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Introduction

Over the past decade, advancemenits gilico drug discovery methods, such as high
throughput screening approachase.( artificial intelligence, machine learning),
computational and combinatorial chemistry, genomécsl proteomics approaches
have led to a sharp rise in the identification of new chemical entities (NCB%)

These are often considered interesting drug candidates by modelling scientists because
of their peculiar features, including strong affinity for target receptors and superior
pharmacological activity

Most of NCEs are either designed for or would significantly benefit from oral
admi ni stration, whi ch IS preferable for
comparatively lower manufacturing and administration costs. As a further
confirmation, oral productare those with the greatest number of shares in the current
pharmaceutical market, which makes the development of novel orally administered
dosage forms containing NCEs an interesting and modes&atsource of revenue for
pharmaceutical companies. Inde@pon oral intake, the main limiting step for drug
absorption and thus for achieving effective concentrations in the bloodstream, aside
from permeability, is represented by its rate of dissolution in the gastrointestinal (GI)
fluids [4, 5].

Many NCEs exhibit physicochemical properties that include significant solubility
limitations. Indeed, the molecule optimization process has guided the selection of
candidates having high potency and selectivity towards their biological target, which
could result in a high molecular weight, stable crystal lattice implying some degree of
hydrophobidiy (i.e., high logP), making them poorly wateoluble compounds. These
aspects could even hinder researchers from pursuing further development steps, as
relevantfinished products could hardly reach the pharmaceutical market. Despite their
promising pharmacological profiles and potential therapeutic benefits, approximately
40% of NCEs have been discontinued during either early or late development stages
due to the poor aqueous solubility and resulting low bioavailability 6, 7]

Within this framework, different enabling strategies have been pursued to address the
abovementioned solubility and bioavailability issues. The more conventional
approaches for instance involved: salt formation, use «fobegent and surfactants,
creation of prodrugs, complexation with cyclodextrins, -coystallization,

manufacturing of amorphous solid dispersion, formulation into emulsions and
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microemulsions. Although these approaches have achieved moderate success,
emphasized the rising interest towards the identification of innovative and more
efficient solutions that can be in principle applied to the majority of NGHES].

A significant step forward in this respect has been the increasing awareness of the
benefits associated with the application of nanotechnebeged formulation
strategies to poorly soluble druf6-19]. Indeed, it has enhanced the likelihood of
transitioning higkrisk drug candidates from the discovery phase through formulation
and ultimately to clinical application, effectively addressing limitations inherent in
earlier methodologies.

Among these strategies, nasiaing poorly soluble active ingredienise(, reducing

their particle size to a 10000 nm range by maintaining the crystallinity) with the
attainment of a nanosuspension (NSs) was preliminarily demonstrated an effective
approach, allowing to attain a marked increase in the powder surface areaashich,
indicated by the Noye®/hitney dissolution model, would result in an improved
dissolution rate and bioavailabilif20-24].

In addition to enhancing oral bioavailability through improved solubility and
dissolution rate, drug nanoparticles exhibit a broad spectrum of advantageous
properties[25]. For instance, the relatively large surface area nanosized drug are
provided with would facilitate adhesiveness to different surfages, Cells,
membranes). This property can potentially extend their gastrointestinal residence, thus
providing a longer time for relevant dissolution and absorption. The administration of
nanasized drugs was also shown to reduce istdsject variability and ifferences
between fasted and fed states, minimizing the impact of tHuallkw food effect,
ultimately improvingefficacy and safety of the treatmd@t 9, 26]. Furthermore,
nanasizing would enhance the saturation solubility by significantly decreasing the
thickness of the diffusion layer surrounding the drug particles, thereby accelerating the
diffusion rate of dissolved molecul¢®7]. Reducing particle size to the nanoscale
improves passive targeting, allowing the resulting nanoparticles to more effectively
navigate and accumulate in specific tissues or cells. Finally, it might also allow to
achieve higher drug loading.

In this context, there is a growing interest in assessing both the feasibility and the

effects of reducing drug particle size to the nasmage, especially when dealing with
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drug candidates encountering formulative challenges, such as high dosage
requirements, low aqueous solubility coupled with large molecular weight and
elevated melting point, inability to form salt, and ultimately high lipophilic nature.
This is particulang relevant when scientists deal with active ingredients belonging to
classes Il and IV of the Biopharmaceutical Classification System (BCS), which include
molecules that are challenging in terms of solubj&-30].

From a composition standpoint, NSs are ndispersed solidiquid (S/L) systems
consisting of submicron colloidal drug particles in a crystalline guiligse state,
which are dispersed in an aqueous medium and maintained by a range of different
excipients such as ionic surfactants or rimmic polymers. The former enables
nanoparticlesurface charging,e. generating repulsive electrostatic forces between
similarly charged particlesind lowers surface free energy by reducing the interfacial
tension betwen the solid particle and the aqueous medium:ibloic polymers confer
colloidal stability through a dual mechanism: firstly, being absorbed onto the surface
of nanopatrticles and extending hydrophilic chains, they establish a steric barrier that
hindersparticle growth and effectively preserves the nanoscale dimensions; secondly,
by increasing the viscosity of the dispersion medium, they limit Brownian motion and
reduce the frequency of interparticle collisions. Therefore, a rational combination of
such ecipients can providea synergistic mechanism of stabilization, thereby
preserving a uniform dispersion of nanoparticles. This approach effectively prevents
particles from aggregation or sedimentation phenomena from attractive interparticle

forces €.g.,Van der Waals interactiofi31-33].

I n terms of NS madhavmctanmd p@b dtbtodmhohRogpes
proposedWhile the former relies on the application of mechanical stresaiilling,
high-pressurédnomogenization, microfluidization, egrinding) to a coarse suspension,

thus reducing large drug particles to a smaller dimension, the taitsistsof a

controlled condensation/aggregation of particles from a molecular dispersedestate (
solventantisolvent method, supercritical fluid process, liquid emulsion technique)

The manufacturing methods might have a marked impact on the formation and stability

of NSs, and thus on their -dovownaltilepleni gues

hazardous solvents are involved, the process could generate an elevated amount of
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heat, which could degrade or compromise the processing of thermosensitive drugs. In
addition, crystal defects and amorphization of specific regions would occur due to high
surface energetics involved during such processes, which overall may timgair
physical and chemical stability odpd he
processes generally entail the use of organic solvents, which are challenging to remove
and whose residues may lead to formulation instabiity, formation of unstable
polymorphs, hydrates, and solvates. Moreover, the peculiashraped particles,
resulting from unique directional growth typically involved in these methodologies,
may impact the physical stability of the NISg-36].

Being awaterbasediquid system and irrespective of the manufactunreghodused,

NSs are also accompanied by major challenges, intended as physical and chemical
instability phenomena. Indeed, the large surface area of the drug particles generates
high total surface energy and, consequently, the surface free energy, leading to a
thermodynamically unstable system. Therefore, drug nanoparticles are more prone to
agglomerate, minimizing the surface energy, but leading to unfavourable physical
issues for NSsincluding sedimentation or creaminge( depending orparticles'
relative density within the formulation medium), crystal growtte.( Ostwald
ripening), and inconsistent dosing. Moreover, the primary concern associated with
crystalline state transitions lies in the potential transformation between amorphous and

crystalline forms.

High-e ner gy i nput processedowmnwhi ahduipdbobtutderr

manufacturing techniques, often lead to the formation of partially or fully amorphous
NSs, which are thermodynamically unstable and tend to recrystallize over time into
the more stiale, low-energy crystalline state. Consequently, it would be particularly
hard to ensure that the size of the drug particles would remain stable at trecal@no
level upon longterm storag¢37-39].

Although chemical instability is generally less frequent, as it is inherently dependent
on the specific molecular structure of the active compound, in specific cases, the
presence of specific functional groups and their associated reactivity pathwatgsdicta
the susceptibility of each molecule to degradation. For instance, ester and amide
moieties are particularly prone to hydrolytic degradation, whereas amino

functionalities are often vulnerable to oxidative degradation processes. At the same
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time, being NSs watdrvased products, microbial growth and contamination might
occur, which cannot be prevented by simply adding preservatives to the formulation,
as they are weknown for destabilizing NSs due to their liquid natj#@-46].

Despite the abovmentioned challenges, NSs are raising a lot of attention in the drug
delivery field, an appeal that is further strengthened by their simple composition,
minimal excipient requirements, and ease of manufacturing as wellsaaletip up
[47-49]. Moreover, they become to be proposed as intermediates for the manufacturing
of solid drug products. Indeed, transforming NSs into more convenient oral solid
products would be highly advantageous, for instance to improve relevant stability and
handling. Moreover, transforming NSs into solid products could be integrated into
industrial manufacturing processes, offering improved stability during transport and
storage, and supporting largeale productiofi30, 40,48, 50] At the same time, this
approach may also improve compliance among patients who typically avoid liquid
products, while offering potential benefits for manufacturing and supply chain costs.
This way, it would also be possible to widen and promote the applications of nano
based formulations into late development and commercial stages, which ibati a
to-reachgoal, especially when the parenteral administration route is involved. To
enable the conversion from liquid NS to a monolithic solid dosage fiorwhich
nanocrystals are embedded, different methodologies and processing strategies have
been applied in the literatursuchas spray and freezedrying, fluid-bed coating,

granulation, pelletization, extrusion, and print[Bd-59].



Aim and structure of the thesis



Aim and structure of the thesis

Technological approaches to transform NSs into solid oral dosage Bgnpdgwder,
granules, pellets, capsules, tahleasd films) focus on preserving the original
nanometric characteristics of the drug and bioavailability advantages achieved, while
allowing flexibility in formulation design as well as dosing, stability over the product
sheltlife, and improved compliand&0, 40, 48, 50]

In the current scientific literature, powders are extensively investigated when testing
the feasibility of converting NSs into more stable, solid dosage forms. This choice
probably relies on powder versatility, ease of processing, and ability to be further
formulated into more complex products such as tablets, capsules, or granules even
being the base for drug delivery systems (DDSs) development. However, the selection
of the proper drying process has a pivotal role, as it can lead to undesirable criticisms
Therefore, NSs based on thermostable drugs are typically converted into dry powders
using techniques such as spdaying or fluidized bed drying, whereas freeiging

and vacuum drying are more appropriate for formulations with thermosensitive
compoung. Indeed, consistingf the atomization and solvent evaporation of a liquid
feed by means of a nozzle and heated air, spray drying represents a flexible,
continuous, onstep process extensively investigated for converting liquid NSs into
dried particlesNotably, it enables precise control over critical quality attributes, such
as particle size distribution, morphology, density, and residual moisture content,
through the optimization of formulation composition and process parameters. Despite
its effectivaness in transforming nanosuspensions into powders, this method presents
several challenges, including possible degradation of thermolabile drugs, particle
agglomerationand high energy demand.

On the other hand, lyophilization constitutes a valuable process when dealing with
thermolabile drugs. It involves the removal of solvents from a frozen solution or
suspension under vacuuna sublimation, while preserving the structural integrity of

the product. This process enhances stability over-leng storage and yields highly
porous systems having low moisture content, which can be rapidly reconstituted upon
the addition of an appromte amount of aqueous media. While effective, this
manufacturingtechnique is associated with significasgnstraints being not only

time- and energyconsuming, but also costly, limiting its scalability. Moreover,

freezing and desiccation stresses involved during the process can compromise
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nanoparticlestability and promote agglomeration. To minimize these effects, primary
drying must be conducted below the collapse temperature, and cryoprotectants should
be incorporated prior to lyophilization to enhance stability.

Overall, although sprayand freezelrying are the most commonly employed
strategies to address NSs solidification, resulting powders often exhibit poor
flowability and hygroscopicity constraints, which lead to significant challenges in the
downstream pragssing leading to the final dosage forragy(,tablets and capsules)
[60-65]

Recently, the idea of exploring alternative processes for converting NS into solid
products has started to populate the scientific literature, with scientists testing their
direct incorporation into multiparticulate systems.(pellets, granules, sugar beads)

or their use as functional coatings, depending on the targeted dosage form and
performance[66-71]. Indeed, granulation and pelletization processes, as well as
fluidized bed coating, represent attractive strategies to bridge the advantages of
nanotechnology with those associated with rpdtiticulate solid dosage forms,
opening new avenues for the éepment of patientailored drug delivery systems.
Indeed, multiparticulate systems are inherently characterized by numerous benefits,
including minimized risk of dose dumping and gastric emptying dependence, as well
as shorter gastric residence time.rtRermore, they contribute to minimizing
interindividual variability in gastrointestinal transit, promote a more uniform drug
distribution in the Gl tract that helps mitigate local irritation, enhance bioavailability,
lower systemic toxicity, and supportome predictable pharmacokinetic profiles. In
addition, these systems demonstrate excellent physicochemical and technological
properties when compared to spidyed or lyophilized powders, including high
stability, favourable flow characteristics, easedo$e handling, low hygroscopicity,

and elevated bulk density, all of which contribute to improved performance across a
range of pharmaceutical applications. Indeed, npatticulate products can be
administered as such or further formulated into otheagl®$orms such as capsules or
tablets.

From the manufacturing point of view, several techniques, such as exirusion

spheronization, powder layering, spignanulation, twirscrew granulation, shear
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granulation and melt extrusion, can be used to transform NSs into solid-multi
particulate productg2-79].

Based on the abovmentioned premises, the purpose of this PhD project was to
combine solubility enhancement provided by NSs with relevant transformation-n cost
saving and higher stability products having patepliant administration modieg.

to be orally administered. Besides the manufacturing of immediate release (IR) dosage
forms, the project also aims at using NSs for the preparation of drug delivery systems
(DDSs) intended to modulate the release performance of the active ingredient
convegred basd on specific therapeutic as well as patient needs, prolonged
release).The project started in collaboration with Novartis Pharma AG, Basel
benefitedfrom the support, expertise, and kntvaw of the Materials Science Unit of

their Pharmaceutical and Development Department (PHAD).

The initial phase of the research focused on selecting a model drug substance that could
significantly take advantagd enhanced dissolution rate, and consequently improved
bioavailability, through particle size reduction to the nanoscale. During this ideation
phase, an extensive screening of over one hundred compounds was carried out, based
on a set of prelefined criterd, which were solubility, melting point, pKa, high
occupation exposure limits, existing scientific background regarding the produiction o
relevant NSsandmarket presence. This structured apprdadhtothe creation of a
database to support the rational selection of the most suitable candidate for
manufacturing the mock case study NS. Taking also into account the experience of the
Novartis research team, the weakly basic compound Cinnarizine (CN) weredeals

a model active for further testing. Indeed, CN has been extensively investigated by the
particle engineering scientists of the team as a reference poorlysehibte active
phamaceutical ingredient (APJ35]. CN is a highly lipophilici(e., logP = 5.71) weak

base (pKa= 1.95, pKa= 7.47) active compound, with a poor aqueous solubility (0.75
mg/mL), a melting point (#) of 118122 °C, and currently formulated in marketed
products as tablets and capsules. Moreover, based on the spectrum of pharmacological
action, it needs to be administere® #imes a dayn a 2575 mg dosing rang&0].

The production stage of the Ased NS was demanded to the Novartis research

t eam, targeting an API concentrati-on of

downodo process was emgdnolingeduipmennanddahie beitimgg a

10
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of already tested and consolidated operating process pararf#ggrdnitially, a
stabilizer screening was carried out:alphatocopheryl polyethylene glycol 1000
succinate (TPGS), hydroxypropyl methylcellulose (HPMC) 603, and Koftidoh

64 alone or in combination with anionic surfactants, dioctyl sulfosuccinate sodium

salt and sodium lauryl sulphate) were considered, testing the resulting NS for key
quality parameterse(g, particle size distribution, viscosity and microscopically).
From this preformulation study, a TPGBased NS was selected as the proper case
study, eliminating the other investigated stabilizers due to instability iSseieso@rse
particles leading to sedimentation and high viscosity). More in dGRIGS was
selected for its amphiphilic nature, high physical stability, and low toxicity, which
make it particularly suitable for nanostructured formulations. Its additional properties,
such as Rylycoprotein inhibition, antioxidant activity, and solubikigi capacity,
further contribute to its effectiveness as a stabilizing agent in oral dilieery
systemg81].

A thorough physicathemical and biological characterization of the CN NS was
deemed the first essential step of the work, also to ensure quality, stability, and
performance of all the subsequent research steps. Given the critical influence of the
particle size, morphology, crystallinity, and dissolution behaviour on the
bioavailability of CN, a multtechnique approach was adopted. This choice allowed
gaining a comprehensive understanding of the NS propertiag&afdng the absence

of undesired instabtl while processing.

A comprehensive physicochemical characterization of the CN NS was performed to
establish reference data for subsequent formulation studies. Particle size analysis and
zeta potenti al measurements provided info
distribution and surface charge, which are critical parameters for predicting stability
and processing behaviour, indicating a relatively uniform size distributioastatle
system. Differential Scanning Calorimetry (DSC) allowed the identification of the
themal signature of both CN and the stabilizex.(TPGS), serving as a reference for
monitoring potential alterations during downstream processing. Morphological
assessment by Scanning Electron Microscopy (SEM) enabled the visualization of
particle shapes and size heterogeneity, providing insight intpdtemtial packing,

aggregation, and distribution of particles in downstream solid formulations.

11
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Spectroscopic techniques, including confocal Raman microscopy (CRM) and Fourier
Transform Infrared (FTIR) spectroscopy, were employed to identify molecular
fingerprints of the formulation components and to verify the absence of major
chemical interaction®r amorphization. In addition, biorelevant dissolution testing
was conducted to establish a baseline performance of the CN NS, providing a
benchmark for evaluating whether the nanocrystalline advantages, such as enhanced
dissolution rate, were maintaine@an conversion into solid dosage forms. Finally,
preliminary in vitro assays using Ca2anonolayers confirmed the suitability of the

NS for subsequent biological investigations, ensuring-aydotoxic concentrations

and supporting its potential for orabhvailability enhancement.

Proceeding with the ideation phase on a more solid basis, several solidification
strategies were considered to enable theNESNconversion into oral dosage forms,
ranging from conventional methods widely employed in the pharmaceutical industry
to more inn@ative and emerging technologies. To this end, both extrirsiead €.g.,

Hot Melt Extrusion, HME) and sprdyased €.g., Wet Granulation, WG) techniques
were identified as particularly promising, owing to the specific advantages they offer
in terms of femulation flexibility, scalability, and compatibility with continuous
manufacturing. These techniques were selected not only based on their technological
relevance but also considering the prior expertise acquired by the research group in
which this Ph.D project was performed. Their established applicability to a broad
range of formulations and their capability to produce versatile solid dosage ferms,
either targeting IR or modified release (MR) products, further supported their selection
for feasibiity studies. During the subsequent Lab and Feasibility phases, HME and
WG were the technologies explored for transforming the NS. Initially, a systematic
screening of various polymeric carriers was manually carried out to identify the most
suitable excipiets to be used in the solidification process pri@vigichingto a larger
manufacturing platformHME is notable for not needing organic solvents, reducing
processing and drying time, supporting continuous manufacturing, enabling simple
scaleup, and fatlitating prolongedrelease drug delivery due to its hidbnsity
matrix. However, the high processing temperatures, shear forces, and energy input
involved in HME impose constraints on the selection of thermally and mechanically
stable APIs and excipients, which may limit its applicability in certain d&82e83]

12



Aim and structure of the thesis

On the other hand, wet g rmasthaletag ¢ lomi d WMG) twa
be investigated. Starting from a limited amount of materialstatbe WG was initially
performed to broaden the range of polymers to be tested for the manufacturing of
granuleswhichcould serve as an intermediate that could be further processed to attain
tablets.

The work done led to a deep understanding of the limitations as well as the strengths
relevant to the two previously mentioned techniques. More in detail, in the case of
HME, the selection of suitable carriers was carried out by considering various
propertes, such as their solubilitywhich would influence the release performance of
the resulting HME prototypes, their potential for dpobcessability, and their
compatibility with the thermal properties of CN. The latter aspect proved particularly
challengng due to the | ow melting point of the
which needed to remain crystalline to preserve the properties of the starting NS. The
study served as a preof-concept for the feasibility of using HME for converting NSs

into muti-particulate solid dosage forms, showing both immediate and modified
release profiles. The results confirmed HME as a versatile platform suitable for both
small and largescale applications, enabling singlestep conversion process
compatible with cotinuous manufacturing. In particular, the study demonstrated the
potential of polymethacrylateased polymers.¢., various grades of Eudra@jtin hot
processing as a platform capable of preserving the-agstalline properties of the

NS. On the other hand, being a preliminary qualitative screening study, it became
evident that there was also a need to quantify the actual amount of AP htaaied

in its original crystalline fornversusthe fraction that had dissolved into the carrier.

