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INTRODUCTION




General context

A significant percentage of the new drugs introduced in the pharmaceutical pipeline exhibit a low
solubility in the crystalline state and therefore never reach the patient®. As solubility presents itself as a
significant limiting factor in the development of innovative medical treatments, it is of the most
importance to focus on approaches to enhance the solubility and, hence, to improve the dissolution and
the bioavailability of these drugs. To that extend, a very promising strategy consists in the formulation
of the Active Pharmaceutical Ingredients (APIs) in the amorphous state?™. Indeed, as the amorphous
state consists of a structurally disordered solid, it possesses a higher-free energy compared to its
crystalline counterpart and should thus present a higher saturation solubility®=. A crystal can also exist
in different forms, called polymorphic forms, which exhibit a different crystalline order'®=*2, These forms
are metastable and often have stabilities and solubilities between those of the stable crystal and the

amorphous form.

Apart from the physico-chemical characteristics of the API which strongly influence the selection of the
amorphization process, it also has to be selected depending on the desired characteristics of the
amorphous material. Indeed, the amorphization process can have an influence on many parameters such
as the physical stability, the energetic level, the particle morphology or even the pharmaceutical

performance of the API.

Many processes were developed in order to render a crystalline APl amorphous and can be categorized
in three main categories including heat/melt-based (e.g. liquid quench or hot melt extrusion34),
solvent-based (e.g. spray-drying'>1® or freeze-drying'”'8) and mechanical based techniques (e.g. cryo-
milling or ball-milling). From an industrial point of view, spray-drying and hot-melt extrusion (HME)
represent the most favorite techniques for the solvent-based and the heat/melt based approaches
respectively®®. Indeed, spray-drying is considered as a continuous and commercially scalable drying
process?® meanwhile HME is considered as both a green technology (solvent-free) and a high-throughput
continuous process which can also easily be scaled up for industrial purposes?!. However, for APIs
presenting thermal degradations or poor solubility in organic solvent, another approach must be
considered. To that extend, mechanical-based techniques such as high-energy milling can be used.

Indeed, milling is known to frequently modify the structural state of drugs by placing them in non-



equilibrium situations directly in the solid state?? which might either lead to an amorphization3-2¢

,orto
a polymorphic transformation?’-3°. It was reported that milling at a temperature below the glass
transition temperature (Tg) of the material would often induce an amorphization whereas milling above
Tg would often induce polymorphic transformations?#3, Fully understanding those transformations and
controlling them is thus an objective of significant importance in the development of new

pharmaceutical formulations using a milling stage.

Due to the inherent instability of the high-energy configuration of the amorphous state and to the
eventual recrystallization into a more stable crystalline state (lower energy), APIs are rarely developed
as amorphous solids3. Therefore, the formulation of Amorphous Solid Dispersions (ASDs) was developed
in order to improve the physical stability of the drug in its amorphous state. ASDs are defined as a
molecular dispersion of an amorphous APl in an amorphous carrier, usually a polymer?32, Indeed, it was
reported that a polymer with a high Tg can have an anti-plasticizing effect on the API and, hence, hinder
the nucleation and subsequent growth of crystals33. This feature is considered as a significant advantage
for the storage of ASDs for which the API is in super-saturated conditions in the API/polymer mixture.
Indeed, as long as the Tg of the mixture is above the storage temperature, the amorphous APl is expected
to remain kinetically stable for a long period due to the low molecular mobility. Moreover, the polymer
also allows a thermodynamic stability of the amorphous as long as the API fraction in the ASD is lower
than its solubility in the polymer34. However, the storage is not the only concern as ASDs are expected
to maintain the supersaturation levels in the Gl tract during the dissolution process3. Therefore, multiple
factors are to be considered during the selection of the polymer including its hygroscopicity, aging and

tackiness3®.

As a final dosage form, the oral route in the form of tablets or capsules are the most currently used for
marketed ASDs3?. However, it was reported that the compression, by inducing a mechanical stress to the
ASD, could either lead to an amorphous-amorphous phase separation or to a physical stability
enhancement depending on the concentration of the API, the compression force and the polymer

carrier3s,

In this context, a complete understanding of the behavior of both the API (crystalline and amorphous)
and of the API/polymer mixture is of most importance in order to fully control the eventual

transformations and the drug properties.



Main objectives

The main objective of this thesis is to produce amorphous solid dispersions (ASDs) of poorly-soluble
drugs and to compare the solubility as well as the physical stability of the APIs thus formulated with

those of the pure APIs in different forms, i.e. crystalline, metastable polymorphs and amorphous form.

For this work, two model drugs are chosen including chlorhexidine free base (Chx) and riboflavin free
base (Rf). Indeed, as those drugs are very-poorly soluble and crystalline, the aim is to enhance their
solubility by producing formulations in the amorphous state. However, before preparing an optimized
formulation, it is of the most importance to have a good understanding of the physical characteristics of
the drug and of the influence of the amorphization process on the latter. Furthermore, as these specific
drugs are both prone to thermal degradation and practically insoluble in most organic solvents, neither
heat-based nor solvent-based amorphization processes can be used. Therefore, the amorphization must

be performed directly in the solid state and to that extend, high-energy milling is selected.

After a deep investigation of the physical characteristics of the crystalline drug, the milling-induced
amorphous drug is produced and followed by a physical characterization. Finally, the dissolution
performances of the drug in both its crystalline and milling-induced amorphous state are evaluated for
different experimental set-ups. The physical characterizations are carried out using X-ray diffraction
(XRD), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA) and scanning electron
microscopy (SEM). The dissolution performances are tested using powder dissolution (sink and non-sink

conditions), intrinsic dissolution and tablet dissolution.

The next step consists in stabilizing the drug in its amorphous state in a formulation. To that extend, the
drug is molecularly dispersed in a polymer matrix by co-milling of a physical mixture of the crystalline
drug and the polymer. Therefore, two polymers are chosen including polyvinylpyrrolidone (PVP) as it is
widely used in the production of ASDs and Lycoat R$720, a starch-based polymer graciously offered by

the company Roquette.



Furthermore, in order to assess the advantage of having an amorphous drug molecularly dispersed in

the polymer in terms of drug release, three different mixtures are tested for each polymer including:

- A physical mixture of crystalline drug and polymer
- A physical mixture of milling-induced amorphous drug and polymer

- A co-amorphous mixture of drug and polymer obtained by co-milling.

For these mixtures, the physical characterizations are carried out using XRD and DSC and the drug release
is evaluated for different experimental set-ups including: powder dissolution (sink and non-sink

conditions), intrinsic dissolution and tablet dissolution.

Organization of the thesis

This thesis is divided in 6 chapters.

The first chapter aims to present the general concepts of condensed matter physics and the different
approaches related to the formulation of amorphous solid dispersions. In particular, the concepts
regarding structure and dynamics of both crystalline and amorphous state are described to give the
required knowledge to have a good understanding of this work. The different amorphization processes
are also presented with a focus on high-energy milling as it was the main process used in this work. The
criteria to consider to choose the appropriate process were also discussed. The role and the choice of
the polymer in the formulation of ASDs are also pointed out along with the physical notions and
considerations regarding the drug/polymer mixtures. Finally, the different final galenic forms are also

presented along with a focus on the formulation of oral tablets.

The second chapter is devoted to the presentation of the different materials and experimental
techniques used during this work. Particularly, the physical characterization techniques along with the

experimental set-ups for the determination of dissolution performances are deeply presented.

The third chapter presents a detailed investigation of the structural and thermodynamic impacts of both
the heating and the milling on chlorhexidine free base. Particularly, the polymorphism of Chx is explored

and its amorphization kinetics upon milling are determined. The dissolution performances of both



crystalline and milling-induced amorphous Chx are also studied using several experimental-ups (powder

dissolution, intrinsic dissolution and tablet dissolution).

The fourth chapter is focused on the stabilization of milling-induced amorphous Chx by performing a co-
amorphization with a polymer. Two polymers are studied in this chapter including PVPK12 and Lycoat
RS720. Particularly the co-amorphization feasibility using milling and the evolution of the Tg of the
mixture against the drug fraction are investigated. Finally, 3 different mixtures for each polymer are
studied including: a physical mixture of crystalline Chx and the polymer, a physical mixture of amorphous
Chx and the polymer and a co-amorphous mixture of Chx and the polymer obtained by milling. Indeed,
these mixtures were chosen in order to explore the influence of the physical state of the drug on the
dissolution performances for several experimental set-ups (powder dissolution, intrinsic dissolution and

tablet dissolution).

