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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 nanoparticles (CaPs) loaded with mimetic 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
translocation to 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 composition and process parameters on selected quality
attributes of dpCaPs. In 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 the best aecrodynamic 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 fraction (i.e. 50%) of extra-fine particles (< 2pum)
promotes the CaP deep lung 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 macrophages and did not induce cytokine release. The microparticles embedding loaded
CaPs tested on murine HL-1 cardiac cells allowed the peptide internalization in the myocytes
with a dose dependent mechanism. Finally, the dpCaPs pulmonary in vivo administered to

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 treatment of respiratory 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 subcutaneous'. 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 100 m? and a relatively pervious
barrier to drug absorption. Namely, the respiratory 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
aerosolized formulations®. Additionally, in terms of metabolism drugs are exposed to much
more favourable conditions compared to oral administration. The first-pass liver metabolism
is avoided as well as the catabolic enzymes of the intestine®. Especially in the case of topically
delivered drugs, a lower dose can be administered due to the direct delivery of the 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 molecules from 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 administration of peptides, antibiotics, vaccines, anti-cancer substances or other
drugs via the lung is favoured and is expected to broaden the inhalation medicinal products
market considerably in the near future*. Another secondary but notable advantage of pulmonary
route is that, differently from oral administration, it is independent from food intake and
metabolic interpatient variability, providing more stable absorption kinetics®.

Despite the aforementioned advantages, it is surprising that only very few systemically 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, such as pulmonary arterial hypertension
(PAH) and cystic fibrosis (CF). Significant 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 plenty of requirements 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 mechanisms contribute to this elimination process. Once deposited on the airways
surface, the fate of the particles will depend on their solubility and the landing site. After the
inhalation, the particles can be dissolved in lung fluid, acting locally or passing into the
systemic system as well as can be translocated out of the respiratory tract when insoluble. The
mucus and surfactant that lines the pulmonary epithelium (1.0-10.0 um thick) and alveoli (0.1-
0-2 pm thick), respectively, constitute physical barriers to 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 macrophages and mucociliary transport. Moreover, in cases of
respiratory diseases such as inflammations, CF or COPD alterations in airways lead to poor
aerosol deposition and penetration®.
Dose uniformity and reproducibility, patient’s compliance, proper use of inhalers, differences
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 very desirable target 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 absorption 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 and deposition 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
patient’. Deposition indeed can be influenced by several factors ranging from aerosol properties
such as particle size, shape, density and surface energy, to physiological factors, such as
interpatient differences related to airways geometry, pulmonary conditions and breathing

patterns, in terms of frequency, tidal volume and breath-holding?®.
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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 to note that in the case of
aerosol deposition, we care for the aerodynamic particle size expressed as aerodynamic
diameter (dae) which is the indicator of how the particle sediment in a fluid. It is an important
factor for the evaluation of in vivo performance of particles to dissolve in the lung fluids.

Aerodynamic diameter is given by Equation 1,

dge = d, ’,0‘0.;)( (1)

where dy is the equivalent volume diameter, p is the particle density, po is the unit density, and
x is the dynamic shape factor. The aerodynamic diameter of a particle is the diameter of an
equivalent sphere, whose density (po)is 1 g-cm >, which settles in still air at the same velocity
as the particle in question’.

Considering 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 aerodynamic diameter. The
dynamic shape factor is the ratio of the resistance force experienced by the actual non-spherical
falling particle, to the resistance force experienced by a sphere having the same volume. It can
be determined either experimentally or using complex models!®. For instance, non-spherical
particles such as cube-shaped, needle-shaped and plate-shaped have a higher dynamic shape
factor (y) compared to spherical particles, leading to a smaller aerodynamic diameter.
Nevertheless, in some cases, such as needle-shaped particles, deviations from sphericity result
in large contact areas hence stronger inter-particulate forces that lead to poor powder
flowability!!. Ultimately, surface energy of the particles is a parameter affecting aerosol
performance. High 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 particles with a rougher
surface!?.

Due to the gradual reduction of the airways diameter in the respiratory tract, a deposition
dependent on the aerodynamic particle size could be observed: 30-70 pm particles deposit in
the nasal cavity, 20—30 pm in the pharynx, 10-20 pm in the larynx, 8—10 pum in the trachea, 5—
8 um in the bronchi, 35 pm in the bronchioles, and 0.5-3 um in the alveoli'>. In general,

particles with a mean aerodynamic diameter between 1-5 pum are considered suitable for
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pulmonary administration’. 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 used bronchodilator for the treatment of asthma, has an agonistic effect on [2-
adrenergic 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 um is preferred over one of 1.5 um that reaches in a higher percentage the
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

interception Figure 1.1.
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Figure 1.1 Mechanisms of particle deposition in the respiratory tract: inertial impaction, sedimentation and
diffusion. Creative Commons “Respiratory system complete no labels.svg " by Bibi Saint-Pol, Jmarchn, used

under CC BY-SA 3.0/Added labels.

The first and predominant mechanism, as particles 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 because of
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

um'*. The deposition efficiency is function of the Stokes Number (Stk) given by Equation 2,
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d2.QC
Stk = % 2)
nD

where dae is the aerodynamic particle diameter, Q is the volumetric air flow rate, Cc is the
Cunningham correction factor, 1) is the viscosity of air, and D is the characteristic dimension
of the obstacle (typically its diameter). The product dae?*Q (um?-L-min™") is referred to as the
‘inertial impaction parameter’'>. The higher the Stokes number is, the more readily particles
will be deposited by inertial impaction.

Moving deeper in the respiratory tract a second mechanism of particle deposition may occur.
Sedimentation is the gravitational settling of particles and mainly affects particles in the size
range between 0.1 and 8 um!®. Particles that escape inertial impaction in the upper airways are
characterized by a velocity of sedimentation that is proportional to their size. This size, called
terminal settling velocity (Vs) derives from Stoke’s drag force and is given by Equation 3,

__ (po—pa)dé g
Y, =-PoPalZad
187

©)

where po and po are the densities of particles and air respectively, dae is the aerodynamic

diameter, g is the gravitational acceleration and n) is viscosity of air. This equation is applied
for particles with a Reynolds number (R¢) lower than 0.1 since for values close to 1, Stoke’s
law collapses due to the increase of air inertia'”. Reynolds number is given by Equation 4,

O.’dUO
R, ="~ . 4)

where pq is the density of air, d is the particle diameter and Up is the air velocity and basically,
expresses the ratio between air inertia and viscosity (1)'®.

It is important to note that breathing manoeuvres, such as breath holding, tend to favour
sedimentation especially for small particles that need more time in order to settle on the walls
of airways. Such strategies are applied in cases that a specific site of deposition in the
respiratory tract is desired'®.

For particles smaller than 0.5 pm, Brownian diffusion is the primary mechanism of deposition;
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 (Dif) that is given by the Stokes-Einstein equation (Equation 5),

kT
o 3nndge

)
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where k is the Boltzmann’s constant, T is the absolute temperature, 1 is the viscosity of air and
dae 1s the aerodynamic particle diameter. Particles with such a small diameter rarely manage to
deposit and usually, come out of the body via exhalation®® (Figure 1.2).

As far as interception phenomenon is concerned, this primarily refers to elongated particles
such as fiber with dimension comparable with the airway diameter. Furthermore, electrostatic
precipitation 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 the amount of 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, although it cannot 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, drugs encounter a variety of physicochemical and biological
barriers. These include pulmonary lung surfactant, i.e. 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 absorption?!-2,

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 (through the cells) either passively or
actively (carrier-mediated) and the paracellular transport (through the cell junctions). For
instance, small lipid-soluble molecules are rapidly absorbed because they can easily enter the
phospholipid bilayer surrounding the cells, while 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, ionization 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, too?>.
In the case of macromolecules, such 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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macromolecule absorption rate is mainly dictated by size- the larger the size the slower the

absorption®*. 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, Springer Nature, Nature Reviews Drug Discovery, Inhaling medicines: delivering drugs to the body

through the lungs?’, Copyright® 2017.

1.2 Dry powder inhalers (DPIs)

1.2.1 Features and devices

According to EMA, dry powder inhalers (DPIs) are inhalation delivery systems consisting of
a dry powder formulation and a container closure system capable of delivering drugs in the
lungs for the treatment of topical or systemic diseases®®. There is a wide range of device types
on the market, but the basic components of a DPI are: powder formulation, dose measuring
system and mouthpiece.

They feature plenty of positive characteristics such as high lung deposition, consistent and
precise dose, independence from hand-to-breath 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 between the airflow 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 five-year-old or patients with low inhalation capacity, de-aggregation
of formulation to fine particles for lung deposition may not occur?®.

In regard to the relationship of the inhalation effort with the aerosol generation, this is also
affected by an intrinsic property of the device, called device resistance (kPa!?-L-min™!) that
differs from one device to another, in reason of the different manufacturing 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 determine the air 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 (~60 L/min) and low resistance (~90 L/min). Low
resistance DPIs work on a broad range of in [FRs (50-100 L/min) to produce pressure drop of
2-4 kPa, instead of high resistance DPIs work with lower inspiratory flow rates (30-40 L/min),
and thus are appropriate for more types of patients. However, high IFRs can lead to high
oropharyngeal deposition, due to impaction and that may also jeopardize the performance of
high resistance DPIs, if IFR exceeds the optimum?’.

There are two main classifications for the DPIs, namely the dosing system and the
aerosolization mechanism. The former include pre-metered DPIs in which previously metered
amounts of drug formulation are loaded and device-metered DPIs in which there is a reservoir
containing multiple doses of formulation that are metered by a dose-metering system. Pre-
metered DPIs may be single-dose (a capsule loaded either by the patient before use) or multi-
dose using replaceable blisters, cartridges or dosing discs?®. The classification based on the
aerosolization mechanism include passive and active devices. Passive devices were the first
developed DPIs and are breath-actuated, 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 mentioned before and is that patient with insufficient inhalation
capacity may not extract the entire dose, reducing therapeutic effect. Conversely, active devices
use either a battery-operated propeller or pressurized air that is mechanically decompressed in
order to induce powder dispersion. These devices don’t depend on patient’s inspiration capacity
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 require many operational steps>’.

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 patient, ensures 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 respiratory diseases, like asthma, COPD, (2-agonists, corticosteroids),
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) and anaesthesia. They, also, vary in molecular weight, solubility,
hydrophobicity, crystallinity and other physicochemical properties resulting in different
formulation and particle engineering strategies>!.

During development of a DPI many parameters need to be taken into account. Drug formulation
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
a size between 1-5 um. However, powders with such a small particle size are strongly cohesive
due to inter-particulate 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 aerosolization®’. Moreover, 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 powder>. In order to resolve
issues like these several formulation strategies are applied namely carrier-based formulations

and carrier-free formulations®.

1.2.3 Particle engineering

Dry powder formulations are generally simple in terms of ingredients due to the limited number
of excipients allowed for inhalation delivery as lung safety justification must be provided in
depth. In order to compensate for this restriction in excipient use, sophisticated “lean” dry
powder formulations must be developed with particles capable of combining fine size, narrow
size distribution, low surface energy and density. In addition, enhanced drug stability, high
bioavailability, precise targeting and/or sustained release®> are sought. This activity is called
“particle engineering” and is one of the biggest challenges 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 technique used for particle micronization and is widely used. With the
term milling we encompass a number of so-called top-down techniques used to mechanically

grind large drug crystals into particles within a respirable size range*®. The particle size
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reduction can be achieved by pressure, friction, attrition, impact or shear. The three main types
of mills are fluid-energy mills, such as the jet mill that uses high-pressure air to accelerate
particles that collide each other and break; high-peripheral-speed mills, such as the pin-mill
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
“milling media” that break down the particles due to friction®’.

Jet milling is the most common method as it is industrially well-established, and it is able to
provide particles between 1-15 pum with a narrow particle size distribution. The milling
apparatus is easy to use, inexpensive 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 particles*®. 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 powder?®.
Partial amorphization results in powders with regions that possess different physicochemical
properties (solubility, thermodynamic stability) than the original particles. A solution to partial
amorphization is to process the particles in presence of increased humidity (30-70%), called
wet milling. Because of the partial solubility of the drug in moisture, any amorphous regions
will undergo recrystallization and thus, drug particles are expected to present higher
crystallinity*°.

The inverse manufacturing approach is provided by the bottom-up techniques. Contrary to top-
down methods, 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 solvents (water, ethanol, o/w or w/o
emulsions) and then, recovered by solvent evaporation or anti-solvent precipitation®*. Apart
from spray drying that will be analysed in depth in the next section, spray freeze drying, and

supercritical fluid technology are the most commonly used bottom-up techniques.

1.3 Spray drying

1.3.1 Concept and hardware

Spray drying as mentioned in the previous section is one of the bottom-up techniques that is

widely used to prepare fine or even ultra-fine particles with desirable characteristics. The spray
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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 ultra-fine powder is collected®.

More specifically, 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 to the desired particle
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 collected*!. Thus, the basic components of a spray drying
apparatus are the drying chamber, atomizer, aspirator and collection cyclone (Figure 1.3).
Depending on the solvent (organic/aqueous) different modifications may be done. Open-cycle
systems are applied to dry aqueous feed solutions while closed-cycle 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 gas and the condensation of

the organic solvent through a condenser.

nozzle

757@ aspirator

: v
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heating coil
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dry
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Figure 1.3 Schematic representation of an open-cycle spray drying system.

Starting from the atomization procedure, generation of small droplets (5-1000 pm) leads to the
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 solvent evaporation. Several
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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 apparatus, different 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 (multi-fluid) feed is
atomized by a gas stream which produces extremely fine droplets (10-100 wm), while in
ultrasonic nozzles, due to lower velocity produced during vibration, final droplets are within a
size range of 5-1000 um*.

Moving on in the drying chamber, different flow patterns may be used based on the properties
of the starting material, namely co-current, counter-current and mixed flow. In the co-current
arrangement, material is sprayed in the same direction as the flow of hot air. In general, such
an arrangement is preferable for heat sensitive products as they are heated the least; however,
this may lead to insufficient solvent evaporation. In the counter-current arrangement, material
is sprayed against the direction of air flow. The droplets hit initially the air that travels a
distance significant 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 the co-current configuration which can be good in terms of high thermal
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 than co-current flow. Finally, mixed flow 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 with varying degrees of thermal stability*?.

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 bag filters. The latter is the most usual system and particles through the cone-
shaped cyclone are collected in a flask by centrifugal forces®. Ultra-fine particles (<1pum), that
are not heavy enough to escape the air stream, are collected through a woven fabric filter (bag

filters)*.

1.3.2 Particle formation

Spray drying is a simple, single-step 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
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attributes of the 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 inhalation*>. For many of those factors it is now well-
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. As 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 droplet**. Surface enrichment (E:), which is the concentration
of component i (Cs;) in relation to its average concentration in the droplet (Cp i) is given by
Equation 6,

Co;  eSPei

Ei= Crr;,i - 3Bi ©)

where Pe; is the dimensionless Peclet number and £ is 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 component i in the liquid phase (D;), as

shown in Equation 7.

k
Pei:s_ui (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, when P. < 1, 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 distribute the solute in the final particle.
This leads to spherical particles with little or no void space and high density*’. On the contrary
when P. > 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 wrinkled shape due to a shell formation. Thus, it is becoming
obvious that surface enrichment could be manipulated by solute properties, solvents and

process factors*®,

1.3.3 Ciritical factors affecting dry powder properties

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

parameters*.
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Feed solution properties

Solvent properties, excipients and concentration of the components 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 volatile 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 efficiency of the process*’. 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 solubility°.
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 lattice®'. ASDs are one-phase systems in which API 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 prevent recrystallization during the dissolution. The choice of
the polymer should be based on several properties such as glass transition temperature (Ty),
nature of polymer (anionic/cationic), presence of functional groups, hygroscopicity, solubility
in organic solvents, molecular weight and thermal stability. For instance, a high Ty (~75°C)
leads to more stable ASDs particles with enhanced flowability since they remain at glassy state
at room temperature and are highly viscous preventing recrystallization of the API*’. 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 T, of the formulation®.

Last but not least, feed concentration is a parameter strongly related with the evaporation time.
High solid concentrations (>5% w/v) lead to droplets containing lower solvent amounts, thus
leading to higher P. values and therefore, to the production of large, porous, wrinkled
particles®®. 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 evaporated™.
Process parameters

During spray drying, operator controls five process parameters, i.e. the inlet temperature, the

rate of the feed solution (ml/min), the flow (or pressure) of atomizing air (L/h), the nozzle
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diameter (um) and the gas flow rate at aspirator (m>/h). These parameters have a direct impact
on the outlet temperature, 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 high P. numbers 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 particles. A reduction 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 process*®. Finally, although it is not clear yet, it has been
reported that increasing inlet temperature could result in a higher aerodynamic diameter due to
either denser particles or an agglomeration>-%.

Feed rate is another critical parameter that affects outlet temperature, droplet size, drying
velocity and distribution of components. Increase of feed rate has shown to decrease outlet
temperature, since the volume of liquid to be evaporated increases®’. In practice, outlet
temperature is the highest temperature to which the product will be heated and plays a critical
role in particle 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 yields>®.

Continuing to the process parameter, air 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 droplets. 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 aresult, it is advisable to adjust the drying air flow rate to the maximal value available, also
in order to maximize the cyclone operation efficiency®®. Lastly, 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 particle. Regarding the nozzle diameter it makes sense
that, increasing its diameter, larger size of the droplets and thus larger particles are produced®.
Finally, aspiration rate is a parameter influencing drying efficiency as well. A high aspiration
rate means a shorter 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 the critical quality 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 high aspirator rate, and a proper inlet temperature to adjust outlet temperature

in order to achieve reasonable moisture content in the final product*’.

Table 1.1 Effect of the Spray-Drying Conditions on the Process Outputs.

Impact ) ) . )
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 ¥ 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. Juran in 1992, was
conceptually introduced by Shewhart in 1930, in reason of his major contribution to the
industry with the introduction of control charts in the industry®'. Shewhart realized that the
only way to ensure product quality is by controlling its manufacturing process. In that way, it
became clear for the first time that just testing quality in the final product (Quality by Testing-
QbT) is not efficient. On the contrary, quality should be built in the product by design®. QbD
is a multidimensional and 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 of QbD, such
as the theory of knowledge, systems theory, Total Quality Management (TQM), statistical
thinking and risk management®®. Therefore, QbD is officially defined in ICH Q8 (R2) guideline
for the pharmaceutical development as “A systematic approach to development that begins
with predefined objectives and emphasizes product and process understanding and process

control, based on sound science and quality risk management” (ICH harmonized tripartite
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guideline. Pharmaceutical development Q8-Q9-Q10. https://www.ich.org/page/quality-

cuidelines, visited May 21%, 2020).

QbD has been introduced and implemented in the global industry for many years. However, it
found its way in the pharmaceutical industry only in the recent years after the FDA initiative
for a change in the 21 century, by realizing how patient's safety can be enhanced by integrating
science and risk assessment/management into development and manufacturing activities®*. Of
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 from governments to decrease
healthcare costs don’t allow defects in the final product that are produced by old manufacturing
paradigms still adopted by the pharmaceutical industry.

Regarding the QbD approach in the pharmaceutical development, everything must begin and
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 product 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 product, i.e. physical, chemical,
biological, or microbiological 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 identification of critical
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 the manufacturing 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 thinking. To begin with, ICH Q9 guideline “Quality
risk management (QRM)” uses risk assessment to identify and prioritize potential risks of
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 Cause and Effect

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
occur®. After that, with the addition of extra information on 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 quality®?.

Other tools that QbD uses arise from the statistical quality 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 came to replace the traditional one factor at a time approach (OFAT)
by implementing other statistical tools like response surface methodology (RSM), multivariate
analysis and analysis of variance (ANOVA)®. Experimental design is applied to determine the
impact of 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 characterization and
optimization®’. 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
(CQAs) with the minimum variability. This last part is essentially important in order to map
the process behaviour at different factor levels and to define the design space, i.e., the
multidimensional combination and interaction of input variables (e.g., material attributes) and

process parameters that have been demonstrated to provide assurance of quality (ICH Q8)®7.

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, as mentioned in 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 the patient 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 as powder dosing or capsule/blister filling. At the same time, in vitro
analytical methods for the evaluation of CQAs have shown low robustness, as in vivo-in vitro
correlation (IV/IVC) in the case of the impactors that are essentially used for the evaluation of

aerodynamic performance of the DPIs.
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Figure 1.4 A QbD roadmap for a dry powder inhaler product. Adapted from: The application of Quality by Design
framework in the pharmaceutical development of dry powder inhalers, European Journal of Pharmaceutical

Sciences, Buttini F. et al.%%, Copyright® 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 plethora of in vitro
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 aspects have to 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 characteristics are described along with the proper
justification for each choice. Those are the route of administration, dosage form, strength,
dosing regimen, delivery device, PK-PD profile depending on the therapeutic target, side
effects, cost of medication, product stability and other important characteristics that, if
achieved, assure product quality®’. Afterwards, a translation of QTPP in CQAs follows. For
DPIs some common CQAs exist such as device metering, moisture content, aerodynamic
performance that includes 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
assessment to determine the independent variables, i.e. the CPPs and CMAs, the control of

which can lead to the manipulation of the dependent variables, i.e. the CQAs®>®.
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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 these aspects together, given the
complexity, variability and interactions that are hidden in the variables that affect the quality

of the final DPI product®?.

1.5 Cupido Project

1.5.1 Purpose and Consortium

The present thesis was conducted in the context of Cupido Project 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 started in 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
“modern” lifestyle in wealthy countries and the lengthening of life expectancy. It is estimated
that the world’s population aged 60 years and over will reach 2 billion by 2050 (three times
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 40-50 years. Despite advancements in its management, 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 60-70% 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.

The economic impact of CD on the overall European healthcare currently stands at 192 € billion
annually, and this figure continues to rise every year. In spite of all medical efforts, the 5-year
mortality of heart failure (HF) has decreased significantly less than that of cancer. In fact, the

day-to-day management of individual end-stage 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 urgent need to overcome the difficulties associated with the use of
conventional pharmacological therapies (i.e. drug instability, insufficient efficacy, collateral
side effects due to unspecific tissue targeting, and invasive drug administration in end-stage
disease) by developing novel ground-breaking 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 the patients. In particular, new
approaches for safe, efficient, and cardiac-specific 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 EU-wide policy actions 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 cardiovascular field, becoming the first non-
invasive heart-targeting therapy. CUPIDO consortium is working to develop biocompatible
and biodegradable nanoparticles that can self-assemble and encapsulate drugs (novel or
available) for cardiovascular disease. The nanoparticles, once inhaled, will first reach the lungs’
alveoli and later will translocate to the heart, where the drug will be finally released to
cardiomyocytes. Finally, the heart-specificity will be ensured thanks to chemical and magnetic
guidance, reducing the chances 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 of London) to financial companies (IN s.r.l,
Italy), 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; Finceramica, Italy; PlumeStars s.r.l., Italy). The 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, pulmonology and lung cell biology, in silico computational models, wearable
electronics, drug delivery solutions and pharmaceutical products

(https://www.cupidoproject.eu/our-goal, visited May 22t 2020).

21


https://www.cupidoproject.eu/our-goal

Introduction

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
agents’ interactions at molecular level. About this, promising results come from the emerging
field of nanomedicine, that could be defined as the employment of nanotechnology to
overcome healthcare problems. In this field, the remarkable and novel properties shown by
nanomaterials are exploited to achieve specificity, accomplishments and biological activities
not exhibited by their counterparts at larger dimensional scales’®.

The nanometric dimensions of nanoparticles/nanosystems offer several advantages over
formulations containing 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 increases’!. This is particularly interesting in order to enhance
bioavailability of hydrophobic drugs by encapsulation in water dispersed NPs while on the
same time NPs can provide protection against in vivo drug early degradation’?. Furthermore, it
has been shown that small size particles can penetrate into tissues and reach the cytoplasm or
other intracellular target’>. 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 specific tissues.
Consequently, avoidance of the rapid clearance from bloodstream, and reduction of drug side
effects are met’* 7. However, there are concerns about the potential long-term toxicity of NPs
that needs to be studied. Moreover, the complexity of the NPs preparation process may be
difficult to scale-up’®.

The use of NPs has been widely studied for cancer management. Nowadays some NPs-based
formulations are clinical approved for the treatment of a variety of cancer types. Several authors
have highlighted that innovative NPs-mediated formulations of conventional
chemotherapeutics can enhance their efficacy’’.

Among other nanoparticulate drug delivery systems, such as liposomes, polymeric NPs,
micelles, dendrimers, niosomes and lipid-based carriers, calcium-phosphate nanoparticles
(CaPs) exhibit several attractive features that make them a useful tool for targeted
nanomedicine’®. CaPs are the inorganic constituent of normal (bone, dentin) and pathological
calcifications mainly in the form of ionic substituted and poorly crystalline apatite. As a result,
they possess excellent biocompatibility, bioactivity, osteoinductivity and non-immunogenicity.
Bioceramics have been used as biomaterials for manufacturing biomedical devices in

orthopaedics and dentistry’”®. Additionally, except for a potential increase of the intracellular
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calcium concentration after an uptake and a limited local inflammatory reaction, there are no
adverse effects of calcium phosphate nanoparticles®®. Consequently, if a proper 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 teeth). This
characteristic makes them recognizable by organisms as endogenous materials®!.

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 be flexibly manipulated. Furthermore, CaPs can
act as carriers for various APIs including biomolecules, either by surface adsorption or
encapsulation, protecting them from the biological environment®?. After that, due to their pH
dependent solubility, CaPs can self-assemble and remain stable in blood plasma (pH=7.4) until
they reach regions with acidic pH (< 5) as inflammatory regions or endosomes and lysosomes
after cellular intake®. Nevertheless, some of the main drawbacks of CaPs are their low drug
payload values and their tendency to form aggregates in aqueous 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 addition of ionic 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 surface®!-%4.

Since today CaPs have been mainly used for the treatment of cancer as 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 methotrexate are the main chemotherapeutic agents that
have been loaded in calcium phosphate nanoparticles®® *.

Because of their small size, they are able to target cancers due to enhanced permeation and
retention (EPR) effect resulting in accumulation in over-vascularized cancerous tissues. Apart
from that, due to the high negative surface charge, CaPs are able to adsorb 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 nanoparticles attracts the zoledronic acid, a
bisphosphonate molecule, modifying its typical bone tissue drug disposition®’. Various other
active moieties have been studied and attached on the surface of CaPs from small molecules to
macromolecules such as nucleic acids, peptides and antibodies by exploiting several interaction

mechanisms between the NPs and the API (Figure 1.5).
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Targeted CaP nanoparticles were also used 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 to malignant cells®.

Efficient and selective was the targeted transfection of nucleotides or suicide genes by calcium
phosphate nanoparticles. In details, it was demonstrated that cancer cells, i.e. the human colon
cancer cells LoVo® and human gastric cancer cells SGC7901 were selectively destroyed with
suicide genes on CaPs. The silencing of specific genes resulted from siRNAs delivered to
human lung cancer cells NCI-H-460°°, human colon carcinoma cells HT29-luc and murine
melanoma cells B16F10. Furthermore, in the works of Hu et al.’! and Roy et al.??, the success
of CaP in 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 the proof-of-

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 phosphate-based

nanosystems for advanced targeted nanomedicine, Degli Esposti L. et al.”?, Copyright®2018.

Porru et al. proposed an innovative strategy for glioblastoma treatment based on transferrin
(Tf) targeted self-assembled calcium phosphate nanoparticles (NPs) incorporating zoledronic
acid (ZOL) (NPs-ZOL-Tf). NPs-ZOL-Tf have been tested on the glioblastoma cell line
U373MGLUC showing higher in vitro cytotoxic activity than the treatment by free ZOL.
ZOL-Tf calcium phosphate nanoparticles also in vivo administered to immunosuppressed mice

carrying intramuscular U373MG-LUC xenografts, showed a significant inhibition of tumour
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weight. Therefore, the ZOL encapsulation in transferrin (Tf) targeted self-assembled calcium
phosphate nanoparticles enhanced the anticancer efficacy of this drug in glioblastoma thanks
to the acquisition of the ability to cross the BBB*.

The consequence of CaP nanoparticles agglomerations could lead to a macrophage capture and
clearance. Nevertheless, the decoration of the surface with ionic organic molecules (e.g. citrate
ions, amino acids or macromolecules) stabilize CaP NPs in their colloidal form. A 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 overcome since CaP NPs could be engineered to

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

1.5.3 Peptide-loaded 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 Miragoli et al. published a work in which they demonstrated that inhalation
of calcium phosphate nanoparticles (CaPs) (<50 nm) allows for rapid translocation 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 oral and intravenous for the treatment of myocardial
disease. Briefly, negatively charged CaPs were produced via a biomineralization-inspired
strategy in the range of 20-50 nm, capable of delivering bioactive molecules after crossing the
cardiomyocytes cellular membrane without promoting toxicity or interfering with any
functional properties of cardiomyocytes’**.

In 2016, Rusconi et al. demonstrated the therapeutic effect of a cell-penetrating mimetic
peptide (R7W-MP). This peptide by targeting the Ca,p2 cytosolic subunit of the L-type calcium
channel (LTCC), improves cardiac contractility. Some pathological heart conditions are
associated 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) cell-penetrating peptide
that is fused to the N-terminus of the 11 aminoacidic peptide (MP), the active component of
the therapeutic molecule, and acts as a carrier for the MP without affecting its function’®. MP
mimics an amino acidic stretch of the C-terminal tail of the Ca,p2 cytosolic chaperone and is

designed to target specifically the Tail Interacting Domain (TID) within the CayB2 globular
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domain. This facilitates the restoration of Cayal,2 protein density at the plasma membrane in
heart conditions associated with altered LTCC levels and function®’.

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 myocardial cell internalization. CaPs were proved to successfully
encapsulate the MP and in vivo administered by nebulization were able to internalize the
cardiomyocyte. The peptide release led to a complete recovery of cardiac function. Based on
this targeted 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, as well as less adverse effects

due to heart-specificity, can be achieved®®.

1.6 Lung-to-heart route

1.6.1 Comparison between the intravenous route of administration and the lung-to-

heart delivery

The nanoparticles administered by the intravenous (IV) route are in succession 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 which 4-5 % 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 fraction 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 administration (Figure 1.6).
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Figure 1.6 Comparison of the intravenous and pulmonary routes.

1.6.2 CaP nanoparticles lung to heart delivery

The comparison of the fate of the CaP nanoparticles deposited in the airways embedded in
microparticulate powder or in nebulized micro-droplets will be addressed in an attempt to
assess the potential impact of pulmonary administration procedure on lung-to-heart delivery of
Ca-P nanoparticles and the associated peptides. The lung-to-heart route and the intravenous
route, depicted in the Figure 1.7, 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 Nanoparticle routing as a function of the route of administration.
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The accumulation of the CaP nanoparticles and of the nano-associated peptide in the heart is
dependent on:
. the fraction of CaP nanoparticles in microparticles delivered to the alveoli (the
absorptive part of the lung);
. the administration time, which may be significantly different for continuous

nebulization compared to inhalation of discrete puffs of powder;

. the release of CaP nanoparticles from the microparticles delivered as inhalable
powder;
. the ability of the CaP nanoparticles to be translocated through the type I

pneumocytes to reach the blood;

. the specificity of the lung-to-heart transport, in particular the shorter pathway that
may limit the loss of drug into the blood stream, 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 nanoparticles aerosols are
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 generating this particle size aerosol. Few
prototypes of inhaler have been described in different papers to generate submicronic particle
(around 200 nm)* but a high fraction of these particles was exhaled (80%)!%. Therefore, the
direct inhalation of nanoparticles suffers from unlikely deposition at the intended site for
action. A technique to overcome this drawback is to embed nano-sized particles in micron-
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 nano-carrier performance.

Two procedures can be adopted to fulfil this aim:

. dispersion of the nanoparticles in micro-droplets of aqueous medium as
suspensions;
. embedding of the nanoparticles into micro-sized 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 patient-friendly 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 product, low or large amount of formulation can be delivered. The 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 the lung.

