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Abstract

The aim of this work was to pharmaceutically develop an innovative nanomedicine consisting
in highly respirable microparticulate dry powder (dpCaPs) able to embed and release Calcium
Phosphate nanoparkes (CaPs) loaded witmimetic peptide or microRNA to restore the
cardiac function. The microparticles, embedding therapeutic nanoparticles delivered by
inhalation in deep lung, release the CaPs by carrier dissolution and target the heart by
translocatiorto pulmonary vein blood.

Spray drying technique transformed the nanoparticle dispersion in inhalable microparticles.
Mannitol, as water soluble carrier, was used for microparticle construction. A DoE was applied
for understanding the effect of the comitios and process parameters on selected quality
attributes of dpCaPén vitro respirability was performed using the novel medium resistance
Nemera prototype device. The DoE study revealed that the powder having the ratio
CaPs/mannitol 1:4 exhibited thesi aerodynamic performance for lung deposition and CaP
release. The emitted dose was >85%, the FPF >80%. Microparticles had a spherical shape,
rough surface and low density. The high fractioa. 60%) of extrafine particles (< 2um)
promotes the CaP dedung deposition at alveolar region and translocation to the heart. The
CaP nanoparticles and microparticles were successfully produced at pilot scale.

In vitro evaluation found that dpCaPs were not toxic for human lung alveolar epithelial cells
and macrphages and did not induce cytokine release. The microparticles embedding loaded
CaPs tested on murine HLcardiac cells allowed the peptide internalization in the myocytes
with a dose dependent mechanism. Finally, the dpCaPs pulmanavgp administeredo

diseased mini pigs were able to restore the normal heart contractility.



Introduction

1 Introduction

1.1 Advantages and challenges of pulmonary route

Pulmonary drug delivery is not limited to the treatmentespiratory diseases but presents a
number of positive features extremely useful for the therapy of several systemic diseases, in
many cases overcoming in terms of efficacy and safety other classic routes of administration
such as oral, parenteral or sutameous These features arise mostly from the particular
anatomical and physiological characteristics of the lung.

First and foremost, lungs feature a huge surface area of around 400 anrelatively pervious
barrier to drug absorption. Namely, tlespiratory architecture presents at the alveolar region

a biological barrier constituted only by an epithelial and an endothelial cell layer. These
characteristics providing an ideal location for the deposition and especially the absorption of
aerosolizedormulationg. Additionally, in terms of metabolism drugs are exposed to much
morefavourableconditions compared to oral administration. The fpas$s liver metabolism

is avoided as well as the catabolic enzymes of the intésHepecially in the case of topically
delivered drugs, a lower dose can be administered due to the direct defithey active
substance to the site of action, leading to fewer systemic adverse effects and, in some cases to
a rapid onset of action. As far as systemically administered drugs are concerned, delivery via
the lungs is available for a large number of molesdrom small ones to large proteins. The
pulmonary route of administration is less invasive than parenteral administration and it could
be a desirable alternative for patients when drugs are being administered only intravenously.
Thus, systemic administtion of peptides, antibiotics, vaccines, ar@ncer substances or other
drugs via the lung is favoured and is expected to broaden the inhalation medicinal products
market considerably in the near futtir&nother secondary but notable advantage of pohry

route is that, differently from oral administration, it is independent from food intake and
metabolic interpatient variability, providing more stable absorption kifetics

Despite the aforementioned advantages, it is surprising that only verydesmscally acting
inhaled drugs have been marketed so far. On the contrary, pulmonary drug delivery is typically
used for the treatment of chronic respiratory diseases, such as asthma, chronic obstructive
pulmonary disease (COPD) and orphan diseases, asiglulmonary arterial hypertension
(PAH) and cystic fibrosis (CFBignificant challenges emerge from the lung physiology and

pathology together the complexity during the inhalation product development. In fact, an
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inhaled product needs to satisfy plewtyrequirements in terms of formulation and device
design.

Furthermore, as well as other parts of our organism, the lung has evolved to prevent the
invasion of undesired airborne particles in the body. The geometry of airway, humidity and
clearance mechasms contribute to this elimination process. Once deposited on the airways
surface, the fate of the partisieill depend on their solubility and the landing site. After the
inhalation, the particles can be dissolved in lung fluid, acting locally or pasgmghe
systemic system as well as can be translocated out of the respiratory tract when insoluble. The
mucus and surfactant that lines the pulmonary epitheliuml@.®@um thick) and alveoli (0-1

0-2 um thick), respectively, constitute physical bagiter pulmonary adsorption of drugs. The
mucus movement rate is determined by the number of ciliated cells and their beat frequency.
For insoluble matter, clearance is governed mainly by mechanical removal of particles via
phagocytosis by alveolar macroplkagand mucociliary transport. Moreover, in cases of
respiratory diseases such as inflammations, CF or COPD alterations in airways lead to poor
aerosol deposition and penetrafion
Dose uniformity and repr oduci bnhdlerstdifferengesat i ent
in breathing patterns are some of the major problems that need to be addressed in order to
assure therapeutic effectiveness of aerosolized medications.

Although not without barriers, as briefly above described, the lung is a vérgtdesarget for

drug delivery. Airway geometry, humidity, clearance mechanism and the presence of lung
disease influence the deposition of an aerosol and therefore the therapeutic effectiveness of

inhaled medications.

1.1.1 Aerosols deposition and drug absption in the lungs

Inhalation therapies, either for topical or systemic diseases, are characterized by the fact that
only a fraction of the inhaled dose reaches the target area, mainly due to deposition issues.
Mechanisms that determine the conduction deplosition of aerosols in the respiratory tract

have been a subject of study for more than 50 years and their understanding is a key aspect in
developing inhaled products capable of delivering the required dose of active substance to the
patienf. Depogtion indeed can be influenced by several factors ranging from aerosol properties
suchas particle size, shape, density and surface energy, to physiological factors, such as
interpatient differences related to airways geometry, pulmonary conditions aetthitge

patterns, in terms of frequency, tidal volume and brbattling.
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In terms of particle properties, size is the main parameter for the successful delivery of an
aerosol in a specific region of the lungs. At this point it is important tothaten the case of
aerosol deposition, we care for the aerodynamic particle size expressed as aerodynamic
diameter (e which is the indicator of how the particle sediment in a fluid. It is an important
factor for the evaluation ah vivo performance oparticles to dissolve in the lung fluids.

Aerodynamic diameter is given by Equation 1,

Q Q = Q)
wheredi s t he equivalent vol ume oidthaumedensity,and} i s
G is the dynamic shape factor. The aerodyna

equi val ent s ph e)isd g-cm#, wiich settles enrstdl airtatthe 6ame velocity

as the particle in questian

Consicering Equation 1 it is easy to understand that particles with a lower density and
geometric size have a smaller aerodynamic diameter, hence a deeper lung deposition. At the
same time, an increase in dynamic shape factor leads to a smaller aerodynanter didree
dynamic shape factor is the ratio of the resistance force experienced by the actjdieraral

falling particle, to the resistance force experienced by a sphere having the same volume. It can
be determined either experimentally or using comphedels®. For instance, nospherical
particles such as cuishaped, needishaped and platghaped have a higher dynamic shape
factor (6) compared to spherical particles
Nevertheless, in some cases, suchesglleshaped particles, deviations from sphericity result

in large contact areas hence stronger ipteticulate forces that lead to poor powder
flowability!?. Ultimately, surface energy of the particles is a parameter affecting aerosol
performance. Hjh surface energy typical smooth surfaces increase particle interactions thus
leading to poor flow properties due to higher cohesiveness between particles. As a result,
efforts are being done in order to reduce surface energy by producing particlesouvigier
surfacé?

Due to the gradual reduction of the airways diameter in the respiratory tract, a deposition
dependent on the aerodynamic particle size could be observéd) @t particles deposit in

the nasal cavity, 480 um in the pharynx, I@0 pm in the larynx, 810 um in the tracheaj 5

8 um in the bronchi, & um in the bronchioles, and 0% um in the alveol?. In general,

particles with a mean aerodynamic diameter betweén 1e m ar e <consi dered
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pulmonary administratioh It is essential to clarify that, depending on the target location,
different particle size and hence a different deposition is desired. For instance, salbutamol, an
extensively wused bronchodilator for the tre
adrerergic receptors on the surface of smooth muscle cells in the lungs and not present in the
alveolar region. Thus, in order to achieve a more efficient deposition for salbutamol, a mean
particle size of 3 em is pr efhagherperdentagethe one
alveolar region.

Particle deposition in lungs is governed by the mechanisms of inertial impaction, gravitational

sedimentation, Brownian diffusion, and, to a lesser extent, by electrostatic precipitation or

interceptionFigurel.1.
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Figure 1.1 Mechanisms of particle deposition in the respiratory tract: inertial impaction, sedimentation and
di ffusion. Creative Commons fARespir at ol ymasclhnsusealm ¢ o mp
under CC B¥SA 3.0/Added labels.

The first and prdominant mechanism, as patrticles flow through the primary airways of the
upper respiratory tract, is inertial impaction. In this case, some particles fail to follow the
airflow when sudden changes of flow direction occur, colliding with airway walls becdus

their high momentum. These effects usually happen in the first ten generations of the
tracheobronchial tree, where airflow is turbulent and fast and applies to particles larger than 10
¢ . Thedeposition efficiency is function of the Stokes Num{&ik) given by Equation 2,
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YO QO— 2)

where de is the aerodynamic particle diameter, Q is the volumetric air flow rate, Cc is the
Cunningham correction factor, d is the viscc
of the obstacle (typically its diameter). The produgt-@ ( %d.min?) is referred to as the

0i nertial i m p.albet higlenthe [Stkesinmraberds; the more readily particles

will be deposited by inertial impaction.

Moving deeper in the respiratory tract a second mechanism of particle deposition may occur.
Sedimemation is the gravitational settling of particles and mainly affects particles in the size
range bet we énParficledthanescdpe Sertmlimpaction in the upper airways are
characterized by a velocity of sedimentation that is proportionlkr size. This size, called

terminal settling velocity (y deri ves from Stokeds drag forc
w — 3)

where” o and” a are the densities of particles and air respectivelyjsdthe aerodynamic
di ameter, g Iis the gravitational acceleratioc
for particles with a Reynolds numberegfRower than 0.1 since for values closeltg St ok e 8 s

law collapses due to the increase of air in&rtReynolds number is given by Equation 4,
Y — (4)

w h e ris thgdensity of aild is theparticlediameter and blis the air velocity and basically,
expresses the ratio between air inertia and viscdstj. (

It is important to note thabreathing manoeuvres, such as breath holding, tend to favour
sedimentation especially for small particles that need more tirneder to settle on the walls

of airways. Such strategies are applied in cases that a specific site of deposition in the
respiratory tract is desirét

For particles smaller than 0.5 em, Browni an
it refers to the random motion of particles (Brownian motion) in locations such as the alveolar
region, where air velocity is practically zero. Brownian diffusion is characterized by the

diffusion coefficient (@) that is given by the StokdSnstein equationHquation 5),

o0 — (5)
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where k is the Boltzmannds constant, T is th
daeis the aerodynamic particle diametearticles with such a small diameter rarely manage to
deposit and usuallg,ome out of the body via exhalatf8iiFigure1.2).

As far as interception phenomenon is concerned, this primarily refers to elongated particles
such as fibewith dimension comparable with the airway diameter. Furthermore, electrostatic
predpitation is likely to occur for particles that carry electrostatic charges during the generation
and transport of the aerosol. Aerosol charge status is affected by many variables including
formulation and materials used in the devices. Depending on tbenanof electrostatic
charges that are produced, deposition may be affected accordingly. In general, electrostatic
effects, tend to enhance particle deposition only if the number of charges on particles is
sufficient. Finally, as mentioned before, althouighcannot be seen as a mechanism of
deposition, the high humidity of air present in lungs may promote aggregation leading to large
particles with a different deposition profile compared to the original particles

Once deposited in alveolar region, dsuencounter a variety of physicochemical and biological
barriers. These include pulmonary lung surfactaat,a surface lining fluid that acts as a
reservoir for lung surfactant, alveolar epithelium, the extracellular space inside tissues
(interstitial and basement membrane) and the vascular endothelium along with the catabolic
enzymes in the tracheobronchial region. In addition, macrophages in the alveolar region that
threaten the drug absorptfof.

In order to cross the cellular barriers, the particles must firstly dissolve and then the drug can
reach the blood stream following mainly two mechanisms depending on its physicochemical
properties. Namely, the mechanisms are the transcytosis (throucgilf)esither passively or
actively (carriermediated) and the paracellular transport (through the cell junctions). For
instance, small lipigsoluble molecules are rapidly absorbed because they can easily enter the
phospholipidbilayer surrounding the csllwhile hydrophilic molecules pass through aqueous
pores in the intercellular tight junctions. lonization degree and molecular weight seem to
determine the rate at which molecules can pass through these pores. Thus, for molecules from
100-1000 Da, ionizabn degree prevails. The less ionized a molecule, the faster is absorption
rate, because of fewer interactions with the pore constituents, whereas for larger molecules,
molecular weight becomes an influential factor, %00

In the case of macromoleculesich as peptides and proteins, pulmonary route has shown to
offer higher bioavailability, as long as protection from peptidases. Furthermore, the lung

possesses a large surface area and an extensive vascular network for adsorption. However, the
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macromoleale absorption rate is mainly dictated by sittee larger the size the slower the

absorptioR*. For these reasons the lungs are an attractive route for peptide administration.

100

—_— Alveolar Region
- Airways
Mouth and Throat

Deposition (%)

1 5 10 15
Particle Size (um)

Figure 1.2 Particles mass fractional deposition into the lungs as an aerodynamic diameter function, assuming that
particles are spherical with unit density. Adapted by permission from Springer Nature Customer Service Centre
GmbH, Spriger Nature, Nature Reviews Drug Discovery, Inhaling medicines: delivering drugs to the body
through the lungs, Copyrigh® 2017.

1.2 Dry powder inhalers (DPIs)

1.2.1 Features and devices

According to EMA, dry powder inhalers (DPIs) are inhalation delivery systeonsisting of

a dry powder formulation and a container closure system capable of delivering drugs in the
lungs for the treatment of topical or systemic dis€ds€&bere is a wide range of device types

on the market, but the basic components of a &1 powder formulation, dose measuring
system and mouthpiece.

They feature plenty of positive characteristics such as high lung deposition, consistent and
precise dose, independence from hemlbreath coordination, durability to microbial
contamination, high chemical stability of drug, absence of propellants, simple inhalation
technique and portability. Conversely, as formulations are in form of dry powder, they are
sensitive to moisture, and there is a strong dependence betweeriloine generated by the

patient and the aerosol performance. If the airflow is not the appropriate, the user, such in the
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case of children below fivgearold or patients with low inhalation capacity,-dggregation

of formulation to fine particles for lungeposition may not occtir

In regard to the relationship of the inhalation effort with the aerosol generation, this is also
affected by an intrinsic property of the device, caliediceresistance (kP&-L-min™) that

differs from one device to another, in reason of the diffemamufacturing design (turbulent

shear zones, whirl and circulation chambers). The higher the air resistance of the device is, the
lower the inspiratory flow rate (IFR) that the patient can apply is. United States Pharmacopoeia
(USP) suggests to determingetair resistance by measuring at which air flow the device
produces a pressure drop of 4kPa. According to that measurement DPIs are classified as: high
resistance~30 L/min), medium resistance@0 L/min) and low resistance 40 L/min). Low
resistance DB work on a broad range of in IFRs {500 L/min) to produce pressure drop of

2-4 kPa, instead of high resistance DPIs work with lower inspiratory flow rate®)(8(min),

and thus are appropriate for more types of patients. However, high IFRs cao leigt t
oropharyngeal deposition, due to impaction and that may also jeopardize the performance of
high resistance DPIs, if IFR exceeds the optirfium

There are two main classifications for the DPIs, namely the dosing system and the
aerosolization mecham. The former includpre-metered DPIsn which previously metered
amounts of drug formulation are loaded aedicemetered DPIsn which there is a reservoir
containing multiple doses of formulation that are metered by amesering systemPre-

meterel DPIsmay be singledose (a capsule loaded either by the patient before use) or multi
dose using replaceable blisters, cartridges or dosing®di3¢ee classification based on the
aerosolization mechanism inclugassiveand active devices.Passivedevices were the first
developed DPIs and are breatttuated, meaning that they require inspiration effort by the
patient in order to initiate the deagglomeration process and extract the dose from the device.
Limitation of such devices was mentamhbefore and is that patient with insufficient inhalation
capacity may not extract the entire dose, reducing therapeutic effect. Comaatsedylevices

use either a batteryperated propeller or pressurized air that is mechanically decompressed in
order to induce powder dispersion. These devic
and are dose consistent. Nevertheless, passive devices still prevail in the market as no active

DPI is currently marketed as they are expensive, bulky and reqairg operational steffs

1.2.2 Dry powder formulations

A DPI must always be considered as a combination of the device and the drug formulation.
Interpreting these two components as a single entity, during development along with the proper
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use by the patiengnsures the effective delivery of active substance (API) at the site of action
and, thus, its therapeutic effectiveness. There is a wide variety of APIs that are in use for the
treatment of chronic r espi r-agorostsycdicostesoieds), s e s ,
cystic fibrosis, lung infections (antibiotics, antifungals) or have been proposed to treat systemic
diseases like migraine (triptans), pulmonary arterial hypertension (sildenafil) or to induce
analgesia (morphine) andnaesthesiaThey, als, vary in molecular weight, solubility,
hydrophobicity, crystallinity and other physicochemical properties resulting in different
formulation and particle engineering strategfies

During development of a DPI many parameters need to be taken into a@mgrformulation

is one of the most critical and serves undoubtedly as a starting point of the development. First
of all, it is important to remember that drug particles for an efficient lung deposition must have
asize betweenrt® e m. Ho we wihrsych psma pagticlessize are strongly cohesive
due to intetparticulate forces (van der Waals, electrostatic) or to capillary condensation that
derives from the presence of moisture. Thus, particles form large agglomerates that may be
difficult to de-aggregate to fine particles during aerosolizafioMoreover, as mentioned
earlier, pulmonary drug delivery gives the opportunity of using lower doses than oral route and
thus making it difficult to meter the dose and manipulate the bulk pétvtteorder to resolve

issues like these several formulation strategies are applied neaner-basedformulations

andcarrier-freeformulations?.

1.2.3 Particle engineering

Dry powder formulations are generally simple in terms of ingredients due to ttedllimimber

of excipients allowed for inhalation delivery as lung safety justification must be provided in
dept h. I n order to compensate for this rest
powder formulations must be developed with particleslokgpof combining fine size, narrow

size distribution, low surface energy and density. In addition, enhanced drug stability, high
bioavailability, precise targeting and/or sustained ref@ase sought. This activity is called
Aparti cl e e msgnenoté the biggegtachalkenmyes concerning DPI development.
According to the drug properties and the delivery target, different methods may be used to
obtain fine respirable particles with the aforementioned properties.

Milling is the classical techniquesed for particle micronization and is widely used. With the
term milling we encompass a number ofcadled topdown techniques used to mechanically

grind large drug crystals into particles within a respirable size tangbe particle size
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reductioncan be achieved by pressure, friction, attrition, impact or shear. The three main types
of mills are fluidenergy mills, such as the jet mill that uses kigbssure air to accelerate
particles that collide each other and break; {pghpheralspeed mills such as the pimill

that uses a series of concentrically mounted pins on which particles impact due to centrifugal
forces in the milling chamber and the ball mill that uses spheres of extremely hard materials as
imi |l 1l ing medi a0 tdeaduetbfritichk down the part.
Jet milling is the most common method as it is industrially «siablished, and it is able

provide particles between-l5 e m wi th a narrow particle si
apparatus is easy to uggexpensive and during operation little to no contamination in the final
powder occurs. However, jet milling presents difficulties in controlling the size, shape and
morphology of particle$. Dry conditions combined with mechanical forces lead to the
development electrostatic forces and local distortions of the crystal lattice (amorphization)
which leads to agglomeration and thus, poor flowability and dispersibility of the ptwder
Partial amorphization results in powders with regions that possésgedif physicochemical
properties (solubility, thermodynamic stability) than the original particles. A solution to partial
amorphization is to process the particles in presence of increased humidn§2¢30called

wet milling Because of the partial sdility of the drug in moisire, any amorphous regions

will undergo recrystallization and thus, drug particles are expected to present higher
crystallinity®.

The inverse manufacturing approach is provided by the batfptachniques. Contrary to top
downmethods, these techniques can control not only the size distribution, but also the particle
shape and (surface) morphology. The basic difference is that the particles are built up (grow in
size) by dissolving or suspending the drug in various solventerweathanol, o/w or w/o
emulsions) and then, recovered by solvent evaporation es@mént precipitatiotf. Apart

from spray drying that will be analysed in depth in the next section, spray freeze drying, and

supercritical fluid technology are the st@ommonly used bottomp techniques.

1.3 Spray drying

1.3.1 Concept and hardware

Spray drying as mentioned in the previous section is one of the bofidecthniques that is
widely usedo prepare fine or even ultftne particles with desirable characteristithe spray

10
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drying process allows the production of dry powders by spraying a feed solution in which the
drug is dissolved or dispersed, by mean of a hot gas (usually air). After solvent evaporation the
produced ultrdine powder is collected.

More spedically, the process starts with the atomization of the feed solution by an appropriate
device (atomizer, nozzle). The produced droplets are propelled into a drying chamber where
interact with a heated gas at a high temperature selected according tsitieel gharticle
properties. As the droplets are exposed to the hot gas, solvent evaporates and solid product
particles are obtained. Finally, air is aspirated and particles, separated by collection systems
(cyclone, filter bag, scrubber), are colleéfed@hus, the basic components of a spray drying
apparatus are the drying chamber, atomizer, aspirator and collection cy€iguee (.3).
Depending on the solvent (organic/aqueous) different modifications may beQjmrecycle
systemsre applied to dry agueous feed solutions wtlibsedcycle systems with the use of
nitrogen as a drying gas, are applied in order to avoid release of organic solvents into the
environment, decrease the risk of explosion and the chance of product oxidation or recover
solvents for reuse. The latter is based on the recycling of the inert gdsearmhdensation of

the organic solvent through a condenser.

nozzle

"E’ w aspirator

: v

compressed __
air

heating coil

drying
cylinder

cyclone | outlet

| filter

dry
product |§_ &

Figure 1.3 Schematic representation of an ojmgele spray drying system.

Starting from the atomization procedure, generation of small dropidt(® 0 e m) | eads
formation of large surface areas and thus, droplets reach within seconds the temperature of the

inert gas due to high heat transfer that results in instant rdoksaporation. Several

11
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atomization systems have been developed, namely rotary atomizers, hydraulic (pressure)
nozzles, pneumatic nozzles and ultrasonic nozzles. Depending on the principle of operation
and the properties (nozzle diameter) of apparatuterdift droplet size distribution can be
achieved. This is important because droplet size affects the final particle size and moisture
content of the obtained powder. For instance, in pneumatic nozzles-floiditifeed is
atomized by a gas stream whicloguces extremely fine droplets {000 & m) whi | e
ultrasonic nozzles, due to lower velocity produced during vibration, final droplets are within a
size range ofi5l 0 0 0*2. ¢ m

Moving on in the drying chamber, different flow patterns may be used bagskd properties

of the starting material, nametp-current, countetrcurrentandmixedflow. In theco-current
arrangement, material is sprayed in the same direction as the flow of hot air. In general, such
an arrangement is preferable for heat sensitiedyrts as they are heated the least; however,

this may lead to insufficient solvent evaporation. Indbentercurrentarrangement, material

is sprayed against the direction of air flow. The droplets hit initially the air that travels a
distance signifiant enough to reduce its temperature. As the droplets move to the bottom of
the drying chamber, the air gets hotter and drier. This leads to a higher temperature in the final
product compared to them-currentconfiguration which can be good in terms ajththermal

efficacy and low moisture content but not the optimum choice for heat sensitive molecules. In
addition, extremely dry products tend to agglomerate due to electrostatic forces and thus,
particle size is larger thaso-currentflow. Finally, mixedflow combines the aforementioned

two flows. Material is sprayed upwards and remains in the hot zone for a short time to eliminate
the residual moisture. Gravity then pulls the product into a cooler zone. This arrangement offers
flexibility for materials wth varying degrees of thermal stabifity

In the last stage of the process, particles are separated from the air stream either by precipitation
on the bottom of the chamber, from which particles are removed with a scraper, or by using a
cyclone and badjlters. The latter is the most usual system and particles through the cone
shaped cyclone are collected in a flask by centrifugal fétdgliraf i ne particl es ( <
are not heavy enough to escape the air stream, are collected through aakaediitér (bag

filters)*4,

1.3.2 Particle formation

Spray drying is a simple, singgtep process of low cost and easy to scale up. One of the most

attractive features of spray drying is that, by controlling several process parameters and

12
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attributes of lhe feed solution, it is possible to control particle characteristics. Size, shape,
surface charge, roughness, morphology and moisture content can be adapted to improve the
performance of the dry powder during inhalaffofor many of those factors it iow welk

known their impact on particle formation.

First of all, it is important to understand how the particles are formed via spray drying. Particle
formation is governed by the radial distribution of components during the drying process of
droplets. A the solvent evaporates, droplet shrinks proportionally to the solvent evaporation
rate k) and its surface is enriched by the solute components. This causes a solute diffusive flux
from the surface to the center of drofffeSurface enrichment (Ewhich is the concentration

of component (Cs,) in relation to its average concentration in the dropleti\@& given by

Equation 6,
80

o L (6)

h

where Peis the dimensionless Peclet number @ng a function that must be integrated
numerically for each Pe number. Peclet number (Pei) is related to the ratio of solvent
evaporation rate (k) and diffusion coefficient of solute componiarthe liquid phaséD;), as

shown in Equation“f.
0Q — (7)

Equations 6 and 7 show that distribution of components of a droplet is driven mainly by solvent
evaporation rate and their diffusion coefficient. In general, whed 1P radial concentration
profile of the solute component is expected to be flat, because the diffusion coefficient higher
than the rate of droplet shrinkage will homogeneously distibetsolute in the final particle.

This leads to spherical particles with little or no void space arfddegsity’. On the contrary

when R > 1, diffusional movement of the component is slower compared to the speed of the
receding droplet surface by evaporation. This leads to particles with low density, large void
internal spaces and hollow or wrinkledagie due to a shell formation. Thus, it is becoming
obvious that surface enrichment could be manipulated by solute properties, solvents and

process factofé,

1.3.3 Critical factors affecting dry powder properties

The critical factors that affeqtarticle formation and other dry powder properties can be
separated in those that concern the feed solution and those of the spray drying process

parameters.

13
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Feed solution properties

Solvent properties, excipients and concentration otdimeponents in the feed solution highly
influence the final powder characteristics. Solvent volatility is the primary attribute in order to
achieve lower residual solvent, better flow properties and reasonable yield of powder particles
If an organic volate solvent is included in the feed solution, less of inlet temperature energy
is exhausted by solvent evaporation, due to the lower boiling point of the solvent. This leads to
higher outlet temperatures and therefore to a greater thermal efficiencypobties®’. Other
properties, such as high dielectric and dipole moments, have shown to increase amorphic state
of the final solid dispersion. Hence, solvents containing better tendency of dispersion can
produce solid dispersions of higher solubifity

In fact, one of the main uses of spray drying is the production of amorphous solid dispersions
(ASD), due to instant evaporation that results in an insufficient time for the molecules to re
arrange and pack into the crystal latticASDs are on@ha® systems in which APl molecules

are fully dissolved in an amorphous carrier (usually a polymer). ASDs are advantageous in
terms of solubility and dissolution rate while the excipients used stabilize the amorphous state
of the API during storage and prevercrystallization during the dissolutiohhe choice of

the polymer should be based on several properties such as glass transition tempgyature (T
nature of polymer (anionic/cationic), presence of functional groups, hygroscopicity, solubility
in organc solvents, molecular weight and thermal stability. For instance, a Ri¢H7% C)

leads to more stable ASDs particles with enhanced flowability since they remain at glassy state
at room temperature and are highly viscous preventing recrystallizatidme oAR. In
addition, high hygroscopic polymers absorb water during spray drying which weakens
molecular hydrogen bonding thus leading to a lower miscibility of the drug in the polymer and
decreased Jof the formulatioR?.

Last but not leasfeed concentration is a parameter strongly related with the evaporation time.
High solid concentrations (>5% wi/v) lead to droplets containing lower solvent amounts, thus
leading to higher Pvaluesand therefore, to the production of large, porous, wrihkle
particle$®. Moreover, at high concentrations lower moisture content has been reported due to

the increase in solid content and reduction in the total moisture to be evatforated
Process parameters

During spray drying, operator controls five procpasametersi,e. the inlet temperature, the

rate of the feed solution (ml/min), the flow (or pressure) of atomizing air (L/h), the nozzle

14
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di ameter (em) and t heéelh)gTaese paranweters hageta direc impaats p i r

on the outlet tempenate, droplet size, drying efficiency and final product performance.

