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Abstract

Abstract

Drug delivery systems are important medical tools that can effectively improve therapeutic
outcomes. Establishing new drug delivery systems, to enhance the effectiveness of active
pharmaceutical ingredients, is extremely important. It is moreover essential to consider the
benefits of using a specific material for providing the drug delivery system with desired
properties taking into account the route of administration that has to be used. Among the
various routes of administration, the oral one is the preferred by the patients and with the
highest compliance. Oral drug delivery is however limited by physiological barriers that
determine a reduction in bioavailability. Nowadays, oral administration is performed using
tablets and capsules. The interest towards new oral drug delivery systems based on micro-

fabricated devices is, however, increasing.

Within the frame of this PhD project, microcontainers were deployed as an alternative oral
drug delivery system. Microcontainers have been extensively studied in the past years,

some question have, however, yet to be answered.

As a first goal of the PhD project, the addition of a water soluble sacrificial layer, included
during the microcontainers fabrication, has been explored to improve the handling of the
microcontainers. The compatibility of this layer with the loading and coating of
microcontainers was also assessed. The resulting formulation has been tested in vivo and ex
vivo. The effect of tuning the loading method in terms of different release profiles was also
assessed. Finally, the 3D distribution of the active pharmaceutical ingredients within the
microcontainers was visualized by Raman spectroscopy, evaluating the effect of changing

the microcontainers sizes.

A second goal of the PhD project was to develop an intravaginal drug delivery system able
to exploit the intravaginal environment for improving the retention time of the formulation.
To reach this objective, an AL and CH mucoadhesive and biocompatible membrane was
fabricated and tested in vitro. The membrane demonstrated to possess good mechanical
properties and to slowly degrade in a simulated vaginal medium, remaining intact for up to

one month.




Abstract

The third goal of the PhD project involved the fabrication of polymeric nanoparticles.
Polymeric nanoparticles have been extensively studied and used for several applications by
many research groups. The focus of this study was to evaluate the possibility of using an
ultrasonic spray coater as a novel technique for continuously producing polymeric
nanoparticles in a controlled fashion. In this work, the parameters controlling the ultrasonic
spray coater were also modulated to elucidate their influence upon the nanoparticles size

distribution.




Resumé pa Dansk

Resumé pa Dansk

Drug delivery systemer er vigtige medicinske redskaber der effektivt forbedrer resultatet af
medicinske behandlinger. Etableringen af nye drug delivery systemer er vigtig i forhold til
at forgge effekten af aktive farmaceutiske ingredienser. Derudover er det essentielt, at
overveje hvilke fordele specifikke materialer kan have pa drug delivery systemet i forhold
til at opnad de gnskede egenskaber og med tanke pa administrationsvejen. Af samtlige
administrationsveje, er oral indtagelse den fortrukne hos patienter og samtidig den
administrationsvej] med stagrst compliance. Oral drug delivery er dog forbundet med
fysiologiske barrierer som giver en reduceret biologisk tilgengelighed. For tiden er tabletter
og kapsler de fortrukne orale drug delivery systemer, men interessen for nye mikro-

fabrikerede enheder er stigende.

| dette PhD projekt testes mikrocontainere som et alternativt oral drug delivery system.
Mikrocontainere er blevet udfarligt beskrevet de seneste ar, men der er stadig ubesvarede

spgrgsmal.

Det farste mal for dette PhD projekt var, at undersgge om tilfgjelsen af et vandoplaseligt
aftageligt lag, under fabrikationen af mikrocontainerne, kunne forbedre handteringen af
mikrocontainerne. Kompatibiliteten med loading og coating af mikrocontainerne blev
vurderet. Det endelige design blev testet bade in vivo og ex vivo. Effekten af forskellige
loading metoder pa stofferens release-profiler blev bestemt. Slutteligt blev 3D
distributionen af de aktive farmaceutiske ingredienser visualiseret med Raman spektroskopi

for at evaluere effekten af varierende mikrocontainer starrelse.

Dernast var malet at udvikle et intravaginalt drug delivery system, i stand til at udnytte det
intravaginale miljg og derigennem forbedre retentionstiden for formuleringen. En alginat
og chitosan mucoadhesive og biokompatibel membran blev derfor fabrikeret og testet in
vitro. Membranen demonstrerede gode mekaniske egenskaber samt en langsom

nedbrydning i et simuleret vaginalt miljg, varende op mod en maned.

Xl



Resumé pa Dansk

Det tredje og sidste mal for dette PhD projekt var fabrikationen af polymeriske
nanopartikler. Polymeriske nanopartikler er vel undersggt og bruges til mange formal af
flere forskellige forskningsgrupper. Fokus i dette studie var at evaluere muligheden for
brugen af en ultrasonisk spray coater som en ny teknik til kontrolleret kontinuerlig
produktion af polymeriske nanopartikler. Derigennem blev de kontrollerende parametre for
den ultrasoniske spray coater ogsa moduleret for, at synliggere parametrenes indflydelse pa

nanopartiklernes starrelsesfordeling.

Xl
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Chapter 1: Introduction

1. Introduction

1.1 Motivation

This work describes the development and characterization of drug delivery systems (DDS)
for oral and intravaginal applications.

Novel DDS are continuously developed with the aim of improving current therapies'™. This
objective can be reached in several ways, including an increase in patients” compliance.
Compliance (also known as adherence) corresponds to the tendency of patients to follow
medical advises and prescriptions?. Turning an injectable formulation into an oral
formulation can effectively increase patients” compliance, due to, among other things, the
avoidance of needle usage which is commonly associated with pain and is a cause of fear in
a significant portion of the population™. Oral drug delivery is, overall, the preferred route
of administration by the patients. Within this research field, numerous research groups have
put their focus on improving oral DDS, for example protecting the formulation from the
harsh gastrointestinal tract (Gl-tract)®® environment. Commercially available oral
formulations come in different forms: powdered formulations, pre-dispersed in water (e.g.
ketoprofen!), may be one of the simpler formulations. Tablets also represent a very
common formulation. Tablets are obtained by compressing powdered mixtures of, for
example, active pharmaceutical ingredients (APIs) and excipients. Tablets can be tuned to
release the API with different Kinetics in accordance to the needs of the therapy and can be
coated with pH sensitive coatings to protect the formulation during its travel in the GlI-
tract’®. Capsules are another highly common DDS available in the market. In this case the
formulation, that can be either solid or liquid, is included inside a gelatin (or e.g.
hydroxypropyl cellulose, HPMC) shell™. As per tablets, capsules can also be coated to
protect the formulation in the Gl-tract and provide release in the intestine!'%l.

Due to the technological advancements in the past years and to the desire of improving
drug delivery, an increased interest in adopting new technologies and approaches for the
production of pharmaceutical formulations has arisen. As a consequence, this led to the

development of microdevices as novel drug carriers for oral delivery™. An example of a




Chapter 1: Introduction

top-down technology, historically deployed in the field of electronics and imported in the
field of pharmaceutics, is photolithography and etching. Ahmed et al.l*?l developed, in
2001, a prototype SiO, based microdevice as a novel DDS. Chirra et al.l*** were instead
able to demonstrate the beneficial effect of using microdevices for improving the relative
oral bioavailability of acyclovir compared to a control formulation. Also in this case,
photolithography and etching were deployed to fabricate microdevices of poly
methylmethacrylate (PMMA). Fox et al.™® took a step forward and were able to introduce
nanostraws in microdevices similar to those developed by Chirra et al.**. These
nanostraws determined an increased adhesion to the mucus and facilitated drug loading due
to passive diffusion. The development of microdevices for oral drug delivery has, however,
several limitations: the fabrication process is not trivial and requires dedicated
instrumentation, the loading of APIs can be complicated and the quantities loaded may not
be sufficient or may require an excessive amount of microdevices to be swallowed to reach
therapeutic ranges. Focusing the attention on the loading of microdevices, in the case of
Chirra et al.l'¥, for example, only 1.54 ng of acyclovir could be loaded in each
microdevice, requiring a high number of microdevices to be dosed to reach therapeutic
ranges. This is generally due to the small volumes of the cavities of these microdevices*?l,
Within the frame of microdevices for drug delivery, the usage of microcontainers (MCs) for
oral administration has been, instead, one of the focal points of the research carried out in
our group and has been extensively studied. In respect to the microdevices aforementioned
described, MCs present a bigger cavity, of around 7 nL!®\. The increased volume allowed
for the loading of higher API quantities. MCs can be loaded using several techniques,

[19]

n" 18 inkjet printing™*%,

including supercritical carbon dioxide (scCO,) impregnatio
powder embossing®®” and a simpler, manual approach®!. Moreover, Nielsen et al.??
highlighted the increased stabilization of amorphous indomethacin when confined in MCs.
In this PhD project the exploration of MCs as oral DDS was continued by: i) addressing the
handling of MCs after loading with API and coating with pH sensitive coatings, ii)
determining the effect of changing the loading method towards the release profile of the
included API and iii) evaluating the distribution of the API in the MCs after scCO,

impregnation, determining the effect of confinement.
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As a second aim of this PhD project, intravaginal DDS were developed. During the design
and development of a new DDS, the material choice can be tailored upon the administration
route chosen and on the desired characteristics of the formulation. With respect to the
development of intravaginal DDS, a major focus over the years has been to develop
formulations with improved residence times. The residence time of conventional
formulations such as, for example, suppositories, is generally short. The formulation is in
fact progressively removed due to physiological vaginal fluid loss. This causes a reduction
in the bioavailability™™. To improve the residence time Dobaria et al.”?, for instance,
developed a membrane, constituted of hydroxypropyl cellulose (HPMC), which was able to
resist in the vaginal cavity for 8 h. Various studies lack, however, an important
characterization step, which is the evaluation of the degradation rate of the DDS in a
simulated vaginal fluid®?®. To improve the residence time of an intravaginal DDS, we
developed an alginate (AL) based membrane which is stabilized in the vaginal environment
due to the presence of Ca?* ions in the vaginal fluid®®”. As a model disease, bacterial
vaginosis was addressed with such system, a common infection in women in their
reproductive age, which symptoms are: vaginal discharge, risk of miscarriage and preterm
birth. This disorder is associated with an abnormal growth of Staphilococcus aureus (S.a.)
and Gardnerella vaginalis (G.v.)?%3%.

A different type of DDS investigated in the framework of the PhD project is nanoparticles
(NPs). These are generally aimed at targeting drugs towards a specific cell type to improve
the efficacy of the therapy. These formulations can be used as intravenous formulations®!
but could also be used for other applications!®?, in conjunction, for example to MCs®3. In
particular, regarding polymeric NPs, several research groups have studied their fabrication
and the possibility of deploying these DDS for various pathological conditions. These NPs
are formed, exploiting the interaction between oppositely charged polymers, to form
polyelectrolyte complexes (PECs)*. The fabrication of polymeric NPs can be performed
using several approaches (discussed hereafter in paragraph 3.3.1). With the intention of
addressing the issues present in the already existing fabrication methods, the development

of NPs by means of an ultrasonic spray coater was investigated. Additionally, this study
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shed light over the effect of tuning the ultrasonic spray coater parameters on the NPs size
distribution.

1.2 Summary of the research

During this PhD project, DDS for oral and intravaginal drug delivery were developed. With
respect to oral drug delivery an investigation on the use of MCs as DDS was performed.
Different aspects of the MCs were investigated in Paper I, 1l and Ill, focusing on different
scientific questions.

In Paper I, we evaluated the possibility of fabricating SU-8 MCs on a sacrificial, water
soluble layer made of polyacrylic acid (PAA) to improve the handling of MCs. These MCs
were then utilized to understand the compatibility of the sacrificial layer with the secondary
steps necessary to obtain a MCs based formulation. First of all, the MCs were manually
filled with polyvinylpyrrolidone (PVP), already used in previous studies. Ketoprofen
(chosen as a poorly soluble model drug) was then impregnated in PVP by means of scCO,
impregnation. The ketoprofen loaded MCs were subsequently coated with a pH sensitive
coating to protect the formulation from the harsh gastric environment. The loaded and
coated MCs were then detached from the Si wafer exploiting the presence of the water
soluble sacrificial layer and collected into gelatin capsules to be dosed orally to rats. The
amount of ketoprofen in the blood was compared to a control formulation.

In Paper I, the effect of loading MCs with different techniques was investigated. The MCs
loading by means of hot punching (HP) of a poly-8 caprolactone (PCL) film including
ketoprofen was compared to the loading of ketoprofen with scCO, impregnation MCs filled
with PCL by means of HP. The differences between the two methods were evaluated by
performing in vitro release studies.

In Paper 111, MCs of different sizes filled with PVVP were subjected to scCO,, loading either
ketoprofen or naproxen. The aim of this study was to evaluate the distribution of the API
within the polymeric matrix; this was performed using a custom-made 3D Raman
spectroscope.

In Paper IV, the development of an intravaginal DDS, in the form of a membrane based on

AL and chitosan (CH), was performed. The aim of this work was to improve the




Chapter 1: Introduction

intravaginal residence time by exploiting the physiological intravaginal environment, rich
in Ca®* ions®”.. The membrane has been characterized to obtain information regarding its
mechanical and biological properties.

In Paper V, a nanoparticles-based-formulation was developed using an ultrasonic spray
coater. The NPs, constituted of AL and CH, have been characterized by means of dynamic

light scattering (DLS) and scanning electron microscopy (SEM).
1.3 Organization of the thesis

The thesis is divided into 5 chapters, with the intention of guiding the reader through the
rationale behind the work performed. The chapters provide an overview of the main

scientific topics and research fields that were the focus of the PhD project.

Chapter 2 introduces the concept of drug delivery and discusses the various routes of
administration with particular focus on the oral and the intravaginal route of administration,
describing their advantages, disadvantages and limitations. Information on the APIs used in

the PhD project is also included.

Chapter 3 provides an initial overview of the concept of DDS and then moves onto
describing different types of DDS. The chapter is divided into three main parts. In the first
part, microdevices are described as carriers for APIs. Furthermore, the main results of the
PhD thesis, falling within the topic of microdevices, are presented. In the second part the
focus is dedicated towards the usage of membranes as DDS, describing the most significant
results achieved. In the last part of the chapter, NPs-based DDS are described. In particular,
a closer look at the fabrication of polymeric NPs is taken, motivated by the results obtained

during the PhD project.

Chapter 4 describes the experimental methods used during the PhD project and introduces

the theory behind each technique.

Chapter 5 concludes the thesis with a summary and a discussion of the results achieved and

includes the future perspective of this work.
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The Appendix contains the published scientific articles, the submitted manuscripts and the
manuscripts in preparation written throughout the PhD project.
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2. Drug delivery: an overview

Drug delivery is defined as the approach, technique or formulation used to deliver an API
to the patients with the aim of reaching therapeutic concentrations in a safe mannert=?.

2.1 Active pharmaceutical ingredients

With the term API a class of molecules and macromolecules that can be used in the
treatments of different diseases is defined. These molecular entities are also generally
referred to as “drugs”, although the meaning of this word normally identifies the
combination of an API and excipients to constitute the formulation. Throughout this thesis,
the words API and drug will be, nevertheless, used as interchangeable, whereas the term
formulation will be used to refer to the combination of APIs and excipients.

APIs can be classified into different categories. With small molecular entities (SME) a
group of molecules, with molecular weights lower than 900 Da, is indicated®®.. Conversely
to SME, drugs that are represented by complex glycoproteins, having much higher
molecular weights, are included in the category known as biologics (or
Biopharmaceuticals)™". Biologics are drugs manufactured, extracted or semi-synthesized
from biological sources (e.g. insulin, blood factors, and vaccines)®®. An important
difference between SME and biologics is their stability in biological media, generally lower
for the latter and their cost of production, usually higher for latter.

APIs can be further distinguished in those that are active prior to dosage and those that
instead require a modification to become active®. This is obtained by exploiting the
activity of physiological enzymes that chemically modify the prodrug (inactive drug)
turning it into its active counterpart.

Two of the most important characteristics of APIs are i) the solubility in aqueous media and
i) their ability of permeating biological barriers. These two properties correlate to the
bioavailability of the drug after administration and must be taken into consideration during
the design of new DDS. The biopharmaceutical classification system*? (BCS) divides
APIs into four classes in accordance to their solubility and permeability. Class I, is

attributed when both the solubility and permeability are high, ii) class Il, when the
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solubility is low but the permeability is high, iii) class 111, when the solubility is high but
the permeability is low and iv) class 1V, when both the solubility and permeability are low.

In the last decades an increasing number of new APIs, falling in Class Il of the BCS, have
been developed™!. As these drugs manifest poor solubility, it has been necessary to focus
on the possible ways of enhancing their solubility to improve their bioavailability!*%,

A scheme of the BCS classification systems can be seen in Figure 1.

High Solubility Low Solubility

Class | Class I

« High solubility + Low solubility

High
Permeability

High permeability + High permeability

« Fast dissolution

Class lll Class IV
ey
3 T+ High solubility +  Low solubility
©
3 g *  Low permeability - Low permeability
@
o

Figure 1 — Schematic representation of the BCS.

The solubility of a molecule is defined as the maximum amount of it that can be solubilized
in a known volume of a known liquid, constituting a uniform phase. Solubility is generally
expressed as the amount of solute in grams dissolved in 100 g of solvent at a known
temperature. The solubility of molecules (e.g. APIs) in a solvent is dependent on the
chemical properties of both solute and solvent.

In fact, for non-polar molecules in aqueous media, as the formation of hydrogen bonds
between the solute and the solvent are not possible or can only be formed partially, poor
water solubility is recorded. Aside from the chemical structure, the crystal structure of
molecular entities and their physical forms (solid vs liquid), play a role in their rate of

dissolution,
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The rate of dissolution is represented by the speed at which a molecule solubilizes in the
solvent at a known temperature and is dependent on the solubility of the molecule and on
its physical form and crystallinity!*4**!,

Crystals are highly organized and stable solid states of matter that are formed due to the
intermolecular interaction between copies of the same molecule. APIs in their crystalline
solid state are less soluble than their amorphous counterpart and present a lower free
energy; their interaction with solvents is limited. The amorphous state is, conversely, a non-
organized and unstable (or metastable) solid state. The reduced level of interaction between
the molecules of the API allows for a higher solubility, as more molecules are free to
interact with the surrounding environment (e.g. biological fluids) to reduce the level of free
energy. The dimension of the crystals also characterize the rate of dissolution; indeed, the
smaller the particles, the higher the dissolution rate is, as the surface area increases. The

Noyes-Whitney equation (Equation 1) shows the calculation of the dissolution ratel*.

dm _ D-A-(Cs—C)
dt L

1)

Where dm/dt is the dissolution rate, D represents the diffusion coefficient, A is the interface
surface area between the solute and the solvent, Cs is the mass concentration of the solute at
its surface layer, C represents the mass concentration of the solute in the bulk dissolution
medium and L is the diffusion layer thickness (region where the concentrations are

different from their value in the bulk solution).
As different APIs where used during the PhD project, these will be discussed individually,
underlying their differences.

2.1.1 Ketoprofen and Naproxen

Ketoprofen ((RS)-2-(3-benzoylphenyl)-propionic acid) and naproxen ((+)-(S)-6-Methoxy-
a-methyl-2-naphthaleneacetic acid) are non-steroidal anti-inflammatory drugs (NSAID)

which fall in the Class 11 of the BCS (Figure 2)!"*?). Ketoprofen and naproxen are used for
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their analgesic and antipyretic properties. These drugs are generally prescribed for the
treatment of pain deriving from arthritis and in case of severe toothaches, but can also be
used to address musculoskeletal and nerve pain. Ketoprofen and naproxen execute their
action by reversely inhibiting the enzymes cyclooxygenase-1 and cyclooxygenase-2 (COX-
1 and COX-2); this determines a reduction in the proinflammatory prostaglandin precursors
productiont*"*8]. These API can be prescribed as an oral formulation, topical patch, cream,
gel, spray or ointment. As it concerns oral administration, ketoprofen and naproxen are
rapidly and well-absorbed orally, with a plasma concentration peak occurring within
30 min to 2 ht"4°],

a) b)

OH OH
0 ‘O 0
0

Figure 2 — Chemical structure of ketoprofen (a) and chemical structure of naproxen (b).

2.1.2 Metronidazole

Metronidazole (1-(2-hydroxy-1-ethyl)-2-methyl-5-nitroimidazole) is an antibacterial and
antiprotozoal prodrug lying into the Class | of the BCS (Figure 3)1*!. Metronidazole is used
to treat bacterial infections, such as vaginitis, amebiasis, trichomonas infections and
giardiasis. This drug can be prescribed as an oral formulation and as a cream but it can also

be administered intravenously!®*Y.

Figure 3 — Chemical structure of metronidazole.

10
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In the form presented in Figure 3, metronidazole is non-active. To exert its antimicrobial
and antiprotozoal properties, metronidazole has to reach the bacterial cytoplasm, where the
reducing environment, typical of the metabolism of anaerobic and micro-aerophilic bacteria
and protozoans, reduces the imidazole nitro group to a nitro radical. This radical competes
with the electron acceptors of anaerobic organism for the electrons produced by the
pyruvate: ferrodoxin oxidoreductase (PFOR) enzyme pathway. The energy metabolism of
anaerobes is consequently hindered and, as a consequence, the replication, transcription and
repair processes of DNA are compromised, leading to cell death. As metronidazole and
oxygen both strive for the electrons formed during metabolism of energy, the presence of

oxygen decreases metronidazole cytotoxicity and reduces activation®>%,

2.1.3 Furosemide

Furosemide®**® (2-Furfurylamino-4-chloro-5-sulfamoylbenzoic acid) is a diuretic used in
the treatment of fluid build-up due to heart failure, liver scarring, kidney disease and to
reduce blood pressure (Figure 4). Being poorly soluble but manifesting high permeability,
furosemide lies in the Class Il of the BCS. Furosemide inhibits the luminal Na-K-ClI
cotransporter in the ascending limb of the loop of Henle of the nephrons (Figure 4)

determining a loss of sodium, potassium and chloride in the urine.

0] Cl

() ’

HN §—0

OH

Figure 4 — Chemical structure of furosemide.

2.1.4 Enhancing the rate of dissolution of APIs

As already mentioned above, the rate of dissolution of an API is an important characteristic

that can be enhanced to improve their bioavailability. Several ways have been studied in the

11
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past years to improve the dissolution rate of APIs. A very common method to achieve this
objective is to stabilize the drug in its amorphous solid state’®®. This can be done exploiting
different techniques. APIs can, for example, be heated up above the melting temperature
and quickly quenched with liquid nitrogen to preserve the amorphous state obtained during
melting. This process can be coupled with a grinding step of the frozen API to obtain a fine
powder (using a mortar and pestle or a ball-mill machine)™®*"). Generally, however, as the
amorphous state of a molecule is less stable than its crystalline counterpart, it tends to re-
crystallize over time. To reduce the rate of re-crystallization, excipients can be added to the

[58,59]

formulation, obtaining a solid dispersion . Very common excipients used in the

pharmaceutical industry are, e.g. PVPPY (Figure 5) and PCL (Figure 6).

Figure 5 — Chemical structure of PVP

n

Figure 6 — Chemical structure of PCL

PVP is extremely soluble in aqueous media and is in fact used as a solubility enhancer in
drug formulations. It has also been demonstrated how coupling an API in its amorphous
state and PVP determines an improved stability of the formulation with a reduced rate of
re-crystallization®®. This is possible thanks to the interactions occurring between the API
and PVP. A method that couples the addition of a polymer, such as PVP or PCL with a

12
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thermal treatment, is, for example, hot-melt extrusion®, where the formulation (drug +
excipient) is heated up above the glass transition temperature (Tg) or above the melting
temperature of the compounds and extruded through a nozzle after extensive mixing®.
This technique is highly efficient, with high-throughput and is potentially continuous. A
different method that can be used to couple an API with a polymer is the use of scCO,
impregnation, this technique exploit the ability of scCO, to solubilize a drug which is then
impregnated into a polymer matrix!*"*8%4. This technique will be further addressed in the
thesis as it represents a significant portion of the PhD project.

A different method to stabilize the amorphous state of a drug, is the inclusion of it in micro-
sized reservoirs called MCs. Nielsen et al.[”?! demonstrated, in fact, that a slower rate of
recrystallization was seen for indomethacin included in MCs compared to pure powder.
Aside from changing the physical state of APIs, to increase the dissolution rate of
formulations it is possible to tune the formulation size. By reducing the size of the
formulation, the ratio between surface and volume increases significantly and the rate of

dissolution increases accordingly.

2.2 Administration Routes

APIs can be delivered to the patients using different administration routes: each one
bestowing advantages and disadvantages. Administration routes are generally separated
into two distinct categories: i) enteral routes of administration and ii) parenteral routes of
administration.

Within enteral administration, all routes that involve the consumption of APIs in the
gastrointestinal tract are included. Enteral administration thereby includes the oral, rectal,
sub-lingual, sub-labial and buccal administration. The parenteral route, as the name
explicates, refers instead to all administration routes that are not enteral, the medications
are administered directly to the mucosa (or accessible epithelia) or injected with a needle or
a catheter. Injections can be performed in several different locations, depending on the
disease and the condition of the patient, some of these are: intravenous, subcutaneous and

intramuscular.

13
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As in this PhD thesis, both oral and intravaginal DDS were developed, these two routes of
administration will be further discussed.

2.2.1 Oral administration

The oral administration of pharmaceuticals has several advantages and is the preferred
route by the patients®®. The reason why the oral route of administration is more easily
accepted by the patients lies in its intrinsic easiness. Swallowing a tablet or capsule is in
fact extremely similar to the daily process of eating food. Moreover, compared to
injections, oral administration is painless. Indeed, the fear of needles is not to be
underestimated as it is present in a significant portion of the adult population and is very
common in children'®!. The reduced compliance due to the fear of needles may determine
the worsening of diseases with a consequent negative impact in the patients™ quality of life
and on the healthcare system. The substitution of injected medication to oral medication is
also pushed by the potential reduction of the hazardous wastes production. Finally, in
countries under development, were the resources are poor and the logistics of transportation
are complicated, reducing the number of medications requiring the usage of syringes and
needles represents a priority.

Nonetheless, designing formulations for oral drug delivery is not trivial. First of all, an
important difference between injections and oral administration lies in the bioavailability.
When an API is injected into the blood stream, all of it is available. Conversely, when a
drug is administered orally, the absorption of the API in the blood stream occurs after
absorption in the intestine and after the first pass metabolism. This generally causes a
reduction in the bioavailability of the API and, as a consequence, higher dosages may be
required to reach the therapeutic range for that specific drug. When a drug is taken through
the oral route, it has first to be able to resist the oral environment, where the pH is neutral,
or slightly alkaline, and the presence of enzymes may degrade the API1”). The formulation
has, then, to be small enough to be swallowed with ease and pass safely through the
esophagus, reaching the stomach. In the stomach, the presence of enzymes and the low
pH (1 - 3.5 in fasted state and 3 - 6 in fed state)®® " (Figure 7), may degrade the

formulation before its absorption. This is particularly crucial for biologics, such as insulin
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and other proteins that, if not protected, are degraded to smaller peptides, as it occurs for
food. Protecting the API from the harsh gastric environment is thereby fundamental. Once
reached the small intestine, the formulation has to be designed for releasing the API in the
appropriate intestinal region. For most APIs, this is represented by the small intestine
(duodenum, jejunum and ileum) where the absorption is higher due to the high surface area

[l Even if the controlled release is

available by the presence of villi and microvilli
achieved, it is also important to consider, during formulation design, that the pH of the
small intestine varies between 5.5 and 8!°®! and that the presence of bile salts and enzymes
could affect the formulation or the API prior to absorption. The last barrier a formulation
encounters before reaching the enterocytes (intestinal epithelium) is represented by the
mucus layert>™!. Mucus is secreted by the Goblet cells in the intestine and its building
blocks are mucins: highly glycosylated proteins rich in disulfide bonds and comprising a
highly negative and a hydrophobic domain. Mucus is constituted by two separated layers,
the first one is a firmly adherent layer, closer to the epithelium and the second one is
represented, instead, by a loosely adherent mucus layer. The intestinal mucus is
continuously produced, with a variable turnover from few minutes to hours. The presence
of mucus in the intestine is extremely important as it acts as lubricant and prevents
infections from microorganisms. Mucus can, however, interfere with the formulation,
blocking the API before reaching the intestinal epithelium and thereby its absorption.

Finally, the formulation has to degrade over time or has to be excreted safely with the feces.
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Oesophagus
pH~7.0

Stomach
pH 1-2.5 (up to 5 when fed)

HpH2

PHS  Ascending colon

pH 5.26-6.72
“ pH7

Proximal small intestine
pH 6.15-7.35

Descending colon
pH 5.20-7.02

Distal small intestine
pH 6.80-7.88

Figure 7 — Representation of the human stomach, small intestine and large intestine with the relative pH found in

each region. Figure taken from!®® with permission.

2.2.2 Intravaginal administration

The intravaginal route of administration is considered as a favorable site for the local™ and

[8] Intravaginal formulations can thereby be designed for

the systemic delivery of drugs
systemic delivery but also for topical/mucosal delivery. In the first case, when a
formulation is administered to the vaginal mucosa, the API dissolves in the vaginal fluid
and undergoes trans-membrane penetration. The possibility of exploiting intravaginal drug
delivery as a route for systemic delivery has been extensively studied. The poor absorption
of molecules by the vaginal mucosa remains a challenge that has to be dealt with™'.
Moreover, an important disadvantage in the context of intravaginal drug delivery, is the
patient to patient variance: personal hygiene, irritation, porosity, vaginal microflora,
viscosity and thickness of the vaginal mucus together with the volume and the pH of the
vaginal fluid, all can vary significantly between patients and, thus, the same formulation

might not behave in the same manner!’®!.
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Nevertheless, an advantage of administering drugs intravaginally for systemic delivery is
found in the avoidance of needle usage (comparing to injections) and in the avoidance of
first pass metabolism (comparing to oral administration). In the second scenario, the API is
released in the vaginal cavity and exerts its effect in situ. Antifungal, antiviral, antibacterial,
antiprotozoal and spermicidal agents have all been used as in situ formulations to treat
common diseases. As an example, vaginal candidiasis, a common bacterial infection
(caused by the presence of Candida albicans in the vagina), is treated by means of local
delivery. Aerobic vaginitis, an alteration of the physiological microflora, often evidenced
by inflammation symptoms and presence of pathogens, especially Streptococcus galactiae

and Escherichia coli is another critical problem treated with local delivery.
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3. Drug delivery systems

DDS are formulations that, combining APIs and excipients, are used in drug delivery to
target specific cells!’”), or a specific area of the body and to control the release of the drug
over timel™®. When developing novel DDS it is, for obvious reasons, important to consider
the administration route that has to be used. As described previously (Chapter 2.2), in fact,
different administration routes present different limitations that must be considered during
the design of the DDS. Nevertheless, the usage of DDS, more complex than common
formulations, has the potential of greatly improving the therapy outcome. Important
examples, where the design of novel DDS greatly impacted the outcome of therapies, can
be found in the literature. In 1995, Doxil®, was approved by the Food and Drug
Administration (FDA) as the first nano-DDS for the treatment of cancer. Doxil® is a
DDS constituted of a pegylated liposome encapsulating doxorubicin, a known API used in
cancer treatment. This DDS showed several advantages: i) being in the nano-sized range,
the enhanced permeation and retention effect (EPR) could be exploited for delivering the
API at the tumor site, where, due to the high expression of vascular endothelial growth
factor (VEGF) the vascularization is abnormal and leaky!"®, ii) prolonged circulation in the
blood stream was achieved and iii) a significant reduction in the adverse effects,
specifically towards the heart, was obtained. Xu et al.®¥, on the other hand, developed an
injectable DDS based on nano-porous Si encapsulating doxorubicin. This DDS was able to
accumulate preferentially in the metastasis sites of triple negative breast cancer (liver and
lungs) thanks to its geometrical design, internalize in tumor cells, escaping the endosomes
and avoiding the multi drug resistance (MDR) to finally cause cancer cell death.

