular piece of this skin was securely
placed between the receptor and donor compartments with the dermal side in contact
with the receiver medium and the epidermis side in contact with the donor chamber
(contact area = 0.416 cm?). The donor compartment was charged with an appropriate
volume of samples to keep constant the drug moles. The receptor compartment was
filled with 5.5 ml of fresh hydroalcoholic solution (water:ethanol /50:50) which was
maintained at 37 = 0.5 °C and stirred by magnetic bar. At regular time points up to7
h, the receptor solution was removed for analysis and replaced with an equal volume
of pre-thermostated (37 °C £+ 0.5 °C) fresh one.

The drug content in the samples was analyzed by UV-vis spectrometry. Each
experiment was carried out in triplicate and the results were in agreement within +
standard deviation.
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3. Results and discussion

3.1 Micro-emulsion characterization
The interest of pharmaceutical industry in the design of new dosage formulations for

light-sensitive drug has clearly increased over the last few years. The encapsulation
of photo-labile drugs in supramolecular systems represents an approach able to
increase the drug stability and, at once, ensure optimal permeation across the skin.
In this light, ME have shown interesting and attractive advantages like high
thermodynamic stability, ability to deliver both hydrophilic and lipophilic drug,
increased drug solubility and, not least, photoprotective capability. Taking all these
considerations, ME for the delivery of NA were prepared selecting an accurate ratio
between oil, surfactant and water in ternary diagram phase BRIJ97/IPM/H,0 studied
by Wang [15].

Oil in water ME empty and loaded with NA visually appeared as isotropic and
translucent solutions. The samples were highly stable and no sedimentation,
creaming and flocculation were observed during 6 months. The average oil droplet
size of plain and drug-loaded ME was 20.16 +1.70 and 23.64 + 3.21 nm respectively.
The NA loading did not change the physicochemical features of the designed
colloidal systems. In addition, the polydispersity index of plain and NA-loaded ME
was respectively 0.214 and 0.169 indicating a narrow oil droplet size distribution
and, consequently, that formulations were relatively homogenous in size.

3.2. Photodegradation of NA samples

An ethanol solution of NA 5.0 ng/ml was subdued to forced photodegradation, under
the standard conditions above reported. The spectra, depicted in Figure 1, were
recorded just after the preparation and at several exposure times up to five hours.

0,0 _ —— —
200 220 240 260 280 300 320 340 360 380 400 nm

Figure 1. Absorbance spectra recorded for the ethanol solution of NA at several
exposure times.
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The spectral data, as average of five experiments collected during the
photodegradation tests, were used to construct the data matrix to be analysed by
MCR-ALS. The results reported in Figure 2 showed the NA photodegradation
profiles and its photoproducts (A) and the respective absorbance spectra (B).
In accordance with the results reported in literature, data elaboration confirmed the
formation of one major photoproduct (NA-P1) and traces of another by-product
(NA-P2). Valero et al. [18] reported the photo-oxidation of the side chain to 6-
methoxy-2-naphthaldehyde, as a major product, in butanol solution and the
formation of the (4-(6-methoxy-2-naphthyl)-3-buten-2-one). In this solvent, the
process seemed to be more efficient than in water [19].
In our experiment, a full degradation of the drug was observed after about 30 min.
The degradation process proceeded via first-order kinetics, described by the
equation:

In [%NA]=—k-t+4.6
where %NA was the percentage of residual drug, k the photodegradation rate
constant, t the time (min), and 4.6 the logarithm of the starting concentration (100%).
The parameter to; (time to cause 10% degradation) was chosen as a criterion to
compare the degradation behaviour of the tested samples. This parameter is
conventionally adopted because a drug could no longer be used when its purity falls
below 90%. Table 2 summarizes the degradation rate constants and the values of t, ;
for all the studied matrices.
The value of k for NA solution was 0.0482 and ty; resulted to be 2.08 min, as
reported in Table 2.

190



4. Nanocarriers for Drug Photoprotection

[NA%]
100 T T

NA

80 NA-P1

60

20
L\'\

0 50 100 150 200 250 300

minutes
[Abs]

0.9

0.7

0.5

0.3

0.1 __/\ ‘ §

220 240 260 280 300 320 340
nm

Figure 2. Photodegradation profiles of NA and its photoproducts (A) and their
absorbance spectra (B)

Samples Kx10° to.1 (min) R*
NA-free 48.2 2.08 0.999
NA-gel 234 4.27 0.977
NA- ME 0.20 500.95 0.910
NA- ME gel 0.005 - 0.947

Table 2. Degradation kinetic parameters calculated for NA in different samples.