Initially, the inlet temperature determines the solvent evaporation rate and thus particle
formation. High inlet temperatures lead to highnembers and therefore porous particles.
Apart from that, rapid shell formation at the droplet surface may occur due to high inlet
temperatures causing solvent entrapment. During solvent evaporation the outer layer may
collapse or rupture, resulting in cracked, broken partiélesduction in inlet temperature may

lead to higher moisture content in the particles which may stick on the walls of the drying
chamber, leading to lower yield of the pro¢éssinally, although it is not clear yet, it has been
reported that increagirinlet temperature could result in a higher aerodynamic diameter due to
either denser particles or an agglomerafih

Feed rate is another critical parameter that affects outlet temperature, droplet size, drying
velocity and distribution of componen Increase of feed rate has shown to decrease outlet
temperature, since the volume of liquid to be evaporated incPéasegpractice, outlet
temperature is the highest temperature to which the product will be heated and plays a critical
role in partcle size and morphology. This point, along with the enlarged droplets that are
produced in high feed rates and the less time available for evaporation, lead to higher moisture
contents, as well as lower yietls

Continuing to the process parameter, flow rate is defined as the volume of drying air
supplied to the system per unit time. A slow airflow rate is expected to give a better thermal
efficiency, due to the slower passage through the drying chamber and the longer action of the
drying air upon dbplets. Nevertheless, very slow flow rates can also affect yield as larger
particles may deposit through gravitational sedimentation on the bottom of the drying chamber.
As a result, it is advisable to adjust the drying air flow rate to the maximalasgdilable, also

in order to maximize the cyclone operation efficieficy.astly, it is also an issue that a
reduction in airflow may reduce the sheer forces at the nozzle; this may create larger droplets
in the spray and thus, generate larger partickgarling the nozzle diameter it makes sense
that, increasing itdiametey larger size of the droplets and thus larger particles are prdfuced
Finally, aspiration rate is a parameter influencing drying efficiency as well. A high aspiration
rate means ahorter residence time of air in the spray dryer and thus, less time available for
drying, resulting in a higher moisture content. On the contrary, increasing aspiration rate also
leads to better cyclone operation efficiency and therefore increases yield.

Table 1.1 summarizes the effect of the aforementioned feed solution properties and spray

drying process parameters when increased, on some of fbal itality attributes of a dry
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powder for inhalation. As a general rule, in order to produce particles appropriate for inhalation,
a relatively high feed concentration should be spray dried using a low feed rate, a high airflow
rate, a reasonably highpsator rate, and a proper inlet temperature to adjust outlet temperature
in order to achieve reasonable moisture content in the final pféduct

Table 1.1 Effect of the Sprayprying Conditions on th&rocess Outputs.

Impact . o .
Outlet T | Moisture Content | Particle size yield
Process parameters
Feed Concentration T ) T T
Non-aqueous solvent 7 ) ) i)
Inlet T T 4 T possibly T
Feed rate d i) i) )
Air flow rate d ) -
Aspirator rate 7 i) i)

1.4 Quality by design (QbD)

1.4.1 Basic principles and tools

The term Quality by Design (QbD), even though framed by Joseph M. iBui®92, was
conceptually introduced by Shewhart in 1930, in reason of his major contribution to the
industry with the introduction of control charts in the indUtrghewhart realized that the

only way to ensure product quality is by controllingnitanufacturing process. In that way, it
became clear for the first time that just testing quality in the final product (Quality by Festing
QbT) is not efficient. On the contrary, quality should be built in the product by §&s@pD

is a multidimensionaand holistic approach as states its modern definition based on the work

of many scientists in the field of quality such as Deming, Juran, Montgomery, Feigenbaum,
Ishikawa. These scientists introduced theories and principles that are the pillars otiQbD, s

as the theory of knowledge, systems theory, Total Quality Management (TQM), statistical
thinking and risk managemé&atTherefore, QbD is officially defined in ICH Q8 (R2) guideline

for the pharmaceuti cal devel opopmeent that Beginshi A sy
with predefined objectives and emphasizes product and process understanding and process

control , based on sound s cilGHnharmonized ttipartjtes a | i t vy
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guideline. Pharmaceutical development -Q8Q10. https://www.ich.org/page/quality

guidelines visited May 2%, 2020).

QbD has been introduced and implemented in the global industry for many years. However, it
found its way in thg@gharmaceutical industry only in the recent years after the FDA initiative

for a change in the 2tentury, by realizing how patient's safety can be enhanced by integrating
science and risk assessment/management into development and manufacturing®ac¥fitie
course, there are other drivers towards that initiative, such as the need to abandon the
monolithic blockbuster business model and turn to personalized medicine. Moreover, high
development costs, tightening of regulations and the pressure froemngeents to decrease
healthcare costs dondot allow defects in the
paradigms still adopted by the pharmaceutical industry.

Regarding the QbD approach in the pharmaceutical development, everything nistriokeg

end with the patient whose unmet needs must be fulfilled, having always in mind that is the
one and only reasoning behind the whole development process of any drug product. Based on
that idea the primary elements of QbD%are

1. A quality target prduct profile (QTPP) that is the quality characteristics of a drug
product that ideally will be achieved to ensure the desired quality. This is translated to
the critical quality attributes (CQAs) of the drug produat, physical, chemical,
biological, ormicrobiological property or characteristic of an output material;

2. Product design and understanding through the identification of the critical material
attributes (CMAS);

3. Process design and understanding through risk assessment for the identificatiimalof cr
process parameters (CPPs) and a thorough understanding of the relation between CMAs
and CPPs to CQAs;

4. A control strategy that includes specifications for the drug substance(s), excipient(s) and
drug product as well as controls for each step of theufacturing process;

5. Process capability and continual improvement.

In order to achieve the aforementioned goals, QbD implements several tools that derive
basically from the approach of statistical t
riskmanagement (QRM) 0 uses risk assessment to
formulation and process parameters of each unit operation. Some of the main methods used for
risk assessment are the Failure Modes and Effects Analysis (FMEA) or Caugdfextd

diagrams (Ishikawa diagrams) that are ways to evaluate a system, design process or service for
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possible ways in which known or potential failures (problems, errors, risks, concerns) can
occuf®. After that, with the addition of extra informati@m the process along with prior
knowledge and statistically designed experiments, these potential risks of failure can be refined
and adequately addressed through interventions for assuring tuality

Other tools that QbD uses arise from the statistjoality control (SQC) first introduced by
Woodall and Montgomery that includes statistical process control (SPC), process capability
and design of experiments (DoE). Especially DoE is an extremely useful tool during product
and process design that camedplace the traditional one factor at a time approach (OFAT)

by implementing other statistical tools like response surface methodology (RSM), multivariate
analysis and analysis of vameze(ANOVA) 3. Experimental design is applied to determine the
impactof each CMA and CPP on the CQAs as well as the potential interactions that may exist
between CMAs and CPPs that affect CQAs. Factorial designs (full or fractional), mixture
designs and RSM are predominantly used for screening of factors, process d¢hatiactand
optimizatiorf’. After the calculation of the effects, it is possible to define the optimum value
for each chosen factor (CMA, CPP) that results in the desired range of values for the responses
(CQASs) with the minimum variabilityThis last pa is essentially important in order to map

the processehaviourat different factor levels and to define the design spaeg,the
multidimensional combination and interaction of input variabéeg, (material attributes) and

process parameters thatvie been demonstrated to provide assurance of quality (ICH. Q8)

1.4.2 Implementing QbD in the development of DPIs

As in all dosage forms, implementing a QbD approach provides an assurance to the control of
the final formulation and manufacturing process. In the case of DPIs, however, it becomes
more compelling the need of using QbD for several reasons. Firstly, #iemeenin a previous
section, DPIs must be considered as a result of the interaction between the device and the drug
formulation, thus making the development of such a product a rather complex effort. On top of
that, proper use or not of the DPI by theiguatt affects in a high extent product effectiveness
and that is something that should be always kept in mind from the first steps of product
development through QRM. Finally, manufacturing of DPIs has shown low process capability
during processes such aswaler dosing or capsule/blister filling. At the same timeyitro
analytical methods for the evaluation of CQAs have shown low robustnessjiasin vitro
correlation (IV/IVC) in the case of the impactors that are essentially used for the evadfiation

aerodynamic performance of the DPIs.

18



Introduction

API/Excipient Raw Material Processing (CPPs) Drug Product (CQAs)

(CMAs) Requirements Patient Requirements

[dentification Jet milling
Salety, Elficacy and Medication
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Figure 1.4 A QbD roadmap for a dry powder inhaler prodéaapted from: The application of Quality by Design
framework in the pharmaceutical development of dry powder inhalers, European Journal of Pharmaceutical

Sciences, Buttini Fet al®8, Copyrigh® 2018, with permission from Elsevier.

Figure 1.4 by Buttini et al. shows briefly a QbD roadmap that decodes the general aspects
during a DPI development. Behind every title and bullet of that roadmap, a pletioratal
analytical methods, quality controls, statistical analysis and prior knowledge has been applied
in order to ensure that every aspect is properly included, justified and controlled. Starting from
the patient requirements, in the first stages of product development it is important to assure
safety and effectiveness of the product. These primary aspatts tb be considered
throughout the whole DPI product lifecycle from inception, from design and manufacture, to
service and disposal of products (lifecycle management). In order to do that, a QTPP must be
established in which fundamental product charasties are described along with the proper
justification for each choice. Those are the route of administration, dosage form, strength,
dosing regimen, delivery device, FKD profile depending on the therapeutic target, side
effects, cost of medication, moct stability and other important characteristics that, if
achieved, assure product qudlityAfterwards, a translation of QTPP in CQAs follows. For
DPIs some common CQAs exist such as device metering, moisture content, aerodynamic
performance that imedes powder flowability, aerodynamic particle size distribution, and
device robustness. Other CQAs common in all dosage forms exist such as API content
uniformity and stability. Finally, as defined by the QbD approach, it is important by risk
assessmenbtdetermine the independent variables,the CPPs and CMAs, the control of
which can lead to the manipulation of the dependent variatdethe CQAS>°S
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In the previous section the CPPS of spray drying were analyzed but depending on the method
used for particle engineering, different CPPs may exist. Furthermore, typical CMAs for the raw
materials used are API or excipients crystal form, purity, stability and particle size distribution.
Implementing a QbD approach is the only way to link all theesgects together, given the
complexity, variability and interactions that are hidden in the variables that affect the quality
of the final DPI produét.

1.5 Cupido Project

1.5.1 Purpose and Consortium

The present thesis was conducted in the context of CHpaect which has received funding

from the EU's Horizon 2020 research and innovation program under the Grant Agreement
720834. The title of the project was CUPIDO, acronym of Cardio Ultraefficient nanoParticles
for Inhalation of Drug prOducts. It starté February 2017 with its main purpose of the
application of nanotechnologies to the cardiovascular field. The incidence of cardiovascular
diseases (CD) has increased over the last decades, primarily because of the expansion of the
Amoder no | athyesuntes and thedengthening of life expectancy. It is estimated
that the worl dbébs popul ation aged 60 years ali
more than in 2000). Another complication is that according to the World Health Organization

in 2005 there were 2.3 billion people around the world with a body mass in the overweight or
obese range.

Taken together, this indicates a huge increase in the numbers of those at risk of developing CD
in the next 4660 years. Despite advancements immisnagement, CD still remains a major
cause of death worldwide, claiming 17.1 million lives a year and accounting for estimated 31%
of all deaths globally. Treatment of CD costs 139 billion euros for the EU annually, with
hospitalizations comprising 600% of direct treatment costs. Up to 40% of all deaths occur
among the elderly (65 years of age or older), who are expected to reach approximately 20% of
the whole population by the year 2030. Additionally, the cost to treat CD will triple by that
time.

Thee onomi ¢c I mpact of CD on the overall Europe
annually, and this figure continues to rise every year. In spite of all medical effortsyelae 5
mortality of heart failure (HF) has decreased significantly leas that of cancer. In fact, the

day-to-day management of individual esthge patients is still challenging with only short
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term benefits, and heart transplantation is available only to a minority of patients. Altogether,
this situation highlights the uegt need to overcome the difficulties associated with the use of
conventional pharmacological therapieg.(drug instability, insufficient efficacy, collateral

side effects due to unspecific tissue targeting, and invasive drug administrationstagad
disease) by developing novel grodmaaking therapeutic strategies that go far beyond any
current conventional medical approach. For this to occur, it is critical to further understand the
underlying mechanisms leading to CD and properly stratify therat In particular, new
approaches for safe, efficient, and careBpecific delivery of therapeutic drugs are strongly
required. CUPIDO is a new milestone in the fight against CD. It brings additional and concrete
evidence for the need of EWide policyactions for CD treatment.

CUPIDO project aims to hit the core of the cardiovascular disease, developing inhalable
nanoparticles that can deliver a therapy directly to the diseased heart. Exploiting nanoparticles
as a targeted delivery system can revolutionize the cardiovascldab&eoming the first nen
invasive heartargeting therapy. CUPIDO consortium is working to develop biocompatible
and biodegradable nanoparticles that can-asdémble and encapsulate drugs (novel or
available) for cardiovascular disease. Thenanoparicl once i nhal ed, wil!/
alveoli and later will translocate to the heart, where the drug will be finally released to
cardiomyocytes. Finally, the heapecificity will be ensured thanks to chemical and magnetic
guidance, reducing thehances of adverse side effects.

Cupido project consists of a multidisciplinary team extended to six countries. CUPIDO
consortium ranges from National Research Centers (CNR, Italy) and universities (Charité
University Medicine Berlin, Imperial College dfondon) to financial companies (IN s.r.l,

ltaly), technology companies (Simula, Norway; Cambridge Innovation Technologies
Consulting Ltd, United Kingdom; Nemera, France; L.I.LF.E, Italy; Bioemtech, Greece) and
pharmaceutical companies (Sanofi, France; Faroea, Italy; PlumeStars s.r.l., ltalyhe 12

Cupido partners can cover the complete chain that brings an idea into a feasible product and
cover expertise in: cardiovascular and nanotechnology research, bioengineering and molecular
imaging, pulmonologyand lung cell biology,n silico computational models, wearable
electronics, drug delivery solutions and pharmaceutical products

(https://www.cupidoproject.eu/owoal, visited May 22, 2020).
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1.5.2 Calcium phosphate nanoparticles for targeted nanomedicine

Currently, modern medicine is going through a paradigm shift from the widespread disease
managements to more tailored and customized treatments, exploiting specified therapeutic
agent s o6 i nteeuaalevel.iAbontshis,gitomisimg tesults come from the emerging
field of nanomedicine, that could be defined as the employment of nanotechnology to
over@mme healthcare problems. In this field, the remarkable and novel properties shown by
nanomaterialsra exploited to achieve specificity, accomplishments and biological activities
not exhibited by their counterparts at larger dimensional $8ales

The nanometric dimensions of nanoparticles/nanosystems offer several advantages over
formulations containig larger particles. First of all, nanoparticles (NPs) are characterized by

a large surface area and thus, a faster dissolution rate. In addition, as the particle size decreases,
saturation solubility of a particle increa8eJhis is particularly intergting in order to enhance
bioavailability of hydrophobic drugs by encapsulation in water dispersed NPs while on the
same time NPs can provide protection agamsivodrug early degradatidh Furthermore, it

has been shown that small spraticles can penetrate into tissues and reach the cytoplasm or
other intracellular targét Last but not least, NPs that function as drug carriers, can be used to
evade capture by cells of the reticuloendothelial system (RES), and to target sjzsciés.ti
Consequently, avoidance of the rapid clearance from bloodstream, and reduction of drug side
effects are mét ’>. However, there are concerns about the potentiattemy toxicity of NPs

that needs to be studied. Moreover, the complexity ofNtRe preparation process may be
difficult to scaleup’®.

The use of NPs has been widely studied for cancer management. Nowadays sdrmeddPs
formulations are clinical approved for the treatment of a variety of cancer types. Several authors
have highlighted that innovative NP®ediated formulations of conventional
chemotherapeutics can enhance their effiCacy

Among other nanoparticulate drug delivery systems, such as liposomes, polymeric NPs,
micelles, dendrimers, niosomes and lip@sed carers, calciuraphosphate nanoparticles
(CaPs) exhibit several attractive features that make them a useful tool for targeted
nanomedicin€. CaPs are the inorganic constituent of normal (bone, dentin) and pathological
calcifications mainly in the form obnic substituted and poorly crystallinpatite As a result,

they possess excellent biocompatibility, bioactivity, osteoinductivity andmomunogenicity.
Bioceramics have been used as biomaterials for manufacturing biomedical devices in

orthopaedics andentistry®. Additionally, except for a potential increase of the intracellular

22



Introduction

calcium concentration after an uptake and a limited local inflammatory reaction, there are no
adverse effects of calcium phosphate nanoparifcl€snsequently, if a prap method for the
preparation of CaPs is applied, there is a chance of producing CaPs having excellent
biocompatibility due to its chemical similarity to human hard tissue (bone and. t€bth)
characteristienakesthem recognizable by organisms as endogs materiafs.

In terms of functionality, CaPs feature a faster degradation than other commonly used NPs and,
by changing synthesis parameters, their physicochemical properties (morphology, surface
charge, crystallinity, colloidal stability) can blexibly manipulated. Furthermore, CaPs can

act as carriers for various APIs including biomolecules, either by surface adsorption or
encapsulation, protecting them from the biological environfAeafter that, due to their pH
dependent solubility, CaParm selfassemble and remain stable in blood plasma (pH=7.4) until
they reach regions with acidic pH & as inflammatory regions or endosomes and lysosomes
after cellular intak®. Neverthelesssome of the main drawbacks of CaPs are their low drug
payload values and their tendency to form aggregates in agueous suspensions. This makes
difficult to achieve a high colloidal stability and bioavailability, as the aggregates are easily
removed by macrophages. The latter issue could be resolved by the aofditinit organic
molecules (citrate ions, amino acids or macromolecules) that stabilize the size of CaPs at the
early stage of crystallization, due to the binding of ions to CaP stirf4ce

Since today CaPs have been mainly used for the treatmeamaércas carriers of APIs or in
combination with external stimuli to produce a therapeutic effect, as imaging agents or even
designed to produce both therapeutic and diagnostic effect (theragnostic agents).

Doxorubicin, platinum complexes and methotrexatethe main chemotherapeutic agents that
have been loaded in calcium phosphate nanopaffiéfes

Because of their small size, they are able to target cancers due to enhanced permeation and
retention (EPR) effect resulting in accumulation in evascularized cancerous tissues. Apart
from that, due to the high negative surface charge, CaPs are allkotb electrostatically on

their surface targeting ligands with high tissue specificity. Bisphosphonates drugs selectively
target bone apatite and have been widely used for skeletal diseases (osteoporosis,
osteosarcoma, etc.). The calcium of CaP nanabestiattracts the zoledronic acid, a
bisphosphonateolecule, modifying its typical bone tissue drug dispositiodfarious other

active moieties have been studied and attached on the surface of CaPs from small molecules to
macromolecules such as nuclaads, peptides and antibodies by exploiting several interaction
mechanisms between the NPs and the ARjurel.5).
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Targeted CaP nanoparticles wetsoaused for the delivery of nucleic acids in the form of
siRNA, exogenous genes, plasmids and suicide genes. Targeting moieties can exclusively
target desired cells by enhancing their therapeutic efficacy or target the apoptotic genes
delivery or siRNAs® malignant celfé,

Efficient and selective was the targeted transfection of nucleotides or suicide genes by calcium
phosphate nanoparticles. In details, it was demonstrated that cancerec#iis,human colon
cancer cells LoV® and human gastricancer cells SGC7901 were selectively destroyed with
suicide genes on CaPs. The silencing of specific genes resulted from siRNAs delivered to
human lung cancer cells NE1-460°°, human colon carcinoma cells HFR®& and murine
melanoma cells B16F1@urthermore, in the works of Het al®! and Royet al®?, the success

of CaPin vivo targeted transfection of exogenous genes to murine hepatocyte cells has been
reported. It must be mentioned that the main findings of these reports are only at thef-proof

concept level and further evidences are needed.
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Figure 1.5 Schematic representation of functions (outer ring), moieties (right sector) and surface decoration
methods (left sector) of targeted CaPs. Adapted by permission from Taylor & Francis, Calcium pHomspétite
nanosystems for admaed targeted nanomedicine, Degli Espostitlal’, Copyrigh® 2018.

Porruet al. proposed an innovative strategy for glioblastoma treatment based on transferrin
(Tf) targeted setassembled calcium phosphate nanoparticles (NPs) incorporating zoledronic
acid (ZOL) (NPsZOL-Tf). NPsZOL-Tf have been tested on the glioblastoma cell line
U373MGLUC showing highem vitro cytotoxic activity than the treatment by free ZOL.
ZOL-Tf calcium phosphate nanoparticles adlsgivoadministered to immunosuppressed mice

carrying intramuscular U373MGUC xenografts, showed a significant inhibitiontafmour
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weight. Therefore, the ZOL encapsulation in transferrin (Tf) targetechssetimbled calcium
phosphate nanoparticles enhanced the anticancer efficacy of this drug in glioblastoma thanks
to the acquisition of the ability to cross the BEB

The corsequence of CaP nanoparticles agglomerations could lead to a macrophage capture and
clearance. Nevertheless, the decoration of the surface with ionic organic molequiesdte

ions, amino acids or macromolecules) stabilize CaP NPs in their cofimidalA further CaP
nanoparticle common issue is their rapid surface degradation that could lead to a burst release
of the payload in the organism, hampering the applications requiring a more sustained and
prolonged release. This matter could be overcomeesCaP NPs could be engineered to

encapsulate the drug within the crystalline matrix preventing the burst release effect.

1.5.3 Peptideloaded CaPs for the treatment of heart failure

The research about the potential uses of CaPs in diseases different from cancer is still in its
infancy. In 2018 Miragolet al. published a work in which they demonstrated that inhalation

of calcium phosphate nanoparticles (CaPs) (<50 nm) allows for na@mislocation of CaPs

from the pulmonary tree to the bloodstream and to the myocardium, where their cargo is
quickly released. For the first time an attempt was made in order to use an alternative route of
administration other than the traditional oratlantravenous for the treatment of myocardial

disease. Briefly, negatively charged CaPs were produced via a biomineralinapoed

strategy in the range of 22D nm, capable of delivering bioactive molecules after crossing the
cardiomyocytes cellular embrane without promoting toxicity or interfering with any
functional properties of cardiomyocy?ég®

In 2016, Rusconet al. demonstrated the therapeutic effect of a-pelietrating mimetic

peptide (R7WMP). This peptide by targetingthef®a?2 cyt os ol i ctypsaalbiwumn i t of
channel (LTCC), improves cardiac contractility. Some pathological heart conditions are
associatd with alterations of LTCC levels and function (diabetic cardiomyopathy). The R7W

MP peptide by restoring of LTCC density at the plasma membrane, preserves its physiologic
channel function. More specifically, R7W is an oligoarginine (R7W)}petietratingoeptide

that is fused to the fterminus of the 11 aminoacidic peptide (MP), the active component of

the therapeutic molecule, and acts as a carrier for the MP without affecting its fefadtiBn

mimics an amino acidic stretch of thet€minal tail ofthe Cab 2 cyt osol i ¢ chape
designed to target specifically the Tail Interacting Domain (TID) withinthé@@a gl obul ar
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domain. This facilitates the restorationof3d. , 2 protein density at
heart conditions associated witliered LTCC levels and functidh

In the absence of R7W sequence, MP loses its potential to enter the cardiac cells. Its efficiency
in rescuing cardiac contractility requires that the CaPs mediate its crossing of the pulmonary
barrier and subsequent ooardial cell internalization. CaPs were proved to successfully
encapsulate the MP and vivo administered by nebulization were able to internalize the
cardiomyocyte. The peptide release led to a complete recovery of cardiac function. Based on
this targeed heart treatment and taking advantage of the attractive features of pulmonary route
compared to other delivery routes, a more selective cardiac accumulation of CaPs is possible.
As aresult, a significant dose reduction of the active biomolecule, aastedls adverse effects

due to hearspecificity, can be achievét

1.6 Lung-to-heart route

1.6.1 Comparison between the intravenous route of administration and the luntp-
heart delivery

The nanoparticles administered by the intravenous (IV) route are iessima conveyed by

the blood stream to the right heart, to the lungs and to the left heart. In the context of the first
blood passage in the pulmonary circulation, the fraction of IV administered nanoparticles
reaching the left heart, of which3% will be directed to the coronary arteries, is difficult to
measure. The left heart blood concentration is not representative of the pulmonary vein
concentration due to the very efficient capture of the nanoparticles in the systemic circulation.
In fact, the fration of nanoparticles lost before and after the right heart attainment should be
high enough to explain the better accumulation observed in the case of pulmonary
administration. This is particularly true considering the low bioavailability usually observed

after pulmonary administratiofrigure 1.6).

26

t



Introduction

Pulmonary entry
Lost after Alveoli
Right Heart

m— P UMmonary barrier

Right Left

Heart Heart
4-5%

Lost before Coronaries

Right Heart 96-95 %

Myocardium

Captured by
Intravenous entry CIEans
(liver, spleen)

Figure 1.6 Comparison of the intravenous and pulmonary routes.

1.6.2 CaP nanopatrticles lung to heart delivery

The comparison of the fate of the CaP nanoparticles deposited in the airways embedded in
microparticulate powder or in nebulized miatmoplets will be addressed in an attempt to
assess the potential impact of pulmonary administration procedure etotbegrt delivery of

CaP nanoparticles and the associated peptides. Thetdemgart route and the intravenous
route, depicted in theigurel.7, will be compared, from the anatomical features of the systemic
and pulmonary circulations, to address the potential of the pulmonary route to promote

accumulation of inhaled drugs in the heart.
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Figure 1.7 Nanopatrticle routing as a function of the route of administration.
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The accumulation of the CaP nanoparticles and of the-assuciated peptide in the heart is
dependent on:

A the fraction of CaP nanoparticles in microparticles delivered taaleoli (the
absorptive part of the lung);

A the administration time, which may be significantly different for continuous
nebulization compared to inhalation of discrete puffs of powder;

A the release of CaP nanoparticles from the microparticles deliverethashle
powder;

A the ability of the CaP nanoparticles to be translocated through the type |
pneumocytes to reach the blood;

A the specificity of the lungo-heart transport, in particular the shorter pathway that
may limit the loss of drug into the blood estim, better directing the absorbed
material to the coronary arteries.

Nanoparticles cannot be directly delivered to the lung as individual particles because alveolar
deposition efficiency is uncertain and medical devices to generate nanopatrticles a&eosols
not market ready. Based on ICRP (International Commission on Radiological Protection) lung
deposition model, 20 nm particle size allows a theoretical efficient deposition in the alveoli
(around 50%) but there is no available medical device generhisnggrticle size aerosol. Few
prototypes of inhaler have been described in different papers to generate submicronic particle
(around 200 nni§ but a high fraction of these particles was exhaled (88%d)herefore, the

direct inhalation of nanopartes suffers from unlikely deposition at the intended site for
action. A technique to overcome this drawback is to embed-siaad particles in micren

sized carriers suitable for inhalation down to the deep lung, and capable to restore, in the alveoli
fluid, the nanoparticles exhibiting the original size distribution deemed necessary for the
expected nanearrier performance.

Two procedures can be adopted to fulfil this aim:

A dispersion of the nanoparticles in miatmoplets of aqueous medium as
suspensions;

A embedding of the nanoparticles into misimed solid matrix particles.

In terms of inhalation product, this means to manufacture a drug suspension for nebulization,

or to construct a dry powder for inhalation.
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1.6.3 Expected influence of the pulmonary administration protocol on the

pharmacokinetics

Dry Powder Inhalers have the advantage to be portable and to deliver the dose in one or few
inhalation acts, reducing the administration time in comparison with nebulizers with access to
a more patienfriendy therapy. Compared to nebulizers, their main limitation is the inspiratory
flow rate by the patient. DPIs require a minimum inspiratory flow to ensure the particle
deagglomeration and the delivered dose to the patient (20 L/min; 1 kPa pressure drop).

In this inhalation productipw or large amount of formulation can be deliver€tde amount
inhaled is therefore reliable and the size of the aerosolized powder can be adjusted to deliver
extra fine particles (< 3 um), adapted for deep deposition into tige lun

As mentioned before, narszed particles cannot be dried and delivered as they are. They
should be temporarily enlarged by embedding in microparticles. The risk of irreversible
aggregation of the nanoparticles as a consequence of the microparticldaatnaimg process

is significant. The dry powder manufacturing principle is based on the assembly as solid
microparticles of the nanoparticles using a watduble nortoxic carrier substance tolerated

by lung tissue. The reversibility of nanoparticlesbeddedi.e. nanoparticles release, when in
contact with the pulmonary fluid, is one of the critical aspects of this thesis project.

Scientific literature reports various manufacturing principles aimed at producing inhalable
microparticles exhibiting th@ptness to restore, after deposition on wet surface, embedded
nanoparticles respecting the initial size distribution. A first technique is to agglomerate the
nanoparticles in a | arger structure called
this work, is to construct microparticles starting from the dispersion of the nanoparticles in a
solution of carrier substancese( lactose, leucine, trehalose or mannitol). The suspension is
transformed by spraying or lyophilization into a dried powder lgtihg the appropriate
microparticles size (< 5 um) for inhalation and deposition in the deep lung. The obtained
microparticles consist in a matrix of watssluble substance embedding the nanoparticles. The
restoration of nanoparticles characteristicsiitsfrom the dissolution of the microparticles in

the hydrophilic fluid. In addition to the size, the surface properties governing the ability of
released nanoparticles to be translocated through the lung epithelium to systemic circulation is
a key qualiy attribute.

