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Summary

SUMMARY

In this project thesis, chitosan-alginate based mucoadhesive systems for the local
delivery of metronidazole were formulated, in the form of membranes. Their
physical-chemical and biological properties were investigated, together with their
ability to control the drug release.

Chitosan-alginate hydrogels were successfully prepared using a molds exploiting
the in situ gelation of alginate.

The morphology of the drug delivery system, the interpenetration of the two
polymers and the drug distribution were evaluated by means of profilometry,
confocal microscopy and scanning electron microscopy (SEM).

The water-uptake and the degradation of the drug delivery system were
exanimated both in deionized water and in a simulated vaginal fluid.

The mechanical properties were investigated performing compressive and tensile
tests.

The ex vivo mucoadhesiveness of the vaginal membranes was evaluated.

In vitro release studies were performed to evaluate the dissolution of
metronidazole compared to pure drug and to a commercially available gel.
Finally the biocompatibility of the membranes towards an epithelial ecto-cervical
cell line and the antimicrobial activity against Staphilococcus aureus were assessed.
This work represents an important step towards the development of a vaginal

membrane to improve the treatment of genital infections with local delivery.



Riassunto

RIASSUNTO

In questa tesi, sono stati formulati sistemi mucoadesivi a base di chitosano-alginato
per la somministrazione locale di metronidazolo, sotto forma di membrane. Sono
state investigate le proprita chimico-fisiche della membrana, unite alla sua abilita
di un rilascio controllato di farmaco nel tempo.

Gli idrogel di chitosano-alginato sono stati preparati con successo utilizzando
stampi che sfruttano la gelificazione in situ dell’alginato.

La morfologia del sistema di somministrazione di farmaco, la compenetrazione dei
due polimeri e la distribuzione dli farmaco, sono state valutate per mezzo di
profilometria, microscopia confocale e microscopia elettronica a scansione (SEM).
L' assorbimento dell’acqua e la degradazione del sistema di somministrazione di
farmaco, sono state esanimate sia in acqua deionizzata che in un fluido vaginale
simulato. Le proprieta meccaniche sono state studiate eseguendo prove di
compressione e trazione.

La mucoadesivita ex vivo delle membrane vaginali e stata valutata.

Sono stati effettuati studi di rilascio in vitro per valutare la dissoluzione del
metronidazolo rispetto al farmaco puro e ad un gel disponibile in commercio.
Infine sono state valutate la biocompatibilita delle membrane verso una linea
cellulare ecto-cervicale epiteliale e la sua attivita antimicrobica contro lo
Staphilococcus aureus.

Questo lavoro rappresenta un passo importante verso lo sviluppo di una
membrana vaginale per migliorare il trattamento delle infezioni genitali con

rilascio locale di farmaco.
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Introduction

1.INTRODUCTION

1.1. Controlled Release Systems

Drug delivery systems (DDS) are used to improve treatments, generally

controlling the release of a specific molecule, such as an active pharmaceutical

ingredient (API) [1] or to target specific cells [2]. DDS are typically made of
phospholipids [3], natural or synthetic polymers [4], or other materials. The
development of new DDS is crucial as it grants the possibility of reducing the API

dosage [5] and to limit the side effects. [6]

The reason behind the strong research in this field derives by the fact that many

drugs have some issues:

a. The payload can be poorly soluble in biological fluids, for example in the blood.
This can be solved by modifying the molecule or by using a carrier to help the
drug reaching the sought site. [7]

b. Drug half-life time can be short; this determines the need of taking the
substance more times in order to maintain its concentration at the requested
amount. The reduction in the dosing frequency with a significant increase in
the patient wellness can be achieved by exploiting the drug delivery system
technology. [8]

c. Active molecules also tend to present concentration peaks in the blood; these
represent a strong fluctuation in the therapeutic effect over time. Different
systems can limit this fluctuation providing a more uniform therapeutic
effect.[9]

d. Some drugs, aimed to target specific cells such as the neoplastic ones, are

unable to discriminate healthy cells from sick ones, thus implying on several
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side effects for patients. Using drug delivery systems able to recognize only the
target for which the drug was made, side effects can be reduced and the

treatment can be more effective. [10]

1.2. Administration Routes

For the treatment of human diseases, drugs can be dosed through several routes.
These can be divided into enteral routes and parenteral routes of administration.
The enteral routes:

a. Taken by mouth (orally);

b. Inserted in the rectum (rectally).
The parenteral routes:

c. Taken by injection into a muscle (intramuscularly), into a vein
(intravenously), into the spinal cord (intrathecally) or underneath the skin
(subcutaneously);

d. Applied to the skin (cutaneously) for a local (topical) or body-wide
(systemic) effect;

e. Inserted in the vagina (vaginally);

t. Placed under the tongue (sublingually);
g. Placed in the eye (ocular route);
h. Breathed into the lungs, usually through the mouth ( inhalation);

—e

Sprayed into the nose and absorbed through the nasal membrane (nasally);
j.  Delivered by a medical patch through the skin (transdermally) for a

systemic delivery.
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1.3. Vagina as a Route for Drug Delivery

The vagina is considered as a favorable site for the local [11] and systemic delivery
[12] of drugs. Its significant adsorption capability for exogenous substances
(including APIs) is now well recognized and studied [13]. Once a DSS is applied
in the vaginal cavity the API is released (either thanks to the degradation of the
material or by means of diffusion), the drug molecules subsequently dissolve in
the vaginal fluid and undergo trans-membrane penetration. [14]

In the past, the vaginal cavity has been used to administer local action drugs (i.e.
antifungal, antiviral, antibacterial, antiprotozoal, and spermicidal agents). A
common bacterial infection, treated by means of local delivery is vaginal
candidiasis caused by the presence of Candida albicans [15]. Aerobic vaginitis is
another critical problem treated with local delivery. This is defined as an alteration
of the physiological microflora, often evidenced by inflammation symptoms and
presence of pathogens, especially Streotococcus galactine and Escherichia coli. [16]
Diseases that affect the vaginal cavity can either be treated through systemic
delivery or via local delivery.

Giving a medication intended to treat vaginal diseases with topical drug delivery
systems offers several advantages, in particular avoids the hepatic first-pass
metabolism and reduces the gravity of gastrointestinal side effects. Hence,
intravaginal delivery requires a significantly lower quantity of API than the oral
route to achieve the necessary concentration of drug. It overcomes the bother
caused by pain or possible infection by other parenteral route. Lastly it allows the
patients to insert and remove the formulation by themselves. It is of high
importance to remember that, however, DDS through vaginal route has several
disadvantages (i.e. culture sensitivity, gender specificity, and high influence of
personal hygiene, local irritation and physiological condition changes). The

absorption of drugs depends heavily on the conditions of the epithelial layer, on
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the structure of the DDS, and several physicochemical factors. The porosity and
the thickness of the vaginal mucus, the viscosity, volume and pH of the vaginal
fluid, and presence of cervical mucus may also be important. [17]

The pathways for intravaginal drug diffusion are basically analogous to that of
other epithelial membrane and are properly described by the "fluid mosaic model’
with aqueous pores. The permeability coefficient (D) of a drug through the vaginal
epithelial tissue can be calculated as the product of the quantity of drug permeated
in the membrane per unit time per unit area drug (flux) and the membrane

thickness, divided by the drug concentration in the delivery site, Fick's law: [18]

J=-D (1)

For drugs with a high D, the absorption is mainly driven by the degree of solubility
in the vaginal cavity. On the other hand, for drugs with a high degree of solubility,
the permeability coefficient is the main limit for the absorption.

The right compromise between solubility and permeability must, therefore be

found. [19]

1.4. Vagina Anatomy and Physiology

The vagina is a lightly S-shaped muscle-membranous canal, with a length of 8-10
cm. It unites the uterus with the external genitals (vulva) and it is situated between
the rectum and the urethra. The bladder lies anterior to it (Figure 1). The vaginal
vault is separated into four sections: the posterior fornix, quite spacious, the
anterior fornix, not very deep, and two lateral fornices [20]. The uterine tubes
(normally the location of fertilization) are located on both sides of the superior part

of the uterus and are required to transport the ovule from the ovaries to the uterus.



Introduction

Each uterine tube is 10 cm long and ends with a funnel-shaped structure, where
tilaments partially surround the respective ovary (Figure 2).