As mentioned before, nano-sized 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 microparticles manufacturing process
is significant. The dry powder manufacturing principle is based on the assembly as solid
microparticles of the nanoparticles using a water-soluble non-toxic carrier substance tolerated
by lung tissue. The reversibility of nanoparticles embedded, i.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 the aptness to restore, after deposition on wet surface, embedded
nanoparticles respecting the initial size distribution. A first technique is to agglomerate the
nanoparticles in a larger structure called “Trojan particles”. A second technique, adopted in
this work, is to construct microparticles starting from the dispersion of the nanoparticles in a
solution of carrier substances (i.e. lactose, leucine, trehalose or mannitol). The suspension is
transformed by spraying or lyophilization into a dried powder exhibiting the appropriate
microparticles size (< 5 um) for inhalation and deposition in the deep lung. The obtained
microparticles consist in a matrix of water-soluble substance embedding the nanoparticles. The
restoration of nanoparticles characteristics results from 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 quality 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. The patient inhales through the mouthpiece of

29



Introduction

the device, generating the air flow rate needed (> 20 L/min) (i) to extract the powder from the
previously pierced capsule, (i1) to aerosolize it and (iii) to drive the particles into the lung where
they are deposited according to their aerodynamic diameter. The maximum of amount of
powder inhalable without cough is around 20-30 mg. However, where higher doses are
required, successive inhalation acts allow the delivery of the entire dose in smaller puffs.
Therefore, the DPI technology is expected to be robust enough to be adopted for the lung-to-
heart drug routing.

By embedding nanoparticles in microparticles to produce a dry powder for inhalation, the
expectation is that the rapid/easy dose administration 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 direct the drug to the cardiomyocytes, the dry
powder is designed to promote the translocation of the drug-loaded nanoparticles from the
apical alveolar epithelium of lung, to the blood flowing in alveolar capillaries to the heart.
Consequently, the absorption of nanoparticles 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 pum; i.e. “respirable” particles), they may
deposit in the airway secretions in the conducting airways and be cleared 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 particles and insoluble 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 capture, in particular those having a diameter < 3 pum, 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 macrophages. However, since the microparticles of this project are designed for
prompt dissolution and release of nanoparticles into the pulmonary secretions, their residence
time in the alveoli is expected to be short and, as a consequence, the associated probability of

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 nanoparticles, 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 matter into the blood
circulation!®!, the in vivo measurement of translocation faces methodological difficulties. For
example, the poor stability of carbon nanoparticle labelling (with 99m-technetium) was shown

102 103

to lead to artefactual results , whereas the unavoidable parallel absorption by oral route in

the whole-body inhalation exposure protocol can induce a bias in the interpretation of data'®.
As a consequence, there is not, as yet, a complete consensus about: (i) the proportion of
deposited nanoparticles that translocate across the pulmonary gas-blood barrier, (ii) the
mechanism of translocation and (ii1) the key quality attributes (size, zeta-potential, surface

properties) deemed appropriate to favour this route.

1.6.4.1 Influence of nanoparticles size

The potential impact of particulate air pollution 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 nm, referred to as ultrafine particles. In fact, since alveolar macrophage phagocytosis of
ultrafine particles is thought to be significantly less efficient than uptake of micron-sized
particles'®, this protection process from nanoparticle inhalation is less effective, 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 after intravenous administration is typical of particulate
materials in blood. Accumulation in the heart would be also expected, considering the lung-to-
heart routing, but is not addressed in a systematic manner in these experiments.

Using technetium-99m labelled albumin nanoparticles with a diameter below 80 nm, Nemmar
et al. studied the passage in blood of 1, 10 and 100 pg doses in hamsters after intratracheal

N

instillation'®. The labelling was not altered in the blood, as shown by thin-layer

chromatography. 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 (also known as an
organ capturing circulating nanoparticles).

On the opposite, ultrafine organic particles of '*C with a diameter in the 20-29 nm range were
also found to accumulate in the liver, after 6 h of whole-body 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 used in environmental 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 (EAg)
particles, with a diameter in 4-10 nm range, were inhaled by rats in a whole-body chamber!%.
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 EAg particles crossed 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 labelled albumin nanoparticles. Therefore, favoured accumulation 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 using polystyrene

latex beads with a 240 nm diameter'?’

. Even though these particles are too big to be categorized
as ultrafine particles, it is interesting to note that lecithin-coated beads were incorporated by
type I and II cells, while uncoated beads were not incorporated. 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 observed 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 properties of the nanoparticles are also prone to influence their

immersion into the lung’s surface-lining layer'®®. It may be part of the explanation of the better

capture of the lecithin-coated beads, as compared to the uncoated ones. In practice, a
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disintegration test 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 surface-lining layer is assessed.

1.6.4.3 Microparticles disintegration and Ca-P nanoparticles recovery

The bioavailability of 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 the aerodynamic 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 nanoparticles. This 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 in Figure 1.8, the bioavailability of a particulate drug in the lung is
affected by all the previously described steps that cumulate to reduce the absorption. The
quantification of the drug lost at each step is necessary for proper comparison of the

nebulization and the dry powder inhalation.

Bioavailability: n process * 1 delivery * 1 deposition *n adsorption

ALVEOLI ALVEOLUS

RESPIRATORY MEMBRANE

Process technology Aerosol deposition Adsorption
(dissolution/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 previously described. 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 of 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 in Figure 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 carrier mediated (Michaelis-Menten type) active and/or passive
in the lung, while adsorption from the trachea-bronchial region is assumed to be first-order
only. Mucociliary escalator kinetics from the pulmonary to the tracheo-bronchial region is
represented by a first-order rate constant (K¢). For CUPIDO products, the release of

nanoparticles from the microparticles has to be considered as an additional kinetics constant.

DOSE
/ Mucodiliary \
escal ator
K, Tracheo
; bronchial
Adtive Passive | Passive
adsorption adsorption i adsorption
Vmax,P Ka,P i Ka,T
K ‘

Figure 1.9 Schematic kinetic model of the drug deposition and absorption in the lung.
Vmaxp and Kmaxp are the maximum rate and “affinity” of the Michaelis-Menten-type, carrier-mediated active
adsorption process; K, p and K, r are the first-order rate constants for passive adsorption from the pulmonary and

the tracheo-bronchial regions, respectively. K. is the first order rate constant for mucociliary escalator.
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2 Aim and objectives

Calcium phosphate nanoparticles have several intrinsic characteristics that make them a
promising material for targeted drug delivery. In fact, CaP NPs are totally biocompatible, non-
immunogenic and degraded in the cells into non-toxic bioproducts, i.e. calcium and phosphate
ions®®. CaP NPs can bind and deliver a wide range of drugs, from antitumor agents,
antimicrobials, nucleic acids, peptides, and many others'?>!!°. The preparation of CaP NPs is
a simple and inexpensive process easily scaled up at industrial level and fully compliant to the
principles of green manufacturing. Finally, CaP NPs possess a pH-dependent solubility that
makes them naturally stimuli-responsive, since drug release is associated to nanoparticles
dissolution triggered by a decrease of pH under 5.0.

Therapeutic 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. Indeed, the in vivo delivery, stabilization and cell
targeting have resulted so far to be inadequate due to degradation before reaching the active
site. Hence, for these therapeutic biomolecules the use of CaP NPs as drug carrier is particularly
favoured, since the protective action of CaP NPs is well-known!!!"!'12_ All the above-mentioned
features can be tailored for the desired application by changing nanoparticles physicochemical
properties, like 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. Therefore, the aim of this research
project was to scale up at 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 gas-blood 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 suitable properties for efficient delivering of the therapeutic payload
to the heart that is the target organ. Thus, the research was focused on loading of small drugs

or biomolecules as therapeutic agents for cardiovascular diseases. Clinically available drugs or
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innovative therapeutic compounds for cardiovascular disease (CD) have been loaded in CaP
nanoparticles-mediated inhalation heart therapy. CaP nanoparticles must enter the pulmonary-
heart blood circulation from where directly reach the heart. After the cardiac 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 inotropic and 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 I1I action. Systemic contractility, vascular resistance, left ventricular filling
pressure and pulmonary 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 end-diastolic pressure, jointly with raised stroke work index. MRN is clinically
administered by intravenous injection (Primacor®, Sanofi-Aventis, 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 target specificity and low bioavailability, besides the

side effects, e.g., arrhythmias and renal dysfunction'?,

The development of a milrinone inhalation product may be relevant to overcome the issues
related to side effects due to intravenous injection 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 for the treatment and prevention of
cardiovascular diseases. The cardiac enriched miR-133 (Figure 2.1), which is inversely related
to failing heart conditions, is involved in several aspects of pathological cardiac remodelling

and its potential role as therapeutic compound was shown by Castaldi et al.!'*. In detail, miR-
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133 controls many components of the Bi adrenergic receptor transduction cascade and is

cardioprotective during heart failure.

mlR 133 ° o o

\

Effector proteins Effector proteins

Figure 2.1 Schematic representation of microRNA-133 (miR-133) targeting key components of the f1-adrenergic
receptor (B1AR) transduction cascade. ACVI indicates adenylate cyclase VI; C, catalytic subunit; EPAC,
exchange protein activated by cAMP; Gs, stimulatory G protein; PKA protein kinase A; and R, regulatory subunit.
Reprinted by permission from Wolters Kluwer Health, Inc., Circulation Research, MicroRNA-133 Modulates the
B1-Adrenergic Receptor Transduction Cascade, Castaldi A. ef al.’”’, Copyright® 2014.

In previous activities, miRNAs were loaded in synthesized CaPs®. In this study Di Mauro et
al. developed negatively surface charged nanoparticles, which are able to encapsulate and carry
miRNAs into cardiac cells both in vifro and in vivo. In the arising field of nanomedicine,
controlling the negative charge of the nanocarriers 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 of cardiomyocytes subjected to charged synthetic nanoparticles, it was discovered

that polarized cells have a selective compatibility for negatively charged nanoparticles!!®!!7,

In agreement with these results, Di Mauro et al.®

demonstrated that negatively charged CaP
nanoparticles 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
observed. In the first part of this thesis project, the miR-133 was loaded in Calcium phosphate
nanoparticles, prepared following a novel protocol and envisioned to be a new miR-133 drug

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

The mimetic peptide MP (11 AA, MW: 1326 Da, a-helix structure, Figure 2.2) is a novel
therapeutic tool that selectively targets the cytosolic Cay32 chaperon 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 thus, recovers the altered myocardial function due to
various acquired and genetic cardiac pathological conditions®®. MP was loaded in CaPs
synthesized following Miragoli et 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 pH (-32.0 £ 5 mV), and a mean hydrodynamic diameter of

about 80 nm”>.
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Figure 2.2 Molecular model of the MP (orange) docked onto the tail-interacting domain (TID) region of Ca,p2
(yellow), revealing the formation of electrostatic interactions. Reprinted by permission from Wolters Kluwer
Health, Inc., Circulation, Peptidomimetic Targeting of Ca,p2 Overcomes Dysregulation of the L-Type Calcium

Channel Density and Recovers Cardiac Function, Rusconi et al.?s, Copyright® 2016.

In the first section of this research thesis, the MP was loaded in Calcium phosphate
nanoparticles, prepared following a novel protocol. The nanoparticles preparation preceded the
final goal to design and construct a respirable product to be delivered via inhalation 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 micro-droplets containing nanoparticles. However, the liquid

dispersion of nanoparticles 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. Microparticulate powder 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 aerosol inhalation 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 governs the mass 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 manufacturing technology can substantially provide aerodynamic properties to

nanoparticles.

Consequently, the second objective of the research was to embed the Calcium phosphate
nanoparticles in a dry microparticulate powder able to deliver and release the nanoparticles to
the lung epithelium. The strategy adopted was to produce microparticles (between 1-5 um) by
spray drying a water solution of a carrier in which calcium phosphate nanoparticles loaded with
active substances have been dispersed. The composition and structure of microparticles are
designed to allow the incorporated drug-loaded nanoparticles to target the heart, starting from
the aerosol entrance and deposition in the lung. Then, the administration sequence proceeds
with the deposition of extra-fine 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 veins’>!'%!1% (Figure 2.3).

In 2017 Torge'?® described the preparation of polymeric nanoparticles embedded by spray
drying in mannitol microparticles. The microparticles’ structure, respirability and capability to
release the nanoparticles protecting the original size, was different from microparticles for
inhalation carrying drug loaded calcium phosphate nanoparticles of this thesis. The
microparticle formulative process in this thesis was optimized by applying a DoE for
discovering the effect of the liquid dispersion composition and spray-drying process
parameters on selected Critical Quality Attributes (CQAs) of the microparticles embedding
unloaded CaPs (dpCaPs). The unloaded and loaded dpCaPs were tested in vitro and in vivo for
a full spectrum of biocompatibility, toxicity, blood-interaction, air/blood flow-interaction at

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

Universitdtsmedizin Berlin (Germany).

o @ Microparticles embedding
@ & drug loaded CaP nanoparticles

Figure 2.3 Schematic illustration of the concept of microparticles embedding CaP nanoparticles delivered to lung
for heart targeting. 1: microparticles inhalation; 2: microparticles deposition in lungs and release of CaP NP that

translocate through the air-blood 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 extra-fine particle

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 the main pneumological
scientific societies, indicate that inhalation therapy can lose effectiveness if not correctly
executed'?!"'?2, This can occur due to both the characteristics of the inhalers and the patients’
ability to take the drug correctly. Hence, in a new pulmonary product, the combination between
drug formulation and inhaler is pivotal also for the patient’s adherence to the therapy'?*. For
the dose administration the use of a pre-metered device has been suggested since the target is
not a chronic disease requiring continuous drug administration. Considering the status of
patients with a partially impaired pulmonary function, an inhaler with a medium resistance (i.e.

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

The fourth objective was to assist the industrial manufacturing of the product required for pre-
clinical and clinical studies, providing physico-chemical and analytical support. Pilot-scale
manufacturing of best performing drug-loaded CaP nanoparticles with initial stability tests,
microparticle manufacturing process in industrial environment and formulations combination
with the inhalation devices were the steps assisted. The nanoparticles and microparticles
obtained were analysed in order to identify any critical steps and potential risks associated with
the scale up process. This goal was shared with the industrial partner Finceramica (Faenza,
Italy). The optimized microparticles embedding CaPs loaded with therapeutic substance were
tested in vitro on pulmonary and cardiac cells. Finally, the powder was administered by
inhalation to mini-pigs, in order to assess the therapeutic effect of microparticles embedding

CaP loaded with mimetic peptide in the heart.

A timetable of PhD program development plan is reported in Figure 2.4.

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 the calcium phosphate nanoparticles, calcium chloride dihydrate (CaCl>:2H-0, >
99.5%, Lot: A1052302649, Emprove®, Merck KGaA, Darmstadt, Germany); disodium
hydrogen phosphate dihydrate (Na,HPO4-2H,0, > 99.0%, Lot: K47479136632, Emprove®,
Merck KGaA, Darmstadt, Germany); trisodium citrate dihydrate (Na3(Ce¢Hs07)-2H.0, >
99.0%, Lot: K93697842636, Emprove®, Merck KGaA, Darmstadt, Germany); sodium
hydroxide NaOH 0.1 N (FU XII Ed.) and ultrapure water purified by reverse osmosis (MI11iQ,
Millipore, Molsheim, France) were used. The active API and biomolecules were: milrinone
(USP Reference Standard, MW 211.02 g/mol, batch number M781194316, Merck KGaA,
Darmstadt, Germany); self-internalized R7W mimetic peptide (purity 97.4%, MW 1326.38 Da,
11 amino acids: DQRPDREAPRS, batch number U8665EG110-1/PE2815, GenScript Biotech,
Piscataway, NJ, USA); mimetic peptide MP (purity 95.5%, MW 2605.9 Da, 19 amino acids:
RRRRRRRWDQRPDREAPRS, batch number U8459DB280-17PE9065, GenScript Biotech,
Piscataway, NJ, USA); miRNA negative control 5 (batch number 345432126, miRNA strand:
GAUGCUACGGUCAAUGUUCAAG, miRCURY LNA™ miRNA Mimic 20, Qiagen
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/Por®, Spectrum Laboratories Inc., Rancho Dominguez, Canada) were employed. To
manufacture the microparticles, mannitol (CsH1sOs, Emprove® Essential, Parteck M 100 Lot:
M781194316, Merck KGaA, Darmstadt, Germany) has been chosen as excipient. Acetonitrile
(CH3CN, VWR International, Fontenay-sous-Bois, France), trifluoroacetic acid (CF;COOH,
100%, Lot: ON657456, CHROMANORM® VWR International, Fontenay-sous-Bois, France)
and hydrochloric acid (37%, HCI, batch number: 17K154012, VWR International, Fontenay-
sous-Bois, France) were the component of mobile phase of HPLC developed analytical

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

These activities research were performed in collaboration with Dr. Lorenzo Degli Esposti in
Laboratory of Bioceramics and Bio-hybrid Composites, CNR - Institute of Science and
Technology for Ceramics (Faenza, Italy) headed by Dr. Michele Iafisco.

3.2.1 Calcium phosphate nanoparticles (CaPs) preparation

To obtain the unloaded calcium phosphate nanoparticles (CaPs), two aqueous solutions were
prepared: one containing CaCl> 0.1M and trisodium citrate 0.2 M (pH 6.8) and of disodium
phosphate 0.12 M (pH 8.7). The pH of each solution was adjusted to 10.0 using NaOH 0.1 M.
Subsequently, the phosphate solution was added to the calcium-citrate 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 ice bath 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 cut-off of 3500 Da and immersed in 500 mL of Milli-Q water followed by
multiple water exchanges. To assess the CaPs concentration, 1.0 mL of 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 and weighted. The

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 the solution for nanoparticles
preparation method were optimized. Milrinone (Figure 3.1) is soluble in DMSO (20 mg/mL),
warm 100% ethanol (3 mg/mL), and DMF (~0.3 mg/mL). It is very low soluble in water. The
pKa of milrinone is 7.21 and pKpis 5.72.

Figure 3.1 Chemical structure of milrinone.
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In a second step of optimization, the maturation time was increased, with the aim to lead to the
improvement of the interaction of drugs during CaP formation and the minimization of the
desorption of drugs during the dialysis purification. Additionally, NaOH 0.1 M was added also
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 (3 mg/mL) and was
dissolved both in calcium or in phosphate phases. To identify the critical 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 unloaded calcium phosphate nanoparticles (CaPs) preparation (see Section
3.2.1) the exact same procedure was followed for the preparation of loaded with miR133- and
mimetic peptide (MP; 11 AA, MW: 1326 Da, a-helix structure)-loaded CaPs nanoparticles.
The only difference of this preparation was that 0.014 mg/mL of micro-RNA (Neg-5) 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 of the reagents 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 size (i.e. purification from citrate excess) and surface charge,

the dialysis time was fixed to 48 hours.

3.2.2 CaP nanoparticles physico-chemical characterization

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

Hydrodynamic diameter (du) and surface charge of the final formulations were measured using
Zetasizer Nano ZS operating Zetasizer Software 7.12 (Malvern Instruments Ltd., Malvern,
UK). Z-Average diameter, Polydispersity Index (PdI) and (-potential were determined using
Dynamic Light Scattering (DLS) and Phase Analysis Light Scattering (PALS), respectively.

Dynamic Light Scattering is a non-invasive, well-established technique for measuring the size
of particles typically in the submicron region, lower than 1 um. The principle of DLS for size
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. The larger 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 Stokes-Einstein Equation 8:

kT
H = 3nnD (8)

where D is the translational diffusion coefficient, k is the Boltzmann's constant, T is the
absolute temperature, m is the viscosity of the medium. As reference material, the
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 were set-up.

The particle size was expressed as Z-Average diameter, a parameter reported as suitable for
quality control as reported by the ISO 22412:2017 guidelines of Particle size analysis —
Dynamic light scattering (DLS). Z-average is the intensity-weighed mean particle diameter
derived from the cumulants analysis. The polydispersity index (PdI), i.e. the dimensionless
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 that the sample has 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 dispersions and the CaPs nanoparticles
restored from the embedding microparticles dissolved in water. A restoration protocol was
established to evaluate the influence of the spray-drying procedure and excipient addition on
the properties of the restored nanoparticles dispersion (Figure 3.2).

Regarding particle size measurement protocol in the case of the nanoparticles, 1 mL of the
dispersion was diluted with 1 mL of ultrapure water, to obtain a CaP concentration of 0.5
mg/mL. Then, the diluted solution was slowly introduced in a cuvette (ZEN0040 in
polystyrene, 10x10x45 mm, Sarstedt AG & Co., Niimbrecht, Germany) in order to avoid the
formation of air bubbles. Instead, for the restoration protocol, 10 mg of microparticles were
dissolved in 4 mL of ultrapure water to release the original NPs concentration of feed solution
before spray-drying, i.e. 0.5 mg/mL. 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 and the run duration was 10s, while the equilibration time was set
up at 120s (n=3 =+ std.dev.).

Phase Analysis Light Scattering (PALS) measurement was used to determine the nanoparticle
surface charge. The C-potential was measured using Smoluchowki method for aqueous

solution. Briefly, the sample was introduced between two electrodes in a 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 measured at several distances from the surface of the
material. As in the Z-Average diameter measurements, the same procedure for sample
preparation was followed for (-potential measurement with the liquid samples introduced in
the cuvette without dilution. Three 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 ) T
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1.Powder Deposition
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3. NPs cardiomyocytes internalization
and dissolution

Figure 3.2 Schematic representation of CaP restoration from microparticles 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 100x80x10 pm. The nanodispersion was diluted to 0.5 mg/mL with
ultrapure water in order to obtain a sufficient dilution suitable for single particle tracking. After
that, sample was drawn with 1 mL plastic syringe and injected into the instrument sample
chamber. Nanoparticles’ images were acquired using a video capture mode for three analysis
time of 60 seconds each. Measurement was carried out at a defined temperature (25°C) and
viscosity (0.828-0.832cP). The built-in 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. In detail, the videos of particle’s tracks, projected on the x—y
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 by each particle in the x and y directions is measured. This value is then
converted into particle size on the basis of a variation of Stokes—Einstein equation taking into

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

(x,y)* =

4TKp
3nndp

(€))

where kg is the Boltzmann constant and (x, y)? is the mean squared displacement of a particle
during time ¢ at temperature T, in a medium of viscosity 1, with a hydrodynamic diameter of
124,

The results values were expressed 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 nanoparticles inside the colloidal

dispersion'?.

3.2.2.3  Morphology analysis by Transmission Electron Microscopy (TEM) and Cryo-
TEM

Transmission electron microscopy (TEM) was used to study the morphology of nanoparticulate
samples using bright field imaging in collaboration with IMEM—-CNR (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, USA) equipped 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 and left in dryer to evaporate for 10 minutes
under a fume hood.

The CaP-NPs morphology was evaluated also using cryo-Transmission Electron Microscopy
(cryo-TEM), in collaboration with University of Siena (Siena, Italy). The analysis was
performed with a TEM CM200 FEG (FEI Company, Hillsboro, OR, USA) equipped with Tem
Cam F224HD (TVIPS) and cryotransfer specimen holder 626 DH. The cryo-TEM generates
images of nanoparticle in a frozen-hydrated state essentially as they exist in solution. Briefly,

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, USA) on copper grid Quantifoil applying the
instrument parameters: blot force -2, blotting time 3 sec, humidity 100%, T 20°C.

3.2.24 Chemical composition analysis by Inductively coupled plasma optical emission
spectroscopy (ICP-OES)

Inductively coupled plasma optical emission spectroscopy was used to determine elemental
composition of the samples. Quantification of Ca and P in the nanoparticles was carried out by
ICP-OES spectrometer Agilent 5100 ICP-OES (Agilent Technologies, Santa Clara, CA, USA).
Samples were prepared by dissolving 500 pL of CaPs sample in 200 pL of 1% HNOs3 solution
then diluted to 10 mL (Nitric Acid HNO3 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 curve in the concentration range 1-100 ppm.

3.2.2.5 Powder X-ray Diffraction (PXRD)

Powder X-ray Diffraction was used as a non-destructive 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 with a Lynx-eye position sensitive detector using Cu Ka radiation (A = 1.54178 A)
generated at 40 kV and 40 mA as X-ray source. Spectra were recorded in the 20 range from 10

to 60° with a step size (20) of 0.02° and a counting time of 0.5 s.

3.2.2.6  Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infra-red spectrometry was used to characterize the vibrational structure of
the samples, to assess the presence of functional groups, and to study variations in local order.
For spectroscopic characterization, the FT-IR analyses were carried out on a Nicolet iS5

spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) with a resolution of 2 cm™!

by accumulation of 32 scans covering the 4000 to 400 cm™

range, using a diamond ATR
accessory model iD7.
For vibrational peak deconvolution the FT-IR analyses were carried out with a resolution of 2

cm ! by accumulation of 64 scans covering the 4000 to 400 cm ™! spectral 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 large crystals. 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 quantification 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 of Experiments (DoE) study

Preliminary, the preparation of spray-dried microparticles embedding unloaded CaPs (dpCaPs)
was studied by applying a Design of Experiment (DoE). In particular, a two-level full Factorial
Design with 3 factors (2°=8) was applied allowing 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 the possible combinations are investigated in the design. Therefore, there is no
confounding effect between the main parameters and interactions'?®. Thus, in total 11
experiments were generated in a randomized way to avoid bias using Design-Expert Software®
Version 12 (Stat-Ease Inc., Minneapolis, MN, USA).
The three factors selected for this DoE and their respective levels were:

A: CaPs concentration (mg/mL) [0.5-7.0],

B: Mannitol concentration (mg/mL) [0.5-2.0],

C: Feed rate (mL/min) [3.5- 7.0] (Table 3.1, Figure 3.3).
In the current study the selected responses (Critical Quality Attributes, CQAs) evaluated after
the preparation of the 11 powders using Design Expert® software were: yield of the process,
moisture content, CaPs hydrodynamic diameter (dn) after restoration in water (Z-Average
diameter), microparticles size distribution (median volume diameter, Dvso), microparticles
aerodynamic performance measured as Emitted Dose (ED) and Fine particle mass (FPD).
The analysis of each response was performed using primarily statistical 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 graphs were used as auxiliary means to visualize and detect

potential interactions and curvature.
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Table 3.1 Matrix of the full-factorial design.

Std Run Factor A: CaPs conc. Factor B: Mannitol conc. Factor C: Feed rate
(mg/mL) (mg/mL) (mL/min)
6 1 7.0 2.0 35
4 2 7.0 0.5 35
7 3 0.5 2.0 3.5
1 4 3.75 1.25 5.25
8 5 0.5 0.5 35
11 6 7.0 0.5 7.0
5 7 0.5 0.5 7.0
9 8 3.75 1.25 5.25
3 9 0.5 2.0 7.0
10 10 3.75 1.25 5.25
2 11 7.0 2.0 7.0
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Figure 3.3 Schematic representation of the Full factorial design matrix (Design-Expert Software® Versionl 1).

50



Materials and Experimental Methods

3.2.3.2 Preparation of spray-dried microparticles embedding unloaded CaPs
(dpCaPs)

The dry powders for inhalation were produced using a Bilichi Mini Spray Dryer (SD) B-290
(Biichi Laboratory Equipment, Flawil, Switzerland). In detail, the aqueous dispersions to be
dried were obtained starting from nanoparticle dispersions concentrated 7.0 mg/mL and diluted
to obtain a concentration from 0.5 mg/mL to 7.0 mg/mL. Subsequently, amounts of mannitol
were added and dissolved in the CaPs dispersion in order to achieve a mannitol concentration
from 0.5 mg/mL to 2 mg/mL. The final solid concentration of feed solutions to be dried was in
a range between 1.0 and 9.0 mg/mL. The feed rate was set from 3.5 mL/min to 7 mL/min,
according to the factor combinations generated by the Design Expert® (Table 3.1). All aqueous
dispersions to be dried were kept under constant magnetic stirring at 250 rpm throughout the
drying process. Initially, CaP unloaded samples were spray-dried 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 parameters are reported in Table 3.2.

Table 3.2 Spray drying operating parameters for dpCaPs preparation.

Inlet Temperature 125°C
Atomizer Air Flow rate 600 L/h
Aspiration 100% (35 m3/h)
Nozzle 0.7mm

3.2.3.3 Preparation of microparticles embedding drug loaded CaPs nanoparticles
(loaded dpCaPs) by spray drying

In reference to the results of the DoE performed on the spray-dried unloaded CaPs, inhalable
microparticles embedding the unloaded CaPs nanoparticles (dpCaPs), drug loaded calcium
phosphate nanoparticles were diluted with purified water to 0.5 mg/mL. Mannitol, as particle
former, was dissolved in the nanoparticles’ dispersion in ratio CaPs: mannitol 1:4. The
concentration of the feed solution to dry was 2.5 mg/mL. Then, a spray drying process was
carried out with a mini spray-dryer Biichi B-290. 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 70-75°C; pump feed rate, 3.5 mL/min; aspiration rate, 35 m>/h (100%); atomizing air
flow rate, 600 L/h. A nozzle of 0.7 mm was employed. Finally, the dry powders were recovered

from the collection vessel and stored in a sealed glass vial at 20-25 °C.

3.2.3.4  Yield of spray drying process

Yield of the process was calculated for all the powders using the Equation 10:
Yield (%) = 24 % 100 (10)
Wr

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

solids in the dispersion to be dried.

3.2.4 Microparticles embedding CaP nanoparticles physico-chemical characterization

3.24.1 Scanning electron microscopy (SEM)

The microparticles morphology and the surface characteristic of the powders were investigated
by scanning electron microscopy (SEM), in collaboration with IMEM-CNR in Parma, Italy.
The instrument employed was a Field Emission Scanning Electron Microscope - Focused Ion
Beam (FESEM-FIB, Auriga Compact, Zeiss, Jena, Germany) equipped with different
resolution fields emission microscope and working distances. The samples were prepared by
placing 1-2 mg of microparticles into a carbon tape on an aluminium sample stab.

In order to study the interior structure of the microparticles embedding CaPs for tailored
porosity analysis, the particles were cut by FIB etching (course-line) with an operating voltage
of 1 kV and a current of 1 nA, followed by FIB polishing (fine-line) 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 lead to the 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 Laser Diffraction

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, which measure particle size in the range from 0.1 to 900 um. Spraytec is based
on the principle of laser diffraction that measures particle size distributions, by measuring the
angular variation. This is assessed in intensity of light scattered as a laser beam passes through
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 scattering intensity 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 were dispersed in 10 mL of Span 85 (batch number: 1302944, Merck
KGaA, Darmstadt, Germany) 0.1% w/v in cyclohexane (CsHi2, VWR International, Fontenay-
sous-Bois, France). The dispersion was placed in ultrasonic bath (Ultrasound bath, USC 300T
VWR International, Fontenay-sous-Bois, France) for 1 min and subsequently analyzed. The
particle size distribution was measured with 5% threshold obscuration. Data were expressed as
volume diameter of 10" (Dvi0), 50" (Dvso) and 90" (Dvoo) percentiles of the particle population
and as Span value [(Dvoo-Dvio)/Dvso].