The dry powder, as for the solution for nebulization, requires a device for administration of the
dose. There are many DPI devices available on the market. For most of them, the powder is

administered as a single dose in a hard capsule. Tieatpahales through the mouthpiece of
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the device, generating the air flow rate needed (> 20 L/min) (i) to extract the powder from the
previously pierced capsule, (ii) to aerosolize it and (iii) to drive the particles into the lung where
they are depositeaccording to their aerodynamic diameter. The maximum of amount of
powder inhalable without cough is around-ZD mg. However, where higher doses are
required, successive inhalation acts allow the delivery of the entire dose in smaller puffs.
Therefore, he DPI technology is expected to be robust enough to be adopted for the-lung
heart drug routing.

By embedding nanopatrticles in microparticles to produce a dry powder for inhalation, the
expectation is that the rapid/easy dadeinistration and lung deposition, together with quick
dissolution and high local concentration, will lead to an improved pulmonary blood

translocation, as compared to nebulized liquid formulations.

Since the objective of this thesis project is to ditbetdrug to the cardiomyocytes, the dry
powder is designed to promote the translocation of the-ldadged nanoparticles from the
apical alveolar epithelium of lung, to the blood flowing in alveolar capillaries to the heart.
Consequently, the absorptiohr@anoparticles is seminal for their translocation. For deposition

to take place, various alveolar defence mechanisms activated against foreign materials in the
respiratory units have to be overcome. The first one is a physical mechanism dependent on the
size of inhaled material. When environmental particles or droplets have a size compatible with
their access to the airways (aerodynamic diameter <5.agm;r e spi rabl ed parti c
deposit in the airway secretions in the conducting airways actbaeed via the mucociliary
escalator. This is a major bronchial airway defence mechanism that transports foreign material
back to the throat where it is swallowed or expectorated. This mechanism is particularly
efficient for larger respirable particlescamsoluble or poorly soluble substances; it is based

on specialized ciliated epithelial cells that push back the particles trapped in the mucus in large
airways from the site of particle deposition to the throat.

Particles escaping bronchial captureparticular those having a diameter < 3 um, continue
their travel to the deep lung and are deposited in alveoli, as expected for this research project
microparticles. The alveolar deposition exposes the microparticles to phagocytic clearance by
alveolar mamphages. However, since the microparticles of this project are designed for
prompt dissolution and release of nanopatrticles into the pulmonary secretions, their residence
time in the alveoli is expected to be short and, as a consequence, the assabatgitityof

macrophage engulfment is expected to be low.
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Finally, possible degradation of the peptide loaded onto the nanoparticles in the pulmonary
fluid is expected to be mitigated by the presence of calcium phosphate nanopatrticles, likely by

limiting the drug exposure to enzymes.

1.6.4 Translocation of nanoparticles from the alveoli into the blood

Even though the mechanism of crossing the pulmonary epithelium by nanoparticles is generally
accepted as the mechanism of pulmonary entry of particulate mattertha blood
circulationt®), thein vivo measurement of translocation faces methodological difficulties. For
example, the poor stability of carbon nanoparticle labelling (with-8&hnetium) was shown

to lead to artefactual resuit$'®® whereas the unavoidable parallel absorption byrotae in

the wholebody inhalation exposure protocol can induce a bias in the interpretation 8f.data

As a consequence, there is not, as yet, a complete consensus about: (i) the proportion of
deposited nanoparticles that translocate across the patynaasblood barrier, (i) the
mechanism of translocation and (iii) the key quality attributes (size;ppé¢atial, surface

properties) deemed appropriate to favour this route.

1.6.4.1 Influence of nanoparticles size

The potential impact of particulate awmlfution on human health has been a primary driver of

the preclinical and clinical studies aimed at evaluating the entry of particles into the body by
the pulmonary inhalation route. Particular attention has been paid to nanoparticles with a size
< 100 nmyeferred to as ultrafine particles. In fact, since alveolar macrophage phagocytosis of
ultrafine particles is thought to be significantly less efficient than uptake of mszed
particle$®, this protection process from nanoparticle inhalationss kffective, and further
routing to the bloodstream is conceivable. In this context, accumulation of nanoparticles in the
liver is viewed as a proof of the pulmonary barrier crossing toward the blood circulation. In
fact, the accumulation in the liver aftintravenous administration is typical of particulate
materials in blood. Accumulation in the heart would be also expected, considering the lung
heart routing, but is not addressed in a systematic manner in these experiments.

Using technetiur®9m labded albumin nanoparticles with a diameter below 80 nm, Nemmar

et al. studied the passage in blood of 1, 10 and 100 ug doses in hamsters after intratracheal
instillation!®®>. The labelling was not altered in the blood, as shown by-layer

chromatograpip Up to 1.24 £ 0.27 % of the radioactivity was found in the liver, 30 minutes
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after the administration of 100 pg dose. Interestingly, 0.22 £ 0.11 % of the radioactivity was
found in the heart whereas only 0.002 + 0.0004 % was found in the spleen (alsodshan

organ capturing circulating nanoparticles).

On the opposite, ultrafine organic particlesf with a diameter in the 29 nm range were

also found to accumulate in the liver, after 6 h of wHmey inhalation exposure of rats, but

not in the heart. However, oral absorption due to mucociliary clearance, as well as post
exposure cleaning of their fur by the model animals, may have induced a bias in the
biodistribution.

Since the materials representative of the ultrafine particles usediroreanental toxicology

are poorly soluble in water and poorly biodegradable, the artifacts due to their degradation or
dissolution are thought to be mitigated. Used as pollutant surrogate, elemental silver (EAQ)
particles, with a diameter in#0 nm rangewere inhaled by rats in a wheb®dy chambef®.

EAg particles were located by transmission electron microscopy in the alveolar macrophages
and in the alveolar wall. A significant amount of Ag was detected in the blood, which shows
that the EAgQ particlesrossed the pulmonary barrier. Significant amounts were found in the
liver and the heart. However, the Ag accumulation in the heart was approximately 75 times
lower than the accumulation in the liver, whereas it was only 6 times lower for technetium
99m kbelled albumin nanoparticles. Therefdeeouredaccumulation in the heart is not likely

is this particular models.

1.6.4.2 Influence of nanoparticles surface properties

The uptake of particles by the epithelial cells was also evidenced by imaging usingrpobysty
latex beads with a 240 nm diaméférEven though these particles are too big to be categorized
as ultrafine particles, it is interesting to note that lecittiated beads were incorporated by
type | and Il cells, while uncoated beads were nabriparated. Therefore, this study shows

that inhaled exogeneous particles can be processed differently as a function of their surface
properties, although the mechanism of recognition is not yet elucidated. Even though the
polystyrene beads could not be ebh&d in the endothelial cells, which constitutes a missing
link in the routing process. These experiments support the hypothesis of the transport of inhaled
particles to the capillary space by translocation.

As alluded earlier, the surface propertieshaf hanoparticles are also prone to influence their

i mmer si on i nt olininglagert. it may lie partefuhe éxplanation of the better

capture of the lecithigcoated beads, as compared to the uncoated ones. In practice, a
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disintegration tst has been included in the certificate of analysis of CUPIDO products, with
the expectation that the appropriate wetting of the nanoparticles conditioning their

incorporation in the surfadeing layer is assessed.

1.6.4.3 Microparticles disintegration and Ca-P nanopatrticles recovery

The bioavailabilityof a drug administered by inhalation in powder form depends on several
steps that cumulate to reduce the amount of drug available for absorption. Starting from the
powder manufactured to obtain a respirable powder, the drug content in the formulation is
dependent on the pharmaceutical process. The formulation introduced in the device is expected
to be inhaled by the patients but, in practice, part of the formulation does not leave the device.
Then, the deposition of the powder in the lung depends on tohdyaamic particle size
distribution and may be done in sections of the respiratory tract not relevant for absorption.
According to the CUPIDO products design, the deposited microparticles are expected to be
dissolved to release the embedded nanoparti€las. process should be effective to avoid
additional drug loss. Finally, free nanoparticles have to translocate from the lung fluid to the
blood stream through lung epithelium, another possible site of drug loss.

In summary, as depicted Figure 1.8, the bioavailability of a particulate drug in the lung is
affected by all the previously described steps that tameuo reduce the absorption. The
guantification of the drug lost at each step is necessary for proper comparison of the

nebulization and the dry powder inhalation.

Bioavailability: h process* h delivery * h deposition*h adsorption

ALVEOLI ALVEOLUS

RESPIRATORY MEMBRANE

Process technology Aerosol deposition Adsorption
(dissol ution/permeability)

Figure 1.8 Processes of bioavailability construction following a dry powder inhalation from a dry powder inhaler.
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The dose of microparticles deposited on the lung epithelium is lower than the dose metered in
the reservoir of the dry powder inhaler, as previouslgmesd. If the objective is a systemic
action, only the part of drug deposited in the deep lung can translate into significant blood
levels of the drug. The portion deposited in the tracheobronchial region makes a small
contribution to the systemic level drug. The portion deposited in the mouth and swallowed
can contribute to the level of drug in the blood, but it is not useful for the therapeutic objective
of CUPIDO product.

As illustrated inFigure 1.9, there are several kinetics constants driving the deposition and
absorption of drug, as a function of the section of respiratory tree. The drug adsorption process
from pulmonary region can be carrierdieged (MichaelisMenten type) active and/or passive

in the lung, while adsorption from the tracHsanchial region is assumed to be fiostler

only. Mucociliary escalator kinetics from the pulmonary to the tradmenchial region is
represented by arfitorder rate constant @K For CUPIDO products, the release of

nanoparticles from the microparticles has to be considered as an additional kinetics constant.
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Figure 1.9 Schematic kinetic model of the drug deposition and absorption in the lung.
Vmaxpand Knaxp@ar e t he maxi mum r at e ad4Mdnteriypd, Carrienhedigtadactvd t h e
adsorption process;dfand Ky 7 are the firstorder rate constantsif passive adsorption from the pulmonary and

the trachedronchial regions, respectively.I§ the first order rate constant for mucociliary escalator.
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2 Aim and objectives

Calcium phosphate nanoparticleave several intrinsic characteristics that make them a
promisingmaterial for targetedrugdelivery. In fact, CaP NPs are totally biocompatible,-non
immunogenic and degraded in the cells into-twac bioproductsi.e. calcium and phosphate

ion®. CaP NPs can bind and deliver a wide range of drugs, from antitumor agents,
antimicrobials, nucleic acids, peptides, and many otf#erd The preparation of CaP NPs is

a simple and inexpensive process easily scaled up at industrial level and fullyacbnopihe
principles of green manufacturing. Finally, CaP NPs possessdepéhdent solubility that
makes them naturally stimedésponsive, since drug release is associated to nanoparticles
dissolution triggered by a decrease of pH under 5

Therapeut agents, adsorbed to or encapsulated within the nanoparticle, can be protected from
degradation in the biological environment. This feature is particularly relevant for therapeutic
biomolecules such as nucleotides or peptides. Indeeit, ¥ha delively, stabilization and cell
targeting have resulted so far to be inadequate due to degradation before reachatigehe

site. Hence, for these therapeutic biomolecules the use of CaP NPs as drug carrier is particularly
favoured since the protective actiari CaP NPs is welknownt'+112, All the abovementioned
features can be tailored for the desired application by changing nanoparticles physicochemical
propertieslike their morphology, size, surface properties, and chemical composition.

Despite these benefits of nanoparticles, their administration by inhalation remains a challenge
since a delivery system able to create a respirable aerosol for nanomedicine deposition in the
deep lung, where absorption can take place, is required. Thegréferaim of this research
project was toscale upat industrial level a novel microparticulate inhalation powder drug
embedding CaP nanoparticles loaded with drug to be given by inhalation with a Dry Powder
Inhaler. The powder aerosol must be able to deposit into the deep lung, release the nanoparticles
for their translocation across the gasod barrier in pulmonary vein with the goal to target the

release to heart.

2.1 First objective

The first objective of the project has been the design and manufacturing of a novel drug loaded
CaP nanoparticles having sabte properties for efficient delivering of the therapeutic payload
to theheartthat is the target organ. Thus, the research was focused on loading of small drugs

or biomolecules as therapeutic agents for cardiovascular diseases. Clinically availabta drug
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innovative therapeutic compounds for cardiovascular disease (CD) have been loaded in CaP
nanoparticlesnediated inhalation heart therapy. CaP nanopatrticles must enter the pukmonary
heart blood circulation from where directly reach the heart. Aftecdinéiac tissue targeting,

the internalization in cardiomyocytes allow the nanoparticles to release their cargo. This first

objective was accomplished in partnership with CNR.

2.1.1 Drug and biomolecules loaded

2.1.1.1  Milrinone

Milrinone (MRN) is a cardiac inotropicnal vasodilator drug, commonly used for congestive
heart failure treatment. It increases the intracellular cAMP concentration and high calcium
supply influx to make a positive inotropic effect, selectively inhibiting the enzyme
phosphodiesterase Il actidBystemic contractility, vascular resistance, left ventricular filling
pressureandpulmonary arterial pressure are decreased and myocardial contractility increased
by milrinone thereby improving the thorough heart function. The main milrinone advantage
over other cardiac inotropes, such as captopril, nitroprusside and dobutamine, is that
significantly downsizes pulmonary capillary wedge and right atrial pressures, atrial pressure
left ventricular enebliastolic pressure, jointly with raised stroke work ideéRN is clinically
administered by intravenous injection (Prim&@anofiAventis, Chilly-Mazarin,France) or

orally to adult and pediatric patients for failing heart conditions. Nevertheless, its clinical
efficacy may be limited due to lack of targgtecificity and low bioavailability, besides the

side effectse.g.,arrhythmias and renal dysfunctidf

The development of a milrinone inhalation product may be relevant to overcome the issues
related to side effects due to intravenaysction and to improve the low bioavailability of

oral milrinone administration.

2.1.1.2 miR-Neg5 (miRNA)

MicroRNAs (miRNAs) are small regulators involved in several biological processes and have
been recognized as potential novel therapeutic targets farehenent and prevention of
cardiovascular diseases. The cardiac enriched188RFigure2.1), which is inversely related
to failing heart conditiongs involved in several aspects of pathological cardiac rerindel

and its potential role as therapeutic compound was shown by Castaléi’. In detail, miR
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133 control s many:adrenargc cateptorttransdaction tabcade and is

cardioprotective during heart failure.

mlR 133 o o o
o® o™
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\
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Figure 2.1 Schematic representation of microRNA3 (miR 133) targeting key components of fndadrenergic
receptor (b1AR) transduction cascade. ACVI indicat e:
exchange protein activated by cAMP; Gs, stimulatory G protein; PKA protein kinase A; and R, regulatory subunit
Reprinted by permission fmoWolters Kluwer Health, Inc., Circulation ResearbticroRNA-133 Modulates the

b 1Adrenergic Receptor Transduction Cascadegfalidi A. et a5 Copyrighf 2014

In previous activities, miRNAs were loaded in synthesiZa#$2 In this study Di Mauret

al. developed negatively surface charged nanoparticles, which are able to encapsulate and carry
mMiRNAs into cardiac cells botn vitro andin vivo. In the arising field of hanomedicine,
controlling the negative charge of thenoaarriers in terms of surface potential can be
beneficial in facilitating the targeting of hyperpolarized and excitable organs. The excitable
cells are prone to (electro) toxicity. In fact, by measuring passive and active electrophysiologic
properties oftardiomyocytes subjected to charged synthetic nanopatrticles, it was discovered
that polarized cells have a selective compatibility for negatively charged nanopdftidfes

In agreement with these results, Di Maetoal®? demonstrated that negagly charged CaP
nanopatrticles did not affect the functional measured parameters in cardiac cells. In particular,
no changes in passive membrane properties, known to be a signature of arrhythmogenesis, were
observedIn the first part of this thesis projethe miR133 was loaded i€alcium phosphate
nanoparticlesprepared following a novel protocol and envisioned to be a newl88Rlrug

delivery system by inhalation for heart taiggt
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2.1.1.3 Mimetic peptide (MP)

The mimetic peptide MP (11 AA, MW: 1326 Da;helix structureFigure2.2) is a novel
therapeutic tool that selectively targets the cytosolibZahaperon subunit of the cardiac L

type Calcium Channel (LTCC) complex. By enhancing/recovering the protein interaction
between the subunits of the LTCC complex, MP restores the physiologic protein density of
LTCC at the plasma membrane and thesovers the altered myocardial function due to
various acquired and genetic cardiac pathological condifioMP was loadedn CaPs
synthesized following Miragokt al.dedicated protocol, by adding the peptide in the reactant
solutions. The association of MP was successful, producing loaded CaPs with a negative
surface charge at physiological pF8Z.0 £ 5 mV), and a mean hydlynamicdiameterof

about 80 nr¥p,

[
=]
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Figure 2.2 Molecular model of the MP (orange) docked onto theitédracting domain (TID) region of Cfa 2

(yellow), revealing the formation of electrostatic interactioReprinted by permission from Wolters Kluwer

Health, Inc., CirculationPeptidomimetic Targaig of Cab 2 Ov er comes Dy sTymedaldumt i on of
Channel Density and Recovers Cardiac Fungfarsconiet al®, Copyrigh® 2016

In the first section of this research thesis, the MP was loade@aloium phosphate
nanoparticlesprepared following a novel protocol. The nanoparticles preparation preceded the
final goal to design and constructespirableproduct to be delivered viahalation to reach

the diseased heart.

2.2 Second objective

Nanoparticles for inhalation would be easily administered as water dispersion using nebulizers
that transform the liquid in micrdroplets containing nanoparticles. However, the liquid

dispersion ohanoparticles suffers for physical and chemical stability. In dry form, individual
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nanoparticles are too small for lung deposition following a respiratory act, since nanoparticles
could be inhaled, but the risk of exhalation is very high. Microparticpateder aerosols can
deposit into the lung higher amount of drug compared to droplets from the nebulization of
dispersion. Then, they can attain on the respiratory epithelium a drug concentration higher than
by the systemic route. However, the aerosollatiwn introduces constraints related to powder
delivery and lung deposition. Deposition of aerosol microparticles anticipates the drug
dissolution and permeation processes in the lung. The combination of drug formulation and
aerosolizing device governsetimass of drug aerosolized and inhaled. The drawbacks of the
prior art concerning the aerosol products containing nanoparticles, are overcome by a drug
powder aerosol made by composite microparticles embedding drug loaded nanoparticles. Then,
the manufactung technology can substantiallprovide aerodynamic propertiedo

nanoparticles

Consequently, the second objective of the research was to emb&altnem phosphate
nanoparticlesn a drymicroparticulate powdeable to deliver and release the nanoparticles to
the lung epithelium. The strategy adopted was to produce microparticles (betiveen) by

spray drying a water solution of a carrier in whigthcium phosphate nanoparticleaded with

active substancesalie been dispersed. The composition and structure of microparticles are
designed to allow the incorporated diogded nanoparticles to target the heart, starting from
the aerosol entrance and deposition in the lung. Then, the administration sequersgsproce
with the deposition of extrine microparticles in the pulmonary alveoli, the release of-drug
loaded nanoparticles by dissolution of microparticles and the translocation of nanoparticles into
the blood of the pulmonary veifig!®119(Figure2.3).

In 2017 Torgé® described the preparation of polymeric nanoparticles embedded by spray
drying in mannitol microparticles. The micropartgl® s t, respitabilityraed capability to
release the nanoparticles protecting the original size, was different from michepaitic
inhalation carrying drug loadedalcium phosphate nanoparticles this thesis. The
microparticle formulative procesm this thesis was optimized by applying a DoE for
discovering the effect of the liquid dispersion composition and spmagg plocess
parameters on selected Critical Quality Attributes (CQASs) of the microparticles embedding
unloaded CaPs (dpCaPs). Tilrdoaded and loaded dpCaPs were test@itro andin vivofor

a full spectrum of biocompatibility, toxicity, bloaedteraction, aiblood flow-interaction at

pulmonary barrier, inflammatory responses, and pharmacokinetics. These activities were
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performed in collaboration with CNR (ltaly), Imperial College (United Kingdom) and Charite

Universitatsmedizin Berlin (Germany).

o @ Microparicles embedding
i % rug loaded CaP nanoparticle
& | drugloaded C |

Figure 2.3 Schematic illustration of the concept of microparticles embedding CaP nanoparticles delivered to lung
for heart targeting. Imicroparticles inhalation; 2: microparticles deposition in lungs and release of CaP NP that

translocate through the dtood pulmonary barrier; 3: heart targeting and drug release into the heart.

2.3 Third objective

The third objective of this project was to support the study and development of a novel
pulmonary device for the dry powder administration (DPI) useful for dixteaparticle

delivery, accomplished by the industrial partner of the project Nemera (France).

The administration and absorption of inhaled drugs depends on several factors, among these,

the technical characteristics of the inhaler have a fundamental role, beyond the usability by
each person. The most recent clinical evidence, highlighted by #e pmeumological

scientific societies, indicate that inhalation therapy can lose effectiveness if not correctly
execute#!?2Thi s can occur due to both the charac:
ability to take the drug correctly. Hen@ea new pulmonary product, the combination between
drugformulatonand i nhal er is pivot al al so 2 Bor t he
the dose administration the use of amretered device has been suggested since the target is

not a chrorc diseaserequiring continuous drug administratio@onsidering the status of

patients with a partially impaired pulmonary function, an inhaler with a medium resistance (

60 L/min at 4 kPa pressure drop) was realized.
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2.4 Fourth objective

The fourth olective was to assist the industrial manufacturing of the product required for pre
clinical and clinical studiesproviding physicechemical and analytical support. Pikxtale
manufacturing of best performing drmpded CaP nanoparticles with initial lstay tests,
microparticle manufacturing process in industrial environment and formulations combination
with the inhalation devices were the stessisted The nanoparticles and microparticles
obtained weranalysedn order to identify any critical stg@nd potential risks associated with

the scale upprocess This goal was shared with the industrial partner Fincerankiaanza

Italy). The optimized microparticles embedding CaPs loaded with therapeutic substance were
testedin vitro on pulmonary and cardiac cells. Finally, the powder was adminisbtsred
inhalationto mini-pigs, in order to assess ttierapeutic effecdbf micropaticles embedding

CaP loaded witlmimetic peptidein the heart.

A timetable of PhD program development plan is reportdtigare2.4.

15t and 2*¢ PhD year 3*4 PhD year
Novel In vitro tests on In vivo study
preparation of pulmonary and
CaP loaded cardiac cells . ) .
nanoparticles Manufacturing of Scale Up formulation

and development of

respirable )
Inhaler Device (DPI)

Microparticles
cmbedding
nanoparticles

Figure 2.4 Development plan of the three PhD program years.
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3 Materials and Experimental Methods

3.1 Materials

To prepare thealcium phosphate nanopartigleslcium chloride dihydrate (Caf®H;0O, >
99.5%, Lot: A1052302649, Emproe Merck KGaA, Darmstadt, Germany); disodium
hydrogen phosphate dihydrate (N®Q/&RH.0O, > 99.0%, Lot: K47479136632, EmprSye
Merck KGaA, Darmstadt, Germany); trisodium citrate dihydrates(@lsO7) ADH>
99.0%, Lot: K93697842636, riprove®, Merck KGaA, Darmstadt, Germany); sodium
hydroxide NaOH 0.1 N (FU XII Ed.) and ultrapure water purified by reverse osmosis (MIlliQ,
Millipore, Molsheim, France) were used. The active API and biomolecules were: milrinone
(USP Reference Standard, M211.02 g/mol, batch number M781194316, Merck KGaA,
Darmstadt, Germany); seliternalized R7W mimetic peptide (purity 97.4%, MW 1326.38 Da,

11 amino acids: DQRPDREAPRS, batch number U8665EGIRB2815, GenScript Biotech,
Piscataway, NJ, USAmimetic pepide MP (purity 95.5%, MW 2605.9 Da, 19 amino acids:
RRRRRRRWDQRPDREAPRS, batch number U8459DB2BBE9065, GenScript Biotech,
Piscataway, NJ, USA); miRNA negative control 5 (batch number 345432126, miRNA strand:
GAUGCUACGGUCAAUGUUCAAG, mi R C U Ri¥ic 20N @iEgenmi RNA
Sciences, Germantown, MD, USA). For the NPs purification by dialysis, molecular porous
membrane tubing (15 cm, diameter 22 mm, MWCO 3.5 kDa, Part number. 132724,
Spectra/Pdt, Spectrum Laboratories Inc., Rancho Dominguez, Canada) wereyeuplto
manufacture the micropar t®Esderdia, Partech M hOD Lot | (C
M781194316, Merck KGaA, Darmstadt, Germany) has been chosen as excipient. Acetonitrile
(CHsCN, VWR International, FontenegousBois, France), trifluoroacetiacid (CRCOOH,

100%, Lot: ON657456, CHROMANORR®VWR International, FontenagousBois, France)

and hydrochloric acid (37%, HCI, batch number: 17K154012, VWR International, Fontenay
sousBois, France) were the component of mobile phase of HPLC developdytical

methods. All solvent used were of analytical grade.
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3.2 Experimental Methods

These activities researchere performed in collaboration with Dr. Lorenzo Degli Esposti in
Laboratory of Bioceramics and Bloybrid Composites, CNR Institute of Sciene and

Technology for Ceramics (Faenza, Italy) headed by Dr. Michele lafisco.

3.2.1 Calcium phosphate nanoparticlefCaPs) preparation

To obtain the unloadechlicium phosphate nanopartici€aPs), two aqueous solutions were
prepared: one containing Ca®.1M and trisodium citrate 0.2 M (pH 6.8) and of disodium
phosphat®.12 M (pH 8.7). The pH of each solution was adjusted to 10.0 using NaOH 0.1 M.
Subsequently, the phosphate solution wdded to the calciuritrate solution at a fixed
mixing volume ratio of 1:1 (v/v). The final solution was kept to 37°C for 5 minutes to allow
the precipitation of CaP nanoparticles. Finally, the flask containing nanoparticles dispersion
was put in an icedih to stop the reaction. The dispersion of precipitated nanoparticles was
dialyzed overnight to remove unreacted salts at 25°C for 24 hours across a cellulose dialysis
membrane with a cudff of 3500 Da and immersed in 506L of Milli -Q water followed by
multiple water exchanges. To assess the CaPs concentratomlLlof dispersion was
collected inside a weighted Eppendorf vial, in triplicate, and centrifuged for 15 minutes at
13000 rpm. The supernatant was removed, and the residual was dried anddwdighkte

dispersion was recovered and stored at 4°C in a sealed vial.

3.2.1.1 Milrinone (MRN) loading

Several tests were performed to assess the interaction of drugs with the nanoprecipitation
environment and the conditions of drug concentration and pH of theosolatinanoparticles
preparation method were optimizédilrinone (Figure3.1) is soluble in DMSO (20 mgiL),

warm 100% ethanol (3 mgL), and DMF (~0.3 mgnL). It is very low soluble in water. The

pKa of milrinone is 7.21 and pKs 5.72.

Figure 3.1 Chemical structure of milrinone
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In a second step optimization, the maturation time was increased, with the aim to lead to the
improvement of the interaction of drugs during CaP formadiod the minimization of the
desorption of drugs during the dialysis purification. Additionally, NaOH 0.1 M was adkted a

to the calcium solution in order to create an environment that is alkaline enough to solubilize
the drug. Drug was used at its solubility limit in highly alkaline solution (3why/and was
dissolved both in calcium or in phosphate phases. To idehgfritical aspects in term of
drug loading in CaPs, a study was conducted to monitor the milrinone content during
nanoparticle loading steps using a specific HPLC assay method.

3.2.1.2 miR-Neg5 (miRNA) and Mimetic Peptide (MP) loading

As in the case of the urddedcalcium phosphate nanopartic(€aPs) preparation (see Section
3.2.7) the exact same procedure was followed for the preparation of loaded with m&RH33
mimetic peptide (MP; 11 AA, MW: 1326 Da-helix structureoaded CaPs nanoparticles.

The only differencef this preparation was that 0.014 mmd/ of micro-RNA (Neg5) or 0.6

mg/mL of MP were added into phosphate solution.

The lab scale protocol of CaPs loaded with mimetic peptide was transferred at the pilot scale
using a five times higher concentration loé treagents than lab scale quantities. However, in
order to optimize the mimetic peptide content while remaining compliant with the CaPs good
quality, particularly in terms of sizé.€. purification from citrate excess) and surface charge,
the dialysis tine was fixed to 48 hours.

3.2.2 CaP nanoparticles physicechemical characterization

3.2.2.1 Dimensional analysis and surface charge by Dynamics Light Scattering (DLS)

Hydrodynamic diameter (J and surface charge of the final formulations were measured using
Zetasizer Nano ZS operating Zetasizer Software 7.12 (Malvern Instruments Ltd., Malvern,
UK).Z-Aver age di ameter, P o | ypdentalpvere deiermiyped usng e x  (
Dynamic Light Scattering (DLS) and Phase Analysis Light Scattering (PALS), respectively.
Dynamic Light Scattering is a nanvasive, weHlestablished technique for measuring the size

of particles typically in the subm$forsien r egi
measurement of fine particles and molecules resides on the constant random thermal motion,
called Brownian motion. The Brownian motion is the random movement of particles due to the

bombardment by the solvent molecules that surround them. ifjee the particle or molecule,
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the slower the Brownian motion will be. The hydrodynamic diameter of a particle is calculated

from the translational diffusion coefficient by using the Stelkewstein Equation 8:
Q — (8)

where D is tle translational diffusion coefficient, k is the Boltzmann's constant, T is the
absolute temperatur e, d i s t he Vviscosity
hydroxyapatite (HA) with a refractive index of 1.63 was selected with backscatter detection of
at 630 nm and 173° backscatter angle. Since the water has been chosen as dispersion medium,
the refractive index of 1.33 and viscosity of 0.887 cP wereset

The particle size was expressed a8w&rage diameter, a parameter reported as suitable for
quality control as reported by the 1ISO 22412:2017 guidelines of Particle size argalysis
Dynamic light scattering (DLS). -Average is the intensiyeighed mean particle diameter
derived from the cumulants analysis. The polydispersity index (Pelthe dimesionless
measure of the broadness of the size distribution, is calculated from the cumulants analysis.
Polydispersity Index values smaller than 0.05 are rarely seen other than with highly
monodisperse standards. Values greater than 0.07 indicate tranible bas a very broad size
distribution and is probably not suitable for the dynamic light scattering technique.