As a result, tb need for a more rational, modelsed approach.€., predictive
modelling), to anticipate the solitate interactions between the drug compound and
the selected polymers, allowing a more accurate estimation of the suitable processing
conditions turned oub beevident. This awareness prompted a collaboration with the
research groups of the Institute for Particle Technology (iPAT), the Center of
Pharmaceutical Engineering (PVZ), and the Institute of Pharmaceutical Technology
and Biopharmaceutics at Teshche Universitat Braunschweig (Germany), aimed at
building a predictive model. The latter was applied to the same class of polymers

previously selectedi.¢., Eudragi® RL and RS) but using naproxen (NAP) as an

13
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alternative model compound, to overcome the limitations encountered with the low
melting CN. Indeed, NAP is a hydrophobie(, logP 3.18) weak acid.¢., pKa =

4.15) poorly soluble drug.€.,0.016 mg/mL), and it hasT of 152154[84]. In this

part of the project, the experimental phase began with the development of a predictive
model in the form of a temperatucencentration phase diagram. The objective was
to predict the behaviour of NAP in various polymers when subjected to diffesent
processing techniques. To build this model, the Goimylor equation for glass
transition temperature ¢Y'line and an empirical equation for seliquid equilibrium

curve modelingwere employed, using specifically designed Bi&Sed thermal
analysis protocols. In order to establish a comparative reference, adidining

NS was produced and characterized in terms of its particle size distribution, revealing
a monodisperse collagd system. Multiple heprocessing techniques were evaluated,
including vacuum compression molding (VCM) and-hwlt extrusion (HME), using

two extruders differing in production scale (HaBkéMiniLab Il, Thermo Fisher
Scientific, Milan, Italy; the ZSE 1BPIP-PH-40D (Leistritz Extrusionstechnik GmbH,
Nurnberg, Germany). Through extensive qualitative and quantitative characterization
of the resulting solid systems, including thermal analyisss, (lifferential scanning
calorimetry), imaging analysis€.,CRM and SEM)and Raman spectroscopy, it was
possible to demonstrate the potential of the predictive model in assessing the physical
stability of both naneand micresized NAP within the polymeric matrices. This
approach provided essential guidance fororatl decisioamaking, such as the
selection of optimal processing conditions to preserve the desired crystalline fraction
as well as for identifying the most robust formulations suitable for subsequent scale

up and hofprocessing.

In parallel, WG was also explored as an alternative strategy for the NSs solidification,
to attain solid dosage forms able to preserve the critical quality attributes of the original
formulations containing CN. In this context, polymers with moisagsobing
properties were included due to their specific physib@mical characteristics, which
allowed the system to tolerate high liquid loads without negatively affecting
nanocrystal size or dissolution performance, while also maintaining the physical

tecmological properties of the resulting products. This approaclpragneffective

14
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in attaining multiparticulate systems preserving particle size, thermal stability, and
rapid dissolution performance of the starting CN NS. Subsequently, to enable the
translation of this process intm industrialscalecontinuous manufacturing setting,
particular attention was paid to the formulation design, which was specifically tailored
to meet the requirements of a twsorew wet granulation (TSWG) process. This part

of the project was carried out entirely withiretfacilities of the Novartis Pharnfe
(Basel), under the supervision of the Materials Science Unit team and of the
Continuous Manufacturing team, who kindly provided access to the equipment for the
execution of the experimental activities. Formulations were further optimized by
combining sluble fillers, commonly used in wet granulation process, [actose and
mannitol), with insoluble excipients.€., hydrated colloidal silicon dioxide, partially
pregelatinized maize starcbqpable of efficiently managing liquid absorption under
high-shear, higkithroughput conditions. In this regard, a-dale TSWG platform was
investigated as a novel and scalable continuous manufacturing strategy for the
solidification of NSs. The process was based on a dry binder addition approach. To
support the edvelopment with a rational approach, a Design of Experiments (DoE)
strategy was implemented using a full factorial design (23). This allowed systematic
investigation of both formulation and process parameters, ensuring robustness,
reproducibility, and irdepth process understanding. Overall, the downstream
processing of the model NS through TSWG was successfully demonstrated. The
process showed strong adaptability to various production scales, ranging from early
phase clinical development to largeale maafacturing, while preserving the
biopharmaceutical advantages of the original nanosuspension.

All the results reported in the thesis have already been disclose@ublished,
submitted for publicationor presented in the form of poster communications to
international conferences.

The data and results obtained throughout the course of this research will be presented
in this doctoral thesis according to the following sequence, which reflects the logical
progression of the experimental work, the development of the formulations,eand th
underlying scientific rationale. This structure has been designed to guide the reader

15
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through the key phases of the project, from initial screening activities to more

advanced experimental investigations:

Chapter |

- Feasibility of hot medbtasext naniocsmsipr NG d
i nto solidPdgsabe for ms (

- Devel opment of a predictive model for c
solid dosage form®avitalhot melt extrusi

Chapter I

- Manual wet granubablensasatnebgbbdboat oon\

nanosuspensi ofPar)t; nt o granul es

- Twisncrew wet granul ation: a novel cont i
solidifying (Ranmpb.sukpensions

16
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Feasi bility o f Hot Me | t E X
Wat8msed Nanosuspensi ons I N
For ms

Abstract

Aim: In addition to numerous benefits provided by nanosuspensions (Bgs) (
enhanced saturation solubility, increased area for interaction with fluids), they suffer
from major stability, handling and compliance issues. To overcome these challenges,
we evaluated the feasibility of hot melt extrusion (HME) in transforming a cirneriz
based NS, selected as a case study, into granules for oral inakieods:
Thermoplastic polymers, in principle compatible with the thermal behavior of the
selected drug ahcharacterized by different interaction mechanisms with aqueous
fluids, were used as carriers to absorb the NS and were processed byREddES

The extruded granules pointed out good physahnological characteristics, a drug
content > 85% with coefficient of variation (CV) < 5% and tunaiolevitro
performance coherent with the polymeric carriers they were composed of. Particle size
as well as the solid state of cinnarizine was checked using several analytical techniques
in combination ¢.g9.,DSC, SBM, FT-IR, Raman). Depending on the composition of
the granules, and specifically for formulations processed below 85 °C, the drug was
found to remain crystalline and in the desired nanos€alaclusions: HME turned

out to be a versatile process to transform, in a sisiglp, NSs into muHparticulate

solid products for oral administration showing a variety of release profiles.

Keywar disot mel t extrusi on; nanosuspensi 0

modi fied rel ease
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1. Il ntroducti on

I n recent year s, the advent of digital t
machine | eathroagghpdt hsgheening methods, I
of numerous new chemical entities (NCEs)
t artg and enhanced phi@rlmadaml aghiicsalf iaectdi,vinay

devoted to the development of solid produ
capsul es, containing such NCEs, t o ensur
manufacbstsngthus facilitating their spres:
However, due to their relatively | arge mol
many NCEs present permeability issues thr
and poor solubility in the GI fluiyws, whi
upon oral intake [6, 7].

To counteract sol-sbrtingypoconkyraohbtiel endnec
attai nNrBesn,t hoafs been wilddgl.y i nvestigated [ 8

NSs are submicron <colloidal, heterogeneo
i nsol ubl e active ingredild®MtOs nwni trlanag ep a wthii
stabilized in their crystalline state by
t hincckne g agents [ 11] . Thaealy wnaro rdo @@ oahdtolmond s d
the former relying on the application of
controlled condensation/ aggregation of p a

Overald&re NSBBaracteri zed byi pmahnayn cadv asnpteacgi ef

surface area of the drug bul k and i mprove
result in a faster dissiWhuthey daseohatonp
[ 14]gy eater surface of interactioniaf) drug
enhanced mucoadhesi on, i ncreasing their GI

compl ete the dissoluti ancscmracaecser|ikled HWogwae
and chemiladly dtsslues, resul ting, for I nsta

sotsitcat e transformati,amd diyenal ogrowahtlll!

To reduce these phenomena, removing wate
convenient solid products, without | osing
drug at-sd¢aleenawoul d be fundamental - As a f

e stsalbd d -dsrpyrianyg adnrdy i fnrge etzeec hnol ogi es on NSs
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stability aal] havadwe ngr [ 18uch traditional
hi gh energy consumption and | ong processin
step in the manufacturing of a solald dosag
medi ci nal products t-alii hgd adoantageusf mal

approach has recentlig8fai $taedead] ottofwasntd

suitable way to increase manufacturing ef
rediugciexpenses per unit , -teisnpee cguadlliyt yi fc ocnott
this respect, hot mel tEastrhesipal Y HME) c us i

~+

ested as an astepnptovessantdostnghsform N

and was nexerdu $i3amjro. [ 2@dreceadeg s shiohg and partic
has recently emerged as agypiPoBdi,si mgt aoml \
towards the manufacturing of solid disper:¢
systengr danul es, capsules, pellets, tablets
I mmedi ate to modified release, and intende
Based on-memé¢ i @amevdde consi derations, in this

range of formulations wunder gediarse dHME tintad
solid dosage f or ms for or al i nt ake. Mo r

manuf actounee epi Prapgassi cmud tt,geranpnstemy 6Etar

from a cdaomtagiiriimg NS (CN NS), which was e
study. l ndeed, CN not only ihaesllatckheael yeh@
mel ting ed,empleutatwoul d al so represent a moc
of the Biopharmaceuti cal Classification S
[ 37]. For the sake of wversatility, polyme!
perfor mairmmesdi(at e and prolonged release, t
of the GI tract) were evaluated.

2. Materials and Met hods

2. 1. Material s

I n this study, we RBE®) wiotllyedihfyfif ementoxinale:
(Sentry TS RFOX10 LPFEEO NFLGentr yYMP®E YIOKO
NFPEO 308f f, Mi | an, Italy)E;RLpoPEQJ,meRﬂ_hacryl
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rER@i EQ, ]RSEuBE aRFt; EEvoni k, Essen, Ger ma
A.C. E. F., Mi | an, Il tal yP$PEGCpalyanhyl e
terbatches, Mi |l amECI B8abwma; Atdrethyl Mcl

ium starch gIEyCCLo\}’EaXtPe JIRESXPRIDARMBA , Roser
many) ; hydratef EMOxt IRSesPHARMBEX Roser
many) ;GlgY yeRramommadel , Lodi, Iltaly); hyd]
ar ma@d®aESsiun Chemi cal Co. , eTo(kISmfI,linaqoran
64, BASHwiISEGsh&eéemany); dioctyl sulfost
gma Al drich, Darmstadt, Germany); sodi.
may); potassium dF@ydvVOWRen Mphasphatal §K
ohydrogenHP®Wo s(pVWdR,e MiKi an, Italy); metft
ly); HCI (VWR, Milan, Italy): sodium c|
i n l‘i,ArVaeIId:irtoe Brand, Dei nze, Bel gi um) .

NS was kindly supplied by Novartis P

cont a-etnedo mher yl polyethylene gidAydoli chQO0O
Basel, Switzerland) as a steric stabilizel
drug, ahawnvigmdy pH dependent solubility (0.
pH 5, and 0.002 mghomi 22 pAC>[ 39 530]Ja.ndCN
manufactured by Novartis Pharma AG, accorc
2.2 Met hods

2.2.1. Preparation of the CN NS

CN NS wasvimmetaimeeda milling (WMM), starti
agueous suspensi on (4: 3V) 1, Ildrugaiwbhyer :sst
screening was <carried out by Novartis Ph
hydroxypropyl methy¥NAel6ldulad e eamd Kol Iciod
anionic sukifacttywintsul(f osuccinate sodium s a
were considered, testing thee.rgeastutlitcilneg sNSz
di stribution, viscosity and microscopical
prfeor mul ati on sctoundtya,i ni mg NBGS esulted in

candidat e. With respect to the pseparatio
2. 5M@TPGS was first dissolved in bidistildle
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(10Me) was di spersed within the stabilizer
h) , unt il a homogeneous suspension was o0bt
an agitatEL'b/ée\aEldTEBNOlOINe(zsch, Sel b, Germany
600 mL silicon carbide milling chamber a

di ameter (mas=s 3= 5185 4fNkedecgnsch, Sel b, Ger many
was filled up to 80%. The ipOmpp&@8(LBhati oI
whil e t hen msiplele dr omaast ild0 m/ s. The temperatu
constant at the inlet (13 AC) and at the

tot al processing time was around 6 h. The
di fferent batches was 2.5 kg (each batch s

2.2. 2. PafAtvieaclagge$i mend( Pol ydi spersity I nde
Scattering (DLS)

Z-average and Pdl of CN nanoparticles (n =
ZSP (Malvern Panalytical Ltd., Milan, 1tal
(1:100) wusing a 0.1 mM NacCl solution and
conidointi ng. The temperature was set at 25
measurements (100 s duration each).

The stability of the CN NS, stored in a r
AcC) , was checkead emagsurainadg tPadblle i azh emr ¢ i me
(i .ep ,to 18 months).

2. 2. 3. Drug Content

CN content (n = 3higek&sfdoemanmenédqusidnghr
(HPLCHP 1100 ChemStations, Agilent Technol
equi pped Wi s hdanettWVophana eodrleaarenris(el ner t Cl

ODS, 150 1 e .®6DNNMB)5 100 i Phenomenex | r
Germany) , ma i Mthaei meod i d tewi X0t adk@., of met hanol
3.5 phosphate buffer MY2] wars watlearerfear bR L
Om membrane filter) and pumped at a flow r

run was set attodObmi evaThatsedmpPlé&§ mg) was
15 mL of mobile phase and then ultrasonica
CN dissolution. The resul tamgylriiquied fwd g ef
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transferred into a HPLC veLawekeptauabom80i ¢
i njected into the HPLC system for being a
time = 98 .=fTn2mOn, The CN content was <cal cul at

cal i beruartvieo ni is 0t0h €© g0 .m25 r ange (yY==0389868)1x +

2.2. 4. Differenti al Scanning Calorimetry (

Ther mal analysis was carried out by DSC (
l'taly; DSC St arTeo lSeydsot,e mMill,anMe tlttlaelry ) . Sam,
wei ghhedmgpB and tested in sealed and pierce

perfordneered aumi t r ogx8mM antLrhons mher s et Ning a si
(25 AC to 200 AC, rate 10 AC/min). To tes

AcC, 8 h; VWR, Mi | an, l'taly) before perforr

2 . 2H ME

HME was perf ogareaw i enx taE uvivenrn L(abaadkie Ther mo
Scientific, Mi | an, I-rt aatl ayt) i, n ge qauad rpipceadl ws d rhe
shaped d-madecustamuminum B = 1.80 mm) [ 43,
were prepared in a mortar tamed emawniupamd ryt .f €
extrudability of placebo formulations was
conditions, as described in the Results an
was pmeflosetting i seetempeeatupesntl ong
were selected based on I|literature finding

the screw speed-twane modiafvioed iamyr ealcr ease

200LcmDuring manufacturing, extruded rods
di scarding the first and the | ast parts at
2 mm granules, which were checked for wei

Mi | damhel) ght and di ameter (digital caliper
a static oven at 40 AC (VWR, Milan, Italy)

2.2.6.-Tronusfiemrm-IlR)frapedt (&STcopy

FA R analyses were -lcRr3$pedt maumetuesrn n@Sm@ec tFrT
EI mer , Rodgau, Germany), operating in the
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chm! The data weramsatidttpamecggubywi t h B2 scans

resolution.

2.2.7. Confocal Raman Microscopy (CRM)

An Al pha 300 R confocal I maging system ( WI
both Raman spectra and relevant maps. The
| aser intiessmwy whs l1l1provided by an Nd: YA
Ger many) .r r@fcftseotn omas performed for each ¢
silicate substrate. The hyperspectral grat
a spectral clenBeanatw@d6O0Opemfor medi with ar

100 ms wusingetSue f WkBeeafiensitamewil talr gree alr

topographic i maging modul e micr-Nseaecolpeamwas
631 NA O0.75 objective (Zei ss, Ober kochen
fragments were randomly s elde ckteepd, ad mh eedadset (
h at room temperature to allow the resin t
using -mncmudotome (Leica EM UC6, Wetzlar, G
cressstions. -ameaisatemeai wvadgad | ow resol ut
em) to gain an overview of the spatial di
components. Subsergausealtdtyi,onf oaxruesae ds chamgsh wer
I 30mdwicth a | at er am, raemsd]! atemddiotonf alol0at er &
resol utiemn HBYyp®r Spectr al data processing,
removal, baseline correction, spectral fil
spectral map deconvol utTieoch Pwaosj egér fSolrXmef|
software. The corresponding intensity map

WI Tec TrueComponent Anal ysi s and thresho
including those of CN and polymerak carr
measurements wher eby characteristic peak:

hyperspectr al processing.

2.2.8. Scanning Electron Microscopy (SEM)

Foll owing surface chemical modi fication b
i mages were acquired (SEM GEMI NI 300, Car
accelerating voltage of 4.0 kV and setting
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NS, eL5 was f i ¢nmt eNuvecdl e(o0Op.o2x e Track Etch membr
Schnell dor f, Germarly)ofand!| wasmede wwvather50b

modi ficati on.

2.2.09. I n Vitro Performance

Il n ietrf@r mance (n = 3) was evaluated in a
Apparatus 4 (Sotax, Allschwil, Switzerl anc
in which samples of 25 N 2 mg were insert

was opiemr agredopen icleavVi ggratcontinuous f 1l ov
into the cells (8 mL/ min) andstaalloineaha d tsi:
points (5 mL every 5 min). ThweiBPLCIi ds coc
foll owi pgockedure described in 2.2.3 Drug

percentage of drug dissolved with respect

3. Results and Discussi on

3.1. Selection of Polymeric Carriers

The main target of the present work was t
HME technique to transform, in a single ¢

should maintain the initial. tehlg andlagetoad

i n the crystalline -ssctaaltee,p awittihc |teh es idzees idrie!
being able to provide a range of release

i nvestigation was focusdabodtre flhei HdMEa @tnido
potenti al towards both i mmediate and modi
formul ati ons was deemed the pivot of the |
selected drug (and thus its stammidl itthyatat

of the polymers both <crucial for maki ng t

reasmn,gllass Jdr amgi tdiegm a@dBti on temperature
se were carefully considered [ 3ricln ¢t
carriers wa s particularly chmal [ Tfongawgi d n
amor phization and to obtain a nanocrystal
be kept ti®80aAClkealsow20Dhe drug melting poi
proper processing generally reqhiegodfs oper ¢

the polymeric carrier. For this reason,
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temperatures O 100 AC were included in the
characterized by both i mmediate (I R) and
with different interaction mechanism with
r esot , HME already demonstrated being a v

wi de range of material s-mpB2j é5ed6jconBasded

details on the polymeric carriers selectec

T EXPi:t shows a ther mopl anetcih@anbehdviacrt i wad e

~—+

he presence of water and of another pl a
retrogradation [47]. After either HME or i

~—+

O ndtiesgir at e.

T PEO N1O0O amdadno0: thermoplastic homopol ym
havimkg 7B AC. They are soluble in water, wi
mol ecul ar wei ght . They could thus be use
swell ableteteadiskel SYdRems [ 48

1 PEGtighly hydrophilic sol ubn(armpalnydmeér AKC)
which is mainly used for the production of
T Eu RS, RU haemdnolpl astic polymethacryl ates
solubility characteristics [45,52]. Mor e
soluble in acidic m@di amablwg t48 PAKL.5 .EQ) Rwi t
i nsoluble cationic polymers sharing the s;
content of ammoni um functional groups. L
propert igwal,uavs tdar fund 70 and 67 AC, respec
1 EMDwatseol ubl e -Andel mateseal s composed of
and different polysacchar i dpersocdeesrsiivnegd afprtor
similar to the Il atter [26, 43].