3.2.4.3  Invitro aerodynamic assessment by DUSA, FSI and NGI

The aecrodynamic performance of the powders was evaluated using a Fast Screening Impactor
(FSI) (Copley Scientific, Nottingham, UK). FSI is an abbreviated impactor based on the proven
Next Generation Impactor (NGI) technology the pre-separator 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 that allows 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 airtight seal-connection of the DPI under
test with the induction 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 the impactor and it
consists of two-stages. The first one that is called Coarse Fraction Collector (CFC) is employed
for the capture of large non-inhalable particles (>5 pm), namely coarse fraction. This is
equipped with an interchangeable insert, enabling a cut-off of Sum at 60 L/min. The second
one is the Fine Fraction Collector (FFC) for particles with an aerodynamic diameter lower than
5 um. Particles that are not captured in the CFC keep following the airstream and deposit on a
glass fiber filter (Type A/E glass fiber disc filter 76.0 mm in diameter, 100/PK, batch number:
T70857, Pall SRL, Buccinasco, IT) of the fine fraction collector (FFC).
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More specifically, a quantity for each powder (40+0.5 mg) was weighed on an analytical
balance (sensitivity 0.1 mg, Gibertini Crystal, Novate Milanese, Italy) directly into size 3
capsules (provided by Qualicaps® QUALI-V I, HPMC based capsule) Lot: E1403210). The
capsule was then inserted into the holder chamber of the RS01® (Medium Resistance
Monodose Dry Powder Inhaler, Plastiape, Lecco, Italy) device or Nemera device (medium
resistance) and pierced. The whole system device-capsule was weighed. Subsequently, the
filter was weighed and 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
monograph, with a Critical Flow Controller TPK (Copley Scientific, Nottingham, UK) 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, Nottingham, United
Kingdom). The flow activation time (in seconds) was calculated according to Equation 11:
Activation time = 240/Q (11)
where Q (L/min) is the test flow rate.
Therefore, the pump was activated for 4 seconds for each test so that a 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 device-capsule was weighed. The difference of the weight before and after
actuation for the system device-capsule results 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 difference 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 are all considered
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 peptide CaP nanoparticles was further investigated using a Next Generation Impactor
(NGI) equipped with a rubber adaptor to fit RS01® and Nemera devices in the induction port
and a micro-orifice collector (MOC) fitted with a glass fiber filter (Paper filters, Whatman,
Sigma- Aldrich, St. Louis, MO, USA, 934-AH grade, 82 mm, 435 um). The apparatus, as
described in the Ph. Eur. 9™ ed, consists of a sequence of metal collection cups, with nozzles

of distinct cut-off diameters, interconnected to form successive stages. 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, 2 mL of a solution of Tween 80 in ethanol (1% w/v) was
applied on the particle 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 with 40 mg of powder)
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 a Critical Flow Controller TPK
(Copley scientific Ltd, Nottingham, UK). 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 Diameter) and 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
HC1 0.1 M to obtain the total release of peptide from CaPs. After the powder aerosolization,
samples were collected with 25 mL of HCI 0.1 M volumetric flasks for device plus capsule and
10 mL for induction port samples. Powder deposited on stages was solubilized with 5 mL of
HCI 0.1 M. Filter was removed from the system and put in a crystallizer, 7 mL of HC1 0.1 M
were added, and the crystallizer was put 2 minutes in an ultrasonic bath. The solutions obtained
from filter and device plus capsule were filtered with 0.45 um cellulose acetate syringe filters
(Labservice Analytica S.r.1., Bologna, Italy), before injection in HPLC.

Different aerodynamic performance parameters were calculated: the MD (metered dose) is the
amount of drug loaded in the device; the ED (emitted dose) is the amount of peptide from the
induction port to the filter; EF (emitted 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 diameter lower than 5 pm; Fine Particle Fraction
(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 was determined by plotting the cumulative percentage of
mass less than the cut-off 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 indicating how wide particle size distribution as reported in USP41 chapter 601.
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The GSD was calculated according to USP41 Equation 12:

sizeX

GSD =

(12)

sizey
where size X is the aerodynamic diameter at 84.13% of the particle population and size Y is
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 other; it 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 inverse normal of the
cumulative percentage under the stated aerodynamic diameter versus the log of the effective
cut-off diameter. Linear regression of the five data points closest to 50% of the cumulative
particle mass that entered the impactor was performed to compute 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, dose collection 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 of a filter support base with an open-mesh filter
support in which a glass microfiber filter (Type A/E 47 mm, Pall SRL, Buccinasco, IT) was
inserted to collect the micro or submicron fraction of aerosol. A collection tube of 115.4 cm?
aluminium was screwed, from one 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
discharging the dose from the device, the vacuum pump (SCPS5, 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 together with the device. Data
are expressed as Emitted fraction that is the percentage referred to the amount of 40 mg of

microparticles loaded in a HPMC size 3 capsule.
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3.244 Thermogravimetric analysis (TGA)

Thermogravimetric analysis for the calculation of the residual solvent content in the powders
was performed with a TGA/DSC (METTLER Toledo, Worthington, OH, 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 TGA analysis 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 component. Finally, 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 3-5 mg of each spray-dried powder were weighed in 70 pL
alumina pan with a pierced cover (crucibles) using the balance of the instrument (sensitivity
1.0 pg). The analysis was performed by heating the sample under a flux of dried nitrogen (80
mL/min) from 25°C to 150°C at a rate of 10°C/min. The weight loss and therefore, the residual

solid content was measured in the range between 25°C and 150°C.

3.2.4.5  Differential scanning calorimetry analysis (DSC)

DSC is a thermo-analytical technique which measures the difference in the heat flow rate to
the sample and to a reference sample while they are subjects 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 driven by a 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 DH,, = 27.84 J-g!). DSC traces were recorded by placing
accurately weighed quantities (4—6 mg) of powder in a 40 uLL aluminium pan which was then
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 of 100 mL/min.

3.24.6  Bulk and tapped density determination

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 0.1 mL). Powder was carefully level and the unsettle

apparent volume was read. Density was, finally, calculated as ratio between mass (g) on volume
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(mL). Tapped density was evaluated employing a tapped density tester (model SVM 122,
Erweka GmbH, Langen, Germany). The 10 mL 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 between Vsoo and Vi2so
was > 0.2 mL, others 1250 were performed until the volume read was stable. This test was

carried out in triplicate.

3.24.7 True density measure through a gas pycnometer

True density of unloaded and loaded microparticles was measured with AccuPyc II 1340 gas
pycnometer (Micromeritics Instrument Corporation, GA, USA) driven by an AccuPyc II 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 with the gas. A cell of 1 cm® was used. Before the sample
measurements the equipment was calibrated using a stainless-steel sphere (Instrumental kit n.
133-34905-00). To perform the density determination, an amount corresponding to about 500
mg of each sample was accurately 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 on the base

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 method 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 volume was set at 10 pL. 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 water (H.O) and
acetonitrile (ACN) in the ratio of 87:13 and few drops of Trifluoroacetic acid (TFA). The
mobile phase was made of two different solvents: Solvent A H,O + TFA 0.1 (%v/v) and
Solvent B ACN + TFA 0.1 (%v/v). The elution gradient is reported in Table 3.3:
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Table 3.3 Gradient elution program of the milrinone.

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 of 1.0 mL/min, the UV/VIS detector was set
at A 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 deviation. Under these
conditions, the peak retention time was 2.7 minutes.

Each sample were injected three times and in Table 3.4 are shown the AUC average values,

standard deviation and relative standard deviation (RSD%) of 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 between 20.0 pg/mL and 150.0 pg/mL (R?>= 0.999) (Figure 3.4).
The limit of detection (LOD) and the limit of quantification (LOQ) were 2.6 pg/mL and 8.0
pg/mL, respectively.
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Figure 3.4 Relationship between milrinone concentration and detector response at A 328 nm in the concentration

range 20.0 and 150.0 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 embedding MP-loaded CaPs, an
HPLC method was developed by using HPLC-UV (Agilent 1200 LC Series, Agilent
Technologies, Santa Clara, CA, USA). The separations were performed using a column Alltima
C18 (S5pum, 250%4.6mm) column (Hichrom, Reading, 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 reported in Table 3.5.

Table 3.5 Gradient composition of mobile phase as eluent A (H20 TFA 0.065% v/v) and eluent B (ACN_TFA
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 1.0 mL/min and the wavelength was set up at 220 nm while the temperature
and analysis time for each sample were at 25°C and 30 min, respectively. The injection volume

was 100puL. The method has been validated before in terms of precision, accuracy, sensitivity
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and linearity in the range from 10.0 to 140.0 pg/mL (Table 3.5). The LOD was 1.4 pug/mL and
LOQ is 4.4 ng/mL.

According to ICH Q2'?’ recommendations, the accuracy was determined by assessing the
percentage recovery of known concentrations of mimetic peptide injected with unloaded CaPs
nanoparticles. Pre-analysed standards at three levels of concentration (10.0, 69.5 and 140.0
ug/mL) were spiked with 250.0 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 terms of intermediate precision (inter-day) and
repeatability (intra-day). The precision was determined at three different concentration levels
included in calibration curve: the lower (10.0 pg/mL), intermediate (69.5 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 deviation of recovered concentrations of 0.6%, i.e. 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 Relationship between MP concentration and UV detector response at A 220 nm in the concentration

range 10.0 pg/mL and 140.0 pg/mL of peptide in HC1 0.1 M.

Before every analysis a standard of MP was precisely weighed (sensitivity 0.01 mg) and
dissolved in a HCI 0.1M solution 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 analyte, I mL of unloaded CaPs
dispersion were dissolved in 1 mL of HC1 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 of 1.5 mL. The same procedure was
followed for the preparation of the MP loaded CaPs dispersion.

For the microparticles embedding MP loaded CaPs, 20 mg of each spray-dried powder were
weighed and dissolved in 2 mL of HCl in a glass vial of 5 mL. In cases that after 15 minutes at
RT the microparticles were not completely dissolved, a gentle shaking or sonication in water
bath for 2-3 minutes was performed (Ultrasound bath, USC 300T VWR International,
Fontenay-sous-Bois, France) and the obtained clear solution was transferred in a glass HPLC

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

apoptotic levels following exposure to dpCaPs

Disclosure

These activities were performed in National Heart and Lung Insitute, Imperial 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. Written informed 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 KGaA (Darmstadt, Germany) unless stated

otherwise.

3.3.1 Culture of immortalized human alveolar type 1-like epithelial (transformed type

1; TT1) cells

Human pulmonary TT1 cells are an immortal alveolar type 1(AT1)-like epithelial cell line
derived from primary human alveolar type 2 (AT2) epithelial cells. TT1 cells were cultured in
Defined Cell Culture Medium-1 (DCCM-1) (Biological Industries, Kibbutz Beit Haemek,
Israel) supplemented with 10% newborn calf serum (NCS) or 10% fetal bovine serum (FBS;
Gibco®, Thermo Fisher Scientific, Gloucester, UK) and 1% penicillin/streptomycin/glutamine
(PSG).

Trypsin-EDTA was used to dissociate the TT1 monolayers into a single cell suspension,
followed by the addition of 10% serum-supplemented DCCM-1 to neutralize the trypsin; this
suspension was centrifuged at 317 g for 10 minutes. The pelleted cells were seeded at a density
of 100,000 cells per mL 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 Tetley'?® 2. Briefly, pieces of
human lung tissue 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 I, bovine pancreas) and 250 pug/mL DNase I in Hanks’ Balanced Salt
Solution (HBSS). The tissue was then finely chopped and passed through a series of filters —
final filter size 40 um mesh — to allow isolated cells to be separated from tissue debris.

The cell suspension was centrifuged at 317 g for 10 minutes then resuspended in DCCM-1.
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 contaminating fibroblasts (see below for details).
Non-adherent AT2 cells were collected and seeded, at a density of 1000000 cells per mL
DCCM-1 + 10% NCS + 1% PSG, on tissue culture plates which had been pre-treated with 1%
PureCol collagen solution (Advanced BioMatrix, Carlsbad, CA, USA). Once the AT2 cells had

formed a monolayer, after 2-3 days, 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 incubated with 100 pL 500 pg/mL 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Amresco, Cleveland,
OH, USA), prepared in serum-free DCCM-1 medium, for 25 minutes at 370C (5% CO2). The
MTT solution was replaced with 200pL dimethyl sulfoxide (DMSO), 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 viability, as it is a result of reduction of MTT by
metabolic enzymes in the mitochondria. Supernatant absorbance was measured at 570 nm in
an Infinite® F50 spectrophotometer (TECAN, Minnedorf, Switzerland) using Magellan™

software.
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3.3.3.2 Enzyme-linked immunosorbent assay (ELISA)
Measurement of IL-6/IL-8/TNF-a

Interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor necrosis factor (TNFa) are cytokines that
are produced by cells during inflammatory processes thus are used as markers of inflammation.
Enzyme-linked immunosorbent 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 well microtiter plates were coated with the relevant human capture antibody (R&D
Systems, UK and PeproTech, London, UK) 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 buffer (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 serum-free medium, and the test
samples were added to the microtiter plates in duplicate and incubated 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.

Subsequently, streptavidin-horseradish 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 (I M HCI) was added and
the absorbance was measured at 450 nm in an Infinite® F50 spectrophotometer (TECAN,

Switzerland).

3.3.33 Reactive Oxygen Species (ROS) detection

Fluorescent probe

2’,7'-dichlorodihydrofluorescein diacetate (H>DCFDA), a chemically reduced form of
fluorescein, is used as an indicator for most ROS. Oxidants and intracellular esterases cleave
the acetate groups of H>;DCFDA resulting in a highly fluorescent product, 2'.7'-
dichlorofluorescein (DCF). Cells were exposed to NPs for 4, 8 and 24 hours. Post NP-exposure,
cells were washed twice with warm PBS and incubated with 25 uM H>DCFDA in serum-free
medium for 30 minutes at 37°C (5% CO»). 1 pg/mL PMA was used as a positive control for
ROS generation; TT1 cells were exposed to PMA for 45 minutes prior to H2DCFDA
incubation. Any residual dye was washed off with PBS and DM SO 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 at excitation wavelengths
485 + 12 nm and emission wavelengths 520 + 35 nm in a FLUOstar OPTIMA Microplate
reader (BMG LABTECH, Ortenberg, Germany) using MARS Data Analysis software.

3.4 In vitro cardiac functional test of Mimetic Peptide-loaded dpCaPs

These research activities 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 Research Hospital (Milano, Italy), headed by Dr. Daniele Catalucci.

3.4.1 Materials and experimental methods

Murine cardiac muscle cells (HL-1) were grown in Claycomb medium (Sigma- Aldrich, St.
Louis, MO, USA) supplemented with 10% FBS (Sigma-Aldrich St. Louis, MO, USA), 1% of
penicillin-streptomycin (Pen-Strep 10,000 U/mL, Lonza, Milan, Italy), 1% of ultraglutamine
(200 mM, Lonza, Milan, Italy) and 0.1 mM of norepinephrine (Sigma-Aldrich St. Louis, MO,
USA) in gelatine/fibronectin precoated T75 flasks. The treatment with peptide R7W-MP, self-
internalized by cardiomyocytes, used as positive control or different concentrations of dpCaPs
loaded with MP was performed in serum-free medium. After 24 h of treatment, the Fluo-4
Direct Calcium Assay was performed as described by the manufacturer (Thermo Fisher
Scientific Inc., Waltham, MA, USA). HL-1 cells were stimulated with Fluo-4Direct calcium
reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) and signals were detected one
hour post-treatment. Bay K8644 (Sigma) was 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 using (Prism, Version 7.0a; GraphPad Software
Inc., La Jolla, CA, USA).
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3.5 Therapeutic effect of Mimetic Peptide loaded dpCaPs formulation for

the treatment of cardiovascular function in 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 no. 85-23, revised 1996).

3.5.1 Materials and experimental methods

Aim of the study was the investigation of the efficacy of the inhalation of microparticles
embedding CaPs nanoparticles loaded with mimetic peptide as a novel treatment for heart
failure with reduced ejection fraction (HFrEF) in Géttingen mini-pigs. HFrEF was induced in
Gottingen mini-pigs by continuous right-ventricular pacemaker stimulation (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 neuro-humoral system. These changes are usually reflected by clinical signs
of congestive heart failure, showing the in 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 animals 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 without restraining the animal, i.e. 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/min 2-weeks 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 recorded in a protocol. After
4 weeks of pacing, in the presence of clinical evidence of congestive heart failure, the therapy
with MP loaded dpCaP was performed over 2 weeks. The animals inhaled 12 mg/kg of
microparticles loaded with 60 pg/kg of mimetic peptide through 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,

67



Materials and Experimental Methods

Vienna, Austria) as well as with a final invasive left ventricular pressure-volume assessment,
as previously described'*°.
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 that the target aerosol
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) pilot and ii) main experiments. The pilot experiments
(pharmacokinetics) were dose-finding. A catheter was implanted in one of the jugular vein for
serial blood sampling without animal discomfort. It was planned to test two different doses (60
and 220 pg/kg bw/day), which were derived from previous study in rodents and represented
the lowest and highest range of activity of the compound®. However, given the strong
improvement of cardiac contractility after inhalation of 60 pug/kg bw/day of MP, 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:

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

e Group 2 heart failure pigs n=8, daily dpCaPs-NP without MP vector only;

e Group 3 healthy pigs n=8, Control.
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 (Picrosirius 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 3.1 [Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A.
(2007). G*Power 3: A flexible statistical power analysis program for the social, behavioural,
and biomedical sciences. Behaviour Research Methods, 39, 175-191)] was used to calculate
the sample size (Effect size d= 0.55, 0=0.05 und Power 1-$=0.80).
Hemodynamic, cardiac functional, histological, and molecular changes at different time points
were compared by I-way analysis of variance (ANOVA) for repeated measures and

comparisons between groups by 2-way ANOVA, in both cases followed by Bonferroni post
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hoc test. When samples 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 the in vitro pulmonary and cardiac cells tests the results were reported as mean and SD of
at least three replicates. The differences between data were tested using Student’s t-test (paired,
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 and Discussions

4.1 Calcium Phosphate nanoparticles (CaPs) preparation and

characterization

4.1.1 Unloaded CaP nanoparticles

In a first step, biomimetic unloaded CaPs were synthetized and characterized according to the
original established and patented protocol (PCT/EP2015/080991 and Di Mauro et al.'*!).
Briefly, an aqueous solution of CaCl, (100 mM) containing trisodium citrate (400 mM) at pH
8.5 adjusted with NaOH, was mixed (1:1 v/v) with a solution of NaHPO4 (120 mM). The
mixture was kept in a water bath at 37°C for the precipitate maturation time of 5 min. To
remove unreacted reagents, the CaP suspension was dialyzed overnight across a cellulose
dialysis membrane with a molecular weight cut-off of 3500 Da. This method of purification
was preferred to centrifugation to avoid strong aggregation of CaP nanoparticles. Fourier-
transform infrared (FT-IR) spectroscopy and X-Ray diffraction (XRD) analyses performed
before the dialysis (Figure 4.1) showed very broad signals indicating that the nanoparticles

have an amorphous structure, similar to that of the mineral phase of very young bones'3?
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Figure 4.1 FT-IR spectra (left) and XRD pattern (right) of amorphous CaPs synthesized immediately after

precipitation, before dialysis.

Dynamic light scattering (DLS) and C-potential analyses performed immediately after the
dialysis, demonstrated that CaP nanoparticles showed a Z-Average of about 70 nm and

negative surface charge (-42.5 = 5 mV). The Ca/P molar ratio, determined by ICP-OES
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analysis, was 1.6 according to theoretical value of stoichiometric hydroxyapatite between 1.5-
1.6713.

The CaP dispersion at concentration 0.5 mg/mL, was analysed by Cryo-EM to evidence the
nanoparticle morphology. Two morphologically different particles populations were evidenced
(Figure 4.2). CaPs were mostly observed as individual particles with a small presence of
clusters. The most represented population was characterized by spherical particles with
diameter from 20 to 60 nm (Figure 4.2C). Needle-like particles instead were mainly present on
the border of the deposited sample drop. Needle-like particles were from 5 to 10 nm thick and
with a variable length ranging from 50 to 120 nm (Figure 4.2B).

=200 nm_

Figure 4.2 Cryo-EM image of a CaP nanoparticles sample at different magnification. A: whole nanodispersion at

low magnification; B: details of spherical nanoparticles morphology C: close-up of needle-like CaP shape.
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The Cryo-EM images suggested that the nature of the nanoparticles was not exclusively
amorphous as implied from the FT-IR spectra and X-ray pattern.

One of the basic requirements for clinical studies, regulatory approval and marketing is the
stability of the medicine and in particular of the drug substance. Typically, new drug candidates
enter the pharmaceutical development process in a crystal or amorphous state. Crystallinity
ensures a high level of purity and stability, particularly if the crystal formed is the most
thermodynamically stable form. Whereas crystals exhibit long-range molecular order,
molecules in the amorphous state have no long-range order but retain the short-range 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 stable. Consequently, molecules in the amorphous state generally exhibit
greater chemical instability, altered mechanical properties, greater hygroscopicity but
enhanced dissolution rates'*. If these properties are not predicted or controlled, they can lead
to difficulty on processing, storage and pharmaceutical 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 macroscopic changes in specific surface
area, flow, solubility and dissolution rate. Such observations led to the hypothesis that most
solid-state instabilities of pharmaceuticals preferentially occur in the disordered non-crystalline
regions of the solid!**. Both to overcome these concerns and since the CaP produced following
Di Mauro et al. protocol'*! 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 scale-up activities. In fact, the reduction of the nominal amount of citrate 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 nanoparticles prepared with the previous protocol. The Ca/P
molar ratio, assessed by ICP-OES analysis, was 1.6 in agreement as previous with the
theoretical value of stoichiometric hydroxyapatite!33.

FT-IR and XRD analyses (Figure 4.3 and Figure 4.4) 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 quantitatively evaluated by means of the splitting

factor, that was found to be 4.0. This is a well-reported index for the evaluation of crystallinity
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135 The splitting factor, which quantifies the

degree of CaP-based materials from FT-IR spectra
degree of splitting of the PO4 bond bending peaks, is known to increase with increasing
crystallinity!*®!137_ In detail, the sum of the heights of the stretching of phosphates peaks at 603
and 560 cm™!, measured above a baseline drawn from approximately 780-495 cm™! (Figure
4.3), divided by the height of the valley between them at ~588 cm !, allows to obtain the
splitting factor value. In fact, while in the case of CaPs synthesized with original protocol the

splitting factor was not measurable, conversely it was perfectly measured in the FT-IR spectra

of CaPs prepared with the new protocol.
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Figure 4.3 FT-IR spectra of crystalline CaP nanoparticles and splitting factor measurment based on the sum of
the heights of the stretching of phosphates peaks (named A and B at 603 and 560 cm ™, respectively and divided
by the height (C) of the valley between them at ~588 cm ..
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Figure 4.4 XRD pattern of the CaP nanoparticles 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
phosphate, close to geological apatite by chemical analyses, the most importantly, by X-ray
diffraction that were also confirmed few years later'3®. The XRD pattern obtained from
manufactured CaP nanoparticles, displayed the most intense peaks at 25.88° and at about 32°

(broad band), fingerprints of crystalline hydroxyapatite!'*’

. The diffraction peaks are broad and
not well defined. This broadness suggests a relatively low degree of crystallinity and
nanodimensions'*® (Figure 4.4).

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 Mauro et al. CaP protocol. The PDI of 0.2 suggested not a monomodal
distribution. The surface charge of CaPs in water was negative (-40.0 = 3 mV). In conclusion,
results revealed that the size and surface charge of the crystalline nanoparticles synthesized
with the new protocol with lower sodium citrate content, are 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 between 5-10 nm.

Figure 4.5 TEM image of unloaded crystalline CaP nanoparticles after dialysis.

The optimized protocol to prepare crystalline CaP was applied for the generation of
nanoparticles loaded with different category of drugs, namely 1) milrinone, a small drug already

in clinical use; ii) a cardiac-enriched microRNA; iii) a mimetic peptide (MP).
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4.1.2 Milrinone loading

Milrinone is a small size molecule, inhibitor of the enzyme phosphodiesterase 111, clinically
administered orally or by injection. It increases the intracellular cAMP concentration by
improving the calcium supply influx and consequently, it has a positive inotropic effect. The
study and development of an inhaled milrinone product may be relevant to directly targeting
the heart muscle reducing the systemic collateral effects due to the current administration
routes, especially intravenous injection'*,

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 the formation 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 formation and focusing on a
minimization of drug desorption during dialysis. In fact, in order to identify the criticality 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 steps. This evidenced that the dialysis step determined the quasi-total
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 centrifugation were 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 miR-133, which is inversely related to failing
heart conditions, is involved in several aspects of pathological cardiac remodeling and its
potential role as therapeutic compound was recently shown by Castaldi et al.'">.

Calcium phosphate nanoparticles were prepared as reported in the Section 4.1.1, but adding

0.014 mg/ml of micro-RNA (Neg-5) to phosphate solution.
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Figure 4.6 Schematic representation of the CaP-miRNA formation mechanism.
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The incorporation mechanism consists of a first step of interaction in which, within the basic
reaction environment (pH 8.5-8.7), the PO4>~ ions interact via a strong electrostatic interaction
with the chemical groups (carboxylate and amine) of the biomolecule. The negative charge of
miRNA, which has a calculated isoelectric point of about 7.0'#!, it is expected to interact with
Ca®" ions. Afterward, the reaction of PO4*~ with Ca®" 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 binding on the surface at

the early stage of crystallization (Figure 4.6)

The obtained miRNA loaded CaPs nanoparticles showed, by dynamic light scattering analysis,
a Z-average of 1900 + 50 nm and a PDI of 0.3 suggesting the presence of nanoagglomerates
(Figure 4.7), exhibiting hence a polydisperse multimodal size distribution. The nanoparticle

surface charge was negative (-17 £ 5 mV).
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Figure 4.7 Particle size distribution (nm) in Intensity (%) measurements of 3 different batches of CaP loaded with

miRNA nanoparticles by DLS.

The Ca/P molar ratio of miRNA loaded CaP nanoparticles, calculated by ICP-OES analysis,
was 1.67. The miRNA loaded nanoparticles concentration was about 1.0 mg/mL. The
crystallinity index, in terms of splitting factor, was 4.0, the same value of the unloaded CaPs.
These crystalline nanoparticles miRNA loaded revealed needle-like morphology. The miR-
CaPs appear organized in a sort of network that could be an artefact due to the sample drying

for SEM analysis preparation (Figure 4.8).
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Figure 4.8 SEM micrograph of CaP nanoparticles loaded with miRNA.

Successively, CaP nanoparticles loaded with the mimetic peptide (MP; DQRPDREAPRS,
MW: 1326 Da, a-helix structure) targeting the Ca,B2 calcium channel®® were prepared
following the reported procedure (paragraph 4.1.1) in which the peptide active substance was
dissolved at 0.6 mg/mL in the Na,HPO4 0.12 M solution.

Notably, the incorporation mechanism for mimetic peptide into CaP NPs was similar to the one
previously observed for microRNA (Figure 4.6). In the basic reaction environment (pH ~ 9.0),
the phosphate ions electrostatically interact with the carboxylate and amine groups of the
mimetic peptide. At the pH of the reaction, the MP peptide, having a calculated isoelectric

6'*!, generally interacts with Ca®" ions. Afterward, the reaction between phosphate

point of 7.0
and Ca®" ions lead to particles nucleation. The precipitated nanoparticles after dialysis were
concentrated 1.0 mg/ml. 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. The peptide content expressed as peptide amount over total nanoparticles amount in
the dispersion was 6.0 £+ 2.0% w/w.

The peptide-loaded CaPs showed an average hydrodynamic particle size 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 charge of -25+ 10 mV (Figure 4.9).
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Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Zeta Potential Distribution

6000007~~~ R R R

500000~ LR RRRRRRY (RS S RRRRREELRERERES

Total Counts
N w -
g 8 &8
(=] (=] (=]
g 8 8

100000 -+ -r e e SR N T S RSEIIER e

0 100 200
Apparent Zeta Potential (mV)

Figure 4.9 Size distribution (nm) in Intensity (%) and Zeta Potential distribution (mV) vs Total counts
(kcps) measurements of 3 different batches of CaP loaded with Mimetic peptide (MP), 3 hours after
preparation, by 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 the particle!'*?.
Considering that the intensity of the scattered light is proportional to the sixth 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 particles; on the contrary it
can be a major drawback for accurate size determination. Dust particles or small amounts of
large aggregates can hinder the size determination if the main component exhibits a distinctly

144 Hence, the high value of Z-Average is mostly determined by the presence of

smaller size
agglomerates, while the diameter of individual particles, even if abundant, has a lower weight.
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 particles and offering
a frequency distribution by number. In addition, the actual nanoparticles concentration in the

sample can be determined. Particle motion is related to liquid viscosity, temperature and
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particle size and is not affected by particle density or refractive index'?*. As reported in
methods, the movement of the particles depends on the hydrodynamic diameter of the
equivalent sphere and is calculated through the Stokes-Einstein equation. The accurate
monitoring by the NTA in real time of events such as agglomeration and dissolution performed
appears optimal for the characterization of calcium phosphate nanoparticles.

In order to further explore the particle size distribution, nanoparticles tracking analysis (NTA)
was carried out on MP-loaded CaP nanoparticles particle size distribution and obtained results
compared to those from DLS analysis. The nanodispersion was diluted to 0.5 mg/mL with
ultrapure water for allowing single particle tracking. Results are shown in Figure 4.10. 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 nanoparticles. The mean particle size value obtained by NTA was very close
to DLS results, despite the different weighting functions: the intensity scattered by particles for
DLS, larger for large particles, the number of particles for NTA. NTA provides complementary
information for both DLS and microscopy. In fact, as it follows individual particles during their
movement, it enhances the resolution of polydisperse particle population usually obtained by
DLS. The technique still operates on a statistically significant number of particles, larger than
for microscopy, although not accessing their morphology'#’. The good correlation between
NTA and DLS, suggests that the calcium phosphate nanoparticles are present as agglomerates
and almost no individual particles are present. This could be due to the presence of the peptide

that structures the small particles triggering the formation of agglomerates.
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Figure 4.10 Particle size distribution vs nanoparticles concentration and intensity 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 Scale-up of Calcium Phosphate nanoparticles manufacturing and

characterization

Currently, the development of CaP nanoparticles is affected by 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, purity and degree of particle aggregation in order to achieve
products with robust quality and to comply specifications.

The development of a continuous flow synthesis of CaP loaded with drug can overcome these
troubles, supplying homogenous reaction conditions and highly reproducible process. A design
of experiment approach of a continuous flow process to prepare calcium phosphate
nanoparticles at large scale was carried out and discussed in detail in an original scientific paper
published and reported in Section 5 “Calcium Phosphate Nanoparticle Precipitation by a
Continuous Flow Process: A Design of Experiment Approach”!3>,

Because miRNA is expensive, the feasibility of scale-up procedure was assessed only for CaP
NPs loaded with the mimetic peptide. However, the scaled CaP nanoparticles manufacturing
with a continuous process was abandoned due to the low peptide payload obtained, with most
of the loss related to the purification step (i.e. centrifugation). 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 batch manufacturing of CaP loaded with mimetic peptide, 3.0 liters five
times the volume of the reagents than lab scale quantities were treated. For peptide quantitative
determination a HPLC method was developed and validate as reported in subsection 3.2.4.9.
Chromatogram of MP reference standard and HCI blank solution are reported in Figure 4.11A-
B. The HPLC method, based on a C18 partitioning column, provided a sufficient separation of
the MP peak from the other components of the nanoparticles (Figure 4.11C).
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Figure 4.11 Chromatograms of HC1 0.1 M blank solvent (A), MP reference standard at concentration 0.2 mg/mL
(B). The MP peak retention time was 9.3 minutes. MP loaded CaPs 0.084 mg/mL (C).

To optimize the scaled MP/CaP nanoparticles, in terms of size, surface charge, concentration

and improving the peptide loading, a number of experiments was carried out.

The first goal was to achieve an acceptable compromise between NPs purification and MP loss.

The concentrations of nanoparticle CaPs and MP concentration in the dispersion, as function

of dialysis time, were quantified at different dialysis times using cellulose membrane with 3.5

kDa molecular weight cut-off. The results are reported in Figure 4.12. The impact of membrane

cut-off on MP concentration was also evaluated with a cellulose membrane having 12-14 kDa

cut-off. Data analysis showed comparable trend for both membranes, i.e. MWCO 3.5 and 12-

14 kDa in terms of purification efficiency versus time (data not shown).
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Figure 4.12 Trend of mimetic peptide and CaP nanodispersion concentration (mg/mL) over dialysis time. All

results are reported as mean and standard deviation of 3 replicates.
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As revealed by the data reported of Figure 4.12, the measured concentration of the MP in CaPs
dispersion decreased from 0.74 £ 0.02 mg/mL at time 0 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. Thanks to dialysis 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/mL between
48 and 56 hours of dialysis, in correspondence to a nanoparticle concentration around 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, suggested a quasi-equilibrium
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, the concentration of nanodispersed solid decreased during dialysis process by revealing
an asymptotic concentration between 48 and 72 hours. The constant concentration of about 2.0
mg/mL at the end of the process, is due to the total depletion of unreacted salts.

Based on the results, the dialysis time was fixed at 48 hours in order to obtain a quality of the
CaPs accomplishing an optimization in terms of peptide content and NPs purification from
unreacted ions, mostly citrate excess. In detail, for these analyses, performed on two different
batches, gave rise to peptide concentration in NPs dispersion after 48 hours of dialysis of 0.18

+0.01 mg/mL and of nanoparticles 2.0 mg/mL (Figure 4.12).