The vaginal surface layer consists of stratified squamous epithelium which guards the
vaginal cavity from pathogens and prevents damage during copulation. Its
thickness depends on several factors such as the menstrual cycles, the age and
various hormonal activities. [21]

Below the stratified squamous epithelium layer we find the tunica or lamina propria.
This tissue has an extracellular component with high concentrations of collagen
and elastin and provides an extensive network of vascular and lymphatic channels.
The muscular layer, even deeper, consists of smooth muscle fibers. Finally, the last
layer is based on a large blood vessel net and connective tissue (Figure 3). The cell

turnover in the vagina is about 10-15 layers within 7 days. [22]

Uterine tube
. |'\~Rectouterine
Ovary ] = N TP pouch

Vesicouterine

pouch
Fornix

Vagina
Clitorus
Labium minus

Labium majus
Greater vestibular
gland

Figure 1- Schematic representation of the female reproductive system[21]
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Fallopian Tube

Ovary
(interior)

Vagina

Figure 2 - Front section of the uterus [21]

Epithelium

— Lamina propria

— Fibromuscular

: ‘—— Aventitia

Figure 3 - Different layers of vagina inner wall [23]
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1.4.1. Vaginal Mucus

Mucus has an essential role in the female reproductive apparatus and functions as
a barrier against external bacteria [20]. The cervical mucus is composed by cervical
plasma, which constitutes 85-99% of the total weight, water, and mucins [20].
Mucins are a heterogeneous group of glycoproteins with a molecular mass up to
4x107 kDa [20], which are characteristics of all mucus secretions on epithelial wet
surfaces. Mucus has a cross-linked polymeric structure with flexible and linear
chains. It has negative charge and it is highly pH sensitive. [20]

The cervical mucus acts as a barrier to sperm, as a protective coverage for the
vaginal tissue and exhibits antimicrobial activity thanks to presence of secretory
leukocyte protease inhibitor, lactoferrin, neutrophil defensins and lysozyme [20].
The presence of a mucus layer has to be taken into account when designing
bioadhesive/mucoadhesive drug delivery systems. Nevertheless, the adhesion
between mucin and a DDS must as well take into consideration the continuous
physical/chemical changes of the epithelium layer during the different phases of

the menstrual cycle. [20]

1.4.2. Vaginal pH

Maintaining a physiological vaginal pH is an important protective factor against
bacterial infections as explained above. During the childhood and old age, when
the estrogen levels are low, the vaginal pH is close to being neutral (pH 6 - 7).
During the adolescence and adulthood, on the other hand, the environment
becomes acid (pH 4.5), protecting the vagina from infections and promoting the
growth of Doderlein bacilli. The acidic pH also makes the vagina an uncongenial
environment for sperm. Indeed males producing alkaline seminal fluid able to

neutralize the acid environment and improve the survival of sperm. It is also
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important to notice how the pH plays an important role in drug absorption [17],
because variations in the vaginal pH change the degree of ionization of electrolytic

drugs, and influence the drug release profile for pH drugs sensitive. [24]

1.4.3. Microflora

The vaginal flora is mainly composed of Lactobacilli (or Doderlein bacilli) [17]. These
regulate the growth of the other bacterial microflora and hinder the colonization
of the vagina by hostile germs [17]. The ability of these bacteria to prevent the
colonization by pathogens is due to i) the fact that they occupy the possible sites of
adhesion of other microorganisms, ii) they synthesize hydrogen peroxide which
has a direct bactericidal action and indirect one, stimulating the activity of white

blood cells, and, iii) they acidify the vaginal environment to a pH of 4 - 4.5. [17]

1.4.4. Innervation and Blood Supply

The innervation of the vagina is principally constituted by two nerves. The
peripheral nerve is the most sensitive one as it supplies the lower quarter of the
vagina, this area is highly sensible.

The second nerve is an autonomic fiber that is less sensitive to temperature and
pain. It is also worth mentioning that, conversely to the other part, the upper part
of vagina presents only few sensory fibers. This less sensitive area can be exploited
for the application of vaginal products such as vaginal rings or tampons as women
hardly feels unpleasant sensations.

As it concern the vascular supply the pundendal artery, the uterine artery and the

middle and inferior hemorrhoidal arteries supply the vagina. The vaginal, uterine,
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vescical and rectosigmoid veins provide, instead, drainage to the inferior vena cava,
which avoid the hepatic system. Blood leaves the vagina entering the peripheral
circulation through a well-supplied venous plexus. For this reason, the drugs
adsorbed from the vagina do not take part in the first-pass metabolism; this makes
the vaginal cavity an interesting route of administration. Furthermore the vagina
and the uterus are connected by an extensive net of blood vessels these allow for a
"first uterine pass effect’(the idea proposing that vaginally administered drugs are
preferably delivered into the uterus via certain form of direct transport system [25])

when vaginally administering hormones. [25]

1.5. Mucoadhesion

The definition of ‘Bioadhesion” refers to the condition in which two materials,
where at least one of the two is of a biological nature, are connected together on
the interface.[26] It is also referred to the property of a material to adhere to a
biological surface, increasing the drug bioavailability and improving the local
and/or systemic diffusion [27]. Mucoadhesion is the name given of the bioadhesive
interaction between a DDS and the mucosa.

Current formulations are removed rapidly from biological fluids with an
inevitable decrease of drug bioavailability because they are characterized by a brief
retention time in the absorption location.

For this reason, many research groups have focused on the use of
bioadhesive/mucoadhesive systems [28][29][30][31][32], with the aim of increasing
the residence time of a drug, thereby decreasing the waste. This allows for a dosage
reduction which lowers the risk of side effects and has the potential of reducing
the costs.

Many bioadhesive polymers have been utilized for different mucosal sites. For

instance, chitosan has showed great mucoadhesive properties for vaginal and
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nasal site whereas hyaluronic acid is often used for ocular DDS and alginate is
utilized for oral DDS. [33]

Mucoadhesive materials can be synthetic or come from a natural source instead.
These materials are generally polymers and polysaccharides, either soluble or
insoluble in water. [33]

For an ideal mucoadhesive polymer it is highly important that its degradation
products are neither toxic nor irritant to the mucous membrane [34]. It should
adhere rapidly to the mucus layer, must not decompose during the storage or the
dosage and the cost is not expensive.

As discussed previously, the mucoadhesive materials are divided into two groups:
Those that are synthetic and those that are natural. Regarding the latter, these are
generally polysaccharides, hydrophilic molecules with several organic functions
able to form hydrogen bonds like hydroxyl, carboxyl and amino groups. Chitosan,
alginate, carbomer and cellulose derivative belong to this group. These polymers
can then also be divided into three subcategories: anionic, cationic and nonionic
polymers. Cationic molecules like chitosan, for example, can easily interact with
the mucus membrane (because are positively charged at physiological pH) via
electrostatic interactions between the sialic groups of mucus and the amino groups
of chitosan.

As it regards the anionic molecules, such as alginate, the mucoadhesion comes
from other interactions; in particular Van Der Waals bonds. Nonionic materials,
conversely, present lower mucoadhesion forces than those of the anionic polymers.

[35]

10
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1.6. Mechanism of Mucoadhesion

Generally, when a drug gets in contact with a biological surface repulsion and
attraction forces are established. It is clear that for a successful adhesion, the
attraction forces must be stronger than repulsion forces. Mucoadhesion takes place
thought three different steps; the first two represent the contact step, whereas the

last one corresponds to the consolidation stage (Figure 4):

a. Initial contact among the DDS and the mucosa. This adhesion depends
on the swelling of the DDS and by system wetting. [36]

b. After the initial, weak contact, penetration between mucus tissue and
system is established. In this phase the bioadhesive system is
mechanically adhered over the membrane. [36]

c. Steady inter-penetrations of the chains of the mucous tissue with those

of the bioadhesive DDS are established. [36]

A) Contact Stage B) Consolidation Stage

Dosage form —

AN

Mucosa——> Interaction area

f

Figure 4 - Cartoon depicting the adhesion on a mucosa. (A) Contact stage: first contact between mucosa and
DDS (wetting or swelling effect). (B) Interactive stage: interpenetration of the DDS into the surface of the
mucous layer.
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The consolidation phase mechanisms as described by B.M. Boddupalli et al.,

follows several theories, such as:

a. Electronic theory: The bioadhesive polymer and the glycoproteins of mucus
have different electronic structures; this induces a transfer of electrons with
consequent formation of a double electronic layer which produces attractive
forces.

b. Adsorption theory: The adsorption of the polymer into the mucus produces
surface forces allowing for the formation of chemical bonds. Primary and
secondary chemical bonds are distinguished in this theory: the former being
covalent, whilst the latter including hydrogen and hydrophobic bonds,
Vander Waals forces or electrostatic forces.

c. Wetness theory: This theory involves the swelling of the bioadhesive
polymer; this has a lower interfacial tension compared to that of the mucus
layer and, therefore, a contact angle close to 0° manifests. This together with
a lower viscosity of the swollen polymer allows it to spread easier on the
mucosa.

d. Diffusion theory: In this case the two substrates are able to interpenetrate
their polymeric chains creating a semi-permanent adhesive bond (Figure 5).
The diffusion rate depends on the molecular weight, the cross-linking
degree, the length and flexibility of the chains and their spatial
conformation [36].