The fifth chapter presents a detailed investigation of the structural and thermodynamic impacts of
milling on riboflavin free base. Particularly, the recrystallization behavior of milling-induced amorphous
Rf and the polymorphism of the drug are deeply studied. The dissolution performances of each form of
Rf are also evaluated using several experimental-ups (powder dissolution, intrinsic dissolution and tablet

dissolution).

The sixth chapter is focused on the stabilization of milling-induced amorphous Rf by performing a co-
amorphization with a polymer. Two polymers are studied in this chapter including PVPK12 and Lycoat
RS720. Particularly the co-amorphization feasibility using milling, the evolution of the Tg of the mixture
against the drug fraction and the solubility of the drug in the polymer are investigated. Finally, 3 different
mixtures for each polymer are studied including: a physical mixture of crystalline Chx and the polymer,
a physical mixture of amorphous Chx and the polymer and a co-amorphous mixture of Chx and the
polymer obtained by milling. Indeed, these mixtures were chosen in order to explore the influence of
the physical state of the drug on the dissolution performances for several experimental set-ups (powder

dissolution, intrinsic dissolution and tablet dissolution).



CHAPTER I - STATE OF THE ART
AND GENERALITIES




|.1 Bioavailability challenges of the Active Pharmaceutical

Ingredients (APIs)

Until recently, the primary criterion for the screening of New Chemical Entities (NCEs) as promising drug
candidates was a high in vitro potency at their target3®. However, it was reported that around 70% of
those drug candidates were poorly water-soluble, which could hinder their oral bioavailability*°.
Concerning immediate release oral drugs, approximately 30 to 40% were considered as practically
insoluble (solubility range <0.1 mg/mL)*'. Therefore, the physico-chemical properties associated with

high in vitro potency are usually incompatible with a good oral bioavailability3°.

1.1.1 The Biopharmaceutics Classification System (BCS)

In order to tackle the issue of the increasing amount of poorly water-soluble drug candidates in the
pharmaceutical development pipelines, a universal classification that aimed to correlate the in vitro
solubility and the permeability of NCEs to their in vivo oral bioavailability had to be considered. To that
extend, the Biopharmaceutics Classification System (BCS) was developed in 1995 and divided APIs in four
different categories*’. An API is defined as highly soluble when the highest marketed dosage can be
dissolved in 250mL over the entire Gastro-Intestinal (Gl) tract, i.e. in a pH range of 1.2 to 6.8 at 37°C +
1°C*%. The permeability is considered as high when the absorbed fraction of the API after an oral

administration is equal or above 85%%344,

As represented in Figure 1, BCS class | drugs show a high solubility and high permeability, which makes
them the most promising candidates for oral administration. On the opposite, class IV drugs show both
low solubility and permeability, which makes them poor candidates for oral administration. Class Il drugs
are limited by their solubility and dissolution rate as they show a low solubility and a high permeability.
On the contrary, class lll drugs are limited by their GI membrane permeation as they show a high

solubility and a low permeability.
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Figure 1 - BCS classification and formulation strategies to increase the solubility and/or the permeability of APls. Adapted from
Amidon et al** and from Pandi et al*.

However, this classification showed some limitations as the definition of high solubility was for instance
considered too strict for weak acids which were classified as class Il drugs even if their solubility and their
permeability in the small intestine was considered adequate?®. This is why some extensions of the BCS

classification were proposed such as:

- the ABI # system which categorizes the APls depending on the fraction of the API that is
absorbed.

- the developability classification system (DCS)* which introduced two subclasses for class Il drugs
including the dissolution rate limited and the solubility limited. The volume in which the APl had
to be dissolved was also increased from 250mL to 500mL and a new biorelevant dissolution
medium was developed such as the Fasted State Simulated Intestinal Fluid (FaSSIF).

- the Biopharmaceutics Drug Disposition Classification System (BDDCS)***° propounded to replace

the permeability criterion of the BCS with the metabolic clearance of the drug.



1.1.2 Solubility and dissolution rate

As stated in the above, the bioavailability of an API can be limited either by its dissolution rate or by its
solubility. It is thus important to have a good understanding of these two notions and to see how they
differ. The dissolution is defined by the mixing of two separate phases which leads to a homogenous
phase called a solution®'>2, The possibility of this mixing and its degree strictly depend on the physico-
chemical nature of each phase and external conditions such as temperature, pH and pressure3>4, The
notion of dissolution is commonly used when a solid, representing the minor component and called
solute, is dissolved in a liquid, representing the major component and called the solvent®?>°. For the
particular case of a crystalline API, the solvent molecules interact with any exposed surface of the solute,
which induces disruptions in the crystal lattice making the APl molecules to pull away from one
another?°®. As shown in Figure 2, the separation of the API molecules allows the appearance of vacancies
in the solvent, which makes room for the diffusion of the API molecules into those vacancies. This
diffusion during which the APl molecules are interacting with the solvent molecules is called the
hydration/solvation and takes place until the molecules are uniformly dispersed throughout the
solvent®’. When a crystalline APl is placed in excess in a solution, it dissolves until it reaches an
equilibrium meaning that it reaches a maximum concentration in the solution which corresponds to the
thermodynamic solubility>*. This equilibrium is represented by the competition between the solvation
and the precipitation and at this point, the solvent is incapable of dissolving more API*®. However, this
implies that the solid form of the APl does not change over time and that it is the most stable form that
is present in the solution. The notion of apparent solubility was also introduced and corresponds to the

solubility of a compound when the equilibrium in a solution is reached with one of its metastable forms>°.
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Figure 2 - The dissolution process in a solvent (blue particles and the vacancies are represented in white) of a crystalline solid
(purple particles). Modified from Bellantone, 2014,

The dissolution rate of an APl is related to kinetics as it is defined as the rate at which it passes into
solution. The first model describing the dissolution was a result of the work of Noyes and Whitney®°. In
that model, the dissolution was proportional to the difference between the solubility of the solute in the
solvent (saturated concentration) and the bulk concentration of the solute in the solvent. Then, a new
important parameter was considered for this diffusion-based model, which was the surface area of the

dissolving particle. This led to the Nernst-Brunner equation which is still used nowadays®%6;

ac

= 2(C— C) ()

Where:

- dC/dt represents the concentration of the APl over time
- Dis the diffusion coefficient of the solute in the solvent
- Sis the specific surface area of the solute

- Vis the volume of the dissolution medium (bulk fluid)

- his the thickness of the diffusion layer of the solute

- Csis the saturation concentration of the API (solubility)
- Ctis the concentration of the API at a given time t
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Given this equation, an increase in specific surface area allows an increase in the dissolution rate, which
is why particle size reduction of the crystalline API is a widely used option to improve the dissolution
rate®3. Another strategy to improve the dissolution rate is to increase the API solubility. To that extend,
several approaches are available, including the addition of solubilizers such as cyclodextrins®, the
formation of salts® or prodrugs®®, the use of micelles®’ or the use of solid-lipid nanoparticles®®. Recently,
another approach related to the amorphous form of the APl was strongly investigated and showed great
promises®?, In this thesis, the focus will be directed to the formulation of ASDs in order to improve the

solubility and the dissolution rate of poorly-water soluble drugs.

|.2 Physical states of APIs

The different matter states are classified in three categories: solid, liquid and gas. Their differences
mainly lie in their structures and dynamic of thermodynamic behaviors. The ideal gas is composed of
single molecules with very low densities which do not interact with each other. Therefore, their positions
and orientations are uncorrelated. Liquids and solids are both qualified as condensed matter but their
response regarding shear stress is completely different. Indeed, as a fluid, a liquid continuously deforms

itself when subjected to a shear stress whereas a solid will resist to it.

As a solid, the physical state of an API is determined depending on its molecular arrangement and can
be categorized into two main types: the crystalline and the amorphous states. A crystal is characterized
by a repeating pattern (an atom or a group of atoms, an ion, a molecule...) which periodically extends
over long distances in a three-dimensional lattice. On the opposite, the molecules composing amorphous
materials do not show any long range order but might present a certain local order for very short

distances’®.

A B

Figure 3 - Schematic representation in 2D of a material in a crystalline state (A) and in the amorphous state (B).