In the past years, several types of DDS have been developed, each of these granting
additional features to the formulation. DDS can be classified in multiple ways. As in the
PhD project the focus was kept on different types of drug carriers, constituting the base of
the DDS, a classification based on this seems appropriate. By drug carrier, the substrate
used in the design of the DDS, which improves the safety and/or the effectiveness of the

final formulation, is defined. This terminology is generally associated with nano-particulate
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DDS, such as liposomes®-® and polymeric NPsE28283 this definition fits, nevertheless,

other types of substrates, as in example: patches and microdevices encapsulating an API.

In the next paragraphs, a deeper look at some drug delivery carriers, specifically

microdevices, membranes (or patches) and nano-particulate systems, will be taken.
3.1 Microdevices

Pushed by the improvements in technology and by the desire of improving oral drug
delivery, DDS based on the use of microdevices, as carriers, have emerged. Several
research groups contributed in the development of this field of research, exploiting different
fabrication techniques™. To give some examples, Chirra et al.**! were successful in
demonstrating the advantages of using planar microdevices to improve the oral
bioavailability of acyclovir (class Il drug in the BCS) compared to a solution in mice. Fox
et al.™® instead, focused their attention on porous nanostructured delivery substrates
comprising nanostraws. These increased the adhesion to the mucus and facilitated the drug
loading via diffusion inside the nanostraws.

In this work, a MCs based formulation was used to improve oral drug delivery. These MCs
are cylindrical shaped reservoirs with a cavity in the micrometer scale and a volume in the
nanoliter range. The size of these MCs can be adjusted to obtain deeper, shorter or larger
MCs. MCs are fabricated with the negative photoresist SU-8, an epoxy resin. The

fabrication of MCs has been explained in previous publications®®84,

Briefly, a layer of
SU-8 is spin coated over a 4-in. Si wafer and cured with UV light, the desired pattern is
obtained using a shadow mask to selectively illuminate the substrate. The fabricated MCs

are distributed in arrays of 25x25 pieces on a Si wafer (seen as squares/chips in Figure 8).

20



Chapter 3: Drug delivery systems

Figure 8 — Picture showing a Si wafer with MCs distributed in an array of 5x6 chips of 25x25 MCs.

MCs for oral drug delivery have been extensively investigated by our group. Marizza et
al.ll*% evaluated the use of scCO, impregnation and of inkjet printing to load APIs in
MCs. Nielsen et al.?? demonstrated a significant improvement in the stability of the
amorphous state of indomethacin when confined in MCs compared to unconfined powder.
Nielsen et al.l'*®! also showed how the relative oral bioavailability of furosemide in rats
was higher than a control formulation and how it was possible to include spray dried
cubosomes in the MCs. Abid et al.””, developed a method for loading powder formulations
in the MCs in a more controlled manner in respect to the previously used manual
approach®’. Overall, several works were conducted in order to shed light on the
advantages of MCs as carriers for oral drug delivery. Several issues, however, persisted.
SU-8 is, for instance, a non-biodegradable and non FDA approved material for oral drug
delivery. Trying to address this issue, Nielsen et al.’®® worked on microwells of poly-L-
lactic acid (PLLA) including furosemide and covered with a pH sensitive coating as a
starting point for future works on the fabrication of biocompatible and biodegradable MCs.
In this work, we focused our attention on some of the other issues related to MCs, being: i)
the handling of the MCs, ii) the loading of MCs and iii) the deposition of pH sensitive
coatings over the MCs to protect the API from the harsh gastric environment.

In regards to the handling of the MCs, a study on SU-8 MCs fabricated on a water soluble
sacrificial layer of polyacylic acid (PAA) is described in Paper I™®. Figure 9 depicts an

example of a MCs chip on a sacrificial layer of PAA.
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Figure 9 — Picture of a MCs chip fabricated over a sacrificial layer of PAA.

The presence of PAA facilitated the collection of MCs loaded with ketoprofen by means of
scCO, impregnation and coated with a pH sensitive coating. This was possible by soaking
the MCs chips in water, acidified to prevent disruption of the coating.

To protect the formulation inside the MCs, an ultrasonic spray coater has been deployed to
deposit a pH sensitive coating over the MCs. Ultrasonic spray coating has been extensively
used as a coating technique by many research groupst®®. Bose et al.!®”), evaluated the effect
of tuning the spray coater parameters on the coating outcome; in particular, a wet and a dry
regime were found as extreme cases. In the former regime, the coating manifested the
presence of edge peaks whereas the other regime caused the formation of a non-
homogenous and rough coating. The optimal regime thereby falls between these two and
thus the ideal parameters to use have to be defined whenever a different solution is utilized
(e.g. different polymers, concentrations, solvents). To avoid a wet regime it is necessary to
reduce the amount of solution deposited per interval time, this can be achieved by reducing
the flow rates (e.g. 0.1 mL/min). A different option is to use solvents with high evaporation
rate (e.g. dichloromethane, DCM) an issue that can be encountered when using low boiling
point solvents is, however, the risk of clogging the spray coater nozzle. This problem has to
be taken into consideration during the spray coater processes. Increasing the substrate
temperature is also a valid option to avoid the wet regime, however, it is necessary to bear
in mind that the temperature of the substrate can affect the behavior of the polymeric

coating. Moreover, the temperature of the substrate should be carefully raised also
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accounting for the sensitivity of the API to heat. Increasing the distance between the nozzle
and the substrate, to obtain a higher evaporation during the travel time of the spray from the
nozzle to the sample, is also a possibility. To avoid falling in the dry regime, the same
considerations can be made, but, obviously, inverted. When coating an area, the nozzle
sprays the solution following a programmed path defined by the operator. To increase the
coating thickness, the same area is sprayed repeatedly in loops until the desired thickness is
reached. “Passes” is the term used to define the number of times the spray coater coats the
same area. Increasing the speed of the nozzle and/or including a waiting time between
consecutive passes can also help to avoid either the wet or the dry regimes and allows for
the formation of smoother coatings. For more information on the spray coater, please refer
to Chapter 4.2.

In Paper I, the parameters used to deposit a pH sensitive coating on SU-8 MCs are
described. A solution of 2% w/V of Eudragit L100® (Evonik, Darmstad, Germany, Figure
10) with dibutyl sebacate (5 wt% in respect to Eudragit L100, Figure 11) in 2-propanol was
spray coated over 12.8 x 12.8 mm? MCs chip.

HO @]
.

HO @)
Figure 10 — Chemical structure of Eudragit L100%.
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Figure 11 — Chemical structure of dibutyl sebacate.

Each chip was coated with two alternating spray paths with an offset of 2 mm, resulting in a
total of 100 passes. The presence of an offset was set to obtain more homogenous coatings
(Figure 12).
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Figure 12 — Schematic representation of the spray coater path utilized for the deposition of the pH sensitive coating
based on Eudragit L100® and dibutyl sebacate on a MCs chip.

The resulting coating had a thickness of about 120 pum and allowed for a pH dependent
release of ketoprofen from the MCs.

In Paper 11 and Paper 111 the focus was kept over the loading process. In particular, in Paper
I1, the loading technique of scCO, was performed on PCL filled MCs. PCL was chosen in
the attempt of slowing the release of ketoprofen which was seen to be fast in previous
studies, where PVP was used™®*®, PCL is known for its ability of impregnating in
supercritical CO,® and for its biodegradability. Not behaving as a solubility enhancer as
PVPIE8I pC| was therefore an optimal choice to slow the release of ketoprofen. In Paper
Il, two techniques: i) hot punching (HP) of a PCL film into the MCs and consequent
loading of ketoprofen using scCO, impregnation and ii) HP of a premixed PCL and
ketoprofen film into the MCs, were, moreover, compared. Surprisingly, the two techniques
showed different results. In the former, a burst release, similar to that seen previously with
impregnated MCs filled with PVP and loaded with ketoprofen by means of scCO,™! was
seen; In the latter, a much slower release was instead demonstrated, indicating how the
different technique approach can influence the release profile of ketoprofen.

In Paper Ill, the focus was devoted to the scCO, impregnation technique. In particular,

different sizes of MCs (small, medium and large) were fabricated on Si wafers maintaining
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the total volume and surface area of the cavities for all samples identical. The MCs were
then filled with PVP and impregnated using either ketoprofen or naproxen. An
investigation of the API release profile and of the drug distribution in the polymer matrix
from these MCs was performed. The results showed no difference among the sizes in terms
of release kinetics and in the distribution of APIs in the PVP matrix. The distribution was
assessed with a custom-made 3D Raman spectroscope and, interestingly, in all samples
investigated (small, medium and large MCs filled with PVP and loaded with ketoprofen or
naproxen by means of scCO, impregnation) the APIs resulted to be present only in the top
layer of PVP. This result was extremely important as it allowed defining the reasons behind
the burst release seen in previous studies, both using PVP and PCL, when the scCO,
impregnation technique was deployed. The burst release obtained was consequently caused
by the selective positioning of the API rather than being influenced by the polymer
deployed. To improve the permeation of ketoprofen (or other drugs), in the MCs, an
increase in the amount of time the samples are exposed to scCO, impregnation might be

needed.

3.2 Membranes

Membranes (also known as patches) are a common DDS, generally deployed for topical
applications. In this work, we designed, developed and characterized a membrane based on
the usage of two polysaccharides (AL and CH) suitable for intravaginal applications.
Several membranes have been developed in the past years for drug delivery purposes,
different materials have been used for their development, encapsulating different APIs and
aiming at different objectives. Travan et al.l® for instance, developed a membrane starting
from an AL hydrogel by means of a freeze-drying step. The developed membrane resulted
to be able to release hyaluronic acid when in contact with physiological solutions. As a step
forward to this publication, Scognamiglio et al.?™, were able to produce a mussle-inspired-
mucoadhesive AL membrane by exploiting the known mucoadhesiveness of dopaminet®?
which was grafted to AL or deposited as a mucoadhesive coating in the form of NPs®®!. CH
was instead deployed by Sacco et al.”*! to develop antimicrobial membranes comprising

silver. As previously described, also in this case, a hydrogel was initially prepared, thanks
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to the crosslinking of CH with tripolyphosphate pentabasic (TPP)® and then freeze-dried
to obtain a pliable membrane. Overall, it is clear that the usage of polysaccharides for the
development of membranes for drug delivery has been and continues being extensively
investigated.

A fundamental step in the design of a membrane as a DDS is to utilize appropriate
materials to provide the final formulation with the needed characteristics. In example, a
membrane that has to degrade over time should be constituted of biodegradable materials
and the degradation of the formulation should be consequently assessed in biorelevant
medium. The main results of the work reported in Paper IV are, in fact, consequences of the
material choice. The very long degradation time demonstrated by the AL and CH based
membrane, able to resist in a simulated vaginal fluid for at least 30 days was achieved by
exploiting the presence of Ca** in vaginal fluids. AL, being crosslinked by divalent cations
(e.g. Ca®"), resulted, thereby, a good choice for the fabrication of the membrane.

To enhance the adhesion of the membrane towards the vaginal mucosa, CH was included in
the final formulation and was seen to improve the membrane adhesiveness.

The developed membranes possessed good mechanical properties, in line with the results of
Jang et al.®® and were able to encapsulate metronidazole (Figure 13 and Figure 14), chosen
as a model class | API and to release it in a simulated vaginal fluid".

Figure 13 — Fabrication of an AL + metronidazole membrane. From left to right: an AL hydrogel including

metronidazole was prepared; the hydrogel was then dried at RT; an AL membrane after complete drying. Crystals

of metronidazole are visible in the dry membrane.
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Figure 14 — SEM picture of metronidazole crystals included in the AL/CH membrane.

Finally, the AL/CH + metronidazole membranes were seen to be biocompatible towards an
ectocervix epithelial cell line Ectl/E6E7 (ATCC® CRL-2614™) and to be able to kill both
S.a. and G.v.

As the AL/CH membrane resulted to degrade slowly, the possible utilization of it as a
formulation for birth control drugs was also investigated. Specifically, the encapsulation of
ethinyl estradiol (Figure 15) was assessed. Ethinyl estradiol is a hormone, generally used in
combination with etonogestrel, deployed in birth control therapies. Although only
preliminary, the results demonstrated the possibility of encapsulating sufficient amount of
ethinyl estradiol to reach the dosages currently administered in the commercially available
medications (15 pg/day of ethinyl estradiol over three weeks). Future works will be
dedicated to investigate the release of ethinyl estradiol in a simulated vaginal fluid. The

simultaneous encapsulation of ethinyl estradiol and of etonogestrel will also be explored.

N\
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HO

Figure 15 — Chemical structure of ethinyl estradiol.
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3.2.1 Fabrication of membranes by means of a dual feed ultrasonic spray coater

During the optimization of the ultrasonic spray coater, performed to obtain the results
reported in Paper V, where AL and CH NPs have been fabricated using a dual feed
Accumist nozzle (please refer to Chapter 4.2 for the ultrasonic spray coater description), an
interesting result was seen. In fact when the spray coater was run with AL and CH solutions
both at concentrations above 0.2 mg/mL, the formation of a macroscopic hydrogel was
seen. This happening allowed us to discover the possibility of using the ultrasonic spray
coater to form a hydrogel coating (e.g. to protect the formulation included in MCs) but also
to form membranes (e.g. AL/CH membranes similar to those reported in Paper V).
Hydrogel coatings of various thicknesses were fabricated using a solution of AL 0.5 mg/mL
+ TPP 10 pg/mL + metronidazole 1 mM in one of the two feeds and a solution of CH
0.5 mg/mL in the other one. Due to the high polymer concentration, a high generator power
had to be deployed: 3 W. The spray coater parameters were then optimized to coat an
aluminum foil surface of 25 cm? using the following parameters: the flow rate was kept at
0.4 mL/min, the speed of the nozzle was set at 50 mm/sec, the pressure of the focusing air
was set at 1 kPa and the temperature of the substrate was maintained at 30°C. Different
thicknesses were obtained by increasing the number of passes: 10, 20, 30 and 45 passes
were tested. The thickness of the coatings were 582 + 34 nm, 1.03 £ 0.1 pm, 2.23 £ 0.2 and
115 + 2.4 pm respectively (measured from SEM pictures, Figure 13). The thickness
obtained with 45 passes is much higher than those of the other experiments and does not
follow their trend. This might be explained by the increased inhomogeneity. With increased
number of passes an increase in the formation of big droplets on the surface, was, in fact,
noticed.
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.

Figure 16 — SEM pictures of AL/CH + metronidazole + TPP coating fabricated by means of a dual feed ultrasonic
spray coater: a) 10 passes, b) 20 passes, ¢) 30 passes and d) 45 passes.

Dissolution studies, performed in phosphate buffered saline (PBS, pH 7.4) showed a fast
release of metronidazole from all samples, reaching 100% of release during the first 10 min
(Figure 14).
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Figure 17 — Release profile from AL/CH + TPP + metronidazole coatings. The result from 10 passes coatings is

represented by the black line; the result from 20 passes coatings is depicted by the red line. (N = 4, SD)

3.2.2 Alginate

Alginate is a linear block copolymer of (1-4)-linked B-D-mannuronate (poly M) and its C-5
epimer a-L-guluronate (poly G). AL is an abundant polysaccharide obtained from brown
algae®”: this material has been studied extensively due to its highly interesting properties.
AL is, in fact, able to form hydrogels in the presence of calcium and other divalent cations
forming structures named egg-boxes®®). This is possible thanks to the coordination of the
divalent cations with the poly G units®. In Figure 18, a representation of the chemical
structure of AL and its interaction with calcium is depicted.
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Figure 18 — Chemical structure of AL. The poly G blocks coordinate Ca?* to form the Egg-Box structure.

The ability of AL in forming hydrogels has been extensively investigated and several
approaches to obtain these gels have been developed. A common method for obtaining
these gels is to simply use a solution of CaCl, (or other salts of divalent cations), which is
mixed to an AL solution. The interaction between the two materials occurs instantaneously
and thus the hydrogels formed in this manner may not be homogenous. A different

571 In their work D-(+)-Glucono-delta-

approach was instead proposed by Draget et al.
lactone (GDL) is used to slowly acidify a suspension of AL and CaCOs3. The insoluble salt
solubilizes over time causing the formation of nucleation points for the gelation of AL in a
more controlled and homogeneously distributed manner. This approach was also the one
utilized in Paper 1V for the fabrication of AL/CH membranes for intravaginal applications.
Aside from the utilization of AL for the development of membranes and macroscopic gels,
this material has been used to fabricate NPs in combination with positively charged

polymers for the control release of APIs%%0,
3.2.3 Chitosan

Chitosan is a linear random copolymer of B-1,4-D-glucose-2-amine and N-acetyl-D-

glucose-amine which is derived from chitin upon deacetylation (Figure 19).
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Figure 19 — Chemical structure of chitin (above) and of CH (below).

Chitin is one of the most abundant polysaccharide on Earth and can be found in crustacean
shells®™® in insect exoskeletons™! and in fungal cells!*®?. The deacetylation of chitin to
obtain CH can be tuned to obtain different forms of CH: different molecular weights and
degree of deacetylation can, in fact, be obtained. Tuning these characteristics may greatly
affect the behavior of CH. It has been proven, for instance, that fabricating hyaluronic
acid/CH NPs deploying CH with higher molecular weights lead to an increase in the NPs
average diameter™®!. Greater deacetylation degrees determine, instead, a higher number of
primary amines with consequent influences on its solubility and on its interaction with
eukaryotic and prokaryotic cells. CH is, in fact, known for its antimicrobial properties,
deriving from the presence of the primary amine groupt®1% increasing the deacetylation
degree consequently yields an augmented antibacterial effect. Increasing the deacetylation
degree also determines the augment of another interesting and extensively investigated
characteristic of CH, its mucoadhesiveness*®. On the other hand, the cytotoxicity of CH
was seen to be dependent on the deacetylation degree, lowering the degree of deacetylation
reduced the cytotoxicity towards A549 cells (ATCC®)®. Overall, CH has been used in
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several research areas, such as in tissue engineering™, in food science!**! but also in the
development of smart DDS™?,

Concerning the use of CH in the development of DDS, it has been frequently used in
combination with other polymers that present negative charges (e.g. hyaluronic acid and
AL). The electrostatic interaction occurring between these materials has been exploited for
the development of several DDS, from membranes to nano-particulate systems. CH is also
known for its ability to crosslink in the presence of TPP and it has been demonstrated
previously that by varying the CH/TPP ratio, the molecular weight of CH, the ionic
strength and the pH it is possible to modulate the size, morphology and surface charge of
CH based NPs™*l. Moreover, the stability of these nanosystems in different media is highly

influenced by these factorst***],

3.3 Nanopatrticles

Within the field of drug delivery, NPs represent a very interesting and diversified system.
The term NPs has been used historically to refer to “sphere like” particles fabricated with
different materials and with highly different sizes. A subtle issue, within the term
“nanoparticle”, is the suffix “nano”. Within the field of nanotechnology, in fact, researches
have been using the word “nano” when referring to materials which physical properties
manifest a pronounced difference when the size is changed to the nano-scale!**®. An
example of this size dependence is, for example, gold NPs. It is in fact known that when the
size of gold is changed to the nano-scale its physical and optical properties change
significantly compared to those of bulk gold*!®!. The term nanoparticle has instead been
used to describe any type of particulate DDS in the range of few nm to hundreds of nm,
also when the reduction in size was not determining a variation in the physical properties.
This is particularly true for, in example, polymeric NPs and liposomes. Nevertheless,
according to the directive (2011/696/EU), a NPs can be named as such when 50% or more
of the particles lies in the size range of 1 nm to 100 nm. Consequently, for as long as this
hallmark is observed, the terminology “nanoparticle” can be freely used to describe
particulate DDS.
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NPs for drug delivery come in several forms, such as: metallic NPs (e.g. gold NPs),
liposomes and polymeric NPs. Although all of these DDS have been extensively studied
and all deserve to be mentioned, major focus will be given to polymeric NPs as these
constitute the principal work reported in Paper V. Specifically, the focus will be on
polymeric NPs that are fabricated by exploiting the electrostatic interaction between
oppositely charged polymers.

NPs constituted of biodegradable polymers/polysaccharides are an interesting choice as
drug carriers: by using different materials it is in fact possible to tune the properties of the
final formulation, leading to a wide range of applications. Mucoadhesivity can be enhanced
by using CH. Scavenger abilities towards reactive oxygen species (ROS) can be obtained
using, for example, hyaluronic acid®. Improved biocompatibility and reduction of protein
adhesion can be granted by introducing polyethylenglycol (PEG) in the formulation**”) and
enhanced targeting towards specific cells may be granted by modifying the polymers used
as carriers by deploying materials able to perform this targeting autonomously (hyaluronic
acid and CH ability to bind CD44+ cells in example).

3.3.1 Fabrication of polymeric nanoparticles

Polymeric NPs can be fabricated following several different approaches. A rather common
and effective approach is to have a solution of one of the two charged polymers under
stirring and to add, dropwise, the second, oppositely charged polymer solution®**'8]. This
technique is simple and intuitive but has, however, some weaknesses: being a manual
approach, different operators may perform the procedure differently. Moreover, not being a
continuous process and being generally performed in small batches, the upscalability of this
approach is limited. A different approach is, instead, represented by the usage of an
electrosprayt*®!. In this approach, the polymers are forced out of a nozzle applying a high
voltage to the polymeric solution. With this method, the polymers expelled can form micro
and NPs. Conversely to the “manual” approach, electrospray can be an upscalable
technique and, as the instrumental parameters can be predefined, a reduction in the
variations caused by the operator should be expected. Electrospraying may, however,
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induce the degradation of some macromolecules due to the working parameters (e.g.
thermal stress during drying and shear stress in the nozzle)™”!.

In Paper V, the usage of an ultrasonic spray coater, as a novel technique to fabricate NPs
exploiting the electrostatic interaction between oppositely charged polysaccharides (AL and

CH, Figure 20), was evaluated.

Figure 20 — Schematic representation of AL (red) and CH (blue) electrostatic interaction.

For this, we deployed an ultrasonic spray coater equipped with a dual feed Accumist
nozzle. In paper V the two solutions were represented by AL 0.1 mg/mL and CH
0.1 mg/mL. The two solutions were kept separated through the ultrasonic spray coater until
the tip of the nozzle was reached. The two polysaccharides were consequently only able to
interact at the very interface between the tip of the nozzle and air, meaning once the two
solutions were atomized together. Since the nebulization occurs in a quasi-instant fashion,
AL and CH were only allowed to form electrostatic interaction, driving the formation of
NPs, within the atomized droplets.

Apart from defining the spray coater as a viable technique to produce NPs in a controlled

and continuous manner, a relation between the applied ultrasound power and the droplet
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size distribution was found. As described in Chapter 4.2, in fact, the correlation between
ultrasound frequency and droplet size is well known. On the contrary, only indications of a
connection between the ultrasound generator power and the droplet size are known. These
indications suggest that by increasing the power there is a tendency of forming larger
droplets. Indeed, in our study this connection was demonstrated, generating larger NPs by
increasing the ultrasound generator power.

To further demonstrate the viability of the ultrasonic spray coater as a technique for
producing NPs, the encapsulation of furosemide (BCS II) into AL/CH NPs was performed.
A solution of AL 0.1 mg/mL and CH 0.2 mg/mL were used to form blank nanoparticles
(BNPs). Furosemide 0.05 mg/mL or 0.001 mg/mL was added to the AL solution to produce
loaded nanoparticles (LNPs). The spray coater parameters were set to match the best
functioning parameters discovered in Paper V, with the aim of reducing the average size
and the polydispersity index (PDI) of NPs. The concentration of CH was increased
compared to what reported in Paper V to obtain an outer layer constituted of CH, to grant a
higher mucoadhesiveness to the formulation for further works in conjunction with the MCs
for oral drug delivery. From the DLS measurements, the average sizes were found to be
similar to those obtained in Paper V. Including furosemide in the formulation at the higher
concentration caused, however, an increase in the average size. The { — potential, on the
other hand, resulted positive for both BNPs and LNPs (see Table 1 for the detailed results).
It is however worth mentioning that the LNPs comprising furosemide at a concentration of
0.05 mg/mL presented an encapsulation efficiency percentage (EE%, Equation 2) of only
10%. Reducing the concentration of furosemide to 0.001 mg/mL increased the EE% to a
final 68%.

EEY% = % 100 @

Where A and B represent the concentration of furosemide before and after centrifugation at
5000 g for 10 min.
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Table 1 — DLS results of NPs fabricated by means of a dual feed Accumist spray coater. N = 3, SD

Sample Size (nm) £ SD | PDI | {- Potential (mV) + SD
BNPs 193 +4 0.42 429+20
LNPs (Furosemide 0.05 mg/mL) 2397 0.44 41.2+0.7
LNPs (Furosemide 0.001 mg/mL) 191+£3 0.55 41.3+£0.6
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4. Experimental methods

In this chapter, the methods and techniques used during the PhD project are described. An
explanation of the theory behind each technique is provided and when appropriate,

examples taken from the literature are included to highlight the strength and weaknesses of

each technique.

4.1 Supercritical carbon dioxide impregnation: overview and theory

In this project, scCO, impregnation was used to load APIs in SU-8 MCs. With
supercritical, a specific state of matter, that occurs when a gas is put at sufficiently high
pressures and temperatures, is defined!. In Figure 21, the pressure-temperature phase

diagram of carbon dioxide is shown.
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Figure 21 — Pressure/Temperature phase diagram of carbon dioxide, T, and p. represents the critical temperature
and the critical pressure points respectively. The figure is reprinted from™?!!, with permission.

As it can be seen, for pressures higher than 73.8 bar and temperatures higher than 31.1 °C,
CO; reaches its supercritical state. CO,, in its supercritical state, behaves differently than in

its liquid and gaseous counterparts. In fact, the diffusivity and viscosity of CO; in its

supercritical state is similar to that of gaseous CO, whereas its density is similar to that of
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liquid CO,™ . Thanks to the mild conditions necessary to reach the supercritical state of
CO., it results in a suitable technique to apply for thermally sensitive molecules, such as
APIs*? ScCO, has been, for example, used to impregnate polymers, such as
polyvinylpyrrolidone (PVP)!, pPCLI and HPMCI'? with different pharmaceuticals.
During scCO, impregnation, the sample that has to be impregnated is placed in a vessel
together with a drug and put under pressurized CO, at a controlled temperature. Once the
supercritical state is reached, the drug is solubilized in the scCO,, which diffuses into the
polymer, swelling it and impregnating it with the solubilized molecule. However, to apply
this technique, certain conditions have to be satisfied. The polymer, that has to be
impregnated, must not be soluble in scCO, and should be able to swell to allow for the
impregnation to occur. It has been shown that the molecular weight of the polymer has a
significant effect over its swelling!®?. The longer the polymer chains are, the lower the
swelling will be. On the other hand this technique can only be used with APIs that can be
solubilized by scCO,. The solubility of molecules in scCO, was investigated by several
research groups. Chrastil, in 1982, evaluated the solubility of several molecules (e.g. stearic
acid, cholesterol, o-tocopherol)®®! Yamini et al.l**®! evaluated the solubility of
dihydroxybenzene isomers, whereas Garmroodi et al.[*? assessed the solubility of different
APIs: benzocaine, metrodinazole benzoate and naproxen. Equation 3 can be used to

calculate the solubility of molecules in scCO5,.

P b
In (:Tef) =a+ —+C(p ~ Pres) ©

Where y represents the equilibrium mole fraction, P is the pressure, P represents a
standard pressure of 1 bar, p is the density and prs represents a reference density of

700 kg/m®, a and b are constant at constant temperature*?’],
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4.2 Ultrasonic spray coating: overview and theory

The ultrasonic spray coater is an instrument capable of atomizing a liquid, generally a
polymeric solution, into a fine mist®®”. A scheme of an ultrasonic spray coater is depicted in

Figure 22.
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Figure 22 — Schematic representation of an ultrasonic spray coater. Reprinted with permission from®”! . Copyright
(2018) American Chemical Society.

The ultrasonic spray coater can be divided into three parts: a pump, a nozzle and an x-y-z
movement controller. The pump can be either a syringe pump or a peristaltic pump and it is
used to flush, at a controlled flow rate, the liquid that has to be sprayed, bringing it to the
spray coater nozzle. The nozzle is constituted of multiple parts: i) the main body, made of
Titanium, is resistant to most solvents; ii) the tip of the nozzle presents an inner tube, called
microbore, where the liquid passes through before being atomized; iii) pressurized N, is
used to focus the spray towards the sample. The pressure can be tuned to modify the focus
of the spray beam; iv) a piezoelectric transducer is actuated with a power generator, this
causes the formation of ultrasonic waves which vibrate the tip of the nozzle. The liquid at
the interface between the nozzle and air forms surface capillary waves, portions of the

liquid protrusions are then expelled as single droplets™™®!, causing the atomization of the
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liquid. A scheme, representing the liquid at the nozzle/air interface during atomization can
be seen in Figure 23. Finally, the x-y-z movement controller is used to define the area that
has to be coated with the spray. A variation of the spray coater just described has also been
deployed for some of the experiments (Paper V). In this variant, a nozzle (called dual feed
Accumist) allows for two solutions to be sprayed simultaneously maintaining the two
solutions physically separated until the interface nozzle/air is reached. The two solutions
consequently mix when already atomized. In this iteration two syringe pumps are used to

flush the polymer solutions towards the spray coater nozzle.