According to the literature [32], the depth range for an efficient bioadhesion
is around 0.2 - 0.5 um. The interpenetration depth can be calculated by

equation [37]:

H= /2(t*D) (2)

12
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. Mucin chain

Dosage form — 522
& 2 U Polymer chain

202000 AN

Mucosa—— Interaction area

———

Figure 5 - Cartoon representing the Diffusion theory.

Where D is the bioadhesive material diffusion coefficient through the
mucus; and f is the contact time.
The mechanism of mucoadhesion cannot, however, be identified by a single

theory. [38]

1.7. Factors Affecting Mucoadhesion

Mucoadhesion can be affected by different factors related to the environment or to
the polymers properties. As it concerns the polymers, Singh R. et al. proposed that

the factors to be primarily taken into account are:

a. Molecular weight: mucoadhesion forces mainly depend on the polymer
molecular weight and its linearity. Indeed, for linear polymers (i.e.
Polyethylene glycol, PEG) the bioadhesive strength is directly proportional
to the molecular weight. For not linear polymer, instead, the mucoadhesion
may or may not dependent of its molecular weight. This principally

happens because the polymer conformation can mask the adhesive group.

13



Introduction

b. Polymers concentration: There is an optimum concentration value. When
the concentration of the polymer is too high as compare to the concentration
of liquid medium, the polymer mucoadhesive force starts to fall down
significantly. The polymer particles stay separated from fluid. On the other
hand, for some slightly concentrated polymeric systems, the mucoadhesive
force of polymer is also significantly lower.

c. Polymer chains flexibility: the higher the flexibility of the polymer chains,
the higher the diffusion of them into mucus will be. It is worth mentioning
that the flexibility of a polymer chains increases reducing its concentration.
The diffusion into the mucus also depends on the P of the chains and on the
viscosity of the polymer.

d. Swelling or hydration: a good hydration, or swelling, of the polymer causes
an increase of pores size with a consequent enhanced of the chains
interpenetration between mucus and the polymer[38].

e. Hydrogen bonding capacity: the presence of specific groups (i.e. COOH,
OH, etc.) allows for the formation of hydrogen bonding, which plays a
significant role in mucoadhesion (as previously described).

f. Cross-linking density: This property is highly connected with the polymer
pore size. If the cross-linking is higher, the pore sizes are lower causing a
decrease of diffusion.

g. Charge: in a slightly alkaline or neutral medium, cationic polymers show

better bioadhesion.
Regarding the environmental factors, those that are important are:

a. pH of the polymer-substrate interface: The pH of the interface between
mucin and the DDS should be equal as the natural mucosa as possible. If
there is a difference in pH between the two system (DDS and mucin), there

would be a charge transfer that may affect the mucoadhesion.

14
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b. Applied strength: When possible, applying a higher force pushing the
mucoadhesive DDS to the mucosa will increase the adhesive force even if
there is no natural adhesive force between mucin and the delivery system.
This also implies that when assessing the adhesiveness of a DDS care must
be taken when choosing the force to apply as it will influence the result.

c. Initial contact time: a good first contact time among the polymer and mucus
increases the swelling ability of the polymer and also the interpenetration
between the polymer chains. Generally, the longer the contact time, the
higher the adhesion. As discussed above, this is very important parameter
to consider when studying the adhesiveness of a material.

d. Moistening: sufficient moistening is required to provide mucoadhesion.
The polymer will in fact swell, increasing its flexibility an interpenetrating

more easily in the mucus layer. [38]

1.8. Bacterial Vaginosis

Bacterial Vaginosis (BV) is a polymicrobial clinical syndrome identified by an
atypical discharge due to an overgrowth of natural bacteria in the vagina. In
particular the ‘bad” bacteria (anaerobes) outnumber the "good” ones (Lactobacilli),
modifying the natural balance of microorganisms within the vagina.

This type of discharge is generally recognized by its typical fishy odor and its milky
white or grey color. BV can cause a burning feeling in the woman or, in serious
case, itching, when during urination. Cases of women manifestation asymptomatic
BV, however, exists.

BV can be very annoying and dangerous, especially for pregnant women. This

disease is indeed associated with premature labor and delivery, and additional

15
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infections of the amniotic fluid. During pregnancy it is suggested to get a screening
for BV and the treatment can be followed even during pregnancy. [39]
There are many factors that can disrupt the natural balance in the vagina, and that

can thereby induce BV, these can be:

a. Using intrauterine device
b. Having unprotected sex with more than one partner
c. Reactions to antibiotics

d. Personal hygienic

There are different types of treatment for BV, these are suggested to all women
presenting the symptoms. The main APIs used for the treatment of BV are
antibiotics such as metronidazole and clindamycin, and the recommended

treatment cycles correspond to:

a. Metronidazole 500 mg orally twice a day for 7 days

b. Metronidazole gel 0.75%, one full application (5g) intravaginally, once a day
for 5 day

c. Clindamycin cream 2%, one full applicator (5g) intravaginally at bedtime

for 7 days

Metronidazole (MNZ) is an antiprotozoal and antibiotic drug (Figure 6). It is
applied alone or in combination with other antibiotics to treat BV, pelvic
inflammatory disease, and endocarditis. Common side effects include nausea, loss
of appetite, headaches, and a metallic taste. Occasionally seizures or allergies to
the medication may occur. Metronidazole is available by mouth, as a cream, and
intravenously. It is easy to find in most areas of the world, and it is relatively
cheaper (costing between 0.01 and 0.10 USD each pills). [40]

Like every antibiotic drug, it is recommended to avoided alcohol consumption

during the treatment. It is also preferable that the alcohol consumption is avoided

16
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for 24 hours after the treatment has ended to reduce the possibility of a disulfiram-

Y
O,N N)\CHP,

like reaction [41].

OH

Figure 6 - Chemical structure of metronidazole [42]

1.9. Chitosan

Chitosan (CH) is a biodegradable and biocompatible natural linear polysaccharide
[43],[44],[45] which is derived from chitin upon deacetylation. Chitin is one of the
most abundant polysaccharide on Earth, it can be found in crustacean shells [46],
in insect exoskeletons [47] and in fungal cells [48]. Chemically it is considered as a
linear random copolymer of (3-1,4-D-glucose-2-amine and N-acetyl-D-glucose-
amine (Figure 7).

Accordingly with the synthesis conditions, chitosan can come in different
molecular weight and degree of deacetylation. Both characteristics have a great
impact on the behavior of the chitosan. [49]

This polysaccharide is used in different research fields such as tissue engineering
[50], food science [51] and development of smart drug delivery systems. [52]

The positive charges under low values of pH (pKa of amino groups ~ 6.2) make it
an interesting biomaterial both for its intrinsic antibacterial properties as well as
for the possible interaction with oppositely charged molecules such as

tripolyphosphate (TPP). [53] [54]
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Figure 7 - Chemical Structures of Chitin (top image) and of Chitosan (bottom image) [55]

An interesting and extensively investigated property of the chitosan is its
mucoadhesivity which augments by increasing the deacetylation degree [56] [57]
and its ability to accelerate the wound healing cycle by improving the functions of

inflammatory cells, macrophages, and fibroblasts. [58]

1.10. Alginate

Alginate (AL) is a biomaterial exhibiting excellent biodegradability,
biocompatibility, low toxicity, relative low cost, and mild gelation by addition of
divalent cations such as Ca** [59]. AL is a naturally occurring anionic
polysaccharide typically obtained from brown seaweed (Phaeophyceae) [60]. It has
found numerous applications in tissue engineering [61], wound healing [62] and
drug delivery [63]. AL is a block copolymer consisted of (1,4)-linked [B-D-
mannuronate (M) and a-L-guluronate (G) residues (Figure 8). Generally the blocks
are composed of three different consecutive model of polymer segment: sequences
of M residues (MMMMMM), consecutive G residues (GGGGGG) and alternating
M and G residues (GMGMGM). [64]
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Figure 8 - Chemical structure of alginate [65]

Only the G-blocks of AL are considered to take part in the formation of the egg-
box structures that are required for its gelation to form hydrogels (Figure 9).

The composition (i.e., M/G ratio), G-block length, and molecular weight are
therefore crucial factors influencing the physical properties of AL and its
hydrogels. The mechanical properties of AL gels can be usually improved

increasing the molecular weight and/or the G sequence length. [60]

HO

o\ /0

Figure 9 - Egg-box model for alginate gel [66]
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2. AIM OF THE THESIS

The purpose of this study is the development of a new a bioadhesive chitosan-
alginate complex for the local delivery of metronidazole for genital infections. This
DDS should provide a controlled release of metronidazole improving the
treatment.