To further understand the influence of CaP nanostructures on MP release and study how the
MP kinetics release is influenced by the CaPs presence, the biomolecule concentration was
monitored and measured at different dialysis times comparing CaP-MP suspension and free
MP solution. In details, MP loaded nanoparticles and a peptide aqueous solution were dialysed
in two different dialysis tubes having 3.5 kDa cut-off submerged into a beaker containing
ultrapure water. At established time intervals from 0 to 72 hours, an aliquot of each sample (i.e.
free MP solution and MP in CaP dispersion) was withdrawn from the dialysis tubing. Each
sample was dissolved in HC1 0.1 M (pH 2.5) to provide the dissolution of NPs. The MP content
was assayed using HPLC (Figure 4.13).
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Figure 4.13 Mimetic peptide concentration (mg/mL) in CaPs nanodispersion dissolved in acid solution compared
to free peptide concentration (mg/mL) in acid solution measured by HPLC. There was no significant difference
between the two data trend (p value= 0.48). All results are reported as mean and standard deviation of 3 replicates.
The differences between data were tested using Two-Way ANOVA, considering significant differences with p <

0.05 (Prism, Version 7.0a, GraphPad Software Inc., La Jolla, CA, USA).

Dialysis is a common method for the determination of release kinetics from nanoparticle drug
delivery systems'#. 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 cases (Figure 4.14). 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:

[MP]¢

MP ined % = ————
remained % MPloc

100 (12)

where [MP]; refers to the concentration of peptide remaining in the dialysis tube at time t and
[MP]iotal is the total amount of peptide into the CaP nanoparticles dispersion at time O,
immediately after precipitation.

A first order equation describes the drug release kinetics that is diffusant concentration-

dependent (Equation 13):

dc
= —kC (13)

where C refers to drug concentration in the dialysis sachet and £ is the first order rate constant.

This equation can also be written in logarithmic form as Equation 14:

kt
logC = log Cy — 7303 (14)
where Cy corresponds to the initial concentration of drug'®’. This means that for both release

profiles, the peptide release rate was dependent on the concentration of free peptide in the
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dialysis bag, meaning the greater the concentration, the faster the process. However, after a
superposed MP amount dialyzed in 32 hours, either in presence or absence of CaPs, between
30 and 72 hours there was evidence of slower dialysis rate of the CaPs MP, signalling an
influence of nanoparticles on MP dialysis. However, the MP release kinetics constant was not

significantly different (p= 0.11) in presence of CaP nanoparticles.

1009
—A— Free MP conc. (%)

-0- MP conc. in CaPs dispersion (%)

MP remained (%)
W
o‘ L L L L L L L L L
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Figure 4.14 Cumulative percentage of mimetic peptide remaining in dialysis tube over the time. Blue and violet
lines are referred to MP as it is in water solution and in nanoparticles dispersion, respectively. First order kinetic
fitting of mimetic peptide release. Nonlinear regression analysis applying exponential one phase decay and one
sample t and Wilcoxon test between the slopes of nonlinear regression (p value= 0.11) were performed by Prism,

Version 7.0a, GraphPad Software.

Finally, the scale up protocol was set at 48 hours of dialysis of MP/NPs dispersion, allowing
to manufacture nanoparticle with concentration of 1.6 = 0.2 mg/mL and MP concentration in
range between 0.07 and 0.08 mg/mL. The Ca/P molar ratio value of 1.6 assessed by ICP-OES
analysis for scaled NPs was in agreement with those typical of hydroxyapatite.

To evaluate the peptide association with calcium phosphate nanoparticles, the FT-IR spectra
of mimetic peptide and those of MP/CaPs dispersion were compared. Examining the FT-IR
spectrum (Figure 4.15) of MP raw material (violet line), the high amide bands of MP between
1300 and 1800 cm™!, were clearly visible. Comparing this spectrum with the CaP MP loaded
spectrum (blue line, FT-IR analysis on five MP/CaP samples), MP amide bands were shifted
at higher wavenumbers typical of CaP phosphate bands between 1000 and 600 cm™ meaning
the presence of the MP interaction with Ca/P ions (Figure 4.15).
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Figure 4.15 FT-IR spectrum of mimetic peptide raw material (violet line) and hydroxyapatite nanoparticles loaded

with MP (blue line).

The crystalline structure of MP loaded CaP nanoparticles was also confirmed calculating the
Splitting factor, that was 4, based on the sum of the heights of the stretching of phosphates
peaks of FT-IR spectrum. As shown by TEM micrograph (Figure 4.16) the crystallized
hydroxyapatite nanoparticles with MP revealed a morphology close to needle-plates,

sometimes aggregated each one, about 50 nm in length and 10-15 nm in width.

Figure 4.16 TEM micrograph of CaP nanoparticles loaded with MP after purification by dialysis.

4.2.1 MP loaded CaPs stability study

Two batches of 3.0 L each one dispersion of 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 measured mimetic peptide concentration in the dispersion immediately after

precipitation before dialysis, was 0.104 = 0.002 mg/mL.

Table 4.1 Mimetic peptide conc. (mg/mL) monitored over the time from 24 hours to 30 days after production and
stored at 4°C and 25°C/40% RH. Each sample aliquot was dissolved in HC1 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 at 25°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 in Table 4.1 the peptide concentration rapidly decreased when the nanodispersion
was stored at room temperature, namely 10 days after the preparation the concentration was
under the limit of quantification. Instead, the peptide demonstrated better stability in refrigerate
condition, even if after one week the peptide concentration dropped to 50%. The peptide
decrease over the time was function of temperature. A degradation phenomenon often fits with
first order kinetic model. Hence, to demonstrate the peptide degradation a nonlinear regression

was studied for both CaPs storage conditions (Figure 4.17).

100-&
] -o- 4°C

-o- 25°C

50

% MP remained in CaPs

o]

0 4b 8‘0 12‘0 1‘60 260 24‘10 ZéO 32‘0 SéO
Time (hours)

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

dots are referred to NPs dispersion stored at 4 or 25°C/40%RH, respectively. The analytical data under the LOQ

are not reported in graph. Nonlinear regression analysis applying exponential one phase decay was performed by

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

<0.0001).
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The MP decrease fitting a first order kinetic model explains the 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 half-life ti» stored at 4°C has been calculated as In2/k, i.e.
about 123 hours. The ti2 of NPs stored at 25°C was about 12 hours, approximately a tenth than
refrigerate storage. As well, the size of nanoparticles increased during test days because of
agglomerate formation. Therefore, room temperature 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 chemical-physical
stability in liquid nanodispersion and to preserve the mimetic peptide. This stability test results
underline the relevance to dry the NPs dispersion quickly after their preparation or store the
dispersion at 4°C and dry them within 24 hours to preserve the nanoparticles and peptide
stability.

To conclude the first part of this research work, beyond the CaPs/miRNA, crystalline CaPs
loaded with ~7%w/w of mimetic peptide with a Z-Average of 160 = 30 nm, and negative
surface charge, i.e. C-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 nanoparticles (hydrodynamic mean diameter less than 200 nm) are difficult to be
administered by inhalation in dry form, since their size is too small for deposition in lung after
pulmonary administration. The technical solution here proposed to obtain the lung deposition
is to increase the apparent size of the nanoparticles by embedding them in microparticulate
water soluble structures. This technology substantially assigns to NPs aerodynamic properties.
Microparticles were manufactured by spray drying of a carrier water solution in which calcium
phosphate nanoparticles loaded with pharmacological active substances are dispersed.
Mannitol was employed as carrier. The composition and structure of microparticle embedding
the drug loaded nanoparticles activate the heart targeting process via their aerosol deposition
in deep lung. After the deposition of the microparticles in the lung alveoli, their dissolution
releases the drug-loaded nanoparticles that can translocate in the blood of pulmonary veins.

Mannitol was selected as carrier excipient serving as a matrix in which the CaPs are
homogeneously dispersed. The final spray dried product exhibits enhanced flow properties and
aerodynamic performance due to its physicochemical properties and low hygroscopicity!*® 14°.
Mannitol acts as a stabilizing agent for the nanoparticles providing an efficient nanoparticles
re-dispersion simply by carrier dissolution. For instance, according to water replacement
theory, mannitol exerts a stabilizing effect during lyophilization by replacing in the solid state

water as the hydrogen-bonding agent'>°

. A spray dried form of mannitol, as inhalation powder,
has been approved by EMA and recently also by FDA for cystic fibrosis patient’s treatment.

Spray dried mannitol is marketed as Bronchitol® (Chiesi Farmaceutici S.p.A., Parma, Italy).

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

manufacturing

To optimize the manufacturing of microparticles embedding CaP nanoparticles, a DoE was
applied on a scaled batch of nanoparticles dispersion concentrated 7.0 mg/mL. This CaPs
dispersion showed a Z-Average diameter of 80 + 15 nm, a Pdl of 0.2 and a (-potential of -25 +
2mV.

A two-level full Factorial Design with 3 factors (2°=8) was applied to investigate of all the
possible 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 Design-Expert Software® Version 12 (Stat-Ease Inc., Minneapolis, MN,
USA). The three process and composition factors and the corresponding low and high levels
chosen for the DoE were the following: A: CaPs dispersion concentration (mg/mL) [0.5, 7.0],
B: Mannitol concentration in feed solution (mg/mL) [0.5, 2.0], C: Feed rate (mL/min) [3.5,
7.0]. The three factors and the corresponding level (named medium level) chosen by Design-
Expert Software® for the center points were: A: CaPs concentration (mg/mL) [3.75], B:
Mannitol concentration (mg/mL) [1.25], C: Feed rate (mL/min) [5.25]. The measured selected
responses (Critical Quality Attributes) were evaluated after the manufacturing of the 11
powders were: yield of the process, moisture content, CaPs hydrodynamic diameter (dn) after
restoration in water (Z-Average diameter), microparticles size distribution (median volume
diameter, Dvso), microparticles aerodynamic performance measured as Emitted Dose (ED) and
Fine particle Dose (FPD).The results after the measurement of the selected responses that were
analyzed using Design Expert® are shown in the Table 4.2 for all powders. In this case, the
low, middle and high levels of the factors are designated with -1, 0 and +1, respectively,
according to the coded representation. Results interpretation will be discussed in the following

corresponding subsections.

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

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

Run Cabs Vannitol Feed rate Yield content diameter Dyso ED | FED
( I:(g):L .. n:(g)/nnclL | (mL/min) (%) %) (nm) (um)  (mg) (mg)

1 +1 +1 -1 84.4 1.2 3134 3.0 381  11.8
2 +1 -1 -1 62.5 1.3 1787.0 2.1 33.0  17.0
3 -1 +1 -1 58.4 1.5 85.4 1.6 321 238
4 0 0 0 85.0 32 400.0 2.6 340 200
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 37.6 129
7 -1 -1 +1 344 32 957.4 2.3 31.5 162
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 1.5 418.4 3.5 37.1 154

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

experiments correspond to Runs 4-8-10.
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4.3.1.1 Yield of the spray drying process

As it can be evidenced from data reported in Table 4.2, the yield of the process varies from
34.4 to 85.0% which shows an important dependence of the yield from the different levels of
the selected factors. The feed rate and both CaPs and mannitol concentration affect yield in the
opposite way due to the different impact on the residual solvent. High feed rates lead to large
droplets that require more time for solvent evaporation leading to high moisture contents in
dried microparticles. Consequently, lower yields due to sticky particles on SD filter or cyclone
walls were obtained. On the other hand, at high feed solution concentrations droplets contain
lower solvent amounts leading to short drying time, less residual moisture and higher yield. As
a result, the lowest yield was observed in run 7 where the total solid content was the minimum
(overall 1.0 mg/mL) and the feed rate was at its high level (7.0 mL/min), on the contrary the
highest yields were observed in runs 1, 4, 10 and 11 where the total solid content was high (5.0
or 9.0 mg/mL) and the feed rate low (3.5 or 5.0 mg/mL). In any case, in the majority of the
experiments relatively high yields were achieved (average 68%). The results are also in
agreement with a similar results of Dormenval et al. They identified factors of importance for
the manufacturing of spray-dried siRNA-loaded lipid nanoparticles (LPNs) for inhalation and
evaluated their influence on the resulting powders by using a quality by design approach. In
particular, the feedstock concentration, consisting of siRNA loaded nanoparticles and mannitol
chosen as stabilizing excipient influenced the yield of the spray drying process. Higher

feedstock concentrations resulted in increased the yield '°.

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 in Table 4.3 the ANOVA analysis for significance found the model significant as
well as factors A and B (p < 0.05), CaPs and mannitol concentrations. However, factor C (feed

rate) was found to be insignificant and removed from the model. While the curvature term was

91



Results and Discussions

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,

the Lack of fit was not significant in relation to the pure error.

CaPs concentration affected positively the yield, more significantly than mannitol

concentration as it can be seen by the perturbation plot (Figure 4.18) in which the slope that

corresponds to factor A is steeper than B. No interaction between factors A and B seems to

occur as in the interaction graph the lines that correspond to factors A and B are parallel to each

other (Figure 4.18). However, it has to be underlined that the yield is not always a reliable

response. For instance, higher order models may govern the effect of the selected factors on
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Figure 4.18 a) Perturbation plots for factors A and B b) Interaction 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 powders produced are shown in Table 4.4.

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 32
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 decreases de-agglomeration during aerosolization,
long-term stability of the product, both physical and chemical, could also be affected 2 153,
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 moisture 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) no statistically significant effect could be evidenced.

Indeed, after analysis of the response with Design Expert®, Pareto chart reveals a strong effect
of mannitol that reduce the moisture content (Figure 4.19).
Nevertheless, the importance of mannitol in decreasing the moisture content in dry powder
formulation after spray drying was recognized and considered significant. In addition, no other

term seems to be significant while the model deriving from the inclusion of factor A only,

despite significant, is poor in terms of R?, adjusted-R?, and predicted R2.
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Figure 4.19 Pareto chart illustrating the rank of the t-values corresponding to the effect of each term on Moisture
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 standard t-critical for individual effects tests. When conducting
multiple analyses on the same dependent variable, the chance of committing a type I error increases, thus
increasing the likelihood of coming about a significant result by pure chance. To correct for this Type I error, a
Bonferroni correction has been conducted. To obtain the Bonferroni’s correction (@/n), the original p value ()

has to be divided for the number of tests performed () '3 153,

4.3.1.3 Z-Average and C-potential after powder restoration in water

The size restoration procedure is the in vitro test to assess the quality of CaP NPs released from
the dissolved microparticles embedding nanoparticles. The test does not aim to mimic the in
vivo release of nanosystem from microparticles deposited by inhalation on the wet lung
epithelium. The particle size of CaPs dispersions, obtained after powder dissolution in water,
1s measured as Z-Average diameter, that resulted from dynamic light scattering equipment.
Polydispersity index (Pdl) and C-potential values are reported as well (Table 4.5). Particle
hydrodynamic diameter after inhalation microparticle dissolution is a relevant product
attribute. It has been shown elsewhere that the lower dy is, the easier its penetration in a cell

tissue can be!>°

. A variety of transport barriers in biological tissues has to be overcome for drug
delivery nanoparticles. The size, geometry, and surface-attached targeting molecules are the
key nanoparticle design features that have been widely studied. Among these, in particular, the

size of a particle has important effects on its immune clearance, transvascular delivery, and
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intra-tissue dispersion and penetration. As aerosol particles penetrate deeper into the lungs, the
absorptive epithelium becomes thinner until the alveolar epithelium is reached. However, the
mechanisms by which particles translocate across the alveolar epithelial layer are poorly
understood. Tetley ef al. have shown that uptake and translocation across the pulmonary
epithelium is controlled by alveolar type I epithelial cells, whereas not by alveolar type II
epithelial cells. Moreover, the phagocytosis by resident alveolar macrophages is the primary
mechanism for clearance of micronized foreign bodies. Small, individual, nanosized particles
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 enter largely by passive diffusion
and are found in the cytoplasm, whereas 100 nm nanoparticles enter primarily via clathrin- and
also caveolin-mediated endocytosis and are found in endosomes.

However, the size is not the only parameter affecting the alveolar internalization, in fact the
nanoparticles functionalization increases their uptake and enhances binding of surfactant which

119 As demonstrated by Kato et al., the polystyrene latex beads with a

further promotes uptake
240 nm diameter were captured 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 I and II cells. Hence, inhaled exogeneous particles, as function of their
surface properties, can be otherwise processed!?’.
As aresult from these studies, a low diameter is desired for the final pulmonary formulation to

be developed.

Table 4.5 Z-average diameter, polydispersity index (PdI) and {-Potential of dispersed CaPs after powder

dissolution in water.

Run Z-Average diameter (nm) Pdl {-potential (mV)
1 3134 +£2 1.0 -21.0
2 1787.0 £2 1.0 -21.2
3 85.4 +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 were measured with the maximum sizes
attributed to the formulations with high CaPs concentration and low mannitol concentration
(14:1 w/w ratio). The lowest size was achieved with low CaPs concentration and high mannitol
concentration (1:4 w/w ratio), along with a low feed rate. Regarding colloidal stability (-
potential values ranging from -13.0 to -21.2 mV, indicate colloidal systems relatively stable.
In general, the observed zeta-potentials of approximately < -30 mV or > 30 mV are indicative
of a colloidal system sufficiently stabilized by electrostatic repulsion in aqueous suspension
during short-term storage or further processing'®’. Finally, it is well-established that PdI values
> (.7 are typical for very broad particle size distributions (e.g., polydisperse) distribution of
particles'>®. Thus, in certain formulations (1,2,4,8,10) large PdI values suggest an incomplete
redispersion for those powders, while in others (3,5,6,11) lower PdI values suggest a more
homogeneous redispersion even though a higher Z-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 efficient powder redispersion as size. The polyol prevents irreversible
aggregation of approaching nanoparticles during the drying of droplet. Keil et al. formulate 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 redispersion'™’.

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 term. In addition, the Lack of fit was not significant relative to the pure
error. Regarding the statistical terms of the model, this displays sufficient fitting of the data
since R? is approximately 0.9. The difference between the Predicted R? and the Adjusted R? is
less than 0.2, implying that a model transformation is not necessary whereas the Adequate
Precision value is greater than 4. As a consequence, the model seems to be proper for the

navigation in the design space (Table 4.6).
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Table 4.6 ANOVA for the selected factorial model for Z-average diameter and fit statistics.

Source Sum of Squares df
Model 3.339E+06 3
A-CaPs conc. 6.053E+05 1
B-Mannitol conc. 2.344E+06 1
AB 3.888E+05 1
Residual 4.186E+05 7
Lack of Fit 2.644E+05 5
Pure Error 1.542E+05 2
Cor Total 3.757E+06 10
R?
Adjusted R?
Predicted R?

Adequate Precision

Mean Square
1.113E+06
6.053E+05
2.344E+06
3.888E+05

59799.66
52882.59
77092.33

F-value

18.61
10.12

39.20
6.50

0.6860

p-value
0.0010
0.0155
0.0004
0.0381

0.6829

0.8886
0.8408
0.7802
11.0727

significant
significant
significant

significant

not significant

The role of mannitol to stabilize and protect CaPs size is to lead to a re-dispersion with small

du. Its importance can be noticed in the perturbation plot (Figure 4.20a) in which the line slope

that corresponds to CaPs concentration (factor B) is steeper than mannitol concentration (factor

A) which has a less variable positive effect on particle size. Furthermore, interaction between

factors A and B is observed as in the interaction graph the lines corresponding to factor A at

different levels of factor B are not parallel. In particular, at the low level of factor B, the effect

of CaPs concentration on the particle size moving from low to high level is much higher as

when factor B is kept steady at its high level (Figure 4.20). Hence, in order to keep redispersed

nanoparticle size low and stable, a high mannitol concentration in the dispersion of low CaPs

is required.
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Figure 4.20 a) Perturbation plots for factors A and B; b) Interaction graph for factors A and B.
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4.3.1.4 Particle size distribution (PSD) of the dry powders

The PSD of the dry powders that is shown in Table 4.7 is an indicator of the geometric particle
size which is proportionally related to aerodynamic particle size. The dried powders obtained
showed a Dvsobetween 1.6 um and 3.5 pm, which is a range considered extremely suitable for

respiratory application!®®

. More specifically, high Dvso values resulted when feed solution
concentration and feed rate were at their maximum levels (run 11). On the contrary, when these
factors were kept at low values, the lowest Dvso value was achieved (run 3). As shown

161

elsewhere, an increase of feed rate leads to a higher particle size'®". Apart from that it has been

pointed out that geometric size (dg) of the dry particle is given by the Equation 15:

dg = 3\/;7—];(11) (15)

where cr is the feed solution concentration, pp is particle density and dp is droplet size '®2.
Droplet size is positively affected by the feed rate, due to lower atomization energies. Thus,
the increases in feed solution concentration and droplet size lead to 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 (Dvso) and percentiles (Dv1o, Dvog) of the spray dried powders.

Run Dvio (um) Dvso (pm) Dvoo (nm)
1 1.6 3.0 5.5
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 33 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 3.5 8.0

Analysis of the response using Design Expert® shows that factors A (CaPs concentration) and
C (feed rate) together with interaction AB have a marginal but significant effect on Dvso. They
lie slightly above the t-value significance limit in the Pareto chart. Interestingly, the three factor

interaction (3FI) ABC has the highest effect among all terms (Figure 4.21). The other
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interaction terms (AC, BC) are insignificant; 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 error (Table 4.8). Statistical terms R? and adjusted R? were sufficiently high

(0.9619 and 0.8729 respectively) however the predicted R? was found to be negative (-1.4486)

meaning that inclusion of all the terms led to a model with poor prediction capacity. Model

reductions with simultaneous maintenance of the hierarchy led to insignificant models.
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Figure 4.21 Pareto chart illustrating the rank of the t-values corresponding to the effect of each term on the Dvs.

Table 4.8 ANOVA for the selected factorial model for Dvso.

Source Sum of Squares
Model 2.9900
A-CaPs conc 0.5512
B-Mannitol conc 0.0012
C-Feed rate 0.5512
AB 0.5513
AC 0.2112
BC 0.2112
ABC 09112
Residual 0.1185
Lack of Fit 0.0319
Pure Error 0.0867
Cor Total 3.1100

df
7

10

0.4270
0.5512
0.0012
0.5512
0.5513
0.2112
0.2112
09112
0.0395
0.0319
0.0433

Mean Square

F-value
10.81
13.95

0.0316
13.95
13.95
5.35
5.35
23.07

0.7351

p-value
0.0382
0.0335
0.8702
0.0335
0.0335
0.1038
0.1038
0.0172

0.4816

significant

significant

significant

significant

significant

not significant

99



Results and Discussions

4.3.1.5 Aerodynamic performance

The Critical Quality Attributes selected in order to evaluate powder aerodynamic performance
after the in vitro experiments were the Emitted Dose (ED) and the Fine Particle Dose (FPD)
obtained by using Fast Screening Impactor (FSI). According to European Pharmacopoeia
requirements, the ED should exceed 75% of the dose loaded in the device which in this case
was 40 £ 0.5 mg. Observing the Table 4.9, in all cases Emitted Fraction (EF) was more than
75% with an average of 86%, meaning that all the formulations possess efficient flow
properties during aerosolization. Analysis of the Emitted Fraction response using Design
Expert® showed a high effect of factor A (NPs concentration) as well as 3F1 ABC. As a result,
only factor A was included in the model, which in any case resulted to be insignificant (p>0.05)
with poor statistical terms and thus ED wasn’t analysed further. However, it is obvious that due
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 82.5 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 86.5 243 70.2
6 37.6 94.0 12.9 343
7 31.5 78.8 16.2 51.4
8 322 80.5 234 72.7
9 35.6 89.0 15.4 433
10 32.7 81.8 243 74.3
11 37.1 92.8 15.4 41.5

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

Regarding FPD, this is an indicator of the lung deposition since it expresses the amount of the
powder whose particles having an aerodynamic diameter less than Spm. As mentioned before
particles with a mean aerodynamic diameter 1-5 pum are considered to achieve the lung
deposition. As it can be noticed in Table 4.9 FPD ranges from 11.8 to 24.3. The 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, 8, 10) whereas the
lowest values were observed at high CaPs concentration (runs 1, 6). These results could be
correlated with the corresponding results of the particle size distribution (PSD) analysis (4.3.1.4
subsection) where once more factors A and C had a significant positive effect on particle size.
As factors A and C increased, particle size increased as well determining a FPD decreases due
to a lower fraction of particles less than Sum. Of course, this may not always be the case as
other parameters such as moisture content, particle density and shape can have an impact either
on powder dispersibility and aerodynamic diameter and subsequently FPD. For instance, even
though run 5 has a Dvogg of 7.7um, however exhibits a high FPD value and inversely run 1
showed a low FPD despite a favourable Dvoo.

Analysis of the response using Design Expert® shows that factor A has the highest effect on
FPD reaching the more significant Bonferroni limit. The factor C and interaction AC have a
significant effect since the t-value limit in the Pareto chart (Figure 4.22) is overcome. The other
terms (B, AB, BC, ABC) are most probably insignificant and weren’t included in the model.
Subsequently, using ANOV A the model was found to be significant as well as factors A, C and
the interaction AC (p <0.05). In addition, the Lack of fit 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 causing 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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Figure 4.22 Pareto chart illustrating the rank of the t-values corresponding to the effect of each term on

the FPD.

The negative effect of factors A and C can also be seen in the perturbation plot (Figure 4.23a)
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. Furthermore, interaction 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 moving from low to high level is much

higher as when factor C is kept steady at its high level (Figure 4.23b).

Factor Coding: Actual Perturbation Factor Coding: Actual Interaction
FPD (mg) 30| FPD (mg) 304 C: Feed rate (mL/min)
(adjusted for curvature) (adjusted for curvature)
. Design Points
Actual Factors Xt=A
A=375 25— X2=C
B=125
C=525 Actual Factor
- B=125 _
Factors notin Modg] N g
B = 20 . a
o | [SEH] g
& A &
15+ N
10 10
T I T f ‘ T T T T T T
-1,000 -0,500 0000 050 1,000 0 18 3 44 57 7
Deviation from Reference Point (Coded Units) A: CaPs conc (ma/mL)

Figure 4.23 a) Perturbation plots for factors A and C b) Interaction 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 of spray-dried
powders. These two micromeritics properties are key factors impacting on the flow properties,
the aerodynamic particle size and the dispersibility of a dry powder, due to their effect on the
inter-particulate forces. In this study, SEM images from three powders are reported for the
analysis of morphology, namely run 1, 3 and 5 because they were particularly distinguished
from the others. Runs 1 and 5 exhibited the lowest and highest FPD respectively, while run 3
had the highest FPF. Furthermore, spray-dried mannitol was examined in order to understand
the impact of CaPs and mannitol concentrations on particle morphology.

In Figure 4.24 SEM/FIB images illustrate microparticles of spray dried mannitol alone. The
dimensional range of the particles is from 200 nm to 1 pm which is considered as a very low
PSD while their shape is quite spherical with a very smooth surface. Similar particle
morphology has also been described elsewhere!®*. In addition, in the right image it is possible
to visualize the internal structure of the particles as obtained by the application of FIB. The
focused ion beam-scanning electron microscope (FIB-SEM) system is a new approach to
investigate the three-dimensional internal structures of various materials because of its good
performance and easy process. The advances of FIB-SEM 3D reconstruction allow to reveal
the high and accurate resolution of internal structures of carbon-based materials. Within the

particle, a large cavity of around 1.0 pm is formed thus leading to a hollow particle.

Figure 4.24 SEM micrographs of spray-dried mannitol microparticles.

The content ratio of CaPs and mannitol in the dispersion to spray dry, changed the morphology
of dry particles embedding CaPs (dpCaPs). A donut-shaped structure of spray dried
microparticles (Figure 4.26) was obtained when the nanoparticle’s concentration was high and

mannitol low. In particular, to prepare the dpCaPs of run 2, a feed solution having solid
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concentration of 7.5 mg/mL, i.e. 0.5 mg/mL of mannitol dissolved in the dispersion containing
7.0 mg/mL of nanoparticles was dried at feed rate of 3.5 mL/min. In Figure 4.26 SEM
micrographs at different magnifications shows agglomerates of particles with different sizes,
mostly below 5um. The majority of them are spheroidal, a typical shape of particles prepared

using spray drying!®

. However, the large particles show a hole in the center that gives them a
characteristic donut-like shape. The particle shape is affected by different mechanism of
formation. If the shell is hard, but porous enough to allow the residual solvent in the core to
evaporate, this could prevent the collapse of the outer solid layer, leading to hollow particle'®”.
Torge et al. investigated the influence of mannitol on the morphology and aerodynamic
properties of nano-embedded microparticles for pulmonary administration. Polylactic-co-
glycolic acid (PLGA) nanoparticles and mannitol were spray dried each one as single
component and in combination in three different ratios. An influence of the mannitol content
on the morphology was evidenced despite all powders were suitable for pulmonary delivery.
Hollow morphology and deviation from sphericity were obtained as the PLGA nanoparticles:
mannitol ratio increased. Hence, the increase of the percentage of nanoparticles in the
formulation leads to high Péclet number. This could be due to the significantly lower diffusion
coefficient of the PLGA NPs compared to mannitol that led to the formation of hollow particles
with large void spaces'?’. Calcium phosphates nanoparticles have also lower diffusion
coefficient than mannitol in water (2.7-1077 cm?/s vs 2.9:10° cm?/5)!%°1¢7. Consequently, the
explanation about the particle surface collapse could be attributed to the increased CaPs:
mannitol ratio that is 1:0.07 (Patent Application P0220171T-01). Pe justifies if the microparticle
structure will be a dense, or rather hollow like “empty particle”. As reported in the Equation 7,
this dimensionless number results by the ratio between two characteristics rates of the drying
process: firstly, the evaporation rate of droplet in drying, and the second one, the rate of solute

(nanoparticles or molecules) diffusion to move from the external interface to the core of droplet

(Figure 4.25).

P.<1 P.>1
L
Droplet A I )
;ﬁ)) _
\);.\ ))\ ) £
- $ @5 0
Dense particle Empty shell-particle

Figure 4.25 Drying of droplets containing particles of low (left) and high (right) Péclet number.
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Nevertheless, P is also affected by the drying parameters like inlet temperature, pressure, gas
flux as well as by the pressure of the spraying, viscosity, chemical nature and concentration of
the solute, intermolecular interactions, factors related to the diffusion coefficients and
indirectly to the radius of the droplet. Morphology of the particles also depend on the
mechanical properties of the material forming the wall together to the colloidal interactions!®®
as demonstrated by Tsapis et al.'®® and Marty et al.!’’. The accumulation 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 micrographs of donut shaped microparticles CaPs: mannitol 1:0.07 embedding unloaded

calcium phosphate nanoparticles (run 2 of DoE).

The donuts microparticle structures exhibited acceptable respirability, 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 process, 7.5 mg 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 the released nanoparticle after restoration resulted 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 Figure 4.27 SEM images at different magnifications of run 5 obtained at spraying feed rate
of 3.5 mL/min from a dispersion of CaPs 0.5 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 particles showed an incomplete formation suggesting an effect of the
higher amount of mannitol in the formulation. While the particle surface appears rough. Firstly,

the particle surface collapse is dependent on the ratio between CaPs and mannitol. On the other
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hand, the particle roughness, may explain the better behaviour of dpCaPs of run 5, in terms of
FPF that was about 70%. These dpCaPs exhibited similar Dvso value of those of run 1, namely
3.0 and 3.1 um, respectively and a higher Dvgg (7.7 versus 5.5um). Surface roughness decreases
the particle contact area and also increases the distance of separation thus reducing the
“cohesive” inter-particulate forces!’! 172,

This observation is also in agreement with Chew ef al. that demonstrated how the increase in
surface roughness of spray-dried bovine serum albumin particles can result in aerodynamic

performance enhancement, in terms of fine particle fraction!”,

Figure 4.27 SEM micrographs of spray-dried microparticles embedding unloaded CaPs of run 5.