©0C0O0
©O00O0
000

Figure 23 — Atomization of the liquid at the interface between the tip of the ultrasonic spray coater nozzle and air.
Figure reprinted from!*?* with permission.

The physics behind the atomization of liquids driven by ultrasounds has been investigated
by Lang et al.*%: in their work a correlation between the frequency of the ultrasounds and

the size of the droplets formed in the spray, was defined. The formula can be seen in

38T

Where T is the liquid surface tension, p represent the liquid density and F denotes the

Equation 4.

frequency.
As a consequence, increasing the frequency determines a reduction in the droplet size. The

connection between frequency and droplet size can be further seen in Figure 24.
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Figure 24 — Droplet size reduction correlated with an increase of the ultrasound frequency generated by an
ultrasonic spray coater.

In Paper | and V an ultrasonic spray coater equipped with a 120 kHz ultrasound generator
was used. Using Equation 4, it is consequently possible to calculate the average droplet size
of the spray coater utilized, equal to roughly 17 um of diameter (or 2.6 pL).

When operating the ultrasonic spray coater, several parameters, which determine the spray
outcome, have to be controlled®”. The parameters affecting the quality of the spray and its
outcome are: i) the choice of the solution (solvent and solute), ii) the flow rate, iii) the
applied power of the ultrasounds generator, and iv) the pressure of the focusing nitrogen
line. Optimizing these parameters is necessary for the formation of a qualitatively good
spray. Other parameters that can be tuned are: v) the distance between the nozzle and the
substrate, vi) the temperature of the substrate, vii) the speed of the nozzle, and viii) the
number of sprays over the substrate. Depending on the application, some parameters have a

higher influence on the outcome than others, as reported in Chapter 3.

4.3 Spin coating

Spin coating is a common technique used to deposit thin layers of materials over surfaces,
typically represented by Si wafers™. The working principle is simple; the substrate that
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has to be coated is placed over a rotating chuck and kept immobile by means of a vacuum
pump. A known volume of the material used to form the film is then poured over the
substrate, in its center. This material is generally a resin or a polymeric solution at a known
concentration™?. The substrate is consequently put under rotation: the acceleration, rpm
and deceleration of the rotating chuck, as well as the duration of the experiment, can all be
set to optimize the outcome of the coating in terms of: i) final thickness, ii) surface
roughness. The coated substrate is finally left to evaporate the solvent. To increase the rate
of evaporation, volatile organic solvents, such as DCM, are frequently used in this

technique™!. A schematic representation of a spin coater can be seen in Figure 25.

Polymer solution
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Figure 25 — Schematic representation of a spin coater.

4.4 Hot punching

In hot punching™* a mold is used to punch out a polymer film, which can be obtained by
means of spin coating, and can be used to fill MCs. In the case of MCs filling, the MCs
chip is used as mold itself (Figure 26). HP starts with the fabrication of a poly-di-
methylsiloxane (PDMS) film over a Si wafer by means of spin coating. Once the PDMS
layer is cured, a second layer is made with the desired material. After the complete drying
of the second layer, the substrate is ready for HP. The MCs chip, used as a mold, is placed
over the substrate; the two are then placed in a hot embosser. Pressure is applied to the

mold, together with heat, to allow for the MCs walls to penetrate the polymer film. As the
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temperature is risen above the Tg of the polymer, the penetration is facilitated. Once the
mold has completely cut through the polymer film, the temperature is slowly brought back
to room temperature (RT) and the pressure is finally removed. The film surrounding the
mold is then peeled off. The layer of PDMS is necessary in this process as it provides an
elastic substrate that: i) prevents mold damage, ii) allows the mold to reach a deeper point
in the substrate, effectively cutting the polymer layer. A scheme of the process is depicted

in Figure 26.
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Figure 26 — Schematic representation of the HP of a polymer film into MCs used as mold. The MCs chip is initially
positioned on top of a Si wafer, over which a layer of the elastic PDMS and a layer of the polymer that has to be
loaded, here PCL, is spin coated (a). The chip is then pressed and heated up with a hot embosser to allow for the

penetration of the PCL with the MCs (b). Finally, the temperature is lowered and the chip, with the now filled

MC:s, is removed (c).

4.5 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on the inelastic scattering of
light!**®), When a sample is shined with a monochromatic laser, at a known wavelength, the
interaction of light with the sample causes the light to scatter in an elastic and inelastic
manner. The elastic scattering (Rayleigh scattering) is excluded and the inelastic scattering,
possessing a lower energy than that of the laser, is collected. The scattered light spectra are
specific and unique for each sample defining a fingerprint of the sample™!; this is due to
the fact that the interaction between the shined laser and the material is based on the
vibrational and rotational modes of the molecules that constitute the sample. This technique
is highly used to analyze solid™", liquid!**®! and gaseous!***! samples and finds application

in various research areas, included pharmacology™. In fact, Raman spectroscopy, being a
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non-destructive technique, requiring small sample amounts and not needing sample
preparation, is suitable for studying new materials (e.g. new APIs) and new formulations.
Understanding the solid state of APIs, discerning their crystalline and amorphous forms can
be done by means of Raman spectroscopy™®. This technique can also be used to shed light
over possible interactions occurring between the API and any excipient included in the
formulationt**). An example of Raman spectra where the difference between the crystalline
and amorphous state of ketoprofen are noticeable can be seen in Figure 27. To obtain these
spectra a DXR Raman microscope (Thermo Fisher Scientific, Inc., Waltham, U.S.) has
been used, ketoprofen powder was measured over a heating plate at 25°C initially and at
96°C afterwards, causing the melting of the API.
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Figure 27 — Raman spectra of crystalline ketoprofen (black) and amorphous ketoprofen (red).

4.6 X-ray powder diffraction

Similarly to Raman spectroscopy, X-ray powder diffraction (XRPD) is a technique
frequently used to characterize APIs and formulations™?*3, In XRPD the substances
investigated are hit with monochromatic X-rays that are generated by cathode ray tube,

collimated to concentrate and directed towards the sample. The X-rays interact with the
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sample and causes the formation of constructive interference when Bragg's Law (Equation
5) is satisfied!**!,

ndl = 2d-sin6 (5)

Where n represents the "order" of reflection, A is the wavelength of the incident X-rays, d is
the interplanar spacing of the crystal and 6 is the angle of incidence.

The diffracted X-rays are then collected and counted. The sample is scanned through a
range of angles (20) so that all possible diffraction directions of the crystal lattice can be
obtained (assuming a stochastic distribution and orientation of the crystals in the analyzed
powder). The presence of peaks in the diffractogram is associated with the existence of a
crystalline structure. When no peaks are discernible and a halo is instead present, the
substance is considered amorphous, that is, no crystal structures are present. Nevertheless,
it is important to ensure that the absence of peaks is not caused by an excessively low
concentration of an API in a formulation.

XRPD and Raman spectroscopy are frequently coupled to ensure the presence of API in
their amorphous solid state and to shed light on possible interactions between APIs and
excipients. An example of an XRPD diffractogram where the difference between the
crystalline and amorphous state of ketoprofen are noticeable can be seen in Figure 28.
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Figure 28 — XRPD diffractograms of a physical mixture of ketoprofen and PVP in weight ratio 1 to 4 (black line)
and of a physical mixture of ketoprofen and PVP in weight ratio 1 to 4 after heating at 120°C and quenching in
liquid nitrogen.

4.7 UV-Vis spectrophotometry

To evaluate the release of an APl from a DDS, being MCs (Paper I, Paper Il and Paper I11)
or membranes (Paper 1V), UV-Vis spectrophotometry can be used. This technique is based
on the absorbance of light in the range of 200 — 700 nm approximately. When molecules
are shined with photons at a sufficient energy their electronic state changes from the
fundamental to the excited one. The absorbance of light from a molecule is defined by the

Lamber-Beer law (Equation 6)!*°].
A= e-d-|[(C] (6)
Where A is the absorbance, € is the molar attenuation coefficient (which represents the

strength of a molecule in attenuating light at a specific wavelength), d represents the path
length and [C] represents the molar concentration of the chemical species. Consequently,
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for a given molecule, the absorbance increases linearly when d or [C] increase. A classical
spectrophotometer comprises a light source, a sample holder and a detector. The light is
shined towards the sample, it interacts with it and the non-absorbed light (transmitted light)
is collected by the detector. The absorbance represents indeed the inverse of the
transmittance (the difference between the intensity of the light before and after passing
through the sample).

Typically, an analysis with a spectrophotometer comprises three steps. If the wavelength of
maximum absorbance is not known for the molecule of interest, the sample can be tested
over a broad range of wavelengths to identify the appropriate one. Secondly, a calibration
step has to be included to perform quantitative measurements. The calibration is performed
by adding known amounts of the chemical species in the same solvent in which the sample
is to be measured. With increasing concentration, the absorbance increases and a calibration
curve can thereby be obtained. Finally, the sample absorbance is measured; this can either
be a single measure, for example to evaluate the total amount of API loaded in a DDS, or it
can be constituted of a series of measurements over time to obtain the release kinetic of an
API from a DDS.

4.8 Dynamic light scattering

Dynamic light scattering!*“®! is a technique frequently used to evaluate the size of nano-
particulate systems?2321471 NPs in suspension move due to Brownian motion, following
the Stokes-Einstein equation (Equation 7)**4*l. This motion is dependent on the size of

the particles, the viscosity of the liquid and the temperature.

kpT
61N D¢

Ry, = (7)

Where k;, represent the Boltzmann constant (1.38064852 x 10 J/K), T is the temperature
in °K, n is the absolute viscosity and D; represents the translational diffusion coefficient. In

DLS measurements, the size of NPs can be determined by measuring particle motion. This
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is performed optically. When NPs in suspension are illuminated with a coherent

monochromatic light source, scattering occurs.

The light scattered from the NPs in motion present a time-dependent intensity, which
derives from the time-dependent position of the scattering element. This time-dependent
intensity of the scattered light is considered as either a time phase shift or as a spectral
frequency shift from the light source central frequency. The particles in motion are
measured over time with a single wavelength and the scattered light is coherently detected
at a known angle. The observed scattering fluctuates in its intensity over time due to
particles motion. The data analysis is consequently performed as a function of time of the
intensity fluctuations to provide information about the particles motion. The time analysis
is carried out with a correlator constructing the time autocorrelation function G
(Equation 8).

G(t) = (I(t)-I(t+ 1)) (8)

Where I(t) represents the intensity of the scattered light fluctuating over time and t
represents the time difference.
For monodispersed particles, the autocorrelation function is represented as an exponential

decay of 1, as reported in Equation 9.

G(t) = A[1+ B~2"] )
Where A is a time dependent constant, also identified as “baseline” and B depends on the
instrument and represents the intercept of the autocorrelation function. The decay rate I

(Equation 10) correlates the diffusion coefficient, already expressed in the Stokes-Einstein

equation (Equation 7), with the light scattering q* (Equation 11).

I' =D, q* (10)
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__ 4mn 1
= Ta (11)

Where n represents the refractive index of the suspension and Aq is the wavelength of the
laser.

Consequently, the DLS analysis provides the diffusion coefficient distribution that is later
used in the Stoke-Einstein equation to obtain information on the size distribution of the
suspended particles. In this work, we made use of DLS to evaluate the sizes of AL/CH NPs
fabricated by means of an ultrasonic spray coater, please refer to Paper V for more detailed
information.

DLS can also be used to obtain information on the Zeta-potential ({) of the NPs. The Zeta-
potential is an important characteristic of the formulation as it is associated with NPs

stability and because it gives information on the outer polymer layert®*'*%! (Figure 30).
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Figure 29 — Schematic representation of a charged NPs. The surface and Zeta-potential are depicted as areas
surrounding the NPs.

Zeta-Potential

Zeta-potential values equal or higher than +30 mV or equal or lower than -30 mV are
generally associated with improved NPs stability™®!, due to the repulsion preventing the

aggregation of NPs.
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To evaluate the Zeta-potential a Laser Doppler Velocimetry (LDV) technique is used. In
LDV a voltage gradient is applied across two electrodes, charged particles are attracted to
the oppositely charged electrode and their velocity can be measured. The velocity of a
particle in an electric field is commonly referred to as Electrophoretic Mobility (Ug). Using
the Henry equation (Equation 12) it is possible to calculate the Zeta-potential of particles in

suspension.

26-7-F(k
Uy = %(a) 12)

Where ¢ represents the dielectric constant, Z corresponds to the Z-potential, f(ka) is
Henry’s function (generally approximated to 1.5 for aqueous suspensions) and n represents

the viscosity.

4.9 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is a technique used to separate
compounds in a solution. This technique can either be qualitative, quantitative or semi-
preparative for further analyses™. A qualitative HPLC is run when the accurate
concentration of the samples is not necessary to be known. A quantitative measurement
with HPLC gives information on the total amount of the molecule in the solution (e.g.
concentration of ketoprofen in plasma samples)®**!l. A semi-preparative HPLC is run
when the goal is to separate the components of the samplest™®2. An HPLC is constituted of
two main components: i) the mobile phase and ii) the stationary phase. With mobile phase
we indicate a solvent that is run in the HPLC. With stationary phase we instead indicate a
column, in which the sample is separated with the help of the mobile phase. The separation
of the molecule of interest from the medium in which it is solubilized is obtained by
exploiting the different affinity between the various molecules in solution with the mobile
and with the stationary phase. In a usual HPLC setting the molecule of interest is known
and its concentration is not. The solution is then run into a column with high affinity
towards the molecule of interest. The mobile phase is flushed in the column to separate the
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various chemical species. The molecules with the lower affinity towards the stationary
phase and the higher affinity towards the mobile phase exit the column faster than those
that, on the contrary, manifest a high affinity to the stationary phase and a low affinity to
the mobile phase. The differential affinity between the stationary and mobile phases can be

explained by a distribution constant, as described in Equation 13.

K = s (13)
[M]m
Where [M];s represents the concentration of the molecule in the stationary phase and [M]n,
represents the concentration of the molecule in the mobile phase. When K > 1 the molecule
has higher affinity towards the stationary phase, conversely, the K < 1 the affinity between
the molecule and the stationary phase is lower.
Considering the distribution constant K, two different types of HPLC can be performed:
1) isocratic and ii) in gradient[153]. In the former the chromatographic system, meaning the
stationary and the mobile phases, do not change over time and, consequently, the
interactions between the molecules with the stationary and mobile phases do not change
over time. In the latter, on the contrary, the mobile phase varies over time and the
interactions between the molecules with the stationary and mobile phases change,
consequently, over time. HPLC experiments run in the gradient mode typically require the
usage of a mobile phase constituted of multiple solvents, which ratio is modulated over
time.
Designing a HPLC protocol, various types of events can be exploited: i) interactions
occurring between the molecules and the stationary and mobile phases (hydrogen bonding,
electrostatic interaction, Van der Waals, and hydrophobic interactions) and ii) differential
accessibility to the stationary phase, depending on the column pore size and molecule size.
HPLC is generally divided into several subgroups, based on the different stationary phases
characteristics: reverse phase (RP-HPLC), ion pair RP-HPLC, hydrophobic interaction
chromatography (HIC), ion exchange chromatography, affinity chromatography and size
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exclusion chromatography. As relevant to the PhD thesis, RP-HPLC will be further
explained in the next paragraph.

During an HPLC experiment, the sample is separated into its components according to the
affinity; these exit the column and pass directly to a UV-Vis spectrophotometer or to a
fluorimeter where the absorbance (or the emission) at known wavelength is tested. To
obtain quantitative measures from an HPLC it is consequently required to perform a
calibration step, where known concentrations of the molecule of interest are tested in the
same medium as in the final sample to evaluate the signal intensity, similarly to what

reported in paragraph 4.7.
4.9.1 Reverse phase high-performance liquid chromatography

Reverse phase high-performance liquid chromatography (RP-HPLC) was utilized in Paper |
to evaluate the relative oral bioavailability of ketoprofen after the administration of a
microcontainer based formulation.

To perform a RP-HPLC, the usage of a stationary phase constituted of a hydrophobic
column is required. This column presents alkyl pendants covalently bound to an inert
matrix made of Si. These columns are normally named as “C” with a number, as a suffix,
defining the length of the alkyl chains. During this PhD project a C18 column was
deployed. The mobile phase generally used in this type of HPLC is a mixture of deionized
water (DI-water) and a non-polar solvent (e.g. acetonitrile, methanol or isopropanol)™*.
To the mobile phases, additional chemicals can be included (e.g. formic acid or
trifluoroacetate) to tune the pH and to improve the separation of the sample!™®™. In Figure

30, the chromatogram of ketoprofen 2.5 pg/mL in rat plasma can be seen.
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Figure 30 — Chromatrogram of ketoprofen 2.5 ug/mL in rat plasma

4.10 X-ray micro computed tomography

X-ray micro computed tomography (XruCT) is a powerful technique that allows obtaining
a virtual 3D representation of an object from a reconstruction of a series of 2D cross-
sections (projection images)™°. The prefix micro () is included in the name to indicate
the resolution of the technique which corresponds to pixel sizes in the 10° m range. Being a
non-destructive technique and requiring minimal sample preparation, XruCT is suitable for
imaging drug formulation™®, large devices!**” and microdevices!*® (e.g. MCs) to evaluate
the inner morphology of the samples. In this project, XruCT was, in fact, used to evaluate
the level of filling and the quality of the coating in MCs. An example of a XruCT image
can be seen in Figure 31.
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Figure 31 — XruCT images of an array of MCs filled with PVP K10 and loaded with ketoprofen by means of scCO2
on the top, the same loaded MCs coated with a pH sensitive coating on the bottom. Figure taken from[.

4.11 Confocal microscopy

Within optimal microscopy, confocal microscopy (CM) is one of the most common and
effective microscopy techniques to study biological samples*®®. Conversely to the classic
optical microscopy, where the samples are visualized in x-y and the best z focus is used, in
CM, a point light source is used to scan the sample of interest in x-y-z. This means that
individual x-y stacks at different Z focal points can be obtained and used to reconstruct a
3D image. This is possible as a result of the CM setup, which differs from a classic optical
microscope setup (Figure 32).
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Figure 32 — Schematic representation of a classic transmission optical microscope to the left and of a confocal

microscope to the right.

As it can be seen, the light source (typically a laser of known wavelength) is shined and
focused on the sample. The samples are generally labeled with one or multiple fluorophores
to distinguish different sample components!*®. These fluorophores are excited at the
excitation wavelength and emit light at a higher wavelength. This fluorescence is filtered
through a dichroic mirror, passes a pinhole and is finally collected by a CCD. The presence
of a pinhole allows for a collection of the light coming only from the focal point, the out-of-

focus light is, instead, excluded. An example of a CM image can be seen in Figure 33.

Figure 33 — CM image of a neutrophil labelled in green and polysaccharide based nanoparticles labelled in red.
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4.12 Scanning electron microscopy

Scanning electron microscopy is a technique used to visualize samples at high
magnification and high resolutions*®®. Compared to optical microscopes, where the limit
of resolution is highly dependent on the wavelength of light, in a SEM the sample is shined
with an electron beam, which wavelength is dependent on the electron energy. The
resolution in an electron microscope is conversely connected to the beam spot size and can
be in the order of few nanometers.

A SEM exploits the interaction between an incident beam of electrons at high energy (1 to
40 keV) and the sample. When the electrons hit the sample their interaction causes the
formation of several signals that are collected and enhanced by specific detectors. The
various signals generated by the interaction of the electrons with the sample are shown in
Figure 34.

Incident electron beam

Auger electrons: 5 - 75 A Secondary electrons: few nm

Back-scattered electrons: tenths of nm up to 100 nm

X-rays: | — 13 pm

Figure 34 — Interaction between the sample and the incident electron beam in a SEM.

In this work we made use of the secondary electrons (SE) as preferential signal. These
electrons have energies < 50 eV and are generated in the proximity of the surface where the
electrons from the incident beam ejects the electrons in the orbital k of the atoms hit. Three
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types of SE are distinguishable: i) SE-1 are produced as a consequence of the interaction
between the incident electron beam and the sample, ii) SE-2 are generated when the
backscattered electrons hit the sample and iii) SE-3 are formed due to the interaction
between the electron beam and the sample chamber (or analogous). SE-1 are the ones
collected and used for the analysis. As the detector for the SE is generally situated laterally
in respect of the sample, a shadow effect is generated, the SE originating in the opposite
direction from the detector are, in fact, collected in a smaller number than those generated

by the detector side. This contrast allows for optimal topographic images of the samples.

4.13 Profilometer

The profilometer is an instrument used to characterize samples surfaces topography.
Profilometers can be divided into two categories: i) contact profilometers and ii) non-
contact profilometers™®Y. During the PhD project, a contact profilometer was used to
evaluate the thickness and roughness of various samples. This instrument is based on the
usage of a stylus with a sharp diamond tip. The stylus initially positioned over the sample
which is positioned over a moving stage (Figure 35). The stylus applies a constant force
over the sample during the experiment, so that variations in the height of the sample cause a
change in the stylus height (to maintain the same applied force). The variation of the stylus
position generates a signal which is consequently converted into a digital signal that is then
stored for further analyses. From the profilometer results the thickness of the sample is
calculated as the difference between the average height of the sample and the baseline

height obtained by measuring outside the sample.

Stylus

Sample \ Moving stage
~

Substrate

Figure 35 — Schematic representation of a profilometer. The stylus is put in contact with the sample and thanks to

the stage movement it scans over the sample to get its surface topography.
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4.14 Compressive and tensile stress studies

Studying the mechanical properties of novel materials is crucial to understand their viable
applications and how these could be improved. Among the various mechanical properties
of a material, in this work, the focus is kept on two: the strength of hydrogels during
compression™®? (compressive strength) and the strength of dry membranes during tension
(tensile strength).

To perform these mechanical characterizations, two texturometers, equipped with different
sample holders, were used. The work principle of a texturometer is to measure the response
of the sample during a controlled deformation of it. In regards to the compressive stress
study, the moving arm of the texturometer was set to a known speed and, as the sample
exerts resistance during its compression, the force of the moving arm increases to maintain
the speed of compression constant. This continued until rupture of the sample occurred.
When the test was concluded, a stress-strain (c-¢) graph could be made (Figure 36), where
the stress is defined as the force (F) over the initial area of the sample (Ay) (Equation 14)
and the strain is the relative change in size of the sample, initially (lp) and after
compression (I) (Equation 15).
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Figure 36 — Compressive stress-strain curve of sodium AL hydrogels after 10 min of soaking in a simulated vaginal

fluid. Figure taken from the supplementary information of Paper IV
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In the case of the tensile stress study, the sample was held between two clamps, leaving a
free portion of the sample with known width and length. The sample was consequently
extended until breakage occurred. Similarly to the compressive stress test, the tensile stress

test output is expressed as an 6-€ graph.
An image representing a compressive and tensile stress test is shown in Figure 37.

Figure 37 — Schematic representation of a compressive (a and b) and a tensile (¢ and d) stress study. The

compressive stress study begins with the positioning of the sample below the piston of the texturometer (a), the
piston is then lowered and the sample in compressed (b). The tensile stress study starts with the clamping of the
sample (c), the sample is then extended until breakage happens.

4.15 Adhesion study

Adhesion studies were performed using the Texture Analyzer (TA.XT Plus, Texture
Technologies Corp. and Stable Micro Systems, Ltd. Hamilton, MA). The setup of the
instrument was similar to that of the compressive stress studies with slight modifications. In
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the case of the adhesion studies, a tissue was used as substrate (in this work the tissue
deployed was pork vaginal tissue), the sample was then put in contact with the tissue using
the piston of the texturometer at known speed and until a specified force was reached. The
sample was then kept in contact with the tissue for a desired amount of time. Finally, the
piston was retracted. The sample’s adhesive force is the force that has to be applied by the
instrument to overcome the interactions between the sample and the tissue. The adhesion
can be expressed in terms of Force of adhesion (Faq) and Work of adhesion (W,q). Whereas
the former only indicates the maximum force before detachment of the sample from the
tissue, the latter is obtained integrating the Force-Distance (Equation 16) and has been seen

to be a more robust measure among the two!*®%l.

L= [F-dx (16)

4.16 Swelling and Degradation studies

An important characterization for polymer based DDS (e.g. membranes) is to determine
their ability of absorbing and retaining water (or another biorelevant media). This
happening is commonly referred to as swelling. Swelling is generally calculated as the mass
increase over time of a dehydrated materiall*®” (Equation 17). The dehydrated sample is
soaked in the medium for a known amount of time, it is then removed and the excess of
liquid is blotted over filter paper. The sample is then weighed and the process is repeated

until a plateau is reached.

wWw-wd
Water uptake (%) = V;V—d - 100 (17)
Where W,, corresponds to the weight of the wet sample after soaking at each time point and

Wy corresponds to the weight of the dry sample.

62



Chapter 4: Experimental methods

Related to the swelling, another important property to define is the degradation of the
material in water (or another biorelevant media). The degradation is generally calculated as

the mass loss over time (Equation 18).

Remaining weight (%) = % 100 (18)

Where W, corresponds to the weight of the sample at each time point and W; corresponds
to the weight of the membrane at its highest swelling.
In Paper 1V the swelling and the degradation rate of AL/CH membrane was assessed, both

in DI-water and in a simulated vaginal fluid.

4.17 Biocompatibility

In this work, a well-established protocol, the AlamarBlue® assay has been used!®*. This
test evaluates the level of cytotoxicity and the influence on the proliferation towards
mammalian cells. In particular, in Paper IV, this test was carried out on an epithelial
ectocervix cell line Ectl/E6E7 (ATCC® CRL-2614"). AlamarBlue is a colorimetric assay
based on the reduction of resazurin to resorufin by viable cells, as a consequence to their
metabolism (Figure 38)1*%]. The latter is a fluorophore that can be excited with light at
544 nm and consequently emits light at 616 nm. As the fluorescence intensity increases
with higher amounts of living cells it is possible to use this assay to evaluate the effect of
incubating cells with the DDS of interest and to compare it to a negative control (cells
incubated only with the medium), in which the cells are allowed to grow normally, and to a
positive control (cells treated with the medium + Triton 0.1 % V/V), where cells death is
induced. A detailed protocol is described in the “Materials and methods” section of Paper
V.
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Figure 38 — AlamarBIlue® assay principle: resazurin sodium salt, to the left, is reduced to the more fluorescent

resorufin sodium salt, to the right, thanks to the reducing environment, typical of viable cells.

4.18 Antimicrobial activity

In this work, antibacterial studies were performed on two different bacteria strains, G.v. and
S.a.. To perform this test, a common method, that evaluates the growth of bacteria,
incubating them with and without the sample, was used™. In this PhD thesis AL and CH
membranes comprising metronidazole (used as model antibacterial API, BCS 1), were
tested™'%®]. Due to the different characteristics of the two strains tested, the antibacterial
assays were optimized individually and will be separately discussed in this thesis.

For S.a., bacterial suspensions were made by adding 20 uL of S.a. (in glycerol) to 5 mL of
Luria-Bertani (LB) broth, suspensions were then incubated at 37°C overnight. A dilution
1:10 in LB broth was therefore made and incubated for 1.5 h to restore the exponential
growth phase (Figure 39).
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Figure 39 — Bacterial growth over time. In the “lag phase”, bacteria interact with the surrounding environment
and mature. During the “exponential phase”, bacteria doubling occur. In the “stationary phase” the number of
new bacteria and the number of dying bacteria matches and, consequently, the total amount of CFU do not
increase. Finally, in the “death phase” the number of CFU decreases due to the reduction of nutrients.

The concentration of bacteria in the suspension, represented as colony forming unit in one
milliliter (CFU/mL), was measured performing a turbidity measurement!'®*¢°! (Equation
19).

0.031:4.6-107(->) = OD: X () 19

By assessing the optical density (OD) at 600 nm with a spectrophotometer, it is possible to
obtain an estimate of the bacteria concentration. The strains were consequently incubated
with the samples in a diluted culture medium with a final bacterial concentration of
5x10° (CFU/mL). The assay was performed in anaerobic conditions. This was necessary as
metronidazole requires absence of oxygen to exert its function®. More specifically,
metronidazole is a prodrug, meaning that it is not active on its own. Indeed, this API is able
to penetrate bacteria and is converted to a free nitroso radical, with short half-life, due to

intracellular reduction®®°?; this radical is only formed in anaerobic conditions, due to the
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higher redox potential and interacts specifically with bacterial DNA causing bacterial death
(see Chapter 2.1.2 for additional information).

After 24 h of treatment, the bacterial suspensions were vortexed and plated in serial
dilutions (from 10° to 10°) and plated in Petri dishes containing LB agar. The plates were
then kept at 37°C overnight in aerobic conditions. Aerobic conditions were chosen to
increase the grow rate of S.a. and to thereby distinguish the effect of the various treatments
more clearly.

In the case of G.v., bacterial suspensions were made by adding 200 pL of G.v. (in glycerol)
to 5 mL of Brain-Heart-Infusion (BHI) broth and were incubated at 37°C overnight in a
CO;, enriched atmosphere. A dilution 1:10 in BHI broth was therefore made and incubated
for 1.5 h to restore the exponential growth phase (Figure 15). The concentration (CFU/mL)
of bacteria in the suspension was assessed as explained above and the treatment of the
bacterial suspensions with the samples was performed as previously described for S.a..
However, once plated in Petri dishes at different dilutions, the growth was not performed in
aerobic conditions, as described for S.a., but in a CO; enriched atmosphere, to allow G.v. to
grow[lwm].

The antibacterial effect of the membranes was calculated comparing the number of colonies
in each plate adjusting the results for the dilution factor. A detailed protocol and the results

are described in Paper IV.
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5. Conclusions and future perspectives

The main objective of the PhD project was to develop and characterize DDS for oral and
intravaginal applications.

For oral drug delivery, the usage of MCs was investigated. In particular, the addition of a
water soluble, sacrificial layer between the MCs base and the Si chip used as a substrate for
the fabrication was successful. No interference by the sacrificial layer was, in fact, seen
during the various stages of the development of the formulation, that is: 1) the sacrificial
layer resulted compatible with the scCO, impregnation technique used to load ketoprofen
inside the MCs (previously filled with PVP) and ii) the deposition of the pH sensitive
coating over the loaded MCs was not interfering with the ability of the sacrificial layer to
dissolve in water. The MCs formulation (loaded with ketoprofen and coated with a pH
sensitive coating) was administered to rats orally and the oral bioavailability was compared
to a control formulation. Interestingly, the formulation based on MCs resulted in having a
faster Tnax and a higher area under the curve (AUC) within the first 4 h after dosing
compared to the control formulation. The detailed results are reported in Paper I.