A same material can be found in both amorphous or crystalline state from different energetic levels. The
relative stability of the different states at determined pressure and temperature is given by its Gibbs free

energy G:

G=H-TS (2)
Where H is the enthalpy (heat content of the system), T is the temperature and S is the entropy (level of

molecular disorder).

At a given temperature, the state with the lowest G is considered as the most stable whereas the other
states are defined as metastable. This particular situation is illustrated in Figure 4, which schematizes
the state Gibbs diagram of a material for both its crystalline and amorphous forms. Below the melting
temperature (Tm), the Gibbs free energy of the crystal (Geryst) is lower compared to the one of the
amorphous form (Gam) whereas above the Tm, Gam is lower than Geyst. Therefore, below Tm, the crystal is

the most stable form whereas above Tn, the amorphous form becomes the most stable form.

G
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-

T T
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m

Figure 4- Gibbs diagram scheme showing the Gibbs free energy variations of a material in its crystalline and amorphous state
(liquid) against temperature. Gayst and Gam respectively represent the Gibbs free energy of the crystal and of the amorphous
form.
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1.2.1 The amorphous state

The most common route to obtain the amorphous form of a material is the quench of the liquid. This
technique consists in the fast cooling of a formerly melt crystal in order to prevent its recrystallization
below Tm as depicted in Figure 5. In that case, the amorphous material will be in a state of a supercooled
liquid below the melting point, which will allow to maintain the structural disorder characteristic of a
liquid. Meanwhile, several thermodynamic values including the enthalpy, the entropy, the heat capacity
(Cp) and the molar volume (V) or dynamic values such as the viscosity (n) or the molecular mobility will
be greatly influenced by the temperature. During the cooling stage, the molar volume decreases whereas
the viscosity increases, generating a speed reduction in the different molecular movements (rotation,
vibration, ...). Upon cooling, structural reorganizations occur in the undercooled liquid to maintain the
thermodynamic equilibrium of the system. For high temperatures, the structural relaxations happen in
a relative short range of time. On the opposite, for low temperatures, the high viscosity leads to longer
relaxation times compared to the cooling rate, preventing the system from operating its structural
modifications to maintain the thermodynamic equilibrium. This entrance of an amorphous material into
a non-equilibrium situation is called the glass transition. In that case, a high viscosity, a strong decrease
of the heat capacity and of the molar volume are observed. Hence, at a molecular level, the amorphous
material is similar to a liquid whereas at a macroscopic level it appears as a solid?. The evolution of the
heat capacity and of the dilatation coefficient (a) against temperature and at a constant pressure is

represented by the equations below:

G=(Gp 6
anda=2(3) (4)

The slope change observed in the evolution of the enthalpy against temperature (Figure 5) leads to both
a Cp and an a jump characteristic of the transition of the supercooled liquid into the glass state during
the cooling stage (Figure 6). This transition is referenced as a glass transition and occurs at a specific

temperature (Tg).
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Figure 5- Enthalpy diagram of the various states of an APl against temperature. Adapted from Hancock and Zografi, 19977,
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Figure 6— Heat capacity (Cp) or dilatation coefficient (a) diagram of the various states of an APl against temperature.
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1.2.2 From amorphous to crystalline form

As presented in the previous part, below the melting point, the material is in the supercooled liquid state
and thus metastable. Hence, it will likely transform back to a more stable state with a lower energetic
level, i.e to a crystalline form. The crystallization is a first order transformation amorphous = crystal
with a complex mechanism which involves two different steps including the nucleation and the
growth’27>, Whereas several theories were given to explain this mechanism?’®, this phenomenon

remains generally described using the classical nucleation and growth theory’’=7°,

The nucleation consists in the appearance of nucleuses of a significant size to prevent their disintegration
or their disappearance. The nucleation mechanism is considered heterogeneous when triggered by the
presence of impurities or defects in the amorphous material’® and homogeneous otherwise. The
appearance of the nuclei depends on the competition between the interfacial energy crystal/liquid which
obstructs the nuclei formation and the driving force corresponding to the Gibbs energy difference per
volume unit between the crystal and the liquid. The Gibbs energy corresponding to the difference

between the liquid and the crystal is given by:

AG = G1 + G2 = 4mr’y — %nr3AGv (5)

Where:

- yistheinterfacial free energy between the liquid and the crystal
- risthe radius of the nuclei

- AGvis the Gibbs energy difference per volume unit between the crystal and the liquid
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Figure 7- Evolution of the different energies, total (blue curve), interface (purple curve) and volume (red curve) against the
radius of the nuclei.

Figure 7 shows the evolution of the volume energy (proportionate to r3), the interface energy
(proportionate to r?) and the total energy against the nuclei radius. It can be noticed that the total energy
AG reaches a maximum AG+ for a specific radius r*. AG+and r* refer to the energetic barrier of the
critical radius, respectively. As a result, for energy minimization considerations, nuclei for which r<r* will

have a tendency to decrease and vanish, while those for which r>r* will have a tendency to grow®.

The nucleation rate corresponds to the probability to produce stable nucleuses N per volume unit and

per time unit. This rate is given by both the Arrhenius law and the homogenous nucleation rate law:

Ve e (%) (%) 1@

Where:

- vq corresponds to the frequency of attachment of the atoms or of the nuclei molecules and
depends on diffusion coefficient of those molecules in the liquid
-k corresponds to the Boltzman constant

- Qg corresponds to the diffusion coefficient
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The nucleation is thus more prone to occur at a low temperature. However, in this range of

temperatures, kinetic phenomena can restrain the nucleation and have to be considered. The nucleation

thus depends on both the fluctuations of AG (thermodynamic phenomenon) and on the attachment

frequency of the molecules to the nuclei (molecular mobility, kinetic phenomenon).

Figure 8 shows the evolution of the nucleation rate against temperature which is represented by a bell-

shaped curve. Indeed, the nucleation reaches a maximum (top of the orange curve) at a temperature for

which the energetic barrier (AG*) is low enough to allow the formation of an energetically stable nuclei

and the molecular mobility is high enough to allow the binding of the surrounding molecules to the

nuclei. However, for lower temperatures, the molecular mobility decreases which leads to a decrease of

the nucleation rate. For higher temperatures, even though the molecular mobility increases, the

energetic barrier increases even more, leading to a decrease in the nucleation rate.
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Figure 8 - Schematic representation of the nucleation rate against temperature (orange curve). The red and green dashes
represent the evolution of the molecular mobility and of the thermodynamic barrier respectively.
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The growth occurs when the stable nuclei (r>r*) grows with time by forming aggregates with the new
molecules. The nucleation-growth theory stipulates that the growth rate is also ruled by both
thermodynamic and kinetic phenomena’?’37>7681 " |ndeed, this rate depends on the competition
between the crystallization energy (AG,) and the energy barrier (AGg) involved in the diffusion
mechanism. During the growth, new molecules stick to the nuclei surface while other molecules are
coming off it. The difference between the rates of molecules that are gained and of the ones that are

lost determines the global growth rate and can be described by the Turnbull equation®?:

G(T)=rpexp (— %) exp (— %) (7)

Where:

- pisthe probability that a molecular jump contributes to the growth
- Ais the energy barrier involved in the diffusion mechanism

- Vs the molecular volume

Figure 9 shows the typical temperature evolutions observed for both the nucleation and the growth
rates. It appears that these two rates reach their maximum for different temperatures. Generally, the
maximum of the nucleation rates is located at a lower temperature compared to the maximum of the
growth rate. As a result, upon cooling, there is generally no nuclei present in the liquid when passing
through the zone where the growth rate is maximum. This situation explains why many liquids can be
easily undercooled. On the contrary, when heating an undercooled liquid, the temperature
corresponding to the maximum nucleation rate is crossed before reaching that corresponding to the
maximum growth rate which causes the recrystallization of the undercooled liquid. The shift between
the maxima of the nucleation and growth rates thus explains that the crystallization of liquids can often

be avoided upon cooling but rarely avoided upon heating.
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Figure 9- Schematic representation of the nucleation (N) and the growth (G) rates against temperature.

1.2.3  Polymorphism

Polymorphism is defined as the possibility for a molecule to exist in at least two distinct crystalline
structures. The difference in the crystalline structure induces different physical and chemical properties
for the polymorphs. It is thus crucial to identify as exhaustively as possible the different polymorphs of

a drug as well as the stability relations between these forms.