The work can be divided in three main parts. The first part is focused on the
fabrication of the DDS and its mechanical characterization without drug. The
second part is dedicated to the fabrication, characterization and optimization of
the membrane with the metronidazole inside. In particular our attention focuses
on long-term drug release. The final part concentrates on the characterization of

the DDS from a biological perspective.
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3. MATERIALS AND METHODS

3.1. Membrane Fabrication

Sodium alginate (Mn = 108 kDa; Mw = 465 kDa; Mp = 176.2 kDa; Pd =
4.309; % = 1.56) was purchased from Sigma Aldrich (St. Louis, USA) and chitosan

HCL (20 — 200 mPas, degree of deacetylation 83.6%) was purchased from Heppe
Medical Chitosan GmbH (Halle (Saale), Germany).

To fabricate the alginate/chitosan (AL/CH) membranes, a solution of alginate 3.16%
w/V was initially prepared in deionized water (DI water). Calcium carbonate
(CaCOg, Sigma Aldrich, St. Louis, USA) was subsequently suspended to reach a
concentration of 23.29 mM. The alginate/CaCQOs3, solution was thoroughly mixed,
stirring the suspension for at least 24h. To initiate the dissociation of CaCO3, D-(+)-
gluconic acid o-lactone (GDL, Sigma-Aldrich, St.Louis, USA) 84.27 mM was added
to the alginate/CaCO3; mixture. In particular, 3.92 g of the alginate/CaCO; mixture
were poured into a Poly(methyl methacrylate) (PMMA, Sigma-Aldrich, St.Louis,
USA) mold (Figure 10, & = 55 mm) and mixed thoroughly with a 2.16 mL of the
GDL solution. CaCO3/GDL molar ratio resulted to be equal 0.5. The mixture was
kept covered overnight to obtain a homogenous hydrogel. The alginate hydrogel
(AL) was carefully de-molded separating the ring from the mold plate, and kept at
room temperature (RT) to dry out for 24 hours. The dry AL membranes were then
swollen with a solution of chitosan HCL (CH) 0.5% w/V. In particular, 2 mL and 1.5
mL of the chitosan solution were poured below and above the dry AL membrane
respectively (Figures 11, 12). The volume was let be completely absorbed within the

dry AL membrane.
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When needed, metronidazole (Sigma Aldrich, St. Louise, USA) in different
concentrations was mixed with the initial alginate/CaCO; suspension. AL and
AL/CH membranes with 3 wt% and 8 wt% of API (wt% refers to the dry weight of
the membrane) were fabricated in accordance with the method previously
described.

Additional layers were obtained using AL 0.5% w/V and the second one using CH
0.5% w/V to get a total of four layers. Once dry these membranes can easily be cut

with normal scissors into smaller parts, for our purposes we used quarters.

?54.«'“ i

/

Plate

Figure 10 - PMMA mold diameter = 55 mm
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Figure 11 - Fabrication alginate hydrogel: a) Alginate, CaCOs, and GDL inside the mold. b) Removal of the
ring from the plate. ¢) Alginate membrane after its drying.

AL/CH complex
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Figure 12 - Cartoon depicting the fabrication of an AL/CH membrane with metronidazole
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3.2. Morphological Examination

The morphology of the completely dried hydrogels with or without metronidazole
was assessed by means of Scanning Electron Microscopy (SEM, Carl Zeiss
Microscopy GmbH, Jena, Germany) operated at 2 keV. Cross and frontal sections
were acquired for all membranes. Prior to the analyses all samples were dried for
24h under RT.

The thickness of the different hydrogel structures was obtained from confocal and
SEM images cross section analysis.

The roughness of the membranes was assessed using a profilometer (Alpha-Step I1Q

Stylus Profilometer, KLA-Tencor Corporation, Milpitas, USA).

Table 1 - SEM analysis

SEM analysis Without 3 wt% 8 wt%
metronidazole metronidazole metronidazole
AL X X
AL/CH X X
AL/CH/AL/CH X

Table 2 - SEM and confocal thickness analysis

SEM analysis Without 3 wt% 8 wt%
metronidazole metronidazole metronidazole

AL X X

AL/CH X

AL/CH/AL/CH X

Table 3 - Profilometer analysis

Profilometer Without 3 wt% 8 wt%

analysis metronidazole metronidazole metronidazole

AL X X

AL/CH X X

AL/CH/AL/CH
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3.3. Swelling Behavior

Water-uptake studies were carried out in a simulated vaginal fluid (SVF) [67] with
the following compositions per liter of DI water: NaCl 3.51 g, KOH 1.40 g, Ca(OH).,
0.222 g, Bovine Serum Albumin (BSA) 0.018 g, lactic acid 2 g, aceticacid 1 g, glycerol
0.16 g, urea 0.4 g and D-glucose 5 g at pH 4.2 (all chemicals were purchased from
Sigma Aldrich, St. Louis, USA).

Swelling tests were conducted submerging membranes without API in DI water or
SVF for 24h preventively drying the samples at 37 °C overnight. The samples were
weighted using a microbalance after the drying step (W;, initial weight).
Subsequently, the samples were immersed in the media and kept at 37 °C. At each
set time interval the samples were removed from the liquid and the excess of SVF
or DI water was blotted over filter paper, the samples were therefore weighted (W,,)

And the swelling was calculated according to the following formula:

. Wy
Swelling (%) = * 100 (3)
W,
Table 4 - Swelling analysis
Swelline analvsis Without 3 wt% 8 wt%
8 y metronidazole metronidazole metronidazole
AL X
AL/CH X

AL/CH/AL/CH
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3.4. Membrane Degradation

To evaluate the membrane degradation, samples of AL/CH_8% (N = 3) were placed
in 20 ml of SVF at 37 °C without stirring. At each sampling time the membranes
were removed from the medium and the excess of SVF was blotted over filter paper.
The variation in weight (weight loss %) was thereby calculated with the following

formula:

w

W,
Weight loss (%) = 7

* 100 (4)

L

Where the initial weight (Wi) represents the weight of the membrane at its highest

swelling, whereas Ww correspond to the weight of the sample at each time point.

3.5. Mechanical Characterization

The mechanical properties of the membranes were evaluated both in their swollen
and dry state. In particular, compression and tensile stress studies were performed,

assessing the Young modulus (E) and the Sigma rupture (o).

3.5.1. Compression Studies

The Young Modulus and Sigma rupture of the membranes in their swollen state
were determined using a Texture Analyzers (TA.XT Plus, Texture Technologies
Corp. and Stable Micro Systems, Ltd. Hamilton, MA) equipped with a 5 kg load cell.
The samples were obtained by punching out cylinders of 6 mm in diameter from
each membrane tested (N > 6). At least 3 membranes per type of membrane were
investigated. The cylinders were kept in SVF for 10 min at T = 37 °C to allow for a

complete swelling prior the analysis. The samples were removed from the heated
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SVF and quickly tested at RT. A uniaxial compression force was applied with a
displacement rate of 0.01 mm sec! until the gel was broken. A trigger force of 2.0 g
was used.

The TAXT Plus software automatically returned the graphof the applied
force (F) as a function of the displacement (L). The tensile stress o and the strain ¢
were therefore calculated according to formula 3 and 4 respectively (Hooke's law),

where F corresponds to the force in N and A stands for the area in mm?

F )
°Ta

AL (6)
£TTL

The compressive modulus was calculated from the slope of the stress—strain curve

(s-€) at the target strain of 20% [68].

Table 5 - Compression analysis

Compression Without 3 wt% 8 wt%
analysis metronidazole metronidazole metronidazole
AL X

AL/CH X X X
AL/CH/AL/CH X
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3.5.2. Tensile Studies

A Tensile & Compression Testers INSTRON 5967 (Cambridge, Massachusetts,
USA) machine was used for the tensile testing. The test was carried out at room
temperature. For testing, membranes were cut in 3 cm x 1 cm pieces, and held by
two clamps, exposing 1 cm (Figure 13).

The stretch rate was set to 0.5 mm min ™! until the membrane fractured. The Young

Modulus, sigma rupture, and tensile strain (extension) were measured.

Table 6 - Tensile analysis

Tensile analysis Without 3 wt% 8 wt%
metronidazole metronidazole metronidazole
AL y
AL/CH «
AL/CH/AL/CH «

Figure 13 -The Tensile INSTRON 5967 used to evaluate the membrane response to tensile stress. The
whole instrument can be seen in the image to the left. A zoom in of the sample holder can be seen to the
right. 1) clamps; 2) membrane sample; 3) grips to tighten clamps.
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3.5.3. Folding Test

Folding tests were carried out at RT, bending rectangular membranes back and

forth, putting in contact the two ends of the sample.