The samples used for DLS measurements were the CaPs dispersithes@aiels nanoparticles
restored from the embedding microparticles dissbivewater. Arestoration protocolwas
established to evaluate the influence of the sprging procedure and excipient addition on

the properties of the restoradnoparticles dispersiofifure3.2).

Regarding particle size measurement protocol in the case of the nanopartiolesf The
dispersion was diluted with L of ultrapure water, to obtain a CaP concentration of 0.5
mg/mL. Then, the dilutedsolution was slowly introduced in a cuvette (ZENO0O040 in
polystyrene, 10x10x45 mm, Sarstedt AG & Qviimbrecht,Germany) in order to avoid the
formation of air bubbles. Instead, for the restoration protocol, 10 mg of microparticles were
dissolved in 4nL of ultrapure water to release the original NPs concentration of feed solution
before spraydrying, i.e. 0.5 mghL. Then, a gentle shaking was performed to obtain a clear
solution that was then carefully introduced into a polystyrene cuvette. Three measurements for
each sample were performed dhd run duration was 10s, while the equilibration time was set

up at 120§n=3 * std.dev.).

Phase Analysis Light Scattering (PALS) measurement was used to determine the nanoparticle
sur f ace c hpatengak was mdamiredsusing Smoluchowki method for aqueous

solution. Briefly, the sample was introduced between two elezsroda cell of the Zetasizer
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(Folded Capillary Zeta Cell, DTS1070, Malvern Instuments Ltd., Malvern, UK). The presence

of the dispersed CaP modifies the pattern of electro osmosis between the electrodes when a
field is applied. The zeta potential is me&suat several distances from the surface of the
material. As in the ZAverage diameter measurements, the same procedure for sample
preparati on wpotentid mdasuemeatdvithfthe liquid samples introduced in

the cuvette without dilution. Tee measurements for each sample were performed. The run

duration was 10s while the equilibration time was set up at 120s (n=3 * std.dev.).

2. Microparticles dissolution
into the lung

1.Powder Deposition

Capillary Membrane

3. NPs cardiomyocytes internalization
and dissolution

Figure 3.2 Schematic representation of CaP restoration from mpéctizles embedding nanoparticles

3.2.2.2 Nanoparticle Tracking Analysis

In order to confirm the particle size distribution and have an evaluation of particle
concentration in suspension, a measurement by nanoparticles tracking analysis (NTA)
experiment was conducted using NanoSight NS300 (Malvern Instruments Ltd., Malvern, UK)
equipped with a 480 nm laser light source, and a 20x magnification microscope with a field of
view of approximately 100180110 emmLwikhhe nan
ultrapure water in order to obtain a sufficient dilution suitable for sipagigcle tracking. After

that, sample was drawn withriL plastic syringe and injected into the instrument sample
chamber . Nanoparticlesd images were acquired
time of 60 seconds each. Measurement was cartedtca defined temperatures(C) and

viscosity (0.8280.832cP). The builin sCMOS camera recorded videos and the particle

tracking were carried out by NTA 3.1 software. NTA tracks single particles in Brownian
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motion due to the light scattered. Indetailt he vi deos of partiycl ebds
plane and observed through a 20x microscope, are analyzed by the software that locates and
follows the centre of each individual particle moving in the observation volume. The average
distance moved\beach particle in the x and y directions is measured. This value is then
converted into particle size on the basis of a variation of St&kestein equation taking into

account that the motion is tracked in two dimensions Equation 9:

~

o ——0 (9)

where I is the Boltzmann constant andfto  is the mean squared displacement of a particle
during timet at temperature T, in a medium of viscositywith a hydrodynamic diameter of

dh124-

The results values werexpressed as mean and standard deviation of three runs analysis.
Furthermore, knowing the volume of the suspension and the dilution, the associated NTA
software can calculate an approximate concentration of the nanopatrticles inside the colloidal
dispersioh®.

3.2.2.3 Morphology analysis by Transmission Electron Microscopy (TEM) and Crye
TEM

Transmission electron microscopy (TEM) was used to study the morphology of nanoparticulate
samples using bright field imaging in collaboration with IMBEBNR (Parma, Italy) In
addition, selected area electron diffraction (SAED) modality was used to study the crystallinity
of single nanoparticles. TEM micrographs and SAED patterns of the samples were collected
with a Tecnai F20 microscope (FEI Company, Hillsboro, OR, USAijpped with a Schottky
emitter operating at 120 keV. The dry powder samples were ultrasonically dispersed in
ultrapure water and then a few droplets of the slurry were deposited on 200 mesh copper TEM
grids covered with thin amorphous carbon films anditettryer to evaporate for 10 minutes
under a fume hood.

The CaPNPs morphology was evaluated also using {Fy@nsmission Electron Microscopy
(cryo-TEM), in collaboration with University of Siena (Siena, Italy). The analy&s
performed with a TEM CM200 FEG (FElompany, Hillsboro, OR, US)equipped with Tem

Cam F224HD (TVIPS) and cryotransfer specimen holder 626 DH. TheTé b generates
images of nanopatrticle in a frozégdrated statessentially as they exist in solutidriefly,

2.3 mL of CaP nanoparticles suspension were frozen before TEM analysis using a Vitrobot
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Mark IV (FEI Company, Hillsboro, OR, USAon copper grid Quantifoil applying the
instrument parameters: blot forég blotting time 3 sec, humidity 100%, T Z0°

3.2.2.4 Chemical composition analysis by Inductivly coupled plasma optical emission
spectroscopy (ICROES)

Inductively coupled plasma optical emission spectroscopy was used to determine elemental
composition of the samples. Quantification of Ca and P indgheparticles was carried out by
ICP-OES spectrometer Agilent 5100 IGPES (Agilent Technologies, Santa Clara, CA, USA).
Samples were prepared by dissolving fQ0of CaPs sample in 2Q@L of 1% HNG solution

then diluted to 10mL (Nitric Acid HNOs 65%, batch number: 7697372, Merck KGaA,
Darmstadt, Germany). Standard solutions obtained by dilution of certified 1000 ppm standards
(Sigma Aldrich, St.Louis, MO, USA) of investigated atoms were used for creating a

concentration/emission calibration carin the concentration rangelD0 ppm.

3.2.2.5 Powder X-ray Diffraction (PXRD)

Powder Xray Diffraction was used as a ndestructive analytical technique for solid state

analysis and discrimination between crystalline and amorphous samples. The PXRD patterns

of the samples were recorded on a D8 Advance diffractometer (Bruker, Karlsruhe, Germany)
equipped withalymeye position sensitive detector wusi
generated at40kVand40mAagXay source. Spect rrangefrer1® r ec o |
to 60A with a step size (2d) of 0.02A and a

3.2.2.6  Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infraied spectrometry was used to characterize the vibrational structure of
the samples, to assess thespreee of functional groups, and to study variations in local order.
For spectroscopic characterization, the-IRTanalyses were carried out on a Nicolet iS5
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a resolution of2 cm
by accunulation of 32 scans covering the 4000 to 400 ‘crange, using a diamond ATR
accessory model iD7.

For vibrational peak deconvolution the ¥ analyses were carried out with a resolution of 2

cm' 1 by accumulation of 64 scans covering the 4000 to 406 gmectral range with the same
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instrument in transmission mode using the KBr pellet method. In detail, during preparation
about 1 mg of the lyophilized CaPs sample was ground finely along with 100 mg of anhydrous
KBr to remove scattering effects from larggstals. This powder mixture was then pressed at
8,000 psi into 7 mm diameter disc to form a translucent pellet through which the beam of the
spectrometer can pass through. A pure KBr disk was used as a blank. Curve fitting, peak
deconvolution, and quanttfation of integral areas using Gaussian and/or Lorentzian functions

were done using MagicPlot software (Magic Plot Systems LLC, Saint Petersburg, Russia).

3.2.3 Microparticles embedding CaP nanoparticles (dpCaPs) manufacturing

3.2.3.1 Unloaded dpCaPs Design dExperiments (DoE) study

Preliminary, the preparation of sprdyied microparticles embedding unloaded CaPs (dpCaPs)
was studied by applying a Design of Experiment (DoE). In particular, detwed full Factorial
Design with 3 factors £28) was applied &wing for the investigation of all the possible
combinations between the selected levels. In addition, 3 center points were added in order to
check for a possible curvature. The design was of resolution V meaning that since it is a full
factorial all thepossible combinations are investigated in the design. Therefore, there is no
confounding effect between the main parameters and interdéfioéus, in total 11
experiments were generated in a randomized way to avoid biaddesigrExpert Softwarg
Version 12 (StaEase Inc., Minneapolis, MN, USA).
The three factors selected for this DoE and their respective levels were:

A: CaPs concentration (mygL) [0.5-7.0],

B: Mannitol concentration (mgiL) [0.5-2.0],

C: Feed rateniL/min) [3.5 7.0] (Table3.1, Figure3.3).
In the airrent study the selected responses (Critical Quality Attributes, CQAS) evaluated after
the preparation of the 11 powders using Design EXgeftware were: yield of the process,
moisture content, CaPs hydrodynamic diametg) éfter restoration in watgZ-Average
diameter), microparticles size distribution (median volume diameteay),Dwicroparticles
aerodynamic performance measured as Emitted Dose (ED) and Fine particle mass (FPD)
The analysis of each response was performed using prirstailgtical graphs (Pareto charts,
half-normal probability plots) and ANOVA (Confidence Interval = 95%) in order to evaluate
the significance of the mathematical model as well as the impact of each factor on the response.
Furthermore, several other graphere used as auxiliary means to visualize and detect

potential interactions and curvature.
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Table 3.1 Matrix of the fullfactorial design

Std

10

Run

N o o~ wWwN

© o

11

Factor A: CaPs conc.

SD Feed rate
(ml/min)

concentration

(mg/mL)
7.0
7.0
0.5
3.75
0.5
7.0
0.5
3.75
0.5
3.75
7.0

3.1
44

CaPs

5.7

(mg/ml)

Factor B: Mannitol conc.
(mg/mL)

2.0
0.5
2.0
1.25
0.5
0.5
0.5
1.25
20
1.25
20

@05
7

concentration
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Factor C: Feed rate

(mL/min)

3.5
3.5
3.5
5.25
3.5
7.0
7.0
5.25
7.0
5.25
7.0

Figure 3.3 Schematic representation of the Full factorial design matrix (Ddsigert Software® Versionl11).
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3.2.3.2 Preparation of spray-dried microparticles embedding unloaded CaPs
(dpCaPs)

The dry powders for inhalation were produced using a Bichi Mini Spray Dryer (9D B
(Buchi Laboratory Equipment, Flawil, Switzerland). In detail, the aqueous dispersions to be
dried were obtained starting from nanoparticle dispersions concentrated/D amd diluted

to obtain a concentration from 0.5 md/ to 7.0 mgmL. Subsequently, amounts of mannitol
were added and dissolved in the CaPs dispersion in order to achieve a mannitol concentration
from 0.5 mgmL to 2 mgmL. The final solid concentratiaof feed solutions to be dried was in

a range between 1.0 and 9.0 myg/ The feed rate was set from 3ri./min to 7 mL/min,
according to the factor combinations generated by the Design Egpaible3.1). All agueous
dispersions to be dried were kept under constant magnetic stirring at 250 rpm throughout the
drying process. Initially, CaP urdded samples were sprdgied at 150°C of Inlet
Temperature. Then the Inlet T was reduced to 125°C envisioning to preserve, during drying of
the biomolecule loaded nanoparticles, the stability of biomolecules. The selected spray drying

operating parameteese reported iTable3.2.

Table 3.2 Spray drying operating parameters for dpCaPs preparation

Inlet Temperature 125°C
Atomizer Air Flow rate 600 L/h
Aspiration 100% (35 rih)
Nozzle 0.7mm

3.2.3.3 Preparation of microparticles embedding drug loaded CaPs nanopatrticles
(loaded dpCaPs)y spray drying

In reference to the results of the DoE performed on the spragt unloaded CaPs, inhalable
microparticles embedding the unloaded CaPs nanopatrticles (dpCaPs), drugclaadsd

phosphate nanoparticlegere diluted with purified water 0.5 mgiL. Mannitol, as particle

for mer, was dissolved in the nanoparticl est¢
concentration of the feed solution to dry was 2.5mig/Then, a spray drying process was

carried out with a mini spragiryer Blchi B290. The spray dried powders were manufactured

in the following drying conditions: inlet air temperature, 125°C; outlet temperature in range
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between 7675°C; pump feed rate, 3rBL/min; aspiration rate, 35 (100%); atomizing air
flow rate, 600 L/h. A nzzle of 0.7 mm was employed. Finally, the dry powders were recovered

from the collection vessel and stored in a sealed glass vialzi 20.

3.2.3.4 Yield of spray drying process

Yield of the process was calculated for all the powders using the Equation 10:
BQQPQ —zpmnm (10)

where W is the weight of the actual amount of powder collected (product collection vessel
plus cyclone) and Wis the theoretical amount of the powder based on the total weight of the

solids in the dispersion to beied.

3.2.4 Microparticles embedding CaP nanoparticles physicehemical characterization

3.2.4.1 Scanning electron microscopy (SEM)

The microparticles morphology and the surface characteristic of the powders were investigated
by scanning electron microscopy (SEM), wllaboration with IMEMCNR in Parma, Italy.

The instrument employed was a Field Emission Scanning Electron MicrosEopased lon
Beam (FESEMFIB, Auriga Compact, ZeissJena Germany) equipped with different
resolution fields emission microscope and kitog distances. The samples were prepared by
placing 2 mg of microparticles into a carbon tape oramminiumsample stab.

In order to study the interior structure of the microparticles embedding CaPs for tailored
porosity analysis, the particles were cut by FIB etching (cdimsewith an operating voltage

of 1 kV and a current of 1 nA, followed by FIB polishing (filmee) with an operating voltage

of 30 kV and a current of 100 pA. In few cases, prior to the FIB etching process, a platinum
coating process (30 kV,50 pA) was performed for 60 s in the FIB instrument to protect the
sample from electrical damage, that may leathe change in the surface morphology (less
spiky). Images were taken in SEM mode with the same SEM operating conditions after FIB
processing at magnifications ranging from 5.000x to 70.000x.

3.2.4.2 Particle size distribution analysis by LasemDiffraction

The measurement of particle size distribution (PSD) of dried powders was done using the

diffractometer Spraytec (Malvern Instruments Ltd., Malvern, UK). It was equipped with 300
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mm focal lens, whicneasur e particle size in the range
on the principle of laser diffraction that measures patrticle size distributions, by measuring the
angular variation. This is assessed in intensity of light scattered as a laserassamtprough

a particulate sample that is dispersed in a liquid, in which the particles are not soluble. Large
particles scatter light at small angles relative to the laser beam and small particles scatter light
at large angles. The angular scatteringnstty data, is then analyzed to calculate the size of

the particles responsible for creating the scattering pattern, using the Mie theory of light
scattering. The particle size is reported as a volume equivalent sphere diameter.

Briefly, 10 mg of powder wre dispersed in 1L of Span 85 (batch number: 1302944, Merck
KGaA, Darmstadt, Germany) 0.1% w/v in cyclohexangH, VWR International, Fontenay
sousBois, France). The dispersion was placed in ultrasonic bath (Ultrasound bath, USC 300T
VWR International, FontenaysousBois, France) for 1 min and subsequently analyzed. The
particle size distribution was measured with 5% threshold obscuration. Data were expressed as
volume diameter of T0(Dvi0), 50" (Dvso) and 98" (Dvso) percentiles of the particopulation

and as Span value [(gy+Dv10)/Dvsq).

3.2.4.3 Invitro aerodynamic assessment by DUSA, FSI and NGI

The aerodynamic performance of the powders was evaluated using a Fast Screening Impactor
(FSI) (Copley Scientific, Nottingham, UK). FSl is an abbredabepactor based on the proven

Next Generation Impactor (NGI) technology the-peparator of which, is the natural basis for

this FSI. FSI is used for a first screening of the formulations and is characterized by easiness
for automation, reduced time thallows more samples to be measured and less complex
mechanism, tending to decrease handling errors. Four components compose this specific
impactor. A mouthpiece adapter that is useful for the airtightcsadection of the DPI under

test with the inductin port, which is fitted in a right angle and imitates the human throat. A
vacuum pump is connected to the outlet of the impactor by a tube of appropriate length and is
utilized to drag the aerosol cloud. The fourth component is the main part of theanaatit

consists of twestages. The first one that is called Coarse Fraction Collector (CFC) is employed

for the capture of large neanhalable particles (>5 um), namely coarse fraction. This is
equipped with an interchangeable insert, enablingaffdf 5em at 60 L/ mi n.
one is the Fine Fraction Collector (FFC) for particles with an aerodynamic diameter lower than

5 &em. Particles that are not captured in the
glass fiber filter (Type A/E gladtber disc filter 76.0 mm in diameter, 100/PK, batch number:
T70857, Rll SRL, Buccinasco, IT)f the fine fraction collector (FFC).
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More specifically, a quantity for each powder (40+0.5 mg)s weighed on an analytical
balance (sensitivity 0.1 mg, Gibmmit Crystal, Novate Milanesgltaly) directly into size 3
capsules (provided by Qualic&QUALI-V |, HPMC based capsule) Lot: E1403210). The
capsule was then inserted into the holder chamber of the ®R@@ddium Resistance
Monodose Dry Powder Inhaler, Btaape, Lecco, Italy) device or Nemera devioeedium
resistanceland pierced. The whole system devoapsule was weighed. Subsequently, the
filter was weighe@nd the entire system was connected to a vacuum pump (Mod. 1000, Erweka
GmbH, Langen Germany) which created the air flow to aerosolize the powder and distribute
it in the FSI. The flow rate used during each test was adjusted, according to current USP
morograph, with a Critical Flow Controller TPK (Copley Scientific, Nottinghbid) in order
to produce a pressure drop of 4 kPa over the inhaler. Thus, flow rate was set at 60 L/min before
each experiment using a Flow Meter DFM 2000 (Copley Scientific, Nybtam, United
Kingdom). The flow activation time (in seconds) was calculated according to Equation 11:

A O QU @ SOGEH0D (11)
where Q(L/min) is the test flow rate.
Therefore, the pump was activated for 4 seconds for each tdsits®m volume of 4 L of air
was withdrawn from the inhaler. After aerosolization the FFC was dismantled and the filter as
well as the system devigmpsule was weighed. The difference of the weight before and after
actuation for the system devicapsule esults in the Emitted Dose (ED) of the powder which
expresses the amount of powder leaving the device after actuation and entering the impactor.
The ratio between the ED and the initial weight of the powders gives the Emitted Fraction (EF).
Finally, the diference of the weight before and after actuation for the filter results in the Fine
Particle Dose (FPD) of the powder (aerodynamic diameter <5 mm) while the ratio of the FPD
with the ED gives the Fine Particle Fraction (FPF). ED, EF, FPD and FPF aomsitilered
CQAs and indicators of the powder aerodynamic performance. Each experiment was
performed in triplicate and the data are expressed as the mean.
Aerodynamic particle size distribution of the most promising microparticles embedding loaded
with pepide CaP nanoparticles was further investigated using a Next Generation Impactor
(NGI) equipped with a rubber adaptor to fit R8Gihd Nemera devices in the induction port
and a micreorifice collector (MOC) fitted with a glass fiber filter (Paper filtevghatman,
Sigma Aldrich, St. Louis, MO, USA934AH grade,8 2 mm, 435 &em). The
described in the Ph. Eur"@d, consists of a sequence of metal collection cups, with nozzles

of distinct cutoff diameters, interconnected to form successitages. The aerosol is
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transported through the apparatus stages following a controlled airflow and is fractioned in
function of the aerodynamic diameter.

Before running the experiment, L of a solution of Tween 80 in ethanol (1%4v) was

applied on the pécle collection surface of each stage; after complete solvent evaporation a
thin layer of surfactant was obtained on the stage surfaces that ensured efficient particle capture
(avoided particle bouncing). For each experiment, 3 capsules (loaded witly d0powder)

were discharged into the NGI. Flow rate generated by a vacuum pump (SCP5, Copley scientific
Ltd, Nottingham UK) was set at 60 L/min, using a Flow Meter DFM 2000 (Copley scientific
Ltd, Nottingham,UK), and activated for 4 seconds through di€ Flow Controller TPK
(Copley scientific Ltd, NottinghamJK). Since each stage corresponds to a specific size range,
the data obtained, plotted as particle size distribution versus size, allow to calculate the MMAD
(Median Mass Aerodynamic Diametard geometric standard deviation (GSD) of the aerosol.
During the NGI experiment the aerosol moved along seven size stages according to the
diameter of the particles and upon deposition, drug was collected by washing the impactor with
HCI 0.1 M to obtairthe total release of peptide from CaPs. After the powder aerosolization,
samples were collected with 28_ of HCI 0.1 M volumetric flasks for device plus capsule and

10 mL for induction port samples. Powder deposited on stages was solubilizesl mithof

HCI 0.1 M. Filter was removed from the system and put in a crystalfizat, of HC| 0.1 M

were added, and the crystallizer was put 2 minutes in an ultrasonic bath. The solutions obtained
from filter and devi ce pl uelluloseaqesta syengevilerse f i |
(Labservice Analytica &l., Bologna, Italy), before injection in HPLC.

Different aerodynamic performanparametersvere calculated: the MD (metered dose) is the
amount of drug loaded in the devjtkee ED (emitted dose$ the amount of peptide from the
induction port to the filter; ERemitted fraction)as percentage ratio between the ED and
amount of powder loaded in the capsule (MD); Fine Particle Dose (FPD), the mass of the
aerosolized peptide with an aerodynamic diamer | ower t han 5 & m; Fi
(FPF) was determined as percentage of the FPD with respect to the ED. Moreover, Mass
Median Aerodynamic Diameter (MMAD) defined as the diameter which separates the powder
in two populations with equal weight wdstermined by plotting the cumulative percentage of
mass less than the eoff diameter for each stage on a probability scale versus the aerodynamic
diameter of the stage on a logarithmic scale. Geometrical Standard Deviation (GSD) is a
parameter indicatig how wide particle size distribution as reported in USP41 chapter 601.
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The GSD was calculateatcording to USP41 Equation 12:

oOYO — (12)
where size X is the aerodynamic diameter at 84.13% of the particle populatiozandisi
the aerodynamic diameter at 15.87% of the particle population.
The GSD (geometric standard deviation) gives a measure of how much the particle diameters
are different from each othet is a value between 1.2 and 2. When the value is equal to 1
indicates a monodisperse aerosol consisting of equal particles. The desirable values are those
close to 1.2 because it indicates a polydisperse aerosol but composed of particles with similar
granulometry. MMAD and GSD were calculated based upon the inverseah of the
cumulative percentage under the stated aerodynamic diameter versus the log of the effective
cutoff diameter. Linear regression of the five data points closest to 50% of the cumulative
particle mass that entered the impactor was performeahpute the MMAD and GSD. The

cut-off diameter of NGI stages was calculated and corrected for the different flow rates

To test the novel inhaler device, the emitted dose uniformity was tested using a Dosage Unit
Sampling Apparatus (DUSA) operating for the duration of time to allow 2 L of air, as specified
in USP41, at flow rates of 30,60 and 90 L/min. In all the cases,@ilection was carried out
under critical flow control conditions (TPK Copley S/N 02043440, Copley Scientific Ltd,
Nottingham,UK). The test was performed on Nemera prototype device for each condition of
misuse examined. DUSA apparatus consisted ofex lpport base with an operesh filter
support in which a glass microfiber filter (Type A/E 47 miPall SRL, Buccinasco, )Twas
inserted to collect the micro or submicron fraction of aerosol. A collection tube of 11%5.4 cm
aluminiumwas screwed, fromre side, to the filter support base and on the other side to the
mouthpiece adapter. The filter support base was connected to the Critical Flow Controller TPK,
which was in turn connected with the vacuum pump. On the opposite side, the Dry Powder
Inhaler was connected to the mouthpiece adapter. At the beginning of each experiment, flow
meter (Copley Scientific Mod DFM 2000 S/N 4043 1302 005, Copley Scientific Ltd,
Nottingham,UK) was used to measure and adjust the flow at 30,60 and 90 L/min. Before
dischargng the dose from the device, the vacuum pump (SCP5, Copley Scientific Ltd,
Nottingham UK) was turned on and the inhaler was loaded. The powder recovered on the filter
was gravimetric determined before and after the aerosolization togethé¢he device. Data

are expressed as Emitted fraction that is the percentage referred to the amount aff40 mg

microparticledoaded in a HPMC size 3 capsule.
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3.2.4.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis for the calculation of the residual sbbartent in the powders

was performed with a TGA/DSC (METTLER Toledo, Worthingt®i, USA). The principle

of operation for TGA is that it measures weight changes in a material as a function of
temperature (or time) under a controlled atmosphere. A TG#lysis is performed by

gradually raising the temperature of a sample in a furnace as its weight is measured on an
analytical balance that remains outside of the furnace. In TGA, mass loss is observed if a
thermal event involves loss of a volatile componEmtally, the weight of the sample is plotted

against temperature or time to illustrate thermal transitions in the material. For the analysis of

the dry powder formulations-3 mg of each spragr i ed powder were wei
alumina pan with a piercetbver (crucibles) using the balance of the instrument (sensitivity

1.0 €©€g). The analysis was performed by heat.i
mL/min) from 25C to 150C at a rate of 1%T/min. The weight loss and therefore, the residual

solid content was measured in the range betwe&@ abd 156C.

3.2.4.5 Differential scanning calorimetry analysis (DSC)

DSC is a thermanalytical techniqgue which measures the difference in the heat flow rate to
the sample and to a reference sample while theysabjects to a controlled temperature
program. It was conducted to detect spay dried powders melting point, therefore, to investigate
solid state. The powder differential scanning calorimetry analysis was performed using DSC
model 821e instrument drivery la STARe software (METTLER Toledo, Worthington, OH,

USA). Measurements were preceded by a calibration with Indium (onset of melting
Tm=157.1°C, enthalpy of melting Dit= 27.84 Jg1). DSC traces were recorded by placing
accurately weighed quantitiesi@mg ) o f p o w dauminiantpanavhich as ¢hén

sealed and double pierced. Scans were performed between 25 and 200°C using a heating rate

of 10 °C/min under purging nitrogen atmosphere at a flow rate ofril@in.

3.2.4.6 Bulk and tapped density determiration

Bulk and tapped densities were determined following Ph. Eur. 9th ed. prescriptions. For bulk
density, 500 mg of spray dried powder were gently introduced, without compacting, into a 10
mL graduate cylinder (readable to OniL). Powder wascarefully level and the unsettle

apparent volume was read. Density was, finally, calcdideatio between mass (g) on volume
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(mL). Tapped density was evaluated employing a tapped density tester (model SVM 122,
Erweka GmbH]angen,Germany). The 1@nL graduate cylinder containing the poured 500

mg of powder was tapped for 10, 500 and 1250 taps. After every tap step volume was read.
According to the Pharmacopoeia requirements, since the difference betwse@md/ \Vi2so

was > 0.2mL, others 1250 were perfoed until the volume read was stable. This test was

carried out in triplicate.

3.2.4.7 True density measure through a gas pycnometer

True density of unloaded and loaded microparticles was measured with AccuPyc Il 1340 gas
pycnometer (Micromeritics Instrument @aration,GA, USA) driven by an AccuPyc Il 1340

V.109 software. Helium (purity 5.0) was used as measuring gas. The measurements were
conducted at ambient temperature nearly 30 minutes after the equipment switch on and the
saturation of the pipelines witthe gas. A cell of 1 chwas used. Before the sample
measurements the equipment was calibrated using a stastdessphere (Instrumental kit n.
133-3490500). To perform the density determination, an amount corresponding to about 500
mg of each sample waccurately weighted (balance E154, Gibertini, Milano, Italy, sensitivity

0.1 mg). Then, the specimen was inserted in the measuring cell; the sample occupied around
the % of the cell volume. The instrument was operated, and the density computed og the bas

of the volume of gas in the cell. Three measurements were performed for each sample.

3.2.4.8 Analytical method for milrinone quantification

The milrinone content was investigated using High Performance Liquid Chromatography
(HPLC) readapting the analytical et reported in the specific monography by United States
Pharmacopeia (USP41). The equipment used was Agilent 1200 LC Series (Agilent
Technologies, Santa Clara, CA, USA), Software ChemStation v. A.04.02 coupled with UV
detector. The sample injection volumas set at 1QiL and as stationary phase, Xterra C18
4.6 mm X 30 mm 2.5 um (Waters spa, Milano, Italy) thermostated at the temperature of 20°C
column was used. The solvent of dissolution was a mixture of ultrapure wa@y @rdd
acetonitrile (ACN) in e ratio of 87:13 and few drops of Trifluoroacetic acid (TFA). The
mobile phase was made of two different solvents: Solvent.® #H TFA 0.1 (%v/v) and
Solvent B_ACN + TFA 0.1 (%v/v). The elution gradient is reportetahle3.3:
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Table 3.3 Gradient elution program of thmilrinone.