The stability of the different polymorphs is governed by the thermodynamic as it depends on the
temperature. Figure 10 shows the evolution of free Gibbs enthalpy (G = H - TS) of two polymorphs of the
same APl (A and B) against temperature. The entropy, which represents the disorder degree of the
different forms is given by the slope of the curves. The liquid state, as it corresponds to a complete
disorder, shows a steeper slope compared to the polymorphic forms. Even if they show different
entropies, the curves of the polymorphic forms might cross at a given temperature. Depending on this

given temperature, two situations are distinguished:
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Enantiotropism: as represented on Figure 10 (1), the curves cross at a transition temperature (T:)
located below the melting temperatures of both forms. In this case, polymorph A is the most
stable form below Ttas G(A) < G(B) and polymorph B is thus more stable compared to polymorph
A above T: as G(B) < G(A). During the heating of polymorph A, an endothermic reversible
transition A = B is therefore expected at T: as the entropy of form B is higher compared to the
one of form A. However, due to a low molecular mobility, crystal-crystal transitions kinetics are
usually very slow, leading to their delay or even their bypass if the heating rate is too high in
regard to the transformation kinetics.

Monotropism: as represented on Figure 10 (2), the curves cross at a transformation temperature
(Tw) located above the melting temperatures of both forms so that polymorphic transition
between polymorphs A and B is virtual and cannot be observed experimentally. In this case,
polymorph A is the most stable form in the whole temperature range as G(A) < G(B). Thus,

polymorph B is metastable in the whole range of temperature.

From a practical point of view, the enantiotropism or the monotropism between the polymorphic forms

can be determined using calorimetry applying the Burger rules®384:

Two polymorphic forms show enantiotropism if the polymorph which shows the lowest melting
enthalpy also possesses the highest melting temperature.
Two polymorphic forms show monotropism if the polymorph which shows the highest melting

enthalpy also possesses the highest melting temperature.
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Figure 10- Schematic representation of the Gibbs free energy against temperature in the case of enantiotropism (1) and of
monotropism (2). A and B are two polymorphic forms of the same API.

Additionally, each polymorph can possess different nucleation and growth zones. It is thus crucial to
determine the nucleation and growth kinetics of the different polymorphic forms in order to direct the
recrystallization towards the most suitable polymorphic form for formulations. However, as previously
observed by Ostwald et al. 8, the most stable crystalline form is not necessarily the first form to appear
during the recrystallization stage of an amorphous material. Indeed, the amorphous form often
recrystallizes through a succession of transformations involving different polymorphs of decreasing free

energy (G) (and thus increasing stability) to finally reach the most stable polymorphic form.

1.3 Amorphous material manufacturing

Apart from the classical liquid quench, presented in the previous section, several manufacturing
techniques enable the production of amorphous materials. However, the physico-chemical
characteristics of the API have to be well-known and understood as they can have a strong influence on
the selection of the appropriate amorphization process. Furthermore, the chosen amorphization process
can have an influence on the stability, the particle morphology or even the pharmaceutical performance
of the API, which is why it also has to be selected depending on the desired characteristics of the

amorphous material.

22



1.3.1 Different amorphization processes

The different amorphization techniques can be sorted into three different categories: heat/melt based,
solvent based and mechanical based techniques. Considering the lab-scale methods, it has been
reported that 56% of the techniques employed are solvent-based, whereas the heat-based and the
mechanical based methods only represent 35% and 7% of the techniques used, respectively®. The 2%
remaining represent a combination of different techniques such as hot melt extrusion (HME) with
electrospinning or solvent-antisolvent precipitation with sonication®®. New techniques are still emerging
such as “Kinetisol® Dispersing” which involves the fusion/heat and the frictional/shear energies®’, the
vacuum drum drying® or the microwave induced in situ amorphization®. A non-exhaustive list of the

different techniques used is presented in Table 1.

Table 1 - Overview of the existing amorphization processes (non-exhaustive list)>>2°

Heat-based techniques Solvent-based techniques Mechanical-based techniques

Liquid-quench Spray-drying Ball-milling
Hot-melt extrusion Freeze-drying Cryo-milling
Kinetisol® dispersing Solvent-antisolvent precipitation Micronization
Spray-congealing Spray-coating

3D-printing Electrospinning

Microwave heating Fluidized-bed technology

Ultrasonic assisted compaction Solvent casting

Co-precipitation

Spray-freeze drying

Super-critical fluids

Solvent evaporation

Vacuum drum drying

If a large amount of techniques are available for the production of amorphous materials, spray-drying
and HME remain the favorite techniques from an industrial point of view'°. Indeed, spray-drying is
considered as a continuous and commercially scalable drying process?® and HME is considered as a green
technology as it is solvent-free and as a high-throughput continuous process which can also easily be

scaled up for industrial purposes?!. On the contrary, the milling technique is usually used in the
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pharmaceutical industry for its particle size reduction capacity even if it has been widely used on the
laboratory scale to produce amorphous materials®®=2. The major drawback of this method is that usually,
the amorphous form obtained by milling is less stable compared to other manufacturing methods such
as the liquid quench®3. Indeed, the stability of the milling induced amorphous material is usually
threatened due to the residual crystallinity (seeds) which can lead to a recrystallization due to the growth
phenomenon?. Furthermore, the local order of the milling-induced amorphous form, the higher specific

surface and the higher molecular mobility can also lead to instabilities.

As briefly mentioned, the physico-chemical characteristics of the API greatly influence the selection of a
suitable amorphization process. The primary criterion to be considered is related to the thermal stability
and the melting point of the API. Indeed, it was reported that if the melting point of an API is below
150°C and if the melting is not accompanied with degradation, a heating-based process (as mentioned
in Table 1) can be used®. However, if the thermal stability is compromised or if the shear forces can
induce degradation, a solvent based approach (as mentioned in Table 1) can be chosen®. In this case,
the solubility of the API in the solvent, the boiling point of the solvent as well as its toxicity have to be
considered in order to choose the most appropriate method?°. However, on the laboratory scale, in the
case of an API presenting both thermal instability and a poor solubility in any suitable solvent, a

mechanical based technique such as ball milling or cryo-milling has to be considered.

Apart from those characteristics, additional criteria can also be considered for larger scale production

including process efficiency and yield, particle properties, environmental impact, toxicity and safety.

In the following paragraph, the ball-milling technique will be deeply discussed as it was the major

technique investigated in this work.

1.3.2 High-energy ball milling

As briefly mentioned in the previous section, mechanical milling is often used in the pharmaceutical
industry as is allows a higher specific surface of the powder, which improves the bioavailability of the
drug®°®®. In addition, the size reduction of the particles usually improves the cohesion, which is an

interesting feature for the compaction and thus for the production of tablets®”.

Besides the micro-structural modifications, the use of high energy milling can also lead to structural

23-26

modifications such as an amorphization or a polymorphic transformation?’=3°. In both cases, the new

24



physical forms produced can have different therapeutic properties and are usually unstable, which might
not be in adequation with either their pharmaceutical purpose or with the regulations. Fully
understanding those transformations and controlling them is thus an objective of significant importance

in the development of new pharmaceutical formulations.

The milling-induced amorphization can be explained as a competition between a disordering process
resulting from ballistic jumps of the molecules due to the mechanical shocks and a reordering process
which results from thermally activated motions of the molecules. As a result, a complete amorphization
generally requires that the material is milled below its glass transition temperature®28, In this particular
case, the low molecular mobility prevents the structural reordering of the amorphized fractions of the

material in the time scale of the milling process which allows a total amorphization of the drug®-101,

The milling induced amorphization also possesses the valuable advantage that it occurs directly in the
solid state. This thus can prevent the melting of the APl which can lead to degradation®? or the dissolution
in a solvent which can lead to toxic solvent residues or to chemical changes of the APl such as

mutarotations92,

Several theories were developed to explain the milling-induced amorphization mechanisms. Amongst

them, three are briefly explained below:

- The Lindemann’s model which explores the atomic vibrations (u%ib) in the system%, In the
crystal lattice, atoms are constantly vibrating around their equilibrium positions. The amplitude
of those vibrations increases when the temperature is increasing. According to this model, if the
amplitude of the vibrations exceeds half of the interatomic spacing, the system starts to melt.