3. 2. Bl end Preparation and HME Tri al s

To assess the potenti al of HME for the in

the NS represented g rkoecye sassapbe clti ttyo wa r dsh et h

I n this respect, the work was fassrctaher c¢ hi
equi pment with a very short barrel. Thi s
operator was forced to incorporate the des
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vol ume) gradually iintey ,rlrepoemgal nwmernihe oarnirti
and drying steps several times) before | oc¢
trials wer e perfor med on sampl es COMmMpoSsEe
plasticized, to rule omul athieormapaabwai dy wid
as a -urpo cokf the CN NS) -tesbrpongiisoted ©The v
selected polymers with the same amount of
Thi s twawas ipossi ble to estimate the number

needed to avoid the formation of a paste t

compl ete | oading of the Iliquid took from
pol ymerrriicercaconsi der ed. Af ter addition of
pl asticizers, which were selected based o
collected in the | ab, formul ations underw

reported ieseTakrlre el Btted considering the
the die and to avoid any temperature incr

CN amorphizati on.
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di fferent

Formulation HME Conditions Granulation-Oven
Polymeric Plasticizer, % on T °C Screw Speed, Max Torque Drying Steps, n°
Carrier the Dry Carrier ’ rpm Recorded, Ncm '
10% HO and 15%

EXP GLY 90 35 150 1
PEO N10 - 80 30 15 5
PEO 303 - 100 15 90 2
PEG - 501 55 15 85 6
Eu RL 10% TEC 80 15 90 2
Eu RS 15% TEC 85 30 15 2
EuE 5% TEC 80 30 30 2
EMD 10% GLY 50 30 40 6

for mul

38
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Pl acebo extrudat ewnisfhoorwn nsgh aep e /hdeira nae tneorn or
extreme brittl eneBXPawar ebMdBiesdc aomdeesd) .( Then
containing formulations were prepared, by u
reference extruded products manufactured

targetiwiwdrauglO%ad i n the fiaalyimrgoducectps. a
the operating conditions optimized for pl e
The CN NS contained nanoparticles of ~50C
demonstrated di mensionally stable over ti
ovalmied aliquots of the NS highlighted ¢t
being thetditrlsg TRGHRt4da.b44 i A@) giWd the se
ascribed to tmrFe 1N . @l tAiCHhg ((FT gure 1b) [ 5

performed to obtain a comprehensive mor phi

[ 55] . CN nanoccrtyesrtiazlesd wbeyr et icobegd iasntdirn ccta | s haa
el | i psspohiedrailc a l geometries, and resulted d
cyl i ndrilciak e npeeerdtliec!| e s, havi rem, aecxdi esrt getdh b «

wi t h rare -sh@aper incaanocirrystal s characseri ze
(between 100 and 500 nm).
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a Size Distribution by Intensity
20 ...............................................................................
.g T A T i Lo .
[
a
=4 | ALY SCEEITRRRES R R IREE B R R TR
Z == NS immediately after production
% == NS after 12 months storage
— 5 vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv e da s v v s n v n v o s
0
0.1 1 10 100 10000
Size (d.nm)
40.44°C
1
wgn-1
117.04°C
zb 4Io éo B‘O 160 15.0 1“10 1éo ulao°C

Figufag Rarticle size and distribution

with thé& rpS€Evameér(fogSrEavm iamadge showing

spherical (in yellow circles)

of CN attai
the cylindr
geometries
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3.3. Granule Characterization

All the granules attanhadni hgt bnpbacehbhowarc
aspect and homogeneous di mensional charact
t han 85% (CV < 5%), highlighting a good
i nvestiing ®&tnadl;ke,d as good dispersibility of 1t
the initial granul ation step and then in
Mi csoal e insights on the extruded products
Raman contooskopy. i Rurwgédrefoomomaence of t he

granules was consistent with the characte
composed of [52,56] and was confirmed afte
N1 REGandaksuedeE | R units, ghwawhdl sesamoadt\
30 min (data reported in the subsequent <ch

i nvestigated were able to slow down drug

released aftevwheZ Weafi tgegswihnhg PEO 303, E
respectively (Figure 2). Ensuring proper ¢
oorly solubl e d-pagt i cfurloanh e PRy snu & s coul

Y

chall enging when themdasggia.iaNd]lofrand eidn tirnitnos it
endowed with a higher solubility and di ss
reduction up to the nanoscal e). |l ndeed,
controlled by the c¢haa gpcereme ashtiilcist yoft hrhoeu ¢
matrix or through the polymeric network o

determined by the very | ow tendency to di s
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100

80

[ CN NS extruded granules based on PEO 303

60 BB CN NS extruded granules based on Eu RL

| CN NS extruded granules based on Eu RS

CN released (%)

40

20

0 20 40 60 80 100 120
Time (min)

FiguRel 2ase profiles (USP Apparatus 4 equipped wi"
pH 1.2 flowing at 8 mL/min, 5 mL of fluid sampl ed
di fferent composition.

Sever al anal ytical techniques were empl oy
remained dispersed within the HME granul
di agnostic peaks relevant to different mol
I R ainal pel ped in preliminarily verifying
presence of CN was associ atted uwei ttho arhei retC
bending within acdotbber dooindn i @fFitgwume 3) .
known forcberngtchaonéa different polymer st
o f exampHlHe, stplreectFA of formul ations based
reported in Figure 3 [5/hebh8]jondd damal e md
Raman microscopy iwtaasblseeliemda gidngasapaprowch

understanpdohgmefi CNcarrier i nteractions ai
pol ymer matri x. Il n particul ar, CN referen
dat abase, with spectr®al ardfd '@le8tstcicceent vieldr a:
frequencielf)laromad?2ccmi(mglomat5e7 ré¢mg) and
(C=C, doubl e bond of the | ateral chain)

characteristic shoulders in the diagnostic
correlated to the presence of crystalline
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|l iterature findings [60], excipient spect
centred at:

| 363 '¢@C bending vib¥@iH onhendid4Bgl) ,cn2 84
(symmetric stretching of CH OH nsta estathu rnagt)
PEO N1O, PEO 303 and PEG-C3HM0, (oxyethyl ence
q 1450 cCn met hyl ene'(€C=®Quplretzh6é6 ngmof t
group of ester fusgymmenni anan@9a@Syknmet ri c
i n met hyl and methylene functions) for Eu
q 866 cm738@ndm29'40rc MEC;

T 844 cm 75dncnm886rcmMPGS.

DSC and SEM analyses were employetlRto gai
results, particularly regarding the possitk
CN amorphization or had an i mpact on mor pl
nansed¢ray s within the polymeric matrieces. I

those wuseful to deepen the peculiarities
briefly presented in the following paragreé
3. 3P ELG

Raman spectra collectebdasedmgdantleeentvee
appreciating the spatial di stribution of
(Figuregndaxtruded homogeneous matri x, i n

into the poliymemiec saanpdieerar(ea ilwedn Figur

demar cat ed PIiE.Geeelnlcolw ssuarnepsl e( area 2 in Figu
the |l atter was attributed to an inadequa
consequence of the | imited residence ti me

| asbcal e equi pmeprtd wvahl abltep towpkxtrusion

Al t hough the slight presence of the shou
vi bration frequencies in the CN spectra m
qguantities of crystalline CN, the IDSC prof

in the presence of anr €6Addl2hdACh, cwhhahpcp
to the pol ymeric cariinm et henelhbsegce@oibht pe
endot hermic peaks, suggesting amorphizati

Anal ogows werref iolbg ai ned with the reference
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CN powder as such , supporting the hypothe
This result was i n agreement with initia
di fferent polymers carried out by DSC. Acc«
exXxtrpurdedlucts (in acidic buffer, pH 1.2) wa
di fference could be noticed at the very b
min of testing, t he amoubnas eadf pCGN ddiice sso |wae

greatnern htaharel evant to samples containing
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P
PEG granules
containing TPGS only
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I 1
o . i '
1 : i i 1 .
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Y ! I 1
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3.3. 2. PEO N1O

Focusing on Raman spec-mpbpheofil smampéieghtoaBE
wi t h di fferent composition coul d be i der
pol ymeric matrix cantehAyei sgmamer pheas 1CN
of al most pure.reegssamplimeadeag3) or of p
hi ghly concéeantigled sam@Ne(area 2) were r
di ssol ution perfor man enee nwai so nceodn ecroemmpto swiittiho
extruded gaanuhgsCNONS were characterized
with respect to the reference samples cont
in a poorly discriminating media for the
1.2.#%.media in which drug solubility i1s re
amorphous quote was associated with disso
respect, to increase the amount of <crysta
necas yruodeexthe formulation at mt eHmpweea\vadru,r e
this was hard to achieve due to the high
with respect to those employed.

47



Chapter I- Part |

Sample area 1:CN low
load with PEO N10

200

Sample area 2: CN high
load with PEO N10

150

CCO0 cts

100
"__A

l | Sample area 3: pure CN

A - - ‘L‘A.m |

50

" PEO database spectrum / ¢ .
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80
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L
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Figufag Raman((bspRamama, mol e(Qulraerl emasp gpmdfil es (USP
equi pped with cells for powder/granules, acidic b

sampled every 5 mi-mgseckl|lgegrnvamul ado. PEO N1O0
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3.3.3. PEO 303

A high moleculialE@Pei3®RBY) , PwOiI ¢h i s widely
formul ation of swellable/erodible PR matr.i
data, areas in which CN wais. l#.nygbee dsdaendp | wei tahri
1 in Figure 6a,b) could be deghricghteddant

segregated enclosures with a.geredomsamamlte

area 2 in Figure 6a,b). Although the pres
|l attice vibration frggakectesoi hhehpr EBlen|q
guantities of crystalline CN, the absence
mel ting in DSC profiles indicated its quan

temperatures for thitsumngd oot eespaci avleli ygh
the 100 AC set during HME failed in ensur

caused CN dissolution.
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a
=
S Sample area 1:
i CN with PEO 303
o
Lo
0324
8.
Sample area 2:
PEO 303 enclosure
L J,WLVU\UL&w i SR
800 1200 160 2000 2400 2800 3200 3600
Samplé areV' \/
Sample area 2
c CN

] 120.48 °C CN NS

40.44°C \ |
117.04°C | PEO 303-based granules

Figuagg Raman molbgc Raamanma(@ e OtSrCa t @wred mo g rhaassedof PEO
granul es.

3.3. 4. Eu RS, Eu RL and Eu E

Hi ghlresol uti on Ra nbaans eadn ael xytsriusd eodf pBuoduct s p

di stribution of pure crystallineb&Nedkntit
carriers. More specifically, there were 1t}
Il n -REShased granul es, finely and randomly o
observed, which were i mmerisemded nand ey elulrece
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sample areas 1 and 2, respectivel vy, I n Fi ¢
CN spots within the polymer, SEM i mages

i mages of tmkectanmnpl s howesls el ongated pore

l i k&t tern, in the walls of whiaaphpr@N rdray et
magni fication (Figure 7d). |l ndi vidiual |y, t
1. M. ¢On the other hand, the presence of t
drrnyg of residues of the liquid fraction ¢
randomly dispersed within the matrix coul
aqgueous part was not properly mixed with
HME (Figure 7¢c).

I n the cabBasod d&dmuarmRll es, Raman findings r
entities: a crystal iChl.despamplienareatheinp
with Eu RL enclosurissmhédwirmgqge Isamptlkr afr e
Figure 8a, b). As pr ewaindu sPiBjwa BOBc wuns e, f @I
unal tered polymeric -bagednsampl | goelk ¢th alb
the |l ow residence ti me cafl et heexltrgeddeir!| eebmpo h ¢
did noa cadmplwet e phase transition at the s
conditions. This -wasedopr othectcasel off &at E
pointed out an intimate idiesd pger siaonp| @f aCMK a
Figure 9a,b) but with enic.lreoesqurseasmpdfe paureea
Figure 9a, b).
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Conclusi ons

i's worKk repoeEvseacteepd &t pdypyofon the feasi
nuf act uvpartgi cnwllattie systems for oral i nt
havior, starting from a NS based on CN,
rspect iwoe k tthuirt her confirmed t-dealver sat
nufacturing, as required by <clinical tr
rsgeal e processing. l ndeed, it was demons
to solsi di npradwsatngl e step, t hus bei ng
nufacturing, while enabling the attaint
rformances. Compared with what was alre

i's research denthuimeutosd ttyo awiddery pte of p
n be empl oyedvifHIME.p rAssc eCNs irregppreSsnt ed a

del drug in view of its ther mal behavi
ntaining the unmo djiufaild dd naneareysdti algs ta
nditions under which CN dissolved and ar
e combination of the different analytica

ndament al i n deepeirei pg otdhues t sOd dmiiscteaon d i n ¢
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The content of Chapter-lPart I is currently being prepared for submission to a

scientific journal.
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Devel opment o f a predictive
Nanosuspensions iIinto solid o

exXxtrusi on

1. l ntroducti on

In recent years, the discovery of new chemical entities (NCEs) has accelerated
dramaticallydue toadvancesn drug discovery methods, offeringnprecedented
opportunities for therapeutic innovation. However, a large proportion of these
molecules suffers from poor aqueous solubility, which limits their dissolution in
gastrointestinal (GI) fluids and, consequently, compromises their bioavailability.
These compands often fall into Class Il or IV of the Biopharmaceutical Classification
System (BCS). Despitengir therapeutic potential, many NCEs are discontinued
during either early or late development stages mainly due to formulation challenges
for enabling the desired biopharmaceutical performances. Consequently, improving
the solubility and dissolution of dg candidates has become a central challenge in
drug development and a key focus of formulation resgdr&). To overcome these
limitations, several formulation strategies have been explored, including salt
formation, cesolvent, prodrugs, surfactant and cyclodextrin complexation, as well as
co-crystallization, emulsion and microemulsion, and particle size tietuf5-12].
Among these, solid dispersions (SDs) have gained increasing attention due to their
versatility and effectiveness in enhancing the solubility and bioavailability of poorly
soluble drugs. Depending on the seditdte nature of the drug within the polymeric
matrix, SDs can be categorized as amorphous SDs (ASDs) and crystalline SDs (CSDs)
[13, 14]

ASDs have emerged as one of the most effective formulation strategies for enhancing
the oral bioavailability of poorly watesoluble drug compounds. Despite their well
known advantages, their application is accompanied by several challenges. These

include the requirement for specialized manufacturing techniques, the difficulty in
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accurately predictingn vivo performance, and concerns related to physical and
chemical stability over prolonged storage perig#lS-17]. In response to these
limitations, CSDs have been investigated as a more stable alternative, offering
enhanced thermodynamic stability, superior loeign physical integrity, and
improved control over crystallinity and polymorphic forms. In contrast torphous
systems, CSDs are less prone to physical transformations during storage, reducing the
risk of unexpected changes in drug performaiereover, it is well established in

the modern pharmaceutical industry that reducing the crystallite size ofairigg

the manufacturing process leads to notable changes in drug physical properties,
particularly enhancing solubility and, consequently, bioavailability in accordance with
the NoyesWhitney mode[18-21].

The successful development of SDs relies fundamentally on investigating the
compatibility between the active pharmaceutical ingredient (API) and the selected
polymer, ensuring the formation of a homogeneous system capable of maintaining
either thermodynami or kinetic stability over a time period relevant for
pharmaceutical use. Therefore, understanding the-paRimer temperature
composition (FC) phase diagram.e. integrating the solidiquid equilibrium (SLE)

curve with the glasgransition temperaturéTy) line, offers both a fundamental
framework for solidst at e i nteractionsd evaluation
making,i.e. selecting suitable processing conditions that allow the manufacturing of
either ASDs or CSDR2, 23]

The preparation of nanosuspensions (NSs) of active pharmaceutical ingredients (APIs)
with bioavailability limitations mainly due to poor aqueous solubility also represents

a recent and effective strategy for the development of challenging yet -highly
promisng therapeutic compounds. In a previous study, we demonstrated the potential
of hotmelt extrusion (HME) for converting a NS of a BCS class Il drug into a solid
dosage form. However, a critical issue remained the selection of suitable formulation
and proess parameters to preserve drug nanocrystals within the final product, thereby
maintaining the improved biopharmaceutical performance associated with nanosizing.
Within this context, the present work aimed to develop a model to streamline the
design of effective extruded products derived from nanosuspensions. The model was

constructed through the generation of temperatoraposition (FC) phase diagrams,
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employing a specifically designed differential scanning calorimetry (BfaSgd

protocol, namely the stepise dissolution (SVD) method [22]. The model O6s
suitability was evaluated for its ability to predicthe solubility of a model drug.é€.,

naproxen, NAP) in different polymethacryldiased polymers.¢., Eudragif RL PO

and RS PO) andi) the processability of formulations containing its NS while
preserving drug crystallinity, using those prepared with the micronized drug as

reference systems.

2. Materi aMes hamdd
2.1 Material s

In this study, micronized naproxen (NAP; kindly provided by Novartis Pharma AG,
Basel, Switzerland; mean particle size distribution, PSD: ~ 15.2 &r@)4vas used

as a poorly watesoluble model API. NAP is a highly lipophilic BCS Class Il drug,
having poor solubility in water (15.9 mg/L at 25°C), df 5 °C, Tm of 152155 °C

[24]. Stabilizers of the NAP NS: vinylpyrrolidoiheinyl acetate copolymer (PVP/VA,
Kollidon VA 64, kindly provided by BASF SE, Germany) and sodium dodecyl sulfate
(SDS, Sigma Aldrich, USA). Polymethacrylates (Eudfagit PO, Eu RL; Eudradft

RS PO, Eu RS; kindly provided by Evonik, Essen, Germany) were used as carrier

excipient/matrix formers during hgirocessing.

2. 2Met hods
2.2Sadmpl e preparation
2.2.1.04S

Batches of NAP NS (500 g) were produced using a stirred media mill (MiniCer, kind
loan of Netzsch Feinmahltechnik GmbH, Germam)ring milling, NAP particles

were electrosterically stabilized against agglomeration byVPA¥RBnd SDSThe ratio

used in the nanosuspension was 10:2.5:0.25 (NAP: PVP VA 64: SDS), with a final
drug concentration of 20 wt%. The mill was operated in recirculation mode with a
constant mass flow of about 35 ki:HThe stirrer tip speed was seste 9 m-$?, and

the temperature dhe suspension was kept constant at 25 + 1 °C at the outlet of the
milling chamber. Yttriumstabilized zirconium oxide (Zr£) grinding media j(cm =

6067 kg-m3) with a mean size of 9%ew = 315 pm (Sigmund Lindner GmbH,
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Germany) were employed. The filling ratio of the grinding chamber with the grinding
media was set atem = 0.8. To achievea sufficiently small particle size, the milling

duration was set to 4h.

2.2.1.Rowdered sampl es

Either micronized NAP or NAP N@&asmixed (in a mortar for at least 5 min) with the
selected polymethacrylateased polymers, with the active ingredient ranging from 5
to 80 wt%. Samples prepared starting from the NS were oven dried (8h, 40°C) to

remove water.

2.2.1.Bol ded sampl es

Disk-shaped samples (n =3, 8 mm in diameter, 1 mm in height) were molded using a
vacuum compression molding system (VCM, MeltPrep GmbH, Austria). More in
detail, a previously weighed amournte(, 20-25 mg) of the desired powdered
formulation was loaded into the circular chamber of the equipment. Vacuum was
applied, and then the chamber was heated for 10 min, setting a constant temperature
(i.e., 100°C). Subsequently, the chamber was cooled, thanks to a cooling plate
connected to a compressed air sourae3 fminutes. The resulting disks were carefully

removed and stored in sealed plastic bags until use.

2.2.1. BExtruded sampl es

Extruded specimens were prepared using two different equipmeatlabscale
extruder (HaakEé MiniLab Il, Thermo Fisher Scientific, Milan, ltaly), ani)l a pilot

scale twinscrew extruder (ZSE 12 HPH-40D, Leistritz Extrusionstechnik GmbH,
Nurnberg, Germany)The former equipment was fed with the selected powdered
formulations, while the latter allowed concurrent feeding, at different positions along
the barrel, of the solid and the liquid starting materials. More in detail, the solid starting
materialswere polymers alone or mixed with micronized NAP, while NAP NS
represented the liquid, which was directly injected into the barrel containing pure

polymers.
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The labscale extrusion process took advantage of an instrument equipped with
counterrotating conical screws and a rousitlhped die (customade in aluminum @

= 1.80 mm). Powdered formulations were manually fed into the barrel of the
equipment. Specifichl, the process was performby setting different polymewise
temperatures of the barrel, which were chosen based on the findings resulting from the
DSGCbased model. Screw speed was kept constant at 20 rpm. During manufacturing,
extruded rods were manlapulled out of the die, and the maction of the resulting

rods was analyzed, assuming homogeneous and equilibkemrocess conditions

for this portion. Then, they were manually cut into 1.8 x 2 mm segments, which were
checked for weight (analytic®alance BP211, Sartorius, Milan, Italy), heigand
diameter (digital caliper, Milan, Italy) before being stored in a desiccator.

The pilot-scaleHME process was performed in a-emating twin screw extruder
(maximum torque allowance of 10 Nm per scregyipped with a gravimetric dosing

unit (K-CL-SFSMT12, Coperion KTron Schweiz GmbH, Niederlenz, Switzerland)
and a circular die of 2.5 mm in diameter. The screws used in this work were
characterized by the presence of powclanveying elements with a g pitch of 20

mm in the feeding section (zone 1), while kneading elements with 30° offset angles
were placed before the liquid port for liquidalting. These were followed by
conveying elements with different pitch lengths (zor®),2with side feeding of the

NS occurring in zone 2. A mixing section had consecutive mixing and conveying
elements (10 mm pitch length), followed by a set of kneadamgents with 60dffset

angles (zone-%). Conveying elements differing in pitch length (from 10 to 20 mm)
and a degassing port (zone 7) represented the final part of the screws-8one 6

The equipment barrel had nine sections (8 temperaturrolled barrel zones),
individually heated with electric heaters or cooled with water. The process conditions
were set to apply a progressive temperature gradient along the barrel. Specifically, the
temperature was maintained at 25 °C in zone 1, increased to 75 °C in zone 2, and
further raised to 100 °C in the subsequent zones Zone3-8), in order to promote
gradual melting and homogeneous mixing of the material throughout the extrusion
process.