TIME (minutes) Solvent A (%) Solvent B (%)
0 100 0
10 85 15
10.1 100 0
16 100 0

The analyses were carried out at fixed flow rate ofmiL@min, the UV/VIS detector was set

atl 328 nm (wavelength) and the run time was 16 minutes. Each sample was injected 6 times
and the 3 closer value were used to calculate mean and standard deldatien these
conditions, the peak retention time was 2.7 minutes.

Each sample were injected three times antlahle 3.4 are shown thUC average values,

standard deviation arrélative standard deviation (RSD%{) milrinone calibration curve.

Table 3.4 AUC values, Standard Deviation and RSD%, calculated for each standard concentration of the

milrinone
Milrinone Concentration (mg/mL) AUC Average Standard Deviation RSD (%)
0.020 969.8 0.15 0.016
0.060 2887.7 3.21 0.111
0.080 3862.7 1.53 0.040
0.120 5797.3 9.45 0.163
0.150 7352.0 5.29 0.072

Linearity of the responses, obtained by injecting five standard solutions at increasing
concentration, was assessed betwe® |2g/mL and1500 pg/mL (R?= 0.999) Figure3.4).

The limit of detection (LOD) and the limit of quantification (LOQ) wer6é gg/mL and 80
pg/mL, respectively.
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Figure 3.4 Relationship between milrinone concentration and detector respdn82&mm in the concentration

range 200 and 1500 pg/mL of milrinone in water and acetonitrile in the ratio of 87:13.

3.2.4.9 Analytical method for mimetic peptide MP content determination

In order to quantify the mimetic peptide (MP) content either in the MP loaded CaP
nanoparticles dispersion and in the spray dried microparticles embedd#waiel CaPs, an
HPLC method was developed by using HPUE (Agilent 1200 LC Series, Agilent
Technologies, Santa Clara, CA, USA). The separations were performed using a column Alltima
C18 (5um, 2584.6mm) column (HichromReading, UK) and a gradient elution using as
eluent A an aqueous solution of TFA 0.065% v/v and as Eluent B acetonitrile plus TFA 0.05%

v/v. Gradient conditions are reportedTable3.5.

Table 3.5 Gradient composition of mobile phase as eluent A (HERA 0.065% v/v) and eluent B (ACNFA
0.065% v/v) at different time points.

TIME (min) A (%) B (%)
0.01 85 15
2.00 85 15
25.00 35 75
25.01 5 95
27.00 5 95
27.01 95 5
30.00 95 5

The flow rate was.D mL/min and the wavelength was set up at 220 nm while the temperature
and analysis time for each sample were &€ 2fd 30 min, respectively. The injection volume

was 100¢L. The method has been validated bef
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and Inearity in the range frorh0.0to 140.0 ug/mL (Table3.5). The LOD was ¥4 pug/mL and

LOQ is 44 pg/mL.

According to ICH Q22 recommendations, the accuracy was determined by assessing the
percentage recovery of known concentrations of mimetic peptide injected with unloaded CaPs
nanoparticles. Pranalysed standards at three levels of concentratia, (695 and140.0

pg/mL) were spiked with 28.0 pg/mL of unloaded CaPs nanoparticle formulation. The
experiment was conducted in triplicate and percentage recoveries and RSD were calculated.
For the three concentration levels tested, recovery was within the 100 £ 1% limit with RSD
values lower than 2%, precisely 1.99%. The method is accurate for the mimetic peptide, as
percentage recovery and RSD values obtained indicate an intimate concordance between
theoretical and experimental results.

The method precision was assessed in teomsntermediate precision (intelay) and
repeatability (intreday). The precision was determined at three different concentration levels
included in calibration curve: the lowerQ(0 ug/mL), intermediate (6% pg/mL) and highest

(140.0 pg/mL) for CaP loaded MP nanoparticles. Repeatability of the method was
demonstrated by the concentration recovery (100 + < 2 %) and RSD (< 2%) for six repeated
injections per sample, of the three samples replicates analysed in the same day. Residual
standard dviation of recovered concentrations of 0.6%,lower than 2% for all analytes at

the three concentration levels, in three alternated days, confirmed the intermediate precision.
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Figure 3.5 Relationshippetween MP concentration and UV detector response220 nm in the concentration
rangel0.0ug/mL and140.0ug/mL of peptide in HCI 0.1 M.

Before every analysis a standard of MP was precisely weighed (sensitivity 0.01 mg) and
dissolved in a HCI 0.1M dation in order to achieve a concentration close to the sample to be

analyzed and within the linearity concentration range of MP.
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Then, for the preparation of the blank sample with no analytel lof unloaded CaPs
dispersion were dissolved imiL of HCI 0.1 M. After 10 minutes at room temperature for the
complete degradation of the CaPs, the sample was shaken gently to obtain a clear solution and
the obtained solution was transferred in a glass HPLC vial ohll.9'he same procedure was
followed for thepreparation of the MP loaded CaPs dispersion.

For the microparticles embedding MP loaded CaPs, 20 mg of eachds@aypowder were
weighed and dissolved inr@BL of HCI in a glass vial of BnL. In cases that after 15 minutes at

RT the microparticles wernot completely dissolved, a gentle shaking or sonication in water
bath for 23 minutes was performed (Ultrasound bath, USC 300T VWR International,
FontenaysousBois, France) and the obtained clear solution was transferred in a glass HPLC

vial of 1.5mL to be analyzed.
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3.3Pulmonary and extra-pulmonary in vitro viability, cytotoxic and

apoptotic levels following exposure to dpCaPs

Disclosure

These activitiesvereperformed in National Heart and Lung Insitutaperial College London
(London, UK), by Dr Michele Chiappi in the Lung Cell Biology Group lab, headed by
Professor Terry Tetley.

All human lung tissue used in this study was surplus and obtained following lung resection for
carcinoma of the lung. Writteinformed consent was acquired for all patient samples and the
research was carried out with approval of the Royal Brompton and Harefield Ethical
Committee (Ref: 8/H0708/73).

Reagents and materials

All chemicals used were purchased from Merck K@&armstadt, Germany) unless stated

otherwise.

3.3.1 Culture of immortalized human alveolar type tlike epithelial (transformed type
1; TT1) cells

Human pulmonary TT1 cells are an immortal alveolar type 1(Aik&)epithelial cell line
derived from primary humaalveolar type 2 (AT2) epithelial cells. TT1 cells were cultured in
Defined Cell Culture Mediuri (DCCM-1) (Biological Industries, Kibbutz Beit Haemek,
Israel) supplemented with 10% newborn calf serum (NCS) or 10% fetal bovine serum (FBS;
Gibcd®, Thermo Fsher Scientific, GloucestadK) and 1% penicillin/streptomycin/glutamine
(PSG).

TrypsinEDTA was used to dissociate the TT1 monolayers into a single cell suspension,
followed by the addition of 10% serusupplemented DCCM to neutralize the trypsin; i
suspension was centrifuged at 317 g for 10 minutes. The pelleted cells were seeded at a density
of 100,000 cells pemL DCCM-1 + 10% NCS/FBS + 1% PSG. Once the cells had reached
confluence, they were serum starved for 24 hours prior to NP exposure.
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3.3.2 Primary human pulmonary epithelial alveolar type 2 (AT2) cells

Primary AT2 cells were isolated from healthy regions of lung tissue following surgical
resection using the protocol established by Witherden and ¥&tféS, Briefly, pieces of

human lungtissue were perfused with sterile normal saline (>10 times, until the saline ran
clear). Once excess blood and macrophages had been lavage out of the tissue, it was digested
using trypsin (Type |, bovine pancreas) and 250Mi gD Na s e | i n Haaltks® Be
Solution (HBSS). The tissue was then finely chopped and passed through a series bf filters
final f il t eritosliowisolatédocellstmbewapardied from tissue debris.

The cell suspension was centrifuged at 317 g for 10 minutes thespessied in DCCM..

Any residual primary human alveolar macrophages (AM), and blood cells, were removed by
differential adherence. Medium containing AT2 cells and fibroblasts was removed, plated and
incubated for another two hours to remove contaminatbrglflasts (see below for details).
Nonadherent AT2 cells were collected and seeded, at a density of 1000000 celik per
DCCM-1 + 10% NCS + 1% PSG, on tissue culture plates which had beéneated with 1%

PureCol collagen solution (Advanced BioMat@arlsbad, CA, USA). Once the AT2 cells had
formed a monolayer, after2days, they were serum starved for 24 hours prior to NP exposure.

3.3.3 Cell viability

3.3.3.1 MTT assay (mitochondrial activity)

After 24 hours exposure to NPs, the washed cells were incubatéedlw 1 00 mLI3- 500 O
(4,5dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Amresco, Cleveland,

OH, USA), prepared in serufnree DCCM1 medium, for 25 minutes at 370C (5% CO2). The

MTT solution was replaced with 200 dimethyl sulfoxide (DMSQ)in order to disrupt the

cells and aid solubilization of formazan, and transferred to conical well plates, which were
centrifuged at 1690 g for 15 minutes to remove residual CNTs. The production of formazan
demonstrates metabolic activity, thus cell viigpi as it is a result of reduction of MTT by
metabolic enzymes in the mitochondria. Supernatant absorbance was measured at 570 nm in
an Infinité¢® F50 spectrophotometer (TECAN, Mannedorf, Switzerland) using Mag¥llan

software.
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3.3.3.2 Enzymelinked immunosorbent assay (ELISA)
Measurement of IL-6/IL -8/TNF-U

Interleukin 6 (IL-6), interleukin8 (Ik8) and tumor necrosis factor
are produced by cells during inflammatory processes thus are used as markers of inflammation.
Enzymelinked immurosorbent assays (ELISA) were performed, to quantify protein
expression, using the centrifuged conditioned medium (free of MWCNTS) collected following
24 hours exposure to the NPs.

Briefly, 96 wellmicrotiterplates were coated with the relevant human capture antibody (R&D
SystemsUK and PeproTech, Londot)K) in PBS and incubated overnight at RT. After 24
hours, the plates were washed with wash buffer (0.05% Tween 20 in PBS) followed by adding
blocking buffe (1% BSA in PBS) and incubating at RT for 2 hours or at 40C overnight
followed by another wash stage.

Standard solutions, prepared in serial concentrations in degsenmedium, and the test
samples were added to thmcrotiter plates in duplicate anddéabated at RT for 2 hours. The
plates were then washed with wash buffer followed by adding detection antibody in diluent
(0.1% BSA, 0.05% Tween 20 in PBS) and incubating at RT for 2 hours.
Subsequentlystreptavidinhorseradish peroxidase solution was added and the plates incubated
for 20 minutes at RT, whilst protecting from light. TMB substrate reagent was added and the
plates left to incubate for a further 20 minutes at RT. Stop solution (1 M HCI) was added and
the absorbance was measured at 450 nm in an Ifffif® spectrophotometer (TECAN,

Switzerland).

3.3.3.3 Reactive Oxygen Species (ROS) detection
Fluorescent probe

2 0 -dighlorodihydrofluorescein diacetate APBICFDA), a chemically reduced form of
fluorescein, is sed as an indicator for most ROS. Oxidants and intracellular esterases cleave
the acetate groups of .HCFDA resulting in a highly fluorescent product, 2',7'
dichlorofluorescein (DCF). Cells were exposed to NPs for 4, 8 and 24 hours. Pegposre,
cellswere washed twice with warm PBS and incubated with 25 pBIGHFDA in serumfree
medium for 30 minutes at 37°C (5% ¢)O. L RPMé@ Ivas used as a positive control for
ROS generation; TT1 cells were exposed to PMA for 45 minutes prior2BCIFDA
incubation Any residual dye was washed off with PBS and DMSO was added to solubilize the
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cells. The solution was centrifuged in a conical plate at 1690 g for 15 minutes. The supernatant
was transferred to black 96 well plates and the fluorescence measured abaxeéaelengths

485 = 12 nm and emission wavelengths 520 + 35 nm in a FLUOstar OPTIMA Microplate
reader (BMG LABTECH, Ortenberg, Germany) using MARS Data Analysis software.

3.41n vitro cardiac functional test of Mimetic Peptideloaded dpCaPs

Theseresearclactivities were performed at the Institute of Genetic and Biomedical Research
(IRGB) - UOS Milan, by Dr Jessica Modica in Signal Transduction in Cardiac Pathologies Lab

- Humanitas Rsearch Hospital (Milano, Italy), headed by Dr. Daniele Catalucci.

3.4.1 Materials and experimental methods

Murine cardiac muscle cells (HL) were grown in Claycomb medium (Sigm&drich, St.

Louis, MO, USA) supplemented with 10% FBS (Sigiddrich St. Louis MO, USA), 1% of
penicillin-streptomycin (Peistrep 10,000 WL, Lonza, Milan, Italy), 1% of ultraglutamine
(200 mM, Lonza, Milan, Italy) and 0.1 mM of norepinephrine (Sighidrich St. Louis, MO,

USA) in gelatindfibronectin precoated T75 flaskBhe treatment with peptide R7WIP, self
internalized by cardiomyocytes, used as positive control or different concentrations osdpCaP
loaded withMP was performed in serufree medium. After 24 h of treatment, the Fdio
Direct Calcium Assay was performed as aldsed by the manufacturer (Thermo Fisher
Scientific Inc., Waltham, MA, USA)HL-1 cellswere stimulated with FludDirect calcium
reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) and signhals were detected one
hour postireatment. Bay K8644 (Sighaas added to cells at the final concentration of 1uM
and signals were detected for 30minutes using a Synergy H4 instrument (BioTek Instrument,
Winooski,VT, USA). Results were analyzed us{Rgism, Version 7.0a; GraphPad Software
Inc., La Jolla, CA, USA)

66



Materialsand Experimental Methods

3.5 Therapeutic effectof Mimetic Peptide loaded dpCaPs formulationfor

the treatment of cardiovascular functionin porcine model

Disclosure

The experimental protocol was approved by the local bioethics committee of Berlin, Germany
(G 0064/19), and conforms to the Guide for the Care and Use of Laboratory Animals published
by the U.S. National Institutes of Health (NIH publication na285revsed 1996).

3.5.1 Materials and experimental methods

Aim of the study was the investigation of the efficacy of the inhalatiomiofoparticles
embedding CaPs nanoparticles loaded with mimetic pepsda novel treatment for heart
failure with reduced ejection fraction (HFrEF) in Gottingen apigs. HFrEF was induced in
Gottingen miripigs by continuous rightentricular pacemakeatimulation (tachypacing). The
induced chronic tachycardia causes within three weeks a severe progressive ventricular
dysfunction with dilatation of the left ventricle, contractile dysfunction of the heart and
activation of the neurbumoral system. Thesthanges are usually reflected by clinical signs

of congestive heart failure, showing tire vivo phenotype of HFrEF. After pacemaker
implantation, all animals were given a recovery period of 7 days before the tachypacing was
initiated. In addition, the amals underwent a continuous telemetric monitoring (ECG and
respiratory rate) until the end of the examination. The telemetric system is an important
refinement measure in which heart rate (and thus stimulation rate) and respiratory rate can be
measured whout restraining the animale. with better reproducibility of the data as well as

less stress for the animals. The echocardiography (once a week) and the pacemaker
programming were carried out in conscious animals. Pigs were exposed to ventricular
tachycardia for a total of 6 weeks, with 180 beats/mingtks long followed by 200 beats/min

for further 4 weeks. Clinical signs of heart failure such as dyspnoea, cough, pathological
findings of heart auscultation, cyanosis, ascites and cachexia were ceicoadeotocol. After

4 weeks of pacing, in the presence of clinical evidence of congestive heart failure, the therapy
with MP loaded d@aP was performed over 2 weeks. The animals inhaled 12 mg/kg of
microparticles loaded with 60 pg/kg of mimetic peptiteough a mask for 14 days of
treatment. The unloaded microparticles were used as control. The effect of treatment was

monitored by means of transthoracic echocardiography once weekly (Vivid I; GE Healthcare,
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Vienna, Austria) as well as with a final invesileft ventricular pressuneolume assessment,
as previously describ&t.
The dry powder was aerosolized using a commercially available device provided by the
Covance company (Laboratories Ltd. Woolley Road, Alconbury, UK). The animals continued
to breathe spontaneously during inhalation and did not need sedation. The unloaded dry powder
formulation had been tested to characterize the minipig inhalation system to be used on
subsequent studies at the facilities in Berlin. The trials demonstrated thatgaeaerosol
concentrations were consistently generated with a respirable particle size using the test items.
The system efficiency was of 30%. The system has been developed and tested to minimize
animal distress.
The study design was divided in i) giland ii) main experiments. The pilot experiments
(pharmacokinetics) were defieding. A catheter was implanted in one of the jugular vein for
serial blood sampling without animal discomfdrivas planned ttest two different doses (60
and 220 pg/kg byday), which were derived from previous study in rodents and represented
the lowest and highest range of activity of the comp&undowever, given the strong
improvement of cardiac contractility after inhalation of 60 pug/kg bwilayP, it has been
skipped the highest dose and moved to the main study, consisting of 3 group of animals for a
total of 24 animals, as follows:

1 Group 1 heart failure pigs=8, with daily dpCaPs-MP inhalation;

1 Group 2 heart failure pigs n=8aily dpCaPs-NP without MP vector only;

1 Group 3 healthy pigs nz&ontrol
Primary endpoint of the study was the left ventricular ejection fraction (LVEF), while
secondary endpoints were: Calcium transient amplitude in single cardiomyocytes, left
ventricular fibrosis (Pi@sirius red staining), Respiratory rate and serum biomarkers.
Referring to previous murine data on LVEF and Calcium transient amplitude after inhalation
of dpCaPs-MP, the software G*Power 3[Faul, F., Erdfelder, E., Lang, &5., & Buchner, A.
(2007). G*Power 3: A flexible statistical power analysis program for the soseliavioural
and biomedical scienceBehaviourResearch Methods, 39, x191) was used to calculate
the sample size (Effect size d506 , .0%undPower-b =.8D).
Hemodynamic, cardc functional, histological, and molecular changes at different time points
were compared by -ivay analysis of variance (ANOVA) for repeated measures and

comparisons between groups byvady ANOVA, in both cases followed by Bonferroni post
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hoc test. Whenanples are not normally distributed, a nonparametric test was used. For all

statistical analyses, significance was defined as p < 0.05.

3.6 Statistical analysis

For thein vitro pulmonary and cardiac cells teftg results were reported as mean and SD of
at |l east three replicates. The di febtéairedpc e s
two-tailed). Differences were considered to be statistically significant at p<0.0001using (Prism,
Version 7.0a; GraphPad Software Inc., La Jolla, CA, USA).
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4 Results andDiscussions

4.1Calcium  Phosphate nanoparticles (CaPs) preparation and

characterization

4.1.1 Unloaded CaP nanoparticles

In a first step, biomimetianloadedCaPswere synthetized and characterizstording to the

original established angatented protocol (PCT/EP2015/080991 d@idMauro et all3y).

Briefly, anaqueous solution of Ca£]]100 mM)containingtrisodium citratg400 mM)at pH

8.5 adjustedwith NaOH, was mixed (1:1 v/v) with a solution ddaoHPQ: (120 mM). The

mixture was keptin a water bath at 37°C fdhe precipitatematuration time of 5 min. To
remove unreacted reagents, the CaP suspension was dialyzed overnight across a cellulose
dialysis membrane with molecular weightut-off of 3500 Da. This method of purification

was preferred to centrifugation to avoid strong aggregation of CaP nanoparticles. +ourier
transform infrared (FAIR) spectroscopy and-Ray diffraction (XRD) analyseperformed

before the dialysigFigure 4.1) showed very broad signals indicating that tiamgarticles

have an amorphous structusamilarto that of the mineral phase of very young béttes

PO, stretching

PO, bending

\:W)

Citrate COO stretching

Intensity (a. u.)
1‘-”
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Absorbance (a.u.)

PN IR NI S SN TR ST T R L 1 L I L I s I
2000 1800 1600 1400 1200 1000 800 600 400 10 20 30 40 50 60

Wavenumber (cm™") 20 (degrees)

Figure 4.1 FT-IR spectra (left) and XRD pattern (right) amorphousCaPs synthesized immediately after
precipitation, beforeialysis

Dynamic light scattering (DLS) and-potential analyseperformedimmediatelyafter the
dialysis, demonstrated thaCaP nanoparticlesshoweda Z-Average of about 70 nmand
negativesurface charg€-42.5 + 5 mV).The Ca/P molar ratio, determined by HOES
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analysis, was 1.6 according to theoretical value of stoichiometric hydroxyapatite bétéveen
1.67%,

The CaPdispersionat con@ntraton 0.5 mg/mL, wasanalysedoy CrycEM to evidencethe
nanoparticlenorphology. Two morphologically different particles populationsreevidenced
(Figure 4.2). CaPs were mostly observed individual particles with a smajpresenceof
clusters. The mostepresentedoopulation was characterized by spherical particleh
diameter fron20 to 60 nm (Figure4.2C). Needlelike particlesnsteadvere mainly present on
the border of the deposid sample drop. Needlike particleswere from 5 to 10 nrthick and
with a variable lengthangingfrom 50 to 120 nmigure4.2B).

Figure 4.2 Cryo-EM image of a CaP nanoparticles sample at different magnification. A: whole nanodispersion at
low magnification; B: details adphericahanoparticles morphology C: cles@ of needldike CaP shape
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The CryeEM imagessuggestedhat the nature of the nanoparticles was not exclusively
amorphoussimplied from the FFIR spectra and Xay pattern

One of the basic requirements for clinical studies, regulatory approval and marketing is the
stability of themedicine and in particular of thleug substancd.ypically, new drug candidates

enter the pharmaceutical development process in a corstahophousstate.Crystallinity

ensurs a high level of purity and stability, particularly if the crysfatmed is themost
thermodynamically stable form. Whereas crystals exhibit -lamge molecular order,
molecules in the amorphous state have no-tamgeorder but retain the sherange order

typical of liquids. From a pharmaceutical perspective, if amorphous material is present there
must be significant concern since, relative to the crystalline state, the amorphous state is less
thermodynamically stabl€€onsequently, molecules in the amorphous state generally exhibit
greater chemical instability, altered mechanical properties, greater hygroscdpitity
enhanced dissolution raté$ If these properties are not preditbr controlled, they can lead

to difficulty on processing, storage amtharmaceutical products use. Moreover, since the
amorphous state is metastable relative to the crystalline state, there is often the potential for
unexpected crystallization during storage, leading to macroscopigehanspecific surface

area, flow,solubility anddissolution rateSuch observations led to the hypothesis that most
solid-state instabilities of pharmaceuticals preferentially occur in the disorderemysialline

regions of the solid*. Both to oxercome these concerns and since the CaP produced following
Di Mauroet al. protocol3! showed both crystalline and amorphous characteristics, a modified
CaP preparation to obtain only crystalline nanoparticles was developed. Briefly, the above
reported protocol was slightly modified reducing the amount of citrate during the preparation,
namely the molar citrate to calcium ratio was modified from 4 to 2 and adjusting the pH to
10.0. The modifications introduced in this new protocol were carried out also in prevision of
the scaleup activities. In fact, the reduction of the nominal amounitcdte improves the yield

of the process, increasing the quantity of precipitated nanoparticles. Moreover, these CaP
preparation changes were optimized in order to generate nanoparticles with particle size
distribution comparable to that of nanoparticlespgared with the previous protocdhe Ca/P

molar ratiq assessedy ICP-OES analysiswas 1.6in agreement as previous with the
theoretical value of stoichiometric hydroxyapdfite

FT-IR and XRD analyse@~igure4.3 andFigure4.4) for the CaP nanoparticles obtained with

the new protocol showed more defined signals suggesting that particles are crystalline. In fact,
the change from amorphous to crystalline was quangtgtevaluated by means of the splitting

factor, that was found to be 4This is a welreported index for the evaluation of crystallinity
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degree of Ca®ased materialsom FT-IR spectr&®. The splitting factor, which quantifies the
degree of splithg of the PQ bond bending peaks, is known to increase with increasing
crystallinity**%137 In detail, thesum of the heights of the stretching of phosphates peaks at 603
and 560 crit, measured above a baseline drawn from approximately4880cm? (Figure

4.3), divided by the height of the valley between thenD&88 cm?, allows to obtain the
splitting factor valueln fact, while in the case of ®a synthesized witbriginal protocolthe
splitting factor was not measurable, conversely it was perfeehsuredn the FFIR spectra

of CaPs prepared with tmewprotocol.
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Figure 4.3 FT-IR spectraof crystalline CaP nanoparticles agtlitting factor measurment based on the sum of
the heights of the stretching of phosphates péaksied A and Bt 603 and 560 crh, respectivelyand divided
by the heigh{C) of the valley between them B688 cni?,

Intensity (a. u.)

20 (degrees)

Figure 4.4 XRD pattern of the CaP nanopatrticles synthesized with novel protocol.
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The CaP structure of solid phase in bone was first identified by De Jong as a crystalline calcium
phosphateclose to geological apatite by chemical analyses, the most importantlyrdy X
diffraction that werealso confirmed few years lat€¥. The XRD pattern obtained from
manufacturedCaP nanoparticleslisplayed the most intense peaks at 25.88° and at about 32°
(broad band)fingerprints of crystalline hydroxyapatit& The difraction peaks are broad and

not well defined. This broadnessuggestsa relatively low degree of crystallinity and
nanodimensiort$® (Figure4.4).

DLS analysis demonstrated that the CaPs in the dispersion, immediately after dialysis, have a
mean hydrodynamic diameter of about 250 nm, which decreases with time to about 80 nm that
is in line with Di Mauroet al. CaP protocol. The PDI of 0.2 suggested not a monomodal
distribution. The surface charge of CaPs in water was negad®@® & 3 mV).In conclusion,

results revealed that the size and surface charge of the crystalline naregpaytithesized

with thenewprotocolwith lower sodium citrate contergre in line with the quality of previous
protocols.The TEM image(Figure 4.5) confirmed the needle like crystal morphology; the
needle showed a length from 20 to about 100 nm and a thickness in range bet@eaen.5

Figure 4.5 TEM image of unloaded crystalline CaP nanoparticlesr afialysis

The optimized protocol to prepare crystalline CaP was applied for the generation of
nanoparticles loaded with different category of drugs, namely i) milrinone, a small drug already

in clinical use; ii) a cardiaenriched microRNA,; iii) a miratic peptide (MP).
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4.1.2 Milrinone loading

Milrinone is a small size molecule, inhibitor of the enzyme phosphodiesterase I, clinically
administered orally or by injection. It increases the intracellular cAMP concentration by
improving the calcium supplinflux and consequently, it has a positive inotropic effect. The
study and development of an inhaled milrinone product may be relevant to directly targeting
the hea muscle reducing the systemic collateral effects due to the current administration
routes especially intravenous injecti¢i.

In a first trial, the loading of CaPs with MRN was assessed by adding the drugs in the reactant
solutions, but this approach led to the precipitation of milrinone calcium salts. To overcome
this issue and prevent thremation of salts, a higher amount of citrate was employed, with the
aim to complex calcium ions. Not even this approach resulted satisfactory, as drug loading
measured by HPLC was below 0.1% w/w (milrinone content over total nanoparticles amount).
In order to improve drug loading, the CaP nanoparticles were prepared by increasing the
maturation time to favour the interaction of drug during CaP formationf@ansing on a
minimization of drug desorption during dialysis. In fact, in order to identify thieality in

term of drug loss during the precipitation process, a study was conducted to monitor the MRN
content during nanoparticle loading step by step, by assaying milrinone by HPLC at the
different production stepsThis evidenced that the dialysitep determined the quatsital
depletion of MRN from the formulation (< 0.1% w/w). Hence, this process drastically affected
the loading of milrinone, which is massively lost during nanoparticles purification. An
ultrafiltration equipment and centrifugatiorere tested as contingency plan, but also after the
employment of these methods, the recovered MRN in CaP dispersion was lower than 0.1 %

w/W.

4.1.3 miR-Neg5 (miRNA) and Mimetic Peptide (MP) loading

MicroRNAs (miRNAs) are regulators involved in several biological processes and have been
recognized as potential novel therapeutic drugs for the treatment and prevention of
cardiovascular diseases. The cardiac enriched 80 which is inversely related failing

heart conditions, is involved in several aspects of pathological cardiac remodeling and its
potential role as therapeutic compound was recently shown by Castaldfi®.

Calcium phosphate nanoparticles were prepared as reported Sedtien 4.1.1, but adding

0.014 mg/ml of micreRNA (Neg5) to phosphate solution.
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Figure 4.6 Schematic represenian of the CaRmiRNA formation mechanism.
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The incorporation mechanism consists of a first step of interaction in which, Wigliasic
reaction environment (pH 8&.7), the P@ 'ions interact via a strong electrostatic interaction
with the chemical groups (carboxylate and amine) of the biomoletuenegative charge of
miRNA, which ha a calculated isoelectric point of about*#!0it is expected to interagtith

Ca" ions. Afterward, the reaction of PO'with C&* ions trigger the nucleation of particles
and their growth, resulting in the mineralization of biomolecules. During this process, citrate
stabilizes the nanoparticles and modulates their growth through its bimwlitige surface at

the early stage of crystallizatigRigure4.6)

The obtained miRNA loaded CaPs nanopatrticles showed, by dynamic light scattering analysis,
a Z-average of 1900 + 50 nm and a PDI of ugjgesting the presence of nanoagglomerates
(Figure 4.7), exhibiting hence a polydisperse multimodal size distribufldv®@ nanoparticle

surface charge was negativéq{ £ 5 mV).
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Figure 4.7 Particle &e distribution (nm) in Intensity (%heasurements of 3 different batches of CaP loaded with
mMiRNA nanoparticlepy DLS.