The critical mean square displacement (u%qit) for which the system melts is thus represented by:

szib (Tm) > Hzcrit (8)
By considering the atomic motion due to the static disorder (U2stat) generated by milling (e.g.

dislocations, vacancies, ...) it becomes:

szib + H-Zstat > U-Zcrit (9)
This model thus implies that the melting of a crystal could happen either when heating a crystal
(increasing H2yib) or by introducing enough defects in the crystal (increasing p?stat) even below the

melting temperature. The crystal will melt upon milling when the atomic displacement (?stat)
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becomes higher than (12it). However, this model presents limitations as it cannot explain the

polymorphic transformations that a crystal can undergo upon milling.

The Fecht’s model*®* focuses on the defects induced on the crystal upon milling resulting in an

increase in the Gibbs free energy. For a crystal without defects the melting condition is given by:

AG = Glig— Geryst = 0 (10)

When the defects are considered, this equation becomes:

AG*=AG-AGY=0 (11)
And AGY = C(AH® - TASY) + kT(CInC + (1-C)In(1-C)) (12)

Where AGHY is the Gibbs free energy variation resulting from the defects, C is the defects

concentration and AH® and ASY are the variations of enthalpy and entropy, respectively.

The temperature at which the defective crystal melts corresponds to the temperature T for which
AG* = 0. Given those equations and as illustrated in Figure 11, the higher the defects
concentration, the lower the melting temperature of the defective crystal will be. It can thus be
deduced that for a limiting concentration of defects (Cq2), the Gibbs free energy of the defective
crystal will become tangent to the one of the liquid. In that case, if the temperature of the system
is lower compared to its glass transition temperature, a direct crystal to glass transformation will

occur.
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Figure 11 —Schematic representation of a Gibbs diagram of a crystal with no defects (black curve) and of two different crystals
with defects. The first one has a concentration Cu4:1 of defects (orange curve) and the second one has a concentration Caz of
defects which is higher than Ca1 (purple curve).

However, this model encounters the same limitation as the Lindemann’s model as it cannot

predict the polymorphic transformations.

- The model of Martin and Bellon, also known as the driven alloys theory, was first aiming to predict
the behavior of metallic alloys under irradiation'® and was then extended to the process of
mechanical milling'®®. In this model, it is implied that under external solicitations, an alloy is
governed by the simultaneous action of two mechanisms: the jump of atoms thermally induced
and the “ballistic jumps” resulting from the external solicitations. The “thermal jumps” depend
on the temperature whereas the “ballistic jumps” depend on the intensity of the external
solicitation which is correlated in space and time. This model also introduces the term of effective

temperature under perturbation (Te). When a material is milled at a temperature T, the
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corresponding state of the material would be observed at this Tefr in absence of milling. This

effective temperature is given by:

— Dpar
Teff =T(1+ Dm) (13)
Where Dt and Dpal corresponds to the rate of thermal jumps and to the frequency of ballistic

jumps, respectively.

The frequency of ballistic jumps depends exclusively on the milling intensity. This model
highlights the competition between those two effects and predicts the nature of the physical
states reached under solicitations such as amorphization upon high milling energy or upon low

enough temperature.

|.4 Stabilization of the amorphous state

As the amorphous state represents the highest energetic level of a material, it would be expected that
these materials possess a strong advantage in terms of solubility and dissolution rate. However, as the
amorphous state is far from the equilibrium, this advantage comes at the expense of the thermodynamic

stability leading to an uncontrolled (and generally unavoidable) recrystallization of the API%7,

To overcome the stability issues, the amorphous API can first be formulated as an ASD or glass solution.
Indeed, for commercial purposes, amorphous APls are generally formulated in combination with
excipients (usually amorphous) to stabilize the amorphous state and to prevent the recrystallization

during the storage? or the dissolution stage®?.

1.4.1 Amorphous solid dispersion, the formation of an API/polymer molecular

alloy

The term solid dispersion is defined as the dispersion of an API in an inert carrier in the solid state
prepared by solvent, melting or solvent-melting method'®. However, nowadays this term is mostly
related to glass solutions of poorly-water soluble APIs with an amorphous carrier, which is usually a
polymer?. Several phenomena can explain the stabilization induced by the use of a polymeric carrier,
including the reduced molecular mobility by an increase in viscosity, the anti-plasticizing effect!!?, or the

APl-polymer interactions'¥'12 due to hydrogen-bonding or dipolar interactions. However, it was
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reported that the presence of hydrogen bonding cannot be considered as an insurance for the stability
of the amorphous API as it depends on the degradation mechanism of the API'!3 or on the solubility of
the polymer in the amorphous API!#, Besides, it was reported that the anti-plasticizing effect can alone

prevent the recrystallization of the API when using a polymer with a high enough Tg3.

Considering a co-amorphous mixture, the miscibility of the APl and the polymer depends on the size and
on the structural flexibility of the molecules but also on the free Gibbs energy. The evaluation of the
physical stability of the mixture thus implies the evaluation of the free Gibbs energy of the mixture

(AGmixing), Which is given by:

AGmixing = AHmixing - TASmixing (14)

Where AHmixing and ASmixing correspond to the enthalpy and to the entropy of the mixture, respectively.
From this statement several cases can be described:

- The mixture is considered ideal (at a constant temperature T) if AHmixing = 0 and ASmixing = 0. In this
case, the mixture always corresponds to a homogeneous solution at any temperature and any
composition of the mixture.

- The mixture is considered as regular (non-ideal) if AHmixing # 0 and ASmixing # 0. In this particular
case, ASmixing Will always have a positive value. Depending on the temperature and on the value
of AHmixing, three cases are distinguished:

0 AHmixing < 0 which implies that AGmixing < 0. In this case, the mixture will always correspond
to a homogeneous solution at any temperature and any composition of the mixture.

o AHmixing > 0 which implies a competition between the enthalpy and the entropy. In this
case, at low temperatures, TASmixing < AHmixing SO that AGmixing > 0 meaning that the mixture
is going to form a heterogeneous mixture (demixing) composed of areas enriched with
the API and others enriched with the polymer. For high temperatures, it is the opposite
case, TASmixing > AHmixing SO that AGmixing < 0 and the mixture will always correspond to a

homogeneous solution at any composition of the mixture.

In the case of a homogeneous co-amorphous mixture (APl and polymer completely miscible), the typical
signature of such a mixture consists in a single Tg which is usually located at a temperature between the

ones of the pure materials®>11>1%6_ Several models were developed to predict the evolution of the T,
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against the composition of the mixture. Amongst them, the most widely used is the one of Gordon Taylor

et al*'’” where the T, of the mixture is given by:

91T g1+K @2T g2

Tg(mixture) = 01+Ko, (15)
AC
And in the case of an ideal mixture K = AC—"Z (16)
pl

Where:

- Tg1 and Tg correspond to the glass transition temperatures of components 1 (lowest Tg) and 2
(highest Tg) respectively.

- @iand ®;=1-®; correspond to the volume fractions of components 1 and 2, respectively.

- K represents the coefficient which defines the curve of the evolution of the Tg against the

composition of the mixture.

It can be deduced, from the presence of any deviation from the theoretical curve obtained for an ideal
mixture, that either interactions might exist between the APl and the polymer or that a plasticizer such
as water might be present or even that a phase separation could be taking place>®1>11 A positive
deviation usually indicates that the interactions between the APl and the polymer, such as hydrogen
bonding, are stronger compared to the ones of the individual materials''® whereas a negative deviation

can suggest a loss of strength of the interactions upon mixing>°.

|.4.2 Phase diagram of an API/polymer system

The physical stability of the ASD strongly depends on both the system molecular mobility'*® and on the

solubility/miscibility limitations*2°.

If the APl is in the crystalline state (stable crystal or metastable polymorphic form), the solubility of the
APl in the polymer is defined as the maximum amount (mass fraction) of the API which can be dissolved
in the polymer at a given temperature. The solubility of the polymorphic forms of an API are usually
different, i.e. for a same temperature, the maximum amount of API dissolved will differ. The solubility
curve is usually difficult to obtain experimentally. Indeed, the polymer is usually characterized by a high

viscosity which induces a low molecular mobility and thus a very slow dissolution of the APl in the
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polymer!?l, In theory, there are four experimental techniques to reach the equilibrium state of an

API/polymer mixture at a given temperature:

- Monitoring the API dissolution (increasing concentration) in the polymer from an under-
saturated solution using an isothermal (constant temperature) until the equilibrium solubility is
reached.