The screw speed was adjusted to reach the proper processing coniditiomatgrial

flow, shearmixing conditions), ranging from 30 to 100 rpm. The starting materials
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(i.e., polymers or PMs) were fed into zone 1 at a rate of 0.1 kg/h, while the NAP NS
was sidenjected into zone 2 by using a twialler low-flow compact pump head
(Petro Gas Ausristungen GmbH, Berlin, Germany), connected with an injection
nozzle adaptor (0.5 mim diameter). The NS flow rate was kept constaet,(0.134

kg/h) based on the targeted drug loael (20 wt%). The extruded rods were pulled off

by a conveyor belt (Fedotec GmbH, Rickenbach, Germany) at a speed rate optimized
to maintain theidiameter constant. The specifieechanicaknergy (SME) input was
calculated using the screw speed (rpin the drive TorqueMp), and the mass flow

(6 )as follows:

z z 2z

YO O

(Eq. 1)

2.2CRaracterization
2.2D2fXerential scanning calorimetry (DSC

Thermal properties of different specimens.(NAP and polymers alone, NAP NS,
powdered formulations, vacuum molded disks, and extrudates) were anafyR&LC
(DSC1, Mettler Toledo, Giel3en, Germany). In particular, 5.0 + 0.5 mg of the desired
sample were weighed into a 40 qaluminum crucible, sealed with a perforated lid.
All scans were performed under nitrogen atmospheses(NmL/min), setting three
different ramps: first heating (25°C to 1707G; 10 K/min), cooling (170°C te20°C,

I =10 K/min), and second heatin@Q°C to 170°C}, = 10 K/min).

Adapting a procedure previously descrilj2d, 23] a stepwise dissolution (SVD)
method was applied to supersaturated powdered formulatiensdgntaining 80 wko

of NAP either as micronized powder and as NS) for building the -8quidl-
equilibrium (SLE) curve. These samples were generally considered supersaturated as
they showed weltesolved peaks of NAP recrystallization and melting in the second
heating DSQprofile. More in detail, the dissolution process consistedonverting

the crystalline NAP into its amorphous form during the annealing tir® 1ftin). The

initial annealing temperature {E115 °C), considered as the solubility temperature
when the SAD method is used, was set as the lowest temperature of interest.
Accordingly, the supersaturated powdered formulations tested were heajetite=T

10 K/min and held forat Afterwards, the sample was quenched to an appropriate

temperature significantly below NAPgTi.e., -20 °C atf = 40 K/min). Following
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quenching, the system was rehedfed10 K/min) to T2[i.e., Ta2= (Ta + 5°C)] and

held for t. This process was repeatadcrementingTa until reaching the final

annealing temperature4E 150 AC) , considered the high
An additional step was performed af ¥20°C to calculatefHrws and, consequently,

the residual amount of crystalline material.

The glasdransition temperature {Y line was defined by fitting the experimental

values obtained from DSC protocols to the Gordlaglor (G-T) equation:

0% ~° - ~ & (Eq. 2)

given wapi and Weolymes and Tg.api @and Tg poymeras the weight fraction and the glass
transition temperatures of the bulk NAP and polymer, respectively. The par&meter
Twas considered as an empirical term and fitted to the-pi&\{AnerTy dataset.

To predict NAP thermal solubility in different Eudragit carriers, the SLE curve
modelling was conducted using an empirical analytical approach:

Y 0Q Y O (Eq. 3)

beingTs the NAP solubility temperaturd;, the pure NAP onset melting temperature,

x the NAP weight fraction (wt%)and A, b, and C the fitting parameters. In this
investigation, experimental solubility data were fitted to Eq. 2 without applying any
constraints to th€ parameter, which was estimated after optimiZrandb by setting

Cto zero. These parameters were obtained u
NAP melting point Tm) was assessed as the onset temperatutfee@Pl melting

transition. The experimentally determing#is (i.e., -144.36 J/g, NAP:97.94 J/qg,

NAP NS)was considered to further evaluate the residual crystalline fraction of each

hot-processed sample, using the following equation:

#OUOOADOA EOBRFHH— (Eq. 4)

where the relative crystalline fraction was calculated based on the amount of drug
loaded into the system. Therefore, the percentages are expressed as values relative to
the dosed amountleanwhile, glasgransition temperatures )lof pure polymers and

of powdered formulations containing NAP and NAP NS were considered as the
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midpoint of the glasgransition event relevant to the second heating step. On the other
hand, the temperature of annealing) (Was interpreted as the solubility temperature
(Ts) when the SA/D is used.

2. 2.Par2. cl-eaevesriazgee )( Zand Pol ydi spersity ind:
Scattering (DLS)

Z-average and Pdl of NAP nanoparticles (n = 3) were measured using Zetasizer nano
ZSP (Malvern Panalytical Ltd., United Kingdom). Before the analysis, samples were
adequately diluted (1:100) in saturated NAP solution and equilibrated for 120 s to
ensure poper temperature conditioning. Subsequently, measurements were performed
at 25 °C for 180 s. Each sample was measured in triplicate, and the mean values of the
z-average (@avg.) and polydispersity index (Pdl) were used as characteristic values
for the nawosuspensions. For the measurements,1.59 was set as the refractive index

(RI) of naproxenas previously calculatg@5].

2.2C@nBocal Raman microscopy (CRM)

To obtain the mol ecul ar di stribution and i

solid states within sampl es, each formul a
mi croscope (alpha300 R; W Tec GmbH, Ul m, (
sampl esbwairmed wusing a 10x/0.25 1lens (EC
Germany). For the measurements, a | aser Tr

and a 201/0.50 DiINeolfdnusar(ECQeERISPLMDMer koc he
applied. Maxi mmmgupassilblearsr ¢ade0alsxBa2t0 02 0 x 2
resolution, dgnjsad,eclDXxEPalkR2650on, extrudat es
obtain the entire sampl es mol ecul ar maps
par amaltaerrgse, ar par 5§ dsdmeddea30 Oand 16 Qx W3 GQ s

and extrudates,emr gxepaedtuitv eolny,) agptpl-y@ g a |
mW, amdtegration time of O0.01 s. Hyper spe
cosmic ray removal , abasfeillitneraoap pdeicdragaggn n
spectral,waperéaormed using the microscope
5.2.10.88; W Tec GmbH). The corresponding

application of Wl Tec TrueComponent Analys
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t hose of NAP and pol ymer i csi msareeciterrusm W
measurements, where the characteristic di a
for hyperspectral processing.

2.2S2adning electron microscopy (SEM)

Samples for analysis were prepared on a desibied adhesive carbon pad and sputter
coated with a gold layer of 4 nm, using a sputtering device (Balzers Union Limited,
Balzers, Principality of Liechtenstein). Morphology and size of NAP patrticles within
the specimens were assessed by SEM on a Helios G4 CX (FEI Deutschland GmbH,
Frankfurt am Main, Germany) with an Everh@hornley detector in secondary
electron mode, an acceleration voltage ofk3/0a beam current of 0.1 nA, and a

working distance of 4.06hm.

3. Results and Discussion

The rationale behind creating theCI'phase diagrams was to provide a predictive
framework for guiding the design of products with tailored crystalline and amorphous
fractions of the selected drug. Specifically, building different diagrams allowed to
idenify experimental conditions suitable for obtaining samples with a sufficiently high
crystalline drug fraction, by selecting an operational window that minimizes the
amorphous component in favour of the crystalline die defined parameters, such

as drugoad and processing temperature, needed to minimise the amorphization of the
active ingredient, while enabling effective incorporation of nanocrystals into the
polymer matrix. Additionally, these conditions had to support a continuous HME
process characteed by direct injection of the watéased NS into the equipment

barrel

3.0Determinaltiimen arfd TSLE curve construction

The construction of the model, the-called FC phase diagram, relied on the proper
determination of its constituent curves, specifically the glass transitinirf& and

the solidliquid equilibrium (SLE) curve. The model was constructed using
micronized NAP powder and N&ntaining specimens and, to broaden the

investigation, considering different polymethacrylate polymees, Eu RL and Eu
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RS). A benchmark reference model was established for each formulation to ensure an
accurate comparison between the predicted residual crystallinity and the actual
residual amount assessad DSC experiments.

By way of example, the complete procedural workflow used to build the predictive
model for Eu REbased formulations, including sample preparation, DSC protocols,
data fitting €.9.,GordonTaylor eq. and the Empirical equation), and the derivation of
the Ty line and SLE curve, is described in the following section.

The polymer alone and in combination with micronized NAP, withp fractions
increasing from 5 wt% to 80 wt%, were subjected to the DSC protocol as described in
Section 2.2.2.1. Overall, thermograms pointing out a complete amorphization of the
loadedwnar fraction in the second heating step were considered for our purpose.
Numerical results are summarized in Table 1. Notably, formulations with a drug
content rangingom 40 to 80 wt% were excluded because they were characterized by
a major recrystallizatio upon cooling. Indeed, in the second heating step, an
endothermic event associated with NAP melting could be highlighted. Accordingly,
the determination of a reliabley Value was not possible. As a matter of fact, the
amount of polymethacrylate polymer in the sample was not enough to inhibit NAP
recrystallization on quenching. Conversely, when dealing with formulations with
lower wnap fractions, the drug did not recrystallize upon cooling, allowing the
identification of a reliable § value on the secondehting cycle. Therefore, the
GordonTaylor equation parameterksit, could be calculated by using the
experimental § dataset measured for formulations containing less than 20% of NAP.
Thus, it was possible to determine thelife, and the correspondingitvalue of

0.540 together with the relevant fitting B8f 0.999.

Table 1 Experimental §values relevant to Eu Rhased samples.
WAPI Wpolymer Experimental Tq (°C)
1 0 5
0.2 0.8 49.66
0.1 0.9 59.57
0.05 0.95 67.05
0 1 71.1
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Focusing on the SLE curve modeljnge supersaturated formulatiare(, having an

80 wt%wnar fraction) underwent the-B/D protocol as discussed in Section 2.2.2.1.
Steprelevant thermograms enabled a reliable correlation of the detegtedii€s to
their respective 4 and they were found to gradually decrease with each dissolution
step towards the highest annealing temperature tesfemitguts of 115 to 150 °C
were selected for the-WD method, spanning from the onset of dpajymer
interaction {ie.,~115 °C) to just below the NARelting point. The corresponding T
were used to calculate the associatgel by rearranging the G equation (Table 2).
Therefore, experimental solubility daise(, Tasandwapi) were fitted to the Empirical
equation, enabling the estimation of #heb, andC fitting parameters and, thuthe

drafting of the SLE curve.

Table 2 Experimental §values and corresponding calculateg relevant to each
heating step (3 undergondy Eu RL-based samples

Ta(°C) | Experimental Tg Corresponding
(°C) calculated wapi

115 51.63 0.18396

120 49.18 0.21127

125 47.18 0.2344

130 44.87 0.26209

135 41.69 0.30205

140 38.46 0.34497

145 35.56 0.3857

150 30.68 0.45939

The same procedure was applied to all formulatioes, Eu RL-NAP NS, Eu RS
NAP, and Eu RSNAP NS) enabling the achievement of the fitted parameters
describing the Jline and SLE curves. These are reported in Table 3, together with the

R2 of relevant fitting equations.
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Tgline SLE curve
Kot R? A b C R?
Eu RL-NAP 0.53988 0.99872 133.92764 | -6.33594 0.09784 0.99403
Eu RL-NAP NS 0.57345 0.99827 152.08146 | -6.36621 0.01024 | 0.99856
Eu RSNAP 0.43722 0.99968 123.05111 | -5.65125| 0.07912| 0.99274
Eu RSNAP NS 0.42502 0.99827 158.09835 | -7.39826 0.07567 | 0.99377
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Experimental TC phase diagrams relevant to Eu RL and EubRS&:d systems,
manufactured starting from either NAP powder or relevant NS, are reported in Figure
1.

All T-C phase diagrams revealed an extensive processing window within which the
investigated formulations can be processed while preserving a high amount of
crystalline NAP. Based on these models and on the identification of critical process
parameters, iis therefore possible to infer the expected relative proportions of
amorphous and crystalline fractions, thus providing predictive insight into the solid
state composition of the resulting formulation (Table 4).

The relative proportions of amorphous and crystalline fractions were derived from the
T-C phase diagram. For a given temperature and overall APl concentration, the
intersection with the SLE curve represented the maximum soluble fraction of the drug
in the polymer (.e., the dissolved or amorphous portion). The remaining amount
corresponded to the undissolved, crystalline fraction.

Based on the assumption that the mixture would comata80:20 w/w polymeidrug

ratio rather than 100 wt% polymer, the dissolved fraction was calculated by
normalizing the solubility to the polymer content. The crystalline fraction was then
obtained as the difference between the total NAP loaded and the édspoltion. To
enable this calculation, the empirical equation (Eqg. 3) was rearranged as a function of

the drug concentratiosy as follows:

0 -1 T—- (Eq. 5)

This allowed the estimation of the NAP solubility in the polymer at any selected
temperature, which in turn was used to quantify the relative amorphous and crystalline
fractions.

All formulations exhibited a high degree of consistency, regardless of whether the
model was constructed from micronized NAP or from the relevant NS. Nevertheless,
nanocrystals showed a greater tendency to solubilize within the polymeric matrix
compared tanicronized powders. This behavior can likely be attributed to the greater
area of interaction and to the particle silependent thermal stability of the
nanocrystals, where the higher surface free energy could accelerate any thermal

processes, renderiigem thermodynamically more reactive and, consequently, more
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prone to dissolutiof26, 27] In addition, the residual stabilizers inherently present in
theNS-based systemsé€.,PVP VA64 and SDS) may have further contributed to these
effects. Although present at low concentrations, they could have enhanced the
tendency of the nanocrystals to dissolve within the polymeric matrix by improving

wetting, intermolecular interactions; partial solubilization of NAP during heating.
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Figure 1. Experimental TC phase diagrams relevant to (a,b) E4RAP and (c,d) Eu RSIAP systems, manufactured starting from either (a,c) micronized NAP
powder or (b,d) relevant NS.
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To ensure comparability across all formulations, the selection of processing
conditionsj.e.,taking into account all the predictive models constructed, was directed
towards formulations with a targeted NAP content of 20 wit&, 00 mg/g). This

choice guaranteed the presence of a significant crystalline fraction, while allowing

processing at a temperature of 100 °C.

Table 4. Evaluation of the expected amorphous and crystalline fractions relevant to
200 mg/g NAPloaded systems processed at 100°C

Amorphous  fraction | Crystalline fraction
(mg/g) (mg/g)

Eu RL-NAP 110.5 89.5

Eu RL-NAP NS 126.2 73.8

Eu RSNAP 112.0 88.0

Eu RSNAP NS 112.7 87.3

3.Rpplicati-Onpldse hei dagram across differen

As a step forward and to validate the previously buil Phase diagrams, NA&hd
NAP NS-containing formulations were subjected to -patcessing. Given the
minimal sample requirements in terms of weight, VCM was initially employed to
assess thermal prapies of the drug and its residual crystallinity under the specified
heating conditions (Table 5).

Table 5. NormalizedyH+rws and relevant crystalline fraction values calculated based on
the NAP contenin the various specimens manufactured by VCM

o Hus, normalized (J/g) Crystalline fraction (mg/g)
Eu RL-NAP -13.75 95.3
Eu RL-NAP NS -18.78 191.7
Eu RSNAP -19.03 131.8
Eu RSNAP NS -7.68 78.5

In addition, the static nature of VCM, which theoretically more closely resembles the
conditions used in DSC experiments, makes the system more representative of the

assumptions in the predictive model. In this respect, the crystalline fraction was found
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to be similar to, or in some cases higher than, the expected values. This can be
explained by the neaniform and timedependent thermal history experienced by the
formulations during processing, where portions of the specimens may not reach the
nominal setemperature, particularly between the disc core and its surface. Moreover,
the higherthanexpected crystallinity observed in Eu flAP NS {.e.,191.7 mg/g/s

73.8 mg/g), in contrast to Eu R$AP NS {.e., 78.5mg/gvs 87.3 mg/g), which
exhibited a reliable crystallinity, can be attributed to intrinsic differences in the
polymer properties. Eu RL is more permeable to water, and even the mild drying
conditions employed may have induced transient plasticization of thex@obhains.

This could have diminished its ability to inhibit NAP crystallization, leading to partial
recrystallization during storage. In comparison, the lower water permeability of Eu RS
likely preserved its stabilizing capacity, resulting in crystajfintonsistent with
theoretical expectations. Given that the processing procedure was identical for both
polymers, these observations might suggest that the divergences arising from-{olymer
drugwater interactions are intrinsic to the polymer rather thamfthe applied
methodology.

Within this framework, not all the solubilized NAP was expected to remain in the
amorphous state during storage at ambient conditions, particularly when crystalline
domains were already present. Indeed, theseexisting crystals could act as
nucleation siteslowering the energy barrier for recrystallization and promoting the
transformation of the amorphous fraction back into the crystalline state upon cooling
[28, 29] Upon reaching room temperature, the system therefore approached an
equilibrium in which a portion of NAP recrystallized, resulting in a coexistence of
amorphous and crystalline fractions. Indeed, analysis of-tb@iase diagram (Figure

1) indicated thaait ambient conditions.€.,25 °C), the intersection with the SLE curve
suggested that the thermodynamically stabilized amorphous fraction was expected to
be below 2 wt% i(e., ~ 4 mg/g), or essentially negligible. Consequently, the
experimentally obsged solidstate composition reflected not only the solubility at
elevated temperatures but also the thermodynamic and kinetic factors that drove
crystallization during cooling. The system can therefore be considered a partially
amorphous dispersion, withesidual crystalline regions embedded within the

amorphous matrix.
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Additionally, it is worth noting that the excipients contained in the NAPiSRVP

VA 64 and SDS) might alter the apparent phase behavior. While they may increase
NAP solubility at processing conditions, they could also have affected the retention of
the amorphous fraction upon cooling, either promoting or limiting recrystallization.
These considerations highlighted the limitations of interpreting t8ephase diagram

as a strict predictor of the final solelate composition and underscored the irngrare

of accounting for polymeNAP-stabilizer interactions when evaluating the resulting
formulation.

Considering the overall promising findings attained in these preliminary experiments,
the extrusion process was carried out under the temperature conditions suggested by

the predictive model.

3. 2HME

HME was performed on two different instrument scales (HaakéiniLab Il and
Leistritz Extrusionstechnik GmbH extruders). The resulting products were thoroughly
characterized to deepen the dispersion of NAP within the polymer matrices, assessing
and quantifying its solid state and the residual crystalline mattelitiéwklly, for the

NAP NS-containing formulations, a morphological analysis of the surfaces was carried
out to gather information on particle size and the geometry of the dispersed
nanocrystals.

Before starting the trials, a comprehensive characterization of the pitysoucal

quality attributes of the NAP NS was performed, providing reference benchmark data
for the subsequent evaluation of the extruded samples. The NAP NS contained
nanoparticles of average ~198 nm with a Pdl of 0.11, demonstrating a narrow and
homogewrous particle size distribution. The thermal analysis of -@vesd aliquots of

the NS highlighted the presence of a single endothermic peak, related to the NAP
melting point (T = 152.58 °QHus =-97.94 J/g)The observed reduction of tiqgdus

in thenanosized system, compared to the micronized form of the NAR-{44.36

J/g), can be rationalized by the walktablishedize dependence of the thermodynamic
properties in hanoscale materials. Indeed, NAP patrticle size commimti@ases

the surfaceto-volume ratio, resulting in &arger fraction ofatoms residing at the
surfaceThese surface species are less strongly bonded than those in the interior of the

crystal, exhibiting weaker cohesive interactitimst reduceéhe overall lattice stability
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and consequently loweahe energy required for fusioioreover, the presence of
stabilizers may have subtly contributed to these thermal responses, further promoting
the thermodynamic reactivity of the nanocrystals and their propensity to undergo
partial dissolution during heating.