To further study MCs as a drug delivery platform, two loading techniques were compared.
First, MCs were filled with PCL through the HP of a PCL film; ketoprofen was therefore
loaded by means of scCO, impregnation. In the second case, MCs were filled, by means of
the HP technique, with a premixed PCL/ketoprofen film. The results obtained from the in
vitro release studies showed that by using the former method a significantly faster release
of ketoprofen was achieved, compared to the other method. This result could imply the
possibility of using a different loading method for MCs to achieve slower or faster release
Kinetics. Please refer to Paper Il for more details. An additional finding, reported in Paper
I, was the absence of a difference comparing the release profile of ketoprofen loaded in
MCs (by means of supercritical CO, impregnation) filled with either PVP (well-known
solubility enhancer) or PCL. To further understand the motivations behind the absence of a
difference, in Paper Ill, MCs fabricated with different sizes were filled with PVP and
impregnated with either ketoprofen or naproxen. All samples were then characterized

performing in vitro release studies and by mapping the positioning of the API in the
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polymeric matrix. The results showed that no difference was discernible between different
sizes, both in terms of release profiles and of drug distribution. More specifically, the drug
was distributed only in the top layer of the polymer matrix included in the MCs. It is
consequently plausible that the usage of different materials did not affect the release from
the MCs as the drug was not embedded in the polymeric matrix. The results proved, on the
other hand, a non-dependence of the confinement of the polymer matrix, over the loading
by means of scCO, impregnation.

The development of an intravaginal DDS began considering the intravaginal environment:
presenting a significant concentration of Ca®*, a membrane based on AL and CH was
fabricated (Paper 1V). The membrane resulted to be easy to fabricate and was able to resist
in a simulated vaginal fluid for an extended period of time, slowly degrading in a quasi-
linear fashion, due to the stabilization of the calcium ions. The membrane was able to
incorporate metronidazole and to effectively kill bacteria strains typical of bacterial
vaginosis, a common disease in women in their reproductive age. The AL/CH membrane
moreover possessed good mechanical properties both when dry and when swollen in a
simulated vaginal fluid and had good adhesion properties.

In the last period of the PhD project, the possibility of deploying a dual feed ultrasonic
spray coater for the fabrication of polymeric NPs was assessed. In particular, AL/CH NPs
were fabricated changing some of the parameters controlling the ultrasonic spray coater.
The results, presented in detail in Paper V, showed that it is possible to fabricate polymeric
NPs efficiently and in a continuous and safe manner using an ultrasonic spray coater.
Moreover, the possibility of tuning the NPs size distribution by changing the ultrasonic
spray coater parameters was verified. The results obtained support the concept by which, an
increase in the power of the ultrasound generator determines an increase in the droplet size
of the sprayed mist, an occurrence seen previously but not officially reported by the

manufacturers of the instrumentation.

In conclusion, the usage of MCs for oral drug delivery is promising, there are, however,
issues that have yet to be addressed. First of all, it is necessary to change the material

currently used for the fabrication of the MCs. Although SU-8 has been an advantageous
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material, thanks to its stability and to the possibility of tuning the shapes and sizes, it is not
FDA approved. Additional studies, using MCs fabricated in biodegradable and
biocompatible materials, are consequently needed. Secondly, even though we demonstrated
(Paper 1) that the MCs are able to stick and to be engulfed in the intestinal mucus, efforts
must be made to enhance the chances of a correct positioning of the MCs, with the open
side directed towards the intestinal epithelium. Finally, in regards of the formulation
included in the MCs the possibility of using polymeric NPs (e.g. fabricated by means of
ultrasonic spray coating as in Paper V) could be investigated, with the aim of increasing the
relative oral bioavailability.

The development of a resistant intravaginal DDS was also successful. In spite of this,
additional efforts should be made to evaluate the possibility of using the AL/CH membrane
as a DDS for birth control drugs and evaluate the resistance of the membranes to insults,
typical of sexual intercourses, and their influence on the drug release kinetic. Finally, the
prospect of fabricating hydrogel based membranes using the ultrasonic spray coater to

upscale the production could also be investigated.
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This work explores the potential of polymeric micrometer sized devices (microcontainers) as oral drug delivery
systems (DDS). Arrays of detachable microcontainers (D-MCs) were fabricated on a sacrificial layer to improve
the handling and facilitate the collection of individual D-MCs. A model drug, ketoprofen, was loaded into the
microcontainers using supercritical CO, impregnation, followed by deposition of an enteric coating to protect
the drug from the harsh gastric environment and to provide a fast release in the intestine. In vitro, in vivo and ex

vivo studies were performed to assess the viability of the D-MCs as oral DDS. D-MCs improved the relative oral
bioavailability by 180% within 4 h, and increased the absorption rate by 2.4 times compared to the control. This
work represents a significant step forward in the translation of these devices from laboratory to clinic.

1. Introduction

Oral administration of drugs is preferred by patients [1] due to its
inherently reduced invasiveness compared to injections and minimal
need for trained personnel [2,3]. Moreover, the effective healthcare
costs can be diminished avoiding the usage of drugs administered by
injections [4,5].

Following oral administration, drug absorption will occur in the
gastro-intestinal (GI) tract; primarily in the small intestine due to ahigh
surface area provided by the presence of villi and microvilli [6,7].
When delivering drugs through the GI tract, care needs to be taken due
to the presence of enzymes and a low gastric pH (1-3.5 in fasted state
and 3-6 in fed state) [8]. Both of these can have a negative impact on
the administered drug, thereby limiting the effect of the oral formula-
tion.

Traditional oral dosage forms, such as tablets or capsules, can be
designed to target the intestine. Enteric coatings can be used to protect
the dosage form during transit of the stomach and facilitate the delivery
of the drug to the intestinal epithelium for systemic absorption [9,10].
Tablets, capsules as well as micro- and nanoparticulate systems (i.e.
vesicles, polymeric particles and dendrimers) [11-13], manifest an
omni-directional release of the drug in the intestinal lumen. Omni-di-
rectional release entails an inevitable loss of the drug in the lumen and

* Corresponding authors.

therefore a reduction of the drug absorbed into the systemic circulation.
Recent and promising approaches focus on reservoir-based micro-
devices serving as drug carriers, potentially bringing the drug to the
desired place of absorption by unidirectional release from the device.
An example of such microdevices is microcontainers. Here a polymeric
cylinder is situated on a flat surface, defining a container structure with
a cavity in the micrometer size [14,15]. Microcontainers provide uni-
directional drug release due to their design and a protection of the drug
formulation from the acidic environment of the stomach. Previously,
they have been suggested as a promising oral drug delivery system, for
instance maintaining indomethacin in its amorphous state [16,17] and
being suitable for the confinement of spray dried lipid nanoparticles
[18]. Furthermore, microcontainers have shown to improve the oral
bioavailability of an amorphous salt of furosemide (a class IV drug in
the Biopharmaceutics Classification System (BCS)), compared to the
same drug loaded into a capsule. It was speculated by the authors that
this could be due to the protection of the drug during the passage
through the stomach and because of an engulfment of the micro-
containers in the intestinal mucus, resulting in a prolonged absorption
period [19]. Chirra et al. have illustrated the beneficial effect of using
microdevices to improve the relative oral bioavailability of the BCS
class III drug, acyclovir compared to a solution of the same drug [20].
Moreover, Fox et al. have shown that nanostraw membranes (porous
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nanostructured delivery substrates) increase adhesion to the mucus and
facilitate the drug loading via diffusion [21]. So far, the presented
works have only covered part of a device development and/or char-
acterization and, in most cases, not reporting on in vivo studies and not
characterizing the devices and drugs after individual processing steps.
For example, we have previously reported on drug loading of polymer
filled microcontainers using supercritical carbon dioxide (scCO,) [22].
However, these containers were not detachable and thus, never used in
animal studies. Likewise, we have reported on microcontainers loaded
with powder of furosemide [19] where the filled containers were me-
chanically removed from the carrier substrate introducing a risk of
damaging the containers.

Here we present, for the first time, the complete process of devel-
oping and characterizing a microcontainer-based oral delivery system.
The aim of this work was to translate detachable microcontainers (D-
MCs) filled with drug and sealed with a lid, from the concept to the final
oral DDS suitable for in vivo and ex vivo studies. For this purpose, D-MCs
have been fabricated on a sacrificial layer, improving handling and
facilitating detachment and collection of the individual filled and
coated D-MCs. D-MCs were loaded with the BCS class II model drug
ketoprofen utilizing scCO, followed by an enteric coating to prevent
release of the formulation during handling, detachment and transit
through the stomach. The loaded and coated D-MCs were investigated
in vitro to assess the functionality of the enteric lid, and in vivo and ex
vivo, to evaluate the potential of microcontainers as an oral DDS.

2. Materials and methods
2.1. Fabrication of detachable microcontainers (D-MCs)

Silicon (Si) wafers (4-in. b10ON n-type) were supplied by Okmetic
(Vantaa, Finland). SU-8 2075 and SU-8 developer were purchased from
Microresist Technology GmbH (Berlin, Germany). Polyacrylic acid
35 wt% aqueous solution (PAA, Mw 100,000) was purchased from
Sigma Aldrich (St. Louis, USA) and neutralized with NaOH. A 15 pm
thick film of PAA was spin coated on a Si wafer and dried at 80 °C for
10 min. The PAA film served as a water soluble release layer after
completed detachable microcontainers (D-MCs) fabrication [23]. D-
MCs were fabricated with epoxy-based photoresist SU-8 using a pro-
cedure similar to the one described earlier [15,16]. After fabrication,
the wafers were cut into square chips containing 625 D-MCs using a
laser (microSTRUCT vario, 3D Microac AG, Chemnitz, Germany). The
dimensions of the D-MCs were measured using an Alpha-Step IQ Stylus
Profilometer (KLA-Tencor Corporation, Milpitas, USA) and optical mi-
Croscopy.

2.2. Loading of drug formulation into the microcontainers

D-MCs sitting on a Si chip were manually loaded with poly-
vinylpyrrolidone (PVP) (Mw = 10,000, Sigma Aldrich, St. Louis, USA)
blowing away the excess in between the D-MCs using an air gun in a
similar setup as described previously [18,19]. The chips were weighted
before and after and placed within a supercritical CO, chamber (3 chips
at a time, see Fig. 1), together with 14.2 + 0.1 mg (n = 15, SD) of
ketoprofen powder (= 98% racemate, Sigma Aldrich, St. Louis, USA).
The impregnation of the polymer was conducted by bringing CO, over
its supercritical state at 100 bar and 40 °C, keeping it under stirring for
1 h. During this process ketoprofen solubilizes in supercritical CO, and
diffuses into the polymer matrix. The pressurization and depressuriza-
tion rate were 3.9 bar/min and 2.5 bar/min, respectively.

2.3. Enteric coating deposition
A pH sensitive polymer, Eudragit” L100 (Evonik, Darmstad,

Germany) was employed for the enteric coating on the cavity of the D-
MCs. A solution of 2% w/v Eudragit” L100 and 5% w/w in relation to
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Fig. 1. Schematic representation of the supercritical CO, impregnation process. Within
the chamber the loading of three D-MCs chips due to the solubilization of ketoprofen in
the supercritical CO, is depicted. On the right, a zoom in of one D-MC during the loading
process is represented.

the polymer of dibutyl sebacate (Sigma Aldrich, St. Louis, USA) was
dissolved in isopropanol (Sigma Aldrich, St. Louis, USA).

The solution was sprayed over a chip of drug-loaded micro-
containers using an ultrasonic spray coater equipped with an accumist
nozzle operating at 120 kHz (Sono-Tek, USA). During the procedure,
the flow rate was kept at 0.1 mL/min, together with a 1.5 W generator
power. The shaping air was set to 0.02 bar, and the speed of the nozzle
was maintained at 5 mm/s, keeping a distance between the tip and the
sample of 6.5 cm. The nozzle of the spray coater was positioned above
the chip containing loaded D-MCs, following a path in the x-y axis to
cover an area defined by the corners of the chip, previously identified
using an integrated camera. Each chip was coated with two alternating
wavy line spray paths having an offset of 2 mm, resulting in a total of
100 passages. The chips were kept at 40 °C during the spray coating
process.

2.4. Morphology characterization

X-ray micro computed tomography (X-ray UCT, Zeiss Xradia 410
versa, Pleasanton, USA) was applied to assess the filling level of the
ketoprofen:PVP formulation into the D-MCs and the coating mor-
phology on the cavity of the D-MCs. The 3D tomographic reconstruction
was done with the software, provided with the system, based on a FDK
algorithm [24]. The chip with D-MCs was investigated using a high
voltage of 60 kV and having an effective pixel size of 19.33 um, taking
1601 projection images. For examining smaller parts of the chip with a
higher resolution 60 kV as high voltage and an effective pixel size of
3.02 um with 3201 projection images was utilized. Three areas from
each sample were analyzed to obtain a more representative image of
the whole chip.

Capsules filled with D-MCs were scanned to assess the effect of the
collection of the D-MCs after their detachment, to assess if they were
separated one to each other and if the coating was still intact. For this
purpose, scans were recorded with a voltage of 40 kV with a pixel size
of either 10.23 um or 3.36 pum, taking 1601 projection images.

The quality of both the loading and the coating of the D-MCs was
investigated using a Zeiss Supra 40VP Field Emission Scanning Electron
Microscope (SEM, Carl Zeiss Microscopy GmbH, Jena, Germany). The
samples were placed over metallic holders and tilted to 30° prior the
analyses, both low and high vacuum modes were used with a variable
energy between 4 and 8 keV.

The coating thickness of Eudragit” L100 was measured by contact
profilometry (Alpha-Step IQ Stylus Profilometer, KLA-Tencor
Corporation, Milpitas, USA). Eudragit” L100 films were sprayed on a
SU-8 covered flat silicon chip as described in the above section ‘Enteric
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coating deposition’. The profiles were measured using a 15.6 mg tip
force with a scan speed of 20 pm/s and a sampling rate of 50 Hz.

2.5. Solid state characterization of ketoprofen

X-Ray powder diffraction (XRPD) was used to determine the solid
state form of ketoprofen in the D-MCs and of the controls. An X'Pert
PRO X-ray diffractometer (PANalytical, Almelo, The Netherlands, MPD
PW3040/60 XRD; Cu KR anode, A = 1.541 ;\, 45 kV, 40 mA) was uti-
lized. A starting angle of 5° 20 and an end angle of 30° 26 were em-
ployed for the scans with a scan speed of 0.67335° 20/min and a step
size of 0.0262606° 20. Data were collected using X'Pert Data Collector
software (PANalytical B.V.). The diffractogram of loaded and coated D-
MCs was compared to that of crystalline ketoprofen, coated D-MCs
loaded with crystalline ketoprofen and D-MCs loaded with 1:4 crys-
talline ketoprofen:PVP. The diffractograms of D-MCs on the PAA layer,
PVP and Eudragit” L100 were also investigated for comparison (data
not shown). Moreover, XRPD was used to verify the amorphous form of
ketoprofen in the control samples for the in vivo studies (described in
the ‘Capsules preparation’ section).

In addition, the solid state form of ketoprofen impregnated into the
D-MCs and of control formulations was assessed by means of Raman
spectroscopy using a DXR Raman microscope (Thermo Fisher Scientific,
Inc., Waltham, USA). The microscope was coupled to a single grating
spectrometer with 5cm™' FWHM spectral resolution and + 2 cm™?!
wavenumber accuracy. All spectra were collected using a laser with a
wavelength of 780 nm, with a 50 X objective and an estimated laser
spot of 3.6 um diameter. A 50 pum slit was utilized when analyzing bulk
powder, whereas a 25 pm pinhole was deployed to analyze the keto-
profen inside the microcontainers the laser power was equal to 10 and
20 mW, respectively. The spectra of: i) pure ketoprofen, ii) pure PVP
and iii) microcontainers filled with PVP and impregnated with keto-
profen were compared.

2.6. Release of ketoprofen from D-MCs

The efficacy of the coating and its resistance after the detachment of
the D-MCs was evaluated determining the release of the impregnated
ketoprofen, both in a Fasted State Simulated Gastric Fluid
(FaSSGF pH 1.65 - Biorelevant®, London, UK) and Fasted State
Simulated Intestinal Fluid (FaSSIF pH 6.5 — Biorelevant®, London, UK).
Impregnated chips either coated or uncoated were individually im-
mersed in 2 mL of deionized water (pH 3.25) to allow the solubilization
of the PAA layer (avoiding the coating to dissolve) and hence, the de-
tachment of the D-MCs. Suspended D-MCs were transferred into dialysis
bags (MW cut off: 14,000) and placed in 20 mL of FaSSGF in an orbital
shaking water bath at 37 °C, 150 rpm (Grant Instrument Ltd., model
OLS26, Cambridge, UK) for 2 h. Afterwards, the bags were removed,
rinsed with FaSSIF and placed in 20 mL of fresh FaSSIF at 37 °C,
150 rpm for 6 h. 20 puL were collected at 0, 5, 10, 20, 40, 60, 120 min
during the release in FaSSGF and after 1, 2, 5, 10, 20, 40, 60, 120, 240
and 360 min during the release in FaSSIF. Samples were analyzed using
the UV-Vis spectrophotometer (NanoDrop 2000c, Thermo Fisher
Scientific Inc., UK) at 258 nm. The amount of ketoprofen loaded in the
D-MCs chips was also investigated as described in the section ‘In vitro
release of ketoprofen from coated D-MCs’. The release curves were
performed at least in triplicates (n = 3 for the coated and n = 6 for the
uncoated D-MCs).

2.7. Capsules preparation

Three chips of D-MCs were impregnated together and coated in-
dividually as described above. The solubilization of the sacrificial layer
and the subsequent detachment from the Si chip were obtained soaking
the chips into 5 mL of deionized water (pH 3.25). After 5 min, the water
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was removed and the D-MCs were dried at 37 °C for 15 min. Gelatin
capsules (Torpac® size 9, Fairfield, USA) were filled with individual D-
MCs (258 + 31 D-MCs per capsule, as visible in Fig. S5 in the
Supplementary information) and weighted before and after filling. The
concentration of ketoprofen in the capsules was assessed in vitro by
placing 14 capsules in 20 mL of phosphate buffered saline (PBS, Sigma
Aldrich, St. Louis, USA) and kept under stirring (150 rpm) at 37 °C for
24 h. Measurements were done through UV-Vis spectroscopy as de-
scribed before at a wavelength of 258 nm.

The preparation for the control for the in vivo study started with a
physical mixture of ketoprofen and PVP powders with the same weight
ratio (1:4) as in the D-MCs. The mixture was prepared by heating it up
to 120 °C on a heating plate gently mixing the two compounds during
the melting of the drug. The heated mixture was immediately quenched
using liquid nitrogen followed by grinding to a fine powder. The
amorphous form of ketoprofen was confirmed using XRPD as previously
described. Gelatin capsules were loaded with 922.4 + 11.5 pg of the
grinded powder, an amount corresponding to that of the D-MCs for-
mulation. Subsequently, the capsules were coated with a solution of 5%
w/v Eudragit’ L100 and 5% w/w dibutyl sebacate in relation to the
polymer in isopropanol. The capsules were coated by dipping half of it
into the coating solution and dried for 15 min before coating the other
half. This procedure was repeated three times for each capsule.

2.8. In vivo and ex vivo studies

All animal care and experimental studies were performed according
to Danish and European laws, guidelines and policies for animal
housing, care and experiments at the University of Copenhagen. The in
vivo experiment was carried out at the Department of Experimental
Medicine, University of Copenhagen and approved by the local in-
stitutional Animal Welfare Committee under the license number 2015-
15-0201-00454. The ex vivo study was performed at the Department of
Pharmacy, University of Copenhagen under the license number 2016-
15-0201-00892. Both studies were carried out in compliance with the
Danish laws regulating experiments on animals and EC Directive 2010/
63/EU.

Male Sprague-Dawley rats were housed in pairs in cages to accli-
matize for a period of one week with a light/dark period of 12/12 h and
a temperature of 22 °C with a relative humidity of 55 * 10%. During
this period, the rats had free access to standard pellets and water.

For the in vivo study the rats with a weight ranging from 373 to
436 g were randomly divided into two groups. One group was dosed
with capsules loaded with D-MCs (n = 11), the second group was dosed
with capsules containing the control formulation (n = 6). Both types of
capsules were given using a polyurethane feeding tube (Instech
Laboratories Inc., Plymouth Meeting, USA), one capsule was dosed per
rat. The rats were fastened for 1 h before and after the dosing, and for
the rest of period they had free access to water and standard pellets.
Blood (200 pL) was sampled through the lateral tail vein at 15, 30, 45,
60, 75, 90, 120 min, 4, 6, 8 and 24 h post dosing and collected in
ethylenediaminetetraacetic acid tripotassium salt dihydrate (EDTA,
Sigma-Aldrich, St. Louis, USA) coated tubes. Plasma was obtained by
immediately spinning the blood samples at 1500 g for 10 min. Plasma
was stored at — 20 °C until further analyses.

For the ex vivo study, two male Sprague-Dawley rats weighting 316
and 319 g were used and were fasted 1 h prior to dosing.

Capsules filled with D-MCs (see the section ‘Capsules preparation’)
were administered to the rats by oral gavage as described previously.
After 90 min post-dosing, the rats were sacrificed, and opened at the
linea alba for retrieving the stomach and small intestine. These were
immediately cut open and examined for localizing the D-MCs using a
stereo microscope (SteReo Discovery V8, Carl Zeiss Microlmaging
GmbH, Jena, Germany).
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2.9. High Pressure Liquid Chromatography (HPLC) analysis of plasma
samples

HPLC analyses were performed using a Dionex Ultimate 3000 Pump
equipped with a Dionex ASI-100 Automated Sample Injector and with a
UV-VIS lamp.

Ketoprofen was extracted from the plasma samples using a method
described elsewhere [25] with minor modifications. Briefly, methanol
was added in a 3:1 v/v ratio to the plasma and, after vortexing the
mixtures, the samples were centrifuged at 15,000 g for 6 min and the
supernatants were transferred into HPLC vials.

The HPLC was run in isocratic mode using a method already de-
scribed in literature with slight modifications [25]. The mobile phases
constituted of (A): deionized water with 1% v/v trifluoroacetate (Sigma
Aldrich, St. Louis, USA) and (B): 100% acetonitrile (Sigma Aldrich, St.
Louis, USA). The ratio of the mobile phase A:B was equal to 45:55 v/v.
Samples were run over a Kinetex 5.0 um XB-C18 100 10\, 100 X 4.6 mm
column (Phenomenex ApS, Nordic Region, Varlgse, Denmark) at 22 °C.
The injected volume was 40 uL with a flow rate of 1 mL/min and a total
run time per sample of 10 min. The absorbance was measured at
258 nm.

2.10. Statistics

For the in vivo studies, all results were normalized for the averages
of rat mass and of the ketoprofen dosed.

To calculate the standard error for the area under the curve (AUC,
Table 1), the standard error of the mean of correlated variables is used

SEA—UC=\/

where A; is the AUC for region i.
To calculate the average amount of PVP inside a capsule, and the
associated standard error, the following formula is derived. To derive

M M M
Do var[A] + X2, Z#i cov (A, 4j)
N
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Fig. 2. Morphological characterization of drug loaded D-
MCs. (a) and (b): SEM images of D-MCs first manually
loaded with PVP and then impregnated with ketoprofen in
supercritical CO, at 40 °C and 100 bar for 1 h. (¢):X-ray pCT
cross-sectional view of the loaded D-MCs.

the formula, it is assumed that the amount of PVP in each D-MCs in the
filling process are independently distributed.

SEpvp

\/%c(ﬁvar[X] var[Y] + %var[X]E[Y]2 + ﬁvar[Y]E[X]z)

where N, is the total amount of microcontainers per chip, X is the total
amount of PVP measured N times, and Y is the number of micro-
containers contained inside a capsule, measured M times.

The raw data of the in vivo studies can be found in the
Supplementary information (Fig. S4).

Moreover, as the sample sizes are different the effect sizes reported
in Table 1 uses the Hedges g effect size defined as g= (M; — M)/
SDpooted Where SDyooeq is the weighted standard deviation of the two
groups [26-28].

All of the data are expressed as mean and the usage of standard
deviation (SD) or standard error of the mean (SE) is defined within the
text. Where appropriate, statistical analysis was carried out using
Student t-tests using GraphPad Prism version 6.05. P-values below 5%
(p < 0.05) were considered statistically significant.

3. Results
3.1. Fabrication of microcontainers on a sacrificial layer

D-MCs were successfully fabricated in SU-8 on a water soluble layer
of PAA. D-MCs had a height of 304 = 12 pum (n = 8, SD) and a dia-
meter equal to 329 = 5um (n = 8, SD). The inner reservoir had a
depth of 272 * 6 um (n = 8, SD) and a diameter of 188 * 4 um
(n = 8, SD) resulting in a container volume of 7.5 = 0.3nL (n = 8,
SD). D-MCs were adhering well to the PAA layer not impairing the
handling. D-MCs were arranged in arrays of 25 x 25 devices on
quadratic chips with a side length of 12.8 mm.
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3.2. Loading of D-MCs

Every chip with D-MCs was manually filled with 1.79 = 0.21 mg
(n = 54 chips, SD) of PVP powder followed by loading ketoprofen into
the polymer matrix using scCO,. All chips underwent the same super-
critical treatment at 40 °C and 100 bar for 1 h. The filled D-MCs on
chips were visualized using a SEM (Fig. 2a, b). The cross-sectional X-ray
UCT image of the D-MCs loaded with PVP and ketoprofen is shown in
Fig. 2c.

3.3. Enteric coating deposition onto drug-loaded D-MCs

The spray coated gastro-resistant lid of Eudragit” L100 was, in-
itially, characterized using contact profilometry to define the coating
thickness on two chips. This resulted in thicknesses of 123.0 = 1.9 and
118.7 * 3.3 um (SD describes the roughness of the surface of the
coating). X-Ray UCT and SEM were utilized to assess the morphology of
the coatings after their deposition on the cavity of the D-MCs. The
coatings were homogenous (Fig. 3a, b) and well distinguishable from
the impregnated PVP and ketoprofen (Fig. 3c).

3.4. In vitro release of ketoprofen from coated D-MCs

The detachment of the drug-loaded and coated D-MCs from the PAA
layer was accomplished by soaking chips in deionized water at pH 3.25
for about 5 min.

The release of ketoprofen was evaluated in human FaSSGF for
120 min (simulating the residence time in the stomach) followed by
investigation of the drug release in human FaSSIF for 360 min (simu-
lating the transit time of the small intestine). After 120 min in FaSSGF,
56 + 14% of the loaded ketoprofen from uncoated D-MCs was re-
leased compared to 16 = 3% from the coated D-MCs (Fig. 4). Upon
changing to FaSSIF, a burst release with a significant immediate con-
centration difference was noticed for the coated microcontainers (p-
value = 0.0022). After 6 h in FaSSIF, 100% of the loaded ketoprofen
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Fig. 3. Morphological characterization of loaded and
coated D-MCs. (a) and (b):SEM images of D-MCs coated
with Eudragit” 1100 onto the cavity of the drug-loaded D-
MCs. (c): X-ray UCT cross-sectional view of the drug-loaded
and coated D-MCs.
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Fig. 4. In vitro cumulative release of ketoprofen. Coated (red line) and uncoated (black
line) D-MCs. For the first 120 min, the chips were placed in FaSSGF and subsequently in
FaSSIF for 360 min. Each release curve is calculated as mean * standard deviation
(n = 6 for the uncoated D-MCs, n = 3 for the coated D-MCs). For the individual profiles
refer to Fig. S3 in the Supplementary information. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

was released from both the coated and uncoated D-MCs. The release
profile of ketoprofen for the uncoated D-MCs did not present a burst
release, but instead followed a first order kinetic. Consequently, sta-
tistical significance (p-value = 0.002) was noticeable for the release of
ketoprofen after 2 h between coated and uncoated D-MCs. The total
amount of ketoprofen loaded into a single chip with 625 D-MCs was
424 + 10pug (n = 14, SE) corresponding to a weight ratio of
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ketoprofen to PVP of approximately 1:4 (see the ‘Formulation pre-
paration for in vivo and ex vivo studies’ section). The total amount of
ketoprofen loaded into the coated and uncoated D-MCs were seen to be
very similar. No significant difference was found (p-value = 0.2542).

3.5. Solid state characterization of ketoprofen in D-MCs

The solid state form of ketoprofen in the D-MCs both after scCO,
impregnation and after additional enteric coating deposition was
evaluated by means of XRPD. By comparing the diffractograms
(Fig. 5a), it was found that the distinct peaks of crystalline ketoprofen
were not visible in the final scCO, impregnated and coated micro-
containers. This, together with the typical scattering halo (Fig. 5a, red),
indicated the maintenance of ketoprofen in its amorphous form within
the D-MCs. The two controls (coated D-MCs loaded with crystalline
ketoprofen and D-MCs with a crystalline ketoprofen:PVP mixture in the
ratio 1:4) demonstrated that it was possible to measure through the
coating and to detect crystalline ketoprofen in the D-MCs in the same
quantity as seen in the scCO, impregnated and coated microcontainers
(Fig. 5a, blue and green).

It is worth mentioning that the melted and quenched mixture of
ketoprofen:PVP 1:4 (used as control for the in vivo studies) was also
found to be amorphous in the XRPD diffractograms (see in
Supplementary information Fig. S1).