Table 7 - Folding analysis

Folding analysis Without 3 wt% 8 wt%
metronidazole metronidazole metronidazole

AL X

AL/CH X

AL/CH/AL/CH

3.6. Chitosan Labeling

Chitosan was labeled with Fluorescein isothiocyanate isomer I (Sigma Aldrich, St.
Louis, USA). Briefly, 90 mg of chitosan were dissolved in 30 mL of deionized water
(pH = 4.7). 200 pL of a Fluorescein isothiocyanate solution 0.5 mg/mL in sodium
bicarbonate (Sigma Aldrich, St. Louis, USA) buffer 50 mM were therefore added.
The reaction mixture was kept in a dark environment at RT for 24h under constant
stirring. The mixture was then dialyzed in a dark environment in a dialysis bag (cut-
off = 12 kDa, Sigma Aldrich, St. Louis, USA). The dyalisis was, conducted against
NaHCO:; 50 mM (V =2L, t=24h) initially, NaCl 100 mM (V =2 L, t =24 h) afterwards
and against deionized water until the conductivity of the external solution resulted
to be lower than 3 uS/cm at 4 °C. The pH of the solution was finally adjusted to 4.5
and freeze-dried. The labeled chitosan will be named as CH-FI from now on

throughout the thesis.
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3.7. Confocal Microscopy

AL/CH-FI membranes were obtained using the same approach described in the
“Membrane Fabrication” paragraph with slight modifications. Briefly, instead of
the CH 0.5% w/V solution, a solution of CH 0.45% w/V + CH-FI 0.05% w/V was
deployed. Once dry, the AL/CH-FI membrane was positioned transversally over a
microscope slide. Confocal microscopy analyses were performed using a Nikon
Eclipse Cl1si confocal laser-scanning microscope with a Nikon Plan Apochromat 40x

as objective. The resulting stacks of images were analyzed using the Fiji software.

3.8. Mucoadhesion

The mucoadhesiveness of AL and AL/CH membranes was evaluated using sow’s
vagina as a model tissue. Samples from sacrificed animals were obtained from a
local slaughterhouse. Following the protocol suggested by Neves et al. [69] with
slight modifications, the vagina was washed with Phosphate buffered saline (PBS
1X Sigma-Aldrich, St.Louis, USA) and cut in half exposing the mucosa. After
rinsing, the tissue was frozen at -20 °C until further use.

The mucoadhesion was evaluated by means of a tensile stress test, where the
measurement of work (work of adhesion, W,4) and maximum force (detachment
force, Fg;) required to detach a membrane sample from the tissue are representative
of the hydrogel mucoadhesiveness. A Texture Analyzers (TA.XT Plus, Texture
Technologies Corp. and Stable Micro Systems, Ltd. Hamilton, MA) equipped with
a500 g load cell was used. The Texture Analyzers apparatus is shown in Figure 14.
Prior to the adhesion studies, the tissues were defrosted in PBS for 60 min at 37 °C,
the excess of liquid blotted with filter paper, and placed on a support to be used for
analysis. Care was taken to ensure that the tissue resulted as flat as possible.

Immediately before starting the measurements, the tissue was wet with 50 pL of
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SVE. The excess of liquid was carefully removed with filter paper. Membrane pieces
were attached to the probe (10 mm diameter) by means of adhesive tape (Figure 15).
The probe was then lowered with a speed of 0.50 mm/sec until it touched the
mucosal surface. Subsequently, intimate contact between the sample and the
vaginal tissue was ensured pressing the vaginal tissue with the probe until the
applied force resulted equal to 0.05 N. The membrane was kept in contact with the
tissue for 60 seconds. The probe was therefore brought to its initial position at a
speed of 2.50 mm sec’. W,y and Fg4 were calculated for each test. After each
experiment the sample membrane was changed, whereas the vaginal tissue was left
to rest for a 5 minutes. A different part of the vaginal tissue was used for each
sample. All experiments were carried out at 37 °C + 1°C at normal body

temperature.

Table - 8 In vitro mucoadhesion analysis

In vitro Without 3 wt% 8 wt%
mucoadhesion metronidazole metronidazole metronidazole
analysis

AL X
AL/CH X
AL/CH/AL/CH
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Figure 14 - Mucoadhesion test setup. 1) Texture Analyzers (TA.TX); 2) oven (T=37°C + 1); 3) probe holder; 4)
probe; 5) tissue holder; 6) vaginal tissue.

Figure 15 - Example of a membrane glued on the Texture Analyzers probe
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3.9. In Vitro Dissolution

The dissolution profile of metronidazole from AL/CH_8% and AL/CH/AL/CH_8%
membranes was evaluated using a p-Diss profiler (pION INC, Woburn, MA, USA.
The instrument was initially calibrated and the dissolution was therefore conducted
for 24h in 25 mL of SVF (pH 4.2). The dissolution medium was kept at 37 °C under
constant stirring (30 rpm). Dip style probes with 1 mm path length were used. The
absorption was evaluated in the wavelength range of 320 — 325 nm with a baseline
correction at 500 nm. The vials were closed to limit evaporation. The release profiles
for each sample were collected according to Table 9.

The entire membrane was divided in four quarters, for each sample the drug release
was separately investigated.

In addition we compared the release profile of the membranes to that of pure drug
in the same concentration. The results were normalized to the corresponding
membrane initial weight.

A second approach used to investigate the in vitro release of metronidazole in
AL/CH _8% membranes is presented in Figure 16, where the experimental setup is
shown. In particular, SVF was placed inside two syringes and the medium was
consequently poured over the membranes surface at a flow rate of 5 mL/h. The
medium was collected every 5 min for 1 h. To examine the different concentration
of the drug in each Eppendorf, the absorption of metronidazole was assessed using
a Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific,
Waltham, MA, USA). The wavelength was set at 322 nm.

Lastly, the drug release profile of AL/CH_8% hydrogel was compared with the
commercial vaginal gel (Rozex® 0.75% metrodinazol, GALDERMA).
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Table 9 - Absorbance acquisition intervals.

Number collect spectra

Interval time

250 10 seconds

250 30 seconds

250 1 minute

105 10 minutes

Table 10 - In vitro release analysis

In vitro release Without 3 wt% 8 wt%
examination metronidazole metronidazole metronidazole
AL
AL/CH X
AL/CH/AL/CH

Figure 16 - Setup to study the release profile of metronidazole at a controlled flow rate. 1) Peristaltic pump;
2) Syringe with 12 mL of SVF; 3) Tubes where the medium flows through; 4) AL/CH _8% membrane quarters;
5) Support; 6) SVF collecting Eppendorf; 7) Tape to fix the membrane.
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3.10. Cell Colture

Cervix epithelial cells Ectl/E6E7 (ATCC® CRL-2614™), gently provided by Dr.
Chiara Agostinis, were used for the in vitro studies. The cell line was cultured in a
Keratinocyte-SFM (Thermo Fisher Scientific, Roskilde, Denmark), complemented
with Epidermal Growth Factor 1-53 (EGF 1-53) 0.1 ng mL-1, Bovine Pituitary Extract
(BPE) 0.05 mg mL-1, streptomycin 100 ug mL-1, penicillin 100 ug mL-1 and CaCl2
0.4 mM. The cells were grown in a humidified atmosphere (5% CO2) at 37 °C in 75

cm? flasks. The medium was changed every 2-3 days.

3.11. Biocompatibility

3.11.1 AlamarBlue Assay

AL/CH and AL/CH_8% membrane quarters were sterilized under UV for 5 min on
each side and placed in 5 mL of Keratinocyte-SFM for 24h at 37 °C. 200 pL of cells
suspension were seeded into 96-well plates, around 10 000 cells/well were seeded.
The well plate was therefore kept overnight at 37 °C (5% CO) to allow cell adhesion.
The medium was removed from the wells and the cells rinsed using PBS. Finally
200 pL/well of i) AL/CH membrane extract, ii) AL/CH_8% membrane extract, iii)
keratinocyte-SFM and iv) keratinocyte-SFM + 0.1 % V/V were added. The cells were
incubated at 37 °C (5% CQOz) for 24 and 48h. The wells were consequently rinsed
with PBS and incubated with 300 uL/well of AlamarBlue reagent (10% V/V in
complete keratinocyte-SFM) for 5h at 37 °C. At the end of this time frame, 150 puL of
the treatment medium were transferred in a black 96-well plate. The fluorescence
was measured using a FLUOStar Omega-BMG Labtech spectrofluorometer (Aex =
544 nm; Aem = 590 nm). Each sample was analyzed at least in triplicate. The cells

metabolic activity is expressed as the fluorescence intensity ratio % between the
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sample and the untreated cells after 24 and 48h. The results are reported as the mean

of three independent experiments (+ SD).