Finally, in Figure 4.28 particle shape, surface morphology and internal structure of run 3 (CaPs
concentration of dried solution: 0.5 mg/mL; mannitol concentration: 2.0 mg/mL; feed rate: 3.5
mL/min) is displayed. In this case, dimensional range of the microparticles was from 200 nm
to 2.5 um, as volume diameter measured by laser light diffraction (i.e, Dvoo of 3.1 pm). The
particle shape is quite spherical and close to that of the spray-dried mannitol. This should be
explained since the CaPs: mannitol ratio is equal to 1:4. The particle surface appears rough
while the internal structure shows again a hollow particle with many small pores spread over
the entire inner part of the particle. This is interesting and may be related with the high FPF of
this formulation, namely 74.1%. An increase in particle porosity leads to a decrease in particle
density that reduces the aerodynamic particle size and thus improves FPF. The true density
measured by gas pycnometer was 1.590 £ 0.002 and the apparent tapped density was 0.750 +
0.002 g/cm?>. Although, the tap density measured value remained over 0.4 g/cm?, that has been
reported in many works as cut-off for determining good aerodynamic characteristics
”)39

(“aerodynamically light particles”)”. However, with these manufactured microparticles
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embedding nanoparticles, the intraparticle porosity positively affects their respirability

properties.

Figure 4.28 Pictures of spherical microparticles embedding calcium phosphate nanoparticles of run 3 by SEM

(A) and sectioned by FIB/SEM (B). The ratio CaP: mannitol was 1:4.

In conclusion, the DoE study revealed that mannitol and nanoparticle concentrations
significantly affect the fine particle dose (p=0.03) and the restored nanoparticle size (p=0.01).
On the contrary, the 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 the size of the restored nanoparticles. Namely, the increase of
nanoparticles concentration in the drying droplet and the decrease of ratio between mannitol
and nanoparticles lead the microparticle to donuts structure, with respirability decrease and size

of the nanoparticles dramatically increase (Figure 4.29).
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Figure 4.29 3D graphs of mannitol/CaP nanoparticles concentration and restored nanoparticles size (A) or Fine

Particle Dose of microparticles (B) at fixed SD Feed rate 5.25mL/min.
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4.3.1.7 Process optimization

To summarize all of the above acquired knowledge about the effect of the selected factors on

the established CQAs, an effort for process optimization through the DoE was attempted using

the desirability function. Desirability function aims to find operating conditions that ensure

compliance with the criteria of all the involved responses and, at the same time, to provide the

best value of compromise in the desirable joint response. This function has to be 1 to achieve

good results'™. Thus, in order to carried out the appropriate combination of the process

parameters for a further improvement of the DPI formulation in terms of optimizing the

selected CQAs, the following desirable criteria were set out:

e Maximization for the yield of the process;

e Minimization of Z-Average diameter for CaPs dispersion after powder restoration in water
(as it is strongly related with the cell penetration capacity of the CaPs);

e  Dvgobelow 5 um to provide particles with good aerodynamic properties;

e Maximization of Fine Particle Dose, the in vitro indicator of respirable particles.

According 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 at -1, +1 and -1

respectively. The ten solutions with desirability more than 0.860 are presented in Table 4.11.

These solutions set the basis for the production of the microparticles embedding mimetic

peptide and miRNA loaded CaPs that will be discussed in the Section (4.3.2).

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 Feed rate Yield ZrAverage 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 results obtained from the previous DoE for the unloaded CaPs powders were
assumed. Moreover, the solutions of Design Expert® for process optimization (Table 4.12) in
combination with the results from Scanning Electron Microscopy (SEM) were elected as
reference. Therefore, in order to achieve microparticles embedding MP loaded CaPs, with good
aerodynamic performance, a ratio of MP/CaPs: mannitol of 1:4 w/w was established together
a feed rate of 3.5 mL/min. The MP loaded CaPs dispersions batches were prepared in scaled-
up dimensions (3L). Two levels of solid content of the MP/CaPs dispersions were selected,
namely 1.6 mg/mL that was the original concentration of the dispersions, and one more diluted
i.e. 0.5 mg/mL. The NPs highest concentration has been chosen in the scale up manufacturing,
in order to obtain high amount of final powder starting from small volume of NPs dispersion
to dry. Finally, the same quality attributes of the unloaded dpCaPs were evaluated for the spray-
dried microparticles embedding the peptide (MP/dpCaPs) with the addition of the content
determination before and after spray drying. The process parameters applied were the same in

the QbD selected as optimized in the previous test.

Table 4.12 Summary table of the selected Critical Quality Attributes.

MP loaded Moisture Z-Average after MP in dpCaPs

Run CaPs Mannitol | Vield content restoration Dvse | EF | FPF Content

(mg/mL) (mg/mL) (%) %) (am) (wm) (%) (%) % wiw
la 1.6 6.4 67 1.2 169.6 299  86.7 529 1.0
2a 1.6 6.4 68 24 102.5 230 754  68.1 1.1
3a 1.6 6.4 65 2.8 125.5 238 756 614 1.4
4a 1.6 6.4 69 1.9 133.6 246 749 699 1.1
Sa 1.6 6.4 65 1.7 138.6 224 795 634 1.2
Average 67 2.0 134.0 247 784 632 1.2
Std. Dev 1 0.6 243 0.30 5.0 6.7 0.1
1b 0.5 2.0 41 3.0 250.1 250 787 740 1.0
2b 0.5 2.0 52 24 193.3 204 702 834 1.0
3b 0.5 2.0 55 2.6 209.7 1.89  66.7 803 1.3
4b 0.5 2.0 44 1.0 159.0 2,12 767 712 1.1
5b 0.5 2.0 53 1.5 286.9 204 79.0 66.7 1.2
Average 49 2.1 219.8 212 743 751 1.1
Std. Dev 6 0.8 49.8 0.23 5.5 6.8 0.1
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Notes: (Dvso: median volume diameter, Z-Average after powder restoration in water, EF: Emitted Fraction, FPF:
Fine Particle Fraction, MP/dpCaPs Payload = w/w ratio of mimetic peptide in the dry powder. Runs a. and b. are
referred to undiluted and diluted dried CaPs, respectively.

Table 4.12 summarizes the characterization data after 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 in a scale up size. Results interpretation will be discussed in the following

corresponding subsections.

4.3.2.1 Yield of the process

Observing Table 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 of diluted MP/CaPs dispersions (average 49 + 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 moisture content 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 spray-drying, sometimes has low collection efficiency for fine particles
below 2-1 um as they are not heavy enough to escape the air stream and thus could not deposit
in the collection vessel'®. However, to prepare microparticles in the range of 1-5 um
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 volume!”>. Therefore, without setting aside the superiority of runs la-5a in
terms of yield, this attribute shouldn’t be a limitation in order to select between diluted or

undiluted formulations.

4.3.2.2 Moisture content

Regarding moisture content of the replicated formulations, this ranged from 1.0 to 3.0% as
shown in Table 4.12. A high variability of moisture content was observed between powders
treated in the same conditions, as shown for both undiluted and diluted MP/CaPs dispersions.
Furthermore, an increase in moisture content, even though not significant, was measured for
runs 1b-5b which could be attributed to the lower mannitol concentration which affects

negatively the moisture content as already observed in the DoE presented in Section 4.3.1.

110



Results and Discussions

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 advantageous to

obtain powders with low moisture contents!”.

4.3.2.3 Z-Average and (-potential after powder restoration in water

Table 4.13 summarizes of the results of the DLS measurements of all MP/dpCaPs formulations
after nanoparticles restoration in water compared to the MP/CaPs dispersions before spray
drying. The Z-Average of the MP/CaPs before spray drying is more than two times higher than
the unloaded CaPs prepared in a scale-up batch size, namely 202.9 and 80.0 nm respectively.
It could be speculated that the increase in size could be associated with an effective interaction

of mimetic peptide with CaP-NPs.

Table 4.13 Summary table of the DLS measurements.

Z-Average Z-Average
Run before SD after restoration Pdl Cpotential
(nm) (nm) ™
la 265.7 169.6 0.8 -11.8
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
Sa 272.8 138.6 0.6 -14.9
Average 202.9 134.0 0.7 -13.6
Std. dev 66.5 243 0.1 2.4
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 202.2 219.8 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
index (PdI) and {-potential after microparticles embedding nanoparticles restoration. Runs a. and b. are referred

to undiluted and diluted dried CaPs, respectively.
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Furthermore, the high inter-batch variability of Z-Average diameter for the MP/CaPs
dispersions with an average of 202.9 £ 66.5 nm, was sensibly reduced by the microparticle
preparation.

In terms of polydispersity, the average PdI of 0.7 reflects an incomplete re-dispersion of all
powders, independently if they were manufactured starting from diluted or undiluted CaPs
dispersion. Moreover, {-potential values, ranging from -10.5 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 sodium citrate is being lost.
Sodium citrate is the determinant factor for the stabilization of the colloidal system, as it serves
as a crystal-growth inhibitor for the MP/CaPs. In fact, the preparation of nanoparticles with a
shorter time of dialysis, i.e. 24 or 32h, led to products with higher negative surface charge
values, -22.0 £ 3 mV and -20.0 £ 1 mV, respectively.

An average 34% reduction in particle size was achieved after water dissolution of dry powders
obtained from the undiluted MP/CaPs dispersions, whereas an average 5% increase in particle
size was observed in the case of diluted MP/CaPs dispersions. The mannitol concentration in
runs la-5a (6 mg/mL) is out of the range of the previous DoE that mannitol concentration in
MP microparticles preparation (from 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 better re-dispersion. Similar results were obtained by Wang ef al. who
prepared spray-dried microparticles embedding PLGA nanoparticles using mannitol as a
matrix in a ratio PLGA: mannitol 1:4 w/w and a feed solution concentration ~3 mg/mL!*’,
Consequently, superiority of spray-dried undiluted MP/CaPs in terms of acquiring colloidal
dispersions versus spray-dried diluted MP/CaPs, was found. In fact, the microparticles
embedding MP/CaPs at higher content exhibited a significant lower Z-Average after restoration

than the diluted MP/CaPs.

4.3.2.4  Particle size distribution (PSD) of the dry powders

In Section 4.3.1.4, a significant positive effect of CaPs concentration on microparticles Dvso
was shown after analysis of the data using Design Expert®. In addition, based on Equation 15,
the impact of feed solution concentration on the geometric size (dg) of the dry powder has
already been illustrated. Here, in Table 4.14 the results of the measurement of PSD for ten dry
powders using laser diffraction, are listed. The results are in agreement with the previous study

for the unloaded CaPs. Elversson et al. studied the fundamental aspects of the particle
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formation during spray drying, related to particle size and density. Particles were prepared
starting from carbohydrates having different solubility and different excipient, such as lactose,
mannitol, and sucrose/dextran in ratio 4:1. As increasing the droplet size during atomization as

well as the feed solution concentration increases, particle size increased'””.

Table 4.14 Particle size distribution of spray-dried microparticles embedding loaded MP/CaPs. Runs a. and b. are
referred to undiluted and diluted dried CaPs, respectively.

Run Dvio Dvso Dvoo
(nm) (nm) (nm)

la 1.46 2.99 6.02

2a 1.17 2.30 4.74

3a 1.20 2.38 4.92

4a 1.29 2.46 4.57

Sa 1.20 2.24 4.19
Average 1.26 2.47 4.89
Std. dev 0.12 0.3 0.69
1b 1.23 2.50 4.96

2b 1.03 2.04 4.34
3b 0.96 1.89 4.16

4b 0.93 2.12 5.60

5b 0.99 2.04 4.82
Average 1.03 2.12 4.78
Std. dev 0.12 0.23 0.57

Almost in all cases the resulted percentiles of volume diameter indicate a size distribution
between 1-5 um thus making the dry powders suitable for respiratory application with the
potential to achieve deep lung particle deposition. These results are also reinforced by the fact
that MP loading in CaPs didn’t lead to products with a particle size outside the desirable range
of 1-5 um. Thus, despite a slight superiority of diluted MP/CaPs, both diluted and undiluted

MP/CaPs dispersions are suitable for pulmonary administration.

4.3.2.5 Aerodynamic performance

The aerodynamic performance of the obtained powders was assessed through Fast Screening
Impactor (FSI) using RS01® device for inhalation and the parameters related with the lung

deposition profile of the dry MP/CaPs are listed in Table 4.15.
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As it can be noticed, runs 1b-5b exhibit a higher average FPF compared to runs l1a-5a, namely
75.1% and 63.2% respectively. This could be due to the lower particle size of dry powders
coming from diluted MP/CaPs dispersions since PSD is strongly correlated with FPF. The
particle size distribution measurements using laser diffraction are metrics for bulk powder,
which is essentially completely dispersed to primary particles using, albeit for few minutes,
sonication. While the fine particle fraction is a measurement of the particles’ dac after that the
deagglomerated aerosol delivered by the inhaler device; moreover, as previously discussed, dae
is function not only of the volume diameter of the particles but also of their density. Thus, even
a low PSD can be obtained by laser diffraction, a high FPF may not be able to be achieved if
the “cohesive” inter-particulate forces are strong or overcome patient inspiratory flow rate.
Therefore, measuring PSD is not enough to predict an efficient powder aerodynamic
performance since other parameters such as bulk density and particle shape may also
contribute, as mentioned in Section 1. Nevertheless, in this study superiority of spray-dried
diluted MP/CaPs in terms of FPF should be considered significant. The results are in agreement
with those of the previous DoE for the unloaded CaPs, where high CaPs concentration showed

a significant negative effect on FPF.

Table 4.15 Summary of the values of the parameters used to characterize powder aecrodynamic performance.

ED EF FPD FPF
Run

(mg) (%) (mg) (%)

la 36.6 86.7 19.4 52.9

2a 309 75.4 21.1 68.1
3a 31.1 75.6 19.1 61.4
4a 30.7 74.9 213 69.9

Sa 329 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 21.7 80.3
4b 312 76.7 22.2 71.2
5b 32.0 79.0 213 66.7
Average 74.3 75.1
Std. Dev 55 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.

114



Results and Discussions

Regarding Emitted Fraction (EF), this was slightly higher in spray-dried undiluted MP/CaPs
where an average 78.4% was measured, anyway, all five formulations exceeded the desirable
75%. On the contrary spray-dried diluted MP/CaPs exhibited an average 74.3% in EF while
runs 2b and 3b were found to have an EF below 75%. This discrepancy in EF could be
attributed to poorer flow properties of spray-dried diluted MP/CaPs due to lower particle size
and higher moisture content than those diluted. The formulations with low Dvgo and high
moisture content exhibited a low EF (2b, 3b) whereas formulations with high Dvgg 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 content assessment

The results of peptide content, both in the MP/CaPs dispersions before spray drying and in the
final formulation, are reported in Table 4.16. MP content over CaPs in the dispersion was
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 as the ratio of MP content amount and

the powder weighed for the analysis (~20mg).

Table 4.16 Peptide content in CaPs dispersions and in dry powders assessed by HPLC-UV.

Runs a. and b. are referred to undiluted and diluted dried CaPs, respectively.

Run Measured MP/CaPs content (%) Measured MP/dpCaPs content (% w/w)
la 6.6 1.0
2a 6.8 1.1
3a 7.5 1.4
4a 6.7 1.1
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 (MP) content in both nanoparticles dispersions was the same since it was calculated as
the ratio of measured MP concentration (e.g., Run la: 0.1056 mg/ml, Run 1b: 0.033 mg/ml) on the undiluted or
diluted CaPs concentration (i.e. 1.6 mg/mL or 0.5 mg/mL).

In all dry powder formulations MP/dpCaPs was between 1.0 %w/w and 1.4 %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 inter-batch variability for both diluted and undiluted
dpCaPs was observed in agreement with peptide content assessed 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 nanoparticles dispersion 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 and 80°C preserved the mimetic peptide from the degradation.
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4.3.2.7  Particle morphology

The particle morphology was investigated for both formulations and performed using SEM and

SEM/FIB technique. The micrographs obtained are shown in Figure 4.30.

1 um

%

i A
Figure 4.30 Surface and shape (left) SEM image and inner structure (right) FIB/SEM acquisition of microparticles

embedding nanoparticles loaded with mimetic peptide. The microparticles of pictures A and B are prepared from

undiluted and diluted nanodispersion of CaP, respectively (Patent Application P022017IT-01).

Concerning the particle shape, in both compositions with CaPs content, microparticles
exhibited a spherical shape and rough surface as with the unloaded microparticles. The SEM,
matched with the Focus Ion Beam technique, allowed to evidence the internal structure of the
microparticles embedding the loaded with mimetic peptide calcium phosphate nanoparticles.
The inside aspect revealed microparticles with a large number of cavities having 20 nm
diameter or smaller, 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 of microparticles,
one of the main parameters determining their aerodynamic behaviour. The deposition of
aerosolized particles in the airways depends on the aerodynamic diameter that is directly related
to particle density. This may explain the high FPF values of all formulations. 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
(Dvso= 2.12 um) which matches with the increased FPF of those powders, compared to the
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 surface, with an increased number of nano porous
on it. The yield and Z-Average size of nanoparticle restored were significantly 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 micro-RNA nanostructure (dpCaPs/micro-RNA) were prepared
by spray-drying technique. Briefly, 2.0 mg/mL of mannitol were dissolved in 0.5 mg/mL of
micro-RNA loaded nanoparticle water dispersion. The ratio CaPs micro-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 Temperature 125°C and 70°C, respectively; atomization flow 600 L/h;
feed rate 3.5 mL/min; air flow 35 m’/h. 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 procedure was around 70%.

As reported in the paragraph 4.1.3 the obtained micro-RNA loaded CaPs nanoparticles showed
a size of 1900 + 50 nm, likely as a consequence of agglomerated nanoparticles with surface
charge of -17 £ 5 mV. Since the nanoparticles loaded with the mi-RNA appeared to have the
tendency to agglomerate, the challenge was to study and construct inhalable microstructure
embedding de-agglomerated nanoparticles. In fact, if microparticles dissolution in lung fluid

restores cluster of nanoparticles, these could be phagocytosed by macrophages''’.

Table 4.17 Microparticles embedding micro-RNA loaded CaP nanoparticles characterization.

Residual Particle size distribution Restored Nanoparticles
EF FPF
water
WW%) (%) (%) Dyvio Dyso Dyoo Z-Average Z- Potential
(nm) (nm) (um) (nm) (mV)
1.0£0.5 89.0+0.1 65.0£0.2 1.3+0.2 2.3+0.6 5.+0.5 250+15 -17+£3

The 90% of the microparticles distribution had volume diameter lower than 5 microns (Table
4.17). Spherical microparticles with a rough surface, embedding micro-RNA loaded
nanoparticles, were pictured by SEM technique. The sectioned microparticles showed also in
this dry composition a porous internal structure with several distributed small cavities having
a diameter in nanometric range of 10-50 nm (Figure 4.31). The dry particles have an Emitted
Fraction at 89% and Fine Particle Fraction of 65%, suitable for pulmonary administration.

Unexpectedly, these microparticles restored nanoparticles with size around 250 nm, only one
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eighth of the size of the original nanoparticles. A key role was played by the excipient mannitol

to deagglomerate the dpCaPs/micro-RNA calcium phosphate nanoparticles.

— - ol e By &

Figure 4.31 SEM image (left) and inner structure FIB/SEM photograph (right) of microparticles embedding

nanoparticles loaded with micro-RNA.

To definitely attribute the inner porous structure to the high molecular substance presence as
for mimetic peptide and micro-RNA microparticles, calcium phosphate nanoparticles were
prepared by precipitation as described in subsection 4.1.3 loading another peptide as the R7W-
mimetic peptide (R7W-MP) (19 amino acids, MW 2605.9 Da, a-helix structure). This peptide
is different from the mimetic peptide previously loaded, because a terminal arginine amino acid
allows the self-internalization into the cardiomyocytes. To manufacture the powder to be
inhaled, mannitol was dissolved in the nanoparticle dispersion 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 for mi-RNA CaPs microparticles. The yield of the drying process
was 84.4%. Assessment by HPLC-UV revealed that the R7W-MP peptide content of the

manufactured microstructure was 1.25 % w/w, as expected.

Table 4.18 Characteristics of Microparticles embedding R7W-MP loaded CaP nanoparticles.

Residual Particle size distribution Restored Nanoparticles
EF FPF
water Dvio Dyso Dvoo Z-Average Z- Potential
(%) (%)
(Wiw%) (um) (um) (m) (nm) (mV)
1.540.5 86.3+0.03 68.5+0.01 1.1£0.2 2.140.4 4.540.5 60.7+5 -24.5+2

The morphology acquired by SEM analysis showed roundish shape and wrinkled surface
microparticles in the range from 200 nm to 2 um (Figure 4.32). The SEM analysis confirmed
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the particle volume diameter smaller than 5 pm, as measured by laser light diffraction analysis
(Table 4.18).

The SEM matched with the Focus Ion Beam technique allowed to evidence the internal
structure of the microparticles embedding loaded with R7W-MP calcium phosphate
nanoparticles. The inside revealed microparticles with a lot of cavities having 20 nm diameter
or smaller due to the R7W peptide, similarly to microparticles with mimetic peptide. The

regular structure, close to a grid, in which are organized the small cavities, could be an artefact

of the ion beam cutting. A value of fine particle fraction 68.5% has been in vitro determined

by Fast Screening Impactor for the dpCaPs/R7W-MP.

Figure 4.32 Surface and shape SEM image (A) and inner structure FIB/SEM photograph(B) of microparticles
embedding nanoparticles loaded with R7W-MP.
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4.3.4 Mannitol and Mimetic Peptide role in particle formation

To further understand the role of mannitol in nanoparticles de-agglomeration, a novel
preparation of MP/dpCaPs was done. The mannitol was added to the nanoparticle dispersion
at CaPs: mannitol ratio 1:0.07. The feed solution solid concentration was 1.7 mg/mL, i.e. 0.10
mg/mL of mannitol dissolved in the dispersion containing 1.6 mg/mL of nanoparticles. The
spray dryer parameters for microparticle preparation were kept as before: inlet and outlet
temperature 125 and 70°C, respectively; atomization flow 600 L/h, feed rate 3.5 mL/min, air
flow 35 m*h. A nozzle with diameter of 0.7 mm was used.
Microparticles obtained showed a lower respirability than microparticles described in Section
4.3.2.5, with a Fine Particle Fraction of 42% (Table 4.19). The low ratio of mannitol to CaPs
in the microparticle structure was not enough to keep disaggregated the dispersed nanoparticles

resulting from the water dissolution of spray dried microparticles (nanoparticles’ restoration).

Table 4.19 Residual water content, respirability, size distribution of microparticles and Z-Average and Zeta

Potential of nanoparticles restored. dpCaPs/MP manufactured from CaPs: mannitol ratio 1:0.07.

R::vs;(tl;al EF FPF Microparticle size Restored Nanoparticles

(W/W%) (%) (%) Dvio Dyso Dvoo Z-Average Z-Potential
(nm) (jum) (jum) (nm) (mV)

1.6+0.1 91.8+£0.01 42.0+£0.06 1.5+£0.2 2.5£0.5 55+0.7 2800 +10 22+2

Finally, to study the role played by MP peptide in microparticle formation, a further spray
drying preparation containing free mimetic peptide, unloaded CaP nanoparticles and mannitol
was carried out. MP peptide was added to the preformed nanoparticle dispersion; then,
mannitol was dissolved to reach CaPs: mannitol ratio of 1:4. The feed solution solid
concentration was 8.6 mg/mL and consisted of 0.6 mg/mL of MP, 6.4 mg/mL of mannitol and
1.6 mg/mL of nanoparticles. The spray dryer parameters were inlet and outlet temperature 125
and 70°C, respectively; atomization flow 600 L/h; feed rate 3.5 mL/min; air flow 35 m/h. 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 and Z-Average and Zeta
Potential of nanoparticles restored. The microparticles were manufactured starting from a feed solution containing

MP as raw material, CaP nanoparticles and mannitol in ratio 1:4.

Residual Microparticle size Restored Nanoparticles
:’Vs;t:ra EF FPF =
Y% Y% - -
(Ww%) (%) (%) Dvio Dvso Dvoo Z-Average Potential
(nm) (nm) (nm) (nm) mV)
1.5+04 91.3+0.03 19.9 +£0.02 1.3£0.2 2.8+0.5 55+0.3 70 £15 21+4

As reported in the Table 4.20, despite the Dvoo under 6 um, the dried microparticles exhibited
very low respirability with Fine Particle Fraction lower than 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 precipitation. This 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 nanoparticles already precipitated (Figure 4.33). 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 density are not in 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 photograph (right, 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 inside the microparticles. When organized
multipores are obtained, due to the presence of a peptide or mi-RNA in microparticle
composition and in the process, the aerodynamic size of the highly porous microparticles
improves the powder respirability. However, the mannitol function as carrier and stabilizer of
the embedded nanostructures relies on a minimum ratio 1 to 4 between nanomaterial and
mannitol. Only in these conditions CaPs nanoparticles’ size after restoration was very close to
the size of nanoparticles freshly prepared. In summary, the restored nanoparticle size from the

dissolved microparticles depended on the carrier amount and its ratio with CaPs.

4.3.4.1 Investigation on dpCaPs solid state and stability study

In pharmaceutical field, organic solids presenting polymorphism are widespread, both as single
molecular entities and as molecular adducts. The latter include solvates and hydrates and can
be of a stoichiometric or non-stoichiometric nature. They generally show different dissolution
rates with respect to the corresponding non-solvated ones, 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 lattice.
This phenomenon means that these substances also possess different chemical-physical
properties based on the form in which they are used!’8. The polymorphism affects the stability
and the dissolution rate of pharmaceutical formulation. During the development of pulmonary
drug products, especially the DPIs, the crystalline forms of the carrier or adjuvant influences
the interaction with the active ingredient and therefore, the overall product aerosolization
performance. An example of this is lactose, since one crystalline form can give less adhesion
force so releasing drug more easily and leading to a better dispersion!”’. Formulations
consisting of different lactose forms were investigated revealing that fine particle fraction
values were found to increase in the following order for lactose as a coarse carrier: o-
monohydrate > B-anhydrous > a-anhydrous'®’. One of the most used lactose substitute in this
role is the mannitol that is less hygroscopic and lacks Maillard reaction, a property that allows
it to also be used in  association with  peptides and  proteins.
As reported in the literature, mannitol can exist in three anhydrous polymorphic forms (a, 3
and 0) as well as in a hemihydrate form. The crystallization of mannitol in one form or the
other depends on several production conditions, such as the type of solvent used and the
concentration, temperature and crystallization rate'®!. The molecule can assume six different

staggered conformations thanks to the freedom of rotation of the carbon-carbon 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 none of the conformations 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 X-ray diffraction, it was possible to establish the existing mannitol crystalline

forms (Figure 4.34)'%2,
OH OH >
~__OH §
Ho/v;,\;/\/ 2
OH OH

Figure 4.34 D-(-)-mannitol structure (left) and spectra of the polymorphic forms of D-mannitol a, B and  obtained
by X-ray diffractometry (right). Reprinted from Physicochemical characterization of d-mannitol polymorphs: The
challenging surface energy determination by inverse gas chromatography in the infinite dilution region,
International Journal of Pharmaceutics, MG Cares et al.'®?, Copyright® 2014, reproduced with permission from

Elsevier.

Solid state of unloaded and loaded dpCaPs was investigated by X-ray powder diffraction
(PXRD) and DSC. Figure 4.35 displays the X-ray intensity in counts per second (cps) observed
for each angle 26 for the two spray dried powder compared to o, B and 6 mannitol.
In both powder (Figure 4.35) there are no evidence of extremely intense peak to 9.7 0 angle,
fingerprint of § mannitol in PXRD patterns'®*. A characteristic peak of a mannitol to 13.8 is
evidenced in loaded as well unloaded microparticles. The peak shown in loaded dpCaPs spectra
at 14.7, distinctive of stable p form is present very weak sometimes in o and & polymorph!8
and a peak at 26 value 17.4 typical of o form.

The XPRD peaks were weak, not resolute and sometimes broad, specially over 30° 0 angle,

highlighting an amorphous state besides the crystalline state for both formulations!®,
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Figure 4.35 X-ray diffraction patterns of unloaded and loaded MP dpCaPs (B). The graphs obtained were

compared with the spectra available in the Cambridge Crystallographic Database, CCDC

(https://www.ccdc.cam.ac.uk) (converted by Prism, Version 7.0a, GraphPad Software Inc., La Jolla, CA, US) to

verify the presence of the characteristic peaks of each o,  and & mannitol forms (A).

Differential Scanning Calorimetry (DSC) technique gives information on the melting point of

the spray dried mannitol, as it is compared to unloaded and MP-loaded dpCaPs. The melting
processes are graphically represented by the peaks, from which it was possible to derive the
onset (temperature of melting begins), the underlying area and the peak temperature which

represents the end of the melting process. In details, the integral under the DSC peak, above

the baseline, gives the total enthalpy change for the process (AHsgmpie)-

126


https://www.ccdc.cam.ac.uk/

Results and Discussions

Loaded dpCaPs1°peak g’g“;e_dlggfc?"s
T Onset: 148°C TP“k_- i
T Peak: 155 °C e 167°C
5 T Endset: 158°C ndset: 170°C
Wog -1
Loaded dpCaPs2°peak Mannitol SD
T Onset: 155°C T Onset: 165°C
T Peak: 157 °C T Peak: 167 °C
T Endset: 166°C T Endsset: 171°C
40 60 80 100 120 140 160 180 200 220 240 °C
Z | ' ] I | ' 1 1 ] 1 ] ' 1 I | ' 1 | hY
T T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 min

Figure 4.36 Differential scanning calorimetry analysis of spray dried mannitol as it is (black), unloaded
microparticles embedding CaPs(red) and loaded with MP dpCaPs(blue). The analysis is representative of three

different batches of each sample.

The unloaded microparticles embedding CaPs and spray dried mannitol shown onset of 164
and 165°C, both peak of 167°C and end of 170 and 171°C temperature, respectively. The onset
at 164-165°C are ascribed to the melting begin of o and B forms of mannitol. The MP loaded
microparticles (blue line in Figure 4.36) revealed an interesting behaviour. After the first
melting peak at 155°C, close to that of the meta-stable 6 form, it displayed a recrystallization
event in more stable a or  form and another endothermic melting peak of the novel a or
forms at 166°C. The structure of 6 form is close to that of B form, this being also characterized
by a planar zigzag chain and relatively similar bond angles and distances. However, the
hydrogen bonds pattern is different.

As revealed by DSC analysis, the mimetic peptide presence and its interaction with CaP
nanoparticles and mannitol led to peculiar formulation behaviour during the heating.
Crystallization of amorphous excipients can be induced by the environmental conditions during
manufacture, storage, temperature and relative humidity in addition to formulation composition
(e.g., the peptide). Raut er al. using DSC demonstrated temperature induced polymorphic
transformation in which the glass transition temperature of mannitol was determined from
inferences. The glass transition temperature denotes the stability of amorphous mannitol below
which it can be easily re-crystallize and converts to thermodynamically most stable
polymorphic form'®.

In conclusion, the intrinsic heating process of DSC analysis of MP loaded dpCaPs formulation

lead to a recrystallization event in a more stable a or B form, from & form. Moreover, this

127



Results and Discussions

hypothesis is confirmed from X-ray pattern in which there are no evidence of meta-stable o
form mannitol. Further investigation of manufactured microparticles by solid state analytical

methods (e.g., FT-IR and Raman spectroscopy) will be performed.

The microparticles loaded with MP were stored for 1 month in QUALI-V I HPMC capsules at
25°C/40% RH stored in airtight sealed aluminium foils or in a sealed glass vial at 4°C,
25°C/40% RH and 40°C/75% RH in order to evaluate its stability in different conditions.

Stability after storage was assessed measuring the MP content by HPLC and evaluating the
aerodynamic performance by Fast Screening Impactor. Microparticles embedding of MP-
loaded CaPs proved to provide protection of the peptide, since the formulations were stable in
all conditions tested in terms of peptide content. In detail, the results observed that there were
no differences after one month of storage in refrigerated condition or 25 °C. A slight (not
significant) degradation (below 0.2%) when the powder was stored in accelerate conditions at

40°C was observed (Table 4.21).

Table 4.21 One month stability study in terms of peptide content assessed by HPLC of loaded with MP dpCaPs

in different conditions. Data are reported as mean values and standard deviation (N=3).