The XRPD results were corroborated by Raman spectroscopy

D-MCs loaded with 1:4
crystalline ketoprofen:PVP

D-MCs loaded with crystalline
ketoprofen and coated

D-MCs impregnated with
ketoprofen and coated
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Fig. 5. Solid state characterization of ketoprofen in D-MCs. (a)
XRPD diffractograms of crystalline ketoprofen (black), D-MCs
impregnated with ketoprofen and coated (red), D-MCs loaded
with crystalline ketoprofen and coated (blue) and D-MCs loaded
with 1:4 crystalline ketoprofen:PVP (green). (b) Raman scat-
tering profiles of PVP powder (blue), crystalline ketoprofen
(black) and D-MCs impregnated with ketoprofen (red). (For in-
terpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Crystalline ketoprofen

D-MCs impregnated with
ketoprofen

Crystalline ketoprofen

PVP powder

comparing the spectra of pure crystalline ketoprofen, pure PVP and
microcontainers filled with PVP and impregnated with ketoprofen
(Fig. 5b). As noticeable from the Raman spectra, the characteristic vi-
brational patterns of ketoprofen were also visible in the impregnated D-
MCs. Briefly, the intensity of the peak at 1657 cm ™ !, which is attrib-
uted to the vibrational stretch of the carbonyl v(C=O0), decreased
compared to that of crystalline ketoprofen. Moreover, the broadening of
the band around 1198 cm ™ ! (CH ring plane bending) together with the
lowering of the peak intensities between 1500 cm™ ' and 1100 em™?,
supported the hypothesis of ketoprofen amorphization due to the im-
pregnation process [29].

3.6. Formulation preparation for in vivo and ex vivo studies

Gelatin capsules were filled with 258 + 31 (n = 54, SE) scCO,
loaded and coated D-MCs corresponding to 176 = 14 pug (n = 14, SE)
of ketoprofen and 741 + 52 g (n = 54, SE) of PVP.

X-ray uCT was employed to visualize the microcontainers inside the
capsule. It can be seen that the coating was preserved through all
preparation steps and that the microcontainers were intact and sepa-
rated from each other (Fig. 6).

3.7. In vivo studies

Capsules filled with D-MCs or with the control formulation were
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Fig. 6. X-ray UCT image of a gelatine capsule filled with loaded and coated D-MCs.
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Fig. 7. Plasma concentration of ketoprofen over time. (Red line), capsules with loaded
and coated D-MCs (n = 11, SE). (Black line), control capsules filled with melted keto-
profen and PVP and coated (n = 6, SE). The inset represents the same profiles zoomed in
the first 4 h. For the individual profiles refer to Fig. S4 in the Supplementary information.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

dosed by oral gavage to rats. The measured plasma concentration of
ketoprofen over time is presented in Fig. 7 and key results are sum-
marized in Table 1. The maximum plasma concentrations (Cp,.x) are
similar for D-MCs and the control. The values were found to be
657 + 78 ng/mL and 488 =+ 105 ng/mL for the formulation with D-
MCs and for the control, respectively (p-value = 0.2191). The AUC
from O to 24 h (AUCy.o41,) Was calculated to be 406 + 40 minng/mL
for the D-MCs formulation and 320 = 49 minng/mL for the control,
thereby, no significant difference was observed between the two groups
(p-value = 0.2041). The relative bioavailability from O to 24h
for ketoprofen in D-MCs compared to the control was found
to be 127 * 23%. However, statistically relevant difference
(p-value = 0.0279) was found for the time corresponding to the max-
imum plasma concentration (Ty,,x) when comparing the two formula-
tions (93 #= 17 min for the D-MC and 212 * 60 min for the control).

Table 1
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The AUCq.4, for the D-MCs formulation was 99 + 10 minng/mL and
55 = 18 minng/mL for the control resulting in a statistically sig-
nificant difference between the two groups (p-value = 0.0387). Ac-
cording to this, the oral relative bioavailability from 0 to 4h was
180 = 62% for the D-MC formulation compared to the control. The
absorbance rate of ketoprofen (Cy to Cp,.x) for the rats dosed with D-
MCs was 10 = 2ngmin~ *mL~ ', which is significantly higher than
for the control (4 + 1ngmin~ mL™!) (p-value = 0.0430, Fig. 7, top
right).

3.8. Ex vivo study

In order to understand the mechanism of action of the D-MCs, their
position in the GI tract of the rats at Ty, (90 min) was assessed. No D-
MCs were found in the stomach of the rats at Ty, Wwhereas many were
found in the mid-jejunum (see Fig. S2 in the Supplementary informa-
tion). This indicates that the enteric coating protected the formulation
until the intestine was reached, where the ketoprofen was released and
absorbed.

4. Discussion

Micro- and nanotechnologies are enabling new possibilities in the
world of oral drug delivery. It is a highly complex and multidisciplinary
field with focus on fabrication and on the possibilities to integrate novel
functionalities into drug delivery systems. In vivo studies proving their
actual performances [21,30-32] are, however, not always carried out.

In this work, an oral DDS based on microcontainers has been further
developed compared to previous ones [19,33]. The complete process,
starting from the fabrication of the new D-MCs to the loading and
coating, highlighting the subsequent results from the in vivo and ex vivo
investigations, is presented.

D-MCs were filled with PVP in a simple and reproducible manner
and scCO, was used to load the D-MCs with the model drug ketoprofen
with a final 1:4 weight ratio of drug to polymer. A single D-MC has a
cavity of 7.5 * 0.3 nL, 178 times larger compared to other similar DDS
[34], and each one was loaded with 0.68 pg of ketoprofen, which is
considerably more compared to the data presented by Chirra et al.
(1.54 ng) [20]. The amount of ketoprofen in a single D-MC corresponds
to 1.3% w/w of the total weight of the microdevice. The technique of
scCO,, impregnation was preferred over inkjet printing due to the low
spotting reproducibility and low loading capacity of the printing pro-
cess [35,36].

In the loading process, scCO, acts as a solvent for ketoprofen, but
not for PVP, which only swells [22]. The porosity of PVP increased
during the impregnation allowing ketoprofen to access the D-MCs. CO,,
in its supercritical state, has a density similar to a liquid, whereas the
viscosity and diffusivity are closer to the ones of a gas. These features
are exploited during the impregnation process, where ketoprofen is
used in relatively high concentration and diffuses easily with the CO,
into the D-MCs.

Non-compartmental model of the in vivo study of ketoprofen in D-MCs (n = 11, SE) and for the control formulation (n = 6, SE).

Capsule with loaded and coated D-MCs

Coated capsules with 1:4 ketoprofen:PVP amorphous mixture (control)

Effect size”

Chnax [ng/mL] 657 + 78 488 + 105 0.65
Tmax [min] 93 = 17°¢ 212 + 60* 1.24
AUCg.4n [minng/mL] 99 + 10° 55 + 18* 1.16
AUCq 24, [min'ng/mL] 406 + 40 320 + 49 0.68
Relative oral bioavailability [%]

0-4h 180 = 62%

0-24h 127 + 23%

2 p-value < 0.05.

Y Effect size = (M; — M3)/SDpoo1ea Where M; and M; are the averages of the two populations andSDpoeq is the weighted standard deviation of the two groups.
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During the scCO, impregnation, a solid state transition of keto-
profen from its crystalline to its amorphous form was obtained.
Ketoprofen is a BCS class II drug meaning that it has a poor solubility in
water. Therefore, its aqueous solubility can be increased by exploiting
the amorphous form [37-40]. The XRPD diffractograms and the Raman
spectra (Fig. 5a and b, respectively) suggested that the amorphous form
of ketoprofen was present after impregnation into the D-MCs, con-
firming previous results [33].

Ketoprofen was kept in its amorphous form for at least 7 days (data
not shown) due to the use of scCO, and to its affinity with PVP
[29,41,42]. PVP is a water soluble polymer and has unique properties in
prolonging the stability of amorphous forms of drugs, thereby in-
creasing their dissolution rate and solubility [41]. Microcontainers can
additionally stabilize the amorphous form of drugs by spatially con-
fining the drug molecules, leading to an improved physical stability of
the amorphous drugs [16,17].

In order to avoid premature release of ketoprofen, D-MCs were
coated with the gastro-resistant polymer Eudragit” L100. The in vitro
dissolution studies (Fig. 4) confirmed that this polymer successfully
protected the drug during transit through the gastric environment and
dissolved quickly upon arrival in the small intestine (where the pH is
generally above 6) [19,43-46]. Spray coating by an ultrasonic nozzle
was selected as the technology to deposit the coating onto the cavity of
the D-MCs. The morphology of PVP and ketoprofen after impregnation
(Fig. 2) was suitable for the coating deposition as there was still space
for the coating in the top of the cavity of the D-MCs. The deposition of
the lid was simple and straightforward, and has the potential of being
scaled up. D-MCs were detached from the fabrication platform by
soaking them into acidified water. This approach maintains the in-
tegrity of the gastro-resistant lid (Fig. 6) and it is a gentler and more
controlled procedure than using, for example, mechanical forces. SEM
images and X-ray pCT scans of coated D-MCs showed that after spray
coating no agglomerates of polymer were present between adjacent
microcontainers and that the D-MCs were not attached to each other
after dissolution of the PAA sacrificial layer (Figs. 3 and 6).

The in vitro release of ketoprofen from the D-MCs in gastric and
intestinal simulated media demonstrated the efficacy of the coating.
The immediate release of 16 *+ 3% of ketoprofen from the coated D-
MCs in FaSSGF can be explained by the presence of small pores in the
coating (Fig. 3) and/or the possible variation of the polymer mor-
phology (refer to the video in the Supplementary Information for a
more detailed view). For the uncoated D-MCs, 56 = 14% of ketoprofen
was released in FaSSGF, showing that nothing efficiently hindered the
drug release. Coated D-MCs showed a very significant burst release
upon changing to FaSSIF due to the dissolution of Eudragit” 1100 fol-
lowed by a fast release of ketoprofen, together with dissolution of PVP
(Fig. 4).

In vivo studies are necessary when testing new drug delivery systems
as they provide indications on possible bioavailability improvements
after oral administration compared to a control formulation [47,48].

The control formulation used in these studies was designed to have
the same ratio of ketoprofen:PVP (1:4) and a total amount of drug and
polymer as for the D-MCs formulation to obtain information on the
behavior of the D-MCs. The solid state form of a drug has a large in-
fluence on the dissolution rate, and can therefore, be of great im-
portance for the bioavailability [49]. It was found that ketoprofen in the
D-MCs after scCO, impregnation was amorphous and consequently, the
ketoprofen in the control formulation was also brought to its amor-
phous form. This was obtained by melting the ketroprofen together
with PVP followed by a fast cooling, which is a common method for
preparing the amorphous form of a drug, as reported by Enfalt et al.
[50].

Compared to the control, the D-MCs formulation did not provide a
higher C,,.x. However, a faster Ty,,x was observed for the D-MCs for-
mulation being roughly 2.3 times faster than the control. This sig-
nificant difference resulted in a large value for the effect size (Table 1),
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in accordance with the classification proposed by Choen [28], where
the intervals 0.00-0.20, 0.20-0.50 and 0.50-0.80 correspond to a small,
medium or large effect, respectively. This indicates that D-MCs have a
large effect on the time of absorption. For the first 4 h of the plasma
concentration-time profile (Fig. 7), the absorption of ketoprofen was
significantly higher than for the control, again resulting in a large effect
size value (Table 1). This difference resulted in a relative oral bioa-
vailability of 180 + 62% for the first 4 h. In accordance with the dif-
ference between the T,,.x values, the absorption rate was significantly
higher for the rats administered with D-MCs compared to the control
rats. This supports the conclusion that the D-MCs provided a much
faster absorption of ketoprofen compared to the control. It can be hy-
pothesized that this, to some extent, is caused by a faster gastric emp-
tying of the rats dosed with the D-MCs compared to the control. Indeed,
D-MCs were most likely released from the gelatin capsule in the sto-
mach as no coating was applied to the entire capsule, conversely to the
control formulation. From the plasma concentration curve (Fig. 7), it is
noticeable that after 4 h the two formulations show more similar ki-
netics, and the AUCg.o4p, is not significantly different. This is reflected in
the relative bioavailability of ketoprofen in the D-MCs formulation
compared to the control being 127 = 23%. Choi et al. [51] evaluated
the intestinal absorption of a suspension of ketoprofen in rats admin-
istering a 2.3 times higher dosage compared to the one used in the
present study. The authors report a higher Cp,., (6.12 *+ 1.02 ug/mL)
and a faster Ty (0.42 * 0.29 h). Indeed, these results might be at-
tributed to the higher dosage and to the fact that ketoprofen was dosed
in a suspension form, thus, partially pre-solubilized. An important dif-
ference comparing these two studies is the plasma concentration decay
over time. The decrease is slower for the D-MCs, indicating a prolonged
drug release and absorption time. A possible explanation for this might
be provided by the results of our ex vivo study where at the time in
which the Ty, was reached (93 * 17 min), D-MCs were spread in the
small intestine, and most of them were found in the mid-jejunum em-
bedded deep into the mucus. This pronounced engulfment might indeed
have resulted in a slower release and at the same time allowed pro-
longed absorption of ketoprofen. It has previously been shown in in-
testinal perfusion studies in rats that SU-8 microcontainers have mu-
coadhesive properties showing i.e. a high tendency to be engulfed by
the mucus [19].

5. Conclusions

In this work, we demonstrated that D-MCs are a promising oral drug
delivery system providing a 2.3 times faster T,,,x and a 180% increased
AUCy 4, when compared to the control. These features can be of high
importance as it could imply that the administered dose could be re-
duced. The BCS class II model drug ketoprofen was successfully loaded
into D-MCs exploiting the features of scCO, impregnation maintaining
the API in its amorphous form. Enteric coating was employed to protect
the drug from the stomach environment and to release ketoprofen in
the intestine, as proven by the in vitro study. All preparation steps are
designed to be compatible with each other maintaining ketoprofen in its
amorphous state. In vivo and ex vivo analyses finally show the potentials
of using D-MCs as an oral drug delivery system.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jconrel.2017.10.013.
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Figure S1: XRPD diffractograms of the control formulation used for the in vivo study. Crystalline ketoprofen (black), crystalline
ketoprofen and PVP 1:4 (red) and melted ketoprofen and PVP 1:4 (control for the in vivo studies) (blue).



Figure S2: Optical stereoscopy images of the intestinal tissue of oral dosed rats with the D-MCs. D-MCs highlighted with arrows are
visible in the intestinal rat tissue, and in (a) the engulfment of the D-MCs in the mucus is observed.
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Figure S3: Individual profiles of the in vitro cumulative release of ketoprofen. Coated (red line) and uncoated (black line) D-MCs.
For the first 120 min, the chips were placed in FaSSGF and subsequently in FaSSIF for 360 min.
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Figure S4: Individual profiles of the in vivo plasma concentration of ketoprofen over time. (Red line), capsules with loaded and
coated D-MCs. (Black line), control capsules filled with melted ketoprofen and PVP and coated.



Figure S5: Picture of a gelatin capsule filled with loaded and coated D-MCs. Empty D-MCs are positioned outside the capsule for
comparison.
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Abstract

The oral drug delivery route is the most preferred by patients and has the highest compliance. In the last
decade, reservoir based microdevices have been proposed as oral drug delivery systems to overcome the
limitations of traditional formulation. Microcontainers are microsized cylindrical reservoirs that can be
loaded with a formulation and sealed with a degradable membrane. In this work, we compared two loading
techniques for microcontainers: i) hot punching of a poly (e-caprolactone) (PCL) film coupled with the
loading of ketoprofen using supercritical carbon dioxide (scCO,) and ii) hot punching of PCL + ketoprofen
film. The drug loading steps were characterized by means of profilometry, scanning electron microscopy and
X-ray microtomography. A pronounced difference between the two loading techniques was observed. The
hot punching of a PCL + ketoprofen film resulted in a zero-order release kinetic; a burst release was instead
obtained from the scCO, impregnated microcontainers. Finally, X-ray powder diffraction and Raman
spectroscopy showed no differences in the solid state of ketoprofen, being amorphous for both loading

techniques.
1 Introduction

In the last decades, microfabricated devices (Nielsen et al., 2018) have emerged in the field of oral drug
delivery, spurred by the advancements in micro and nanofabrication technologies. These microfabricated
devices have been shown to improve traditional formulations. As an example, Chirra et al. have shown that
PMMA planar micropatches with three reservoirs improve acyclovir bioavailability by 4.5 fold compared to
an acyclovir solution (Chirra et al., 2014). Other microdevices include microcontainers: cylindrical reservoirs
with a nanoliter volume cavity that can be loaded with a drug formulation and sealed with a degradable
membrane to allow tailoring of the drug release. The main features that these devices provide are: i)
protection of the drug from the gastric environment, ii) unidirectional and iii) controlled release. These
combined properties aim at reducing drug loss in the intestinal lumen which is a serious issue for many oral
dosage forms. Previously, we have shown that microcontainers loaded with ketoprofen and protected with an
enteric coating increase the relative oral bioavalability compared to traditional capsules by 180% (Mazzoni
et al., 2017). This drug delivery system (DDS) was found to stabilize indomenthacin drug in its amorphous

form as a result of the confinement within microcontainers (Nielsen et al., 2012).
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One of the main concerns in the field of microfabricated DDS is the loading of the active pharmaceutical
ingredient (API) into the reservoirs. Simple diffusion of drug in pre-loaded polymer matrices has been
exploited for some microdevices (Fox et al., 2016). However, this technique is not suitable for all devices.
Inkjet printing has been investigated as another possible loading techniques (Fox et al., 2017; Marizza et al.,
2013; Mchugh et al., 2017). Unfortunately, this method is slow and its use is limited by the viscosity of the
printing solutions. A faster technique to load microcontainers with APIs and polymers is powder embossing
with a shadow mask, limiting drug deposition to the actual reservoir (Abid et al., 2017) and improving the
manual method used previously (Nielsen et al., 2015). Similar to powder embossing, hot punching (Petersen
et al., 2017) has been successfully used to load microcontainers with drug. In this case, microcontainers are
used as a stamp for the punching of a polymer/drug film pre-deposited on a carrier substrate. This results in
the direct transfer of the punched material into the container reservoirs. This process is only suitable for non-
thermolabile APIs in combination with a thermoplastic polymer. The absence of a shadow mask and an
aligning step make this process upscalable and flexible to every shape and size. The same advantages are
achieved by supercritical impregnation with carbon dioxide (scCO,). This technique was used to load a
poorly water soluble drug in microcontainers (Marizza et al., 2016; Mazzoni et al., 2017) in an effective and
reproducible manner. Nevertheless, scCO, impregnation only works with APIs that are soluble in CO, and
with polymers that can swell but not be solubilized in CO,. In accordance with the strength and weaknesses
of each technique, the choice of the loading method highly depends on the API. More than 90% of APIs that
are under development for clinical practice belong to either class Il or IV in the standard of
Biopharmaceutical Classification System (BCS) (Taylor and Zhang, 2016). These two classes are constituted
of APIs with poor water solubility. For oral drug delivery this is a serious issue to solve as it causes a
reduction in the bioavailability (Dengale et al., 2016; Horter and Dressman, 2001). There are several options
for enhancing the solubility of APIs, two very common methods are: i) including a solubility enhancer
(Awasthi et al., 2018) and ii) bringing the API to its amorphous, more soluble state (Grohganz et al., 2014).
Finally, the API release kinetic for the DDS under development has also to be considered. Depending on the
application, a sustained or zero order release might be preferred to a burst release, or vice-versa (Huang and
Brazel, 2001; Tahara et al., 1995). We have previously demonstrated that the combination of ketoprofen with
polyvinylpyrollidone (PVP) in microcontainers has led to a burst release, with 87% of the total ketoprofen
content being released within the first 30 min (Marizza et al., 2014). The fast release obtained in this case is
expected, because i) PVP acts as a solubility enhancer, ii) ketoprofen is in its amorphous state and iii) the
polymer swelling during scCO, impregnation leads to an increase in the polymer matrix porosity.

In this work, we investigated the release of poorly soluble drugs from microcontainers loaded with two
different methods. For this study, ketoprofen was chosen as a class 11 model drug and poly (e-caprolactone)

(PCL) as a slow biodegradable polymer matrix.



The two related techniques were respectively: 1) hot punching of a PCL film into the microcontainers
followed by loading of ketoprofen by scCO, impregnation and 2) loading of a ketoprofen+PCL film into the
microcontainers by hot punching. For the loading of ketoprofen in PCL filled microcontainers by scCO,
impregnation two sets of parameters were tested, 2 h at 100 bar and 4 h at 200 bar respectively at a
temperature of 40 °C. Throughout this manuscript, we will refer to the samples obtained with the two
techniques as: HPCO,-100 and HPCO,-200 for 1) and HP for 2). The differences between HPCO,-100,
HPCO,-200 and HP were evaluated in terms of i) solid state of ketoprofen inside the microcontainers, ii)

loaded amount of ketoprofen and iii) ketoprofen in vitro release kinetics.
2 Materials and Methods
2.1 Materials

Si wafers (4-in. b100N n-type) were supplied by Okmetic (Vantaa, Finland). SU-8 2075 and SU-8 developer
were purchased from Microresist Technology GmbH (Berlin, Germany).

Ketoprofen (98%, racemate), poly (e-caprolactone) (PCL, Mw 80000), poly-di-methylsiloxane (PDMS
Sylgard® Sie 184, Dow Corning Corporation, U.S.), dichloromethane (DCM, anhydrous, >99.8%) and
ethanol (99.9% purity) were purchased from Sigma Aldrich (St. Louise, U.S.).

2.2 Fabrication of SU-8 microcontainers

The microcontainers were fabricated with epoxy-based photoresist SU-8 on Si wafers using a procedure
described previously (Marizza et al., 2013). Wafers were diced into square chips (12.8 x 12.8 mm?), each one
containing 625 microcontainers. Each microcontainer has a cavity of about 70 um in depth and 220 pum in
diameter.

2.3 Preparation of polymer films and transfer into microcontainers

The microcontainers were filled with PCL by means of the hot punching technique (Petersen et al., 2015). In
Fig. 1, a scheme with the fabrication steps is depicted. At first, a film of PDMS was prepared by spin coating
(WS-650, Laurell Technologies Corporation, US): 6 mL of PDMS was prepared mixing the elastomer and
the curing agent in a 10:1 weight-to-weight ratio and was thereafter poured on a 4-inch Si wafer fixed to a
rotating chuck. The centrifugal forces, induced by the spinning (750 rpm, 60 s), spread the polymer solution
on the whole wafer surface. The film was left to crosslink for 12 hours at room temperature (RT). The PDMS
layer served as an elastic substrate for the subsequent steps. PCL pellets were then dissolved in DCM (15
%wt.) and the solution was spin coated at different spin rates (500, 1000, 1250 and 1500 rpm) on the PDMS
layer. The acceleration and the spinning time were kept constant at 750 rpm/s and 45 sec, respectively. The
films were left to dry overnight at RT. The PCL film was then loaded into the microcontainers (used as a

mold) using the hot punching technique (Fig. 1a I-Il). The embossing procedure was performed with a



bonding press (P/O/Weber, Germany) with plates heated to 65 °C and by applying a pressure of 7.1 MPa for
20 min. The SU-8 microcontainers chip was pressed into the PCL film, which was penetrated by the
microcontainers walls until those reached the underlying PDMS layer. After cooling down to 35 °C, the
punched PCL film in between the containers was peeled off, resulting in a complete filling of the

microcontainers cavities.
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Figure 1. Schematic representation of the loading processes. a) |. Fabrication of microcontainers and
preparation of PCL/PDMS films; Il. transfer of the polymer film into the microcontainers by hot punching;
I1l. scCO, impregnation of the polymer-filled microcontainers with ketoprofen; I1V. drug loaded
microcontainers (HPCO,). b) I. Fabrication of microcontainers and preparation of ketoprofen+PCL/PDMS
films; 1l. transfer of ketoprofen+PCL film into the microcontainers by hot punching; Hll. Drug loaded

microcontainers (HP).

2.4 Supercritical impregnation of PCL filled-microcontainers

The loading of ketoprofen into the PCL-filled microcontainers was performed by means of scCO,
impregnation (Fig. 1a I1I-1V). In a high-pressure chamber, defined weights of ketoprofen were dissolved in
scCO, at saturation for the specific pressure and temperature used (Macnaughton et al., 1996), as
summarized in Table 1. The duration of the experiments was defined by similar results on scCO,
impregnation of PCL (lvanovic et al., 2016). The microcontainers chip was attached on a metal grid and
placed into the chamber, which was then sealed and heated to the desired temperature. Liquid carbon dioxide
was then pumped into the chamber at isothermal conditions. During pressurization, ketoprofen was
solubilized in the scCO,. When the desired pressure was reached, the scCO, was put under magnetic stirring
(500 rpm). At the end of the experiment, the chamber was depressurized at a controlled rate by a syringe

valve and the outlet stream was bubbled through an ethanol solution (99.5%).



Table 1: Parameters of the impregnation process.

Sample Pressure [bar] Temperature [°C] Time [h] Ketoprofen [mg]
HPCO,-100 100 40 2 4.86 £ 0.02
HPCO,-200 200 40 4 14.16 + 0.02

2.5 Loading of a ketoprofen+PCL film into microcontainers

In a second approach, microcontainers were directly loaded with ketoprofen+PCL drug polymer matrix
without the use of scCO, impregnation (HP, Fig. 1b). Defined amounts of ketoprofen and PCL were
dissolved in DCM and spin coated on a PDMS/Si substrate at the same conditions as described in section
2.3. The drug polymer ratio in the matrix was adjusted to be identical to the one in the microcontainers that
were loaded with pure PCL by hot punching and subsequently impregnated with scCO, (HPCQO,). Finally,
the ketoprofen+PCL films were transferred into microcontainers by hot punching, following the procedure

described in section 2.3.
2.6 Characterization methods
2.6.1 Profilometry

To evaluate the thickness of the polymer layer deposited by spin coating on the PDMS/Si wafer, the films
were scratched with a scalpel in three different symmetrical positions with respect to the wafer center and a
contact profilometer (Alpha-Step 1Q Stylus Profilometer, KLA Tencor) was used. The measurements were

performed using a 15.6 mg tip force with a scan speed of 20 um/sec and a sampling rate of 50 Hz.
2.6.2 X-ray micro computed tomography (XpuCT)

XUCT measurements were performed to evaluate the filling of microcontainers after hot punching. A
Nanotom S (GE) equipped with a source voltage of 70 kV, a current of 140 pA and a 0.5 mm thick Cu filter
to attenuate the high radiation energy was deployed. The sample was measured with a focus object distance
(FOD) of 39.9995 mm and a focus detector distance (FDD) of 399.9995 mm. A total of 1400 images were
acquired over 360° of rotation each one obtained from the average of 3 separate images. The resulting data
acquisition time corresponds to 140 minutes for each sample. The reconstruction of the cross-section images
was made using the proprietary software (Phoenix Datos Ix2 acquisition ver. 2.3.2-RTM). Images having an
isotropic voxel size of 4.99994 um were reconstructed using a Feldkamp algorithm for cone beam geometry
using the DataViewer MyVGL 3.0.2.

2.6.3 Scanning electron microscopy (SEM)

SEM imaging was used to observe the microcontainers before and after the filling by hot punching and

loading of ketoprofen by means of scCO, impregnation. Moreover, SEM pictures were taken after the in-



vitro dissolution studies. The images were obtained using a Zeiss Supra 40VP Field Emission Scanning
Electron Microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) in high vacuum mode at 8 keV

operating high voltage. The samples were mounted on a metal support and tilted by 30°.
2.6.4 Raman spectroscopy

Raman spectroscopy was performed to evaluate the solid state of ketoprofen loaded with the two different
techniques. The spectra were collected using a DXR Raman microscope (Thermo Scientific, Germany)
equipped with a 10x objective with a frequency-stabilized single mode diode laser (10 mW, 780 nm) an

exposure time of 2 sec and 5 repeated scans.
2.6.5 X-ray powder diffraction (XRPD)

XRPD was performed to corroborate the results obtained with Raman spectroscopy. The analyses were
carried out with the X’Pert PRO X-ray diffractometer (PANalytical, Almelo, The Netherlands, MPD
PW3040/60 XRD; Cu KR Anode; A=1.541 A; 45 kV; 40 mA). All the samples were analysed applying a
starting angle of 5° and an end angle of 30°. Data were collected using the X’Pert Data Collector software
(PANalytical B.V.).

2.7 In vitro drug dissolution tests

The in vitro drug dissolution tests were done to elucidate the differences between the loading methods in
terms of drug release kinetics. The dissolution of ketoprofen was tested on individual microcontainer chips.
Briefly, the chips were glued with carbon pads on Teflon-coated magnetic stirrers and placed into vials filled
with 10 mL of milliQ water. The vials were then immersed in a thermostatic bath at 37 °C and put under
stirring (100 rpm). At defined times, 50 uL were collected from each vessel and analysed by means of UV-
VIS at 259 nm (Nanodrop 2000C, Thermo Scientific, UK). After dissolution, the microcontainers were
observed with an optical microscope and SEM (data not shown). The amount of drug loaded by means of

scCO, was estimated by the final concentration value obtained after 24 h of dissolution.

2.8 Statistics

All data is represented as mean and standard deviation. When appropriate a student T test (GraphPad Prism,
version 6.05) was used to carry out statistical analyses. P-values below 5% (p < 0.05) were considered

statistically significant.
3. Results and discussion

3.1 Polymer morphology after hot punching and drug loading

The thickness of PCL films obtained by spin coating on PDMS-coated Si wafers was measured by contact

profilometry. In Fig. 2, the thicknesses of the films made with different spin rates are reported.
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Figure 2: Thicknesses of the PCL films as a function of the spinning rate.

All films prepared showed a thickness lower than that of the microcontainers cavity depth (70 um) and,
therefore, they were found suitable for hot punching. Since the films obtained at 1250 rpm showed the best
reproducibility, they were used for the subsequent hot punching. During the punching process, heat was
applied on both plates of the press on which the microcontainers chip and the PCL-PDMS or the
Ketoprofen+PCL-PDMS films were positioned. The applied temperature of 65 °C is slightly above the
melting point of PCL allowing the polymer to reflow and facilitating the penetration of the microcontainers
chip through the film. Upon release of the pressure, the punched PCL film was released from the PDMS and
confined inside of the SU-8 reservoirs. This transfer occurs due to the higher work of adhesion between PCL
and the SU-8 container mold compared to the work of adhesion between PCL and the hydrophobic PDMS
layer on the Si carrier substrate.

In Fig. 3, SEM images of microcontainers before and after hot punching are shown. As it can be observed,
PCL is homogeneously filled in large arrays of microcontainers with no polymer residues lying in between

them.

Figure 3. SEM images of SU-8 microcontainers before (a) and after (b) hot punching with PCL.



To visualize the level of polymer filling, microcontainers were scanned by XuCT at different angles (Fig. 4).
The contrast of the resulting images was adjusted to distinguish the transferred PCL film from the
surrounding SU-8 and the background. As it can be seen in the cross section in Fig. 4, an empty
microcontainer was discernible from the ones filled with polymer. The measured thickness of the hot-
punched PCL inside the microcontainers was 48 + 2 um. This thickness was identical to the one of the spin
coated films measured by profilometry and slightly lower than the container cavity depth. Consequently, the
film was not deformed during hot punching which supports the hypothesis that the walls of the

microcontainers were able to cut through the PCL film.