3.11.2 Lactate Dehydrogenase (LDH) Assay

The in vitro cytotoxicity of the samples was evaluated by using the lactate
dehydrogenase assay (LDH assay, TOX-7, Sigma Aldrich St. Louis, USA). Cells
were seeded and treated as described in the “AlamarBlue Assay” paragraph. The
colture media (65 uL) was therefore collected from each well after 24 and 48h. The
samples were centrifuged at 100 g for 5 min and 45 uL of the supernatants collected
into 96-well plates. 90 puL/well of the LDH reaction mix was subsequently added
and the reaction was let to occur for 25 min in dark condition at RT. The absorbance
was thereby measured using a TECAN Microplate Reader at wavelengths of 490
nm and 690 nm. The untreated cells were used as negative control whereas the lysed
cells as positive control. Each sample was analyzed at least in triplicate. The results
are expressed as percentage, normalizing the absorbance of treated/untreated cells
at time investigated (24 and 48h) to the absorbance of the lysed cells. The results are

reported as the mean of three independent experiments (+ SD).
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3.12. Antimicrobial Test

The antimicrobial activity AL/CH_8% membranes was evaluated against
Staphilococcus aureus (S.a., ATCC® 25923™). Membranes quarters were weighted
and sterilized under UV for 5 min on each side and placed in 15 mL tubes. The
membranes were thereby let to swell in a solution of PBS/LB broth 90%/10% V/V.
Bacterial suspensions were prepared adding 20 pL of S.a., preserved in glycerol, to
5 mL of Luria-Bertani (LB) broth (Sigma Aldrich, St. Louis, USA). The obtained
suspensions were incubated at 37 °C overnight. 500 puL of the bacterial suspension
were therefore poured in 9.5 mL of LB broth and were grown for 90 min at 37 °C to
restore the exponential growth phase. The S.a. concentration was assessed by means
of optical density (OD) at 600 nm. The suspension was consequently diluted in a
solution of PBS/LB broth 90%/10% V/V to obtain a final concentration of 5 x 10°
bacteria/mL. 5 mL of the S.a. suspension were poured in the tubes containing the
samples: AL/CH, AL/CH_8% or pure metronidazole at the same concentration as
per the membrane. All tubes were then placed in a 2.5 L jar containing an Oxoid™
AnaeroGen™ 2.51 Sachets (Thermo Fisher Scientific, Waltham, MA, USA) to create
anaerobic conditions. The test was carried out at 37 °C for 24h. After the incubation
the bacterial suspensions from each treatment were vortexed and collected. The S.a.
suspensions were consequently diluted in PBS (10! to 105). 25 puL of the suspensions
and the dilutions were plated on LB agar (Sigma Aldrich, St. Louis, USA) and
incubated overnight at 37 °C in aerobic conditions. The colony forming units (CFU)
were counted the day after. The data is presented as mean of 3 independent

replicates.
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3.13. Statistical Analysis

All data are expressed as mean + standard deviation (SD). T-student was used to
assess the significance for all parametric data. Mann-Whitney U Test was instead
used to analyze the results obtained for two independent samples having with
different variance.

Differences between experimental groups were considered statistically significant
when the p-value was below 0.05. Throughout the text, P-values lower than 0.05 are

7SS

indicated with one asterisk *’, p-value lower than 0.01 with two asterisks and

p-value lower than 0.001 with three asterisk "***.
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4. RESULT AND DISCUSSION

4.1. Morphological Examination

The morphology of the membranes was assessed by means of scanning electron
microscopy. Figure 17 (a) shows a cross-section of a representative sample. As it can
be seen, the structure does not manifest any interruption or holes and looks
generally uniform.

Figure 17 (b, c) shows how the drug is incorporated inside of the membrane. In
particular, metronidazole is contained within the membrane and tends to form
crystals. These crystals are nevertheless dispersed in a uniform manner within the
polymer.

The ramified structure of metronidazole crystals is clearly visible in Figure 17 (e,f).
The thickness of the dry membranes was obtained from the SEM images.

As shown in Figure 18, there is no significant difference between the thicknesses of
the dry hydrogels investigated (p >> 0.05); the average thickness for all structure is
approximately 47 + 8 um.

The surface roughness, evaluated with the profilometer results minimal, with
oscillation between -1 and 1 um for AL, AL_8%, AL/CH, AL/CH_8% membranes,
thus, the membranes are flat and present a smooth surface. In addition, the
membranes did not exhibit any concavity or convexity in respect to the frontal

plane.
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Figure 17 - SEM pictures. a) Cross-section of AL membrane; b,c) cross-section of AL/CH_8% membrane; d)
frontal-section AL/CH_8% membrane; e,f) frontal-section AL/CH/AL/CH_8% membrane
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Figure 18 - Thickness of dry AL, AL_8%, AL/CH_8%, AL/CH/AL/CH_8% membranes. N =4, SD.

The thickness of wet membranes was also measured to understand the morphology
once the DDS is placed in the vaginal cavity. After 10 min of soaking in in the SVF
the membranes thickness was measured and this resulted to be highly different
depending on the membrane type (Figure 19). In details, extremely significant
difference was found between AL and AL/CH or AL and AL/CH/AL/CH
membranes (p << 0.01). The former is the thickest. This result suggests that the AL
hydrogel has higher swelling abilities compared to the other gels in SVF. The lower
thickness of the AL/CH membrane is justified by the compact structure of the
hydrogel with fewer empty spaces for the SVF penetration. In particular, as
proposed in Figure 20, the carboxyl groups of the mannuronic portions of alginate
interact with the amine groups of chitosan through Coulombian interactions.
According to the authors, this happening reduces the number of groups free to
interact with water.

Additionally, the presence of the drug does not affect the hydrogel thickness.
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Figure 19 - Thickness of wet AL, AL/CH, AL/CH_3%, AL/CH_8%, AL/CH/AL/CH_8% membranes after 10
min dipped in SVF. N=3, SD.

Figure 20 - Representation of the proposed interactions within the AL/CH hydrogel. Briefly, the guluronic
moieties of alginate, highlighted in light green interact with Ca2+ inducing the gelation and the formation of
the hydrogel. Carboxyl groups of the mannuronic portions of alginate, highlighted in dark green interact with
chitosan through Columbian interaction with its amine group. Finally the API, metronidazole, can interact with
both the free amine groups of chitosan and carboxyl moieties of alginate
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4.2. Swelling Examination

The swelling behavior of the membranes is reported in Figure 21. As it can be seen,
significant differences can be observed between the various profiles. By comparing
the swelling in deionized water and in the simulated vaginal medium it is noticeable
that the swelling is much higher in the former than in the latter. For the AL
membrane the weight increased to 5000 % the initial weight and to about 4000 % for
the AL/CH membrane. As the profiles show, the weight drops drastically soon after
and the membranes tend to fall apart. Conversely, when soaked in the simulated
vaginal medium, both membranes swell much less, reaching 1200 % of the initial
weight for the AL membrane and 1000 % for the AL/CH membrane.

Interestingly the weight does not change until 24h. This is probably due to the

presence of calcium which stabilizes the membrane slowing down its degradation.
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Figure 21 - Swelling graphs of: a) AL membrane in SVF; b) AL/CH membrane in SVE ¢) AL membrane in
DI water; d) AL/CH membrane in DI water. N=3, SD.
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4.3. Degradation Examination

In a similar way as per the swelling studies, we evaluated the degradation of
AL/CH_8% membranes at 37 °C in SVF overtime. The weight loss percentage is
represented in Figure 22. The fitting of the weight lost has a linear trend over time
with a slope of -1.2648 + 0.02922 and an R? of 0.98. As it can be seen the mass lost
over time is relatively low. After 38 days, in fact, about 60% of the total membrane
mass was lost. This is of high interest as it demonstrates how this material can be
suitable for prolonged delivery in intravaginal applications.

The standard deviation increased during the last days because the membrane was

not intact anymore.
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Figure 22 — Degradation of AL/CH_8% membranes in SVF. The degradation is represented as weight loss %
per day (N=3, SD).
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4.4. Mechanical Characterization

4.4.1. Compression Studies

Mechanicals tests were carried out to obtain information about the hydrogels’
mechanical properties under dynamic and static forces. Mechanical
characterizations were performed to determine whether the membrane was suitable
for its intended purpose or not and to understand how the specific environmental
conditions affect the hydrogels.