The Ca/P molar ratio of miRNA loaded CaP nanopartidakulated by ICROES analysis,

was 1.67. The miRNA loaded nanoparticles concentration was abound/mL. The
crystallinity index, in terms of splitting factor, was 4.0, the same value of the unloaded CaPs.
These crystallineanoparticlesniRNA loadedrevealed neediike morphology The miR
CaPsappearorganized in a sort of netwothat could be an artefact due to the sample drying

for SEM analysis preparatiqiigure4.8).
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Figure 4.8 SEM micrograph oCaP nanoparticles loaded withiRNA.

Successively CaP nanoparticles loaded with thmimetic peptide (MP;DQRPDREAPRS

MW: 1326 Da,a-helix structure) targeting the a2 c al c i & merecfrepared e |
following thereportedprocedurgparagrapt.1.1) in which the peptid active substance was
dissolved at 0.61g/mL in the NaHP(Q; 0.12 M solution.

Notably, the incorporation mechanism foimeticpeptide into CaP NPs was similar to the one
previously observed for microRN@igure4.6). In thebasic reaction environment (pHd.0),

the phosphatdons electrostatally interact with the carboxylate and amigeoupsof the
mimetic peptide At the pH of the reaction, thelP peptide havinga calculated isoelectric

point of 7064, generally interacts witlC&* ions. Afterward, the reactidmetween phosphate
andCa" ions lead toparticlesnucleation The precipitated nanoparticles after dialysis were
concentrated 1.0 giml. Ca/P molar ratio of stoichiometric MP loaded CaP nanoparticles was
found to be 1.67, confirming a hydroxyapatite nanostructure. The measured peptide
concentration in the nanodispersion, determined by HPLC analytical method, was about 0.06
mg/mL. Thepeptide content expressed as peptide amount over total nanoparticles amount in
the dispersion was 6.0 £ 2.0% w/w.

The peptiddoaded CaPs showed averagdnydrodynamigarticlesize of 115 + 20 nm, PDI

of 0.15 + 0.05, an almost monomodal dispersion, with low amounts of nanoparticles
aggregated. The nanodispersion stability was supported by zeta potential measurement that
indicated a negative surface charge2&+ 10 mV(Figure4.9).
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Size Distribution by Intensity
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Figure 4.9 Size distribution(nm) in Intensity(%) and Zeta Potentiaistribution(mV) vs Total courd
(kcps)measuremestof 3 different batches dfaP loaded with Mimetic peptide (MR hours after

preparationby DLS.

The DLS is a powerful and accessible tool, even if is also known to have several drawbacks,
which are mostly inherent to the technique principles. The fluctuations in scattered light
intensity due to the Brownian movement of the particles, determines the size of thel'ffarticle
Considering that the intensity of the scattered light is proportiondletsixth power of the
particle diameter makes this technique highly sensitive to the presence of large particles
This is an advantage if the aim is to detect small amounts of large paditlée contrary it

can be a major drawback for accuratee determination. Dust particles or small amounts of
large aggregates can hinder the size determination if the main component exhibits a distinctly
smaller siz&“ Hence the high value of Z\erageis mostly determined by the presence of
agglomerateswhile the diameter of individual particlesven if abundanhas a loweweight
Nanoparticle Tracking Analysis (NTA) is a method that allows to monitor and analyze single
nanoparticles in liquids, relating the Brownian motion to the size of the padiudioffering

a frequency distribution by humbén addition,the actual nanoparticles concentration in the

samplecan be determinedParticle motion is related to liquid viscosity, temperature and

79



Resultsand Discussions

particle size and is not affected by particle density or refractive iftieks reported in
methods, the movement of the particidspends orthe hydrodynamic diameter of the
equivalent spére and is calculated through the SteE@sstein equation. The accurate
monitoringby the NTAIn real time of events such as éggeration and dissolution performed
appears optimal for the characterization of calcium phosphate nanopatrticles.

In order tofurther explorghe particle size distribution, nanopatrticles tracking analysis (NTA)
wascarried out on MRoaded CaP nanoparticles particle size distribudiioth obtained results
compared to those from DLS analysi$he nanodispersion was diluted to 0.§/mL with
ultrapure water for allowing single particle trackimgsults are shown Figure4.10. Particle

size distribution showed a peak at 137.7 + 1.1 nm, 90% of the particles being below 206.3 +
0.7 nm and 50% of particles were less than 122.7+ 1.7 nm, confirming the narrow size
distribution of the nanoparticleshemean particle size value obtathey NTA was very close

to DLS resultsdespite the different weighting functions: the intensity scattered by particles for
DLS, larger for large patrticles, the number of particles for NVAA provides complementary
information for both DLS and microscopiy fact, as it follows individual particleiiring their
movementit enhances the resolution pdlydisperseparticle population usually obtained by
DLS. The technique still operates on a statistically significant number of particles, larger than
for microscopy, although not accessing their morphdibgfhe good correlation between
NTA and DLS, suggests that the calcium phosphate nanopadrel@sesent amgdgomerates
andalmostnoindividual particlesare presentThis could be due tilne presencef the peptide

that structures the small particles triggering the formaifagdomenates

Concentration (particles / ml)
H
|
Intensity (a.u.)

15

435

T T T T T T T T T T
200 400 600 800 1000 1200 1400 600 800 1000 1200 1400

Size (nm) Size (hm)

Figure 4.10 Particle size distribution vs nanoparticles concentration aedsity of scattered light obtained by
NTA. Particle size distribution is expressed as average and standard error of the mean of nanoparticle
concentration (n=3) (A). Different colors and sizes of markers represent measures of particle size and scattered

light intensity of single particles from the three independent experiments (B).
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4.2 Scaleup of Calcium Phosphate nanoparticles manufacturing and

characterization

Currently, thedevelopmentof CaP nanoparticless affectedby the low replicability and
technical issues of their manufacturing procedure, as often occurs for other nanomaterials.
Hence, the translation from laboratory to industrial scale production is challenging, particularly
to control morphology, size, puritgnd degree of particle aggregation in order to achieve
products with robust quality and complyspecifications.

The development of a continuous flow synthegi€aP loaded with drugan overcome these
troubles, supplying homogenous reaction conditamshighly reproducible process. A design

of experiment approach of a continuous flow process to prepal@um phosphate
nanoparticlest large scale was carried out and discussed in detail in an original scientific paper
published and reported i8ection 5 fiCalcium Phosphate Nanoparticle Precipitation by a
Continuous Flow Process: A Design of Experim&pproactd,

Because miRNA is expensive, the feasibility of seglgprocedure was assessed only for CaP
NPs loaded with thenimetic peptide. However, the scaled CaP nanoparticles manufacturing
with a continuous process was abandoned due to the low peayidag obtained, with most

of the loss related to the purification step.entrifugation). As a consequence, it was decided

to perform the scale up of nanoparticles production process with a more traditional approach
in batch.

For the pilot scale balh manufacturingof CaP loadedvith mimetic peptide3.0 litersfive
times the volume of the reagents than lab scale quantitiesrneared For peptide quantitative
determination a HPLC method was developed and validate as reposigigéction3.2.4.9
Chromatogram of MP reference standard and HCI blank solution are repdfigdried.11A-

B. The HPLC method, based on a QiEtitioningcolumn, provided a sufficient separation of

the MP peak from the other components of the nanoparti€iggré4.11C).
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Figure 4.11 Chromatograraof HCI 0.1 M blank solent(A), MP reference standaed concentratiord.2 mg/mL
(B). The MPpeakretention time was 9.3 minuteglP loaded CaPs 0.08dg/mL (C).

To optimizethe scaled MP/CaP nanoparticles terms of sizesurface chargeconcentration
and improving the peptide loadirgnumber obexperimentsvascarried out.

The first goalvasto achieve a acceptableompromise between NPs purification and M$xslo
The concentratios of nanoparticlesCaPsand MP concentratiom the dispersion as function
of dialysis time were quantifiecat different dialysis times using cellulogeembrane with 3.5
kDamolecular weightut-off. The results are reportedrigure4.12. The impact of membrane
cut-off on MP concentration was also &wated with a cellulose membrane havingl®kDa
cutoff. Data analysis showed comparable trend for both membriaae@dWCO 3.5 and 12

14 kDa in terms of purification efficienasersustime (data not shown).
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Figure 4.12 Trend of mimetic peptide andCaP nanodispersioroncentration(mg/mL) over dialysistime. All

results are reported as mean and standard deviation of 3 replicates.
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Asrevealed byhedata reportedf Figure4.12, the measured concentration of the MP in CaPs
dispersion decreased fradn74 + 0.02mg/mL at time O to 0.12 + 0.01 mg/mL after 72 hours

of dialysis together the reduction of solid content in nanoparticles dispersion from 63 + 0.02 to
2 + 0.01 mg/mL. Thank®tdialysis process, the elimination of unreacted salts allows to obtain

a dispersion of purified nanoparticles, resulting in a concentration much lower than those of
dispersion before dialysis. The peptide concentration reached a plateau of 0.18 mg/@ein betw
48 and 56 hours of dialysis, in correspondence to a nanoparticle concerdratiowl 5.0

mg/mL; then, the content further decreased to 0.12 mg/mL after 72 hours later. The plateau of
MP concentration in NPs, between 48 and 56 hours of dialysis, sedg@eguasequilibrium

dialysis achievement. Hence, at this time point, the measured quantity of mimetic peptide, that
is 0.12 mg/mL, is reasonably the MP fraction associated to the CaP nanoparticles 2.0 mg/mL
In fact, theconcentratiorof nanodispemsdsolid decreased during dialysis process by revealing

an asymptotic concentration between 48 and 72 hdbesconstantoncentratiorof about 2.0

mg/mL at the end of the process due to the total depletion of unreacted salts.

Based on the result$)e dialysis time was fixedt48 hours in order tobtain a quality of the
CaPsaccomplishing a optimization in terms opeptide contenaind NPs purification from
unreacted ions, ostly citrate excessn detail, br these analyseperformed on two different
batchesgave rise t@eptide cacentratiorin NPsdispersiorafter 48 hours of dialysisf 0.18
+0.01mg/mL and of nanoparticles 2.0 mg/nfEigure4.12).

To furtherunderstand the influence of CaP nstnoctureson MP releasand studyhow the
MP kinetics releases influenced by th&CaPspresencgethe biomoleculeconcentration was
monitored andneasuredat different dialysis timesomparingCaRMP suspension and free
MP solution In details,MP loaded nanoparticles and a peptide aqueous solutioniadysed
in two different dialysis tubeshaving 3.5 kDa cutoff submergd into a beaker containing
ultrapure waterAt established time intervals from 0 to 72 hoarsaliquotof eachsample ice.
free MP solution and MP in CaP dispersiorgswithdrawn from the dialysis tubing. Each
sample waslissolved in HCI 0.1 M (pH 2.5) farovidethedissolution of NPsThe MP content
wasassayedising HPLC(Figure4.13).
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Figure 4.13 Mimetic peptide concentratiom{g/mL) in CaPs nanodispersion dissolved in acid solution compared
to free peptideeoncentrationrig/mL) in acid solution measured by HPLThere was no significant difference
between the two data trefglvalue= 048). All results are reported as mean and standard deviation of 3 replicates.
The differences between data were tested ubimgr\Way ANOVA, considering significant differences with p <
0.05 (Prism, Version 7.0&raphPad Software Inc., La Jolla, CA, USA).

Dialysis is a common method for the determination of release kinetics from nanopatrticle drug
delivery system'$®. Plotting the cumulative percentage of peptide (free in water solution and

in CaPs dispersion) remained in dialysis tubing versus time, the MP release kinetics fits to a
first order equation in both casésdqure4.14). The drug release from the nanoparticles into

the dialysis chamber diffused across the dialysis membrane. The drug was expressed as

percent remaining to diffuse by Equation 12:
00i QI — Pprm (12)

where [MP] refers to the concentration of peptide remaining indiléysis tubeat time t and
[MP]wtal is the total amount of peptide into the CaP nanoparticles dispersion at time O,
immediately atier precipitation.

A first order equationdescribesthe drug releasekinetics that is diffusant concentration
dependent (Eaption 13:

— 06 (13
whereC refers to drug concentratiom the dialysis sacheindk is the first order rate constant.

This equation can also beittenin logarithmic formasEquation 14
G ¢ Q8 E8Q — (14)

whereCy corresponds to the initial concentration of dftigThis means thdor bothrelease

profiles the peptidereleaserate was dependent on theoncentratiorof free peptiddan the
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dialysisbag meaning the greater the concentration, the faster the prét@msever, after a
superposedIP amountdialyzedin 32 hours, eithein presence or absence @aPs between
30 and 72 hour¢here was evidere of slower dialysisrate of the CaPs MRsignalling an
influence of nanoparticles on MP dialysis. However, the MP release kinetics constant was not

significantly different (p= A1) in presence of CaP nanopatrticles.

1004
7 —-A— Free MPconc. (%)
= -o- MP conc. in CaPs dispersion (¢
S
(=) -
B ]
C -
.g 501
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= ]
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Figure 4.14 Cumulative percaiageof mimetic peptide remaining in dialysis tube over the time. Blue and violet
lines are referred to MBs it isin water solution and in nanoparticles dispersion, respectively. First order kinetic
fitting of mimetic peptide releas&lonlinearregression analysis applying exponential one phase decay and one
sample t and Wilcoxon test between the slopes of nonlinear regression (p valuexedeljgrformed by Prism,
Version 7.0a, GraphPad Software.

Finally, the scale upprotocolwas set a8 tours of dialysisof MP/NPsdispersionallowing
to manufactue nanoparticle with concentratiaf 1.6 = 0.2mg/mL and MP conentrationin
range between 0.06hd0.08 mg/mL. The Ca/Rmolarratio valueof 1.6 assessed by IGPES
analysisfor scaled NPsvasin agreement with thoggpical of hydroxyapatite.

To evaluatethe peptide associatiomith calcium phosphate nanoparticléise FFIR spectra
of mimetic peptide anthose of MP/CaPs dispersion wexamnpared Examining the FIIR
spectrum Figure4.15) of MP raw materia{violet line), the high amide bands of Mietween
1300 and 1800 cr were clearly visible. Comparing this spectrum with the CaPlddBed
spectrum flue line,FT-IR analyss onfive MP/CaP samples), MBmidebands were shifted
at higher wavenumbetgpical of CaP phosphate bands between H@D600cm* meaning
the presence of the MP interactwith Ca/P ionskigure4.15).
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Figure 4.15FT-IR spectrum omimetic peptide raw materidlioletline) and hydroxyapatite nanoparticles loaded

with MP (blueline).

The crystallire structure of MP loaded CaP nanoparticles was also confirmed calculating the
Splitting factor, thatvas4, based on the sum of the heights of the stretching of phosphates
peaks of FIR spectrum. As shown by TEMNicrograph(Figure 4.16) the crystallized
hydroxyapatite nanoparticles with MP revealed a morphology close to fatds,

sometimes aggregated each ,@ai®ut 50 nm in length and 1B nm in width.

Figure 4.16 TEM micrograph of CaPanoparticlesoaded with MP after purification by dialysis.

4.2.1 MP loaded CaPs stability study

Two batches 08.0L eachone dispersionf MP-loaded calcium phosphate nanoparticles were
produced and stored at 4°C and at 25°C/40% RH conditions, to evaluate the peptide stability
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over the time. The measuretimetic peptide concentration in the dispersion immediately after

precipitation before dialysis, was 0.104 + 0.00g/mL.

Table 4.1 Mimetic peptide conc.nig/mL) monitored over the time from 24 hours to 30 days after production and
stored at 4°C and 25°C/40Rd#H. Each sample aliquot was dissolved in HCI 0.1 M before the HPLC analysis. All

data are expressed as mean and standard deviation of two different MP/NPs batches.

MP concentration in CaPs dispersion(mg/mL)

TIME (hours) stored at 4°C stored at25°C/40%RH

24 0.092+ 0.002 0.082+ 0.004

48 0.076+ 0.001 0.067+ 0.003

120 0.068+ 0.003 0.023+ 0.002
168 (1 week) 0.053+ 0.001 0.006+ 0.001
192 (10 days) 0.044+ 0.001 <LOQ
360 (15 days) 0.031+ 0.001 <LOQ
720 (30 days) <LOQ <LOQ

As reported inTable4.1 the peptide concentration rapidly decreased when the nanodispersion
was stored at room temperature, namely 10 dfigs the preparatiothe concentration was
under the limit of quantificatiarinstead, the peptide demonstrated better stability in refrigerate
condition, even if afteone week the peptide concentration dropped to 50¥e peptide
decrease over the timeasfunction of temperaturé degradation phenomenoiftenfits with

first order kinetic modelHence, tademonstrat¢he peptide dgradatioranonlinearregression

wasstudiedfor both CaPs storage conditioffsgure4.17).

100-&
] -o- 4°C

-o- 25°C

50

% MP remained in CaPs

’ 0 40 80 120 160 200 240 280 320 360
Time (hours)

Figure 4.17. Mimetic peptide cumulative percentage over the tfhmirs)quantified by HPLC. Blue and violet

dots are referred to NRlspersion stored at 4 or 25°C/40%RH, respectivEfye analytical data under the LOQ

are not reported in grapNonlinear regression analysis applying exponential one phase decay was performed by

Prism, Version 7.0a, GraphPad Software. The slopes of dwlinear regressions were significantly different (p

<0.0001).
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The MP decreasétting afirst order kinetic model explasrthe decrement of peptide, stored

both in refrigerate conditions or at room temperature, was due to a degradation. MP was slightly
stable in nanodispersion. The MP Hi# t1/> stored at 4°C has been calculatedn@#, i.e.

about 12%ours. Theit,of NPs stored at 25°C wabout 12hours, approximatelgtenththan
refrigerate storage. As welhe size of nanoparticles increased during test days because of
agglomeratdormation. Thereforesoomtemperature negatively affected the peptide stability

in solution

In this research project, the prepared loaded nanoparticles were envisioned to be dried and
transformed in inhalable microparticles, also to overcome the issue of poor cheinyisiabl
stabilityin liquid nanodispersion and to preserve the nticrgeptide. This stability tesésults
underlinethe relevance to dry the NPs dispersiuickly after their preparation or stotke
dispersionat 4°C and dry them within 24 hours to preserve the nanoparticles and peptide
stability.

To conclude the fat part of this research work, beyond the CaPs/miRNA, crystalline CaPs
loaded with ~7%w/w ofmimetic peptide with a ZAverage of 160 + 30 nm, and negative
surface charge.e. z-potential of-23 £ 7 mV were successfully produced at pilot scale as well

as at lab scale.
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4.3 Microparticles embedding CaP nanoparticles (dpCaPs)

The CaPs nanoparticleBydrodynamic meadiameter less than 200 nraje difficult to be
administeredy inhalationin dry form, since their size is too small fbkepositionn lungafter
pulmonary administration. The technical solution here proptzsebtain the lung deposition

is to increase the apparent size of the nanoparticles by embatidm in microparticulate
water solublestructures. This technology substantiagsigns ttNPs aerodynamiproperties.
Microparticles werenanufacturedby spray drying of aarrierwater solution in whiclealcium
phosphatenanoparticles loaded with pharmacological active substaacesdispersed.
Mannitol was employed as carri@he composition and structure of microparticle embedding
the drug loaded nanopatrticlastivate thehearttargeting procesgia their aerosol deptmn

in deep lungAfter the deposition of the microparticles in the lung alveolijrtdessolution
releassthedrugloaded nanopartickthat can translocate in the bloofijpulmonaryveins.
Mannitol was selected as carrier excipiegrving as a matk in which the CaPsare
homogeneouslgispersedThefinal spray drieproductexhibitsenhanced flow properties and
aerodynamic performanciie to itsphysicochemical propertiesid low hygroscopicity®14°.
Mannitol acts as a stabilizing agent for the nanopartmiegiding an efficientnanoparticles
re-dispersionsimply by carrier dissolutianFor instance, according to water replacement
theory, mannitol exertsa stabilizing effecduring lyophilizationby replacingin thesolid state
water as the hydrogamnding agertt’. A spray driedform of mannitol as inhalation powder,
has been approved by EMA and recently dlg¢-DAf or cystic fibrosis p
Spray dried mannitol is marketed Bronditol® (Chiesi Farmaceutici S.p.AParma, Italy.

4.3.1 Design of experiments (DoE)to optimize the unloaded dpCaPs

manufacturing

To optimize the manufacturing oimicroparticles embedding CaP nanoparticleBo& was

applied on ascaled batch ohanoparticles dispersion concentrated m@mL. This CaPs
dispersion showed aZverage diameter of 8015 nm, a Pdof0 . 2 apotdntighof-25+

2mV.

A two-level full Factorial Design with 3 factors ¥28) was applied to investigate of all the
passible combinations between the selected levels. In addition, 3 center points were added to

check for a possible curvature. In total 11 experiments were generated in a randomized way to
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avoid bias using DesigBxpert Softwar® Version 12 (StaEase Inc., Nhneapolis, MN,

USA). Thethreeprocess and compositidactors and the corresponding low and high levels
choserfor the DoE weréhe following A: CaPsdispersiornconcentrationrog/mL) [0.5, 7.0],

B: Mannitol concentratiom feed solutionlmg/mL) [0.5, 20], C: Feed ratenfL/min) [3.5,

7.0]. The three factors and the corresponding level (named medium level) chosen by Design
Expert Softwar® for the center points were: A: CaPs concentration (mg/mL) [3.75], B:
Mannitol concentration (mg/mL) [1.25], C: Feed rate (mL/min) [5.Z8e measured selected
responses (Critical Quality Attributesyere evaluated after the manufacturing of the 11
powdes were: yield of the process, moisture content, CaPs hydrodynamic diamgteit€d
restoration in water (Average diameter), microparticles size distribution (median volume
diameter, Dyg), microparticles aerodynamic performance measured as Emitted Bo¥ and

Fine particle Dose (FPDO)he results after the measurement of the selected responses that were
analyzed using Design ExpBrare shown irthe Table4.2 for all powders. In this case, the

low, middle and high levels of the factors are designated withO and +1, respectively,
according to the coded representation. Results interpretation will be discussed in the following
corresponding subsectis.

Table 4.2 Summary of the selected factors with a coded representation and responses

FACTOR RESPONSE
A: B:
) C: ] Moisture Z-Average

Run Caps Mannitol Feed rate Y:;Id content diameter Pvso ED | FPD
(;;:L) (r:;)/rr::L) (mL/min) (%) (%) (nm) (em (mg) (mg)

1 +1 +1 1 84.4 1.2 3134 3.0 38.1 118

2 +1 -1 1 62.5 1.3 1787.0 2.1 33.0 17.0

3 -1 +1 -1 58.4 1.5 854 1.6 321 238

4 0 0 0 85.0 3.2 400.0 2.6 340 20.0

5 -1 1 1 53.2 4.0 839.5 3.1 346 243

6 +1 -1 +1 75.2 3.6 1992.0 3.3 376 129

7 -1 1 +1 344 3.2 957.4 2.3 315 16.2

8 0 0 0 72.2 2.8 892.0 3.0 322 234

9 -1 +1 +1 61.8 1.4 428.0 2.8 356 154

10 0 0 0 85.0 2.5 423.0 2.9 327 243
11 +1 +1 +1 81.8 1.5 4184 3.5 371 154

Notes: (Dvsg: mean volume diameter, ED: Emitted Dose, FPD: Fine Particle Dose. The three center points

experiments correspond to Run§40.
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4.3.1.1 Yield of the spray drying process

As it can beevidenced from data reported Tiable 4.2, the yield of the process varideom

34.4 to 85.0% which shoven importandependence of the yield from the different levels of
the selected factors. The feed rate botth CaPs and mannitcbncentration affect yield in the
opposite way due to the different impact on the residual solMégti. feed rates lead to large
dropletsthat require more time for solvent evaporation leading to high moisture comtents
dried microparticlesConsequentlylower yields due to sticky particles SD filter or cyclone
walls were obtainedOn the other hand, at high feed solution concentrations droplets contain
lower solvent amounts leadinggbort drying timelessresidualmoisture and higher yield. As

a result, the lowest yield was observed in run 7 where the total solid contenewsisithum
(overall 1.0 mg/mL) and the feed rate was at its high level (@lQmin), on the contrarghe
highest yields were observed in runs 1, 4, 10 and 11 where the total solid content was high (5.0
or 9.0mg/mL) and the feed rate low (3.5 or Sy/mL). In any case, in the majority of the
experiments relatively high yields were achieved (average 68%@.results are also in
agreement with a similaesults ofDormenvalet al. They identified factors of importance for

the manufacturingof spraydried siRNAloaded lipid nanoparticles (LPNs) for inhalation and
evaluated their influence on the resulting powders by using a quality by design approach.
particular, he feedstock carentrationconsisting of SiRNA loadedanoparticles and mannitol
chosen as stabilizing excipient influenced the yield of the spray drying prodieger
feedstock concentratismresulted irincreased the yieltP°.

Table 4.3 ANOVA for the selected factorial model for the yield of the process.

Source Sum of Squares  df Mean Square  F-value p-value
Model 1621.05 2 810.53 15.02 0.0029 significant
A-CaPs conc 1154.40 1 1154.40 21.39 0.0024 significant
B-Mannitol conc. 466.65 1 466.65 8.65 0.0217 significant
Curvature 613.66 1 613.66 11.37 0.0119 significant
Residual 377.85 7 53.98
Lack of Fit 268.63 5 53.73 0.98 0.5738 not significant
Pure Error 109.23 2 54.61
Cor Total 2612.57 10

As shown inTable4.3 the ANOVA analysis for significancéound the modelsignificant as
well as factors A and B (p&05), CaPs and mannitol concentratioR®wever, factor C (feed

rate) was found to hiasignificant and removed from the modélhile the curvature term was
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included as it appears to be significant meaning that Response Surface Methodology (design
augmentation) needs to be applied in order to explain what is causing the curvature. Finally,
theLack of fit was not significanh relationto the pure error.

CaPs concentration affect positively the yield, more significantly than mannitol
concentratioras it can be seen by the perturbation gragire4.18) in which the slope that
corresponds to factor A is steefkan B No interaction between factors A and B seems to
occur as in the interaction graph the lines that correspdadttws A and B are parallel to each

other (Figure 4.18). However,it has to be underlined théte yield is not always a reliable
response. For instaechigher order models may govern the effect of the selected factors on
the yield>%,

Factor Coding: Adual Factor Coding: Adua

Perturbation Interaction

Vield (%) 20| Yield (%) 0] B: Mannitol conc (mg/mL)
(adjusted for curvature) adjusted for curvature} ?

Actual Factors 50 X1=A 0]
A=375 X2=8

B=125
C=525 B Actual Factor —_—
— C=525

Factors not in Mode! ' - ' g A

c | EXH e
= / A g =
50— 0 & 7

Yield (%)
Yield (%)

40— - L

T T T T T T T
-1,000 0,500 0000 0,500 1,000 05 18 31 44 51

Deviation from Reference Point (Coded Units) A: CaPs conc (mg/ml)

Figure 4.18 a) Perturbation plots for factors A and Blbjeraction graph for factors A and B.
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4.3.1.2 Moisture content

The results from the measurement of moisture content using thermogravimetric analysis

(TGA) for all 11 powderproducedare shown inmmable4.4.

Table 4.4 Moisture content of the spray dried powders

Run A: B: C: Moisture

CaPs conc Mannitol conc Feed rate Content
(mg/mL) (mg/mL) (mL/min) (%)
1 +1 +1 -1 1.2
2 +1 -1 -1 1.3
3 -1 +1 -1 1.5
4 0 0 0 3.2
5 -1 1 -1 4.0
6 +1 -1 +1 3.6
7 -1 1 +1 3.2
8 0 0 0 2.8
9 -1 +1 +1 1.4
10 0 0 0 2.5
11 +1 +1 +1 1.5

Apart from the impact of moisture content on powder flow properties as it induces
agglomeration of very small particles and decreasesgdmeration during aerosolization,
long-term stability of the produchoth physical and chemigatould also beffected®?1%2

Thus, moisture content in the final product should be kept as low as possible not only during
production but also during storage. In this study moisture content of all powders ranged from
1.2 to 4.0% (w/w)The lowest values of moigt content were achieved at the high level of
mannitol concentration whereas the highest moisture content values were achieved at the low
level of mannitol concentration. However, for the other two factors (CaPs concentration and
feed rate) natatisticaly significant effect could be evidenced

Indeed, after analysis of the response with Design ExpRareto chart reveals a strong effect

of mannitol that reduce the moisture content  Higure  4.19).
Nevertheless, the importance of mannitol in decreasing the moisture content in dry powder
formulation after spray drying was recognized and considered significautdition, no other

term seems to be significant while the model deriving from the imelusi factor A only

despite significanis poor in terms of R adjusteeR?, and predicted R
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. Pareto Chart
Moisture content
Bonferroni Limit 3,46159
346
A: CaPs conc
B: Mannitol conc B
C: Feed rate u
D 2,60 —
. Negative Effects
t-Value Limit 2,26216
=
2
& A
—
o 1734
o __
G C
> AB
- AC
087 ABC
000 — &= - II

I I I I [ I I
1 2 3 4 5 6 7

Rank

Figure 4.19 Pareto chart illustrating the rank of thealues corresponding to the effect of each term oistdre

content.