Figure 4. X-ray tomography image of a microcontainer chip after polymer deposition in a cross-sectional

view a) empty microcontainer and b) array of microcontainers filled with PCL.

After the hot punching, the PCL-filled microcontainers were loaded with ketoprofen by scCO, impregnation
at 40 °C. Fig. 5 represents the SEM images of the microcontainers after impregnation performed at 100 bar
for 2 hours (HPCO,-100) and 200 bar for 4 hours (HPCO,-200). The two different conditions were chosen to
understand their effect on ketoprofen loading, dissolution rate and swelling of the polymer. The comparison
of Fig. 3b and Fig. 5 suggests that the polymer underwent substantial morphological changes in the micron
scale upon exposure to the compressed fluid. The impregnation at 200 bar caused a more pronounced
swelling of the polymer than at 100 bar. Such deformation of PCL was expected as higher pressure causes an

increase in the pore dimensions (Moghadam et al., 2017).
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Figure 5. SEM images of PCL filled-microdevices after the supercritical impregnation with ketoprofen at (a)
HPCO,-100 (100 bar, 40°C, 2 h) and (b) HPCO,-200 (200 bar, 40°C, 4 h).

3.2 In vitro dissolution experiments

The dissolution experiments were carried out on HPCO,-100, HPCO,-200 and HP samples to evaluate the
drug release Kkinetics. Initially, the amount of ketoprofen loaded was assessed for the two HPCO, samples
(Table 2). Indeed, as reported in Table 2, there is no significant difference in the amount of ketoprofen
loaded (p > 0.05) despite the different pressure and time used for scCO, impregnation. It is important to
notice that at the same scCO, parameters, the loading of ketoprofen in PCL was lower than what was found
for PVP (Marizza et al., 2014), being equal to 0.13 + 0.07 mg for the former and to 0.58 £+ 0.01 mg for the
latter. This fact might be explained by a different affinity between ketoprofen and the two polymers. This is
in accordance with the results reported by Moghadam et al., where a higher molecular weight leads to lower
porosity of the matrix and, consequently, a lower impregnability (Moghadam et al., 2017). As it can be seen
in Fig. 6, the HPCO, samples displayed similar ketoprofen dissolution profiles despite the different swelling
of PCL (Fig. 5). The SEM images, combined with the dissolution studies, show that CO, was able to
permeate the PCL film hot-punched into the microcontainers even at moderate conditions of temperature and
pressure (40 °C, 100 bar) and that the drug had been loaded into the polymer matrix. HP samples were
prepared with the same ketoprofen/PCL weight ratio (1:10) as the one measured for HPCO, samples. The
release of ketoprofen from HP was significantly slower compared to HPCO,-100 and HPCO,-200 (Fig. 6).
During the first 3 h, drug release from HP followed zero-order release kinetics whereas the impregnated
samples displayed a burst release. Indeed, after 3 h, only 44.9 + 9.0 % of the total amount of ketoprofen was
released compared to 80.7 £ 9.8 % and 91.8 + 7.5 % from HPCO,-100 and HPCO,-200 samples, respectively
(p < 0.01) (Fig. 6, inset). This variation could be attributed to the difference in porosity between HPCO, and
HP due to the scCO, step in which PCL swells. A similar release profile was seen by T. Potr¢ et al. for a
PCL film loaded with ibuprofen by scCO, impregnation (Potr¢ et al., 2015). Another explanation could be
differences in distribution of ketoprofen in the PCL matrix. It is plausible that ketoprofen is mostly present in

the top layer of the PCL matrix when loaded by scCO, impregnation. Conversely, the drug distribution in the



ketoprofen+PCL films, that were transferred by hot punching, might be more homogenous, with ketoprofen

present in the PCL matrix throughout the complete microcontainers depth.

Table 2: Drug loading of PCL filled microcontainers by means of scCO, impregnation. Data represented as
mean £ SD (N = 3).

Loaded
Sample Parameters ketoprofen per chip
[mg]
HPCO,-100 100 bar 40 °C 2 h 0.1+0.01
HPCO,-200 200 bar40°C4h 0.13+0.07
HP - 0.08 £0.03
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Figure 6: In vitro dissolution studies of ketoprofen from HPCO,-100 (blue), HPCO,-200 (black) and HP

(red). The inset represents a zoom of the dissolution plots in the first 3 hours.

3.3 Physical state of ketoprofen

APIs included in class Il (BCS) are poorly water soluble and highly permeable, this typically entails low oral
bioavailability (Dengale et al., 2016). Ketoprofen falls into this class of pharmaceuticals and therefore
improving its solubility is crucial. It has been demonstrated that the amorphous state of ketoprofen has a
higher solubility and, consequently, a higher oral bioavailability than the crystalline state (Chan et al., 2015).

Raman spectroscopy and XRPD analyses were jointly used to evaluate the solid state of ketoprofen in both
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HP and HPCO,-200. Fig. 7 depicts the Raman scattering spectra of ketoprofen powder, PCL film, HP and
HPCO,-200. All samples with ketoprofen showed two characteristic peaks marked by the dotted lines. The
vibrational mode at 1655 cm™ is related to the inter-ring carbonyl [C=0Q] stretching mode. The peak at 1599
cm™ represents the [C-C] stretching mode of ketoprofen. The [C=0O] vibrational mode exhibited a lower
intensity and a higher amplitude in all the spectra of the film specimens compared to the pure crystalline
drug. As previously observed in the case of ketoprofen impregnated into matrices of poly(vinyl pyrrolidone)
(PVP) (Marizza et al., 2016), the Raman intensity of the ketoprofen [C=0] stretching mode exhibited a lower
intensity than the [C-C] stretching mode at 1602 cm'. Moreover, the Full Width at Half Maximum
(FWHM) of the [C=0] stretching mode for the drug loaded in microcontainers was larger compared to the
crystalline ketoprofen. Such recorded changes might be associated with a rearrangement of ketoprofen into a
less organized amorphous state. In the vibrational patterns of both hot punched and impregnated
microcontainers no detectable frequency shift of the [C=0] mode was found, suggesting that no formation of
hydrogen bonds occurred. The presence of amorphous ketoprofen was confirmed by XRPD spectra (Fig. 8).
Both the HP and HPCO,-200 did not show the characteristic peaks of crystalline ketoprofen (Marizza et al.,
2014). Conversely, the distinctive patterns of the crystalline PCL (20 = 22°, 22.5°, 24°) (Kister et al., 2000)
could be observed.

A (b)
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Figure 7. Raman spectra of (a) crystalline ketoprofen; (b) PCL film; (¢) HP and (d) HPCO,-200.
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Figure 8. X-ray powder diffraction patterns of (a) crystalline ketoprofen powder; (b) PCL film; (c) HP and
(d) HPCO,-200.

4 Conclusions

The use of microfabricated devices for oral drug delivery is becoming more and more popular. Within this
field, the development of new drug loading techniques to control the release of active pharmaceutical
ingredients is crucial.

In this study two loading techniques were compared: i) hot punching of a PCL film followed by supercritical
carbon dioxide impregnation with ketoprofen and ii) hot punching of a ketoprofen+PCL drug polymer film.
X-ray powder diffraction and Raman spectroscopy showed that both with scCO, treatment and only hot
punching, the drug was in its amorphous state after loading. Despite a remarkable difference in the polymer
morphology between the two scCO, impregnation setups used, the change of process parameters did not
result in any significant differences in terms of ketoprofen loading and release. Conversely, for the
ketoprofen+PCL film a slower release profile was exhibited compared to the scCO, impregnated samples.
Overall, the technique comprising the hot punching of PCL, followed by the loading of drug by scCO, might
be advantageous for APIs where a burst release is needed. On the other hand, the hot punching of a

drug+PCL film might be suitable for APIs that require a more sustained or zero-order release.
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Abstract

To enhance oral bioavailability of poorly soluble drugs, microfabricated devices such as
microcontainers can be used. Microcontainers are cylindrical microdevices with only the top
side open which can be drug-loaded with supercritical CO; (scCO,) impregnation. One main
drawback of this technique is the unknown drug distribution in the polymer matrix. The
loading of two poorly soluble drugs, naproxen and ketoprofen by scCO, impregnation into
confined polymer matrices is investigated. Three different sizes of microcontainers with
different surface areas accessible for impregnation are compared keeping the total surface
area per chips constant. From in vitro studies, the amount of loaded drug into the different
sizes is similar. A custom-made Raman microscope facilitates volumetric Raman maps of an
entire microcontainer filled with polyvinylpyrrolidone (PVP) and scCO, impregnated with
either naproxen or ketoprofen. In all microcontainer sizes, the drugs are only detected in the
top layer of the polymer matrix. Using X-Ray Powder Diffraction and Raman spectroscopy,

the solid state form of the drugs is evaluated showing that ketoprofen is amorphous in all
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microcontainer sizes and naproxen is found not to be crystalline. In conclusion, volumetric

Raman mapping is a powerful tool for imaging drug distribution in polymer matrices.

1. Introduction

Among the different administration routes of drugs, oral delivery is preferred by the patients
since the formulation can be self-administered leading to high compliance.™ Even though,
this route has many advantages, it is often challenging to deliver drugs orally, for example due
to the harsh conditions in the stomach and the poor permeability over the intestinal wall.l"
Many drugs are classified as poorly water soluble in the biopharmaceutics classification
system (BCS, class 11 and 1V).>®! For oral delivery of poorly soluble drugs, solubility and
dissolution rate need to be improved to obtain an acceptable bioavailability. One approach for
achieving this, is to convert the drug to its amorphous form.!” Here, the long range order in
the crystal lattice is lacking and the disordered structure results in improved solubility and
dissolution rate.*® The disadvantage of the amorphous form is its physical and chemical
instability and due to that, it can convert back to its metastable or stable counterpart during
storage and/or dissolution.!® There are various techniques to improve the physical stability of
the amorphous form e.g. co-amorphization of two drugs!” or the most common way is the use
of polymers as excipients.’®’ Another approach for protecting the amorphous drugs is the use
of microcontainers.®! Microcontainers are cylindrical, polymeric microdevices with only the
top side open. Previously, it has been highlighted that confinement of the amorphous poorly
soluble drug indomethacin reduced the re-crystallization rate by 1.8 fold compared to
unconfined bulk samples.®! In particular, using microcontainers with reservoir diameters of
174 um, 29.0 + 2.6 % of the amorphous indomethacin crystallized over a period of 30 days
compared to microcontainers with diameters of 223 pum where 38.3 £ 1.5 % crystallized. This
indicates that microcontainers with smaller diameters enhance the stability of the amorphous

drug loaded inside.® In addition to the stabilization properties, microcontainers have been
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used for improving oral drug delivery by protecting the drug from the harsh gastric

(19121 Eyrthermore, it has been

environment and providing a release in the small intestine.
demonstrated that microcontainers adhere to the intestinal mucus layer leading to higher
relative oral bioavailability in rats of model drugs such as ketoprofen and furosemide
compared to controls.!*34

In spite of the advantages of utilizing microdevices for oral drug delivery, loading drugs into
the small cavities can be challenging since all of the well-known techniques for preparing oral
formulations, such as tableting, cannot be used. Supercritical CO; (scCO,) impregnation is
one of the techniques that can be used for loading drugs into polymer-filled microcontainers.
The critical point of CO, is 31.1 °C and 73.8 bar and due to those mild conditions, this
technique is suitable for drug loading. In addition, it can be used in combination with various
polymers.'®>*®! It has previously been demonstrated that the hydrophilic polymer
polyvinylpyrrolidone (PVP) could be loaded into microcontainers as a polymer matrix and
impregnated by scCO, with the drug ketoprofen.'"*® It was found that ketoprofen was in its
amorphous form after impregnation in the PVP matrix inside the microcontainers.'
However, the influence of the size of the confined polymer volumes loaded by supercritical
impregnation has never been investigated. One of the main challenges for systematic studies
of drug loading with this technique has been the unknown three-dimensional (3D) drug
distribution in the polymer matrix after CO, impregnation. Therefore, it has not been possible
to understand the influence of the parameters on the release profiles and the drug-polymer
interactions. 617191

In the literature, the distribution of impregnated or encapsulated material has been studied
with various techniques. Polymeric membranes have been examined with energy dispersive
X-ray analyses, obtaining a two-dimensional (2D) map,™ and this technique has also been

successfully used for 3D mapping of nanoparticles.’” Dispersive X-ray Absorption

Spectroscopy (WED-XAS) tomography has been utilized and was able to resolve both 2D and
3
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3D spatial distribution of chemical species from different iron mineral standards./!

Alternatively, Raman spectroscopy has been used to evaluate the distribution of a drug inside
a 3D printed tablet.?? Previously, a 2D map of a cross section of tablets using Raman
spectroscopy has been obtained, understanding the distribution of three different components
in an area of 4 x 4 mm.!*®! Cross sectional mapping with Raman spectroscopy is a destructive
method and in case of a confined polymer matrix (i.e. for microcontainers) this application is
not possible. Furthermore, for investigations with Raman spectroscopy, the polymer and drug
normally have a relatively low transparency under laser excitation. For reaching an acceptable
Raman signal at the bottom of samples as deep as e.g. a microcontainer reservoir, a highly
sensitive method for confocal Raman microscope has been developed.

The aim of this study was to investigate the loading of two BCS class Il drugs, naproxen and
ketoprofen using scCO, impregnation into confined polymer matrices of different sizes. For
this purpose, three different sizes of microcontainers (small, medium and large) and thereby,
different surface areas accessible for impregnation were compared. Furthermore, the quantity
and solid state form of ketoprofen and naproxen loaded into the microcontainers was
evaluated. Finally, the 3D distribution of the drugs in the 300 um deep polymer matrices was

analyzed by confocal Raman microscopy.

2. Results and discussion

2.1. Fabrication of microcontainers

Cylindrical microcontainers with three different sizes were successfully fabricated (Table 1
and Figure 1). The reservoir depth of the microcontainers with the different sizes was kept
constant at 225 um. The number of microcontainers per chip was chosen to keep the total
polymer volume and the total surface area exposed to the supercritical CO, similar for the

different sizes (Table 1). Due to this, it was possible to compare the influence of the
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microcontainer size on quantity and distribution of the poorly soluble model drugs loaded
with supercritical CO, impregnation.

2.2. Loading of ketoprofen or naproxen into the microcontainers using supercritical CO,
impregnation

Every chip was manually filled with approximately 0.9 mg of PVP powder (Figure 2a), the
amount varied slightly for the different sizes (Table 2). Followed by the filling with PVVP, one
chip per size was then simultaneously loaded with ketoprofen or naproxen. A SEM image of
the medium size microcontainers after scCO, impregnation with ketoprofen can be seen in
Figure 2b. In a previous study, the amount of PVP filled per chip was higher.2¥ This is due to
the fact that, even if the medium size microcontainers chip has similar dimensions to that used
in the reported study, the number of microcontainers is reduced from 625 to 256.

2.3. In vitro release of ketoprofen or naproxen from the microcontainers

The quantity of ketoprofen or naproxen loaded into the microcontainers with different sizes
was evaluated in order to assess if there was an influence of the dimension of the surface
exposed to scCO,. The quantity of the loaded ketoprofen or naproxen in small, medium or
large microcontainers was obtained from the release studies (Table 2 and Figure 3). The
release profiles of the small, medium and large microcontainers loaded with ketoprofen
showed similar release profiles without any significant differences (Figure 3a). The same
behavior was observed in the case of naproxen (Figure 3b).

The total amount of ketoprofen loaded in the small size of microcontainers compared to the
medium and to the large was not significantly different (p-value: 0.4049 and p-value: 0.3667,
respectively). No significant difference was observed between the loaded quantity of
ketoprofen in the medium and in the large microcontainers (p-value: 0.8098). The same
similarities, as observed for ketoprofen, were found for the total amount of naproxen loaded.
In fact, the naproxen in the small size was not statistically different compared to the amount

of drug in the medium or the large microcontainers (p-value: 0.1071 and p-value: 0.2431,
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respectively). Comparing the medium with the large size of microcontainers, the total amount
of the loaded naproxen also did not result in statistically different drug loadings (p-value =
0.3286).

Since the solubility of the two drugs in the scCO, was set to be the same, the release
experiments allowed for comparison of loading the two poorly water-soluble drugs into the
microcontainers with three different sizes. Within the first 10 min, 90 % of ketoprofen or
naproxen was released (Figure 3) from all sizes of microcontainers. No statistical difference
in the loaded amount of ketoprofen or naproxen was discernible independent of the size of the
microcontainers. Indeed, comparing the loaded amount of ketoprofen and naproxen in the
small sizes, the p-value was equal to 0.4374. For the medium and large sizes, the p-values
corresponded to 0.0642 and 0.1351, respectively.

Consequently, there was no difference in loading a BCS class Il drug such as ketoprofen or
naproxen in a polymer matrix (PVP) having smaller or larger surface exposed to the scCO..
This suggests that the size of the microcontainer opening had no influence on the quantity of
drug loaded into the microcontainers. Furthermore, both BCS class Il drugs were released
with similar kinetics from the different sizes of microcontainers demonstrating the versatility
of the method.

2.4. Three-dimensional distribution of the drugs in microcontainers

It was possible to obtain 3D maps of polymer and drug-loaded microcontainers down to a
depth of 270 um (the entire height of the microcontainer) using our custom-made Raman
microscopy technique. To avoid heating of the sample due to relatively high absorption of the
laser, the temperature was kept constant at 8°C. To distinguish the various materials (PVP,
ketoprofen/naproxen, SU-8 or Si) in the samples, a chemical decomposition was performed
on the spectra (Figure 4). In Figure 4, the same microcontainer 3D map reconstruction is

shown in three different perspectives; an overview, a cross section view and a top view.
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For all sizes of microcontainers loaded with either ketoprofen or naproxen, the drug was
mainly impregnated in the top layers of the polymer matrix confined within the
microcontainers walls. The results obtained in the in vitro release studies showed that both
drugs reached 90 % of release within 10 min. The fast release could be explained by the fact
that the drugs were mostly on top of the polymer matrix and not deeply inside the
microcontainer reservoir. It is important to notice that the drug was distributed with the same
morphology as PVP. It can therefore be speculated that in a more porous polymer matrix, the
drug could have penetrated deeper during the supercritical impregnation. In the top view of
the microcontainers, it is possible to notice that both drugs were homogenously distributed in
the PVP. Furthermore, ketoprofen and naproxen were absent on the edge of the SU-8
microcontainers meaning that both drugs were preferentially deposited in the PVP matrix and
not on SU-8. This technique can be useful to analyze polymer matrices for drug delivery in
tissue engineering since the drug depth in the polymer matrix affects the release kinetic of the
drug.l?

2.5. Solid state analyses of the drugs loaded into the microcontainers

It has previously been shown that loading ketoprofen in a PVP matrix led to its conversion
into its amorphous form.** |In Figure 5a, the diffractograms from XRPD of the small,
medium and large size of microcontainers loaded with ketoprofen showed a halo, distinctive
of an amorphous form. This indicated that the loaded ketoprofen was amorphous. In the case
of naproxen loaded into the PVP matrix in the different sizes of microcontainer, the
diffractograms also showed a halo for the small microcontainers (Figure 5b). For the medium
and large microcontainers, the halo still appeared, but with a few peaks comparable to those
of the crystalline diffractogram of naproxen. Probably, a low crystallization of the drug
occurred in the medium and large microcontainers. In the literature, studies showed that when
naproxen has been combined with excipients or other drugs, a stable amorphous form could

be obtained?®>?! despite the high tendency of naproxen to recrystallize.?) In particular, Liu et
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al. showed that naproxen was amorphous even after 4 months when it was thermally treated
and combined with PVP.[?*] A connection between the microcontainers size and the stability
of naproxen amorphous form may therefore exist. This confirms what has previously been
shown: smaller sizes of microcontainers prolonged the stability of the amorphous form of
indomethacin (BCS class I1 drug).”

The results obtained by means of XRPD were confirmed by Raman spectroscopy for both
drugs (Figure 6). The spectra from the microcontainers loaded with ketoprofen resulted to be
the same as the amorphous ketoprofen spectrum confirming that ketoprofen is amorphous
when loaded in PVP matrices by scCO, impregnation (Figure 6a). Due to the instability of
naproxen, it was not possible to obtain a Raman spectrum of its amorphous form therefore,
the peak-shifts were analyzed (Figure 6b). In particular, the peaks at 1626, 1390 and 740 cm™
in the crystalline naproxen spectrum are shifted to 1630-1632, 1387-1389 and 742 cm™ in the
spectra corresponding to microcontainers loaded with naproxen meaning that naproxen loaded
in the microcontainers is not in its crystalline form. Previously, the same peak-shifts have
been considered, together with other techniques, to show the amorphous state of naproxen
when co-milled with cimetidine./*!

3. Conclusion

In this study, the influence of the surface exposed to scCO, was evaluated when loading two
poorly water soluble drugs in a PVP polymer matrix confined in microcontainers. The release
studies showed that the amount of loaded naproxen or ketoprofen was the same, when
keeping the total surface area constant, and the release profiles were similar having 90 % of
the drug released within 10 min. For microcontainers of different sizes, the loaded amount of
drug nicely correlated with the surface area of the PVP matrix exposed to supercritical CO,
during impregnation. To evaluate the 3D distribution of the drug in the polymer matrix in the
microcontainers, a custom-made Raman microscope allowed obtaining volumetric Raman

maps of the complete microcontainer volume. In the small, medium and large microcontainers,
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ketoprofen or naproxen were impregnated on top of the polymer matrix explaining the fast
release obtained in the release studies. Moreover, the solid state form of the drugs was
evaluated showing that ketoprofen was amorphous in all microcontainers sizes and naproxen,
despite its instability, was found not to be crystalline.

4. Experimental Section

Materials: Silicon (Si) wafers (4-in, b100N n-type) were provided by Okmetic (Vantaa,
Finland). SU-8 2075 and SU-8 developer were purchased from Microresist Technology
GmbH (Berlin, Germany). Polyvinylpyrrolidone (PVP) (Molecular weight of 10,000 Da),
ketoprofen powder (=98 %, racemate) and phosphate buffer saline (PBS) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Naproxen was purchased from Fagron (Newcastle
upon Tyne, England). Deionized water (18.2 mQQ) was acquired from Merck KGaA
(Darmstadt, Germany).

Fabrication of microcontainers: Squared chips of microcontainers with dimensions of 12.8 x
12.8 mm? were fabricated on Si wafers in the epoxy-based photoresist SU-8 using a similar
procedure as described previously.”! Three different sizes of microcontainers were produced
having three different cavity diameters (small, medium and large) and the same cavity height.
The number of microcontainers per chip for the three different sizes was chosen to keep the
total polymer surface exposed to the scCO, per chip constant, and thereby also the total
polymer volume constant. The dimensions of the microcontainers were measured using an
Alpha-Step 1Q Stylus Profilometer (KLA-Tencor Corporation, Milpitas, USA) and an optical
microscope.

Loading of naproxen and ketoprofen into the microcontainers using supercritical CO;
impregnation: The microcontainers on Si chips were manually filled with PVVP blowing away
the excess powder in between the microcontainers using an air gun in a similar setup as
described previously.**! One chip of each size (small, medium and large) was placed within a

supercritical CO, chamber, together with 4.8 £ 0.1 mg (n=3) of ketoprofen powder or 6.0 +
9
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0.03 mg (n=3) of naproxen. The impregnation with ketoprofen was conducted by bringing
CO; to its supercritical state at 120 bar and 45°C keeping it under stirring for 1 h. The
impregnation with naproxen was performed bringing CO;, to 100 bar and 40°C. These
parameters were chosen to have a solubility in the supercritical CO, of 0.06 g/L for both drugs.
(2930 The pressurization and depressurization rate were 3.9 bar/min and 2.5 bar/min,
respectively, for both drugs. The chips with microcontainers were weighed before and after
filling with PVP to determine the amount of polymer loaded into the microcontainers. A
tabletop Scanning Electron Microscope (SEM) TM3030Plus (Hitachi High-Technologies,
Tokyo, Japan) was used to visualize the microcontainers after filling with PVP and after the
impregnation process.

In vitro release of ketoprofen or naproxen from the microcontainers: For determining the
release of ketoprofen or naproxen over time, a p-Diss profiler (pION INC, Woburn, MA),
equipped with in situ UV probes with a path length of 10 mm for ketoprofen and 5 mm for
naproxen was used. The release studies were performed in PBS at pH 6.5 for 120 min.
Standard curves of either ketoprofen or naproxen were obtained before each release
experiment. In order to prepare the standard curves, aliquots of a stock solution of ketoprofen
(5 mg/mL in ethanol) or naproxen (3 mg/mL in ethanol) were added to known volumes of
PBS, and the absorbance was assessed in a range of 250-260 nm for ketoprofen and at a
wavelength of 230 nm for naproxen.

For the release experiments, the chips with drug-loaded microcontainers were attached to
cylindrical magnets and placed inside glass vials. 10 mL of PBS buffer were added to the
vials immediately before starting the experiment. All the release studies were run at 37°C
stirring the chips at 100 rpm. The experiments were performed in triplicates for each drug and
for each size of microcontainers, the data are presented as mean (normalized by the quantity

of PVP filled) + SD.
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Three-dimensional distribution of the drugs in microcontainers: Volumetric Raman
microscopy was used to evaluate the distribution of ketoprofen or naproxen in the
microcontainers with the three different sizes. The microscope collected Raman spectra in the
range of 350-2400cm™ with a spectral resolution of 2.5 cm™ under the excitation of a 785 nm
laser. The laser power was 35 mW, and the diffraction limited spot size was equal to 1.7 um
with the usage of a 100x/0.75 HD DIC Zeiss microscope objective. The chip of
microcontainers was placed on the surface of a custom-made Peltier stage and kept at 8°C
during the Raman measurements. With the usage of this custom-designed Raman microscope,
it was possible to acquire a spectrum for each point of the sample. These Raman spectra were
studied performing a non-negative least squares analysis to obtain quantitative chemical
response, visualized as voxel based 3D images.'%?

Solid state analyses of the drugs loaded into microcontainers: X-Ray Powder Diffraction
(XRPD) was used to determine the solid state form of ketoprofen or naproxen in the
microcontainers. An  X'Pert PRO  X-ray diffractometer (PANalytical, Almelo, The
Netherlands, MPD PW3040/60 XRD; Cu KR anode, A = 1.541 A, 45 kV, 40 mA) was utilized.
A starting angle of 5° 20 and an end angle of 28° 20 were employed for the scans with a scan
speed of 0.67335° 20 /min and a step size of 0.0262606° 20. Data were collected
using X’Pert Data Collector software (PANalytical B.V.). The diffractogram of naproxen or
ketoprofen loaded in the microcontainers were compared to the pure crystalline drugs. In
addition, Raman microscopy was used to investigate the solid state form of the drugs. The
spectra measured from the naproxen or ketoprofen loaded into the microcontainers were
collected as described in “Three-dimensional distribution of the drugs in microcontainers”
section. For the spectra of crystalline and amorphous ketoprofen, naproxen and PVP the laser
power was 35 mW and the exposure time was 2 s. The amorphous ketoprofen was prepared
by melting the crystalline ketoprofen powder at 98°C on a heating plate followed by

immediately measurements of the sample.
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Statistics:All of the data are expressed as mean + standard deviation (SD). Statistical analysis
were carried out, where relevant, using Student t-tests (GraphPad Prism, La Jolla, CA, USA,
version 7.04). P-values below 5 % (p < 0.05) were considered statistically significant.
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Table 1. Numbers showing the dimensions of the SU-8 microcontainers, amount of

microcontainers per silicon chip and total polymer surface area per chip. The data represents
mean + SD in 8 replicates.

Total polymer

Internal Number of
Sample microcontainer microcontainers surface area
diameter [um] per chip exposed to SCC202
per chip [mm?]
Small 97 +6 1024 31+4
Medium 191+9 256 30+3
Large 413 +5 64 34+1
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Figure 1. SEM images of SU-8 microcontainers in the size of a) small, b) medium and c)
large having an internal diameter of 97 £ 6 um, 191 £ 9 um and 413 £ 5 um, respectively.
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Figure 2. SEM images of medium sized microcontainers a) filled with PVP and b) loaded
with ketoprofen using scCO, impregnation. These images are representative examples of the
PVP filling and the drug loading with the supercritical impregnation method.

Table 2. Amount of ketoprofen or naproxen loaded in the three different sizes of
microcontainers. The data represents mean = SD in triplicates.

Total amount of Total amount of

Amount of
. ketoprofen naproxen loaded
Sample P\éﬁigl[lre:g? " loaded per chip per chip
[ug] [ug]
Small 0.94 +0.36 128.3 + 65.9 89.7 + 40.95
Medium 0.82+0.1 91.3+20.1 160.54 £ 42.8
Large 1.03+0.17 86.1 + 28.7 128.23 £ 26.50
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Figure 3. Release profiles of a) ketoprofen) and b) naproxen from small, medium and large
microcontainers performed on a p-Diss profiler in PBS at pH 6.5. The inserts represent the
same profiles zoomed in on the first 10 min. The graphs represent mean = SD in triplicates.
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Figure 4. Volumetric Raman maps of ketoprofen or naproxen loaded into the microcontainers.
The overview, the lateral view and the top view can be seen from left to right for each of the
different sizes of microcontainers: small, medium and large from top to bottom. Ketoprofen or
naproxen are represented in red, PVP in green, SU-8 in yellow and Si in black. The scale bars
correspond to 50 pm.
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Figure 5. (a) XRPD diffractograms of crystalline and amorphous ketoprofen, PVP, small,
medium and large microcontainers filled with PVP followed by impregnation with ketoprofen.
(b) XRPD diffractograms of crystalline naproxen, PVP, small, medium and large
microcontainers filled with PVVP and followed by impregnation with naproxen.
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Figure 6. a) Raman spectra of PVP, crystalline and amorphous ketoprofen, small, medium
and large microcontainers filled with PVP followed by impregnation with ketoprofen. b)
Raman spectra of PVP, crystalline naproxen, small, medium and large microcontainers filled
with PVP followed by impregnation with naproxen. The zoom-in areas show the peak-shifts
in naproxen loaded in microcontainers compared to its crystalline form.
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Three different sizes of polymeric confined matrices are drug loaded with supercritical
CO;, impregnation. With a custom-made Raman microscope, volumetric maps of an entire
confined polymer matrix loaded with drug are obtained allowing for a drug distribution
analysis. For the first time, a 3D distribution analysis has been done on a micrometer size
object without bulky, destructive or expensive techniques.