SEM was also performed to obtain a comprehensive morphological overview of the
NS (Figure 2). NAP nanocrystals appeared as slender, elongated needles, consistent
with an acicular morphology, and resulted in dimensionally monodisperse
nanoparticles consiste with DLS measurementsTo complement the above
mentioned data, confocal Raman microscopy was selected as a suitable imaging
approach to reveal the NS molecular fingerprint &mas, when dealing with polymer

drug mixtures, to gain a deeper understagaihNAP-carrier interactions and of the

drug distribution within the matrix. In particular, according to already available
literature findings, Raman spectroscopy revealed a molecular fingerprint consisting of
92, 123 and 152 crilattice vibration frequencies), 1397 and 1425 ¥bending
vibration of CH and CH groups), 1492 and 1585 th(aromatic ring), 1635 chh
(carboxyl acid), 2946 and 3073 tlstretching vibration of Ckland CH groups) for

NAP [30] as discussed i8ection 3.2.1.1(Figure 3).
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Figure 2. SEM images of ovedried NAP NS, at different magnifications.
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3.2.1.1. Eu RLand RSbhased products

Optical micrographs and Raman spectra collected from different areas of the cross
sections of extruded Eu RNAP extrudates showed a peculiar spatial distribution of
the two main molecular entities identified (Figurec3and Figure 3@):i) an extruded
homogeneous matrix, in which the NAP was molecularly dispersed into the polymeric
carrier (.e., blue area) surrounding) separated and homogeneously distributed
crystalline NAP regionsi.€., red spots). The crystalline nature of these regions was
confirmed by the presence of vibrational lattice frequendies, 92, 123 and 152

cm'Y) in the NAP spectra. Indeed, the absence of all crystaHialgted peaks in the

90i 200 cm!region, together with the presence of the diagnostic NAP peak3397

and 1425 cit, 1492 and 1585 crh and 1635 ci), indicated that the drug was
present but dispersed and solubilized within the polymer matrix. The finer distribution
of the crystalline phase observed in the sample processed with the Leistritz extruder
can lkely result from the higher mechanical energy input and shear intensity
characteristic of the largescale cerotating system. These conditions would enhance
mixing efficiency and may induce partial comminution of NAP crystals, leading to a
more homogenes dispersion within the polymer matrix. M8ntaining extrudates
exhibited a finer and more uniform distribution pattern, which may hint at the presence
of retained nanoparticulate NAP homogeneously dispersed within the polymeric
matrix, with a dispersityikely finer than the resolution of the analytical technique
used (Figure 4a and 4d). To better clarify the solid state of NAP regions within the
carriers, SEM wasmployed as a qualitative todhterestingly, images of cross and
longitudinal sections of the samples showed nanocrystals with Adexlkongated
geometry, dimensionally consistent with those of the original INSSome areas
needlelike NAP particles up to 3m in length were alsw@isible (Figure 4b).This
phenomenonmight reflect a partal solubilization of the drug followed by
recrystallization during coolingnost likely resulting from the system limited capacity

to effectively suppress recrystallization and subsequent crystal growativersely,

the SEM micrograph ofhe Leistritz-based extrudate revealed particles with needle
like geometries, appearing either as elongated plates or as slender elongated entities,
ranging from 0.6 to 1.5m (Figure 4e). Theomparativelylarger particle sizenaybe

attributed to the continuous processing: the direct injection of the NS into the heated
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barrel of the equipment already containing softened and highly viscous carrier may
lead to the rapid evaporation of the aqueous medium, generating a supersaturated
environment. Such thermodynamically unfavourable conditiors might promote
uncontrolled growth of the dispersed nanocrystaler, alternatively, partial

solubilization followed by recrystallization upon cooling.
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Stated the impact of processing conditions, it was deemed fundamental to evaluate the
applicability of the predictive model by assessing the residual crystalline fraction in
the extruded products. To this end, all samples were analya&5C. All samples
exhibited endothermic transitions corresponding to the melting of the crystalline NAP
component embedded within the polymeric matrix. The quantification of these thermal
events was performed by comparing the normalgddds to that of NAP and NAP

NS, repectively (Table 5).

Table 6. NormalizedyHrws and relevant crystalline fraction values calculated based on
the NAP contenin the various specimens.

Sample Manufacturing  Hus, Crystalline
equipment normalized (J/g) | fraction (mg/g)
HME, HAAKE
MiniLab II -8.19 56.7

Eu RL-NAP HME, Leistritz
Extrusionstechnik -11.23 77.8
GmbH
HME, HAAKE
MiniLab I 842 85.9

Eu RL-NAP NS | HME, Leistritz
Extrusionstechnik -67.19 686.0
GmbH

The results confirmed that the predictive capability of the model was critically
dependent on the initial preparation of the specimens. Those subjected to a drying pre
treatment, aimed at removing water, demonstrated both enhanced processability and
residwal crystallinity levels, results that were in close agreement with the model
predictions. On the other hand, the samples prepared with micronized NAP were
expected to exhibit slightly higher crystallinityg(,89.5 mg/g, Table 6). The observed
reduction,.e.56.7 mg/g and 77.8 mg/g, could be attributed to the higher temperature
levels generated during the hoelt extrusion process, also in view of the friction and

of the mechanical energy involved. This mechanical input may have promoted a
greater solubilizavn of NAP within the polymeric matrix. The NAP Nssed
extruded sample showed a slightly higher crystallinity than expected (85.Yeng)ff)

73.8 mg/g). This behaviomay be attributed to the increased thermodynamic
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instability of the drug at the nanoscale, where fegbrgy crystal nuclei are more
prone to recrystallize during the cooling step, leading to a partial recovery of the
crystalline phasg9, 31]

Conversely, the sample produced under continuous processing conditions, where the
NS was directly injected into the extruder, exhibited a substantially higher amount of
residual crystalline NAP than expected. The different drug dosing approach employed
led to an inadequate control of the NS injection, resulting in an overloading of the
latter. In fact, the crystalline content was nearly four times higher than the set
concentrationi(e.,686 mg/g instead of 200 mg/g), suggesting that a drastically gone
wrong processvia demixing occurred. Moreover, water played a critical role by
lowering the material temperature upon injection into the extruder, thereby further
limiting the extent of NAP solubilization compared to the expected outcome. These
results highlighted that a mh deeper understanding and control of the process
parameters would be required to prevent unacceptable effects such as drastic demixing
and uncontrolled NS loading. Importantly, these deviations stem solely from the HME
process under the gim conditionsi(e.,including the influence of water) and may not
indicate limits in the formulation design or in the predictive capability of the DSC
method

Raman analysis performed on Eu-B&ed samples pointed out a similar NAP
dispersion within the polymeric matrix with respect to wilaspreviously discussed

for Eu RL. Indeed, the spatial distribution of the chemical entities detected in these
samples was consistent with that previously observed (Figuresbd 5e3). These
findings suggested that the processing method had a direct impact on the spatial
distribution and particle size of the crystalline phase within the polymeric matrix.
Furthermore, theolid state of the drug in these domains was confirmed through the
presence of diagnostic lattice vibrational peaks in the Raman spectra, providing clear
evidence of the retained crystallinity. Indeed, Raman spectra and relevant maps
collected from NSbhaed samples highlighted a finer dispersion of the drug
nanoparticles within the matrices (Figure 6a, 8ddrphological and dimensional
analysis of the particle population embedded within the polymer, conduiat8&M
imaging, demonstrated that the HAAKIased extrudate comprises regions in which

spherical nanoparticles exhibit an average particle size of ~200 nm, alongsiele
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heterogeneous areas where elongated, -pkateparticles were substantially larger,
reaching up to 2.%&m (Figure 6b). In contrast, samples obtained through the
continuous HME processing revealed a population of particles with diverse
morphology including thin neediike particles ranging from 0.5 to 1¢8n, as well

asirregularlyshaped, flakdike particles reaching up togm.
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In this instance as well, assessing the residual crystalline fraction in the extruded
products was considered essential to evaluate the applicability of the predictive model.
Accordingly, DSC measurements were subsequently employed to quantify the residual
crystalline fraction within the specimens. The resulting thermograms, although
differing in intensity across samples, consistently displayed an endothermic event
corresponding to NAP melting. This observation not only confirmed the presence of
residual cystallinity but also provided insights into the relative proportion of the
crystalline phase retained after processing. The quantification of these thermal events
was performed by comparing the normalizgdss to that of NAP as such or in NS

form, respectively (Table 7).

Table 7. NormalizedyHrws and relevant crystalline fraction values calculated based on
the NAP contenin the various specimens.

Sample Manufacturing o Hus, _ Crist_alline
equipment normalized (J/g) | fraction (mg/qg)
HME, HAAKE
MiniLab Il rra 53.6

Eu RSNAP HME, Leistritz
Extrusionstechnik -1.15 7.9
GmbH
HME, HAAKE
MiniLab II 77 58.9

Eu RSNAPNS | HME, Leistritz
Extrusionstechnik -80.13 818.2
GmbH

The results partially supported the predictive capability of the model, although some
limitations became evident when the extrusion process was performed at a larger scale
(e.g.,Leistritz Extrusionstechnik GmbH). In the case of samples produced with the
HAAKE MiniLab II, the removal of excess water prior to processing led to a closer
agreement with the model predictions, with residual crystallinity values %3.6

mg/g and 58.9 mg/g, respectively) below the expected predicted leeeB3.0 mg/g

and 87.3 mg/g, respectively). Although the predictive model provided valuable
guidance, the lower residual crystallinity observed in extruded specimens can likely

be attributed to the enhanced amorphization inducedhéyhigher temperatures
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involved during the extrusion process. Based on the calculated residual crystalline
fractions, it can be inferred that the effective temperature reached by the material
during processing was102-1 0 3 i.A @xtrgpolated from the SLE curvayhich
accounts for the higher degree of NAP amorphization observed. Unlike the static
conditions assumed in thed phase diagram, extrusion involves mechanical shear,
and thus higher temperatures, and rapid material flow, which can promote greater
dissoltion of NAP within the polymeric matrix.

In the case of largescale extrusion, significantly lower residual crystallinity was
observed i(e., 7.9 mg/gvs 88 mg/g). As previously mentioned, this is likely
attributable to the higher temperature reached during processingl( 1 4 , which)

may have promoted extensive polymer chain mobility and enhanced solubilization of
NAP within the matrix. Consequently, the material underwent a significantly higher
degree of amorphization, resulting in residual crystallinity far below the values
predicted by the TC phase diagram. Conversely, when the process was implemented
sideinjecting the NS, similar limitations to those observed with Eu RL were apparent.
In this case, an even higher NAP was observed 818.2 mg instead of 200 mg),

further supporting the previously discussed issues related to drastic process instability.

4 . Concl usi ons

In this work, a model grounded in the temperattorcentration (AC) phase diagram

was systematically employed to elucidate the solubility and -stdig@ stability of

NAP, a prototypical Biopharmaceutics Classification System (BCS) Class Il
compound, wtin polymethacrylatdased carrier matrices. This model facilitated
rational selection of critical formulation and processing parameters, such as drug
loading and thermal input, thereby enabling the design of optimiseprdogssing
protocols. The validit of the predictive approach was established by experimental
investigations conducted across multiple manufacturing scales, encompassing both
VCM and HME platforms. The model consistently identified process conditions
conducive to maximising the attainabtesidual crystallinity of NAP, thereby

underscoring its utility as a robust tool in formulation development.
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Nonetheless, the research has highlighted inherent limitations within the current
modelling paradigm, particularly its inability to account for dynamic, precess
dependent factors that become increasingly significant in continuous manufacturing
environments Empirical results, especially at the larger extrusion scale, revealed
pronounced deviations between predicted and observed crystallinity values. These
discrepancies are attributable to complex phenomena such as intensified mechanical
shear, higher tempature profiles, accelerated material flow, and the physicochemical
characteristics of the polymer carrier, all of which collectively enhance the
amorphization of the active pharmaceutical ingredient beyond the static assumptions
of the T-C phase diagram. ufthermore, process variables including specific
mechanical energy input, liquid throughput, and residence time were found to exert a
profound influence on the final solstate properties of the extrudates, yet remain

unaddressed by the current model.

Consequently, to advance towards a universally applicable and scalable predictive tool
for hotprocessing technologies, future work must focus on the integration of process
analytical technologies (PAT) and advanced modelling strategies capable of capturin
the interplay between formulation composition, process dynamics, and material
attributes. Refinement of the model to incorporate-ties process parameters and
feedback mechanisms will be essential for achieving consistent material quality and
robust pocess control. Simultaneously, the continuous manufacturing setup should be
further optimised to ensure precise material feeding, homogenous mixing, and
effective thermal management, thereby facilitating reproducible product quality and

seamless processtégration.

In summary, this thesis has demonstrated the substantial potential cfCtiphdse
diagrambased model in the context of SDs design, while also delineating the
challenges posed by scalp and continuous processing. The insights gained herein
lay a solidfoundation for the development of negegneration predictive and control
frameworks, which are imperative for the reliable and efficient translation ef hot

processing technologies from laboratory to industrial scale.
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Manual wet granul stciadre &g rat

for converting aqueous nanos

1. l ntroducti on

A significant step forward in the formulation of poorly soluble drugs has been the
increasing awareness of the benefits associated with the application of
nanotechnology. In this context, the development of nanosuspensions (NSs) has
emerged as a powerfubdl to enhance the dissolution rate and improve the oral
bioavailability of the molecule of interest. Nevertheless, being NSs liquid-wased
systems, they present major challenges. For instance, tend to have limitéeriong
stability, poor handlingand entail difficulties in storage and distributi¢h-5].
Therefore, developing robust strategies to transform liquid NSs into solid dosage
forms has become a key objective among researchers, as this approach can
significantly improve stability, simplifithe supply chainand ultimately maximize

both therapeutic and commercial potential of nanosized @6c@js

Wet granulation (WG) represents a versatile and widely employed technology to
process large quantities of liquid formulations, which are used as the granulating
liquid. In this respect, it could be advantageously employed for processingoaaéest

NSs andtransformingthe latter into solid products. This process transforms fine
powders into larger, uniform granules by promoting interparticulate adhesion,
resulting in a cohesive wet mass that, after proper drying and screening, yields granules
with  improved flowability, compressibilitytabletability/compactability and
mechanical integrity. From a processing perspective, WG involves wetting,
nucleation, growth by coalescence, consolidation, and attrition, during which
formulation and process parameters set would ultimately impact on granule structure.
The latter, ad especially the particle size, morphology, moisture content, and
hardnessare fundamental towards final product quality batinethergranules are

used as final dosage forms or as intermediatefifther processinflL0-13].

Based on these premises, the present work explored, at the lab scale, the feasibility of

wet granulation to convert a wateased nanosuspension (NS) into granules. More
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into details, the granules were produced using as the binding liquid a NS containing
cinnarizine (CN NS), which served as a case study. Indeed, CN represents a model
compound for the Biopharmaceutical Classification System (BCS) class II, which
encompassea large proportion of new chemical entities (NCHsg)]. To maximize
versatility, polymeric excipients showing a variety of interactio@chanismswith
aqueous fluids, thus in principle being used for the formulation of products providing
diverse release patterns ranging from immediate to modified release, were
investigated. Resulting granules were assessed for key quality parameters considering
thar potential use either as final dosage forms or as intermediates for the
manufacturing of tablets.

2. Mat egainadl Mst hod

2. 1Materials

CN (mean particle size distribution, PSD: ~ 63.5 +eln® and CN NS (CN load, 10
wt%,; d-atocopheryl polyethylene glycol 1000 succinate, TPGS, 2.5%vyetage of

~ 350 nm and Pdl of 0.4), both kindly supplied by Novartis Pharma AG (Basel,
Switzerland). CN NS was manufactured and characterized as describesl[bgfo
Excipients:sodium starch glycolate (Explofa&LV, EXP; JRS PHARMA, Rosenber,
Germany); soy polysaccharides (EmcdsoySP; JRS PHARMA, Rosenber,
Germany); lactose monohydrate (Granut.a@00, LT; MEGGLE, Wasserburg,
Germany); polymethacrylates (Eudr&gRL PO, ERL; EudraghE PO, EPO; Evonik,
Essen, Germany); ethylcellulose (Ethécstandard 10 premium, EC; Dupont, UK);
hydroxypropyl methylcellulose acetate succinate (AQOAB LG, HPMCAS; Shin

Etsu Chemical, Tokyo, Japan). Binders: polyvinylpyrrolidone (Kollftid@, PVP k

30; BASF SE, Germany); copolymer of vinylpyrrolidone and vinyl acetate 6:4
(Kollidon® VA 64, PVP/VA 64; BASF SE, Germany). Other additives: potassium
dihydrogen phosphate (AnalaR NORMAPUR, #x, VWR CHEMICALS,
Leuven, Belgium); methanol (AnalaR NORMAPUR, &H VWR CHEMICALS,
FontenaysousBois, France); hydroxyppyl methylcellulose (METHOCHE K4M
premium, HPMC K4M; Colorcdfy Harleysville, Pennsylvania, USA), magnesium
stearate (Mg St; Sigmaldrich, Milan, Italy).
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2. 2Met hods
2. 2PAarticl-AveSriazgege)( Zand Pol ydispersity |1 nde
Scattering (DLS)

Z-average and Pdl of CN NS (n = 3) were measured using Zetasizer Nano ZS DLS
instrument (Malvern Instruments, Worcestershire, UK). Before the analysis, samples
were diluted (1:100) using a saturated CN solution and equilibrated for 120 s to ensure
proper onditioning. The resulting dispersions were sonicated (Ultrasonic
Homogenizer UP200St, Hielscher, Germany) for 1 minute at 70% amplitude to disrupt
potential aggregates and ensure proper dispersion of the nanocrystals. The temperature
was set at 25 °Gandeach analysis involved 10 measurements (100 s duration each).
The stability of the CN NS, stored in a refrigerator (VWR, Basel, Switzerland; 3 + 1
°C), was checked by measuring thaverage and Pdl at pestablished time periods
(i.e.,up to 18 months).

2. 2WRet granul ation ( WG)

WG process was manually performed using pestle and mortar. Modetail
granulates were prepared using either placebo solutions or CN NS added with binders
as granulation liquid. Different typesd,, PVP K-30 and PVP VA/64) and binder
concentrationsie., 2.5 wt% and 5 wt%) were tested (Table 1). The required binder
amount was directly weighed (analytical balance, EWJZ®, KERN & SOHN
GmbH, Balingen, Germany) into the liquid, intended as water or CN NS, and stirred
until complete binder solubilizatidmefore use.

For all batches, the same quantity of granulation liquid was added progressively in
small aliquotswhile the powder blend wamanually mixedwith a pestle to ensure
homogeneous wetting and distribution of the binder. This procedure was applied
uniformly to placebo and NBased formulations to achieve comparable wetting and
binder content. The addition of liquid wiaerruptedwvhenthe target conditions were
reachedi.e.for NS-based batches, when the inten@&dlloading {.e.,100 mg/g) was
achievedwhile for placebo batches, when the same quantity of liquid had been added
to provide equivalent wetting and binder content across formulafibeswyet masses

were subsequently ovatried at 40 °C for 8 h to reach constant mass.
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Table 1 Formulation composition (g) of placebo and CN-ld&ded granules

Formulation composition (g)

Formulation code la | 2a| 1b | 2b | 1aNS \ 2aNS | 1bNS 2bNS
Carrier 17.0 |116.5/17.0 16.5 17.0| 16.5 17.0 16.5
CN - 2.0
TPGS - 0.5
Binder PVPK-30 | 05 |1.0| - - 105 1.0 - -
PVPIVAG4 | - - |05] 10| - - 0.5 1.0

Chapter II- Part |
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2.2GBanul es characterizati on
2.2.3.Rrocess yield

Granules with particle size between 355 and 500 um were selected using a vibratory
sieve shaker (AS 200 basic, Retsch, Haan, Germany, time = 4 min, amplitude of
sieving =5) The product yield was calculated as the percentage ratio between the
amount of granulate retained on the 355 um sieve and the total amount of granulate
produced, as reported below:

9i el%d=100 granul ate weiopht fract(iE n
otal weight of granulatg Broduced

2.2.3.Bulk and Tapped Density
To assess the product density, 5 g of granules within tHeb885um size range were
wei ghed and transferred into a 25 mL grad

of the uncompacted granulate was measured, calculating the bulk dghagy (

Bul k dens%ty (g/ ml) = (Eq. 2)

Tapped density was then determined according to Method 1 described in the European
Pharmacopoeia (XI Ed., 2.9.34). The 25 mL cylinder containing the granules was
placed in a tapping volumeter (Stampf Volumeter Stav2003, JEL, Gemini,
Netherlands). The prodts underwenan additional 240 tapsandthe final volume

(Vi, corresponding to V ) was recorded. T
Tapped den%ﬂfity (g/ ml) = (Eq.3)
2.2.3.Blowability

Granule flowability (Eur. Ph. XI Ed., 2.9.36) was evaluated by calculating the

compressibility index (Cl) and the Hausner ratio (RH), according to the following

equations:
Cl (%) =+~100 * (Eq. 4
2.2.3.Briability

Friability of granules having a particle size between 355 and 500 um was assessed
using a testing procedure adapted from the European Pharmacopoeia (XI Ed., 2.9.7,
Method B). In particular, 4 g of granules were accurately weighed (analytical balance,
EWJ @0-2SM, KERN & SOHN GmbH, Balingen, Germany) directly into a glass
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container and then sealed. Then the container was inserted in a turbula mixer (Turbula
T2C, Willy A. Bachofen WAB, Switzerland) and subjected to horizontal oscillations

for 2 minutes at a constant frequency of 200 oscillations/min. After the experiment,
the granules were sieved using a-padibrated set of sievesd., 500 um, 355 um,

and the collecting base), mounted on a vibratory sieve shaker (AS 200 basic, Retsch,
Germany). Sieving was performed for 1 min at an amplitude of 4. The fraction retained
onthe 355 um sieve was collected and weighed with (CKE 16K0.05, KERN & SOHN,
Germany). Friability was calculated as the percentage ratio between the mass loss and

the initialgranulemass, as follows:
Friab%)it:y%o * (Eq. 5)

wherem is the initial mass of granulggndm is the final mass after sieving.