Notes: There are two different t limits plotted on the graph. The highest limit is based on the Bonferroni corrected
t-critical value. The lower limit is based on standawtitical for individual effects testshen conducting

multiple analyses on the same dependent variable, the chance of committing a type | error increases, thus
increasing the likelihood of coming about a significant result by pure chance. To correct for this Type | error, a
Bonferroni correction has been cartkd.To o bt ai n t he Bo|ri etheoraginal pvalu¢g)or r ect i

has to be divided for the number of tests perforfmgd®* 15,

4.3.1.3 Z-Av er a g epotentiablaftes powder restoration in water

The size restoration procedure is ith@itro test to assess the quality of CaP NPs released from
the dissolved microparticles embedding nanopartidlbs. testdoes not aim to mimic thie

vivo release of nanosystem from microparticles deposited byaitibial on the wet lung
epithelium. The particle size of CaPs dispersions, obtained after powder dissolution in water,
is measured as-Average diameter, that resulted from dynamic light scattering equipment.
Pol ydi sper si t ypotentad wkesale Pegdrtgd asawelll ble 4.5). Particle
hydrodynamic diameteafter inhalation microparticle dissolutiois a relevant product
attribute It has been shown elsewhere that the loweasdtheeasierits penetration in aeatl
tissue can B€®. A variety of transport barriers in biological tissues has to be overcome for drug
delivery nanopatrticlesThe size, geometry, and surfeattached targeting molecules are the
key nanopatrticle design features that have been widelyest Among these, in particular, the

size of a particle has important effects on its immune clearance, transvascular delivery, and
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intrartissue dispersion and penetratiés.aerosol particles penetrate deeper into the lungs, the
absorptive epithelium lmemes thinner until the alveolar epithelium is reached. However, the
mechanisms by which particles translocate across the alveolar epithelial layer are poorly
understood. Tetleyt al haveshown that uptake and translocation across the pulmonary
epithelium is controlled by alveolar type | epithelial cells, whereas not by alveolar type I
epithelial cells. Moreover, the phagocytosis by resident alveolar macrophages is the primary
mechanism for clearance of micronized foreign bodies. Small, individual,inedgsarticles

may not be recognized by macrophages and might instead be internalized by the alveolar
epithelium. Furthermore, the particle size affects the different penetration mechanism. For
example, by using siRNA nanoparticles, 50 nm nanoparticles kangely by passive diffusion

and are found in the cytoplasm, whereas 100 nm nanoparticles enter primarily via-cdathrin

also caveolirmediated endocytosis and are found in endosomes.

However, the size is not the only parameter affecting the alveéanalization, in facthe
nanoparticles functionalization increases their uptake and enhances binding of surfactant which
further promotes uptak¥. As demonstrated by Katt al, the polystyrene latex beads with a

240 nm diameter wergaptured by the epithelial cells. While these large particles could not be
contemplated as ultrafine particles, it is fair to remark that when coated with lecithin, they were
incorporated by type | and Il cells. Hence, inhaled exogeneous patrticles, tisnfuricheir
surface properties, can be otherwise procé8sed

As aresultfrom these studies lowdiameter is desirefdr the finalpulmonaryformulationto

be developed

Table 45 Z-average diameter, p o | yRbterdigh efdisperdedCaPs aftereppwder P d | )

dissolution in water

Run Z-Average diameter(nm) Pdl g-potential (mV)
1 313.4 £2 1.0 -21.0
2 1787.0 £2 1.0 -21.2
3 854 £1 0.5 -18.3
4 400.0 2 1.0 -16.4
5 839.5 1 0.4 -16.0
6 1992.0 £1 0.3 -16.5
7 957.4 £3 0.6 -16.4
8 892.0 +2 0.9 -15.7
9 428.0 2 0.6 -16.5
10 423.0 £1 0.8 -16.0
11 418.4 +1 0.2 -13.0
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In this study, values between 85.4 and 1992.0 nm wexasured with the maximum sizes
attributed to the formulations with high CaPs concentration and low mannitol concentration
(14:1 wiw ratio). The lowest size was achieved with low CaPs concentration and high mannitol
concentration (1:4 w/w ratio), along wit a | ow feed r at e. Regardi
potential values ranging frori3.0 to-21.2 mV, indicate colloidal systems relatively stable.

In general, the observed zgtao t e nt i al s o £30 m\pop ¥30 m\ aneantlieativy O
of a colloidal sgtem sufficiently stabilized by electrostatic repulsioraqueous suspension
during shorterm storage or further processitigFinally, it is welkestablished that Pdl values

> 0.7 aretypical for verybroadparticle size distributions(e.g., polydisperse) distribution of
particles$®®. Thus, incertainformulations (1,2,4,8,10) large Pdl values suggest an incomplete
redispersion for those powders, while in others (3,5,6,11¢d®&al values suggest rmore
homogeneoueedispersion even thoughhigherZ-Average diameter may exist.

The results are in agreement with the fact that colloidal systems consisting of nanoparticles
have a high tendency to agglomerate. Mannitol dissolved in the dispersion acts as a stabilizing
agent driving to an effient powder redispersion as siZéne polyol prevents irreversible
aggregation of approaching nanoparticles during the drying of dropleetkiformulate the
hypothesis that the large amount of water in the nanoparticles, that is lost during the spray
drying process, may lead to the need for larger amounts of matrix excipients capable to trigger
a better redispersiom.

ANOVA model was found to be significant as well as factors A, B and the interaction AB (p
<0.05). However, factor C (feed rate) was found insignificant and removed from the model as
well as the curvature terrm addition, the Lack of fit was not significarelative to the pure

error. Regarding the statistical terms of the model, this disglaf§icient fitting of the data

since R is approximately 0.9. The difference between the Predictesi®the Adjusted Rs

less than 0.2, implying that a modelrnséormation is not necessary whereas the Adequate
Precision value is greater than As a consequencehe model seems to be proper for the
navigationin the design spagd able4.6).
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Source Sum of Squares  df Mean Square F-value p-value
Model 3.339E+06 3 1.113E+06 18.61 0.0010 significant
A-CaPs conc 6.053E+05 1 6.053E+05 10.12 0.0155 significant
B-Mannitol conc. 2.344E+06 1 2.344E+06 39.20 0.0004 significant
AB 3.888E+05 1 3.888E+05 6.50 0.0381 significant
Residual 4.186E+05 7 59799.66
Lack of Fit 2.644E+05 5 52882.59 0.6860 0.6829 not significant
Pure Error 1.542E+05 2 77092.33
Cor Total 3.757E+06 10
R? 0.8886
Adjusted R2 0.8408
Predicted R? 0.7802
Adequate Precision 11.0727

Therole of mannitol to stabilizend protecCaPssize is tdead to a redispersion with small
du. Its importance can beoticed in the perturbation pldtiQure4.20a) in which thdine slope
that corresponds ©aPs concentratioffiector B) is steeper thamannitol concentratiorfgctor

A) which has dess variablgositive effect on particle size. Furthermdrgeraction between
factors A and Bs observeds in the interaction graph the lines corresjagntb factor A at
different levels of factor B are not parallel. In particuédrthe low level of factor Bhe effect

of CaPs concentratioon the particlesize moving from low to high level is much higher as
when factor B is kept steady at its high leffgfjure4.20). Hence,n order to keepedispersed
nanoparticlesizelow andstable, a highmannitol concentratiom the dispersion of low CaPs

is required.

Factor Coding: Actual

Perturbation

zaverage Diameter (nm)
2000 —

Actual Factors
A=3T5
B=125
€=5% 1500
Facters not in Model
3

1000 |
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z-average Diameter (nm)
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Figure 4.20 a) Perturbation plots for factors A andiB Interaction graph for factors A and B

97



Resultsand Discussions

4.3.1.4 Particle size distribution (PSD) of the dry powders

The PSDof the dry powders that is shownTable4.7 is an indicator of the geometric particle

size which is proportionally relateéd aerodynamic particle size. The dried powders obtained
showedaDssbet ween 1.6 em and 3.5 extremelywuitablefor i s a
respiratory applicatioi>. More specifically, high Dss valuesresultedwhen feed solution
concentration and feed rate were at theximumlevels(run 11) On the contrary, when these

factors were kept at low values, the lowestso value was achieved (run 3). As shown
elsewhere, an increase of feed rate leads to a higher partié¢fé. éipart from thait has been

pointed outhat geometric size gylof the dry particle is given by tHgguationl5:

Q -0 (15)

wheregi s t he f eed s olpustpartle densilyrandeds tropkettsizén , |
Droplet size is positively affected by the feed rate, due to lower atomization energies. Thus,
the increases in feed solution concentration and dropletesidgd higher particle size of dried

particles. Moreover, feed rate affects negatively outlet temperature which results in a lower

drying efficiency that may result to larger particles with high moisture content.

Table 4.7 Median volume diameter (I38y) and percentiles (Dy, Dvgg) of the spray dried powders

Run Dvio(e m Dvso(e m Dvgo(e m
1 1.6 3.0 55
2 1.2 2.1 3.5
3 1.3 1.6 3.1
4 1.7 2.6 4.0
5 1.4 3.1 7.7
6 1.5 3.3 6.8
7 1.1 2.3 6.9
8 1.4 3.0 5.8
9 1.3 2.8 7.5
10 1.3 2.9 6.2
11 1.6 35 8.0

Analysis of the response using Design Expslows that factors ACaPs concentration) and
C (feed rate}ogether withnteraction AB have margina butsignificant effect on Dss. They
lie slightly above the-valuesignificancdimit in the Pareto chartnterestinglythe three factor
interaction (3FI) ABChas the highest effect among all termBidure 4.21). The other
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interactionterms (AC, BC) areinsignificant; however they were included in the model to
support hierarchy. Subsequently, using ANOVA the model was found to be significant as well
as factors A, C and the 3FI ABC (p <0.05), while the curvature term was found to be
insignificant and removed from the model. In addition, the Lack of fit was not significant
relative to the pure erroT @ble4.8). Statistical terms Rand adjusted Rvere sufficiently high
(0.9619 and 0.8729 respectively) however the predictedsR found to be negativel(4486)
meaning that inclusion of all the terrtesl to a model with poor prediction capacity. Model

reductions with simultaneous maintenance of the hierarchy led to insignificant models.

Pareto Chart
Dw(50)

Bonferroni Limit 657968

A: CaPs conc
B: Mannitol conc

C: Feed rate
548 —

[
B Hegative Effects ABC

439+

] >
10
b
w

3,29~ t-Value Limit 3,18245

t-Value of |Effect|

BC AC

219+

1,10+

B
000 — el = = = =

Rank

Figure 4.21 Pareto chart illustrating the rank of thealues corresponding to the effect of each term on tkg Dv

Table 4.8 ANOVA for the selected factorial model for Byv

Source Sum of Squares  df Mean Square F-value p-value
Model 2.9900 7 0.4270 10.81 0.0382 significant
A-CaPs conc 0.5512 1 0.5512 13.95 0.0335 significant
B-Mannitol conc 0.0012 1 0.0012 0.0316 0.8702
C-Feed rate 0.5512 1 0.5512 13.95 0.0335 significant
AB 0.5513 1 0.5513 13.95 0.0335 significant
AC 0.2112 1 0.2112 5.35 0.1038
BC 0.2112 1 0.2112 5.35 0.1038
ABC 0.9112 1 0.9112 23.07 0.0172 significant
Residual 0.1185 3 0.0395
Lack of Fit 0.0319 1 0.0319 0.7351 0.4816 not significant
Pure Error 0.0867 2 0.0433
Cor Total 3.1100 10
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4.3.1.5 Aerodynamic performance

The Critical Quality Attributes selected in order to evaluate powder aerodynamic performance
after thein vitro experiments were the Emitted Dose (ED) and the Fine Particle Dose (FPD)
obtained by using Fast Screening Impactor (FAtcording to European Rarmacopoeia
requirements, the ED should exceed 75% of the dose loaded in the device which in this case
was 40+ 0.5 mg. Observing th€able4.9, in all cases Emitted Fraction (EF) was more than
75% with an average of 86%, meaning that all the formulations posffgsent flow
properties during aerosolization. Analysis of tBmitted Fractionresponse using Design
Experf showed a high effect of factor (AIPs concentratiorgs well as 3FI ABCAs a result,

only factor A was included in the model, which in any aaselted to be insignificant (p>0.05)
with poor stati st i caadlysetuehemtsowever, dis obhiausthagdDe wa s n
to high ED values in all formulations the space in which the experiments have been performed,

probably provides flexibility in terms of achieving high ED values.

Table 4.9 Summary of the values of the parameters used to characterize powder aerodynamic performance

Run ED (mg) EF (%) FPD (mg) FPF (%)
1 38.1 95.3 11.8 31.0
2 33.0 825 17.0 51.5
3 32.1 80.3 23.8 74.1
4 34.0 85.0 20.0 58.8
5 34.6 86.5 24.3 70.2
6 37.6 94.0 12.9 34.3
7 315 78.8 16.2 51.4
8 32.2 80.5 23.4 72.7
9 35.6 89.0 154 43.3
10 32.7 81.8 24.3 74.3
11 37.1 92.8 154 415

Notes: ED: Emitted Dose, EF: Emitted Fraction, FPD: Fine Particle Dose, FPF: Fine Particle Fraction.

Regarding FPD, this is an indicator of the lung deposginoeit expresses the amount of the

powder whose particleshagan aer odynamic di ameter | ess th
particles with a mean aerodynamic diametés 1 e m ar e c achieve theumge d t o
deposition. As it can be noticedTiable4.9 FPD ranges from 11.8 to 24.Bnhe value is pushed

towards its highest values, as the CaPs concentration and feed rate decreases (runs 3, 5).
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Moreover, high FPD values were also achieved at center points (runs 4,v)ell@ps the

lowest values werebservedat high CaPs concentration (runs 1, 6). These results could be
correlated with the corresponding results of the particle size distribution (PSD) artaB/dig(
sulsection)where once more factors A anch@da significant positive effect on particle size.

As factors A and C increadgparticle size increasleas well determining FPD decreases due
toalowerf racti on of particles | ess than 5gm. Oof
other parameters such as moisture content, particle density and shape can have an impact either
on powder dispersibilitandaerodynamic diameter and subsequently FPD.ristamce, even
thoughrun5hasalgwof 7. 7¢e m, however exhibits a high
showed a low FPD despitdavourableDvago.

Analysis of the response using Design Expsttows that factor A has the highest effect on

FPD reachingthe moresignificantBonferroni limit Thefactor C and interaction AC have a
significant effeckince thd-value limit in the Pareto chaffigure4.22) is overcomeThe other

terms (B, AB, BC, ABC) are most probably in:
Subsequently, using ANOVA the model was found to be significant as well as factors A, C and

the interaction AC (p <0.05). In addition, the Laxfiit was not significant relative to the pure

error (Table 4.10). Finally, the curvature term was included as it appears to be significant
meaning that Response Surface Methodology (design augmentation) needs to be applied in

order to explain what is caugj the curvature.

Table 4.10 ANOVA for the selected factorial model for FPD

Source Sum of Squares  df Mean Square F-value p-value
Model 131.97 3 43.99 9.64 0.0104 significant
A-CaPs conc 63.84 1 63.84 13.99 0.0096 significant
C-Feed rate 36.13 1 36.13 7.92 0.0306 significant
AC 32.00 1 32.00 7.01 0.0381 significant
Curvature 65.20 1 65.20 14.29 0.0092 significant
Residual 27.38 6 4.56
Lack of Fit 17.09 4 4.27 0.8307 0.6103 not significant
Pure Error 10.29 2 5.14
Cor Total 224.55 10
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Pareto Chart
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Figure 4.22 Pareto chart illustrating the rank of thealues corresponding to the effect of each term on
the FPD

The negative effect of factors A and C can also be seen in the perturbatidfigniog4.23a)

in which the slope for both factors is negative while for factor A is slightly steeper than factor
C showing once more the higher effect of factor A. Furthermoteraction between factors

A and C seems to be possible as in the interaction graph the lines that correspond to factor A
at different levels of factor C are not parallel to each other. In particular at the low level of
factor C, the negative effect of factor A on the FPD moviogftow to high level is much

higher as when factor C is kept steady at its high léiglie4.23b).

Factor Coding: Actual Perturbation Factor Coding: Actual Interaction
FPD (mg) 30 FPD (mg) 30 C: Feed rate (mL/min)
(adjusted for curvature) (adjusted for curvature)
. Design Points
Actual Factors X1=A
A=375 25— X2=C 25
B=125 .
L]

C=525 Actual Factor

_ B=125 _ \
Factors notin Modg] N g
B P-4 20— . = 20 [

o | [SEH] g

o \ ‘ c+7 o i

==

J J f ‘ \ \ \ T \ T
1,000 0,500 0,000 0,500 1,000

Deviation from Reference Point (Coded Units) A: CaPs conc (mg/ml)

Figure 4.23 a) Perturbation plots for factors A and Clieraction graph for factors A and C
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4.3.1.6 Particle morphology

SEM/FIB was used to visualize the particle shape and surface morphology oflspchy
powders. These twamicromeriticsproperties are key factommpactingon the flow properties,

the aerodynamic particle size and the dispersibility of a dry pgwderto their effect on the
inter-particulate forces. In this study, SEM images from three powders are refurtee
analysisof morphology, namely run 1, 3 andbgcause they were particularly distinguished
from the othersRuns 1 and 5 exhibited the lowest and highest FPD respectively, while run 3
had the highest FPF. Furthermore, spitaigd mannitol was examed in order to understand

the impact of CaPand mannitotoncentratiosaon particle morphology.

In Figure4.24 SEM/FIB images illustrate microparticles spray driednannitol alone. The

di mensi onal range of the particles is from 2z
PSD while their shapes quite spherical with a very smooth surface. Similar particle
morphology has also beelescribecklsewher&?. In addition, in the right image it is possible

to visualize the internal structure of the particssobtained byhe application of FIBThe
focused ion bearscanning electron microscope (FEEM) system is a new approach to
investigate the thredimersional internal structures of various materials because of its good
performance and easy process. The advances eSEM8 3D reconstruction allow to reveal

the high and accurate resolution of internal structures of cdrased materiald/Vithin the

partide, a large cavityof around 1.0 pnis formed thus leading to a hollow particle.

Figure 4.24 SEM micrographs of spragried mannitol microparticles

The content ratio of CaPs and mannitol indigpersion to spray dry, changed therphology
of dry particles embeddingCaPs (dpCaPs) A donutshapedstructure of spray dried
microparticles Figure4.26) was obtainedvhent he nanoparticl ebs concer

mannitol low In particular, toprepare the dpCaRs run 2 a feed solutiorhaving solid
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concentration of 7.5g/mL, i.e.0.5mg/mL of mannitol dissolved in the dispersion containing

7.0 mg/mL of nanoparticles was dried &eed rate of 3.5mL/min. In Figure 4.26 SEM
micrographsat different magnificationshowsagdomerates of particles with different sizes

mo st | y b @He maorityof themare spheroidah typical shape of particles prepared

using spray dryin§*. However, thedrgeparticlesshowa hole inthe center that gives them a
characteristicdonutlike shape.The particleshapeis affectedby different mechanisnof

formation If the shell is hard, but porous enough to allow the residual solvent in the core to
evaporate, this could prevent thalapse of the outer solid layéeading to hollow particfé®.
Torgeetali nvestigated the i npuenceandadrodymenicni t ol
properties of nanembedded microparticlefor pulmonary administrationPolylacticco-

glycolic acid (PLGA) nanoparticles and mannitol were spray dried each one as single
component and in combination in three di er e
on the morphology was evidencddspite all powders were suitable for pulmonary delivery
Hollow morphology and deviation from sphericityere obtainecs the PLGA nanoparticles:
mannitol ratio increask Hence,the increag of the percentage of nanoparticles in the
formulation ledsto high Péclet numbeT his could balue to the significantlijower diffusion
coefficient of the PLGA NPs compared to mannitait ledto the formation of hollow particles

with large void spacé®. Cdcium phosphate nanoparticleshave also lower diffusion
coefficient than mannitdh water(2.7-10 * cn?/s vs2.9-10° cm?/s)t%8%7. Consequentlythe
explanation about the particle surface collapse could be attributed to the increased CaPs:
mannitol ratio that i4:0.07(Patent Application P022017101). Pe justifiesif the microparticle
structure wil!/ be a dense, or rather holl ow
this dimensionless number results by the ratio between two characteattss the dying

process: firstly, thevaporation rate afroplet in drying, and the second one, il of solute
(nanoparticles or molecules) diffusion to move from the external interfacedordad droplet
(Figure4.25).

P01 Pe>1

PRV

Droplet A il
;“:), -}
‘\); ) §9¢

\-‘J\‘} .,

Dense particle Empty shell-particle

Figure 4.25 Drying of droplets containing particles of loveft) and high fight) Péclemumber.
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NeverthelessPeis alsoaffectedby the drying parameters like inlet temperature, pressure, gas
flux as well as by the pressure of the spraying, viscosity, chemical msaigi@ncentrationf

the solute, intermolecular interactions, factors related to the diffusion coefficients and
indirectly to the radiusof the droplet Morphology of the particles also depend on the
mechanical properties of the material forming the taajether tahe colloidal interactiort§®

as demonstrated by Tsaisal1%° and Martyet al1’®. Theaccumulatio of the nanoparticles

at the surface in presence of low amount of mannitol made weak the resistance of the curvature

of the particle that in dependence on the size, frequently collapse giving rise to the donut shape.

Figure 4.26 SEM micrograph=of donut shaped microparticles Cafsannitol 1:0.07 embedding unloaded

calcium phosphate nanoparticlegsn 2 of DoE).

The donutsmicroparticle structures exhibiteatceptableespirability, lower than spherical
particles, but with Fine Particle Fraction still higher than 50%.

In order to evaluate the CaPs quality, in terms of size, after the spray drying prdeesg,of

donuts shaped microparticles were dissolved in water, to measure the nanometric range by
dynamic light scattering. The nanoparticles were restored at nanoparticles concentration of 0.5
mg/mL. The size of theeleasechanopatrticle after restoratiaresulted increased due to the
presence of clusters of nanoparticles, likely an artefact deriving from the higher concentration
of nanoparticles in the solution compared to mannitol amount.

In Figure4.27 SEM images at different magnifications of ruoliained at spraying feed rate

of 3.5 mL/min from adispersion of CaP8.5 mg/mL and mannitol of 0.5 mg/mL; illustrate
aggregates with similar particle shape as in Figure 4.26.

In this case, the donut particlssowed arincompleteformation suggesting arffect of the

higher amount of mannitol in the formulatidvhile the particlesurfaceappears rouglFirstly,

the particle surface collapse is dependent on the ratio between CaPs and n@amthlther
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hand, the particle roughness, may explain theebbthaviour of dpCaPs of run 5, in terms of

FPF that was about 70%. These dpCaPs exhibited simitavBiue of those of run 1, namely

3.0 and 3.1 em, redg(pre.ct iweerlsyusansd. Sae )i .g hur fDa/c
the particle contact area and also increases the distance of separation thus reducing the

i c ohes i-padiculate farceg:1"2

This observation is also in agreement with Cledwal that demonsatedhow theincrease in

surface roughness of sprdyied bovine serum albumin particles can resulhenodynamic
performance enhancement, in terms of fine particle fraldflon

Figure 4.27 SEM micrographs of spragiried microparticles embedding unloaded CaPs of run 5

Finally, in Figure4.28 particle shape, surface morphology and internal structure of run 3 (CaPs
concentratiorof dried solution0.5mg/mL; mannitol concentration: 2.@g/mL; feed rate: 3.5
mL/min) is displayed In this case, dimensional range of the microparticles was from 200 nm
t o 2 .aSvolama diameter measured laser light diffraction(i.e, Dvgo of 3.1 pm) The
particle shape is quite spherical and close to that of the-dpieymannitol. This should be
explainedsince theCaPs:mannitol ratio is equal to 1:4lhe prticle surface appearsugh

while the internal structure shows again a hollow particle with many small pores spread over
the entire inner part of the particle. Thgsnteresting and may kelated with the high FPF of

this formulation namely 74.1%An increase in particle porogikeads to a decrease in particle
densitythat reduceshe aerodynamic particle size and thngproves FPF. The true density
measured bgaspycnomeér was 1.59 + 0.002and theapparentapped density weD.73 +
0.002g/cn?. Although, thetapdensity measured value remained over 0.4 )/tmat has been
reported in manyworks as cubff for determining good aerodynamic characteristics
(Aaer ody na npiacratl i*PcyHowds/@r ywitht these manufactured microparticles
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embedding nanoparticles, thatraparticle porosity positivelyaffects thé& respirability
properties.

Figure 4.28 Pictures of spherical microparticles embeddiadciumphosphate nanoparticles run 3 by SEM
(A) and sectioned by FIB/SEM (BThe ratio CaPmannitol was 1:4.

In conclusion, the DoE study revealed that mannitol and nanoparticle concentrations
significantly affect the fine particle dose (p=0.03) and #stared nanopatrticle size (p=0.01).

On the contrary he feed rate parameter was not significant. The quantity of mannitol added to
the CaP nano dispersion and the concentration of nanoparticles were crucial for the respirability
of microparticles and thesize of therestored nangarticles Namely, the increase of
nanoparticles concentration in the drying droplet and the decrease of ratio between mannitol
and nanparticledead the microparticl® donuts structure, wittespirabilitydecreasandsize

of the nan@articlesdramaticallyincrease Figure4.29).

A B

1200

CaPs restored size
(nm)
= 8 B

dpCaPs Fine Particle Dose
(mg)

08 0%
Mannitol concentration 05 CaPs concentration Mannitol concentration 0s CaPs concentration
(mg/mi) 0s (mg/ml) (mg/ml) 03 (mg/ml)

Figure 4.29 3D graphs of mannitdlaPnanoparticle concentration and restored nanoparticles size (A) or Fine
Particle Dose of micropatrticles (B) at fixed SD Feed raterBlZBin.
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4.3.1.7 Process optimization

To summarize all of the above acquired knowledge aboudftbet of the selected factors on
the established CQAs, an effort for process optimization through the DoE was attempted using
the desirability function. Desirability functicaims to find operating conditions that ensure
compliance with the criteria oflahe involved responses and, at the same time, to provide the
best value of compromise in the desirable joint response. This func8to ba 1 to achieve
good results. Thus, in order to carried out the appropriate combination of the process
paraméeers for a further improvement of the DPI formulation in terms of optimizing the
selected CQAs, the followindesirablecriteria were set out:
1 Maximization for the yield of the process;
1 Minimization of ZAverage diameter for CaPs dispersion after powdstoration in water

(as it is strongly related with the cell penetration capacity of the)CaPs
1 Dvgobelow5 pm to provide particles with good aerodynamic properties;
1 Maximization of Fine Particle Dose, tivevitro indicator of respirable particles.
Accordng to these criteria, 48 solutions were identified by the software with high desirability
while in the vast majority of the solutions, factors A, B and C were set, atl and-1
respectively. The ten solutions with desirability more than 0.860 arenpeeseTable4.11.
These solutions set the basis for the production of the microparticles embedding mimetic
peptide and miRNA loaded CaPs that will be discussed i8abtion @.3.2).

Table 4.11 Parameter combinations that result in the desirable CQAs values with a desirability factor higher than
0.860

Factor Response
Number caps Mannitol Feedrate  Yield Z-Average Dvso FPD Desirability
conc. conc. Diameter
1 0.50 2.00 3.50 59.58 180.05 1.63 24.050 0.864
2 0.53 2.00 3.50 59.70 180.57 1.64 24.005 0.863
3 0.51 2.00 3.51 59.62 180.21 1.64 24.001 0.863
4 0.50 1.99 3.50 59.49 184.03 1.64 24.050 0.863
5 0.50 1.99 3.50 59.48 184.36 1.64 24.050 0.863
6 0.57 2.00 3.50 59.84 181.20 1.65 23.949 0.862
7 0.50 2.00 3.53 59.59 180.05 1.64 23.974 0.862
8 0.59 2.00 3.50 59.95 181.69 1.65 23.905 0.862
9 0.50 2.00 3.55 59.59 180.05 1.65 23.933 0.861
10 0.50 1.97 3.50 59.32 191.48 1.66 24.050 0.860
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4.3.2 Manufacturing optimization of MP-loaded dpCaPs

To optimize the process for the production of microparticles embedding MP loaded CaPs via
spray drying, the resultsbtained from th@revious DoE for the unloaded CaPs powders were
assumedMoreover, the solutions of Design Exgefor process optimizationTable4.12) in
combination with the results from Scanning Electron Microscopy (SEM) eleced as
referenceTherefore,m order to achieve microparticles embeddiigloaded CaB,with good
aerodynamic performance, a ratio of MP/CaRannitol of 1:4 w/w was establishédgether

a feed rate of 3.5L/min. The MP loaded CaPs dispersions batches were prepared i+ scale
up dimensions(3L). Two levels of solid content of the MBaPs dispersions were selected,
namely 1.6ng/mL that was the original concentration of the dispersiandonemore diluted
i.e.0.5mg/mL. The NPs highest concentration has been chiostiie scale upnanufacturing,

in order to obtain high amount of final powder starting from small volume of NPs dispersion
to diy. Finally, the same quality attributes of the unloaded dpCaPs were evaluated for the spray
dried microparticles embedding the peptidéP(dpCaR) with the addition of theontent
determination before and after spray dryihbe process parameters applied were the same in

the QbD selected as optimized in the previous test.