Mimetic peptide content in dpCaPs (Yow/w)

After production After 1month storage
capsules at glass vial at glass vial at Glass vial at
25°C/40%RH 4°C 25°C/40%RH 40°C/75%RH
1.0+0.2 1.1+0.1 1.0+0.1 1.0+0.1 0.98+0.1

The other parameter investigated for evaluating the MP-loaded dpCaPs stability was the
aerodynamic performance. The measurement was performed on a capsule loaded with 40 mg
of MP/dpCaPs by FSI with RSOI® at 60 L/min. Immediately after the production the
microparticles, they showed an Emitted Dose of 87 + 0.2% and Fine Particle Fraction of 70 +
0.2%. The powder performance resulted stable at refrigerate condition, room temperature and
accelerate condition, both stored when stored in capsules or glass vials. Emitted and Fine
Particle Fraction were very similar (p > 0.5) to those obtained just after the production. The
variability between the three in vifro aerodynamic assessment of powder stored at
40°C/75%RH showed higher variability (std.dev. 0.5%) than the other conditions (Figure

4.37). The formulation long-term stability will be furthermore examined.
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Figure 4.37 Emitted Fraction (EF) and Fine Particle Fraction (FPF) of powder aerosolized by RS01®, after
production and storage for 1 month in QUALI-V I HPMC capsules at 25°C/40%RH blistered in aluminium foil
and in a sealed glass vial at 4°C, 25°C/40%RH and 40°C/75%RH. Data are reported as mean values and standard

deviation (N=3).
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4.4 Dry powder inhaler device development

Disclosure
In this Section some materials and experimental methods are not disclosed in detail. Company
Confidential Information, property of Nemera (La Verpilliere, Lyon, France), Patent

application in progress.

The possibility to reduce the amount of powder to inhale does not reside only on the
composition of the microparticulate powder but also on the inhaler device to use. In fact, the
aerosolization performance can be increased and as applied in antibiotic inhalation,
administration of larger dose can be shared via several successive inspiration acts.

The medicinal product to target the heart will be administered as an inhalation powder metered
in a dry powder inhaler. The inhalation powder of microparticles embedding MP loaded
nanoparticles requires a dry powder inhaler for administration. In fact, a dry powder inhaler
product is a combination between a formulation and a device, since both the components affect
the performance of the administration. In this research, the inhalable formulation has been
combined with the prototype of novel dry powder inhaler as a product for lung administration.
The scaled-up nanomedicine powder in combination with the novel dry powder inhaler needs
to demonstrate the proper aerosol transport, deposit, and release of the loaded nanoparticles (in
vitro until now) at the pulmonary alveoli level. The optimization of the whole system, i.e. drug
formulation and device, is compulsory for the successful development of inhalation therapies,
for the treatment of local and systemic diseases. Drug—device combinations must aerosolize
the drug in the appropriate particle size distribution and concentration, to ensure optimal
deposition and dose in the desired region of the lung. However, since the target of the inhalation
is to translocate the nanoparticles to blood through the alveoli epithelium, the extra-fine
fraction of the aerosol (< 2 um) has an important role in this project.

For aerosolization and lung deposition, during this development phase a commercial inhalation
device based on a hard-capsule reservoir of the dose to be inhaled (RS01®, Plastiape, Lecco,
IT), was used for first evaluation. During process of scaling up, the new DPI developed by
Nemera has been combined with the powder formulation.

Nemera constructed a novel DPI adopting a similar mechanism of powder aerosolization as
RS01®, where powder emission relies on the spinning of the pierced capsule in a chamber of

delivery as a result of the inhalation act of the user. The knowledge of the aerosolization
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behaviour of an inhalable powder requires the definition of quality parameters along the
inhalation act. Using an impactor apparatus, such the compendial Next Generation Impactor,
respirability assessment and the aerodynamic particle size distribution can be determined as

mass median aerodynamic diameter (MMAD) and geometric standard deviation (GSD).

4.4.1 Prototyping method

The study has been conducted using the capsule reservoir DPI in the final material (proprietary
Nemera product made using Acrylonitrile Butadiene Styrene by molding) adopting three
prototyping methods applied on the same capsule. The first method was the Stereo Lithography
Apparatus (SLA), the second was the Acrylonitrile Butadiene Styrene machining (ABS
machining), and the third was the Polypropylene (PP) machining.

The comparison between the final material and the prototyping methods was done in terms of
device resistance, emitted dose, and fine particle fraction (data not shown). Based on the device
resistance equivalence and FPF equivalence between SLA material and final material, SLA

was selected for development purpose (Figure 4.38).
A
B

Figure 4.38 Printed prototypes parts obtained with stereolithography (SLA). Varying parameters: mouthpiece

length (A), mouthpiece internal diameter and grid surface ratio (B).

4.4.2 Design optimization and molded manufacturing

Table 4.22 presents the defined DPI specifications and performances. During the concept

phase, a large amount of unloaded and loaded dpCaPs still in development were tested. In
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addition, the device was validated using an alternative powder, a marketed spray dried mannitol
(Bronchitol®, Chiesi, Parma, Italy), in terms of Emitted and Fine Particle Fraction.

The influence of the mouthpiece length, mouthpiece internal diameter, grid geometries and the
number/size of pins for piercing the capsule were evaluated. In order to optimize the novel
device design, an experimental plan and a quadratic model to adjust the optimization was used

(data not shown).

Table 4.22 Specifications and performance required for Dry powder inhaler device.

DPI Specifications DPI performances
e  Passive device using capsule e  Emitted dose >75%
e  Powder to be loaded in capsule 30-60 mg e  Fine Particle Fraction > 50%.
e  Capsule HPMC size 2 or 3 e  Low variability (<15%) in terms of fine
e  Device resistance similar to COPD devices particle dose for inspiratory flow rate
e Good usability: max 4 steps before each ranging from 30 to 100L/min
inhalation e  Low throat deposition (<10%) to reduce the
risk of cough.

A soft mold was used to manufacture four components of the DPI without contact with the
drug (buttons, button covers, bottom part and cap) and a prototype mold was used to
manufacture the DPI body and mouthpiece in contact with the drug to ensure repeatability of
these parts. The different parts of the device where then manually assembled. The number of
components of the DPI device is 10: body, mouthpiece, bottom part, 2 buttons, 2 springs, 2
pins, one cap.

The prototype device with medium resistance was evaluated by in vitro and in user tests. For
in vitro aerodynamic performance test, the measurements were performed aerosolising
Bronchitol® capsules. The emitted dose uniformity was tested using a Dosage Unit Sampling
Apparatus (DUSA) for DPI operating for the duration of time necessary to allow the flow of 2
or 4 L of air (representing the inhalation volume of a typical patient), as specified in USP42, at
flow rates of 30, 60 and 90 L/min. In all the cases, dose collection was carried out under critical
flow control conditions (TPK Copley S/N 02043440, Copley Scientific Ltd, Nottingham, UK).
The Fine Particle Fraction was measured by laser light diffraction analysis for particle size
distribution measurements (Spraytec, Malvern Instruments, Worcestershire, UK) after five
consecutive inhalation acts. Approximately 40 mg of mannitol SD powder was directly loaded
within capsule and dispersed using Nemera Prototype device and RS01® reference device at
30, 60, and 90 L/min, for a standard total inhalation volume of 4.0 L. Airflow rates were

monitored using the TSI digital flow meter (Series 4000, TSI Inc., Shoreview, MN, USA) and
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controlled by varying the valve of vacuum pump (Westech Scientific Instruments,
Bedfordshire, UK).

The prototype device met the specifications whatever the flow rate (from 30 L/min to 100
L/min). Emitted fraction of 78%, 89% and 89% were obtained for flow rates of 30, 60 and 90
L/min respectively. Fine particle fractions of 70%, 72% and 68% were obtained for flow rates
of 30, 60 and 90 L/min respectively. They have been improved for flow rate at 30 L/min in
comparison with the RS01® reference device (Figure 4.39). The variability of the Fine Particle
Fraction against inhalation flow rates has been reduced close to 15%. Also, the deposition in

the mouth has been reduced from 38% to 28% in comparison with the RS01® device.
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Figure 4.39 Emitted and Fine Particle fraction of Bronchitol® aerosolized by Nemera Prototype device and RS01®

reference device at 30,60 and 90 L/min after 5 inhalation acts.

Both Ph.Eur. and USP suggest a pressure drop over the inhaler of 4 kPa as being broadly
representative of the pressure drop generated during inhalation by patients using DPIs. The
pressure drop created by the air drawn through an inhaler can be measured directly by
measuring the absolute pressure downstream of the inhaler mouthpiece and comparing this
directly with atmospheric pressure.

To measure the device resistance, flow through the inhalers was produced using a vacuum
pump (Mod. 1000, Erweka GmbH, Langen, Germany) which created the aerosolization air
flow and recorded using a digital Flow Meter DFM 2000 (Copley scientific Ltd, Nottingham,
UK) tested over a range of airflow rates (30 to 100 L/min). To validate flow rate stability the
critical (sonic) flow was assessed. This was confirmed by simply measuring the absolute

pressure at a point on either side of the flow control valve. The pressure downstream of the
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valve was less than half of the upstream pressure i.e. that the ratio P3/P» < 0.5 then critical
(sonic) flow has been assured and the flow rate can be assumed to be stable.

The device resistance was calculated as the slope of the plot of the square root of the measured
pressure drop over the flow rate as reported by Clark and Hollingworth!'®¢. The pressure drop
readings across Nemera device was measured with an empty capsule.
To assess the duration time (s) needed to allow that 4 L passed through the device, the following

Equation was applied:
240
T = o (16)

Where T is the time in seconds, Q is the flow rate (L/min).

Applying Equation 16 the aerosolization time at 60 L/min was 4s.
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Figure 4.40 Relationship between airflow rate and generated pressure drop for Nemera device inhaler. Simple

linear regression was assessed by Prism, Version 7.0a, GraphPad Software Inc., La Jolla, CA, USA).

The Nemera device resistance measured was 0.029 kPa!”?/L-min! close to RS01® Medium
resistance device (Figure 4.40).

The unloaded microparticles embedding CaPs were in vitro tested by Fast Screening Impactor
(gravimetrically) using Nemera molded prototype. The RS01® MR was used as device
reference since used for all aerodynamic assessment performed previous. A capsule of HPMC
was loaded with 40 mg of powder and the air flow to 60 L/min was actuated. The test was
performed on six different batches. The data reported in Table 4.23 showed that the powder

was successfully emitted (EF over 90%) from the Nemera device after the first inhalation act
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and was significantly higher compared to reference device. The Fine Particle Fraction was

higher 50% when the novel DPIs was employed.

Table 4.23 Emitted Fraction and Fine particle Fraction of unloaded dpCaPs acrosolized by RS01® and Nemera

molded prototype. The data are express as average values and standard deviation (N = 9).

Device EF (%) FPF (%)
1 Inhalation act 83.8+£0.02 48.7+0.03
RS01® 2 Inhalation acts 88.8 £0.02 51.1+0.03
3 Inhalation acts 90.5 £0.02 51.2+£0.04
1 Inhalation act 91.4+0.02 53.8+0.02
Nemera prototype 2 Inhalation acts 92.2+0.02 56.3£0.02
3 Inhalation acts 92.5+0.02 58.3+0.05

A user test has been conducted on 17 healthy volunteers, 7 women and 10 men. The age
distribution was between 20 and 70 years old. The study goal was to get preliminary feedback
from users on the device, in order to evaluate key strengths and key weaknesses of the novel
device during use: get qualitative feedback (intuitiveness, aesthetics, handling, first
impression), identify potential improvement and comparison vs a reference device. Overall,
the Nemera device usability was fine for most participants (e.g., steps, handling). They
particularly appreciated the ergonomic aspect, with a suitable size on the device, especially on
piercing buttons. This feedback, with a clear preference to the Nemera device compared to the

RS01® reference device, (88% vs 12%) gives confidence about device use for clinical trials.
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4.5 Scale up of microparticles embedding MP-loaded CaPs

4.5.1 Feasibility assessment of loaded with MP dpCaPs manufacturing

The spray dried MP/CaPs with a total solid content of 8.0 mg/mL and an MP/CaPs: Mannitol
w/w ratio of 1:4 was regarded as the candidate for the technology transfer of inhalable
microparticles production at pilot scale. Therefore, to prepare the microparticles embedding
MP loaded CaPs at industrial level, the undiluted CaPs, i.e. concentration 1.6 mg/mL, were
employed for the reason that the more concentrated dispersion will lead to reduce industrial

time of drying procedure.

In collaboration with FIN Ceramica S.p.A. (Faenza, Italy), a Belgian company (Xedev, Zelzate,
Belgium). having an approved pharmaceutical industrial environment, was selected as supplier
to execute the industrial technology transfer on their industrial spray dryer (ProCepT spray
dryer). The goal was to develop and optimize an industrial scaled up spray drying process with
the objective to obtain a product with characteristics similar to those of lab production and a
process at higher throughput and yield. The main transferred characteristics were particle size
for inhalation (Dvgp < 5 um) and a water content of lower than 3 % (w/w). In fact, the lab scale
dpCaPs with a water content less than 3%, exhibited good respirability and acceptable shelf
life of the formulated inhalable dry powder. Moreover, attention was paid to the peptide
preserved content and ability of microparticles to restore nanoparticles in their original size.
The spray-drying experiments were performed using the ProCepT spray-dryer. The ProCepT
spray dryer has a different configuration/setting compared to the lab Mini Biichi B-290 Spray-
dryer. The ProCepT SD was set-up with the extended column (Figure 4.41) equipped with a
small cyclone, suitable for capturing small particles. During industrial process optimization,
the small cyclone was exchanged with a medium cyclone in order to collect the dry powder.
The extended drying chamber of the spray dryer increased the residence time in the drying

heated air.

Under the best process conditions of the optimization study, two batches of 100 g dry loaded
particles were produced. To collect the amount of dry powder envisaged, the feed solution
consisted of a mix of six batches (3L each one) of CaP NPs in which the mannitol in ratio 1:4
was dissolved. During spray drying, samples were taken after 1 hour processing in order to
evaluate PSD, recovery and RWC. Numerous attempts were performed; in Table 4.24 the

conditions of spray-drying production relative to the most significant trials and final fixed
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protocol are reported. A process with the 0.4 mm nozzle orifice was preferred to those of 0.6

mm, due to a higher observed process yield and product robustness.

Flow Pressure
] | Nozzle Gas

Loss on weight

Temp.
Cyclone Gas

Flow Pressure

Figure 4.41 ProCepT spray dryer with extended column(A). Synoptic overview of the ProCepT spray dryer.

Table 4.24 An overview of the industrial SD process parameters of two optimization performed tests and final

production. Inlet Temperature, Nozzle air and Airflow were varied during the two trials.

Trial 1 Trial 2 Final production

Inlet temperature (°C) 135 160 160
Temperature chamber out (°C) 50 70 70
Temperature before cyclone (°C) 45 55 55

Airflow in (m%/min) 0.35 0.35 0.4

Cyclone air (L/min) 200 200 200

Bi-Fluid Nozzle (mm) 0.4 0.4 0.4
Nozzle air(L/min) 6 4 6

Spray rate(g/min) 10 10 10

Yield (%) 82 84 90

The SD parameters Inlet Temperature, Air flow and Nozzle air were varied during the two
trials and their influence on final product was evaluated in terms of mean volume diameter and
residual water content (RWC). In traditional spray drying a cyclone separator is often included
in a succeeding separation step, after spray drying chamber. The gas-solid cyclone separator is

a separation device that separates solid particles from a gas phase using a centrifugal force field
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depending on inlet air flow. Thus, the setting up of inlet cyclone air flow is an added value of

ProCepT spray dryer critical for dried particle formation.

Firstly, since the use of high temperatures with 6 L/min nozzle air can have as consequence a
too fast particle shell formation, the inlet temperature was set to 135°C, resulting in an Outlet
temperature of 50°C. The process yield was 82%, but RWC was slightly high, namely 3.7%
w/w. Therefore, higher temperatures are needed to obtain a dry product.
In the second trial, the Inlet temperature was set to 160°C, resulting in an Outlet temperature
of 70°C and temperature before cyclone of 55°C. Then, the influence of the Nozzle Air on
particle size and residual water content was determined as well. A decrease in nozzle air results
usually in larger droplets, which led to larger particles, but, in case of low solid load, this effect
usually is small. Using lower nozzle air rates can result in slower shell formation, whereby less
water remains entrapped. Nozzle air rate was decreased from 6 L/min to 4 L/min (trial 1 and
2, respectively) resulting in particles with a mean volume diameter of 2.0 um and 3.4 pm,
respectively. The water content did decrease from 3.1% to 2.8% w/w respectively, which

confirmed that slower drying of the particles results in drier product.

In summary, for the final production the Inlet temperature was set to 160°C, resulting in an
Outlet temperature of 70°C; Nozzle air rate was kept at 4 L/min and the Inlet airflow was
Increased from 0.35 m*/min to 0.4 m*/min. To lower the residual water content during longer
processes, the medium size cyclone was installed. By using the medium size cyclone, higher
Airflows (0.4 m*/min) can be used compared to the small cyclone together with the cyclone air
(200 L/min). The higher Nozzle Air and Inlet Airflow had a positive influence on RWC, which
dropped from 2.8% to 2.1%, whereas no influence on PSD was observed. The final production

resulted in high recoveries of 90% for all batches.

4.5.2 Scaled loaded with MP dpCaPs characterization

In total 100.0 g of powder were obtained for each batch in a continuous process of less than 2
hours, compared to 1g/hours produced at lab scale. The PSD obtained displayed Dvio, Dvso
and Dvgo 0of 0.53, 2.0 and 4.5 pum, respectively (Figure 4.42). The peptide content, that in CaPs
before spray drying was 6.0 £ 0.2% w/w, in scaled microparticles was slightly lower than
expected (i.e. 1.2 %w/w, the fifth of 6.0 %w/w since the microparticles consisting of a ratio

CaPs: mannitol 1:4), namely 0.5 + 0.2% w/w.
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Figure 4.42 Particle size distribution (um) in frequency (%) of industrial scaled batch of loaded with MP dpCaPs
by laser light diffraction.

The SEM analysis confirmed the small particle volume diameter assessed by laser light
diffraction. Roundish and rough dry particles were evidenced by morphology study, despite
the lower peptide content than lab prepared microparticles. Moreover, the inner structure, by
SEM-FIB analysis, confirmed the nanoporosity presence close to lab scale MP loaded dpCaPs
(Figure 4.43).

Figure 4.43 Rough surface and roundish shape SEM micrograph (left) and inner structure FIB/SEM photograph
(right) of scaled microparticles embedding nanoparticles loaded with MP peptide.

For DPI products, bulk density is an important parameter with an opposite meaning for powders
characteristics of aerosolization and flowability. A low value of bulk density is beneficial for

powder aerosolization; while, at the same time, a higher value improves powder flow
properties®® 137 Hence, the scaled spray dried powder was also characterized in terms of bulk
and tapped density. Bulk (poured) density was 0.3 g/cm®. Density, after mechanical tapping,
showed an increase, i.e. 0.7g/cm’. The true density measured by helium pycnometer was 1.6 +

0.001 g/cm’®. From the determination of the poured bulk and tapped density according to Ph.
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Eur. 9" ed. prescriptions, the powder flowability, a critical characteristic for capsule/vial filling
and for their aerodynamic properties, was calculated by mean of the Carr’s Index and Hausner

ratio. The Equations 17 and 18 to calculate both these flowability indexes are reported as

following:
Carr's Index (%) = 100 - % (17)
Hausner ratio =2~ (18)
PB

where pr is the tapped density and pg the poured bulk density.

The micronized powder having Carr’s Index of 57% and Hausner ratio of 2.3 has to be
classified as poor flowable powder. Values higher than 25% and 1.25 for Carr’s Index and
Hausner ratio, respectively, are indication of poor flowability!8% 18,

In several papers, the bulk density values below 0.4 g/cm? are claimed as cut-off for providing
good aerodynamic characteristics®. The scale up manufactured dpCaPs with a bulk density of
0.7 g/cm’, revealed an interesting aerodynamic behaviour when aerosolized through Nemera
prototype inhaler device. To assess aerodynamic behaviour with the NGI impactor, three
capsules of size 3, loaded with 40 mg of powder, were actuated at air flow rate of 60 L/min for
the duration of time to allow 4 L of air passing through the inhaler, as specified in USP_ 41.
The Emitted fraction was 92.0 £ 0.1% of the metered dose, the Fine Particle Fraction 80.0 +
0.3% (dae <5 pm) of Emitted Dose, of which 54 + 0.3% as Extra-Fine (dae <3 pm) particles.
The percentages of MP particles deposited in the device, induction port and in the different

stages of NGI are reported in (Figure 4.44).

30,

S 20+

=

RS

3

=]

S 10
0- v o 0
R
QQ)

Figure 4.44 Bar graph shows the average values and standard deviation (N=3) of the percentage of MP deposited
in the device, induction port, and in the different stages of the NGI.
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The mass balance was within 15% of the labelled dose. The Mass Median Aerodynamic
Diameter (MMAD) and Geometric Standard Deviation (GSD) were determined from the NGI
data in Figure 4.45. The MMAD was 2.5 um with GSD of 1.8. The calculation of the
aerodynamic parameters was performed by using Prism, Version 7.0a (GraphPad Software
Inc., La Jolla, CA, USA). MMAD and GSD were calculated based on the inverse normal of
the cumulative percentage under the stated aerodynamic diameter versus the log of the effective
cut-off diameter. Linear regression of the four data points closest to 50% of the cumulative

particle mass that entered the impactor was performed to compute the MMAD and GSD.
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Figure 4.45 Plot of cumulative percentage of mimetic peptide mass less than stated aerodynamic dynamic
diameter (probability scale) versus acrodynamic diameter (logarithmic scale). Data are reported as mean of 3 NGI

experiments. Linear regression performed by (Prism, Version 7.0a, GraphPad Software Inc., La Jolla, CA, USA).

The in vitro aerodynamic assessment demonstrated that the first industrial product (MP powder
and device inhaler) is very promising for the therapeutic application by inhalation. In particular,
the Extra Fine Particle Fraction higher than 50% makes the formulation suitable for alveolar
deposition.

In order to study the morphology of Extra Fine Particles, during NGI assessment a slice of
carbon tape was stacked on the Micro Orifice Collector (MOC), on which the particles with
aerodynamic diameter less than 0.34 pm at flow rate calibration of 60 L/min are deposited.
The spherical crumpled particles showed a geometric diameter less than 0.5 pm as expected as

well as these fine particles exhibited a lot of small nano cavities in the inner structure (Figure
4.46).
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Figure 4.46 SEM (right) and FIB/SEM analysis of particles deposited on MOC of NGI.

When the MP loaded dpCaPs were dissolved in water at concentration of 0.5 mg/mL, the
restored CaP NPs exhibit a Z-Average of 250 + 50 nm with a Polydispersity index of 0.3. The
restored size was higher compared to the original nanosize of nanoparticles before the spray
drying, namely about 160 nm, likely due to some nanoparticles agglomerates. To collect more
information on this interpretation, the number-based particle size distribution’ was calculated
by the DLS software. In Figure 4.47 the representation of MP/dpCaPs particle size distribution
as number is reported. The histogram shows the particles frequency fractions distributed
between two size values. The x-axis corresponds to the particle size values and the ordinate (y-
axis) shows the fraction as number of particles having the correspondent size interval. The
sigmoid curve represents the particle size values as cumulative undersize distribution. The
cumulative distribution allows to identify the median size value (x=50.0) of the particle
population as number distribution (Figure 4.47 blue line). It is the size of the particles that
divides the particle population in two groups containing an equal number of particles. Based
on particle size as number distribution, the median value of nanoparticles restored from loaded
dpCaPs was 4543 nm and the interval is between 10 and 100 pm. As reported in European
Commission’s recommendation for definition of nanomaterial: “if 50 % or more of the particles
of a material in the number size distribution have one or more external dimension in the size
range 1 nm to 100 nm, the material is a nanomaterial”!*°.

The interest to use the number distribution instead than volume distribution is related to the
meaning of the particle dimension related to their specific application. In environmental
applications of micromeritics, the number of particles inhaled is critical for safety reasons. In
pharmacy, the interest is towards the doses and therefore, the reference distribution has to be
in volume or weight. Comparing the number distribution of a particle population with its

volume distribution, the volume distribution shifts the distribution curve towards higher size
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values. Therefore, considering our MP/dpCaPs particle populations, it is not surprising that a
large difference exists between number and volume median values. This is due to the presence
of some agglomerates (reversible particle clusters) in the sample under DLS analysis. Even if
these clusters are few as number, as volume they represent an important fraction of the
population, since the volume of the sphere from the diameter is calculated with a power of
three, Therefore, not disregarding that the number distribution is the result of an algorithm
applied to the hydrodynamic particle size distribution, it is not surprising that, in presence of
few agglomerates, these structures are not visible in the population presented as number

distribution. On the contrary, their contribution to the volume distribution become important.
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Figure 4.47 Particle size distributions of restored CaPs from scaled MP dpCaPs by DLS: histogram (red) and

cumulative distribution (blue line). The median value of the number-based size distribution.

Finally, the Zeta Potential of -14 + 4 mV communicates a negative surface charge enough close
to those of NPs before SD, i.e. about -23 mV.

A summary of spray drying parameters and characteristics of both lab and industrial scaled
microparticles embedding CaP NPs loaded with mimetic peptide is reported as below (Table
4.25 and Table 4.26).
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Table 4.25 Spray drying parameters and production rates comparison of lab and pilot scale manufacturing. The

feed concentration was for both SD process 8.0 mg/mL.

[

Lab scale

Pilot scale

Inlet T
O

125

160

Outlet T
©0)

70

70

Spray drying Parameters

Atomization

Flow

(L/min)

10

200

Air

flow

(m*/h)

35

24

Feed rate

(L/min)

0.035

Nozzle Yield

(mm)

0.7

0.4

(")

63

90

Production
rate

(g/hours)

1

60

Table 4.26 Comparison of microparticles embedding CaPs loaded with MP manufactured at lab and pilot scale

characterization.

~~

Lab scale

Pilot scale

MP
content
wWiw%)

1.2

0.5

Residual
water
(w/w%)

2.0

2.0

EF
(%)

78.0

92.0

FPF
(%)

63.0

80.0

Microparticle size

Dvi1o

1.3

0.5

(um)

Dvso

2.5

2.0

Dvoo

4.9

4.5

Restored Nanoparticles

Z-Average
(nm)

134.0

250.0

Zeta
Potential
(mV)

-15.0

-14.0
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4.6 Pulmonary and extra-pulmonary in vitro viability, cytotoxic and

apoptotic levels following exposure to dpCaPs

The toxicity of microparticles embedding CaP nanoparticles has been assessed using
pulmonary alveolar cells and HL-1 cardiac cells. In vitro cell models were target cells present
in the respiratory unit, alveolar epithelial type 1 cells (immortalised human alveolar epithelial
type 1 cell-like, TT1 cell), alveolar epithelial type 2 (AT2) cells (primary AT2) and primary
human alveolar macrophages. Cells exposed to increasing concentrations of microparticles
corresponding to the amount of CaPs (5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL within the
administered dpCaPs) were incubated for 24 hours at 37°C and 5% CO,. dpCaPs were
suspended in serum free DCCM-1 culture medium prior to applying to cells. The cells were
analysed 24 hours after exposure. Cell viability/metabolic activity (MTT assay of
mitochondrial activity), intracellular oxidative stress (ROS, Reactive Oxygen Species assay)
and inflammatory cytokine mediator release (ELISA tests for IL-6 [pleiotropic action important
regulator of inflammation and homeostasis] and IL-8 [chemoattraction of neutrophils and white
blood cells] cytokines) have been assessed!’.

Zinc oxide (Zn Oxide) nanoparticles caused significantly cell death and was used as positive
control. Lipopolysaccharide (LPS) was used as pro-inflammatory positive control. Results are
presented according to the type of cell analysed: 1) Alveolar type 1 cells (TT1), 2) Alveolar
type 2 cells (AT2) and 3) Alveolar macrophages. Results were analysed using Prism 7.0
software (GraphPad Software Inc., La Jolla, CA, USA).

4.6.1 Alveolar type 1 cells (TT1) viability

TT1 viability (MTT assay) following 24h exposure to dpCaPs TT1 cells monolayers were
incubated for 24 hours at 37°C and 5% COz with dpCaPs (CaP nanoparticles spray dried in
mannitol carrier microparticle powder at 1:4 ratio) at increasing concentrations corresponding
to the amount of CaPs i.e., 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL were suspended in
serum free DCCM-1 culture medium prior to applying to cells.

There was no change in TT1 cell viability/metabolic activity (Figure 4.48) after treatment with
the concentrations 5 to 100 pg/mL CaP, compared to untreated cells. Interestingly, there was a
significant (~20%) increase in cell viability/activation following treatment at higher
concentrations (250, 500 and 1000 pg/mL), possibly due to the presence of mannitol enhancing

cell metabolism. Future studies on cell incubation with mannitol alone will clarify this point.
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dpCaPs microparticle concentrations were calculated in order for the x-axis to correspond to
CaP concentrations, according the 1:4 CaP/mannitol carrier ratio. Data from unexposed TT1
cells were used as 100% of the control (CTR-) cell viability. Zinc oxide nanoparticles were
suspended in serum-free cell medium as described for dpCaPs to obtain the final concentration

of 50 ug/mL and used as positive control; as expected, these particles caused significant cell
death (p<0.0001).
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Figure 4.48 TT1 cell viability assessed by MTT assay. Cells were exposed for 24h to the dpCaPs formulation at
increasing concentrations (5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL corresponding to the bare CaPs included
in the dpCaPs according the 1:4 CaP/mannitol carrier ratio). Data are expressed as % of unexposed TT1 cell
control (CTR-). Zinc oxide (Zn Oxide) nanoparticles at 50 pg/mL were used as positive control. **** p<0.0001.

N=3 repeats performed in triplicate.

4.6.2 Intracellular TT1 cell ROS production

ROS can increase as a preliminary response that occurs before overt cell death, or to activate
oxidative stress pathways for cell survival. The cell-permeant 2',7'-dichlorodihydrofluorescein
diacetate probe (HDCFDA) was used as an indicator of intracellular ROS production after 24
hours treatment with increasing doses of dpCaPs (shown concentrations correspond to the
amount of CaPs within the administered dpCaPs) (Figure 4.49).

There was no change in the level of intracellular ROS between 5 and 250 pg/mL CaP
concentration exposure, compared to the unexposed TT1 negative control (CTR-). A small but
significant decrease in fluorescent signal was observed at higher concentrations of 500 and
1000 pg/mL, which may be related to the increase in cellular mitochondrial activity observed
at these concentrations, reported in the MTT results above (Figure 4.48). Further quantitative
measures of ROS production at earlier time points (3h and 6h) are planned to determine

whether ROS might have increased and subsided earlier in the exposure period.
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Figure 4.49 TT1 cell ROS production following 24h exposure to increasing concentration of dpCaPs formulation
(5, 10 25, 50, 100, 250, 500 and 1000 pg/mL corresponding to the bare CaPs included in the dpCaPs according
the 1:4 CaP/mannitol carrier ratio). H-DCFDA probe analysis. Data are presented as a % of the unexposed control

(CTR-). *, p<0.01; **** p<0.0001. N=3 repeats performed in triplicate.

TT1 cell cytokine release following 24h exposure to dpCaPs IL-6 and IL-8 (markers of
inflammation; assessed by ELISA) release into media during 24 hours exposure to dpCaPs
showed barely detectable levels of these cytokines (<50 pg/mL) indicating no relevant pro-
inflammatory stimulation by the nanoparticles at increasing concentrations (5, 10, 25, 50, 100,
250, 500 and 1000 pg/mL of equivalent bare CaPs within dpCaPs). Data from untreated TT1
cells were used as control (CTR-). There was a small dose-related response in IL-6 release at

1000 pg/mL CaP, the highest concentration studied (Figure 4.50).

2

Lipopolysaccharide (LPS/endotoxin), induces TT1 cell cytokine release!®? was used as a

positive control. LPS was added to TT1 cells at 0.5 (IL-6 analysis) and 1 ng/mL (IL-8 analysis)
suspended in 5% Newborn Calf Serum in DCCM-1 medium. The comparative data indicate
that even the small but significant increase in IL6 release following 1000 pg/mL CaP is

physiologically unimportant.
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Figure 4.50 Effect of dpCaPs on IL-6 and IL-8 release by TT1 cells. TT1 were exposed for 24h to dpCaPs
formulation at increasing concentrations (5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL corresponding to the bare
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CaPs included in the dpCaPs according the 1:4 CaP/mannitol carrier ratio). Data are expressed as pg/mL
conditioned medium. LPS at 0.5 and 1 ng/mL concentration was used as pro-inflammatory positive control, as

indicated. **** p<0.0001. N=3 repeats performed in triplicate.