2.2.3.Barticle size

Particle size analysis (n=3) of the selected granulates was measured using a laser
diffraction particle size analyzer (Mastersizer 3000, Malvern Instrument, Malvern,
UK) equipped with a dry powder disperser

the caresponding standard deviation (SD) were subsequently calculated.

2.2.3.DPrug content

CN content (n = 3) was determined using Rgtfformance liquid chromatography
(HPLC; HP 1100 ChemsStations, Agilent Technologies, Milan, Italy). The latter was
equipped with an UWis detector and a reverpdiase column icolumn (InertClone

ODS, 150 x 4.6mm 5em ODS (3) 100 A, Phenomenex Inc., Aschaffenburg,
Germany), maintained at 30 °C. The mobile phase fixture of methanol and pH

3.5 phosphate buffer in water for HPLC;70:80) was filtered before use (0.45 pm
membrane filter) and pumped at aWloate of 1 mL/min at 30 °C. The time of the run
was set at 10 min. The sample to be evaluated (25 mg) was initially dispersed in 15
mL of mobile phase and then ultrasonicated at 25 °C for 30 min to ensure complete
CN dissolution. The resulting liquid wéitered through a 0.22m syringe filter and
transferred intan HPLC vial kept at 30 °C, from which 1€l were automatically
injected into the HPLC system for being assayed spectrophotometrically (retention

time = 4.7 ming-= 250 nm). The CN content waalculated using a purposely built
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calibration curve in the 0.2500 pg/mL range (y = 33.581x + 5.0952 R0.9998).
The percentage CN content was calculated as the ratio between the experimentally
measured load and a normalized reference value. The latter was calculated taking into

account the actual drug content in the CN NS (92.62 pg/mL).

2.2.3.07n wypierfor mance

Dissolution performance (n = 3) was evaluateditro using HCI 0.1N (pH 1.2) as the
mediumand by assembling a smailtale dissolution test ensuring sink conditions.
Samples of 25 mg = 2 mg were dispersed in 15 mL of acidic buffer, maintained at a
constant temperature of 25°C, and stirred (300 rpm) by means of a magnetic stir bar.
At pre-deternined time pointsi(e., 1, 3, 5, 10, and 15 min), 1 mL of the dissolution
media was withdrawn and filtered through a 22 syringe filter and replaced with
fresh medium to maintain the sink conditions. CN was quantified by HPLC, as
described in Section 2.2.3.6. Data were expressed as a percenkegiuj dissolved

with respect to the actual drug content.

2.2.3.RBRanocrystals redispersibility
Nanocrystals redispersibility (n =3) was measwiadlynamic light scattering (DLS),
using a Zetasizer Nano ZS DLS instrument (Malvern Instruments, Worcestershire,
UK). Samples were dispersed in a saturated CN solution (200 apoh}he resulting
dispersions were sonicated (Ultrasonic Homogenizer UP200St, Hielscher, Germany)
for 1 min at 70% amplitude to separate finer excipient particles from the drug
nanocrystals. average (@avg.) and polydispersity index (Pdl) were used as
characteristic values forifferentiating the redispersibility ability from the tested
granules. Data were compared to the original NS dimension through the
redispersibility index (RDI)16]. RDI was calculated (Eq. 6) by normalizing the mean
particle size of the redispersed nanocrystavz.redisp) to the mean NS particle size

(z-avg.orig):

zzavg.redisp
zavg.orig

RDI (Eg. 6)
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2. 2MA#niabl ets producti on
EC2bNSbased granules (36500 um particle size) were blended with an external
phase consisting of HPMC K4M and/or Mg St, as reported in Table 2.

Table 2 Mini-tablets compositions (w/w %)

EC2bNS min- | EC2bNSHPMC K4M mini -
tablet tablet
Granulatg%o) 985 49.25
Mg St (%) 1.5
HPMC K4M (%) 0 49.25

The resulting blends were processed by meana mitary tablet press (AMS,
Officine Ronchi, Cinisello Balsamo, Italy) equipped with 4 mm round punches. When
dealing with formulations based on granules and Mg St only, compression forces were
set to approximately 5 kN, to obtain tablets with a nominagjmteof 25.0 mg and a
crushing strength in the 12 N range. For tablets containing HPMC K4M in the
external phase, a compression force of ~5 kN was applied, resulting in products having
a nominal weight of 25.0 mg and a crushing strength <5 N.

2. 2Mb#iabtkeasacterization

Mini-tablets (n=10) were characterized for mass uniformity (CRYSTAL 500,
Gibertini, Milan, Italy), thickness (Mitutoyo CELA5CP, Andover, UK), and hardness
(crash tester, Erweka GmbH, Langen, Germany). Drug load and dissolution
performance were determined as reported in Section 2.2.3.6. and 2.2.3.7., respectively.
However, for the dissation performance, the selected time points differed from those

previously employed when testing granules and were: 15, 30, 60, 90, and 120 min.

3. Resul ts

3.1Binder and polymeric carrier selection
In this feasibility study, the WG technique was selected as a flexible strategy for
converting liquid NSs into solid intermediates at thb scale This method was

considered appropriate prior to exploring largeale equipment, such as higifiear

mixers, particularly considering the limited volume of NS available and the intent to

conduct a preliminary screening of various carriers.
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Using NSs as the wetting solution for granulation regioezefulselectionof binders,

as they may cause instability, such as drug aggregation and sedimeftatiia.end,

two hydrophilic bindersife., PVP K-30 and PVP/VA 64) were tested at 2.5 wt% and

5 wt% for the preparation of CN NS wetting solutions. Particle size analystd¢
controlof the NS was performed immediately after binder addition and repeated after
24 h (Table 3). Interestingly, the presence of the selected type and amount of binder

did not impact the CN NS dimensional characteristics (Table 3).

Table 3. Z-average and Pdl relevant to the modified N&, Upon the addition
of different binders at increasing concentrations), tested at different times

Dimensional analysis Tox SD Toanx SD
2 5 Wit% Z-Ave 346.37 +0.50 | 347.73+5.16
(@) Pdl 0.181 +£0.026 | 0.259 +0.015

PVP K-30(1)

5 wi% Z-Ave 353.40 +1.01 | 350.27 +2.90
(b) Pdl 0.176 £ 0.008 | 0.297 +0.013
2.5 wit% Z-Ave 338.40+£2.71 341.07 £0.76
PVP/VA 64 (a) Pdl 0.174+0.004 | 0.261+0.015
() 5 W% Z-Ave 342.47 +2.05 | 345.53 +4.22
(b) Pdl 0.218+0.021 | 0.209 +0.012

For the carrier screening phase, a range of excipients was selected based on two key
performancecriteria: i) their ability to interact with wateri.€., moistureuptaking
properties), which can affect granule formation, andheir potential impact on the
granulegechnical and releagerformancewhen theyareconsidered as such or, after
further processinge(g, tableting). In this respect, grantflerming agents capabtef
modulating the release of CN, achieving both immediate and prolonged release
patterns, were taken into account. Based on the aiewtioned considerations, the

carriers selected for this work are detailed below:

T EXP: -crmlssd sodium starch glycol at e,
swells upon contact with water (up t
di sintegration and thus i mmedi at e

direct
M1 SP:
modi fi ed

comdpmwedsigormanal ati on;

soy polysaccharides

soy, t his materi al ensures

mi ni mal i mpact on tablet tensile
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LT: monohydrate | actose, wi dely used ¢
suitable for both wet and dry granul ati
ERL and EPO:-banzeadhagolyymers commonly emg
agents f ormotdhueiart irnegl ecaaspeabi | i tEiEes.s Mor e
a cati-dependeiht pol ymer sol ubl eE at aci
RL is a caitnsooliuwh | ewabtuetr hi ghly per meaktk
prol onged rel ease.

EC: ethylcellul ose used as a coating ar
release formul ations. 't can modul at e ¢

HPMCAS: hydroxypropyl met hyl cel l ul ose

succinyl groupsespsbandenglgaetubl e in
swells and dissolves in basic pHs, maki
2Preliminary characterization of the pl

As an initial step, placebo granules were manufactured using an adpsesmas

placebo binder solution to assésscapability of different starting polymers to absorb

water. This step was deemed essential due to thewatdr content associated with

the use of the CN NSThis approach allowed estimation of each material's water

capacity per wetting before drying (2 h a

granulation/drying cycles required to achieve the desired CN load.
Formulations containing SP, HPMCAs, EC, ERInd EPO required at most two
drying steps, which was consistent with their wdigndling capabilities. In contrast,

the LT-based formulation wasbserved athe most challenging for the WG process,

due to the high solubility of the disaccharide. Variations in type or concentration of

the binder generally had a limited impact on the process, except for EXP, which

showed a shorter drying time when granulated®RA 64 compared to PVP-R0.

This screening was essih to identify interesting carrier/binder combinations for the

subsequent preparation of Ni&ded granules. All the characterization results relevant

to placebo formulations are summarized in Table 4.
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Table 4. Physicetechnological characteristics of placebo granulesi(386 um particle size fraction)

. Friability Bulk densit Tapped Densit Hausner .
Yield (%) ™ ass loss (%) | (g/ml) ! IOIO(g/ml) e ratio Flowability*
SPla 69.11 30.10 0.319 0.402 20.63 1.26 Passable
SP2a 48.86 30.05 0.271 0.314 13.51 1.16 Good
SP1b 59.58 10.04 0.379 0.436 13.21 1.15 Good
SP2b 58.11 4.63 0.386 0.446 13.46 1.16 Good
LTla 40.23 5.47 0.469 0.576 18.60 1.23 Fair
LT2a 43.77 9.52 0.489 0.573 14.63 1.17 Good
LT1b 56.04 28.77 0.590 0.669 11.76 1.13 Good
LT2b 51.15 32.82 0.445 0.527 15.56 1.18 Good
ECla 27.66 23.46 0.410 0.466 11.90 1.14 Good
EC2a 42.00 10.27 0.400 0.488 18.00 1.22 Fair
EC1b 32.82 10.12 0.427 0.467 8.51 1.09 Excellent
EC2b 50.19 27.55 0.392 0.455 13.73 1.16 Good
HPMCAsla 88.63 2.50 0.477 0.572 16.67 1.20 Fair
HPMCAs2a 84.07 1.02 0.500 0.588 15.00 1.18 Good
HPMCAs1b 84.87 7.06 0.501 0.572 12.50 1.14 Good
HPMCAs2b 75.07 7.82 0.488 0.556 12.20 1.14 Good
EPOla 88.43 8.98 0.445 0.541 17.78 1.22 Fair
EPO2a 81.41 8.80 0.400 0.488 18.00 1.22 Fair
EPO1b 86.43 10.29 0.501 0.556 10.00 1.11 Excellent
EPO2b 80.22 10.31 0.456 0.528 13.64 1.16 Good
EXPla 29.13 12.52 0.485 0.563 13.89 1.16 Good
EXP2a 51.67 36.41 0.455 0.541 15.91 1.19 Fair
EXP1b 49.55 8.77 0.417 0.501 16.67 1.20 Fair
EXP2b 50.20 8.93 0.440 0.510 15.22 1.18 Good
ERLla 91.16 36.97 0.36 0.46 21.43 1.27 Passable
ERL2a 82.61 44.42 0.27 0.36 24.32 1.32 Passable
ERL1b 94.16 51.27 0.33 0.44 25.00 1.33 Passable
ERL2b 93.21 70.07 0.34 0.44 23.73 1.31 Passable

*defined based on Eur. PKI Ed., 2.9.36- Powder flow
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As highlighted in the table, reference criteria were set to facilitate the identification of

the most promising formulations. By way of examples, these includowability,

which needed t o b d)friality € 2%, aedn)tprodud yield>g o o d o,
50%.

Among SPbased samples, the use of PVP/VA 64 resulted in improved flowability,
product yield, and mass loss compared to PVBOKLT formulations containing

PVP/VA 64 showed higher friability but maintained yield above 50%, while
flowability remained compable to PVP K30 batches. EC samples displayed variable
results: most of them were characterized by yields below 50%, with EC2b as an
exception, though with higher mass loss; EC1b had excellent flowability and
acceptable friability but low overall yiel®VP K-30-based EC samples pointed out
insufficient yield, and some showed high mass loss or poor flowability. HPMCAs and
EPO formulations performed consistently, with yields around 80% and mass loss
010 %. FIl owabil ity was sl i gpartcllarly in BEROr ov e d
samples. EXP granules showed comparable flowability. Differences were observed in
product yield (~50% with PVP/VA 64) and mass loss, which remained <10% only in

1b and 2b samples. ERL formulations had analogous, though suboptimahilitywa

high mass loss, and excellent product yield (>90%).

Based on the abowaentioned results, PVP/VA 64 was selected as the binder for
preparing drugoaded granules: both minimum (2.5% w/w) and maximum (5% w/w)

binder concentrations were employed.

3.3Characteri zat i-loona doefd tghrea nQUN eNsS

Based on placebinials, CN NS containing granules were prepared and characterized,
assessing the effect of using a-N&ed wetting liquid on the key quality attributes
previously defined (Table 5).
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Table 5. Physicetechnological characteristics of CN Ni&aded granules (35500 pm particle size fraction)

. Particle size | iy | Bulk .
Y:)eld distribution (um) density Tapped Density Cl. % Hausner Flowability*
(%) (g/ml) (g/ml) ratio
Dso+ SD Mass loss
(%)
SP1bNS 44.32 480+ 3.2 1.40 0.334 0.395 15.38 1.18 Good
SP2bNS 41.97 478 £ 1.2 1.64 0.352 0.409 14.00 1.16 Good
LT1bNS 44.92 495+ 9.0 7.55 0.557 0.67 16.67 1.20 Fair
LT2bNS 48.17 505+ 2.3 7.94 0.557 0.67 16.67 1.20 Fair
EC1bNS 60.68 482 + 1.7 1.40 0.392 0.435 9.80 1.11 Excellent
EC2bNS 58.71 466 + 2.6 3.85 0.394 0.447 11.76 1.13 Good
HPMCASs1bNS | 77.85 504 £ 6.2 2.42 0.513 0.572 10.26 1.11 Excellent
HPMCAs2bNS | 75.71 517+ 9.6 10.16 0.477 0.541 11.90 1.14 Good
EPO1bNS 55.98 529 £14.2 12.52 0.476 0.556 14.29 1.17 Good
EPO2bNS 61.93 519+6.1 13.84 0.500 0.572 12.50 1.14 Good
EXP1bNS 41.41 425 +11.7 10.11 0.400 0.47 14.00 1.16 Good
EXP2bNS 52.06 490 + 3.2 22.52 0.510 0.57 10.26 1.11 Excellent
ERL1bNS 44.28 430+12.5 5.33 0.390 0.48 17.65 1.21 Fair
ERL2bNS 38.87 455 +5.5 7.34 0.390 0.45 13.46 1.16 Good

*defined based on Eur. Ph. X| Ed., 2.9-3owder flow
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Overall, the physictechnological characteristics of N&ded granules were
preserved or even improved, particularly in terms of flowability and mass loss, with
only minor reductions in product yield. More into details, WG using the CN NS
generally resulted in granules wifitiability values markedly reduced (overall 10%,
Figure 1a) with respect to their placebo counterparts. EXP2bNS sample represented
the sole exception, exhibiting a mass loss of approximately 20%. A particularly
striking example is provided by ERL1b andIE®, asplacebo formulations showed
mass losses of 51% and 70%, respectively, while the correspondifigatisi
granules exhibited only 5% and 7%.

Regarding product yield % (Figure 1b), most granules exhibited values comparable to
placebo samples. Indeed, in most cases, yields exceeded 50%, with only a few
formulations showing slightly lower values, though never below 40%. The most
pronounced diffenrece was observed for ERbased samples, which displayed a
markedly reduced yield compared to the corresponding placebo granules, with a
decrease of approximately 50%.

Interestingly, the use of the CN NS as the granulating liquid did not negatively affect
the flowability of the resulting granules (Figure 1c and 1d). Except for thédsed
formulations, which exhibited only a slight deviation from their placebo analogues, all
NS-loaded samples displayed flow properties comparable to the corresponding
placebo ad, in the case of EXP1bNS, EXP2bNS, ERL1bNS, and ERL2bNS, even
improved performance.

As no major differences were observed between granules with different PVP/VA 64
concentrations, further analyses, including drug content, dissolution profile, and

redispersibility index, were deemed essential to fully assess granule quality.

3.3Ddug content

Evaluating the actual CN content in granules was considered a critical step in this
screening process. Indeed, it was a way to assess that theadeftectively retained

during the WG process and no marked loss occurred (Table 6).
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Table 6. Drug content (%) of CN N®aded granules, including the coefficient
of variation (CV, %)

CN content, %
(CV, %)
SP1bNS 105.05(1.97)
SP2bNS 99.02(11.36)
EC1bNS 93.56(1.48)
EC2bNS 95.06(4.72)
HPMCAs1bNS 97.68(2.91)
HPMCASs2bNS 99.04(4.07)
LT1bNS 98.94(15.87)
LT2bNS 100.61(2.52)
EXP1bNS 108.89(5.76)
EXP2bNS 104.13(3.48)
EPO1bNS 94.51(7.75)
EPO2bNS 103.7(7.87)
ERL1bNS 101.72(2.16)
ERL2bNS 103.96(3.96)

The analysis of the CN content confirmed an overall high loading efficiency, with most

samples showing values above BE%.

3.3l 8. pierf@r mance

Assessing the release behawwbrCN NSloaded granules was a pivotal part of the
characterization phase. Indeed, in products containing drug nanocrystals, dissolution
performance serves not only as an indicator of the granulation efficiency but also offers
valuable insights into twody aspectsi) whether the WG process preserves the
nanoscale particle size of the drug, thereby enabling granules to exhibit a release
profile comparable to the original NS, ardthe capability of the selected carriers in
achieving their intended fution of modulating drug release.g, ensuring controlled
release even when dealing with granules containing drug nanocrystals that can easily
escape entrapment within the polymeric network). By way of example, profiles
relevant to granules containing the lowest binder concentratien (bNS

formulations) are summarized in Figure 2.

115



Chapter II- Part |

L

9 . EXPI1bNS granules

”g . EPO1bNS granules

E LTIbNS granules

z.

~ SPIbNS granules

h 10 15
B Time (min)

100

80

60 . ECIbNS granules
- HPMCASIbNS granules
. ERLIbNS granules

CN released (%)

40

20

Time (min)

Fi gB8r eRel ease prA)immedamdled Ba riaodthinfaiaaid e s

Granules based on EXP and EPO released nearly 100% of the CN within 3 min, while
those containing LT and SP reached a plateau within 5 min. In contrast, granules
prepared with EC, HPMCAs, and ERL did not exhibit the expected modified release
behavior. Inded, they released the entire drug content within 15 minutes. By way of
example, profiles relevant to granules containing the lowest binder concentiratjon (
1bNS formulations) are summarized in Figure 2. Indeed, formulations with the highest
concentratin of binder i(e., 2bNs) pointed outnanalogous release pattern.

The impossibilityof obtainingthe desired modified release appeared inconsistent with
the intrinsic functional properties dhe polymers selected, which are typically

associated with prolonged release when usedadsx-forming material. A plausible
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explanation is that the granulation process was not sufficiently effective in both
providing appropriate densification of the product and achieving a homogeneous
incorporation of the nanocrystals within the polymer matrix, thus leading to only a
superficid drug deposition and prompt release. Additionally, the very high surface
area coupled with the size as well as the fast dissolution kinetics of the CN nanocrystals
in acidic environment might have overshadowed the controlling effect of the polymers,
preventing theonset of controlled release.

3. 3N&8nocrystal sodo redispersibility

The RDI of the CN nanocrystals from drigpded granules was assessed in
comparison against the reference MSensure that the manufacturing processes, and
especially the drying phase, did not alter the starting particle size of CNS (Table 7).
RDI values approaching 1.0 indicated optimal redispersion of nanocrystals from the

granules, with values < 1.20 considered accep{able7].