- Monitoring the APl demixing from a super-saturated solution using an isothermal (constant
temperature) until the equilibrium solubility is reached.

- Measuring the temperature corresponding to the total dissolution of the API in the polymer from
a physical mixture (melting point depression).

- Measuring the temperature corresponding to crystallization of the APl from a super-saturated

solution (crystallization point depression).

Following those techniques, multiple methods were established to obtain an equilibrium in an

API/polymer mixture at a given temperature!?®-1?7 and 3 of them will be developed in this section.

- Dissolution of an API in a polymer using an isothermal. This method developed by Sun et al*?!
consists in the preparation of a physical mixture APl/polymer at a given composition which will
be milled in order to obtain a homogenous partially co-amorphous molecular dispersion of the
APl in the polymer. Indeed, the milling must be stopped before the total amorphization of the
API but the mixture obtained will be super-saturated. Afterwards, an annealing is performed on
the mixture for a sufficient period of time to allow the equilibrium state to be reached. Then, this
mixture is heated using the DSC and two situations can be observed. If the annealing temperature
is lower than the solubility temperature for this composition, a fraction of the APl will remain in
its crystalline form and, upon heating, an endothermic event corresponding to the dissolution of
this residual crystalline fraction will be observed. On the contrary, if the annealing temperature
is higher than the solubility temperature, all the API will be dissolved in the polymer and no
dissolution peak will be observed upon heating. The correlation between the composition of the
mixture and the solubility temperature thus determined allows to obtain a solubility curve point.
If this method is considered as very precise, it is also very time consuming. Furthermore, as the
super-saturation is reached, a crystallization could occur during the annealing which would lead

to a corresponding dissolution peak in the DSC upon heating.
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Demixing of the API in the polymer. This method developed by Mahieu et al*?°, consists in the
preparation of a milling-induced supersaturated glass solution. Indeed, the milling will force the
dissolution of the APl in the polymer as the milling temperature is lower than the Tg of the glass
solution obtained. Then, this mixture is heated using the DSC until a given temperature is reached
which will correspond to the one at which the solubility is to be determined. It must be noted
that this temperature is higher than the Tg of the mixture, which will lead to the crystallization
of the API. When this solubility temperature is reached, an annealing is performed in order to
allow the progressive crystallization of the API until the equilibrium is reached. Once it is, the
mixture is heated again using the DSC and the Tg of the thus obtained mixture is measured. Using
the Gordon-Taylor curve, the fraction of API dissolved in the polymer at this solubility
temperature is determined. The advantage of this method relies in the fact that the demixing
kinetics (crystallization) is faster compared to the dissolution kinetics. However, this method is
reliable for APl which act as plasticizer on the polymer as it is necessary to enhance the molecular
mobility in order to increase the crystallization rate. Furthermore, this method remains time
consuming as it has to be repeated on a new sample for each point of the solubility curve.

Dissolution of the API from a molecular/crystalline dispersion. This method developed by
Latreche et al*?’, consists in the production of molecular/crystalline dispersions where the APl is
dispersed in the polymer both at a molecular level and in the form of small crystallites in order
to enhance the dissolution rate of those crystallites. Indeed, as the molecular dispersion has a
plasticizing effect, the molecular mobility is enhanced in the amorphous matrix. Furthermore,
the dispersion of the small crystallites in the amorphous matrix allows the reduction of distances
over which the APl molecules have to diffuse to homogenously dissolve into the polymer. To that
extend, a milling-induced super-saturated API/polymer glass solution is prepared and then an
annealing is performed in a plasticizing solvent atmosphere in order to allow the recrystallization
of the excess of APl dissolved in the polymer. The partially recrystallized sample is then dried to
remove all traces of the solvent and the sample obtained is thus in the form of a
molecular/crystalline dispersion which is repeatedly heated using DSC. For each new scan, the
final temperature is increased by 10°C compared to the previous one and an annealing is
performed at each final temperature in order to reach the equilibrium. For each scan, the Tg is

measured and using the Gordon-Taylor curve, the fraction of API dissolved is determined. This
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method allows a to obtain several solubility curve points with only one sample which constitute

a considerable time gain compared to the other methods.

As illustrated in Figure 12, the phase diagram of the API/polymer system depicts the evolution of the T,
(Gordon-Taylor curve) and of the solubility of the API in the polymer depending on the composition of

the mixture. Four different areas can be distinguished:

- 1: The mixture is above the solubility curve (under-saturation in API) and the temperature is
below Tg. In this case, the mixture is a glass solution, both thermodynamically and kinetically
stable. No demixing or recrystallization can occur.

- 2: The mixture is still above the solubility curve (under saturation in API) but also above the
Gordon-Taylor curve. The mixture is thus a liquid solution where no demixing or recrystallization
can occur.

- 3: The mixture is below the solubility curve and thus super-saturated in API. As a result, there is
an effective risk of partial recrystallization of the API. However, as it is also under the Gordon-
Taylor curve, the molecular mobility is considered low enough to significantly slows down the
demixing or recrystallization kinetics. The mixture is thus a kinetically stable glass.

- 4:The mixture is below the solubility curve (super-saturated in APl) and above the Gordon-Taylor
curve (high molecular mobility). In this case, the mixture is a both thermodynamically and

kinetically unstable solution leading to a certain and rapid demixing/recrystallization of the API.
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Figure 12- Phase diagram of the APIl/polymer mixture. The Gordon-Taylor curve (red) and the solubility of the API in the
polymer matrix (purple) divide the diagram in 4 distinct areas: (1) glass solution, (2) thermodynamically stable solution, (3)
kinetically stable glass and (4) thermodynamically and kinetically unstable solution. Adapted from Lehmkemper et al.3*

1.4.3 Polymer selection

During the selection process of the polymer, the miscibility between the API and the polymer is an
important parameter to consider. Hence, the determination of the phase diagram presented above,
represents a great asset to facilitate this selection process. However, other criteria need to be considered
in order to produce the most successful ASD. Indeed, a hydrophilic polymer can impose an advantageous
effect on the dissolution behavior of the API as it will rapidly dissolve in the Gl fluids, leading to the
release of the molecularly dispersed API*°. Nevertheless, the super-saturated state generates a
thermodynamic driving force for the mechanisms of recrystallization and eventually precipitation??®.
Therefore, ASDs are expected to maintain the supersaturation levels in the Gl tract during the dissolution
process 3°. To that extend, multiple factors are to be considered during the selection of the polymer

including its hygroscopicity, aging and tackiness3®.
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The selected polymer should meet the following criteria12°:

It should act as an inert carrier and should be non-toxic and Generally Recognized As Safe (GRAS)

but should also be economical.

- It should be water soluble or swellable in order to induce the release of the drug and should be
soluble in a variety of solvents.

- It should be thermally stable and chemically compatible with the API.

- It should preferably have a higher Tg compared to the one of the API.

Many homopolymers were used for ASDs production including, hydroxypropyl methyl cellulose (HPMC)
and derivatives, polyethylene glycol (PEG), polyvinyl pyrrolidone (PVP) and polyvinyl alcohol (PVA). But
the use of copolymers such as Poloxamer®, PVP-vinyl acetate (PVP-VA), PVA-PEG, Eudragit® or Soluplus®,

was also explored.

|.4.4 Formulation strategies: from ASDs to tablets

In spite of the physical stability issues recurring with ASDs, some of them were successfully marketed
with an increasing number over the years as showed in Table 2. The oral route in the form of tablets is
the most currently used administration dosage form. The marketed ASDs show the same preference as
most of them are in the form of tablets or capsules. In this work, the focus will be on the tablet and thus

on the compression process.