4.6.3 Alveolar type 2 cells (AT2), viability

AT2 cell monolayers were incubated for 24 hours at 37°C and 5% CO> with dpCaPs dry
powder formulation at increasing dpCaPs concentrations corresponding to the amount of CaPs
i.e., 10,25, 50, 100, 250 and 500 pg/mL, as described previously. dpCaPs were suspended in
serum free DCCM-1 culture medium prior to applying to cells.

The AT2 cell viability/metabolic activity was not significant difference to untreated control
(CTR-), up to 250 pg/mL dpCaPs exposure. A small but significant decrease in cell viability
(~10% compared to untreated control) occurred at a higher dpCaPs exposure (500 pg/mL).
Zinc oxide (Zn Oxide) nanoparticles caused significantly more cell death (~60%) at 10 ug/mL

when used as positive control (Figure 4.51).
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Figure 4.51 AT?2 cell viability assessed by MTT assay. Cells were exposed for 24h to the dpCaPs formulation at
increasing concentrations of CaP (10, 25, 50, 100, 250 and 500 pg/mL corresponding to the amount of CaPs within
the administered dpCaPs). Data are expressed as % of unexposed cell control (CTR-). Zinc oxide nanoparticles at
10 pg/mL concentration used as positive control. *, p<0.05; **** p<0.0001. N=3 subject samples, performed in

triplicate.

Intracellular AT2 cell ROS production following 24h exposure to dpCaPs Intracellular ROS
production was assessed on dpCaPs-exposed AT2 cell monolayers after 24 hours treatment
with increasing concentrations of dpCaPs (Figure 4.52), as described above. There was a trend
towards a concentration-dependent decrease (from 2.5 to 500 pg/mL) in ROS levels, com-
pared to the unexposed AT2 control (CTR-). This became significant at the highest
concentration of dpCaPs, 1000 pg/mL, although this decrease was only approximately 10%,
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possibly reflecting cell loss due to cytotoxicity, shown in Figure 4.51. Further quantitative
measures of ROS production at earlier time points (3h and 6h) are planned to determine
whether ROS increased and declined at an earlier time interval.
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Figure 4.52 AT2 cell ROS production following 24h exposure to increasing concentration of dpCaPs formulation
corresponding to the amount of CaPs 2.5, 10, 50, 250, 500 and 1000 pg/mL. H,DCFDA probe analysis. Data are

presented as a % of the unexposed control (CTR-). **, p<0.01, N=3 subject samples, performed.

AT2 cell cytokine release following 24h exposure to dpCaPs IL-6 and IL-8 release into the
medium was determined (by ELISA assay) after 24 hours exposure to dpCaPs. There were no
significant changes in release of either cytokine compared to the untreated control (CTR-). The
highest cytokine concentration was less than 500 pg/mL for IL-6 and less than 130 pg/mL for
IL-8 (Figure 4.53), significantly less than that observed with positive LPS (~1400 and 7500
pg/mL respectively). These results show no physiologically important pro-inflammatory

stimulation of AT2 cells by the formulation up to CaP levels of 500 png/mL.
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Figure 4.53 Effect of dpCaPs on IL-6 and IL-8 release by AT2 cells. AT2 exposed for 24h to dpCaPs formulation
at increasing concentrations (10, 25, 50, 100, 250 and 500 pg/mL corresponding to the amount of CaPs within the
administered dpCaPs). Data are expressed as pg/mL conditioned medium. LPS at 10 and 1 ng/mL concentration
was used as inflammatory positive control, as indicated. **** p<0.0001. N=3 subject samples, performed in

triplicate.

149



Results and Discussions

4.6.4 Alveolar macrophages viability

Macrophage viability (MTT assay) following 24h exposure to dpCaPs Macrophages were
incubated for 24 hours at 37°C and 5% CO» with dpCaPs dry powder formulation at increasing
concentrations. Formulation was suspended in serum free RPMI-1640 culture medium prior to
application to the cells. There was no change in cell viability/metabolic activity even at the
highest concentrations, when compared to untreated cells (Figure 4.54).

These results show the same trends as those seen with AT1 cells, that dpCaPs are not toxic.

% viability

A ® S H ®
&N PSSP SS &
_@G
o+
03
[CaP] wgimi

Figure 4.54 Macrophage viability assessed by MTT assay. Cells were exposed for 24h to dpCaP (left) formulation
at increasing CaP concentrations (5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL, corresponding for dpCaPs to the
amount of CaPs within the administered dpCaPs. Data are expressed as % unexposed macrophage cell control
(CTR-). Zinc oxide (Zn Oxide) nanoparticles at 20 pg/mL concentration was used as positive control. **, p<0.01;

*A%% p<0.0001. N=3 subject samples performed in triplicate.

4.6.5 Intracellular macrophage ROS production

Intracellular ROS production was assessed in dpCaPs-exposed macrophages monolayers after
24 hours incubation at 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL CaP, as described above.

There was no significant change in ROS levels with increasing dpCaPs concentrations (Figure
4.55), compared to the unexposed control cells (CTR-). These data indicate that there is no
overt increase in oxidative stress due to dpCaPs in human alveolar macrophages, in line with

the lack of cytotoxicity.
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Figure 4.55 Macrophage ROS production following 24h exposure to increasing concentrations of dpCaPs
formulation corresponding to the amount of CaPs 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL. H,DCFDA probe

analysis. Data are presented as a % of the unexposed control (CTR-). N=3 subject samples performed in triplicate.

4.6.6 Macrophage cytokine release

Conditioned media from macrophages were collected 24 hours after exposure to dpCaPs at
increasing concentrations and assayed for IL-6 and IL-8 levels; LPS was used as pro-
inflammatory control, as described above. There was no difference in the release of either
cytokine (Figure 4.56), which was below 100 pg/mL, significantly less than the positive control
(approximately 400 and 1100 pg/mL for IL-6 and IL-8, respectively). These results again
suggest no physiologically important pro-inflammatory stimulation of human macrophages by

the dpCaPs.
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Figure 4.56 Release of IL-6 and IL-8 by macrophages exposed for 24h to dpCaPs formulation at increasing
corresponding to the amount of CaPs 5, 10, 25, 50, 100, 250, 500 and 1000 pg/mL. Data are expressed as pg/mL
conditioned medium. LPS at 10 ng/mL concentration was used as pro-inflammatory positive control, as indicated.

wEkxk p<0.0001. N=3 subject samples performed in triplicate.

In addition to above tests performed in a series human lung cell models, further

biocompatibility assays were performed in the HL-1 cardiac cell line.
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4.6.7 HL-1 cardiac cells (TT1) viability, cytotoxic and apoptotic levels

HL-1 cardiac cells were subjected to incremental doses of dpCaPs and an analysis of viability,
cytotoxicity and caspase 3/7 activity was performed. In addition, specific inhibitors of clathrin
and dynamin, which are involved in the initial processes of CaP endocytosis and invagination
from the plasma membrane®®, were also used. Confirming the above data in human lung cells,
cardiac cells largely tolerated an acute administration of dpCaPs without showing any effect in
terms of viability and sign of apoptosis and cytotoxicity up to 125 pg/mL after 24 h (Figure
4.57) and 48 h (Figure 4.58). Notably, the lower concentrations of 31.25, 62.5, and 125 pg/mL,
showing high biocompatibility.
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Figure 4.57 Correlation of viability (left), cytotoxic (middle), and apoptotic (right) levels’ in HL-1 exposed to
dpCaPs. Cells pretreated as indicated with clathrin and dynamin inhibitors and then with increasing concentrations
of dpCaPs during 24 h. Data are presented as mean =+ std.dev.; N = 9, in three independent experiments for each
experimental condition. *p < 0.05, **p < 0.01, ***p < (0.001 and ****p < 0.0001 indicate significance for each
dpCaPs dose compared with CTR using two-way ANOVA and Tukey's post hoc test. Assay was performed with
ApoTox-Glo™ Triplex Assay (Promega).
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Figure 4.58 Correlation of viability (left), cytotoxic (middle), and apoptotic (right) levels’ in HL-1 exposed to
dpCaPs. Cells pretreated as indicated with clathrin and dynamin inhibitors and then with increasing concentrations
of dpCaPs during 24 h. Data are presented as mean =+ std.dev.; N = 9, in three independent experiments for each
experimental condition. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 indicate significance for each
dpCaPs dose compared with CTR using two-way ANOVA and Tukey's post hoc test. Assay was performed with
ApoTox-Glo™ Triplex Assay (Promega).
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4.7 In vitro studies of nanoparticle uptake and translocation across TT1 cells

The nanoparticle cell uptake studies performed firstly focused on nanoparticle-alveolar
epithelial cell interactions, uptake and translocation of CaPs were then examined by TEM,
following CaP treatment of a human alveolar type 1-like epithelial cell line (TT1 cells).
Confocal microscopy was used to examine epithelial cell uptake of fluorescently labelled CaPs.
Confocal fluorescence microscopy was used to establish intracellular CaPs localization using
3D image analysis of CaP-AF647. TT1 cells were grown to high confluence and exposed to
10, 25, and 50 pg/mL CaPs concentration in serum-free RPMI-1640 medium. Cells were
washed to remove apical CaP excess then fixed with 4% paraformaldehyde. TT1 cells were
stained with fluorescent dye DAPI for the nucleus (blue) and WGA-488 dye for the lipid

component (green, cell membrane and endosomes, Figure 4.59).
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Figure 4.59 Intracellular uptake and distribution of CaP-AF647 NPs. TT1 cells were exposed to CaP-AF647 for
24 hours at 10 pg/mL and 25 pg/mL respectively. Z-stack images were taken from the top to the bottom of the
cells and are presented from left-to-right. The nucleus is blue, cell membrane is green and CaP-AF647 is pink.
Cell shrinkage occurred when TT1 cells were exposed to 25 and 50 pg/mL, compared to control (left), but this
was not so clear after exposure to 10 pg/mL. Particle agglomerates (red arrowhead) can be seen at the higher

particle exposure concentrations. Scale bar= 10 pm.

CaP-AF647 are purple against the green cell membrane staining. Cells were analyzed and 3D
Z-stack images were taken along the entire height of the sample. There was a good fluorescence
signal associated with CaPs showing some intracellular accumulation after 24h exposure. After
exposure to 10 pg/mL, confocal analysis showed the presence of few fluorescent nanoparticle

clusters within the cytoplasm of TT1 cells monolayer, confirmed from the orthogonal views of
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the Z-stack images. However, not all cells internalized CaPs. 25 and 50 pg/mL treatment
resulted in accumulation of large aggregates of CaPs (few microns) on the apical side of TT1
cell membranes and between the cells, suggesting that these aggregates were too large to be
internalized by clathrin and caveolin uptake routes, normally used by TT1 cells. Furthermore,
confocal images revealed an altered TT1 cell conformation (shrinkage/contraction) and cell
stress with no visible cell death. High level of nanoparticle aggregation, leading to TT1
structural alterations, could explain the apparent decreased uptake observed at 25 pg/mL
compared to that at 10 pg/mL. Thus, 10 pg/mL was considered the most biocompatible
concentration in terms of detectability of fluorescence intensity (FI), sufficient intracellular
CaP uptake, and lower nanoparticle external aggregation. Thus, it was selected as the maximal

concentration to use in later studies of translocation with these specific nanoparticles.

4.7.1 CaP-AF647 nanoparticles fluorescence intensity extrapolation

A standard curve to measure CaP-AF647 (Figure 4.60) nanoparticle levels was generated using
nanoparticle concentrations in serial dilution and determination of their relative fluorescence
intensity. This curve was used to estimate NP concentrations contained within the apical, basal,
and cellular compartments of the Transwell models by interpolation. RPMI-1640 medium was

used as blank.

CaP-AF647 STD curve

Fl

0 25 50 75 100 125 150
[CaP-RIS] pg/ml

Figure 4.60 CaP-AF647 standard curve. Serial dilutions of nanoparticles from 0.004 to 125 pg/mL RPMI-1640
were generated and their fluorescence intensities (FI) were measured through a fluorescence 96-well plate reader

at excitation/emission wavelengths of 580/20 and 635/20 nm.

Alveolar epithelial cell monolayers were cultured on commercial Transwell membrane inserts
for fluorescence studies with fluorophore-conjugated CaP formulations. TT1 cells were grown
on the PET membrane within the upper chamber compartment of the Transwell inserts for 2

days until full confluence, then fixed, stained and EM resin embedded. After resin
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polymerization, semi-thin transverse sections (150 nm) were cut with ultra-microtome and
stained with Toluidine blue dye to enhance the contrast before taking micrographs by light
microscopy.

Following delivery to the apical chamber (upper compartment), CaP-AF647 nanoparticle
levels were evaluated in both the lower compartment (translocated nanoparticles) and the cell-
associated compartment (cytoplasmatic and attached to the cell membrane after washing)

(Figure 4.61).
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Figure 4.61 Diagram of the commercial Transwell insert model system to determine fluorescently labelled CaP
uptake, translocation and fate at the alveolar air-liquid interface and across the model alveolar membrane.
Transwell membrane insert characteristics: 24-well plate inserts (surface area ~0.3cm2, thickness 10 pum, pore

size 0.4 um, PET transparent membrane, pore density 4 x 106).

Taking into account the cell shrinkage effect observed on TT1 after 24h of incubation with
CaPs, lower concentrations of CaP-AF647 were used. Concentration were reduced in order to
avoid possible undesired paracellular NP translocation. Therefore, 200ul of CaP-AF647 (0.1
pg/well) in serum-free RPMI medium were added to the upper compartment at the apical
surface of TT1 cells. 700 pl of serum-free RPMI medium were added to the lower
compartment. Following 6h exposure there was 10% of cell-associated nanoparticles which
rose to 15% after 24h (Figure 4.62, red bars).

Translocated nanoparticles (Figure 4.62, green bars) reached 42% after 24h of incubation;
nanoparticle translocation through naked Transwell membrane inserts were ~48% at 6h and
~70% at 24h. No cytotoxicity nor reduced viability are associated to cells during these

experiments.
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Figure 4.62 CaP-AF647 (0.5 pg/mL; 0.1 pg/well applied) uptake and translocation (6h and 24h) through
overconfluent TT1 cell monolayer. CaP-AF647 uptake/cell-associated (RED) and translocation (GREEN) are
shown, left bars represent 6 hours time point and right bars represent 24 hours incubation time point. Each

experiment was carried out in triplicate, the data are shown as the mean. Error bars represent standard deviation
(SD).

The CaPs are successfully internalized and translocate across TT1 cells, as shown further in
TEM image (Figure 4.63). A proportion of TT1 cells showed active CaP endocytosis at the cell
membrane level for small nanoparticle clusters; caveolin and clathrin coated pits were mostly
observed. Endocytosis, mostly by caveolar vesicles, was observed as internalization of small

clusters of CaPs less than 200 nm across.

W 002

Figure 4.63 TT1 cells exposed to CaP NPs. CaPs were observed as clusters at the apical surface of the cell
monolayer with a small percentage of single and small agglomerated particle. CaPs exhibit structures 5-10 nm
thick with a variable length from 30 to 100 nm. Extracellular clusters showed a variable length ranging from a
minimum of 100 nm up to few microns, resembling the morphology of the original CaPs (Figure 4.16). Blank

arrowheads indicate nanoparticle within endocytic vesicle.
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4.81n vitro cardiac functional test of Mimetic Peptide loaded dpCaPs

One of the main concerns in using CaP NPs is their potential interference with functional
properties of excitable and contractile cells, such as cardiomyocytes. To assess the efficiency
of microparticles embedding CaPs loaded with MP to deliver the active therapeutic peptide
within cardiac cells, an in vitro functional assay for the evaluation of MP-dependent effect on
enhancing/recovering the protein-protein interaction of LTCC subunits was performed on
cardiac cells.

Murine cardiac muscle cells HL-1 were grown in Claycomb medium supplemented with 10%
FBS, 1% of penicillin-streptomycin as ultraglutamine and 0.1 mM of norepinephrine in
gelatin/fibronectin precoated T75 flasks.

The treatment with different concentrations of microparticles embedding MP CaP loaded and
peptide R7W-MP, self-internalized by cardiomyocytes, used as positive control, was
performed in serum-free medium (starvation). After 24 h of treatment, the Fluo-4 Direct
Calcium Assay was assessed. HL-1 cells, were stimulated with Fluo-4Direct calcium reagent
and signals were detected one hour post-treatment.

MP as it is, is not able to internalize cardiomyocytes. As shown in Figure 4.64, positive results
were obtained. The effects were comparable to those obtained from the administration of a self-
internalizing R7W-MP?¢ that, in contrast to MP, is independent from CaP for its cell
internalization. The microparticles embedding CaP nanoparticles allow the mimetic peptide

internalization with a dose-dependent mechanism.
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Figure 4.64 MP activity measured as L-Type Calcium Channel Complex dependent Ca™ intracellular uptake.
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Notes: Basal condition is referred to HL-1 cells cultured in serum medium. Starvation is referred to HL-1 cells
cultured in serum free medium. RFU is Relative Fluorescent Intensity was assessed after administration of R7W-
MP positive control and dpCaPs at increasing concentration (from 0.08 pM to 5.2 puM) in serum free medium.
Results were analyzed using (Prism, Version 7.0a; GraphPad Software Inc., La Jolla, CA, USA). Data are

expressed as mean + st.dev (N=3).
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4.9 Therapeutic effect of Mimetic Peptide loaded dpCaPs formulation for

the treatment of cardiovascular function in mini-pigs

The main study is currently ongoing. The preliminary results of the first dose-finding study,
including some preliminary experiments on the in vitro administration of MP on muscle strips
from HFrEF minipigs are here presented.

MP inhibits the intracytoplasmic degradation of LTCCs, improves the contractility of
cardiomyocytes and thus exerts a positive inotropy. Hence, for preclinical proof-of-concept,
microparticles embedding CaPs loaded with mimetic peptide were administered in a porcine
model of heart failure with reduced ejection fraction (HFrEF). HFrEF is induced in Goettingen

mini-pigs via tachypacing, according to the protocol represented below in Figure 4.65.

pacer on CaP-MP (60yglkg MP)
pacer implantation ¢ (n=3)

Rapid ventricular pacing ]
2025 kg J (180-200 bpm)
~
weeks T T T T T T T T |
2 -1 0 1 2 3 4 5 6
Telemetricdata @ - 0 ---O----0---O--0---0 00 ---O---O---0---0---0~--0----0---0----0---0---0
echocardiography,
blood samples © OO OO0
tissue samples, °

cardiomyocyte isolation

Figure 4.65 HFrEf induced in Goettingen mini pigs via tachypacing brief protocol.

The experiments performed have shown a pronounced phenotype with a left ventricular
ejection fraction of 20-30% after 4 weeks of right ventricular tachypacing, as shown in the

following short-axis views (Figure 4.66).

EF 60% EF 20%

Figure 4.66 Echocardiography of Goettingen mini-pigs before (left) and after (right) tachypacing. EF: Ejection

Fraction.
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Before starting with the inhalation of dpCaP-MPs in the HFrEF mini-pigs, the effect of in vitro
administration of MP (specifically, the cell penetrant R7W-MP) on muscle strips (n=6) derived
from HFrEF mini-pigs after 4 weeks of pacing was assessed.

After surgical cardioplegia and heart explant, muscle strips were prepared under the
microscope. Muscle strips were mounted on the muscle-strip setup and stimulated at a rate of
1 Hz, while force development was measured over 90 minutes. While measuring force in 4
muscle stripes (2 control vs 2 treated with R7W-MP at dose of 10 uM), further muscle strips
were incubated with R7W-MP (same dose of 10 uM) 3-hours long before measurement. In
these preliminary strips, the typical force-rundown over time was observed in the control but
not in the R7W-MP group, suggesting a positive inotropic effect of R7W-MP on the HFrEF

myocardium as represented in the Figure 4.67.
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Figure 4.67 Force generation in HFTEF cardiac muscle stripes treated with either vehicle (NaCl) or

R7W-MP.

With regard to the pilot study the dose of 12 mg/kg of microparticles loaded with 60 pg/kg of
mimetic peptide through a mask for 14 days of treatment was tested in Goettingen mini-pigs
with reduced ejection fraction from 60 to 20% induced via tachypacing. The preliminary data
suggested that the treatment with microparticles improves cardiac contractility normalizing left

ventricular Ejection Fraction as well as fractional shortening (data from 2 pigs shown in Figure
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4.68). In line with these data, left ventricular dilatation as well as a surrogate of filling pressure

(E/e”) were at least partially reversed by the treatment over 2 weeks. The treatment was well

tolerated and no adverse events, including severe arrhythmias occurred. The main study

comparing heart failure pigs exposed to loaded MP dpCaPs vs dpCaPs is ongoing and it will

prove the efficacy of the treatment in the porcine model.
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CaP Nanoparticles Precipitation by a Continuous Flow Process: A DoE Approach

Abstract: Calcium phosphate nanoparticles (CaP NPs) are an efficient class of nanomaterials
mainly used for biomedical applications but also very promising in other sectors such as
cosmetics, catalysis, water remediation, and agriculture. Unfortunately, as in the case of other
nanomaterials, their wide application is hindered by the difficulty to control size, morphology,
purity and degree of particle aggregation in the translation from laboratory to industrial scale
production that is usually carried out in batch or semi-batch systems. In this regard, the use of
continuous flow synthesis can help to solve this problem, providing more homogenous
reaction conditions and highly reproducible synthesis. In this paper, we have studied with a
design of experiment approach the precipitation of citrate functionalized CaP NPs aided by
sonication using a continuous flow wet chemical precipitation, and the effect of some of the
most relevant process factors (i.e. reactant flow rate, sonication amplitude, and maturation
time) on the physico-chemical properties of the NPs were evaluated. From the statistical data
analysis, we have found that CaP NP dimensions are influenced by the reactor flow rate, while
the crystalline domain dimensions and product purity are influenced by the maturation
process. This work provides a deeper understanding of the relationships between reaction
process factors and CaP NP properties and is a relevant contribution for the scale-up

production of CaP NPs for nanomedical or other applications.

Keywords: calcium phosphate; nanoparticles; design of experiment; continuous flow

synthesis; nanomedicine
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1. Introduction

Many domains of applied science and technology, especially health, energy, and environment,
are facing an ever-growing demand for highly efficient materials. In this context, nanomaterials
have emerged as a very attractive solution, because of their unique features and properties
related to their small dimension, not shared by their bulk counterparts'. Indeed, nanomaterials
are strongly impacting very different sectors and have been recently used for varies
applications, such as diagnostic and therapeutic tools, smart fertilizers, energy storage units, or
anti-pollution devices®?.

Calcium phosphate nanoparticles (CaP NPs) are one of the most investigated ceramic
nanomaterials. Being chemically similar to the mineral phase of bone and teeth, CaP NPs have
been mainly considered for biomedical use because of their excellent biological properties®”.
One of their main applications has been in hard tissues substitution and regeneration, but
nowadays, they are also studied for drug and gene delivery, vaccination, imaging, and for the
treatment of tumors, autoimmune and even cardiovascular diseases!*'°. In addition, CaP NPs
were recently advocated as promising nanomaterials for cosmetics, catalysis, water
remediation, and agriculture!”°,

Nevertheless, like many other nanomaterials, the wide application of CaP NPs is hindered by
the low replicability and technical problems of their production process. The main challenge
lies in the translation from laboratory to industrial scale production, well exemplified by the
difficulties to control size, morphology, purity and degree of particle aggregation in order to
achieve products with consistent specifications. When it comes to the large-scale synthesis of
NPs with high-quality criteria for biomedical purposes, this challenge is even more critical as
even small differences in stoichiometry, morphology or size can dramatically affect NP
biological behavior.

Many methods have been studied to date for the large-scale production of CaP NPs, such as

mechanochemical®!, sol-gel??, chemical precipitation®®, sonochemical®*, and hydrothermal®.
Wet chemical precipitation is one of the most widely applied methods for CaP NP synthesis
due to the use of low-cost equipment and its ease of implementation?¢. However, chemical
precipitation is usually carried out in batch or semi-batch systems, which provide limited
amounts of material and require long reaction times. Moreover, batch precipitation reactions
could yield NPs with a broad size distribution®’. This is due to the rapid nucleation and growth
of particles during precipitation generated by high levels of supersaturation combined with the

low mixing efficiency of batch reactors. Indeed, insufficient mixing leads to a non-uniform
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distribution of supersaturation that produces nuclei with different size and tendency to
aggregate, thus affecting particle size distribution?®.

A possible solution to these problems is the synthesis of CaP NPs by the constant composition
method or the continuous flow precipitation. The constant composition method, developed by
Nancollas et al., has the advantage of precisely regulate the conditions of supersaturation, thus
allowing one to control the nature of precipitating solid during the whole process>’. However,
this method has the great disadvantage of not being suitable for industrial production because
it requires a very low level of supersaturation that leads to limited product yield*°. On the other
hand, the continuous flow precipitation, where reactants are continuously mixed together and
the precipitated NPs are quickly collected and removed from the reactor, can provide short
reactants residence time, homogenous reaction conditions and thereby a more reproducible
synthesis; moreover, differently from the constant composition method, it is suitable for scale
up production of CaP NP3!32, Furthermore, the use of continuous flow reactors enables an
optimal use of reactants, solvents, energy, and space, allowing the optimization of the synthesis
yield while minimizing waste®!. On the other hand, the setup of chemical precipitation by
continuous flow synthesis is more complicated than in batch, since all the process parameters
usually are interconnected. This is probably the reason why, to date, only few papers on the
continuous flow production of CaP NPs are reported in the literature. These works were
collected and analyzed in detail by Latocha et al.,*! who concluded that, although these
processes are complex and require thorough optimization, they are very promising for the
industrial production of CaP NPs for biomedical application.

All the production processes, especially the continuous flow ones, are influenced by many
parameters having a complex impact on the process output. Therefore, it is important to identify
how a single factor or a combination of factors influences the process and the chemico-physical
properties of the final material. This can be investigated from a statistical point of view thanks
to the Design of Experiment (DoE) approach, where the influence of multiple parameters can
be tested simultaneously>?.

Therefore, the main aim of this work is the study of a novel, simple and scalable synthesis of
CaP NPs by wet chemical precipitation through a continuous flow process. In particular, we
focused our efforts on the synthesis of citrate-functionalized CaP NPs, whose efficacy to
deliver therapeutic molecules to the heart was already demonstrated in other works!'®!!. A
tubular flow-through reactor is immersed in an ultrasonic bath was set, where calcium and
phosphate precursors are continuously mixed for CaP NPs precipitation. The formation of NPs

was aided by sonication because it could improve the homogenization of reagents, reduce
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particle size and polydispersity, and avoid reactor tube clogging®**°>. A DoE strategy was
carried out to rationalize the study and optimize the number of experimental variables. The
physical-chemical properties (size, surface charge, crystallinity, and composition) of the
obtained CaP NPs have been thoroughly characterized, and the DoE was used to investigate
the effect of the most relevant factors of the continuous flow process (i.e. reactants flow rate,
sonication amplitude, and maturation time) on them. In addition, the physical-chemical
properties of CaP NPs prepared by continuous flow precipitation were compared to the

properties of CaP NPs prepared by batch precipitation with the same precursor reagents.
2. Materials and Methods

2.1. Materials

Sodium citrate tribasic dihydrate (Na3(Ce¢Hs07)-:2H20, >99.0% pure, hereafter named
Naz(Cit)), sodium phosphate dibasic dihydrate (Na;HPO4+2H>O, >99.0% pure), sodium
hydroxide (NaOH, >98.0% pure), and calcium chloride dihydrate (CaCl>-2H20, >99.0% pure)
were supplied by Sigma Aldrich (St. Luis, MO, USA). All the solutions were prepared with
ultrapure water (18.2 MQ x c¢m, 25 °C, Barnstead Nanopure™, Thermo Scientific, Waltham,

MA, USA).

2.2. Description of the Continuous Flow Tube type Reactor

CaP NPs were precipitated in a continuous flow tube type reactor which was immersed in a
water bath together with a sonicator probe. A scheme of the reactor is reported in Figure 1. In
detail, the reactor was composed of three main parts: (i) two stirred reservoirs containing
calcium or phosphate precursor solutions connected to two independent peristaltic pumps, and
(i1) a Y-shaped connector placed before (iii) a tubular reactor (Static mixer, Koflo Corporation)
consisting of a spiral tube (316 stainless steel) with 4.8 mm in inner diameter and 230 mm in
length immersed in a water bath with a sonicator probe (UP400ST, Hielscher, 400 W, with
amplitude ratio 1:2.55 and diameter of 14 mm). The first two components of the reactor mix
thoroughly the reactants and pump them in the second part of the reactor, where the
precipitation aided by sonication occurs. At the outlet of the reactor, the product is collected in

a reservoir which is maintained under magnetic stirring for a defined time window.
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Peristaltic pumps Tip sonicator

Ca” solution

Tubular reactor

PO, solution _
CaP NPs suspension

Figure 1 Schematic representation of the experimental apparatus.

2.3. Calcium Phosphate Nanoparticles Preparation

The synthesis of citrate functionalized CaP NPs was carried out similarly to the
biomineralization-inspired strategy employed as discontinuous batch precipitation by Miragoli
et al. and Di Mauro et al.'®!!. Namely, it consists in the continuous mixing (1:1) at room
temperature in the tubular reactor of two aqueous solutions (2 L each) of (i) CaCl> (100 mM)
+ NazCit (400 mM) and (ii) Na,HPO4 (120 mM). The pH was adjusted to alkaline conditions
by adding 320 mL of NaOH 0.1 M in both precursor solutions in order to reach a final volume
of 2.32 L for each solution. After precipitation, the suspension was kept under stirring at room
temperature for further maturation (see below). Finally, the obtained CaP NPs suspension was
pelleted by centrifugation at 4500 RPM for 10 min (ROTOSILENTA 630 RS, Hettich GMBH,
Tuttlingen, Germany). The collected solid fraction was washed one time with an equal volume
of ultrapure water by centrifugation and redispersed again in water to the original volume. This
suspension was then sonicated for 4 min (UP400ST, Hielscher, 400W) and stored at 4 °C. For
the physico-chemical characterization of CaP NPs, an aliquot of the suspension was dried in
ventilated oven at 70 °C for 72 h, then grinded and sieved with a 50 um sieve in order to achieve
a uniform granulometry. A control experiment was performed as discontinuous batch
precipitation. In this case, the precursor solutions described above were mixed in a tank with
the aid of magnetic stirring. After mixing, the suspension was kept under stirring at room
temperature for 24 h. Finally, the obtained CaP NPs suspension was washed by centrifugation

and stored as described above.
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2.4. Design of Experiment

In the present study, the DoE approach was used to optimize the production and to study the
influence of selected process factors on CaP NPs’ physico-chemical properties. The DoE was
conducted through a 23 full factorial design (3 factors with 2 levels each) that leads to eight
different test runs, which were analyzed in triplicate. The selected process factors and levels
were (i) the pump speed, hence the solution flow rate and thus the permanence time in the
tubular reactor (FR, 0.7 and 2.8 mL s !); (ii) the power output of the probe sonicator, expressed
as sonication amplitude (SA, 20 and 100%); and (iii) the maturation time of CaP NPs after
synthesis (MT, 0 and 24 h). The levels of each factor and the description of each run of the
DoE study are reported in Table 1. The CaP NPs’ physico-chemical properties that were studied
were the hydrodynamic diameter, size polydispersity, surface charge, crystallinity, crystalline
domain size, Ca/P ratio, and yield of the CaP NPs. The values of each physico-chemical
property (dependent variables) were analyzed using regression analysis in order to evaluate the
influence of the process factors (independent variables). After a first regression analysis, the
contribution of each process factor on the physico-chemical properties was calculated, and
these results are reported in the Supplementary Materials. In the case that a two-factors
combination had a very low incidence (<5%), it was excluded, and a new regression analysis
on the remaining factors was performed. The effect of each factor was tested at the confidence
limit of 95% (that corresponds to a p-value of 0.05). The factors having p < 0.05 were
considered as “statistically significant”. The standardized effect (which is the estimated effect
divided by the standard error) of each factor for each dependent variable was reported as a
Pareto chart graph. In all the Pareto charts reported below, the length of bars is proportional to
the standardized effect of a factor, and a factor was considered as “statistically significant” if
its bar exceeded the threshold of p = 0.05, indicated by a horizontal line. In addition, the plot
of marginal means was also reported in order to graphically show the relationships between

dependent and independent variables.