All sample membranes were swollen in SVF for 10 min before testing. In order to
evaluate the mechanical behavior, for each different membrane (AL, AL/CH, and
AL/CH/AL/CH with and without drug) three or more gels were examined. From
each hydrogel, six samples (J = 6 mm) were obtained and analyzed. By doing this,
we can define the homogeneity between different parts of the same membrane as
well as understanding the reproducibility of the fabrication method. Figure 23
depicts the Stress-strain (o-¢) graph of 6 samples obtained from an AL hydrogel. All
six gel pieces showed similar o-¢ profiles supporting the hypothesis of a good
homogeneity between various parts of a membrane. The o-¢ curves displayed a
sigmoid shape, with an extensive deformation before fracture and a low Young
Modulus (E).

In Figure 24 (a, b, c) the s-¢ curves of three different AL membranes are shown. The
average compressive modulus of each gel at 0.2 strain is summarized in Figure 24
(d). The Young Modulus results being equal to 27.69 + 5.97 kPa for the first gel,
24.90 + 3.41 kPa for the second gel and 23.52 + 3.89 kPa for the last gel. As it can be
noticed, there is no significant difference in elastic modulus as a function of different

hydrogels; this result indicates a good reproducibility of the fabrication process.
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Representative s- curves of AL gels under the Compressive Force with correspondent gel structures condition.
Compressive force (kPa) and compressive strain (mm/mm), N=6.

Figure 23 - Representative s-¢ curves of AL gels under the Compressive Force with correspondent gel
structures condition. Compressive force (kPa) and compressive strain (mm/mm), N=6.
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Figure 24 - a,b,c) Stress Strain curves of AL membranes until failure, N=6; d) Young Modulus comparison
of different gels (N=3, SD).
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In order to assess chitosan’s effect on the hydrogel mechanical properties,
compression studies were conducted on AL/CH membranes. Figure 25 shows the
o-¢ curves for three different gels. As it can be seen, all three hydrogels showed
similar o-¢ profiles. In particular, if we look one graph, it can be seen how each trend
of a single curve is similar to the other five. Hence, the homogeneity and the
reproducibility of the fabrication process for AL/CH gels are verified also in this

case.
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Figure 25 - Stress Strain curves of three different AL/CH membranes. N=6.

A higher internal variability (different parts of the same membrane) is observed in
terms of Young Modulus when comparing AL/CH hydrogels to AL membranes
(Figure 26). The manual soaking of AL membranes into chitosan is the step in the
that, according to the authors, most likely induce a higher variability.

The average E values obtained for AL and AL/CH membranes are reported in
Figure 27 (a). As it can be seen, there is a significant difference between the two E
values. In particular, the compressive modulus of AL and AL/CH membrane are
25.4 + 4.4 kPa and 38.9 + 8.7 kPa respectively. This result indicates that by adding
chitosan to the alginate membrane the resulting drug delivery system is stiffer
within the same range of deformation. Indeed a higher force has to be apply on the
AL/CH gel to cause structural failure compared to the AL gel. As expected, Figure

27 (b) shows that there is a very significant difference in the sigma rupture among
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the two gels. The sigma rupture values for AL and AL/CH membrane are 34.9 + 6.9

kPa and 93.3 + 4.2 kPa respectively. Adding chitosan to the system increased the o

rupture by 267%.
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Figure 26 - Young Modulus of six different gels (N=6, SD).
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Figure 27 - a) Average Compressive Modulus of AL and AL/CH membrane at 0,2 strain; b) Average sigma
rupture of AL and AL/CH membrane. N=3, N=6, SD.
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The effect of the presence of metronidazole in the DDS, in terms of compressive
modulus, was evaluated. As reported in Figure 28 looking at the histogram a trend
can be seen: by adding metronidazole the Young Modulus tends to reduce and that
occurs also when additional AL ad CH layers are deposited. Nevertheless no
significant difference is reported between AL/CH and AL/CH_3% or AL/CH_8%
membranes. Consequently the presence of the drug, within the concentration
tested, does not affect the mechanical properties of the gels. As expected there is not
significant difference in o rupture among AL/CH membranes with different
metronidazole concentration (Figure 29).

Consequently, it is possible conclude that the main factor influencing the
mechanical properties of the membrane is the presence of chitosan, which makes

the DDS stiffer and more resistant under the same deformation.
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Figure 28 - Average Young Modulus of AL, AL/CH, AL/CH_3%, AL/CH_8%, AL/CH/AL/CH_8% hydrogels
at 0,2 strain. N=3,6,6,6,6, SD.
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Figure 29 - Average Sigma Rupture of AL, AL/CH, AL/CH_3%, AL/CH_8% hydrogels. N=3,6,6,6,6
respectively, SD.
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4.4.2. Tensile Studies

To better understand the mechanical properties of the dry membranes, tensile stress
measurements were performed. The tests were conducted at room temperature on
different membrane samples, an example of the test specimen is shown in Figure
30.

Figure 31 shows a comparative study between AL, AL/CH, and AL/CH/AL/CH
membranes all comprising metronidazole 8 wt%. The Young modulus was
calculated from the initial slope of o-¢ curve in its initial part (where the materials
have an elastic behavior). For the sigma rupture value the ultimate strength point
was considered. An example is illustrated in Figure 31. The results show that the
mechanical properties of the different samples are comparable.

It is worth mentioning that the samples were not tested on the same day: as the
humidity level highly influences the mechanical properties of the dry membranes,
defining an absolute value from the tensile results is not possible. Indeed the
standard deviation values for the Young Modulus (Figure 32, a) are generally high.
Interestingly the SD of all samples tested is lower considering the o-rupture (Figure

32, b).
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Figure 30 - a) Size of the AL membrane strip (cm); b) specimen before test; ¢) specimen after test. N=3.
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Figure 32 - a) Average Tensile Young Modulus; b) Average Tensile Sigma Rupture of AL_8, AL/CH_8%,

AL/CH/AL/CH_8% hydrogels. N=3, SD.
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4.4.3. Folding Test

Considering the proposed application of this DDS the membrane needs to be hard
and elastic enough to be taken and placed into the vaginal cavity without breaking
it and it has to be flexible enough to follow the shape of the vaginal cavity. Folding
tests were conducted for different dry samples of AL and AL/CH membranes to
evaluate their tendency to crack, chip or crumble due to physical handling. The aim
of the folding test was not to load the material until failure (as per the compression
and tensile stress test) but to deform the sample into a specific shape multiple times.
Figure 33 (b) shows the membrane testing method. In order to emulate the real
application and manipulation of DDS, hydrogel strip were bent in half (Figure 33,
a) across the CD segment.

All membranes tested were able to withstand >200 sequential folding. Indeed, none
of the samples tested reached a breaking point during this test supporting an easy
handling of this DDS. As briefly mentioned in the above paragraph, a side note
related to the mechanical properties of the dry membranes is the humidity level:
when left at 37 °C for 24h both AL and AL/CH samples resulted too brittle to be

folded without incurring into breakage.
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Figure 33 - a) Size of a tested membrane sample (cm); b) Example of n AL/CH membrane being folded.
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4.5. Confocal Microscopy and CH-FI Distribution

To evaluate the distribution of chitosan within the membranes, chitosan was
modified with Fluorescein isothiocyanate isomer I and used to fabricate AL/CH-FI
membranes. Figure 34 depicts the distribution of the polysaccharide within the AL
membrane. As expected, CH-FI penetrates through the membrane as it swells. A
higher amount of polymer can be seen on both surfaces and the concentration

reduces progressively reaching the center of the membrane where around 50% of

the FI intensity is present.

pm

0 2 30 4 S 6 70 8 % 100
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Figure 34 - AL/CH-FI confocal microscopy. On the left a cross section of the membrane can be seen, to the
right, the fluorescence intensity of CH-FI is depicted vs the membrane thickness.
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4.6. Mucoadhesion

The in vitro mucoadhesion studies were carried out at 37 °C using the inner portion
of pig's vagina. As reported in previous studies [69] the temperature has a
significant influence on the adhesiveness of material towards the vaginal tissue.
The results, in terms of detachment force and work of adhesion of AL and AL/CH
membranes with 8 wt% of metronidazole are shown in Figure 35. These results were
considered as an indicator of the mucoadhesiveness of the membranes.

The addition of chitosan in the DDS significantly increased the mucoadhesiveness
of the membranes. In details: AL/CH showed a significantly higher detachment
force than AL (0.073 £ 0.020 N vs 0.050 + 0.006 N, respectively). Extremely significant
difference can instead be seen comparing the adhesion work between the AL and
AL/CH membranes (0.187 +0.049 m] vs 0.508 £0.257 m] respectively). This behavior
can be due to the presence of chitosan amino groups that at pH 4.2, are positively
charged and could interact with the negatively charge of sialic acid (pKa 2.6) and
sulphate residues of mucin glycoprotein. [70]

It can therefore be concluded that the expected mucoadhesive potential of chitosan
improves the general mucoadhesiveness of the AL/CH_8% DDS.