Tablets are produced by die compression of an ASD powder which can have been subjected to prior
treatments such as the wet granulation'3 or the roller compaction dry granulation®3'. However, in this

work, only the direct compression without any prior treatment will be developed.
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Table 2 — Examples of the FDA approved ASDs (non-exhaustive list). Partially adapted from Tambe et al.3”

Commercial name (and form) APl (and BCS class)  Amorphization Polymeric carrier(s) Manufacturer Year of
process approval
Cesamet® Nabilone Solvent Povidone Meda 1985
(Capsule) (1 evaporation Pharmaceuticals
Sporanox Itraconazole Fluid bed bead | Hypromellose, Janssen 1992
(Capsule) (n layering polyethylene glycol
Prograf (Capsule) Tacrolimus (l1) Spray-drying Hypromellose Astellas Pharma | 1994
NuvaRing Etonogestrel/ Melt extrusion | Ethylene vinylacetate co- | Merck 2001
(Vaginal ring) Ethinyl Estradiol (I1) polymer
Kaletra Lopinavir/Ritonavir | Melt extrusion | Co-povidone AbbVie 2007
(tablet, capsule or oral solution) | (IV/IV)
Zortress (tablet) Everolimus (l11) Spray-drying Hypromellose Novartis 2010
Norvir (tablet) Ritonavir (IV) Melt extrusion | Co-povidone AbbVie 2010
Zelboraf Vemurafenib Solvent/anti- Hypromellose Roche 2011
(tablet) (V) solvent
precipitation
Zepatier Elbazvir/Grazoprevir | Spray-drying Vitamin E polyethylene | Merck 2016
(tablet) (n/mny glycol  succinate, Co-
povidone, Hypromellose
Stivarga Regorafenib Solvent Povidone Bayer 2017
(tablet) (m evaporation
Erleada Apalutamide Spray-drying Hypromellose acetate | Janssen 2018
(tablet) (m succinate
Symdeco Tezcaftor/Ilvacaftor | Spray-drying Hypromellose, Vertex 2019
(tablet) or Ivacaftor Hypromellose acetate
(n/nor 1v) succinate
Braftovi Encorafenib Melt extrusion | Co-povidone, Pfizer 2020
(Capsule) (n poloxamer® 188
Oriahnn™ Elagolix/Estradiol/ Melt extrusion | Co-povidone, AbbVie 2020
(Capsule) norethindrone Hypromellose
acetate (l11/11/NA)
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It was reported that the compression, by inducing a mechanical stress to the ASD, could either lead to
an amorphous-amorphous phase separation or to a physical stability enhancement depending on the

concentration of the API, the compression force and the polymer carrier38.

As represented in Figure 13, the compression involves three different steps including, the powder filling,
the compression during which the powder first takes the shape of the die and is then subjected to
pressure, and finally the ejection of the compact thus produced. During this process, the powder goes
through several stages including, initial packing and particle rearrangement, temporary structures
formation, elastic deformation, plastic deformation and particles breakage, bonds formation and
consolidation and elastic recovery during the decompression step after the ejection!327134, Two major
issues encountered during tablet production in the pharmaceutical industry are the lamination and the

capping and are observed during the elastic recovery after the ejection of the tablet3313>,

1 — Powder filling 2 — Compression 3 - Ejection

Upper
punch

Powder X’

Die

Lower N

punch

Figure 13 - Scheme representing the compression steps. Adapted from Al-Mangour, 20153
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There are critical parameters related to the ASD powder to take into account which can impose
challenges for tableting including the grindability, the flowability the compressibility and the
disintegration3, In order to improve the parameters mentioned or to give particular characteristics to

the tablet, different excipients with specific roles are used?!30:137,138;

- Binders are used in conventional tablets to increase their hardness but in the case of ASDs tablets,
the binder can be the polymer carrier that maintains the amorphous nature of the API. Typically,
cellulose derivatives or the polymers listed as carriers for ASDs (PVP, Soluplus®, Eudragit®, ...) are
used.

- Fillers or diluents aim to improve the wettability of tablets and to provide bulk in order to obtain
the required tablet weight. Usually, water-soluble fillers are used including lactose, dextrose,
sorbitol, mannitol and microcrystalline cellulose (MCC).

- Glidants act as friction and adhesion reducers between the particles of the powder in order to
improve its flowability and can also be used as anti-caking agents. Colloidal anhydrous silicon and
other silica compounds can fulfill this role.

- Lubricants have a similar action to glidants but they are used to reduce the contact area between
the powder particles and the die wall or the punches surface to prevent the powder from sticking
to those surfaces. For this purpose, the stearic acid and its salts are chosen, the magnesium
stearate being the most widely used. However, in the case of ASDs, lubricants may be a
disadvantage as they can decrease the wettability of the tablet and thus increase the
disintegration time.

- Disintegrants are used to facilitate and to accelerate the dissolution as they enhance the surface
area exposed to the dissolution medium. Common disintegrants are starch, cellulose derivatives,
crospovidone and sodium croscarmellose.

- Other excipients such as sweeteners and flavoring agents can be added to obtain a good

mouthfeel and taste in order to improve the patient compliance.
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CHAPTER Il - MATERIALS AND
METHODS
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1.1 Materials
1.1.1 Drug molecules

Chlorhexidine (C22H30Cl2N10) free base (Chx) was purchased from Safic Alcan (Etampes, France) and was

used as received.

Riboflavin (C17H20N4O¢) free base (Rf) was purchased from ACROS organics (Geel, Belgium) and was used

as received without any additional purification (purity >98%).

|.1.2 Excipients

Two polymers were chosen as polymeric matrices for the production of the amorphous solid dispersions:

- Kollidon 12 PF, also known as polyvinylpyrrolidone (PVP) was purchased from BASF
(Ludwigshafen, Germany).

- Hydroxypropyl Pea Starch (Lycoat RS 720) was graciously given by Roquette (Lestrem, France).

For the tablet production, the excipients used for the formulation can be found, along with their
function, in Table 3.

Table 3 - Overview of the excipients used for the tablet production.

Material Supplier Function
lactose monohydrate Armorpharma (Saint Brice en Filler
Cogles, France)

microcrystalline cellulose Asahi Kasei corporation Binder

(MCC) (Myasaki, Japan)

Croscarmellose sodium JRS pharma gmbh & co Disintegrant
(Rosenberg, Germany)

Magnesium stearate Fragron (Colombes, France) Lubricant
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1.1.3 Others

An overview of the rest of the materials used during this project is given in Table 4.

Table 4 - List of the other materials used.

Material Supplier Function
Acetonitrile, HPLC grade Carlo Erba reagents (Val de reuil, Organic solvent for mobile phase
France) preparation
DMSO ACS grade Euromedex (Souffelweyersheim, NMR experiment
France)
Formic acid Sigma Aldrich (Seelze, Germany) Reagent for mobile phase
preparation
Phosphoric acid + 98% pure Acros Organics (Geel, Belgium) Reagent for mobile phase
preparation
Triethylamine Acros Organics (Geel, Belgium) Reagent for mobile phase
preparation
Ultra-pure water Veolia (Vendin le Vieil, France) Dissolution medium

II.2 Amorphization processes

11.2.1 Liquid Quench

The usual route to obtain an amorphous form is the quench of the liquid. This process consists in the
heating of the crystalline powder until the melting followed by a rapid cooling below the glass transition
temperature of the liquid to avoid any crystallization. This thermal treatment was either performed using
the DSC (TA instrument, France) or using a thermolyne tube furnace oven 21100 (Barnstead Thermolyne
corporation, USA) when a larger amount of product was to be produced. In the latter, 1g of powder was
wrapped in aluminum foil, melt in the oven, and then took out at room temperature for the quench. The

guenched liquid thus obtained was then slightly crushed with pestle in a mortar for further experiments.
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11.2.2 Milling

Mechanical milling was performed using a high-energy planetary grinder “Pulverisette 7” (Figure 14)
(Fritsch GmbH, Germany). This equipment is composed of a support disk on which are screwed two
milling vessels (45mL) containing seven milling balls (& = 15 mm). Both the vessels and the balls are
made of zirconium oxide which is a material known to be highly resistant to violent and repeated

collisions (Figure 14).