169



CaP Nanoparticles Precipitation by a Continuous Flow Process: A DoE Approach

Table 1 Levels of factors and 2* experimental design matrix applied for the synthesis of calcium phosphate

nanoparticles (CaP NPs).

Level Sonication Amplitude (SA, %) Flow Rate (FR, mL s™!) Maturation Time (MT, h)
Level -1 20 0.7 0
Level +1 100 2.8 24

Sample code Design

Run 1 +1 +1 +1

Run 2 +1 +1 -1

Run 3 +1 -1 +1

Run 4 +1 -1 -1

Run 5 -1 +1 +1

Run 6 -1 +1 -1

Run 7 -1 -1 +1

Run 8 -1 -1 -1

2.5. Chemical, Morphological and Structural Characterization of the Samples

Powder X-ray diffraction (PXRD) patterns were recorded in the 20 range from 10 to 80° with
a step size (20) of 0.02 and a counting time of 1s with a D8 Advance diffractometer (Bruker,
Karlsruhe, Germany) equipped with a Lynx-eye position sensitive detector using Cu Ka
radiation (A = 1.54178 A) generated at 40 kV and 40 mA.

PXRD analysis was performed with the software TOPAS5%. In the case of the samples
obtained through runs 1, 3, 5, and 7, a multiphase Rietveld refinement of the PXRD patterns
was performed. The relative contents of hydroxyapatite, sodium citrate tribasic dihydrate, and
halite were refined considering a three-phase system and using tabulated atomic coordinates®”
3%, For all the Rietveld refinements, anisotropic peak-broadening effects due to the anisotropic
crystal shape were modeled using symmetrized spherical harmonics, while the pattern’s
background was modeled as 11" order Chebychev function.

The average sizes of crystalline domains along the hydroxyapatite axis directions Do2) and
Da10y were calculated with the software TOPASS as full-profile peak broadening evaluation,
using the peak function of fundamental parameters. The instrumental contribution to peak
broadening was evaluated by collecting the PXRD pattern of a LaB¢ standard sample.

Ca and P content was quantified by inductively coupled plasma optical emission spectrometer
(ICP-OES) (ICAP 7400 DUO, Thermo Fisher Scientific Inc., Waltham, MA, USA). Atomic
emission was measured at the following wavelengths: 422.673 nm for Ca, and 213.618 nm for

P. Samples were prepared by dissolving an aliquot of powder in a 1 wt. % HNO3 solution.
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Fourier transform infrared (FT-IR) spectroscopy analyses were carried out on a Nicolet iN10
microscope with Nicolet iZ™10 FT-IR module (Thermo Fisher Scientific Inc., Waltham, MA,
USA) with a resolution of 0.482 cm™! by accumulation of 64 scans, using the KBr pellet
method.

Dynamic light scattering (DLS) was used to determine hydrodynamic diameter and
polydispersity index of the samples. NP size was measured with a Zetasizer Nano ZSP analyzer
(Malvern, UK). DLS measurements were performed with backscatter detection (A = 630 nm; 6
= 173°) using as working parameters hydroxyapatite refractive index (1.63) for the CaP NPs,
and water refractive index (1.33) and viscosity (0.887 cP) for the solvent. Measurements were
performed at sample concentration of 0.5 mg/mL at unadjusted pH. Results were reported as
Z-average and relative polydispersity indexes of three measurements of at least 10 runs for 10
s at 25 °C.

Electrophoretic mobility measurement ({-potential) was used to evaluate the surface charge of
the CaP NPs at unadjusted pH using disposable folded capillary cells (DTS1061; Malvern, UK)
at 25 °C. Three measurements (maximum of 100 runs each) were collected for each sample.
Transmission electron microscopy (TEM) was used to observe CaP NPs morphology.
Micrographs were acquired with a Tecnai F20 microscope (Fei Corp., Hillsboro, OR, USA)
operating at 120 kV. The powder samples were dispersed in ultrapure water by sonication, and
then a few droplets of the slurry were deposited and dried on 200 mesh copper TEM grids were
covered with thin amorphous carbon films. CaP NPs morphology analysis was performed with
software ImageJ*. All the characterizations were performed in triplicate, and data were

expressed as mean values + standard deviation (SD) of independent analyses (n=3).
3. Results and Discussions

3.1. Crystallographic Features and Product Purity

PXRD patterns of the obtained powders are reported in Figure 2. All samples show the typical
diffraction pattern of hydroxyapatite (HA, Cas(PO4);OH, PDF card file 00-009-0432) as the
main crystalline phase*!. For all the runs, the diffraction peaks are broad and poorly defined,
suggesting that CaP NPs are composed of HA crystals with reduced crystalline order and nano-
sized crystalline domains*>. The PXRD patterns of odd-numbered runs (Figure 2A) present
additional peaks that were ascribed to the presence of minor crystalline phases that conversely
are not present in even-numbered runs (Figure 2B). These secondary phases were indexed as

sodium citrate tribasic dihydrate (Na3(CsHs0O7)-2H2O, abbreviated as Na3(Cit), PDF card file
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00-016-1170, marked with circles in Figure 2A) and halite (NaCl, PDF card file 00-005-0628,
marked with squares in Figure 2A). Phase quantification was performed by multiphase Rietveld
refinement (Table 2). Odd- and even- numbered runs differ for the MT factor, where the
formers are (+1) MT level and the latter are (—1), respectively. The presence of secondary
crystalline phases in the runs with (+1) MT level is probably due to a ripening effect in the
final suspension, consisting of the dissolution and re-precipitation of CaP NPs together with
halite and Na3(Cit) during maturation. Interestingly, the highest content of impurities seems to
be associated to high-level of FR. The presence of Nas3(Cit) and its increase with lower
residence time were previously reported by Torrent-Burgués et al. for HA synthesized with
similar precursors concentration and with a continuous process*. It is likely that the amount of
water used in the washing step, that was minimized in order to avoid product losses, was not
sufficient to remove these secondary products. As shown below, a high FR reduces particle
size and increases particle number, thus, it is likely that in high FR runs, there is a higher

number of particles where secondary phases can nucleate.
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Figure 2. Powder X-ray diffraction (PXRD) patterns of the CaP NPs samples. (A) Odd-numbered runs and

(B) even-numbered runs.
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Table 2. Composition and crystallographic parameters of CaP NPs samples.

Sample Code Composition (wt. %) D@ozy (nm)  Dg@ioy(nm)  Do2)/D10) Splitting Factor *
HA Naj3(Cit) Halite
Run 1 64805 343+£05 09+0.1 385+1.9 7.2+0.9 53+04 42+0.1
Run 2 100+ 0.1 - - 226+1.1 6.1+£0.7 3.7+05 42+0.1
Run 3 87.6+0.7 11.9+07 05+01 303+1.5 6.1+£0.8 5.0+£0.6 43+0.1
Run 4 100+ 0.1 - - 242+ 1.2 5.7+0.7 42+04 42+0.1
Run 5 699+04 293+£04 09+0.1 343+ 1.7 6.1+0.6 5.6+0.6 4.6+0.1
Run 6 100+ 0.1 - - 226+1.2 55+05 41+03 43+0.1
Run 7 90.2+0.7 9.5+0.7 0.4+0.1 322+1.6 5.0+0.6 6.4+0.5 42+0.1
Run 8 100+ 0.1 - - 23.8+1.2 6.1+0.7 39+0.3 44+0.1
Batch 100+ 0.1 - - 240+1.1 7.1+0.5 34+£04 3.5+0.1

# Calculated from FT-IR spectra: the measure consists on sum of the heights of the stretching of
phosphates peaks at 603 and 560 cm ! and divided by the height of the valley between them at ca. 588

cm'; all heights were measured above a baseline drawn from approximately 780495 cm™ ',
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The dimensions of HA crystalline domains were estimated along the [00/] and [/#k0] directions
by evaluation of the broadening of the non-overlapped (002) and (310) PXRD peaks, and are
reported in Table 2 together with the aspect ratio of the crystalline domains, estimated as the
D02)/D10) ratio. For all the samples, the D(oo2) values (ranging from 23 to 39 nm) are higher
than the corresponding D10y values (ranging from 5 to 7.2 nm), indicating that all the
crystalline domains are elongated along the c-axis, as also shown by the high aspect ratios. The
presence of elongated crystalline domains was already reported in literature for HA synthesized
in the presence of citrate in discontinuous batch conditions*.

The ranking of all standardized effects of process factors and the possible cross effects for all
responses on the crystallographic parameters are shown on the Pareto charts together with their
cumulative relative incidence in Figure S1. According to the relative Pareto chart (Figure S1A),
the combination of factors SA-MT has a very low incidence (<5%) on the crystallographic
parameter D(o2), and therefore was excluded from the regression analysis. A new regression
analysis was applied without the SA-MT combination, and the ranking of standardized effects
of the relevant factors on D2 is shown on the Pareto charts in Figure 3A. The bars above the
horizontal line indicate that the corresponding effects are statistically significant at p = 0.05.
MT was found to be the only factor to be statistically significant on D(o2) (p-value = 0.013).
The plot of marginal means for D(oo2) (Figure 3B) shows that an increase in MT corresponds to
an increase in the crystalline domain along the c-axis. On the other hand, the Pareto charts on
the crystallographic parameter D10y (Figures S1B and 3C) showed that all the factors were
statistically unrelated to it (all p-values > 0.05), even if none of them could be excluded from
the regression analysis. This finding suggests that the crystalline domains of HA nanoparticles
increase significantly with MT along the c-axis but not along the a- and b-axes. This is also
evident from the regression analysis applied to the aspect ratio D02)/D@310), where, according
to the Pareto chart of all standardized effects of factors (Figure S1C), the combination of FR—
MT factors has not been considered due to its low incidence (<5%). The regression analysis
applied without the FR-MT combination (Figure 3E) shows that only MT is statistically
significant (p-value = 0.011). Furthermore, in this case, the plot of marginal means for
D02)/D@10) (Figure 3F) shows that an increase in MT induces an expansion of the crystalline
domain aspect ratio. Overall, these data indicate that CaP NPs crystalline domain dimensions
are regulated by MT, and, particularly, an increase in MT leads to an increase in the crystalline

domain length and aspect ratio.
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Figure 3 (A,C,E) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D,F)
plot of marginal means for (A,B) the Do) crystalline domain, (C,D) the D10y crystalline domain, and the
(E,F) D(0o2y/ D10y ratio.

These results were compared to the crystallographic features of CaP NPs prepared by
discontinuous batch precipitation (Figure S2 and Table 2). It can be observed that batch CaP
NPs do not present secondary crystalline phases. The size of crystalline domains of batch CaP
NPs are similar to the samples prepared with the continuous flow precipitation at lower

maturation time (even-numbered runs). This indicates that the continuous flow process
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shortens the growth time of crystals, since with ca. 40 min of continuous flow precipitation,
the crystalline domain sizes were comparable to those obtained after 24 h of maturation in

batch.

3.2. Ca/P Ratio and Yield

The Ca/P molar ratio is a feature for CaP-based materials that is commonly used to evaluate
composition and stoichiometry of the product****. Ca/P molar ratios of the eight runs are
reported in Table 3 and are comprised between 1.48 and 1.59. The Ca/P values are lower than
the stoichiometric value of HA (i.e. 1.67), indicating that all the samples are Ca-deficient,
having Ca/P molar ratios close to biogenic apatite (1.5), which could enhance their biomimetic
character®®. A Ca/P value close to 1.5 is common for CaP NPs precipitated in presence of
citrate*?, and similar values were observed for NPs both precipitated in discontinuous batch

conditions and with continuous processes™*.

Table 3 Ca/P molar ratio of CaP NPs samples.

Sample Code Ca/P Yield (g L) Corrected Yield (g L™)
Run 1 1.50 £0.01 38+04 25+03
Run 2 1.53+0.01 2.6+0.3 2.6+0.3
Run 3 1.52£0.01 34+£04 3.0+£03
Run 4 1.52+0.01 2.6+0.3 2.6+0.3
Run 5 1.49 £0.01 35+02 2.5+0.2
Run 6 1.54+0.01 2.8+0.3 2.8+0.3
Run 7 1.51+0.01 34+03 3.1+£03
Run 8 1.59 +£0.01 29+03 29+0.3
Batch 1.50 £ 0.01 1.6+£0.2 1.6+£0.2

Figure 4A-B shows the Pareto charts and plots of marginal means for the Ca/P ratios resulting
from the statistical analysis. According to the Pareto chart of all standardized effects (Figure
S3A), the combination of factors FR-MT has not been considered due to its low incidence. The
regression analysis without FR-MT combination (Figure 4A) indicates that no factor has a
significant effect on the Ca/P ratio, as also shown by the plot of marginal means (Figure 4B).
In addition, also the CaP NPs prepared by discontinuous batch precipitation have a similar Ca/P
ratio to those prepared by continuous flow precipitation. It is likely that the Ca/P ratio is
dependent only to the stoichiometric ratios and concentration of the precursor reagents, as was

reported in other works*’#.
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Figure 4 (A,C) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D) plot
of marginal means for (A,B) Ca/P ratio and (C,D) yield.

Of fundamental importance for the industrial development of CaP NPs is the process yield.
Commonly, CaP NPs precipitation process is far from being a quantitative reaction, and in the
presence of growth inhibitors like citrate, the yield is even lower due to the effect of calcium
chelation. For this reason, it is essential to find the best compromise between the NPs properties
and process yield. The production yields for the eight runs are reported in Table 3, and are
comprised between 2.6 and 3.8 g L!. Taking into account that odd-numbered runs contains
impurities, the yields were corrected on the basis of HA content estimated from the phase
quantification by PXRD Rietveld refinement. Indeed, a main result of the flow-process is the
ca. two-fold increase in yield in comparison to discontinuous batch precipitation process (1.6
g L™1). The increase in yield is due to the highly efficient mixing of precursors in the continuous
flow process that improves the consumption of reactants and precipitation of particles**°.
However, according to the Pareto charts, reported in Figure 4C and Figure S3B, none of the

factors has a statistically significant influence on the syntheses yield. In addition, from the plot

of marginal means that no clear trend was observed between corrected yield and all the factors.
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3.3. Structural Characterization

The FT-IR spectra of the samples are reported in Figure 5 and S4; all samples display the
same bands. The main band is a broad band at ca. 1030 cm™! with shoulders at ca. 1046 and ca.
1075 cm™!, and it corresponds to v3PO4 vibration, which is the triply degenerated antisymmetric
stretching mode of the apatitic phosphate groups. The other main bands are also due to the
vibration of apatitic phosphate groups, which are at ca. 961 cm ™! (viPOs, symmetric stretching)
and at 603, 574 (as a shoulder) and 564 cm™! (v4POu, triply degenerated bending). All the runs
present the bands associated to the vibrational and stretching mode of hydroxyl ions at 632 and
3570 cm™!, respectively”!, confirming the presence of OH™ groups in the crystal lattice and thus
the HA phase assignment. In the 1650-1350 cm™! range, the signals of antisymmetric and
symmetric stretching modes of carboxylate group (asym and sym vswet OCO, respectively) are
present, together with a band due to adsorbed water (ca. 1640 cm™!). The vsiet OCO bands were
assigned to the presence of citrate ions, since carbonate ions were not detected in the samples,
as evinced by the absence of vCOs carbonate band at ca. 870 cm™!. The relative intensity of
citrate bands is higher in odd-numbered runs (Figure 5A) than in even-numbered ones (Figure
5B), suggesting a higher citrate content due to the presence of Naz(Cit), as shown by PXRD.
This is also confirmed by the presence of a small band at 840 cm™! only in odd-numbered runs
that was attributed to the signal of bending modes of carboxylate group (voen OCO) typical of
Naj3(Cit) crystals®. Apart from the differences in relative intensity of citrate bands, all samples
have similar band positions and intensities. A FT-IR spectrum similar to the ones of odd-

numbered runs was obtained for the discontinuous batch precipitation sample (Figure S2).
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Figure 5 FT-IR spectra of the samples in the 1800—400 cm™ region. (A) Odd-numbered runs and (B) even-

numbered runs.
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The FT-IR spectra were used to quantitatively evaluate the crystallinity of the products by
means of the splitting factor (SF) (Table 2), a well-reported index for the evaluation of
crystallinity degree of CaP-based materials®. All the samples have a SF between 4.2 and 4.6,
suggesting that the crystallinity is comparable among the tested conditions. The SFs of the
samples prepared by continuous flow precipitation are higher than that of CaP NPs synthesized
through discontinuous batch precipitation (3.5), indicating that the flow-through precipitation
aided by sonication improved particle crystallinity. From the Pareto charts on SF, reported in
Figure S5, it is evident that the SA-MT combination can be excluded due to low incidence.
The regression analysis without the SA—-MT combination (Figure 6A) shows that no factor has
a statistically significant influence on the SF. The plot of marginal means (Figure 6B) shows

that a slightly higher SF value can be achieved with a lower SA.

A p=0.05 3_ B

481

A H

Standardized effect
Splitting factor

' 1 s 1 L 1 . L '
SA FR-MT SA-FR FR MT + - + - + - + - + - + -
Factors SA FR MT SA-FR SA-MT FR-MT

Figure 6 (A) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B) plot of

marginal means for the splitting factor.

3.4. Hydrodynamic Diameter, Pdl, and {-Potential

CaP NPs dimensions, polydispersity, and surface charge are properties that are closely related
to the biological behavior of the samples and affect essential processes such as cell and tissue
penetration, translocation, cell compatibility, and protein binding. The hydrodynamic diameter
(expressed as Z-average), the maximal particle size (expressed as Dy(90), which is the diameter
which encompasses the 90% in volume of the particles), the polydispersity index (PdI) and the
{-potential of the samples are reported in Table 4. The obtained NPs have hydrodynamic
diameters ranging from 60 to 140 nm (corresponding to a D(90) ranging from 60 to 400 nm)
with a relatively low PdI (from 0.25 to 0.5), and have a strongly negative surface charge in the

range between —23 and —34 mV. Figures 7 and S6 shows the Pareto charts and plots of marginal
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means for size and surface charge values resulting from the statistical analysis. According to
the Pareto chart of all the standardized effects on Z-average (Figure S6A), the SA-MT
combination factor has a low incidence and was excluded. The regression analysis without the
SA-MT combination (Figure 7A) shows that NPs’ hydrodynamic diameter is significantly
dependent on FR (p = 0.003). Plots of marginal means (Figure 7B) show that size is notably
lower with higher FR. The results suggest that a high FR, and thus the increase in pressure, led
to the formation of a turbulent flow in the reactor, improving reactant mixing and nucleation
and reducing particle aggregation. Dy(90), being another expression of particle size, has the
same Pareto charts and plots of marginal means of Z-average, and for sake of simplicity, was
omitted. Even the PdI is significantly influenced only by FR (p = 0.011); according to the
relative Pareto chart (Figure 7C), the two are inversely proportional (high FRs correspond to
lower PdI) as shown by the plot of marginal means (Figure 7D). For PdI, the FR-MT
combination factor was excluded before regression analysis due to its low incidence (Figure
S6B). The results indicate that both NPs dimension and polydispersity are inversely
proportional to flow rate through the reactor. The particle size reduction and homogenization
by higher flow rates were previously reported in other works on HA NPs produced by
continuous flow processes. In these works, it was found that high flow rates and low residence
times (i) improved the mixing of precursor solutions, (ii) increased nucleation and decreased
particle size, and (iii) decreased particle aggregation after nucleation®'*>>%, Indeed, the Z-
average and PdI values of run 1 and run 5 samples (i.e. prepared at higher FR with 24h of MT)
are lower than those of CaP NPs prepared in batch conditions (24h of maturation). From Pareto
charts on {-potential values, reported in Figure S6C, both SA-MT and FR-MT combination
factors can be excluded due to low incidence. The regression analysis without these factors
(Figure 7E) shows that no factor has a statistically significant influence on the surface charge.
In our previous works, we have demonstrated that the negative surface charge of NPs is due to
the presence of citrate ions on their surface!®!!. CaP NPs prepared by discontinuous batch
precipitation have a slightly lower (-potential value (—19 mV) than those prepared by

continuous flow.
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Table 4 Dynamic light scattering (DLS) and electrophoretic mobility analysis of CaP NPs samples.

CaP Nanoparticles Precipitation by a Continuous Flow Process: A DoE Approach

Sample Code Z-Average(nm) Dv(90) (nm) Pdl {-Potential
Run 1 62+2 61+3 0.28+0.04 —-23.3+4.6
Run 2 74 +4 70 +£8 0.25+0.01 —-28.6+0.7
Run 3 140 £ 12 398+ 130  0.50+£0.02 —33.6+2.3
Run 4 126+ 5 336 £ 151 042+0.01 -245+13
Run 5 61 +4 62+4 0.27+0.05 —-31.3+4.7
Run 6 91 +8 97 +£27 0.25+0.01 -31.3+2.7
Run 7 124 £12 175+ 78 0.39+0.02 -33.6*+0.5
Run 8 135+£36 151 + 68 042+0.01 -32.6+14
Batch 87+1 90+9 041+0.01 -19.1+2.1
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Figure 7 (A,C,E) Pareto chart of relevant standardized effects at the confidence limit of 95% and (B,D,F)
plot of marginal means for (A,B) Z-average, (C,D) Pdl, and (E,F) {-potential.
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3.5. Influence of the Process Factors on CaP NPs’ Physico-Chemical Properties

On the basis of the statistical data analysis, the significance of the factors on the CaP NPs’
physico-chemical properties is reported in Table 5. Overall, the crystalline domain size and the
crystalline domain aspect ratio are dependent on the MT factor. In particular, the higher
maturation time induces the growth of the crystalline domains along the crystallographic c-
axis, thus increasing the crystalline domain aspect ratio. Moreover, the same leads to the
formation of Na3(Cit) and halite secondary phases in the solid samples. It is important to remark
that Na3(Cit) and halite are water soluble phases that can be easily removed from the solid

product, improving the washing steps.

Table 5 Summary of process factors and their significance on CaP NPs’ physico-chemical properties. The
arrows indicate whether an increase in the factor leads to an increase (1) or a decrease (|) in the physico-

chemical properties.

Factors Response Parameter
D(002) D@310) D(002)/D(310) Ca/P Yield Splitting Factor Z-Average Pdl (-Potential
SA - - - - - - -
FR - - - - - - () (€3]

MT M - M - - - -
SA-FR - - - - - - -

SA-MT - - - - - - -
FR-MT - - - - - - -

On the other hand, all particle size parameters (Z-average, Dy(90), and PdI) are controlled by
FR, where higher flow rates—hence, higher pressure and more efficient mixing—Ilead to NPs
with significantly smaller size due to higher nucleation, limited particle growth and lower
aggregation. Finally, some CaP NPs properties (D310), SF, Ca/P molar ratio, yield, -potential)
were not related to the herein studied process parameters. Additional DoE investigations will
be carried out in the future to study the influence of reagents concentration and other synthesis

parameters on the production of CaP NPs.

3.6. Morphological Investigation

In order to select the most suitable samples for a potential scale-up production, the following
selection criteria were used, in decreasing order of relevance: (i) smallest hydrodynamic
diameter, (i1) lowest PdlI, (ii1) highest {-potential, (iv) lowest content of impurities, (v) highest

yield. According to these criteria, samples from run 2 and run 5 were selected as the most
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interesting of the even- and odd-numbered runs, respectively, thus, they were analyzed by
TEM. TEM micrographs (Figure 8) show that the two samples have similar morphology and
are constituted by thin, needle-like nanoparticles. This morphology was previously observed

42,55 where it was proved that HA

for HA nanoparticles grown in the presence of citrate
nanocrystals have an anisotropic growth along the crystallographic c-axis and form platy,
needle-like particles. Both run 5 and run 2 samples are constituted by NPs ca. 50 nm long and
ca. 10 nm wide. No significant differences were observed between the two samples, meaning
that MT has not influenced the morphology of the nanoparticles, as was indicated by DoE

statistical data analysis.

Figure 8 TEM micrograph of (A) run 5 and (B) run 2 samples.

4. Conclusions

The present work is among the first reports on the systematic evaluation by DoE of some of
the most relevant process factors, i.e. maturation time, flow rate and sonication amplitude, on
the production of CaP NPs obtained by continuous flow wet chemical precipitation aided by
sonication. CaP NPs obtained by each of the tested runs were proven to be composed of poorly
crystalline HA nanoparticles with small size and a high negative surface charge, associated, in
some cases, with halite and Na3(Cit) impurities. Through the statistical DoE data analysis, it
was found that CaP NPs’ dimensions are influenced mainly by reactor flow-through rate, while
crystalline domain dimensions and crystalline domain anisotropy are influenced by the post-
synthesis maturation process. It was also found that sonication amplitude does not have a
statistically significant influence on any physico-chemical property in the tested conditions,
and the NPs’ stoichiometry, crystallinity, yield, and surface charge are not influenced by the

analyzed process factors. In addition, it was shown that the continuous flow process in
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comparison to batch precipitation allows one to achieve generally higher yields and shorter
production times, and, in some cases, smaller and more homogenous CaP NPs.

The study here reported gives a proof of concept for the production of CaP NPs with suitable
characteristics for nanomedical applications by a continuous precipitation process with larger
yields in comparison to discontinuous batch reactions. The best conditions for achieving low
CaP NPs size and polydispersity, and at the same time high purity, yield and surface charge,
have been individuated and will be used as basis for further DoE experiments. The present
work provides a deeper understanding of the relationships between reaction process factors and
CaP NPs properties, and at the same time is a relevant contribution to the development of a
cost-effective scalable process for the continuous production of CaP NPs for nanomedical or

even other applications.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/sl,
Figure S1: Pareto chart of all standardized effects and their cumulative relative incidence for
(A) the D2y crystalline domain, (B) the D@10 crystalline domain, and (C) the D0o02)/D10)
ratio. Figure S2. (A) PXRD pattern and (B) FT-IR spectrum in the 4000—400 cm ™! region of
the batch CaP NPs. Figure S3: Pareto chart of all standardized effects and their cumulative
relative incidence for (A) the Ca/P ratio and (B) yield. Figure S4. FT-IR spectra of the samples
in the 4000400 cm ! region. (A) Odd-numbered runs and (B) even-numbered runs. Figure S5:
Pareto chart of all standardized effects and their cumulative relative incidence for the splitting
factor. Figure S6: Pareto chart of all standardized effects and their cumulative relative

incidence for (A) Z-average, (B) Pdl, and (C) {-potential.
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6 Conclusions

In the specific framework of the cardiovascular disease treatment, this work addresses the novel
objective of exploiting the lung as administration route to target the heart. The product studied
in this thesis was a nanomedicine to be inhaled for heart disease treatment. A mimetic peptide
(MP) or miRNA have been loaded in calcium phosphate nanoparticles to target heart failure.
The problems and the drawbacks of the prior art concerning the aerosol products containing
nanoparticles have been overcome by creating a powder aerosol made by microparticles
embedding the nanoparticles. The composite microparticles have been constructed by spray
drying a mannitol water solution in which calcium phosphate nanoparticles loaded with
therapeutic active substances have been dispersed. In an in vivo experiment, the composition
and structure of spray dried microparticle successfully targeted the heart via their aerosol
deposition in deep lung.

The therapy sequence proceeds with the formation of a powder aerosol by means of a dry
powder inhaler, then, the microparticles are deposited in lung alveoli where the release of drug
loaded nanoparticle takes place by microparticle dissolution. The restored nanoparticles
translocate to the pulmonary veins blood and directly reach the heart. Here, CaP nanoparticles
are internalized in cardiomyocytes where MP acts on the CayB2 subunit of the L-type calcium
channel (LTCC) and miR-133 controls many components of the Bl adrenergic receptor
transduction cascade, both drugs improving cardiac contractility.

The spray drying to transform the nanoparticle’s droplet in dry microparticles was the crucial
beginning of the nanomedicine preparation. For this nanomedicine pharmacology, physic-
chemistry drug delivery and product manufacturing at industrial level have been successfully
combined.

The first step of the CaP nanomedicine preparation was the selection of the carrier to allow the
nanoparticles to be deposited in the deep lung. The use of the mannitol was selected essentially
because it was already used as drug for inhalation. This carrier usually provides spherical
smooth particles but used with CaPs microparticle rough surface were always obtained
indicating an accumulation of nanoparticles at the surface during drying. The structure of these
spray dried microparticles depends on the rate of solvent evaporation and on the carrier
molecules’ and nanoparticles’ diffusion rate in the drying droplet. In fact, during drying, the
volume reduction of the droplet accumulates the carrier molecules and nanoparticles at the

surface, giving rise to a concentration gradient. Consequently, a mass transport process from
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droplet surface to center takes place. It has been found that when the nanoparticles of calcium
phosphate are unloaded, the spherical microparticles result empty inside. In fact, the diametral
section of microparticle exhibited a central void. This is an important discovery since the spray
dried mannitol microparticles in general collapse when a void space is formed internally.

The aerosols of microparticles having the rough surface and an internal void, possess a
favorable respirability. It was found that these original structures depend on the solution
composition, i.e. the amount of nanoparticle in the dispersion, the ratio between nanoparticles
and carrier and spray drying parameter.

As revealed by a dedicated Design of Experiment study concerning the composition of the
water dispersion/solution to spray dry, the ratio of calcium phosphate nanoparticles’ content
versus mannitol is critical for particle shape and consequently, respirability. It was found that
CaPs nanoparticle embedded in mannitol microparticles at composition ratio 1:4 resists to
collapse on the internal void and do not form the typical wrinkled raisin like structures. These
microparticles perform well for the respirability and restoration of original nanoparticle size.
On the contrary, decreasing the ratio between nanoparticles and carrier to 1:0.07, the
microparticles assume a donut shape that assigns a still effective respirability, but slightly
difficult restoration. Thus, ratio CaPs: mannitol has been fixed to 1:4.

The most important discovery of this thesis, object of a patent filing, was that, when the
mimetic peptide or micro-RNA substances are loaded in the nanoparticles, the presence of
these macromolecular substances determines a reorganization of the internal structure of dry
microparticle. No more central void appeared but an even distribution of small voids inside
microparticles was observed. Since both density and shape effects contribute to the
aerodynamic properties, these novel microparticles embedding peptide and micro-RNA loaded
CaP nanoparticles demonstrated an important deep lung or alveolar deposition. In fact, a high
fraction of extra-fine particles (>50%) were revealed by in vitro aerodynamic assessment
performed using the dedicated novel Nemera prototype device. In addition, following the
microparticle dissolution, the released nanoparticles recovered their primary size and surface
charge. Finally, the mannitol played a key role to disaggregate the dpCaPs, in particular when
loaded with micro-RNA calcium phosphate nanoparticles.

The last part of the development work was dedicated to the industrial feasibility of this
nanomedicine. CaPs loaded nanoparticles and microparticles were successfully produced at
pilot scale. The tangential flow filtration will be tested to improve the efficiency of NPs

purification. The improvement of scaled microparticles will aim to reduce peptide loss during
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spray drying process. The industrial powder resulted stable at room temperature, both stored in
capsules or glass vial, preserving the aerodynamic properties.

The final part of the research was dedicated to the in vitro evaluation of dpCaPs toxicity for
human lung alveolar epithelial cells and macrophages and not induction of cytokine release.
The microparticles embedding MP loaded CaPs nanoparticle in vitro tested in murine cardiac
cells HL-1 allowed the peptide internalization in the myocytes increasing the intracellular
calcium level with a dose dependent mechanism.

Finally, the most important result reached until now is that the dry powder formulation
administered by inhalation in vivo to induced heart diseased mini pig was able to restore the
normal heart contractility in all the animal tested, differently from a placebo powder.

Other diseases such as lung pathologies or vaccines can be targeted by the engineered
composite microparticles. For example, lung cancer using drugs, as zoledronic acid or
doxycycline or vincristine loaded on the calcium phosphate nanoparticles, can be efficiently
inhaled in the described microparticles. Vaccines based on peptides or micro-RNAs substances

can be efficiently prepared for inhalation.
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