Table 7. Z-average, Pdl, and RDI values relevant to CNIbdigled granules

Sample o nzr;]‘;“’ie op | PAISD RDI
SP1DNS | 346.4+4.42 | 0.210+0.01| 1.007
SP2bNS | 345.1+7.29 | 0.212+0.02| 1.003
LT1bNS 388.0£4.76 | 0.345+0.04| 1.128
LT2bNS 344.5+0.85 | 0.204+0.02| 1.001
ECIbNS | 355.8+3.59 | 0.239+0.01| 1.034
EC2bNS | 320.0+0.80 | 0.213+0.01| 0.930
HPMCAs1bNS | 587.1+6.84 | 0.382+0.03| 1.707
HPMCAs2bNS | 475.9+5.35 | 0.302+0.04| 1.383
EXPIbNS | 357.2+4.30 | 0.185+0.02| 1.038
EXP2bNS | 349.3+6.92 | 0.163+0.01| 1.015
EPOIbNS | 401.4+6.78 | 0.298+0.03| 1.167
EPO2bNS | 392.5+500 | 0.278+0.02| 1.141
ERLIDNS | 379.3+522 | 0.241+0.01| 1.103
ERL2ONS | 415.6+1.32 | 0.246+0.02| 1.208

All granules exhibited acceptable RDI values, indicating an effective redispersion of
the nanocrystals and demonstrating the process ability to preserve the original CN NS
particle size. Minor deviations were observed for HPM®Aased samples. However,

values falling outside the acceptable range can likely be attributed to the presence of
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insoluble particle populations, dimensionally greater but indistinguishable from CN
nanocrystals due to limitations of the analytical technique employed.

3.4Tabl eting

As a further assessment of their performance, the granules were used to prepare mini
tablets of 4 mm in diameter. Besides exploring the suitability of granules for further
processing, this stépelps inevaluating whethaj the application of mechanical stress
would compromise thephysicechemical and dimensional properties of the
nanocrystals conveyed, aiidl the densification achieved could enhance the release
behavior of products intended for controlled release. To this endhaB€d products
served as model system. More in detail, miaiblets were produced starting from
granules having the highest binder concentratien EC2bNS), which were blended

with either Mg St alone or in combination with HPMC K4M (Table 8), used as a

matrix-forming polymer.
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Table 8 Tableting parameters and physteechnological characteristics of the resulting tablets

Tablet
weight (mg)
(x SD)

Compression force
(kN)
(£ SD)

Upper

Lower

Ejection
force (kN)
(= SD)

Thickness
(mm)
(= SD)

Hardness

(N)
(£ SD)

EC2bNSmini-
tablet

25.20 £2.20

4.87 +0.16

491 +0.15

21.06 £1.15

2.30 £ 0.06

14.3 £ 1.53

EC2bNS-HPMC
K4M mini -tablet

25.32 +2.12

3.78 £ 0.03

3.81 £0.03

23.36 £ 0.8]

2.16 £ 0.02

4.0 +0.52
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All tablets exhibited an acceptable weight and comparable average thickness.

Prototypes containing HPMC K4M were characterized by a greater mechanical
resistance

3.41 4. pierf@r mance

The in vitro performance of the EBGased tablets allowed to estimate whether the
densification entailed by the tableting process effectively impacted the release

behavior of the starting granujeend the presence of high viscosity HPMC further
helped to control the release kinst{Eigure 3).

100

B EC26NS mini-tablet

80 B £C2bNS-HPMC KaM mini-tablet

60

CN released (%)

40

20

0 20 40 60 80 100 120
Time (min)

Figure 9. Release profiles relevant to EC2b miiablets with and without HPMC K4M.

The dissolution-bagseo®d-t dnelsne tosf ctlheear EQ de mor
compaction of granules induced an effecti

compared to the <corresponding uncompr ess.
EC2bdN®eciemxehnisbi ted a sl ower release rate,

drug release within 2 h. Adding HPMC K4M

with samples releasing approxi maTkéyge3d5% c
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data hi ghploisghttievadefath prepraccphht-Ff o0 B mi ng agent on
rel paseern of tampated sampbemul ations wi't

Overall, thein vitro performance test confirmed that the granules, when used as
intermediates, can implement the prolongeléase profile thanks to the densification
provided by the tableting process, and the latter can be furtheiufied by adding
other releaseontrolling polymers.

3.4N@nocrystalsodo redispersibility

Assessing the maintenance of the CN nanoscale dimensions was essential to determine
the actual impact of an additional technological prooess {ableting) on the original
drug particle size (Table 9).

Table 9. Z-average, Pdland RDI values relevant to CN N&ded minitablets

Z-ave
(d-nm) £ SD

EC2bNS mini-tablet | 368.8 + 8.44| 0.382 £ 0.06| 1.072

EC2bNSHPMC K4M
mini-tablet

Sample Pdl £ SD RDI

443.0 +10.08 0.395+0.03| 1.288

Also in this case, dimensional values were found to be consistent with those relevant
to the starting NS, with RDI data falling within the optimal range. More in detail, the
CN nanocrystals were effectively redispersed by the EC2bNStatitgts. On the

other hand, EC2bNS&IPMC K4M samples displayed slightly highttlanexpected

measurements.

4 . Concl usi on

This work represented a preof-concept study on the feasibility of transforming, at

the labscale, a NS containing CN, a poorly wasetuble BCS class Il model drug,

into solid oral dosage forms while preserving the pdinoensions of the drug. The

WG drategy proved effective in producing granules containing drug nanocrystals that

preserved their nanoscale dimensions and physicochemical integrity. Additionally, the

granules exhibited technological attributes comparable to the placebo counterparts
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and, when formulated with polymers with a prompt interaction with biological fluids,
delivered the intended IR performance. To test the possible use of granules not only as
a final dosage form but also asiatermediatdfor subsequent processing, they were
used to produce mitiablets. Tableting allowed to modulate the CN release by
decreasing product porosity and reducing the area exposed to aqueous fluids, enabling
the attainment of slower release profiles, particylatien hydrophilic polymers were
adced in the external phase. Importantly, neither granulation nor tableting altered the
crystalline state or the size of the CN nanocrystals. Overall, this work confirmed the
possibility of using WG with watebased NS as the granulation liquid for
manufactuing solid oral dosage forms containing BCS class Il drugs, offering a
versatile platform for tailoring the product release performance through appropriate

selection of formulation and processing parameters.
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Twisncr ew wet granul ati on:
manufacturing approach

nanosuspensi ons

Abstract

Despite their widely recognized performamedated benefits, oral solid products
containing nanosuspensions (NSs) present major challenges for the pharmaceutical
sector, mainly due to their poor stability as weltlmsenergy and timeconsuming
nature of the manufacturing methods already in use. In this context, we assessed the
potential of a lakscale twinscrew wet granulation (TSWG) process, based on a dry
binder approach, as a novel and scalable continuous mamirfgctirategy for
transforming NSsnto solid orally administered dosage forms. To this end, a DoE
considering soluble (lactose, LAC; mannjtdlAN) and insoluble (hydrated colloidal
silicon dioxide, SYL; pregelatinized maize starch, PGS) fillers in different ratios was
employed, using a model cinnarizine (Chgsed NS as the wetting liquid and powder
blends comprising a fixed combination of digigrant, lubricantand glidant. The
granules attained were checked for key quality attribiteg physicotechnological
properties, nanocrysteddispersibility andrelease performance) and further evaluated

as intermediates for tablet production. Overall, the strategy pursued in this work turned
out to be effective in speeding up the identification of optimal formulations.
Specifically, those containing lower amounts of SYL, irrespective of the paired soluble
filler, yielded to granules with desirable characteristics in terms of CN load, porosity,
redispergility of drug nanocrystalsand compaction behavior. On the other hand,
analogous formaitions containing PGS exhibited suboptimal compressibility and CN
content, while MAN emerged as a more effective soluble filler. Finally, the nanoscale
size of the drug, which was successfully preserved during processdiowed
improved dissolution rate and bioavailability in model Gaaells.

Keywords: nanosize, granules, tableting, continuous manufacturing, design of

experiment, poorly soluble drugs, CaZaells.

126



Chapter II- Part I

1. l ntroducti on

Over the past years, the continuous manufacturing (CM) approach has garnered
significant interest in the pharmaceutical fi¢ld4]. In this approach, several unit
operations involved in the production of a specific dosage fam, (blending,
granulation, drying, milling, dosing, and tableting) are integrated into a single,
streamlined process. By leveraging process analytical technologies, it also enables
reattime monitoring of the downstream manufacturing chain, supporting connu
optimization[5-7]. Due to these peculiar characteristics, CM all@wvsrcomingthe
current limitations of the batelwise manufacturing approach, such as unexpected
inconsistency among batches, which are ruled out in a delayed manner with respect to
the time of manufacturing, risk of contamination, and relatively long process[8mes

11]. CM leads to substantial cost and time savings, facilitating shorter production
cycles, reducing the number of processing steps, and minimizing energy consumption
as well as waste, increasing the overall manufacturing efficiency while enhancing
product casistency and reproducibility, which are critical for maintaining high
quality standards. The latter aspects are especially relevant today, as the
pharmaceutical industry increasingly prioritizes sustainability and leaner
manufacturing approaches. Its indet flexibility in scaling either up or down allows

for a more adaptable manufacturing process, which can quickly respond to changing
market demands, even including the new ones associated with personalized medicine.
In a wider perspective, all these faets make CM an interesting tool in the field of
medicinal products, and its application potential deserves to be farglered7, 12-

14].

In the framework of CM, twiscrew wet granulation (TSWG) stands out as a versatile,
reliable, costand timeefficient method for producing solid oral dosage fo[is16]

Indeed, it offers several advantages, including flexibility in formulatien {ype and
amount of excipients), equipment designe.( screw elements and barrel
configuration), and processing parametees, 6crew speed, feed rafd)y]. Asa CM-
compatible technique, TSWG supports both simatid largescale production by
simply adjusting the processing time and/or throughput, without the need to change
the equipment in use. Moreover, it enables robuih@process controls, enhancing

corsistency and ensuring reliable product qudli-22].
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Being based on the addition of a granulation liquid (commonly water) to a powder
stream and often used in combination with subsequent continuousddidrying,

TSWG mayrepresent an advantageous alternative to solidifying techniques, such as
freeze and spray drying, for particulate production. By way of example, the prolonged
time required by spragranulation methods not only increases production costs but
can also leado instability constraints, particularly when dealing with kestsitive
materials such as biopharmaceuticals, and with thermodynamically unstable systems,
such as nanosuspensions (NE&), 2326]. NSs are submicresized, colloidal,
heterogeneous aqueous dispersions containing poorly saiciole pharmaceutical
ingredients (APIs)with particle sizes ranging from 1 to 1000 fi27-29]. Overall,

they are characterized by an increased specific surface area (SSA) of the drug which
can led ta) improved saturation solubilif0], ii) a faster dissolution rate as described

by the NoyesWNhitney equatior§30, 31] andiii) enhanced mucoadhesive properties,
which may prolong the residence time in the gastrointestinal tract, thus providing more
time for the active molecule to completely disso[@2-35]. However, all these
features, which could in principle improve drug bioavailability, are accompanied by
major challenges, mainly related to physichémical instability of the watdrased

NSs. In fact, as the surface area increases, Gibbs free enargyleading to a
thermodynamically unstable system sensitive to sedimentation, aggregation, solid
state transformation, and crystal growth phenomena. As a result, dimensional changes
of the API nanoparticles may occur, worsenthgir dissolution performare and,
ultimately, bioavailability [36-39]. In this respect, transforming NSs into more
convenient solid products by downstream processes, taking advantage of appropriate
drying methods, was described as an interesting strategy to address the above
mentioned challenges. Indeed, this approach nigt@nhances NS stability and ease

of handling but also contributes to i mprov
as solid oral dosage forms remain the preferred route for drug adminisfd&tjaii]

This study evaluates the feasibility of TSWG, considering its compatibility with the
CM approach, for transforming a casteidy NS into multiparticulate systemse(,
granules) intended for oral administration in a single processing step. More
specifically, the TSWG approacgkliedoni) a NS containing cinnarizine (CN) as a

model drug, and) on the use of a dry binder, overcoming possible issues related to

128



Chapter II- Part I

further additionof a binding solution. A 2full-factorial design was performed to
deepen the formulation parametears.(amount and type of fillers intended as carriers
forming the powder bulk) and to evaluate robustness of the tested formulations towards
the addition ohigh amount®f water, as necessarily entailed by the use of a NS as the
starting material. During the work, major efforts were dedicated to verifying that the
transformation process did not change the nanosized drug, given its impa@tt o

dissolution rate and, therefore, on fiiralvivo exposure.

2. Materials and Met hods
2. Material s

EXP: sodium starch glycolate (EXPLOTABCLV; JRS PHARMA, Rosenberg,

Germany); A200: colloidal anhydrous silica (Aerosil 200; Evonik, Essen, Germany);

PVP K-30: polyvinylpyrrolidone (Plasdone K30; Ashland, Hamburg, Germany); SSF:

sodium stearyl fumarate (PROYJRS Pharma, Rosenberg, Germany); LAC: spray

dried mixture of crystalline and amorphous lact@eeffieldE Spray Dried Fast Ffo

316; Kerry Group, Tralee, Ireland); MAN: sprdyied mannitol (PEARLITOL

200SD; Roquette, Lestrem, France); SYL: hydrated colloidal silicon dioxide

(SYLOID 244 FP; Grace, Columbia, MD, USA, USA); PGS: partially pregelatinized

maize starch (MAISSTAERKE ST-RX 1500; Colorcon, Idstein, Germany).

CN: cinnarizine (mean particlen)sikzenddiyst i
provided by Novartis Pharma AG (Basel, Swi
CN NS: CN nanosuspensi@@N load, 10 wt%; ek-tocopherylpolyethylene glycol

1000 succinate, TPGS, 2.5%:axerage of ~ 500 nm and Pdl of 0.4) kindly supplied

by Novartis Pharma AG (Basel, Switzerlani)was manufactured and characterized

as described befofd2].

2. 2 Met hods

2.2Ptleparation of powder bl ends

Powder blends were formulated based on a Design of Experiments (DoE) full factorial
approach, involving 77% by weight of variable fillers and 23% of fixed components
(Table 1). Powder batches (200 g) were prepared in a simgieg step, using a
Turbul® shaker mixer (type T2C, WAB AG, Maschinenfabrik, Muttenz,
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Switzerland), operating for 4.30 min at 22.5 rpm. Before blending, starting materials

were manually sieved through a 0.8 mm mesh sieve.

Table 1L Composition of the formulations tested and relevant identification codes.

Materials

Code Fixed components (23%) DoE variable components (77%)

EXP | PVP SSF | A200 LAC MAN | SYL PGS

K30
N1 23.10 53.90
N2 23.10 53.90
N3 23.10 53.90
N4 23.10 |53.90
N5 15 2:5 5.0 0.5 53.90 23.10
N6 53.90 23.10
N7 53.90 23.10
N8 53.90 |23.10
2. 2T 3WG

TSWG was carried out in a-gotating Pharma 11 mm twiscrew granulator (Thermo
Scientific Pharma 11, Therntéisher Scientific, Karlsruhe, Germany). The design of
the screws was previously defined to ensure proper formulation flow along the
successive zones of the barrel. More into details, the resulting screws were composed
of different elements ensuring: feadi(zone 12), kneading (zone-8), and grinding

(zone %8) [43]. Screws features were: diameter (D) 11 mm, length (L), 40 % D. From
inlet to outlet of the barrel the following elements were provided: 2 L/D conveying
elements (CE), 4 L/D long helix CE, and 4 L/D CE in the feeding zone; a sequence of
¥, L/D at 30° staggeangle kneading elements (KEB], and 9 L/D CE in the kneading
zone, repeated twice in the forward configuration; % L/D at 30° stagger angle KE, 8
L/D CE, and 2 % L/D distributive flow elements (set to reduce oversized granules
fraction[44].

The temperature was maintained constant (30 °C) along the different barrelltzanes.
setupof other TSWG parameters is discussedhiaresults and discussion section.
Before the trials, the extruder was equilibrated for at least 1h to ensure temperature
stabilization. Probes were plugged and connected for each zone to rule out any
temperature changes during the process. A wesed coahg system (Thermo
ScientificE , Accel 500 LC, Thermo Fisher Scientific, Karlsruhe, Germany) was used,
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setting the water temperature at 15 °C. Feeding (zone 1) of powder blends into the
twin-screw granulator was carried out using a gravimetric -sgnew feeder (K
Sampler, KCL-SFSMT12, Coperion KTron, GmbH, Niederlenz, Switzerland),
which was previouslgalibrated to ensure the desired feeding riate 250 g/h). The

liquid feeding port was placed at zone 2, dispensing the NS by means of a peristaltic
pump (Ismatec Reglo ICC ISM4308, Cdtarmer, Barrington, lllinois, United States;
inner diameter tub&).06 mm; tube wall, 0.03 mm). The NS flow rate was purposely
calibrated. Each trial lasted approximately 40 min. Exi€rynin, wet granules were
collected at the barrel outlet for visual inspection and checked for moisture content,
verifying the achievement of the desired L/S ratio.

2. 2FBuithiesedrying

Drying of wet granules was carried out using a fluidibed dryer (Mini Glatt 5, Glatt,

Binzen, Germany) prbeated for at least 1h, allowing stabilization of the exhaust air
temperature at 40 °C. After equilibration, the fluid bed was filled with the resulting

total amount of wet granules (approximately between 300 and 550 g). For each drying
process, the inlet air flow rate was increased until appropriate fluidisation, ranging
between 0.4 and 0.5 bar. Parameters were adjusted according to Section 3 Results and
discussion. The process time varied between 20 and 50 miwoAtep process

control was applied based on the achievement of a product with a temperature around
40 AC and a loss of drying content (LOD)

dried granules were milled through a 0.71 mm mesh sieve.

2. 2CHBharacterizati on

2.2.4.1 Particle size measurements

Particle size distribution and specific surface are#kgh were determined through a
laser diffraction system, using a Mastersizer 3000 (n = 3; Malvern Instruments,
Worcestershire, UK), equipped with either an Aero S dry dispersion unit or a Hydro
SV liquid dispersion unifThe dispersion conditions (% air pressure and % feed rate)
were adjusted depending on the different product flowability. Results were expressed
as median patrticle size (D50), which represents the diameter at which 50% of the total
particle volume consistsf smaller particles. The span waso calculated using the
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following formula (Span = (B-D10)/Dso), referring to the width of the particle size
distribution. X0 and X0 were determinedepresenting the particle diameters below

which 10% and 90% of the total particle volume, respectively, were found.

2.2.4.2. LOD analysis

Granul esd6 LOD was measured wusing a ther m
Mettler Toledo, Greifensee, Switzerland), by drying approximatelyg2of samples

at 105 °C, until the weight loss rate was less than 1mg/50s. LOD data were employed

both for checlng the applied L/S ratio during the wet granulation process and defining

the final point of fluidiseebed drying.

2.2.4.3. Density measurements

True density firue) Of the granules was determined using a helium gas pycnometer
Ultrapyc 5000 (Anton Paar GmbH, Graz, Austria, n = 3, 10 purging runs, 2.0 g sample
size, and 19.000 psi target pressure).

Granules bulkj(puk) and tap ftapped densities were evaluated according to the USP
Method | procedure. Before measurements, granules were sieved through a 1.0mm
sieve to break up agglomerates that may have formed during stpfage.granules

was determined by gently introducing approximately 15 mL of product into a
graduated cylinder as the ratio of the mass of the powder to the volume occupied.
Afterward, the cylinder was mechanically tapped (volumetric analyzer; JEL
Stampfvolumeter STAV 2003, rigdsmann, Germany) 10, 500, and 1250 times,
determining thg wpped The tapped density was calculated by dividing the mass of the
granules by their tapped volume.

Granules cohesiveness was assessed using the Hausner ratio (HR), calculated on their
bul k and tapped density (Eq. 1) . Mor eover
the flowability of the granules (Eq. 2).

oY

(Eq. 1)

00 Zpmm (Eq. 2)

Fromj wue andy pui values, fractionagranuleporosity () was finally calculated as (Eq.
3):
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- p — (Eq. 3)

2.24.4. Drug content

CN content (n = 3) was determined using kgrformance liquid chromatography
(HPLC-UV; Agilent 1260, Agilent Technologies, Santa Clara, CA, USA) equipped
with an U\-Vis detector and a reverphase column (IYM&ack ODS, 50 x 4.6 mm,

3 um, YMC Co., Ltd. Kyoto, Japan), maintained at 30 °C. The mobile phasea
mixture of methanol and pH 3.5 phosphate buffer in water for HPLC (AW (45],

was filtered before use (0.45 um membrane filter) and pumped at a flow rate of 1
mL/min at 30 °C. The time of the run was set at 4 min. The sample to be evaluated (20
mg) was initially dispersed in 250 mL of mobile phase and then ultrasonicated for 30
min to ensure complete CN dissolution. The resulting liquid, filtered through a 0.45
em PVDF syringe filter, was transferred irdo HPLC vial kept at 30 °C. From the
latter10eL were automatically injected into the HPLC system for being assayed
spectrophotmetrically (retention time = 1.6 miawmax = 250 nm).