It should be stressed that, comparing AL_8% and AL/CH_8% the errors are similar
for the force of adhesion whereas in the case of the work of adhesion the variances
are highly different. Consequently theMann-Whitney U Test, instead the normal t-

test, was used to determine the statistical difference between the two samples.
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Figure 35 - Work of adhesion (W,4) and detachment force (Fy,) of AL (open symbols) and AL/CH (closed
symbols) membranes with 8 wt% of metronidazole. N=12, SD.
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4.7. In Vitro Dissolution

The dissolution profile of metronidazole from AL/CH_8% and AL/CH/AL/CH_8%
membranes is shown in Figure 36. The release profile of metronidazole was
evaluated in 25 mL of SVF for 12 h, at pH 4.2. The total amount of metronidazole
loaded into a single quarter of membrane is 3.9 + 0.1 g.

As control pure powder of metronidazole was used in the same amount as per the
concentration in the membranes. In the case of the control the release profile reached
100% after the first 2 minutes. Both AL/CH and AL/CH/AL/CH membranes slow
the release of the drug, reaching 100% after 5 h and presenting a classic diffusive
profile [71]. As presented in the zoom in (Figure 37), after 5 min in SVF, 50 + 5% of
the loaded metronidazole was released from the membranes No statistically
significant difference in the release profiles is seen between the two membranes
(AL/CH and AL/CH/AL/CH membrane). The drug was almost completely released
from hydrogel film in 10 min following first order kinetics, consistent with diffusion
from the membrane during hydration and concomitant swelling of the hydrogel

film [72].

57



Result and Discussion

52
Q
(72]
(3]
(]
[
Q
=
©
S
£
o —— AL/CH metrodinazole 8%
204 | ——— AL/CH/AL/CH metrodinazole 8%
1| — Pure drug
0 -
T v T v T T T T T T T v T ,
0 50 100 150 200 250 300
Time (min)

Figure 36 - In vitro cumulative release of metronidazole. AL/CH_8% (blue line), AL/CH/AL/CH_8% (green
line) and pure drug /red line). N=4, SD.
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Figure 37 - Zoom in of the in vitro cumulative release of metronidazole. AL/CH_8% (blue line),
AL/CH/AL/CH_8% (green line) and pure drug (red line). N=4, SD.
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This dissolution study suggested us that metronidazole diffuse easily through the
membrane porosities. The plausible electrostatic interactions between
metronidazole and alginate or chitosan are not enough to retain the drug within the
membranes. Nevertheless, it is worth noticing that as verified in previous studies
the daily production of human vaginal fluid is around 5.88 mL/day, with
approximately 0.5-0.75 g present in the vagina at any one time [67]. It is therefore
clear that the release studies conducted in a volume of 25 mL of SVF are not
representative of the real environment. We have tried to overcome this issue by
studying the drug release profiles in smaller SFV volume. Briefly, the SVF was
flowed for 1h over the AL/CH_8% membrane, with a flow rate of 5 mL/h. The profile
of metronidazole release from the hydrogel is shown in Figure 38. After 60 min, 18
+ 2% of the loaded metronidazole from AL/CH_8% membranes was released
compared to 94,4 + 2% from the dissolution in 25 mL of SVF. Interestingly,
conversely to what shown above, a sustained release profile can be seen which
follows a linear regression (R? = 0.93714). Extrapolating the profile to reach 100% of
release it is possible to see that the time required was 7h (result not shown in
graphs). It is again important to remember that the flow rate was still higher than
the physiological one. However it was not possible to use lower flow rates due to
limitations in the instrumentation resolution.

Thereby, although not yet realistic, this dissolution assay is much closer to a real
physiological environment.

Finally, the difference between the release profiles of AL/CH_8% membranes and
the commercial vaginal gel was studied. As it can be noticed, the release kinetics of
both DDSs are equal (Figure 39); however, a higher variance is observed for the
results obtained from the vaginal gel. This could be due to a lower homogeneity of

the drug distribution in the commercial gel compared to the AL/CH membrane.
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Figure 38 - In vitro cumulative release of AL/CH/AL/CH_8% membranes. Dissolution in 25 mL of SVF (red
line), dissolution with SVF flow rate of 5mL/h (black line). N =4, SD.
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Figure 39 - In vitro cumulative release of metronidazole. AL/CH_8% (blue line) and commercially available

gel 0.75% (red line). N =4, 5 respectively, SD.
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4.8 Biocompatibility

AL/CH_8% is a membrane that is meant to be used as an intravaginal drug delivery
system. As for all drug delivery systems it is highly important that the materials
they are composed of are biocompatible and do not induce any sort of damage to
the eukaryotic cells. The results of the AlamarBlue and of the Lactate
dehydrogenase assays (Figures 40 and 41) demonstrate how both the AL/CH and
the AL/CH + metronidazole membrane are biocompatible and do not damage the
cells up to 48h. In fact, the cells viability % of the cells treated with AL/CH or AL/CH
+ metronidazole are >100% (where 100% corresponds to the untreated cells
viability). The difference in terms of viability % is, however, not significant
comparing AL/CH to AL/CH + metronidazole. Not significant, as well, results the
difference between the treated and untreated cells. In regards of the LDH assay, the
results fall in line with that of the AlamarBlue. After 24h of incubation the
cytotoxicity % results equal between the treated and untreated cells, as well as
between the two different treatments. No statistically significant differences are
found, in fact. It is worth noticing that, conversely, significant difference is found
comparing the treated and untreated cells after 48h of exposure. In details a p <
0.0001 is found comparing AL/CH to the untreated cells and a p = 0.0006 is found
comparing AL/CH + metronidazole to the untreated cells. No significant difference
is found when comparing the two treatments. The difference after 48h of exposure
suggests a cyto-protective effect of the membrane extract. This will be further

investigated in future studies.
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Figure 40 — AlamarBlue assay. Viability % of treated cells (24 and 48h) normalized by the untreated cells
viability (N =3, SD)
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Figure 41 — Lactate dehydrogenase assay. Cytotoxicity of the AL/CH and AL/CH + metronidazole membranes
compared to the untreated cells after 24 and 48h (N =3, SD).
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4.9 Antimicrobial test

The antimicrobial efficacy of the membranes was evaluated on S.a., this bacteria is
responsible for about 10% of all bacterial vaginosis infections. As metronidazole
only works in the absence of oxygen or in microaerophilic environments, S.a. was
treated in absence of oxygen. By reducing the level of oxygen the growth of 5.a. was
reduced, however this occurred for both the control and the samples. After the
treatment, the supernatants were seeded over LB agar and the Petri dishes left in
presence of oxygen. This was done to allow for the growth of the still alive bacteria.
Consequently, the bacteria treated with the drug or with the AL/CH_8% membrane
should have reduced in number whereas for the control the CFU/mL after the
seeding over LB agar was expected to be the same or higher than the initial
concentration of 5 * 10° CFU/mL. As reported in Figure 42, metronidazole and the
AL/CH_8% membrane are able to kill the bacteria effectively. The log CFU/mL
difference between AL/CH (control) and AL/CH_8% is 5.4 log. The difference
between AL/CH and pure metronidazole is 6.2 log, instead. It is worth noticing,
however that no significant difference is present when comparing AL/CH_8% and
pure metronidazole. An example of a seeded petri dish comparing AL/CH and

AL/CH_8% can be seen in Figure 43.
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Figure 42 — Antimicrobial assay. The antibacterial efficacy is expressed as log CFU/mL of S.a. following 24h of
treatment. From left to right we have the results from the samples tested: i) AL/CH, ii) AL/CH_8%, iii) pure
metronidazole in the same concentration as in the membrane.
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5. CONCLUSION AND FUTURE WORKS

The vagina is considered an important route of local drug administration.

In this work, we demonstrated that AL/CH membranes can be easily fabricated and
are a promising DDS for the treatment in the vaginal cavity. In this work we
presented the case study of bacterial vaginosis and demonstrated that an AL/CH
membrane comprising metronidazole can be used to kill Staphiloccoccus aureus while
resulting biocompatible towards cervix epithelial cells. The morphology,
mechanical properties as well as the drug release were investigated for the cross-
linked AL, AL/CH and AL/CH/AL/CH membranes, with and without drug.
AL/CH membranes are able to resist the vaginal environment and degrade slowly
in a simulated vaginal fluid. The adhesion to the vaginal mucosa and the mechanical
properties were improved introducing chitosan in the DDS, obtaining a foldable,
easy to handle membrane. The release of metronidazole (chosen as a model drug)
from the membranes was evaluated and compared to the pure drug and to a
commercially available gel.

The future perspectives for this work are to continue the research with in vivo
studies. Finally, other active pharmaceutical ingredients will be tested to exploit the

interesting slow degradation time demonstrated by this DDS.
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