Photodegradation tests were then applied on the above described formulation
prepared in gel. Gel formulation was made with 0.7% of the pure drug and exposed
to light. The obtained data from the photodegradation experiments were processed
by MCR method and the kinetics parameters are given in Table 2. Also in this
formulation, the drug resulted very sensitive to light showing a ty; value of 4.27 min.
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In order to minimize the light degradation, the NA stability was investigated by
entrapping the drug in ME. In this case, a clear decrease of NA degradation was
measured, with a very successful to; value of 500.95 min.

This light-stable formulation was then performed in gel as above described, by
showing a complete photoprotection of NA. The photodegradation profile of this
formulation followed the first-order kinetics and was compared in Figure 3 to that of
the other prepared formulations.

® NA solution NA gel NA-ME NA-ME-gel
100
80
— 60
X
<
£ 40
20
0 ® D o—o & ) J
0 50 100 150 200 250 300
minutes

Figure 3. Photodegradation profiles of NA in all the prepared formulations.

3.4 Ex-vivo permeation studies
In order to evaluate the influence of the different type of formulations on NA skin

permeation, ex-vivo percutaneous experiments were carried out using Franz cell
diffusion system.

The cumulative amount of NA permeated from ME, ME gel and plain gel are plotted
versus time in Figure 4. The obtained results clearly showed that NA skin permeation
from ME systems was slowed down respect the plain gel. In fact, the amount of NA
permeated after 7 h was 283.50 and 201.49 pg/cm’ respectively from plain gel and
ME. This trend could be ascribed to the lipophilic nature of the NA which has a very
high partition coefficient (log P =3.08). In fact, it can be assumed that NA being
lipophilic is located in the inner phase of ME and must firstly partition between the
oil droplets and the continuous aqueous phase and, then, further onto the skin. So,
this led to more slow drug permeation and higher drug retention capacity compared
to plain gel where the NA is only embedded into polymeric network and, then, more
available. This confirmed previous results reported in literature: ME can create drug
reservoir into the skin from which the dug is released slowly for long-time [21]. This
behaviour is interesting because suggests that the designed formulation could be used
as retarded drug delivery systems. Afterwards, to further improve the formulation

characteristics for topical delivery, we decided to entrap ME-NA in a gel matrix. In
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fact, one of the major limits of ME is their low viscosity that is not suitable for topical
application. The incorporation of ME in a gel network improves their rheological
features increasing the residence time in the application site and ensuring an
appropriate release. However, the high viscosity of polymeric network slows the
drug diffusion. As expected, the NA permeation across skin from ME gel appeared
be slower respect liquid ME. This delay could be attributed to the fact that the drug
has further barrier in skin partitioning representing by the high viscosity of gel
dosage that decreases drug mobility. Ex vivo percutaneous permeation experiments
showed that ME gel may control and prolong the NA release, increasing skin
retention. The creation of a drug reservoir into the skin is able to cut down the
frequency of the applications, thus, improving patient compliance. The obtained
results clearly suggest that the new topical dosage forms may be potentially useful
as retarded drug delivery systems.
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Figure 4. Cumulative amount of NB permeated from different samples through rabbit
ear skin at 37°C: micro-emulsion (A ), micro-emulsion gel (®), plain gel (m) at 0.7 % of
drug (mean + SD; n = 3).

4. Conclusions

In this work, the anti-inflammatory drug Nabumetone, either in solution or in gel
formulations, was demonstrated to undergo photodegradation. The study was
performed by adopting photostability tests defined by international rules. In
particular, under an irradiance power of 350 W/m®, corresponding to 21 kJ/m* min
and at a constant temperature of 25° C, the drug resulted degraded of 10% in only
2.08 and 4.27 min in ethanol and gel, respectively. The design of photoprotective
pharmaceutical matrices for topical application is particularly important due to the
greater probability of light exposure that can cause a lower drug bioavailability and,
at the same time, can increase the risk of toxic photoproducts formation. In this study,
the drug entrapment into ME was the adopted approach to reduce drug
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photodegradation, reaching a very satisfactory value of 500 min for ty;, and a
complete photoprotection when the ME was prepared in gel. The proposed system
which has been shown to be particularly effective in reducing the drug
photodegradation could be considered a valuable starting point for the development
of innovative pharmaceutical formulations for Nabumetone topical use.
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