Keyword polymer matrix, drug distribution, poorly soluble drug, supercritical CO,
impregnation, Raman spectroscopy
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Abstract

The intravaginal route of administration can be exploited to treat local diseases and for systemic delivery. In
this work, we developed an alginate/chitosan membrane sufficiently stable in a simulated vaginal fluid,
which degrade over time at a very slow and linear rate. The membrane demonstrated good mechanical
properties both in its swollen and dry form. As a study case, we evaluated the viability of this potential drug
delivery system for the treatment of bacterial vaginosis, a common disease affecting women in their
reproductive age. Metronidazole was effectively included in the alginate/chitosan membrane and its
bactericide effect was demonstrated against Staphilococcus aureus and Gardnerella vaginalis,
simultaneously showing good biocompatibility with a cervix epithelial cell line. Since this alginate/chitosan
membrane is stable in a simulated vaginal environment, is easy to fabricate and can be used for controlled
release of a model drug, it is a promising drug delivery system for local intravaginal applications.

1. Introduction

Drug delivery systems (DDS) are used to improve the performances of active pharmaceutical ingredients
(APIs). DDS can be used to control the time and site of drug release™?; they can implement mucoadhesive
properties to the formulations® and can be used to lower the risk of adverse effects during treatment* while
increasing the bioavailability®. Tailoring DDS, taking into account the administration route, is crucial:
different materials can be used to address specific issues for different administration routes. The DDS
developed in this work was tailored for intravaginal drug delivery. The vaginal route of administration can be
used to treat diseases systemically®, avoiding the first pass metabolism, and also for the treatment of local
diseases’. Conventional formulations (i.e. suppositories), however, generally have short residence times
which means that the medication does not persist at the site of application, reducing its bioavailability®. So
far, many DDS have been developed to address local diseases in the vaginal cavity improving the
intravaginal residence time®*°. Dobaria et al.”®, for instance, developed a bioadhesive membrane, constituted
of hydroxypropyl cellulose, with the aim of retaining a formulation in the vaginal cavity for 8 h.

The development of intravaginal DDS consisting of bioadhesive and biocompatible materials has been
extensively investigated. Alginate and chitosan have shown promising advantages as materials for
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intravaginal applications***2. Alginate is a well-known polysaccharide commonly used in many DDS due to
its ability to form hydrogels in the presence of calcium and other divalent cations**™*". Chitosan, on the other
hand, is known for its intrinsic mucoadhesive properties'® which have been successfully applied in many
DDS. Chitosan has been frequently used in combination with negatively charged polymers (i.e. alginate and
hyaluronic acid), exploiting their electrostatic interactions™ to form micro/nanoparticles®*® and
membranes® %,

Regarding intravaginal DDS, El-Kamel et al.™ developed a glutaraldheyde-crosslinked alginate and chitosan
intravaginal tablet which was able to incorporate metronidazole, a commonly used antibiotic to treat
Bacterial Vaginosis (BV). Abruzzo et al.*?, developed an alginate and chitosan complex to be used as a
vaginal insert for the controlled release of chlorhexidine digluconate, a common antiseptic. These reported
studies, however, lack a characterization of the degradation of the respective DDS in a simulated vaginal
fluid”,

Ill

In this work, we have developed an alginate (AL) and chitosan (CH) mucoadhesive membrane capable of
encapsulating metronidazole (Met) which is a model class | drug according to the Biopharmaceutical
Classification System (BCS)**®. Met is an antibiotic used to treat Bacterial Vaginosis (BV)?. This disease is
a common infection in women in their reproductive age, with a prevalence of 10 — 50%, worldwide; its main
symptoms are vaginal discharge, risk of miscarriage and preterm birth®’. Although the etiology of BV is not
completely understood this disease is frequently associated with a disturbance of the normal vaginal flora
and an abnormal growth of Staphilococcus aureus (S.a) and Gardnerella vaginalis (G.v.)®*°. We pursued
“an easy to fabricate™ approach to develop the membranes used in this work which showed good mechanical
properties. The most characteristic feature of the developed membranes is their ability to withstand a
simulated vaginal fluid, where the membranes slowly degrade in a quasi-linear fashion during 30 days of
investigation. A biocompatible and mucoadhesive DDS, made of alginate and chitosan and which is able to
tolerate an intravaginal environment at least one month, could be exploited for sustained drug release. To
evaluate the capability of the developed DDS to deliver Met, dissolution studies were performed in a
simulated vaginal fluid. The bactericide ability of the membranes, towards both S.a. and G.v., was
demonstrated. Finally, the DDS was seen to be biocompatible with a cervix epithelial cell line.

2. Experimental section

2.1. Materials

Sodium Alginate (AL, medium molecular weight, Mn 110 kDa, PDI = 4.309) was purchased from Sigma
Aldrich (St. Louis, USA). Chitosan chlorohydrate (CH, Mn 158.3 kDa, deacetylation = 83.6%) was
purchased from Microresist Technology GmbH (Berlin, Germany). CaCO3, D-(+)-Glucono-delta-lactone
(GDL), Metronidazole (Met), NaCl, KOH, Ca(OH),, Bovine Serum Albumin (BSA), lactic acid, acetic acid
(99.8% v/v), glycerol, urea, D-glucose, hydrochloric acid (32% v/v), fluorescein isothiocyanate (FITC),
NaHCOg3, CaCl,, Triton™ X-100, Luria Bertani (LB) broth/agar, Brain Hearth Infusion (BHI) broth and
Phosphate Buffered Saline (PBS) were all purchased from Sigma Aldrich (St. Louis, USA). Streptomycin
and Penicillin were purchased from EuroClone (Milan, Italy). Rozex® 0.75% metronidazole (Met) was
purchased from Nomeco (Copenhagen, Denmark). Keratinocyte-serum free medium (K-SFM), Epidermal
Growth Factor 1-53 (EGF 1-53), Bovine Pituitary Extract (BPE), Oxoid™ AnaeroGen™ 2.5L Sachet and
AlamarBlue® were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All solutions were
prepared using milliQ water (18.2 mQ).



2.2. Membrane fabrication

Membranes were fabricated in a round shaped poly(methyl methacrylate) (PMMA) mold having a flat base
over which a PMMA ring (9; = 55 mm) was screwed tightly. The first part of the membrane development
consisted of the fabrication of an alginate (AL) hydrogel. To obtain a smooth and homogenous hydrogel we
followed, with slight modifications, the approach reported first by Draget and coworkers® and used
frequently thereafter®. Briefly, a suspension of AL 3.16% w/v (AL) and CaCO323.3 mM was kept under
stirring for 24h. 3.92 g of the suspended mixture was poured into the PMMA mold. Then, 2.16 mL of an
84.3 mM GDL solution was added, gently mixing the suspension with a pipette tip for a few seconds. The
addition of GDL caused the dissociation of CaCOs, followed by the crosslinking of AL to form the hydrogel
membrane. To obtain drug loaded membranes, metronidazole 4 wt% was added to the alginate/CaCO3
suspension and the same procedure was applied. The total amount of API present in the final membrane
corresponded to 16 mg. The hydrogel was consequently kept at room temperature (RT) overnight to
crosslink completely. The ring was removed and the AL hydrogel was left to dry at RT. Once dry, the AL
membrane was soaked in chitosan chlorohydrate 0.5% w/v to form a polyelectrolyte complex (PEC). This
was done by firstly pouring 2 mL of the CH solution on a petri dish and placing the AL membrane over it.
Finally an additional 1.5 mL of the CH solution was poured over the AL membrane. The membrane was then
left to absorb the CH solution overnight and was kept at RT until dry. Once ready, the membranes were cut
manually into 4 quarters. For the sake of clarity, the abbreviations AL and AL/CH will be used to represent
one membrane quarter comprised of only alginate and alginate/chitosan respectively throughout the
manuscript. AL+Met and AL/CH+Met will be used to represent membrane quarters comprising alginate and
alginate/chitosan with the addition of 4 mg of metronidazole respectively.

2.3.Swelling studies

The swelling of AL and AL/CH membranes was assessed both in deionized water (DI) and in simulated
vaginal fluid (SVF). The simulated vaginal fluid was made in accordance with the recipe proposed by Owen
et al.”®: NaCl 3.51 g, KOH 1.40 g, Ca(OH), 0.222 g, Bovine Serum Albumin (BSA) 0.018 g, lactic acid 2 g,
acetic acid 1 g, glycerol 0.16 g, urea 0.4 g and D-glucose 5 g were mixed in 1 L of milliQ water, the pH of
the solution was then adjusted to 4.2. AL and AL/CH membranes were first dried overnight at 37 °C and
then soaked in 5 mL of DI water or SVF at 37 °C for the studies. After each time point the excess of medium
was blotted away using filter paper and the samples were weighed. The water uptake was calculated
according to Equation 1.

ww-wd

Water uptake (%) = wa 100 1)

Where W,, corresponds to the weight of the wet sample after soaking at each time point and Wy corresponds
to the weight of the dry sample.

2.4. Mechanical characterization

The mechanical properties of the developed membranes were evaluated both in their dry and swollen state.
The aim was to understand the effect of the inclusion of chitosan and metronidazole in the formulation, in
terms of both compressive modulus (E) and compressive strength at break (o). A tensile stress test was used
to characterize the dry membranes. Compression studies were instead conducted to characterize the swollen
membranes. The results of the tensile and compression studies are, consequently, not comparable.



24.1. Tensile stress test

To characterize the mechanical properties of the membranes in their dry state, tensile tests were performed.
The tensile stress test was performed using an INSTRON 5967 (Tensile & Compression Testers, Cambridge,
Massachusetts, USA) equipped with a 500 N load cell following the ASTM D882-12. AL+Met and
AL/CH+Met membranes were cut to obtain rectangles of 3x1 cm and held vertically between two clamps
exposing 1 cm of the membrane in between the clamps. The thickness of the AL+Met membrane was
49 + 2 um and that of AL/CH+Met was 46 + 4 um. The test was carried out at room temperature using a
stretching rate of 0.5 mm/min until fracture. The Young's Modulus (E) and the tensile stress at break (o)
were measured.

2.4.2. Compression studies

To characterize the mechanical properties of the membranes swelled in SVF we performed a compression
study. The compressive modulus (E) and the compressive strength at break (o) of the membranes were
determined using a Texture Analyzer (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 (&
= 6 mm) from each membrane tested: AL, AL/CH and AL/CH+Met. Investigation on each type of
membranes was repeated thrice. The cylinders were kept in SVF for 10 min at T = 37 °C to reach
equilibrium swelling prior to the analysis. The samples were then removed and quickly tested at RT. The
texture analyzer probe was moved towards the sample until a trigger force of 2.0 g was measured. Uniaxial
compression force was from thereafter applied with a displacement rate of 0.01 mm/sec until gel rupture
occurred.

The compressive modulus was calculated from the slope of the stress—strain curve (c-¢) at the target strain of
20%.

2.5. Morphological investigation

Scanning Electron Microscopy (SEM) was used to evaluate the morphology of the prepared membranes and
to evaluate the distribution of the metronidazole within them. Cross-sectional views of AL, AL+Met, AL/CH
and AL/CH+Met membranes were obtained using a Zeiss Supra 40VP Field Emission Scanning Electron
Microscope (SEM, Carl Zeiss Microscopy GmbH, Jena, Germany) in high vacuum mode with an energy of
2 KeV.

2.6. Confocal microscopy

Confocal Microscopy (CM) was used to evaluate the adsorption of chitosan within the alginate membrane.
Chitosan was labeled with Fluorescein isothiocyanate (FITC) according to a previous published procedure®.
Briefly, 90 mg of chitosan was dissolved in 30 mL of milliQ water (pH = 4.7). 200 uL of a Fluorescein
isothiocyanate solution 0.5 mg/mL in sodium bicarbonate buffer (50 mM) was then added to the chitosan
solution. The reaction mixture was then kept at RT in a dark environment for 24h under constant stirring.
Later, the mixture was dialyzed in a dark environment in a dialysis bag (cut-off = 12 kDa, Sigma Aldrich, St.
Louis, USA). The dialysis was initially performed against NaHCO3; 50 mM (V = 2 L, t =24 h), continued
against NaCl 100 mM (V =2 L, t = 24 h) and concluded against deionized water until the conductivity of the
external solution resulted to be lower than 3 puS/cm at 4 °C. The pH of the solution was finally adjusted to
4.5 and the solution was then freeze-dried.

The Fluorescein labeled chitosan (CH-FI) was used to prepared AL/CH-FI membranes using the same
approach described in the “Membrane fabrication” section with slight modifications: a solution of CH 0.45%



w/V + CH-FI 0.05% w/V was, in fact, used instead of the CH 0.5% w/V solution. Once dry, the AL/CH-FI
membrane was positioned transversally over a microscope slide. Confocal microscopy analyses were
performed using a Nikon Eclipse C1-si confocal laser-scanning microscope with a Nikon Plan Apochromat
40x as objective. The resulting stacks of images were analyzed using the Fiji software.

2.7. Invitro Mucoadhesion

The mucoadhesiveness of AL+Met and AL/CH+Met membranes was evaluated using gilt’s vagina (obtained
from a slaughter school, Roskilde, Denmark) as a model tissue. The measurements were conducted by means
of a texture analyzer (TA.XT Plus, Texture Technologies Corp. and Stable Micro Systems, Ltd. Hamilton,
MA) equipped with a 500 g load cell. The mucoadhesion was evaluated by means of a tensile stress test. The
work of adhesion (W,4) and detachment force (Fq) required to detach a membrane sample from the tissue
were taken into consideration to represent the mucoadhesiveness. Following the protocol suggested by Neves
et al.®, with slight modifications, the tissues were washed with PBS and cut in half exposing the mucosa.
After rinsing, the tissues were frozen at -20 °C until further use.

Prior to the adhesion studies, the tissues were defrosted in PBS for 60 min at 37 °C. The excess of liquid was
blotted away using filter paper; the tissue was finally placed flat on a support to be used for analysis. Before
starting the measurements, to maintain physiological conditions, the tissue was wetted with 50 puL of SVF.
The excess of liquid was carefully removed with filter paper. The membranes were cut in pieces
(9@ =10 mm) and attached to the probe by means of adhesive tape.

The probe was put in contact with the tissue with a speed of 0.50 mm/sec. Intimate contact between the
sample and the vaginal tissue was ensured pressing the vaginal tissue with the probe until the applied force
was equal to 0.05 N. The membrane was kept in contact with the tissue for 60 seconds. The probe was
thereafter pulled to its initial position at a speed of 2.50 mm sec™. All experiments were carried out at
37 £ 1 °C. Each sample was tested on fresh tissue portions. The experiments were conducted at the Technical
University of Denmark under the license number 2018-12-711-07152.

2.8. Membrane degradation

To evaluate the stability of the AL/CH+Met membranes in an intravaginal environment, degradation studies
were conducted in SVF at 37 °C. AL/CH+Met dry membranes were placed in 5 mL of SVF and kept at
37 °C. The weight of the samples was measured at 0, 15, 30, 60, 120, 240, 360 min and, subsequently, until
30 days at the time points depicted in Figure 4. The excess of water was removed using filter paper prior to
the measure. The remaining weight percentage was thereby calculated according to Equation 2.

Remaining weight (%) = % 100 (2)
Where W, corresponds to the weight of the sample at each time point and W; corresponds to the weight of
the membrane at its highest swelling.

2.9.Dissolution of metronidazole

The release of metronidazole from the AL/CH+Met membranes was evaluated using a p-Diss profiler (pION
INC, Woburn, MA, USA). The dissolution profiles were then compared to that of the pure API in the same
concentration and of a commercially available metronidazole gel (Rozex® 0.75% metronidazole,
GALDERMA). The instrument was initially calibrated in SVF using a stock solution of metronidazole. The
dissolution was therefore conducted for 24h in 25 mL of SVF. 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.

To further evaluate the release kinetics from the membranes, the in vitro dissolution of metronidazole from
AL/CH+Met membranes was also assessed in a custom flow system. This setup was meant at mimicking the
physiological production of vaginal fluid better. The membranes were positioned at an angle of 30° and SVF
was poured over the membranes at a flow rate of 5 mL/h. The medium was collected every 5 min for 1h and
analyzed using a Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, MA,
USA) at 322 nm.

2.10. Cell culture

Cervix epithelial cells Ectl/E6E7 (ATCC® CRL-2614™), kindly provided by Dr. Chiara Agostinis
(University of Trieste, Italy), were used for the in vitro studies. The cell line was cultured in Keratinocyte-
SFM, complemented with EGF 1-53 0.1 ng/mL, BPE 0.05 mg/mL, streptomycin 100 pg/mL, penicillin
100 pg/mL and CaCl, 0.4 mM. Cells were grown in a humidified atmosphere (5% CO,) at 37 °C in 75 cm?
flasks. The medium was changed every 2-3 days.

2.11. Biocompatibility assay

An AlamarBlue® assay was conducted on AL/CH and AL/CH+Met membranes to assess their
biocompatibility. The epithelial ectocervix cell line Ectl/E6E7 (ATCC® CRL-2614™) was used for this
purpose. AL/CH and AL/CH+Met membranes were sterilized under UV for 5 min on each side and placed in
5 mL of Keratinocyte-SFM for 24h at 37 °C. 200 uL of cell suspensions were seeded into 96-well plates
(10,000 cells/well). The well plate was kept overnight at 37 °C (5% CO,) to allow for cell adhesion. The
medium was consequently removed from the wells and the cells rinsed using PBS. Finally, 200 pL/well of:
i) AL/CH membrane extract, ii) AL/CH+Met membrane extract, iii) complete keratinocyte-SFM (control)
and iv) keratinocyte-SFM + Triton 0.1 % V/V, were added. The cells were incubated at 37 °C (5% CO,) for
24h and 48h. After the incubation, the wells were rinsed with PBS and incubated with 300 pL/well of
AlamarBlue® reagent (10% V/V in complete keratinocyte-SFM) for 5h at 37 °C. At the end of this time
frame, 150 pL of the treatment media 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 viability is expressed as the ratio % between the
fluorescence intensity of sample and of the untreated cells (control) after 24h and 48h. The reported results
correspond to an average of three independent experiments.

2.12. Antimicrobial activity of the membranes

The antimicrobial activity of the AL/CH+Met membranes was evaluated against Staphilococcus aureus (S.a.,
ATCC® 25923™) and Gardnerella vaginalis (G.v. DSM No. 4944, Leibniz-Institut DSMZ, Germany).
AL/CH was used as negative control; pure metronidazole was used as positive control. AL/CH and
AL/CH+Met membranes were sterilized under UV for 5 min on each side. For the experiments on S.a., each
membrane and the pure metronidazole were placed in 15 mL tubes, where 500 pL of PBS/LB broth
90%/10% v/v was added to allow the membranes to swell. Bacterial suspensions were prepared by adding
20 pL of S.a., preserved in glycerol, to 5 mL of Luria-Bertani (LB) broth. The obtained suspensions were
incubated at 37 °C overnight. 500 pL of the bacterial suspension was poured in 9.5 mL of LB broth and
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 5x10° bacteria/mL. 5 mL of the S.a. suspension was



poured in the tubes containing the samples: AL/CH, AL/CH+Met and pure metronidazole. All tubes were
placed in a 2.5 L jar containing an Oxoid™ AnaeroGen™ 2.5L Sachets to create anaerobic conditions. The
test was carried out at 37 °C for 24h. After the incubation, bacterial suspensions from each treatment were
vortexed and collected. The S.a. suspensions were consequently diluted in PBS (10™ to 10”). 25 L of the
suspensions and the dilutions were plated on LB agar and incubated overnight at 37 °C in aerobic conditions.
The colony forming units (CFU) were counted the day after. Bacterial suspensions of G.v. were prepared by
adding 200 uL of G.v., preserved in glycerol, to 5 mL of Brain Heart Infusion (BHI) broth. The obtained
suspensions were incubated at 37 °C in CO, enriched atmosphere overnight. The concentration of G.v. was
assessed as described for S.a.. The suspension was consequently diluted in a solution of PBS/BHI broth
90%/10% V/V to obtain a final concentration of 5x10° bacteria/mL. 5 mL of the G.v. suspension was poured
in the tubes containing the samples. All tubes were placed in a 2.5 L jar containing an Oxoid™
AnaeroGen™ 2.5L Sachets to create anaerobic conditions. The test was carried out at 37 °C for 24h. After
the incubation, bacterial suspensions from each treatment were vortexed and collected. The G.v. suspensions
were consequently diluted in PBS (10" to 10®). 25 uL of the suspensions and the dilutions were plated on
Columbia blood agar base (Oxoid) supplemented with 5% V/V horse blood defibrinated (ThermoFisher) and
incubated three days at 37 °C in CO, enriched atmosphere. The colony forming units (CFU) were counted at
the end of experiments. The data are presented as LogCFU/mL of 3 independent replicates.

2.13. Statistical Analysis

All data are expressed as mean * standard deviation (SD). T-student was used for all parametric data. Mann-
Whitney U Test was instead used to analyze the work of adhesion results.

Differences between the samples were considered statistically significant when the p-value resulted lower
than 0.05. P-values lower than 0.05 are indicated as "*", p-values lower than 0.01 as “**’, p-values lower
than 0.001 as “***” and p-values lower than 0.0001 as “****,

3. Results and Discussions

3.1.Membrane Fabrication

Alginate was chosen for its ability to make biodegradable hydrogels that are crosslinked and stabilized by the
presence of divalent cations, such as Ca®*, commonly present in the vaginal fluid®. The second
polysaccharide, chitosan, was included to improve the mechanical and biological properties of the
membrane. Chitosan was selected because of its ability to interact with alginate via electrostatic interactions
and due to its known antimicrobial and mucoadhesive properties®®. In addition, chitosan has been proven to
reduce the concentration of Reactive Oxygen Species (ROS) produced by stimulated neutrophils: this can be
exploited to improve the wound healing process®. In Figure 1 an AL/CH+Met dry membrane is depicted. As
it can be noticed, crystals of metronidazole are visible to the naked eye as the concentration is relatively high
compared to the weight of the membrane (about 8.5 wt%). The API, once solubilized in the hydrogel,
crystallizes during the drying process and is encapsulated within the membrane. The fabrication of the
AL/CH membrane with or without metronidazole was found to be simple and upscalable. A scheme,
depicting the workflow, is shown in Figure 1.



B PMMA mold B Alginate ™ Chitosan CaCO; W Metronidazole GDL

Figure 1 — Scheme of the AL/CH+Met membrane fabrication. To the left, the steps of the AL/CH+Met membrane fabrication are
depicted: a) a solution of alginate+CaCO3+Met is poured in a PMMA mold, b) D-(+)-Glucono-delta-lactone is added to the mold to
induce the gelation of alginate, c) the mold is opened to dry the hydrogel, the dry film is then allowed to swell in chitosan, d) chitosan
penetrates in the alginate film to form the alginate/chitosan + metronidazole membrane (AL/CH+Met). To the right, an example of an
AL/CH+Met membrane dried at room temperature is shown; metronidazole crystals are visible as white aggregates in the membrane.

3.2.Swelling Studies

Understanding the swelling properties of the developed membranes is of high importance as it gives an idea
of: i) the volume the material would occupy, ii) how much medium the material is able to absorb and iii) the
absorption rate. The membranes were tested on two different media: a) DI water, as a reference and b) SVF,
already reported as a valid medium by Owen et al.>. When swelled in milliQ water, the AL membrane water
uptake (Figure 2a), was higher than that of the AL/CH membrane. For both the AL and AL/CH membranes
their respective highest swelling point was reached after 10 min. When swollen in DI water, the weight of
the membranes started to drop right after the peak was reached; this was probably due to the high volume
variation the membranes encountered during the swelling and consequent disaggregation. The membranes
were completely disrupted after 2h (AL membranes) and 1h (AL/CH membranes). When exposed to the SVF
for both membranes (Figure 2b) the highest water uptake point remained the same (10 min), as observed in
the case of milliQ water. The mass-swelling ratio was observed to be approximately 40 in case of milliQ
water whereas it was equal to around 10 in case of SVF. Similar swelling behaviors have also been reported
by Baysal et al.¥’. It is worth noticing how both the AL and AL/CH membranes maintained the same weight
after about 10 min of swelling in the SVF. This observation can be attributed to the presence of Ca*" in the
SVF medium - which is expected to strengthen the alginate-based membrane - and due to the lower pH of the
solution where both polysaccharides behave as oppositely charged polyelectrolytes, meaning that
electrostatic interactions are fostered.

An important difference noticed during the swelling studies was the thickness of the membranes: once
swollen, the AL membranes were thicker than the AL/CH membranes with thicknesses of 2.2 + 0.2 mm and
1.1 £ 0.1 (N = 3, SD) mm respectively. This is probably due to the attractive interactions between AL and
CH, which increase the stiffness of the swollen network and reduce the swelling. The presence of
metronidazole had no effect in terms of both water uptake and thickness (data not reported). As the thickness
of the AL/CH membrane was significantly lower (***p < 0.0001), this DDS is preferred over membrane
constituted of only AL.
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Figure 2 — Water Uptake (%0). The graphs represent the water uptake % of AL (empty squares) and AL/CH (full squares)
membranes in deionized water (a) and in a simulated vaginal fluid (b). (N = 3, SD).

3.3. Mechanical characterization

3.3.1. Tensile stress test

The prepared AL/CH membranes are aimed to be used for intra vaginal drug delivery which should be
applied in the vaginal cavity manually or with the help of a tampon. Thus, it is important to obtain a
membrane that is mechanically stable and flexible. Both AL and AL/CH membranes were folded more than
200 times manually without any breakage to confirm the flexibility of the dry membranes. To further assess
the mechanical properties of the dry membranes, tensile stress tests were performed. The results are
summarized in Table 1. In the dry state, the AL/CH+Met membranes could resist high tensile stress before
reaching the break point; that is, the membranes are sufficiently tough and flexible to be folded. These results
support the use of this membrane as an intravaginal DDS that can be wrapped around a dispenser using a
place in the desired site without risking breaking it.

3.3.2. Compression Studies

By means of compression studies we evaluated the mechanical properties of the membranes swollen in SVF
and assessed the effect of the presence of CH and Met in terms of E and . The test was performed after
swelling the membranes in the SVF for 10 min at 37 °C, in accordance to the swelling behavior reported in
Paragraph 3.5 “Swelling Studies”. The results are summarized in Table 1.



Table 1 — Mechanical Characterization.

Tensile Stress Test (dry membranes)

Sample E (MPa) + SD, (N = 3) 6 (MPa) = SD, (N = 3)
AL+Met 446 * 240 57+£3.2

AL/CH+Met 235+ 154 9.7+0.4

Compression Studies (swollen membranes)

Sample E (kPa) = SD, (N > 3) o (kPa) £ SD, (N > 3)
AL 254 +4.4 349+6.9

AL/CH 38.9+8.7* 93.3 £ 4.2%**
AL/CH+Met 32.3+7.8 100.4 + 20.3**

The compressive modulus (E) of the AL hydrogel is in line with the data presented by Jang and coworkers®,
By introducing CH in the DDS the E increases significantly (*p = 0.0426). By including Met in the AL/CH
membrane the compressive modulus of the DDS tends to be a little lower. This can be due to the presence of
metronidazole interfering with the electrostatic interactions occurring between AL and CH and thereby
reducing the synergistic contribution shown by AL/CH membranes. In a similar manner to the compressive
modulus, the compressive strength at break (o) results are higher for both AL/CH (****p < 0.0001) and
AL/CH+Met (**p = 0.0011) compared to only AL membranes.

3.4. Morphological Investigation

SEM was used to understand the morphology of the prepared membranes, as shown in Figure 3.

Figure 3 — SEM images of the membranes: cross-section view. The images represent: a) AL, b) AL/CH, ¢) AL+Met and d)
AL/CH+Met. The inset highlights the layer of metronidazole.



By comparing the SEM images of AL (Figure 3a) and AL/CH (Figure 3b) no phase separation is observed,
indicating homogeneous mixing between AL and CH. This observation also complements the results
obtained from confocal microscopy measurements. Metronidazole appears as blocks of crystals both in the
AL+Met and AL/CH+Met membranes (Figure 3c and 3d respectively). However, when the two
polysaccharides are mixed a more homogenous layer of the drug can be seen, as in Figure 3d; this could
derive from the interaction between metronidazole and both AL and CH causing its localization during the
penetration of CH into the AL membrane. It is worth noticing how the drug is included within the membrane
and not present on the surface of it.

Confocal microscopy was deployed to evaluate the distribution of FITC-labeled chitosan in the AL/CH
membrane during its fabrication, as shown in Figure 4. While swelling, CH penetrates within the AL
membrane. As it can be seen from the Fluorescein (FI) intensity % (Figure 4), the concentration of CH is
higher at the borders than at the center of the membrane. This observation also supports the plausible
electrostatic interactions between AL and CH which consequently improves the mechanical properties of the
membranes. Having a higher concentration of CH on the borders is also beneficial for the DDS as a higher
mucoadhesion can thereby be achieved. In terms of the application of the DDS, it is worth noticing that by
having a membrane with two highly similar border layers, the patient would not have to worry which of the
two sides is being applied.

0 10 20 30 40 50 60 70 80 90100
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Figure 4 — Confocal microscopy of an AL/CH-FI membrane. To the left a cross-section image of an AL/CH-FI membrane (Z-
stack average) shows the penetration of the fluorescein-labeled CH within the AL membrane. The Fluorescein (FI) intensity %,
reported in the graph to the right, shows the maximum signal intensity on the borders of the membrane with a progressive reduction
of the signal reaching the center of the membrane.

3.5. Invitro Mucoadhesion

Mucoadhesiveness is an important feature for a membrane to be used as a vaginal DDS. Chitosan was
chosen to implement its intrinsic adhesive properties in the DDS and simultaneously strengthen the
membrane due to its interactions with alginate. The mucoadhesiveness of AL/CH membranes was assessed
with an adhesion study using a texture analyzer. Gilt’s vagina was used as a model tissue. The results,
reported in Table 2, represent the force of adhesion and work of adhesion. Both the force and the work of
adhesion were increased by adding CH to the DDS and the values are in line with what has previously been
presented by Neves et al* for a 1% (w/w) Carbopol® 974P gel. The parameters chosen for the analysis were
aimed at minimizing the plateau effect®™. Specifically, the contact force and the contact time were kept at the
lowest values suggested. The probe speed was instead chosen to minimize the plateau effect and the
variance.