2.2.4.5. Two-stage biorelevant dissolution performance

Two-stage biorelevant dissolution test (n = 3) was performed according to an already
standardized protocp#6, 47] A USP apparatus Il was used with paddles rotating at
75 rpm. Samples containing nominal 20 mg of CN were pante@50 mL of Fasted

State Simulated Gastric Fluid (FaSS®H 1.6) kept at 37 °C. 2 ml of the dissolution
mediumwasmanually withdrawn at prdefined times (5, 10, 2@nd 30 min). After

30 min, 250 mL of concentrated Fasted State Simulated Intestinal Fluid (FaSSIF, pH
7.5) was added to attain a final volume of 500 mL (pH 6.5). After this addition, 2 ml
of the dissolution medium were collected at 40, &@d 60 min. After 60 min and
before taking the last sample of the dissolution media (75 min), the paddle rotation
speed was increased (150 rpm). All the ligsiecimens were filtered using Gn

25 mm syringe filter and assayed for CN content as described in Section 2.2.4.4. Drug

content.
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2.2.4.6. Nanocrystalso6 redispersibility
Nanocrystals redispersibility (n =3) was measured by means of dynamic light
scatterig (DLS), using a Zetasizer Nano ZS DLS instrument (Malvern Instruments,
Worcestershire, UK). Samples were dispersed in 0.1 mM NaCl solution (magnetic
stirrer rotating at 200 rpm). The resulting dispersions were centrifuged for 10 min,
calculating centrifuggorce (RCF) and rotor rpm to be able to separate finer excipient
particles from the nanocrystalsaXerage (zavg.) and polydispersity index (Pdl) were
used as charamtistic values for differentiating the redispersibility of the tested
granules. Data were compared to the original NS dimension through the
redispersibility index (RDI)41]. RDI was calculated (Eq. 4) by normalizing the mean
particle size of the redispersed nanocrystavz.redisp) to the mean NS particle size
(z-avg.orig):

S (Eq. 4)

YOO
2.2.4.7.Compaction study

Round flat face compacts (11.28 mm diameter, compact mass 550 mg) were
manufactured, using a single punch tableting mact®ié’L'one nano PMS6-005,
Medelpharm, Beynost, France) equipped aitautomatic feeding system. Increasing
compaction pressures were applied (50 MPa, 100 MPa, 150 MPa, 200 MPa, 300 MPa,
and 400 MPa), using a standareésNape compression profile at 10 mm/s punch speed.
For each compaction pressure, 10 compacts were manefhctior further
characterization.

Compacts were checked for weight, height, and diameterpfalie porosity,
hardness, and disintegration time. Their weight, height, diameter, and hardness were
assessed immediately after compaction using a-aatomatic tablet tester (Sotax
MT50, Aesch,Switzerland). The oubf-die porosity was calculated on 10 compacts

produced at each compaction pressure:
DET £€iBPQOWpP — zpnm (Eq. 5)
where the tablet density was calculated taking into account its weight and the

theoretical volumeTensile Strength(l MPa) [48] of the compacts was calculated

using the following equation:
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- - (Eq. 6)
2. 2DBE

The DoOE appr oascslktthwea se xappeprliameedn ttabl e tadlallesct e
wersaubsequently analyzed wusing multiple 1
Corporation, Nort hampt on, MA , USA). The s;
regression coefficients of the statistical
t o adtetsacirni pti veppabwarse Wheqns tthekan 0. 05, t he

considered statistically significant.
TablelL2vels of the independent variabl
Level
Factors 1 1
Xi1= insolubl |PGS SYL
X2= solubl e LAC MA N
Xs= filler r|70:30 30: 70

2.2.5.%tatistical mo d e |

A Full Factorial Design () was set up, considering 3 factors, each to be evaluated on

2 different levelsresulting in a total of 8 runs. The type of fillersi(hsoluble; %,

soluble) and their ratio within the blendszfXvere assigned to be the independent
parameters (Table 3). The selected dependent responses were CN amount
(mg/100mg), RDIUJof the granules, owtf-the-die porosity for tablets obtained under

50 MPa, and tensile strength for tablets obtained at 200 MPa. The results were
analyzed by multiple linear regression analysisabling the calculation of the

coefficients of the mathematical model correlating factors and responses, which was
described by the following equation:

wl T T 8w - (Eq. 7)

Where y is the dependendndvaXii adod e tohme riesg
vari abl es ier tfhaedt,mbasdaregcto,defofciiemdespenden

val,aaedgi s the residual error.
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Table 3 Experimental matrix of the full factorial design

Il nsol ub/Sol ubl eFill er
Cod €
X1 X2 X3
N1 |-1 -1 -1
N 2 1 -1 -1
N 3 -1 1 -1
N 4 1 1 -1
N 5 -1 -1 1
N 6 1 -1 1
N7 -1 1 1
N 8 1 1 1
The interaction plot was employed as a qu;
Il nteractions bet ween the parameters I nve

analyzed wusing OriginPro, Version 2025 ( Or
USA)icWwhper faowamwedantathiysée s of varpvaanicuee sft ANO)

wer e | ess t han 0. 05, t he di fferences wer
addition, the OriginPro software was al so
chartiss,cuasssed i n the Results Section.

2. 2P6r metayb/iBli oavailability study

2.2.6.1.Caco2 cell culture and differentiation

Human i nt e2stciendls,Cacbhad ai ned from I NSERM ( P
cultured in Dulbecco'"s Modified Eagle Mei
glucose, 3. 7B g4 LmMTf o-tNlagitC&®Imi ee L 1% nonesse
aci ds, 100 U/ L ofg/pemifcidtlrienpt camydci h0OQ con
supplemented -wnabtilvla% e thie atet al bovine S €
Laboratories, Logan, UT, ey USAere Foredadf
polycarbonate filters, 12rmihTdaamweeit, Co4
Lowel l , MA, USA) %4tenasi3t.y0 iln 1cOo5Smpcleeltles /ntend i |
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with 10% FBS in both apical (AP) and baso
formation of a confluenctel tel wWemenohawners.up.
with 10% Hyclone FBS and all owed to differ

changes three times weekly.

2.2.6.2.3-(4,5Dimethylthiazoi2-yl)-2,5diphenyltetrazolium bromide (MTT) assay
The MTT experiments were codhdoaeltles. oBr ihaefm

total ‘“cfeld si/ wkQ | wee lel splealteels i an®,6 after
cinnarizine nano 0.000001 to 1.0 mg/ mL, or
h at 37 ACyaumtbesrp h%e% eCO Subsequently, the t
100 OL/well of MTT filtered solution was a

a 5%aC@mosphere, 0.5 mg/,mhdsabot Obhwehast asry
buff&rmM HCI -40 0i. % iNfRet hyl sul foxi de, DMS
min of sl ow shaking, the absorbance at £

fluorescence plate reader (Biotek, Bad Fri

2.2.6.3.Cell monolayers integrity evaluation and intestinal absorption experiments
The ®epanéelial el ectrical resi2stcendes WBRBBE
measured at 37 AC using the voltmeter app

MA , USA) , I mmedi at el yarbodefb2 @, mian untmel Ot h.
transport experiments. Accordi[ng9]JtCdAN pr ev
intestinal absorption wa&s caeddessiend tirna ndipfc
solution (137 mM NacCl, 5.36 mMKC3. 5 1mM6 r
gl ucose) . The AP solutions wer e kept a
mor phol i noet haanred stuh & oBili cs aalcutdi)ons wer e ke
with 1QHywMrMxyet hyWN-(O)4dputpbemeasgulnftoni c aci d))
the pH condintivaaw® hfeowmd | | i ntestinal mu c o
assay, <cel Itsedweirne Hagnukisl'i bBal anced Salt Sol

37 A@c.ondMining samples were added to the
AP transporéglL)s altuttihen f(i 5,h0&Eg /cnoLn c(ecnotrrraetsi poonn d
to 1.0 OM of BIN)comphairltemeinmnt twaes added t he
(70W0) .e At the end of the absorption exper.i
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BL sol utcioolnlse ckieepde aantd 1 80AC before anal ysi s
were performed in duplicate.

The -coMt aining samples used to osaempt e) he /
was retained and used as a reference for c

i n BL solution after 2 hours of the absoryg

2.2.6.4 Mass spectrometry analysis (UHPIMIS/MS)

Al'l sampl es wer e driaiO&ldo fa nad stdileunt idons soofl veOd?
10% acetonitrile. Then, they have been anse
Mi |l ano, IlItaly) using Agilent 1290 Infinity

LC/ TQ (Agilent). Chromat oqir ap ZIOKRBAXp £Cad tl iPd
PLUS C18 (Agilent) 50 mm (Length) x 2.1 m
mobile phase A (water with formic acid O0,:
formic acid 0, 1%) at a flow raterof 400
temperatures wererssepeati MOIALC. ahhde 15Amp | e
was 1 OL. Data processing was performed us
Acqui sition software version 10.1 (Agil ent

3. Results and discussi on

3.Manufacturing

In this work, we investigated the feasibility of a4stale twinscrew wet granulator
(TSWG) in combination with a fluidbed dryer (FBD) in converting a liquid NS into
multiparticulate products in a single step, thus coupling advantages of
nanotherapeutsc(.e., increased solubility and dissolution rate of the drug) with those
associated with a CMompliant solidification technique, while improving processing
sustainability. The core idea behind the study design was to directly feed a model NS
containingCN (CN NS) into a twirscrew granulator. To avoid the need to modify the
NS formulation, which would require additional stability testing, this study explored
the use of TSWG with dry binder additifs0]. In this setup, the liquid NS served not
only as a dispersion medium for the nanoscale API, but alsamsiaurbinder solvent.

A combination of different soluble and insoluble hygroscopic fillers was selected for
the experimentsThis method is designed to allow the formulations to absorb
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substantial amounts of water while supporting granule compactability and promoting
rapid disintegration and dissolution in the final produwdbngside a sprayried
lactose (LAC) traditionally used for tabletifgl], mannitol (MAN) was tested as an
alternativeoption, being highly watesoluble, giving a pleasant feeling in the mquth

and having different mechanical properties.(greater brittleness) coupled with well
known good compactabilityehaviof52, 53] On the other hand, insoluble fillers with
highly specific surface area, such as a sitieaed mesoporous carrier (SYL) and
pregelatinized maize starch (PGS) were chosen considering their capability to absorb
high volumes of liquid$54-56]. PVP K30 was employed as the dry binder tarbe

situ solubilized during the manufacturing proc¢s8]. To ensure further processing

(i.e. tableting, glidant (A200), superdisintegrant (EX&)d a lubricant (SSF) were

also included in the granule formulation.

A 23 full factorial design was applied to investigate the effect of LAC, MAN, SYL
and PGS included in different quantities and combinations on the properties of the
resulting granules. The DoE outp@galuatedvere: API loadingi(e., CN amount,
mg/100mg), NS dimensional stabilityi.g, RDI), and physicatechnological
properties of thereparedgranulesi(e., -). Moreover, following the idea of directly
tabletting the granules, a compression study was carried out evaluating the features of
the final tablets. In this respect, the tensile strength at 200 MPa and tablet porosity at
50 MPa wereselectedhs thekey outputs.

Prior to TSWG trials, the water uptake threshold for each formulatientbe L/S

ratio leading to a slurry paste) was experimentally defined. The selected final L/S ratio
values turned oubb bedependent on the type and amount of insoluble filler added.
Moreover, it impacted the granulation liquid throughput and thus the pump rate to be
set during processing. In particular, SYL showed better moisture uptake ability with
respect to PGS, regardlaxfthe soluble filler selected@he different NS formulations
tested required modifying fluidised bed drying conditions, which led to varying drying
times.Dried granules qualjuantitative compositionsind the processing parameters

are reported iTables4 and 5, respectively.
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Table 4. Nominal composition (amount, wt%) of the dry granules defined by the DoE
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N1 | N2 N3 N4 N5 N6 N7 N8

LAC 21.4 | 20.1 - - 51.3 47.9 - -

MAN - - 21.4 20.1 - - 51.3 47.9

SYL - 469 |- 469 |- 205 |- 20.5

PGS 49.8 | - 49.8 |- 220 |- 220 |-

EXP 139 |13.0 |139 |130 |143 |133 |143 |133

A200 05 (04 0.5 0.4 0.5 0.5 0.5 0.5

PVP K30 |23 |22 2.3 2.2 2.4 2.2 2.4 2.2

SSF 46 |44 4.6 4.4 4.7 4.5 4.7 4.5

CN 6.0 | 104 |6.0 104 |3.8 8.9 3.8 8.9

TPGS 15 |26 15 2.6 1.0 2.2 1.0 2.2

L/Sratio |0.65 | 1.2 065 |12 0.4 1.0 0.4 1.0

Table 5. Processing parameters set
N1 N2 N3 N4 NS N6 N7 | N8

Granulation liquid throughput | 162.5| 300 | 162.5| 300 | 100| 250 | 100 | 250
(9/h)
Granulation liquid pump rate | 19.0 | 355 | 19.0 | 355 |11.6| 295 |11.6|29.5
(rpm)
Dryer inlet air temperature (°C) 65 65 65 80 80 80 80 | 80
Dryer inlet air flow rate (bar) 0.5 0.5 0.4 04 | 04 0.5 05| 05
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3.Qharacterizati on

All the TSWG trials were successful, leading to mp#rticulate systems with good
physicattechnological characteristics in terms of dimensions, flowability, and
mechanical strength, visualized by a minimum dust loss during handling, and a
granular porasy (0 in the 0.60.8 range. This was deemed particularly promising in
view of the sought dissolution release performance. In Table 6, data relevant to the

multiple linear regression for all the analyzed samples are summarized.
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Table 6. Multiple linear regression results and significance values (F, p) for model terms

Intercept . . . . ) . o, || F-value| p-value
Response ' X X X Xl X x| X Fxx x| Re |AdiRe vl B
13.28375 [3.74625 [1 1226125 ' o 1111109292, 4 20000 1605
| (F= (F= — |(F= F=302"= (F = 70.23]|(F = 6.36)
APl loading |05.36708(550.34) |44.49) |476.55) |- = >O%00.08) [ = "2 = O0) l0.0897¢0.08531221.43 |<0.0001
(p< (p< (p< y (p< -
0.0001) [0.0001) |0.0001) 21017 |o.0001) [0-0001) |0.0227)
0.07125 |i0.09042[[i0.06542 |0.09208 [[i0.23292 |i0.08792 |0.07125
RDI 1.26875 |(F = 5.83)|(F =9.39)(F = 4.92) (F =9.74)(F = 62.32) (F = 8.88) |(F = 5.83) | geqa4 g128415.27 |<0.0001
(p= (p= (p= (p= (p< (p= (p=
0.0281) |0.0074) 0.0414) [0.0066) [0.0001) |00.0088) |0.0281)
850:‘817 850:1125 70.01642 |[i0.003 128'3485 0.00425 (0.00417
Erﬁcﬁ'ogas' . l0.69875 [551.29) [30.07) Eg - 0404 ng 2-14) 558 95) EE =4.29) EE =413) 15 9870(0.98131173.56 |<0.0001
(p< (p< P (p< . .
00001 00001y [0-000) [0163) | [0.0548) [0.0592)
9.11667 | 116671350833 [10458331145  [0.91667 | oo
Porosity (50 (F= (F =2.87) (F= (F= (F= (F= (F = 4.23)
MPo) 35.975  [17536.06) = O l2596.04) 44.32) |443.60) |177.29) |0 =™ 0.999240.9080(2972.19<0.0001
(p< 0.1095) (p< (p< (p< (p< 0.0563)
0.0001) | 0.0001) [0.0001) |l0.0001) |[0.0001) |
rensile 2% Joare17 Josers |20 li0s625 02125 0.02917
Strength (2002.60417 |300.17) ng 6.47) EE = 7.08) 15 0035) EE o3 EE =9.09) EE =0.17) 10.960210.9428¢55.24 |<0.0001
MPa) (n < = = (0= = =
Cooop 00217 [0.0172) [Pc. J0.0001)  [0.0082) [0.6844)
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Responses were also plotiecthe following FiguresThe degree of neparallelism
between lines indicates the extent of interaction:-parallel lines suggest an
interaction, while crossing lines imply a strong interaction between factors. By way of
example, interaction plots for the XX2*X3 factors which were shownto be

statistically significantare reported in Figure 1.
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T T
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|l oading, .and B) RDI

The CN load was expressed as a percentage relative to the nominal L/S ratio, enabling
more precise assessment of process quality and NS load accuracy, and serving as a
baseline for further optimization. According to the DoE interaction plots (Fighye 1

1B), SYL showed higher drug loading than PGS, likedgause its greater surface area

and moisture uptake enabled more efficient NS incorporéfiable 7).Additionally,
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higher proportions of insoluble material, regardiesthe type, consistently led to an
increased drug retention, confirming that the absolute quantity of -alaserbing
matrix played a critical role. As for the soluble carrier, MAN exhibited a slightly more
favourable aptitude than LAC, further supporting #uitability in facilitating the

integration of liquidbased systems within the granulation matrix.

Table 7. CN content and RDI of the granules
N1 N2 N3 N4 NS N6 N7 N8

CN Loading | 72.41 | 125.94|94.09 | 138.73|82.32 |85.81 | 79.51 |84.78
(%) +032 |+0.99 | +1.01 [£+578 |£0.54 |+0.62 | +1.08 | +0.79

RD 1.06 +/1.63 +{1.00 £|1.52 *+| 1.17 1.04 £/1.04 £/ 1.06 +
0.06 0.1 0.02 0.12 +0.05 | 0.08 0.02 0.01

The preservation of CN nanoscale dimensions after the TSWG process was
preliminarily assessed by redispersing the granules attained and checking nanocrystals
for average particle size and distribution in comparison with the values relevant to the
NS. A nea 1 RDI value would suggest that the nanocrystals were optimally
redispersed from granules, considering a RDI <1.20 accepiaiBle 58] CN
nanocrystals were generally redispersiblied only minor differences were observed
based on the type of moistuabsorbing carrier material utilized (see Table 7).
Granules with PMS showed good redispersibility (RDI < 1.17). In contrast, SYL effect
depended on concentration: lower SYL levelaltes! in optimal RDI, while higher
amounts led to poorer nanocrystal disperstdéowever, a relatively low correlation
coefficient was calculated for this feature. To this end, the abh@regioned findings

could also be ascribed to specific constraintthefanalytical protocol. Indeed, laser
diffraction data relevant to samples containing SYL revealed finer particle size (D10
< 3 em, relevant to Span values), which can be hard to separate from the CN
nanocrystals during sample preparation. On the other hand, the polydispersity index of
the NS was maintained after redispersion of N1 and N3 formulations, while in all the
other casesh®wed a tendency to increase, even over 0.5, which was associated to a
broad particle size distributiofb9]. According to this hypothesis, the statistical

significance of the model turned dotbepoor for the RDI parameter.
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Recognising that solid CN NS stability may affect drug dissolution, this impact was
carefully assesse&ince CN is a weak organic base {pK 1.94 and pK. = 7.47),
showing a pHdependent solubility (2 pg/ml at pH 6.5, increasing up to 2110 pg/ml at
acidic pH)[60], a twostage dissolution test using biorelevant media was set up to
assess the performance of the micronized DS, compared to initial NS and compared to
relevant formulations in different conditions. CN dissolution profiles from
nanocrystakcontaining graales, having diverse L/S raticgre reported in Figure 2B,
alongside those relevant to drug powder as such and to the starting NS, for comparison
purposes (Figure 2A).

As expected, CN NS showedaster dissolution rate than the micronized API, being
completely dissolved within 10 min. With respect to CN micronized powstes t

30 min), CN NS displayed a better performance, even in a dissolution medium that
was expected to be poorly discriminating for a wbake compound (FaSSGF, pH

1.6). Considering that the solid dissolution rate is a function of the surface area exposed
to the aqueous fluids, as described thg NoyesWhitney equatiori28, 31] data
turned out consistent with the higher CN
1 0 6 5 2kg) campared to the micronized CN (SSA, 167,5g).

On the other hand, simulated intestinal conditions represented an unfavourable
environment for CN to dissolve. Irrespective of the particle size, being transferred from
a highly acidic environment into FaSSIF adjusted to pH 6.5, both micronized CN and
CN NS showed a tendency to supersaturate and precifitgté2] having an erratic

lower amount of drug dissolved displayed in the profiles. Granules release
performance turned out to be consistent with the NS data. Considering.NS%

min, different formulations were capable of releasing more than 90% of the loaded
nanosized drug substance within 5 min. Finally, chantliegnedia pH, a deflection

of the CN dissolution profile could also be appreciated for granules.

To this end, granule porosity has probably played a pivotal role. This feature turned
out to becorrelated with the formulation parameters, even if interactions were less
significant.In all tested formulations, product porosity was sufficient so that selvent

wetted area did not limit dissolution performance.
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FigureCa2mparative dissolutionverelislNes ard evVBNtCN
NScontaining granul es

3.3Bioavailability study

To further check the impact of the TSWG process in solidifying the NS, preliminary
data relevant to CN NS bioavailability on human intestinal €acells were collected
[63-65]. This experiment was intended to preliminarily demonstrate the ability of the
CN NS to permeate the epithelial barrier, rather than to perform a kinetic study.
Before performing experiments at cellular level, MTT assays were performed to
evaluate any samples cytotoxic effect on Caawells (Figure 3). According to the
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