Table 4.12 Summary table of the selectedt{Cal Quality Attributes.

MP loaded . . Moisture Z-Average after MP in dpCaPs
Run CaPs Mannitol | Yield content restoration Dveo | EF | FPF Content
(mg/mL) (mg/mL.) (%) (%) (nm) (em C6) (%) % wiw
la 1.6 6.4 67 1.2 169.6 299 86.7 52.9 1.0
2a 1.6 6.4 68 24 102.5 230 754 68.1 11
3a 1.6 6.4 65 2.8 1255 238 756 614 1.4
4a 16 64 69 19 133.6 246 749 699 1.1
5a 1.6 6.4 65 1.7 138.6 224 795 634 1.2
Average 67 2.0 134.0 247 784 63.2 1.2
Std. Dev 1 0.6 243 030 5.0 6.7 0.1
1b 0.5 2.0 41 3.0 250.1 250 78.7 74.0 1.0
2b 0.5 2.0 52 24 193.3 204 70.2 834 1.0
3b 0.5 2.0 55 2.6 209.7 1.89 66.7 80.3 1.3
4b 0.5 2.0 44 1.0 159.0 212 76.7 712 1.1
5b 0.5 2.0 53 1.5 286.9 204 79.0 66.7 1.2
Average 49 2.1 219.8 212 743 75.1 1.1
Std. Dev 6 0.8 49.8 023 55 6.8 0.1
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Notes: (Dvso: median volume diameter;&verage after powder restoration in water, EF: Emitted Fraction, FPF:
Fine Particle Fraction, MP/dpCaPayload= w/w ratio ofmimetic peptide in the dry powder. Runs a. and b. are

referred to undiluted andiluted dried CaPs, respectively.

Table4.12 summarizes theharacterizationlataafter the evaluation of the CQAs that derive
from the QTPP for all the ten powders that produced using the batches of MP loaded CaPs
dispersions prepared a scale up siz&esults interpretation will be discussed in the following
corresponding subsections.

4.3.2.1 Yield of the process

ObservingTable 4.12, it can be noticed that during spray drying of undiluted MP/CaPs
dispersions, higher yields were achieved (average 67 + 1%) with repeatability that was
significantly higher than in the case diluted MP/CaPs dispersions (averag + 6%).
Increase of total solid content of solution to be dried from 2.5 to 8.0 mg/mL clearly positively
affected the yield. Less solvent to be evaporated is in each droplet after atomization and thus
less moistureantent and higher yield is achieved.

In spray drying process, a compromise needs to be done between particle size and yield. It is
well known that a mini spragirying, sometimes has low collection efficiency for fine particles
below21l e m as théaeyyenoagh ® esoape the air stream and thus could not deposit
in the collection vess¥P. However, to prepare microparticles in the range & 1 ¢ m
sufficiently high yields can be obtained. Obviously, in larger scale, spray drying leads to better
yields than in lab scale because the fraction lost is an increasingly smaller component of the
total production volumé®. Therefore, without setting aside the superiority of rungd.an
terms of yield, this attr i bselkea betsvéen dilutedrol t be

undiluted formulations.

4.3.2.2 Moisture content

Regarding moisture content of theplicatedformulations, this ranged from 1.0 to 3.0% as
shown inTable4.12. A high variability of moisture content was observed between powders
treatedin the same conditions, as shown for both undiluted and diluted MP/CaPs dispersions.
Furthermore, an increase in istre content, even though not significant, was measured for
runs 1b5b which could be attributed to thewer mannitol concentration which affects
negatively the moisture conteas already observeth the DoE presented in Sectidr3.1
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Nevertheless, moisture content for all formulations should be low. The use of mannitol as
excipient, due to its particular properties such as low hygroscopicity, results advastageou

obtain powders with low moisture contelifs

4.3.2.3 Z-Av er a g epotentiabaftes powder restoration in water

Table4.13summaizesof the result®f the DLS measurements of (dP/dpCaPgormulations
after nanoparticlegestoration in watecompared tche MACaPs dispersions before spray
drying. The ZAverageof the MRCaPs before spray drying is more than two times higher than
the unloaded CaPs prepared in a scaldatch size, namely 202.9 and 80.0 nm respectively.
It could be speculated that timerease in size could be associated with an effective ititmmac

of mimetic peptidevith CaRNPs.

Table 4.13 Summary table of the DLS measurements

Z-Average Z-Average )
Run before SD after restoration Pdl epotental
(nm) (nm) (mv)
la 265.7 169.6 0.8 -118
2a 120.8 102.5 0.7 -10.5
3a 197.7 125.5 0.7 -14.2
4a 157.4 133.6 0.7 -16.5
5a 272.8 138.6 0.6 -14.9
Average 202.9 134.0 0.7 -13.6
Std. dev 66.5 24.3 0.1 24
1b 266 250.1 0.6 -16.9
2b 124 193.3 0.8 -13.2
3b 195 209.7 0.7 -14.2
4b 150 159.0 0.7 -11.7
5b 276 286.9 0.7 -17.7
Average 2022 219.8 0.7 -14.7
Std. dev 67.8 49.8 0.1 2.5

Notes:Z-Average of nanoparticles before spray drying (SD) and after powder restoration in water, polydispersity
i ndex ( Padntjal altemitroparticles embedding nanopatrticles restoration. Runs a. and b. are referred

to undiluted and diluted dried CaPs, respectively.
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Furthermore, the high intdratch variability of ZAverage diameter for the MP/CaPs
dispersions with an average of 202.%&5 nm, was sensibly reduced by the microparticle
preparation.

In terms of polydispersity, the average Pdl of 0.7 reflects an incompleispersion of all
powders, independently if they were manufactured starting from diluted or undiluted CaPs
dispersd n . Mo r-potentia values,aanging frori0.5 to-17.7 mV, indicate colloidal
systems at risk of agglomeration. An explanation about the colloidal stability of the MP/CaPs
dispersions is that during dialysis for 48h a significant amount of sodiuatecis being lost.
Sodium citrate is the determinant factor for the stabilization of the colloidal system, as it serves
as a crystagrowth inhibitor for the MP/CaPs. In fact, the preparation of nanoparticles with a
shorter time of dialysig,e. 24 or 2h, led to products with higher negative surface charge
values-22.0 + 3 mV and20.0 £ 1 mV, respectively.

An average 34% reduction in particle size was achieved after water dissolution of dry powders
obtained from the undiluted MP/CaPs dispersionsyedsean average 5% increase in particle
size was observed in the case of diluted MP/CaPs dispersions. The mannitol concentration in
runs laba (6 mg/mL) is out of the range of the previous DoE that mannitol concentration in
MP microparticles preparationr@m 0.5 to 2.0 mg/mL). However, the ratio between
nanoparticles and mannitol remains unvaried at 1:4. These results indicate that high solid
concentration triggers a betterdespersion. Similar results were obtained by Wengl.who
prepared spragried microparticles embedding PLGA nanoparticles using mannitol as a
matrix in a ratio PLGA: mannitol 1:4 w/w and a feed solution concentrat®mg/mL®’.
Consequently, superiority of sprayied undiluted MP/CaPs in terms of acquiring colloidal
dispersions versus spralyied diluted MP/CaPs, was found. In fact, the microparticles
embedding MP/CaPs at higher content exhibited a significant lovieeZageafter restoration

than the diluted MP/CaPs.

4.3.2.4 Particle size distribution (PSD) of the dry powders

In Section4.3.1.4 a significant positive effect of CaPs concentratiomoaroparticlesDvsg

was shown after analysis of the data using Design Exgaraddition, based oBquation 15

the impact of feed sotion concentration on the geometric sizg) (@f the dry powder has
already been illustrated. Here,Tiable4.14 the resultof themeasurement d?SD for ten dry
powders using laser diffraction, are listed. The results are in agreement with the previous study

for the unloaded CaP<£lverssonet al. studed the fundamental aspects of the particle
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formation during spray drying, related to particle size and derRésticles were prepared

starting from carbohydrates having different solubility and different excipient, such as lactose,

mannitol, and sucroggextran in ratio 4:1As increasing the droplet size during atomization as

well asthe feed solution concentration increases, particle size indtéase

Table 4.14 Particle size distribution of sprajriedmicroparticles embedding loaded MP/CaRsns a. and b. are

referred to undiluted and diluteftied CaFs, respectively.

Run

la
2a
3a
4a
5a
Average
Std. dev

1b
2b
3b
4b
5b
Average
Std. dev

Dvio
(e m
1.46
1.17
1.20
1.29
1.20
1.26
0.12

1.23
1.03
0.96
0.93
0.99
1.03
0.12

Dvso
(e M
2.99
2.30
2.38
2.46
2.24
2.47
0.3

2.50
2.04
1.89
2.12
2.04
2.12
0.23

Dvago
(e m
6.02
4.74
4.92
4.57
4.19
4.89
0.69

4.96
434
4.16
5.60
4.82
478
0.57

Almostin all cases the resulted percentiles of volume diameter indicate a size distribution

betweend® e m t hus ma Kk i

potential to achievdeeplung particledeposition. These results are also reicdd by the fact

t hat MP | oading i

n

ng th

CaPs

of -5 & m. Thus, despite a

4.3.2.5 Aerodynamic performance

e dry

di dnot

powder s

ead

t o

suita

produ

/€4dPs, pdthtdiluteduigmceundiluded i t y
MP/CaPs dispersions aseitable for pulmonary adinistration.

Theaerodynamic performance of the obtained powders was assessed through Fast Screening

Impactor (FSI) using RS@1device for inhalation and the parameters related with the lung

deposition profile of the dry MEaPs ee listed inTable4.15.
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As it can be noticed, runs Bb exhibit a higher average FPF compared to russalaamely
75.1% and 63.2% respectively. Thusuld be due to the lower particle size of dry powders
coming from diluted MRCaPs dispersionsince PSD is strongly correlated with FPFhe
particle size distributioomeasurements using laser diffraction are metrics for bulk powder,
which is essentially completely dispersed to primary particles uaibgit for few minutes,
sonication While the fine particle fractioms a measurement of tipea r t i .gafteetsathe d
deagglomerated aerosol delivered byitialerdevice moreoveras previously discussedhe

is function not only of the volume diameter of the particles but also of their déFisity, even

a low PSD can be obtained by laser diffraction, a high fRR¥ not be able to be achieved if

t he f c o h eariicMatedforcesmet seang oovercome patient inspiratoryofv rate
Therefore measuring PSD is not enough to predict an efficient powder aerodynamic
performance since other parameters such dk #ensity and particle shape may also
contribute as mentioned irsection 1. Nevertheless, in this study superiority of spdaied
diluted MR CaPs in terms dfPF should be considered significartie results are in agreement
with thoseof the previous DoE for the unloaded Cakiserehigh CaPs concentration showed

a significant negative effect on FPF.

Table 4.15 Summary of the values of the parameters used to characterize powder aerodynamic performance

fun ED EF FPD FPF
(mg) (%) (mg) (%)

la 36.6 86.7 194 52.9
2a 30.9 75.4 211 68.1
3a 311 75.6 19.1 61.4
4a 30.7 74.9 21.3 69.9
5a 32.9 79.5 20.9 63.4
Average 78.4 63.2
Std. Dev 5.0 6.7
1b 25.6 78.7 18.9 74.0
2b 28.4 70.2 23.6 83.4
3b 27.1 66.7 217 80.3
4b 31.2 76.7 22.2 71.2
5b 32.0 79.0 21.3 66.7
Average 74.3 75.1
Std. Dev 5.5 6.8

Notes: ED: Emitted Dose, EF: Emitted Fraction, FPD: Fine Particle Dose, FPF: Fine Particle Fraction. Runs a.

and b. are referred to undiluted and diluted dried CaPs, respectively.
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Regarding Emitted Fraction (EF), this was slightly highespraydried undiluted MRCaPs

where an average 78.4% was measuaegiwayall five formulations exceeded the desirable
75%. On the contrary spradried diluted MPCaPs exhibited an average 74.3% in EF while
runs 2b and 3b were found to have an EF belo%.7bhis discrepancy in EF could be
attributed to poorer flow properties of sprdsred diluted MPCaPs due to lower particle size

and higher moisture contettitan those dilutedThe formulations with low Dyoand high
moisture content exhibited a low EFRx(23b) whereas formulations with high é\and low
moisture content exhibited a high EF (1a, 4b, 5b). Nevertheless, information about particle
shape and surface morphology should be evaluated in parallel as can drastically affect powder

flow properties.

4.3.2.6 Peptide contentassessment

The resultof peptide contenboth in the MPCaPs dispersions before spray drying and in the
final formulation are reported imMable 4.16. MP content over CaPs in the dispersiwas
calculated as the ratio of the MP found concentration on the CaPs concentration (0.5 mg/mL
or 1.6 mg/mL). MP percent in dpCaPs was calculated asatieeof MP content amount and

the powder weighed for the analysi20mg).

Table 4.16 Peptide content in CaPs dispersions and in dry pawvdassessed by HPLGV.
Runs a. and b. are referred to undiluted and dildtesti CaPs respectively.

Run Measured MP/CaPs conten{(%) Measured MP/dpCaPs conten{% w/w)
la 6.6 1.0
2a 6.8 1.1
3a 7.5 1.4
4a 6.7 11
5a 6.8 1.2

Average 6.9 1.2
Std. Dev 0.4 0.1
1b 6.6 1.0
2b 6.8 1.0
3b 7.5 1.3
4b 6.7 1.1
5b 6.8 1.2
Average 6.9 1.1
Std. Dev 0.4 0.1
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Notes: mimetic peptide (MPEontent inboth nanoparticledispersios wasthe samesinceit was calculated as
the ratio ofmeasured MRoncentratior{e.g.,Run la: 0.1056 mg/mRun1b: 0.033 mg/mlpn theundiluted or
dilutedCaPs concentrationé. 1.6 mg/mL or0.5 mg/mL).

In all dry powderformulations MP/dpCaPs wédetweenl.0 %w/w andl1.4 %w/w. Since the

ratio CaPs: mannitol was 1:4, the expected peptide content in microparticles was a fifth of MP
content in CaPs that was 6.9 = 0.4. A low idiatch variability for both diluted and undiluted
dpCaPs was observed in agreement with peptide caagsassed in NPs batches. Concerning

the MP/dpCaPs peptide content of undiluted and diluted formulations, this was slightly higher
in the first case without significant difference. Finally, taking into account that the residual
solid in the nanoparticlesgpersion was not only determined by the CaPs, the peptide content
in microparticles embedding the nanoparticles was about one fifth of mimetic peptide content
in CaP before drying. Hence, the inlet temperature of 125°C and outlet temperature between
75 ard 80°C preserved the mimetic peptide from the degradation.
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4.3.2.7 Particle morphology

Theparticle morphologyvas investigatetbr both formulationgndperformed using SEMnd

SEM/FIB technique. The micrographs obtairedshown inFigure4.30.

— d
Figure 4.30Surface and shape (left) SEM image and inner structure (right) FIB&EMsitionof microparticles
embedding nanoparticles loaded with mimetic peptide. The microparticles of pictures A and B are prepared from
undiluted and diluted nanodispersion of Caf3pectivelyPatent Application P022017401).

Concerning the particle shape, in both compositions witRPsCeontent, microparticles
exhibited a spherical shape and rough surface as with the unloaded microparticles. The SEM,
matched with the Focus Ideam technique, allowed to evidence the internal structure of the
microparticles embedding the loaded with mimetic peptide calcium phosphate nanopatrticles.
The inside aspect revealed microparticles with a large number of cavities having 20 nm
diameter or saller, evidently due to the peptide, similarly for both preparations. However, a
central evident cavity formed in the case of microparticles produced from undiluted NPs, as
with unloaded microparticles. These numerous voids increase the porosity ofarticles,

one of the main parameters determining their aerodynamic behaVioerdeposition of
aerosolized particles in the airways depends on the aerodynamic diameter that is directly related
to particle density. This may explain the high FPF valuedldbanulations. Finally, this
original structure has to be clearly attributed to the peptide presence.
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MP/dpCaPs prepared with the diluted CaPs dispersions, exhibited a median volume diameter
(Dvs= 2.12 em) which matches powddrshcomparedtatinecr e as
undiluted ones (75.1% and 63.2% respectively). Similar characteristics for both powders were
obtained in terms of moisture and peptide content. Regarding particle morphology, both
treatments had a spherical shape and bumpy suwébegn increased number of nano porous

on it. The yield and ZAverage size of nanoparticle restoredrasignificantly higher for the

microparticles prepared starting from undiluted CaP NPs.
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4.3.3 Manufacturing and characterization of loaded with mi-RNA and
R7W-MP dpCaPs

Microparticles embedding the ond-RNA nanostructure (dpCaPs/mieRNA) were prepared

by spraydrying technique. Briefly, 2.0 mg/mL of mannitol were dissolved in 0.5 mg/mL of
micro-RNA loaded nanoparticle water dispersidiheratio CaPs micrd&RNA: mannitol was

1:4 in the feed solution containing 2.5 mg/mL as residual solid. The mix was stirred for a few
minutes at room temperature to allow the carrier dissolution. The set spray dryer parameters
were inlet and outlet Temperatut@5°C and 70°C, respectively; atomization flow 600 L/h;

feed rate 3.5 mL/min; air flow 35 . A nozzle with a diameter of 0.7 mm was used. The
manufactured microparticles were stored at room temperature in sealed vials. The yield of the

spray drying proedure was around 70%.

As reported in the paragragtil.3the obtaineanicro-RNA loaded CaPs nanoparticles showed

a size of 1900 + 50 nntikely asa consequencef agglomeratechanoparticlesvith surface

charge of17 + 5 mV.Since the nanoparticles loaded with theRINA appeared to have the
tendency to agglomerate, the challenge was to study and construct inhalable microstructure
embedding dagdomeratednanopartites. In fact, if microparticles dissolution in lung fluid

restores cluster of nanoparticles, these could be phagocytosed by macrBphages

Table 4.17 Microparticles embedding miciBNA loaded Camanoparticles characterization.

Residual Particle size distribution Restored Nanoparticles
EF FPF
water
(%) (%) Dvio Duso Dvoo Z-Average Z- Potential
(W/w%)
(em) (em) (e m) (nm) (mv)
1.0+0.5 89.0+0.1 65.0+0.2 1.3+0.2  2.3+0.6 5.40.5 25015 -17+3

The 90% of the microparticles distribution had volume diameter lower than 5 m{diainie
4.17). Spherical microparticles with a rough surface, embegldmicreRNA loaded
nanoparticleswerepicturedby SEMtechnique The sectioned microparticles showed also in
this dry composition a porous internal structure with several distributed smatleshaving
a diametein nanometriacange of1l0-50 nm(Figure4.31). The dryparticleshave arEmitted
Fractionat 89% and Fine Particle Fraction of 65%uitable for pulmonarnadministration

Unexpectedly, these microparticles restored nanopartigtessizearound 250 nmonly one
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eighthof thesize of the original nanoparticles key rolewas played by thexcipientmannitol

to deagglomeratéhe dpCaPs/mick®RNA calcium phosphate nanoparticles

Figure 4.31 SEM image (left) and inner structure FIB/SEM photograph (right)n@froparticles embedding

nanoparticles loaded with miciRNA.

To definitely attribute the inner porous structure to the high molecular substance presence as
for mimetic peptide and micsBNA microparticles, calcium phosphate nanoparticles were
prepared by precipitation as describedufisection4.1.3loading another peptide as the RYW
mimetic peptide (R7\AMP) (19 amino acids, MW 2605.9 Dashelix structwe). This peptide

is different from the mimetic peptide previously loaded, because a terminal arginine amino acid
allows the selinternalization into the cardiomyocyte§o manufacture the powder to be
inhaled, mannitol was dissolved in the nanoparticlspgrsion at CaPs: mannitol ratio 1:4,
resulting in a feed solution to be dried containing 2.5 mg/mL of solid. The spray dryer
parameters were the same as folRNA CaPs micropatrticles. The yield of the drying process
was 84.4%. Assessment by HRPLLY revealed that the R7W/P peptide content of the

manufactured microstructure was 1.25 % w/w, as expected.

Table 4.18 Characteristics of Microparticles embedding R loaded CaP nanoparticles.

Residual Particle size distribution Restored Nanoparticles
EF FPF
water Dvio Duvso Dvoo Z-Average Z- Potential
(%) (%)
(W/wo) (em) (em) (e m) (nm) (mV)
1.5+0.5 86.3+ 0.03 68.5+ 0.01 1.1+0.2 2.1+0.4 4.5+£0.5 60. 45 -24.5+2

The morphologyacquiredby SEM analysis showedoundishshape andvrinkled surface
mi croparticles i n t hegigured.82y Ehe SEM@amalysts@dhfirnmech t o

NY
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the particle volume diameter smaller tfapm, as measured by laser light diffraction analysis
(Table4.18).

The SEM matched with the Focus lon Beam technique allowed to evidence the internal
structure of the microparticles embedding loaded with RMW® calcium phosphate
nanoparticlesThe inside revealed micropiaies with a lot of cavities having 20 nm diameter

or smaller due to the R7W peptide, similarly to micropartielés mimetic peptide The
regular structureclose to a grid, in which are organizéé small cavitigcould be an artefact

of the ion beam cuttingA value of fine particle fraction 68.5% has beervitro determined

by Fast Screening Impactor for the dpCaPs/RVIR/

Figure 4.32 Surface and shape SEM image (A) and inner structure FIB/SEM photograph(B) of microparticles
embedding nanoparticles loaded WRAW-MP.
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4.3.4 Mannitol and Mimetic Peptide role in particle formation

To further understandthe role of mannitol innanoparticles dagdomeration a novel
preparation of MP/dpCaPs wdsne The mannitol was added to the nanoparticle dispersion

at CaPs: mannitol ratio 1:0.07. The feed solution solid concentration wagiL, i.e.0.10

mg/mL of mannitol dissolved in the dispersion containing rh@mL of nanoparticles. The

spray dryer parameters for microparticle preparation Wepg as beforeinlet andoutlet
temperature 125 and 70°C, respectiyatpmizationflow 600 L/h,feed rate 3.B5nL/min, air

fow 35 m¥h. A nozzle with diameter of 07 mm was used.
Microparticlesobtained showed lowerrespirabilitythan microparticles described $ection

4.3.2.5 with a Fine Particle Fraction of 42¢%able4.19). The low ratio of mannitol to CaPs

in the microparticle structure was not enough to keep disaggregated the dispersed nanopatrticles

resulting from the water dissolution gfpray driedmicropat i c|l es (nanoparticl e

Table 4.19 Residual water content, respirability, size distribution of microparticles aAdeZage and Zeta

Potential of nanoparticles restoreihCaPs/MP manufactured fro@aPs: mannitol ratio 1:0.07.

i Microparticle size Restored Nanoparticles
Rvevjilial EF FPF P P
(W) (%) (%) Du1o Duso Duso Z-Average  Z-Potential
(em) (em) (em) (nm) (mV)
1.6+£0.1 91.8+0.01 42.0 £0.06 1.5+£0.2 2.5£0.5 5507 280010 -22+2

Finally, to study the role played by MP peptide in microparticle formation, a further spray
drying preparation containing freeimetic peptide, unloaded CaP nanoparticles and mannitol
was carried out. MP peptide was added to the preformed nanopartickrsaiap then,
mannitol was dissolved to reach CaPs: mannitol ratio of 1:4. The feed solution solid
concentration was 8.6 mg/mL and consiste@.6fmg/mL of MP, 6.4 mg/mL of mannitol and

1.6 mg/mL of nanoparticles. The spray dryer parameters were inleudatitemperature 125

and 70°C, respectively; atomization flow 600 L/h; feed rate 3.5 mL/min; air flow®s% A

nozzle with a dimeter of 0.7 mm was used.
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Table 4.20 Residual water content, respirability, size distribution of microparticles aAslefage and Zeta
Potential of nanoparticles restored. The microparticles were manufactured starting from a feed solution containing
MP as raw material, CaP nanoparticles ammhmnitol in ratio 1:4.

Residual Microparticle size Restored Nanoparticles
water EF FPF =
(W/W%) (%) (%) Dvio Dvso Dvoo Z-Average Potential
(em) (em) (em) (nm) (mv)
15+04 91.3+0.03 19.9+0.02 1.3+0.2 28+05 55+0.3 7015 21+4

As reported in th&@able4.20, despite the Dyg under 6 um, the dried microparticles exhibited
very low respirability with Fine Particle Fraction lowtaan 20%The MP added to previously
precipitated unloaded nanoparticles led to a microparticles strongly aggregated, with an
internal structure very different from the corresponding preparation in which MP was loaded
during CaP nanoparticles precipitatiorhis spray dried particle formation demonstrates a
different interaction of mimetic peptide with nanoparticles. In fact, from morphology analysis
performed by SEM/FIB technique, very few internal cavities were observed when the peptide
was added to nanapicles already precipitate#&igure4.33). The shape of microparticles and

the internal structure explain the low FPF measured. In fact, despite the microparticle were in
an acceptable range for inhalation, their shape and densityo&rin conditions to promote

their aerodynamic diameters well above that of the previous microparticle preparation.

Figure 4.33 Surface and shape SEM image (left, A) and inner structure FIB/SEM photo@igipty B) of
microparticles embedding nanoparticles and MP peptide.

Therefore, it was discovered that the reason behind the mannitol crucial role for microparticles
respirability is strongly related to the internal structure of the particles and this structure is
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linked to the presence of macromolecular substance ingduitimoparticles. When organized
multipores are obtained, due to the presence of a peptide -BNAiin microparticle
composition and in the process, the aerodynamic size of the highly porous microparticles
improves the powder respirability. However, thamitol function as carrier and stabilizer of

the embedded nanostructuneties on a minimum ratio 1 to 4 between nanomaterial and
mannitol. Only in these conditions CaPs nano
the size of nanoparticleseghly prepared. In summary, the restored nanopatrticle size from the
dissolved microparticles depended on the carrier amount and its ratio with CaPs.

4.3.4.1 Investigation on dpCaPssolid state andstability study

In pharmaceutical field, organic solids presempolymorphism are widespread, both as single
molecular entities and as molecular adducts. The latter include solvates and hydrates and can
be of a stoichiometric or nestoichiometric nature. They generally show different dissolution

rates with respect tthe correspondingonsolvatedones as well as a different stability at

various temperatures. There are also solids that exhibit polymorphism as single molecular
entities with different arrangements of the molecules within the crystal Iattice.

This phemmenon means that these substances also possess different chbysicall

properties based on the form in which they are 1{8ethe polymorphism affects the stability

and the dissolution rate of pharmaceutical formulatduring the development ougmonary

drug products, especially the DPIs, the crystalline forms of the carrier or adjuvant influences

the interaction with the active ingredient and thereftine overall product aerosolization
performance. An example of this is lactosiece onecrydalline formcangive lessadhesion

force so releasng drug more easily andeadingto a better dispersiéf’. Formulations
consisting of different lactose forms were investigated revealing that fine particle fraction
values were found to ncrease in the following o+fder f
monohydmathe d¥ -aihgrout One of the most used lactose substitute in this

role is the mannitol that is less hygroscopic and lacks Maillard reaction, a property that allo

it to also be used in association with peptides and proteins.

As reported in the I|literature, mannit ol can
and u) as wel | as I n a hemihydrate for m. Th
other depends on several production conditions, such as the type of solvent used and the
concentration, temperature and crystallization'fat&he molecule can assume six different

staggered conformations thanks to the freedom of rotation of the eaabmm bonds. Only
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three of these are able to minimize the repulsion between the oxygen atoms that are on the same
side of the carbon chain and therefore have a lower energy. In all three polymorphic forms, the
molecules have the same conformation. In nonieeo€onformations the terminal oxygen atom

is aligned with the carbon chain. The polymorphism is therefore determined by the different
arrangements of the hydrogen bonds that are established with the surrounding molecules.
Thanks to the Xay diffraction,it was possible to establish the existing mannitol crystalline

forms (Figure4.34)*82,

OH OH

H

OH OH

Figure 4.34 D-(-)-mannitol structure (left) angbectra of the polymorphic formsBimanni t ol U, b and U
by X-ray diffractometry(right). Reprinted from Physicochemical characterization-ofahnitol polymorphs: The

challenging surface energy determination by inverse gas chromatography in the infinite dilution region,
International Journal of Pharmaceutics, MG Caatesl'®?, Copyrigh® 2014, reproducedvith permission from

Elsevier.

Solid stateof unloaded and loaded dpCaPs was investigated -bgy>powder diffraction
(PXRD) and DSCFigure4.35displays the Xray intensity in counts per second (cps) observed
for each angle @for the two spray dried powder compared toU , b mammtol U

In both powder(Figure4.35) thereare no evidence axtremely intens@eak t09.7 g angle,
finger pr i ntinPXRD patterr$8 A oharacteristic peak df mannitol to 138 is
evidencedn loaded as well unbaded microparticles. The peak shown in loaded dpCaPs spectra
at 14.7 distinctive ofstableb form is presenvery weak sometimeis UandU polymorpH8

and a peak atvaluel7.4t ypi cal of U f or m.

The XPRD peaks were weak, not resolute and sometimes broad, specialB0bgemngle,

highlightinganamorphoustatebesideghe crystalline statfor both formulation¥,
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