Table 2 — Mucoadhesion studies.

Mucoadhesion studies

Sample Fo (N) £ SD (N = 12) W (MmJ) = SD (N = 12)
AL+Met 0.050 + 0.006 0.202 + 0.053
AL/CH+Met 0.077 + 0.019%** 0.497 + 0.215%*

Comparing the results obtained from AL+Met and AL/CH+Met, both the force of detachment and the work
of adhesion were higher for the samples comprising CH. The observed difference was extremely significant
for the detachment force (***p = 0.0003) whereas it was very significant for the work of adhesion (**p =
0.00138). It can be noticed that the variance is higher when considering the work of adhesion. Due to the
high difference in terms of variance between the W4 of AL+Met and AL/CH+Met the statistical analysis
was performed using the Mann-Whitney U test. Overall, CH improved the adhesion of the membrane
towards the vaginal tissue and demonstrated again the benefits of including this polysaccharide in the
developed vaginal DDS.

3.6. Degradation

Understanding the degradation rate of a biodegradable membrane is highly important. The results of the
degradation study performed depicted in Figure 5 show how AL/CH+Met membranes last for a long period
in a simulated vaginal fluid at 37 °C. After 30 days, the membranes were almost disintegrated and the
measurements were stopped. Such a long degradation time (50% of weight remaining after 30 days) opens
up for the possibility of delivering pharmaceuticals over an extended period of time.
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Figure 5 — Degradation of AL/CH+Met in a simulated vaginal medium. The linear fit, starting from 6 h of degradation, shows
that the degradation follows a quasi-linear behavior. (R? = 0.97, N = 3, SD).

3.7. Dissolution of metronidazole

The release of metronidazole from AL/CH+Met membranes was evaluated with two different setups. In the
first one the dissolution of the API included in the membranes and that of the free drug were compared
(Figure 6a). The release obtained from the membranes results significantly different in the first hour
compared to the one of the pure API (***p = 0.0004) and follows a typical diffusive kinetic. Due to the high
amount of metronidazole included in the membranes, it was necessary to increase the volume used for the
experiment to 25 mL. This volume is, however, not representative of the physiological vaginal environment,



where the average daily production of vaginal fluid is around 5 mL/day®. Nevertheless AL/CH+Met showed
a more prolonged release than the pure API. Indeed, after 10 min in the dissolution medium, 98.5 + 1.9 % of
the pure metronidazole was dissolved, whereas only 70.4 + 9.9 % of the metronidazole contained in the
AL/CH+Met membrane was released (**p = 0.0085). A second comparison was made by assessing the
dissolution of metronidazole from a commercially available formulation and that of AL/CH+Met
membranes. The results reported in Figure 6, b showed that the release profile was similar for the two
samples; the variance was instead higher for the commercial formulation.

The second setup tested was aimed at resembling the vaginal environment. SVF was poured at a flow rate of
5 mL/h over a tilted membrane. As the membrane became swollen, the drug was solubilized by the SVF. The
results (Figure 6¢) showed a much slower release compared to the previous setup, reaching 18.3 = 2.3 % of
the total metronidazole included in the membranes after 60 min. It is also worth noticing that the profile
follows a quasi-zero order kinetic (R? = 0.97). With this simulation AL/CH+Met behaves as a prolonged
DDS, in line with its very long degradation time.
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Figure 6 — Dissolution of metronidazole. The dissolution of metronidazole is expressed as cumulative release %, where 100%
corresponds to the real amount of API present during in the samples. (a) release of metronidazole from AL/CH+Met compared to the
puyre API, (b) release of metronidazole from AL/CH+Met compared to a commercial gel formulation, (c) release of metronidazole
from AL/CH+Met (flow rate of the SVF =5 mL/h). N >3, SD.

3.8. Biocompatibility assay

To evaluate the feasibility of the AL/CH+Met membrane as an intravaginal DDS, membrane in vitro toxicity
was assessed on cervix epithelial cells Ectl/E6E7 using the AlamarBlue® assay®. The membranes were
incubated in the cell culture medium for 24h to allow for a partial degradation and solubilization of the
matrix componets. The extracts were consequently used to treat the cells for 24h and 48h (according to ISO
10993-5: Biological Evaluation of Medical Devices-Part 5: Tests for in Vitro Cytotoxicity, 2nd ed.; 1999).
As shown in Figure 7, the cells treated with AL/CH or AL/CH+Met extracts showed no significant reduction
of viability with respect to the control cells, both after 24h and 48h, indicating no toxic effects following the
contact of the cells with the membrane components.
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Figure 7 — Biocompatibility assay. AL/CH and AL/CH+Met membranes were tested and compared to the control, corresponding to
100% of viability. N = 3, SD.

3.9. Antimicrobial activity of the membranes

The antibacterial activity of AL/CH+Met membranes was assessed against Staphilococcus aureus and
Gardnerella vaginalis. These two strains are mainly responsible for bacterial vaginosis, the model disease
considered to evaluate the AL/CH DDS. As metronidazole is less effective in the presence of oxygen®, the
strains were treated in an oxygen deprived environment for 24h. After the treatment, the strains were seeded
on petri dishes. G.v.was let to grow in a CO, enriched environment. The growth of both S.a. and G.v. is
limited in anaerobic conditions but as metronidazole kills the bacteria, the difference between AL/CH,
AL/CH+Met and Met could be evaluated over the petri dish. The results, reported in Figure 8, show how
metronidazole is effective in killing both S.a. and G.v.. No statistical significance was found when
comparing the results of AL/CH+Met and Met.
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Figure 8 — Histogram representing the antibacterial activity of the membranes. To the left, the results obtained by treating
Staphiloccoccus aureus with AL/CH, AL/CH+Met and Met are presented. To the right, the results from treating Gardnerella
vaginalis with AL/CH, AL/CH+Met and Met are shown. N = 3, SD.



Compared to the control, both AL/CH+Met and Met reduced the CFU/mL count by > 4 logs for S.a.. In the
case of G.v. the reduction resulted > 3 logs, instead.

4, Conclusions

In this work we fabricated an alginate/chitosan membrane as a potential drug delivery system to treat local
vaginal diseases. The resulting fabrication is simple, highly tunable and upscalable. The developed DDS was
sufficiently strong to endure handling both in the dry and in the swollen state. When dry, the membranes
remained pliable and flexible. These membranes could be particularly effective for intravaginal
administration due to their stability in a simulated vaginal fluid, where the swelling was seen to be limited
and where the degradation occurred in a very slow fashion. The good mechanical properties of the swollen
membrane together with the demonstrated mucoadhesiveness, enhanced by the addition of chitosan, make
these membranes a promising intravaginal DDS. The ability of slowing the API release could find potential
applications within medications requiring prolonged releases e.g. birth control APIs. Overall, the membrane
represents a DDS suitable for intravaginal drug delivery. It is able to resist the vaginal environment and can
attach to the tissue releasing metronidazole over time until its complete degradation.
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Figure S1 — Stress strain curves of three indipendent AL membranes samples after 10 min of soaking in simulated vaginal fluid.
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Figure S2 — Stress strain curves of three indipendent AL/CH membranes samples after 10 min of soaking in simulated

vaginal fluid.
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Figure S3 — Stress strain curves of three indipendent AL/CH+Met membranes samples after 10 min of soaking in simulated vaginal
fluid.
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Figure S4 — Tensile stress test: a) schematic representation of the sample, b) an AL/CH+Met sample, ¢) membrane sample
after rupture.
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Figure S5 — Flexibility of the AL/CH+Met membrane. A schematic representation of the AL/CH+Met sample is depicted in a).
A sample being flexed manually can be seen in b).



Swelling in Simulated Vaginal Fluid
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Degradation Studies in Simulated Vaginal Fluid
1 1

2 3 2 3

Time (days) ~ Weight (mg) ~ Weight (mg)  Weight (mg) ining Weight % ining Weight % ining Weight % Time (days)  Average Remaining Weight % Standard Deviation Remaining Weight %
0.00694 517.78 624.6 598.6 100 100 100 0.00694 100 0
0.01042 501 601.3 604 96.75924138 96.26961255 100.9021049 0.01042 97.97698628 2.545029146
0.02083 527.81 620.5 580.4 101.9371161 99.34357989 96.95957234 0.02083 99.41342279 2.489506804
0.04167 488.27 559.3 555.8 94.30066824 89.545309 92.84998329 0.04167 92.23198684 2.437170508
0.08333 459.2 601.4 587.4 88.68631465 96.2856228 98.12896759 0.08333 94.36696835 5.005182296
0.16667 5135 520.7 519.9 99.17339411 83.36535383 86.8526562 0.16667 89.79713471 8.305179086
0.25 502.5 587.12 567.7 97.0489397 93.99935959 94.83795523 0.25 95.29541817 1.575417081
1 470.3 484.7 528.5 90.83008227 77.60166507 88.2893418 1 85.57369638 7.019886252
2 466.1 480.1 535.6 90.01892696 76.86519372 89.4754427 2 85.45318779 7.442383717
3 448.2 447 505 86.56186025 71.56580211 84.36351487 3 80.83039241 8.0983119
4 446.5 465.8 514.6 86.23353548 74.57572847 85.96725693 4 82.25884029 6.65510192
7 453 457.2 504.8 87.4888949 73.19884726 84.33010358 7 81.67261524 7.506533722
8 446.5 427 475.1 86.23353548 68.3637528 79.36852656 8 77.98860495 9.014456222
9 429.2 465.6 520.1 82.8923481 74.54370797 86.88606749 9 81.44070786 6.297928562
10 427.9 420 468.3 82.64127622 67.24303554 78.2325426 10 76.03895145 7.930027463
11 420.7 427.2 455.7 81.25072425 68.39577329 76.12763114 11 75.25804289 6.47144333
15 400.73 421.4 396.6 77.39387385 67.46717899 66.25459405 15 70.3718823 6.111371739
16 409.8 3935 407.2 79.14558307 63.0003202 68.02539258 16 70.05709862 8.262157725
17 388.2 375.4 416.3 74.97392715 60.10246558 69.54560641 17 68.20733305 7.525511546
18 3815 388 392.1 73.67994129 62.11975664 65.50283996 18 67.10084596 5.943457297
21 3735 378 395.2 72.13488354 60.51873199 66.020715 21 66.22477684 5.810763732
22 353.7 375.1 399 68.31086562 60.05443484 66.65552957 22 65.00694334 4.368127713
23 346.1 360.2 379.7 66.84306076 57.6689081 63.43133979 23 62.64776955 4.636998597
24 325.7 357.3 377.1 62.90316351 57.20461095 62.99699298 24 61.03492248 3.317478832
25 290.6 301.5 349.1 56.12422264 48.27089337 58.31941196 25 54.23817599 5.283091939
28 300.4 298.4 336.8 58.01691838 47.77457573 56.26461744 28 54.01870385 5.478091972
29 3334 301.9 3321 64.39028159 48.33493436 55.47945205 29 56.06822267 8.043850557

30 290.2 300.1 267.1 56.04696976 48.04674992 44.62078182 30 49.5715005 5.863709654
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Figure S6 — Example of a Staphilococcus aureus growth treated with the control samples, AL/CH, to the left and with AL/CH+Met
to the right. For both Petri dishes the not diluted (ND) sample and the sample diluted ten times are shown.
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Abstract

Polymeric nanoparticles, fabricated exploiting the electrostatic interaction between oppositely charged
polymers, have been extensively studied as potential drug delivery systems. In particular, several
research groups devoted their attention to the development of polymeric nanoparticles using novel
materials, with the aim of providing the formulation with specific properties. Polymeric nanoparticles
have been fabricated using different techniques, each one bestowing advantages and disadvantaged. In
this contribution, the usage of an ultrasonic spray coater, as continuous and tunable method for the
fabrication of polymeric nanoparticles, has been investigated. The influence of the parameters
controlling the atomization induced by the ultrasonic spray coater on the size distribution of the
fabricated nanoparticles was assessed by means of dynamic light scattering. The results demonstrated
the possibility of tuning the nanoparticles size distribution modifying the parameters of the ultrasonic
spray coater and supported the theory by which an increase in the power of the ultrasounds causes the
formation of bigger droplets in the atomized solutions.

1. Introduction

Within the field of nanomaterials, nanoparticles represent a highly interesting material. The term
nanoparticle is considered appropriate, as defined by the directive (2011/696/EU), only when 50% or
more of the particles lies in the size range of 1 nm to 100 nm!\. Nanoparticles have been, and still
represent, a topic in which many research groups focus their attention®®. This is due to their
application in different fields, from photonics!” to drug delivery'®. There are several different types of
nanoparticles that can be made, depending on their application. Metallic nanoparticle, such as gold
nanoparticles, have been used in spectroscopy for enhancing Raman signals®®. Silver nanoparticles
have been used for their antibacterial propertiest®. Liposomes and polymeric nanoparticles have been
extensively studied for drug delivery purposes, instead. There are many advantages of using liposomes
and nanoparticles as drug delivery systems (DDS) compared to traditional formulations: i) they can
encapsulate an active pharmaceutical ingredient (AP and ii) control its release overtime™, they



can be used to iii) reduce the chances of side effects™? and iv) increase bioavailability™**¥. They are v)
highly tunable, several research groups have in fact demonstrated how it is possible to modify their
surface to target specific cell lines!*>*®l. The interest on polymeric nanoparticles also comes from the
fact that they can be fabricated using very different materials!®***®!. These materials can have specific
properties able that enhance the final formulation, in examples: adhesiveness (i.e. chitosan)!*”),
stealthiness towards the immune system (i.e. poly-ethylenglycol)!*®! and pH controlled release (i.e.
Eudragit® $100)*°!,

In this manuscript we focus our attention on polymeric nanoparticles, and, specifically, to those that are
constituted of positively and negatively charged polymer and that exploit the electrostatic interaction
between them to form nanoparticles. Several techniques have been proposed to fabricate polymeric
nanoparticles, each one having benefits and drawbacks. The “manual” approach may be the easiest®*%,
It consists of having two solutions, one including a negatively charged polymer and the other one
including a positively charged polymer. One of the two is kept under stirring whilst the other is added
dropwise to the former. This technique is certainly the most intuitive and the easiest, it is however non-
upscalable, it is done in small batches and the results can differ significantly based on the operator. An
alternative common method to fabricate nanoparticles is the emulsification-solvent evaporation
technique®?Y. Briefly, a polymer and the molecule that has to be encapsulated are dissolved in organic
solvent, water and surfactants are then added to create an emulsion. Sonication is often deployed in this
technique to induce the formation of nanosized droplets. After complete evaporation the nanoparticles
are generally collected via centrifugation and freeze-drying. A different approach is instead represented
by electrospray®?. The principle of this technique is to force the polymer out from a syringe in the
form of micro and nanoparticles by applying a high voltage to the polymeric solution. Conversely to
the “manual” approach, electrospray is suitable for upscaling and the instrument parameters can be
predefined to reduce the variations caused by the operator. Electrospray may, however, induce
degradation of some macromolecules due to the working parameters (i.e. thermal stress during drying,
shear stress in the nozzle)®!.

In this work, we propose the use of an ultrasonic spray coater for the continuous and controlled
production of polysaccharide nanoparticles.

The working principle of an ultrasonic spray coater is simple: a solution is flushed at a controlled flow
rate through a nozzle. At the nozzle tip, ultrasound waves, at known frequencies, vibrate the layer of
solution at the interface between nozzle and air. The ultrasound waves induce the formation of surface
capillary waves that protrude the liquid outwards. Portions of the liquid are consequently expelled,
forming a mist. The size of the droplets in the mist is mainly depended on the frequency of the
ultrasound®, as reported in Equation 1.
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Where D represents the droplets diameter, T is the liquid surface tension, p represent the liquid density
and F denotes the frequency. Ultrasonic spray coating has been extensively studied for coating
surfaces!® and we recently deployed it to cover microcontainers with a pH sensitive coating for oral
drug delivery!?®!. Ultrasonic spray coating has also been used to form layer of preformed particles in
suspension, in their work, Stryckers et al.?”) noticed how the ultrasonic waves were able to remove
particles aggregate, demonstrating the potential of this technique in connection with nanoparticles.

We evaluated the possibility of directly using an ultrasonic spray coater to fabricate alginate and
chitosan nanoparticles instead of using preformed nanoparticles and evaluated the effect of tuning the
spray coater parameters (generator power, flow rate of the two solutions, distance between nozzle and
substrate and pressure of the focusing air) in terms of shifts in the size distribution. To the authors
knowledge it is the first time this has been done.

2. Materials and Methods
2.1. Materials

Sodium Alginate (AL, medium molecular weight, Mn 110 kDa, PDI = 4.309) was purchased from
Sigma Aldrich (St. Louis, USA). Chitosan chlorohydrate (CH, Mn 158.3 kDa, deacetylation = 83.6%)
was purchased from Microresist Technology GmbH (Berlin, Germany).

2.2. Fabrication of nanoparticles

To fabricate the nanoparticles we made use of an ultrasonic spray coater (Sono-Tek, NY, U.S.)
equipped with a dual feed Accumist nozzle and a 120 kHz ultrasounds generator. At first, a 0.1 mg-mL"
! solution of sodium alginate in deionized water and a 0.1 mg-mL™ solution of chitosan chlorohydrate
were made. Both solutions were then filtered through a 0.22 um filter. The two solutions were then
pumped in the spray coater at controlled flow rates, maintaining the ratio between the two solutions
1:1. The overall flow rates tested were: 0.5 mL-min™, 1.0 mL-min™, 1.5 mL-min™. The alginate and
chitosan solutions were then sprayed together, with a generator power of: 1 W, 2 W and 3 W. The
spray beam was controlled with pressurized nitrogen at pressures of: 0.050 kPa, 0.075 kPa and 0.100
kPa. The samples obtained from the spray were collected in a vessel placed underneath the spray coater
nozzle, at varying distances: 80, 55 and 30 mm. The starting parameters were selected on the basis of a
visual assessment of the spray and corresponded to: 1.0 mL-min™, 1 W, 0.075 kPa and 30 mm. Once
collected, the samples were transferred to 1.5 mL vials for the subsequent characterization. The
combination of parameters can be found in Table 1. As a reference sample, a nanoparticle suspension
of alginate and chitosan was obtained following the “manual” protocol. Briefly, 1 mL of sodium
alginate 0.1 mg-mL™ was poured in a becker and placed under stirring, 1 mL of chitosan chlorohydrate
0.1 mg-mL™* was consequently poured into the becker and kept under stirring for 5 min. The suspension
was then collected for further analyses. A scheme, depicting the formation of polymeric nanoparticles
using an ultrasonic spray coater, can be seen in Figure 1.



Table 1 — Ultrasonic spray coater parameters combinations used to obtain different nanoparticles samples.

S1 S2 S3 S4 S5 S6 S7 S8 S9

Power (W) 1 2 3 1 1 1 1 1 1
Flow rate (mL-min™) 1.0 1.0 1.0 0.5 1.5 1.0 1.0 1.0 1.0
Distance (mm) 30 30 30 30 30 55 80 30 30

Air pressure (kPa) 0.075 | 0.075 | 0.075 | 0.075 | 0.075 | 0.075 | 0.075 | 0.050 | 0.100

f ‘ Alginate solution

22255 Chitosan solution

5 Atomizing Surface

Alginate/Chitosan
Nanoparticle

Figure 1 — Schematic representation of the ultrasonic spray coater nozzle. The two solutions are flushed simultaneously through the
spray coater nozzle, kept separated until the tip of the nozzle is reached. Ultrasounds vibrate the tip of the nozzle inducing the atomization
of the two solutions that are therefore being mixed in individual droplets. With the help of pressurized air the spray is focused towards a
vessel to collect the nanoparticles suspension.

2.3. Dynamic light scattering

Dynamic light scattering (DLS) is an established method for size characterization of monodispersed
particles in the sub-micron range. Measurements are based on the size dependent hydrodynamic
mobility of particles in suspension and its effect on the transient modulation of the intensity of the
scattered light.

The instrument used in this study to perform the DLS and (-potential measurements was a Zetasizer
Nano ZS (Malvern Panalytical, Worcestershire, UK). Machine parameters relevant for DLS



measurements are the laser wavelength A and the refraction angle 0, being equal to 633 nm and 173°,
respectively. All measurements were performed at 25 °C. The dynamic viscosity n (0.89 mPas) and
refractive index n (1.33) of deionized water were assumed for the measurements. All samples were
measured right after spraying and tested in triplicate.

2.3.2. Particle size fitting from DLS autocorrelation function

Many different approaches on how to extract the particle size from the DLS measurements have been
used and all have their own set of advantages and limitations. In the cases where a distribution is being
calculated through fitting, the challenges often revolve around the large numbers of freedom introduced
through the many parameters. In the cases where analytical calculation methods are employed, the
complex mathematics can pose a bottleneck. On top of that, a more fundamental limitation of DLS
measurements is the struggle to differentiate small size differences in a particle population.

The proposed method of extracting the particle size distribution in this paper aims at addressing these
challenges. From a physics perspective, it is reasonable to assume that the particle sizes x obtained with
this fabrication method follow a Gaussian distribution (hypothesis confirmed by scanning electron
microscopy measurements). To avoid nonsensical negative particle sizes, a slightly modified Gaussian
distribution was utilized: a Gamma distribution.

(...)
2.4. Scanning electron microscopy

The size of the alginate-chitosan nanoparticles was further investigated by means of scanning electron
microscopy (SEM). Samples were prepared following the protocol of Schiitz et al. with slight
modifications. Briefly, a sample of nanoparticles was obtained using the parameters as in S1 (Table 1),
the suspension was then poured over a clean glass slide and was freeze-dried overnight. The sample
was subsequently coated with gold using a Cressington 208HR sputter coater, equipped with a gold
target. The samples were finally visualized using a Zeiss Supra 40VP Field Emission SEM (Carl Zeiss
Microscopy GmbH, Jena, Germany) in high vacuum mode at 10 keV.

4. Results and Discussion
4.1. Nanopoarticles characterization

To evaluate the possibility of using an ultrasonic spray coater to fabricate polymeric nanoparticles, and
to evaluate the effect of changing the spray coater parameters on the size distribution of the
nanoparticles, we used a well know combination of polysaccharides: alginate and chitosan. These two
materials have been already seen forming nanoparticles by many research groups®?%! and constituted,
therefore, a nice case study. Alginate and chitosan are, nevertheless, very interesting materials.
Alginate is known for its ability of forming hydrogels in the presence Ca®* or other divalent ions!**>Y.
Chitosan has proven to be mucoadhesivel”), to possess antibacterial properties®™ and to dampen the



formation of reactive oxygen species (ROS) in stimulated human neutrophils®®. Both materials have
been extensively studies as promising materials for drug delivery purposes.

During the process, the two solutions (alginate and chitosan) are physically separated until they reach
the tip of the nozzle. Once the two solutions reached the tip of the nozzle they were atomized into a
mist constituted of droplets of around 2.6 pL. The two polymers got consequently mixed in their
atomized phase. Once collected into the vessel, electrostatic repulsion (see the (-potential in Table 2)
inhibited aggregation.

Initially, we evaluated which concentration was suitable for the usage of ultrasonic spray coating. We
tested various concentrations of alginate and chitosan and found out that 0.1 mg-mL™ (for both
solutions) allowed for the formation of fine sprays. Concentrations above 0.2 mg-mL™* (for both
solutions) caused the formation of a macroscopic hydrogel in the vessel. Once the concentrations were
defined the spray coater parameters where varied to understand their effect on the nanoparticles size
distribution. The results of the DLS analyses, reported in Table 2, show the effect on the size
distribution caused by the changes in the parameters.

Table 2 — DLS results represented as hydrodynamic diameter (Dy), poly dispersity index (PDI) and ¢-potential (€) + standard
deviation (SD). N = 3.

S1 S2 S3 sS4 S5 S6 S7 S8 S9 Ctrl
Dh | 162 227 241 198 237 170 230 217 189 162
S”gg +5 +20 | +37 +7 +14 +3 +5 +4 +4 +3

PDI | 0.385 | 0.376 | 0.406 | 0.390 | 0.520 | 0.321 | 0.453 | 0.492 | 0.427 | 0.211

S
(mV)|-32+1|-34+0|-33+0 | -36+2 | -41+1|-37+1|-33+3|-38+2|-38+1|-27+3

+SD

Following the results in Table 2, when the power was varied between 1 W, 2 W and 3 W (S1 vs S2 vs
S3) the average hydrodynamic diameter increased together with the PDI of the individual suspensions.
This effect could be explained by hypothesizing that in each droplet of the spray one, and only one
nanoparticle, is formed. Consequently, bigger droplets would cause the formation of bigger
nanoparticles. Changing the power might, in fact, have an influence on the size of the droplets.
Conversely to the frequency, where it’s influence on the droplets size is well understood, the effect of
the ultrasounds generator power over the droplets size is not. A tendency of causing the formation of
bigger droplets and a less homogenous spray has, however, been seen. We hypothesize that, by
increasing the power of the ultrasound generator, the liquid protrusions at the interface with air become
more pronounced and bigger portions of these are thereby expelled in the spray leading to the
formation of bigger nanoparticles.

Comparing the samples obtained using different flow rates (S1 vs S4 vs S5) it is possible to notice how
both reducing the flow rate to 0.5 mL-min™ (S4) and increasing it to 1.5 mL-min™ (S5) caused an




increase in the nanoparticle average hydrodynamic diameter. The differences are less pronounced
compared to the variation caused by tuning the generator power. When the flow rate was reduced, a
thinner spray was formed. This spray resulted more affected by the inbuilt ventilation system of the
spray coater compared to S1, causing a loss in the smaller droplets. Moreover, comparing to S1, twice
the power-flow rate ratio applied was doubled, an excessive power for that volume of solution might
have caused a similar effect to that explained previously for sample S2 and S3. When the flow rate was
instead increased (S5) the average hydrodynamic diameter also increased. The level of power deployed
for that flow rate (1 W) probably was too low. Indeed, from a qualitative point of view, the spray
looked thicker and larger droplets where distinguishable. Shifting the attention to the distance between
the nozzle and the substrate (S1 vs S6 vs S7), it is possible to notice how moving further away causes
an increase in the size distribution of the alginate-chitosan nanoparticles. Whereas the difference
between S1 and S6 was only limited, it resulted more evident when S7 was considered. As the spray
had to travel a longer distance the influence of the ventilation system was more prominent. The spray
itself was, in fact, seen to wobble due to the suction; it is probable that the smaller droplets were being
influenced more by this effect and, consequently, the average size shifted towards higher
hydrodynamic diameters. It is consequently possible to define a range of nozzle-substrate distances in
which the effect on the nanoparticles hydrodynamic size is limited. This would be useful when casting
a coating of nanoparticles, in fact, as Bose Goswami et al.l”® demonstrated, the distance between the
nozzle and the substrate that has to be coated is the most important parameters to control for achieving
a uniform coating layer. Finally comparing the air pressure (S1 vs S8 vs S9) is not trivial. A reduction
in the pressure from 0.075 kPa to 0.050 kPa (S1 vs S8) caused an increase in the average size of the
nanoparticles. This was caused by a very poor level of the spray beam focus, which tended to wobble
significantly more, collecting the sample resulted in fact more difficult. As seen for the variation in the
distance between nozzle and substrate, again the ventilation might have had a greater effect on the
smaller droplets in the spray. Increasing the air pressure, from 0.075 kPa to 0.100 kPa (S1 vs S9) also
resulted in bigger dimensions of nanoparticles. In this case the resulted highly focused and not affected
by the ventilation system in any manner. It is possible, however, that the high pressure caused the
merging of multiple droplets in bigger ones. Following the initial hypothesis, where one and only one
nanoparticle is formed in each droplet, we can assume that bigger nanoparticles would form in case of
droplets merging. Overall, we can say that, among the tested parameters, the nanoparticles size
distribution was mostly effected by changes in ultrasound power. The other parameters had, instead, a
minor influence: power > flow rate > distance > air pressure. Regarding the {-potential, the differences
resulted much more limited instead. All samples presented a net negative charge of around -35 mV.
This net negative charge is justified by the excess of charged groups present in alginate compared to
chitosan, as only 83.6% of the total chitosan monomers were deacetylated and thereby presented a net
positive charge. From the point of view of a drug delivery system, having nanoparticles with a (-
potential of £ 30 mV or higher is generally associated with highly stable formulations, thanks to their
reciprocal repulsion. It is nevertheless interesting to notice how the control (Ctrl, Table 2) which
represent the “manual” method of fabrication, tended to give nanoparticles with a lower size and with



the smaller PDI among all sample tested. This makes sense considering that the two polysaccharides, in
the control, are able to freely interact all together. The nanoparticles formation is consequently purely
driven by a reduction in free energy as the two oppositely charged, alginate and chitosan, interact.
Using the ultrasonic spray coater, instead, the nanoparticles formation was forced to happen in the
individual droplets forming the spray. The droplets volumetric distribution is consequently driving the
size distribution of the nanoparticles.

As reported in Figure 2a and b, the alginate-chitosan nanoparticles were also investigated by means of
SEM. After freeze drying, the nanoparticles tended to form agglomerates around NaCl crystals; this
was expected as the suspensions were not dialyzed against deionized water to remove the counter ions
of sodium alginate and chitosan chlorohydrate. The nanoparticles diameter resulted lower to that seen
from the DLS analysis, resulting equal to 41 £ 8 nm (N = 120, SD), this result is appropriate as the
nanoparticles were not hydrated. The size distribution resulted moreover to fit a Gaussian distribution
(data not shown).

Figure 2 — SEM pictures of nanoparticles (sample S1). Overview of the nanoparticles clustered around NaCl crystals (a). Zoom in
on a nanoparticles cluster (b)

5. Conclusions

In this work ultrasonic spray coating was successfully used to fabricate nanoparticles constituted of
alginate and chitosan. This technique has a great potential due to its intrinsic up-scalability, safety and
simplicity. The fabrication process can be moreover easily modified to obtain nanoparticles with
different materials. The ability of tuning the size of nanoparticles by changing the instrumentation
parameters is a powerful tool that can be exploited to obtain population of nanoparticles with the
desired sizes without modifying the formulation. In this regards, a variation in the frequency of the
ultrasounds deployed should be further investigated as a parameter to modulate the size distribution of
nanoparticles, since its effect on droplet size is well established. Finally, this work, reports for the first
time, an actual indication of an increase in droplet size from an ultrasonic spray coater caused by an
increase in the ultrasound generator power.
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