Figure 14— Planetary mill (left) and milling vessel containing seven milling balls (right)

The working principle of the planetary mill is schematized in Figure 15.
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The milling vessels are rotating on their own axis and in opposite directions with the support disk which
generates antagonist centrifugal forces. The rotation speed of the disk and the vessel are identic but
opposite in trajectory and can vary from 100 to 800 rpm. This configuration allows the sample material
and the milling balls to be separated from the inner wall of the milling vessel. Then, the milling balls cross
the vessel at high speed and create an impact with the sample material and the opposite vessel wall
allowing further grinding. Furthermore, the impacts between the balls themselves on the sample

material also contribute to the size reduction process.

a- Rotation of the milling vessel
b- Centrifugal force

c- Solar disk movement

d- milling balls movement

Figure 15 — Schematic representation of the working principle of the planetary mill

In order to have the most reproducible results, the following parameters were systematically used:

o 1.1g of sample material were placed into the milling vessel containing seven milling balls.

e The sample material was dried at 60°C in the milling vessel during 15min. The milling vessel was
then closed, placed into the equipment and cooled down to room temperature before the
milling.

e The rotation speed was set to 400rpm in reverse mode. This particular mode allows a change of
rotation direction after each milling cycle.

e Milling periods of 20min were alternated with 10min pause periods to prevent the temperature
of the milling vessel to increase due to the mechanical collisions during long processes.

e The samples were milled at room temperature for a range of effective milling times from 1min

to 32 hours.
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II.3 Characterization techniques
I1.3.1 Thermogravimetric analysis (TGA)

The TGA consists in the measurement of the weight variations of a sample upon heating or upon a certain
time period at a given temperature. Various events can generate a weight loss including a sublimation,
a chemical degradation or a solvent evaporation whereas an oxidation can be observed by a weight gain
of the sample. In this work, this technique was used to both evaluate water evaporation and the thermal

degradation of the samples.

Those experiments were performed using the Q500 equipment (TA instruments, France) (Figure 16) and
the results were analyzed using the Universal analysis software (TA instruments, France). This instrument

allows a heating from room temperature to 1000°C with a heating rate varying from 0.1 to 100°C/min.

Figure 16 — TGA Q500 (TA instruments, France)
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Each sample was analyzed using the following parameters:

e 5to 8mg of sample are placed in an open aluminum pan with a weighing scale (sensibility 0.1ug,
precision 0.01%).

e Both the sample and the weighing scale are put under a dry atmosphere using a constant 50
mL/min pure nitrogen flow rate.

e Heating rate was set to 5°C/min.

e The temperature reading was calibrated with the measurements of the Curie points of alumel
and nickel provided by the supplier.

e The mass reading was calibrated using certified calibration weights (TA instruments).

11.3.2 Differential scanning calorimetry (DSC)

The DSC is used to evaluate the thermodynamic state of a sample during various thermal treatments. It
allows for instance to observe several events including the glass transition, the melting, the
recrystallization, the polymorphic transformation or the dissolution of a sample. To that extend, a
reference and a sample are each placed on their dedicated platforms in an oven under a dry atmosphere.
Each platform is linked to a thermocouple which continuously measures the temperature. Depending on
the thermal treatment applied, the heat flow absorbed or transmitted by the sample is then measured

by an estimation of the difference of temperature between the sample and the reference.

Those experiments were performed using either the Q20 calorimeter or the discovery calorimeter
(Figure 17) (TA instruments, France) and the generated results were respectively analyzed with the
Universal analysis software or the Trios software (TA instruments, France). Both calorimeters are
equipped with a refrigerated cooling system (RCS 90) which allows the temperature to vary from -90°C

to 550°C.
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The samples were analyzed using the following parameters:

e 2-5mg of sample were placed in open aluminum pans in order to allow any free water absorbed
to evaporate upon heating

e For specific experiments, Tzero aluminum pans were used when a larger amount of product was
needed. In that case, 15 to 25mg of sample were placed in those pans.

e For specific experiments, it was necessary to heat over the degradation temperature of the
sample. In that case, high pressure aluminum pans were used and closed with a specific gasket.

e A continuous dry nitrogen flow was set to 50mL/min in the oven in order to improve the heat
transfers and the homogeneity of the temperature.

e DSC experiments were performed from room temperature to the maximum temperature
reachable before the degradation of the API or the polymer (determined with the TGA
experiment) at a heating rate of 5°C/min.

e MDSC experiments were performed from room temperature to the maximum temperature
reachable before during the degradation of the API or the polymer (determined with the TGA
experiment) at a heating rate of 5°C/min, a modulation amplitude of 0.663°C and a period of 50s.
Those parameters correspond to the “heat only” conditions which means that the sample was
never cooled during the heating scan.

e Temperature and enthalpy readings were calibrated using pure indium at a heating rate of
5°C/min.

e The glass transition was defined as the inflection point of the Cp jump.
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Figure 17 - DSCQ20 (TA instruments, France) on the left-hand side and DSC Discovery (TA instruments, France) on the right-
hand side.

If indicated, Hyper DSC scans were performed using the Flash DSC2+ from Mettler Toledo (Viroflay,
France) which allows scanning samples from -95°C to 1000°C using scanning rates up to 50 000°C/sec.
These high scanning rates are used to by-pass some transformations which are kinetically slow, like
recrystallizations or polymorphic transformations. In the case of polymorphic transformations, this
allows to observe the melting of the initial polymorphic form. In the present study, samples were flushed

with argon and analyzed using a heating rate of 300 °C/sec.

Figure 18 - DSC2+ (Mettler Toledo, France).
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11.3.3 X-Ray powder diffraction (XRPD)

X-Ray powder diffraction is a direct and non-destructive characterization technique used to determine

the structure and the microstructure of a material.

This technique consists in the irradiation towards a sample using an X-Ray beam at a specific wavelength
A. The interaction of the beam with the material then allows the diffraction of the beam through different

angles whose intensities are measured when scanned by the detector. There are two types of

experimental configurations:

- the Debye-Scherrer in transmission (beam focusing on the sample and defocusing on the
detector) which is usually performed using capillaries on the curve detector INEL.
- the Bragg-Brentano in reflection (beam defocusing on the sample and focusing on the detector)

which is typically performed on plates on the X’pert detector.

For a crystalline material the atoms/molecules are forming a lattice and the X-ray beam will be scattered

by the crystal if the theta angle (0) is satisfying the Bragg law:

2dhi sin(0) = nA (17)
where dhy is the inter-reticular distance of hkl crystallographic planes and A is the wavelength of the
incident X-ray beam. In that case diffraction peaks are observed at the corresponding 26 angles as

illustrated in Figure 19.
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Figure 19 — Schematic representation of the Bragg law.
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For an amorphous material, the atoms/molecules are randomly dispersed so the X-ray beam diffused

will give rise to a diffusion halo.

In this work, measurements were performed with a PanAlytical X’PERT PRO MPD (Almelo, The
Netherlands) diffractometer (\CuKq = 1.5418 A for combined Kq1 and Ka2), equipped with an X’celerator
detector (Almelo, The Netherlands) allowing acquisition of diffraction patterns from 26= 3 to 60 °, with

a scan step of 0.0167 °/s. This instrument is represented in Figure 20.

For samples containing riboflavin, the samples were placed into Lindemann glass capillaries (@ =
0.7 mm), installed on a rotating sample holder to avoid artifacts due to preferential orientations of
crystallites. However, to observe the evolution of the sample upon heating, the sample was placed on a

metallic plate, in an Anton Paar chamber at atmospheric pressure. The heating rate was set to 5 °C/min.

For samples containing chlorhexidine, the samples were always placed on a metallic plate, in an Anton
Paar chamber at atmospheric pressure as it showed a better peak resolution compared to when placed
in Lindemann glass capillaries. The heating rate was also set to 5 °C/min when the evolution upon heating

was observed.

For tablets samples, the tablet was sanded in order to fit in the metallic plate.

Figure 20. PanAlytical X’PERT PRO MPD (Almelo, The Netherlands)
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11.3.4 Scanning Electron Microscopy (SEM)

This technique was used to determine the morphology of the particles in the different samples. This was
performed using a JEOL Field Emission SEM (JSM-7800F, Japan). Samples were mounted on an SEM stub
using ribbon carbon double-sided adhesive. To avoid surface charging, samples were chromium coated
(100 A) by electro-sputting under vacuum prior to SEM observations. The observations were performed
at 2 kV acceleration voltage, with small probe current and the lowest objective lens aperture to reduce
beam damage on the sample surface. Secondary electron images were acquired at several

magnifications (from 100 to 20000).

11.3.5 'H Nuclear Magnetic Resonance (NMR)

In order to assess the degradation of the samples, the *H NMR technique was used. This analysis was
conducted on a Brucker AVANCE 300 MHz (Rheinstetten, Germany at 20°C. A few milligrams of material
were dissolved in 5mm diameter NMR tubes containing 0.5 mL of DMSO. For each sample, 64 scans were

recorded (1 scan/s) to improve the signal statistic.

1I.4 Dissolution kinetics

The dissolution rate of an APl and thus its bioavailability can be influenced by many factors including the

following:

e Solid-state properties: The physical state (crystal, amorphous form, polymorphs) and the particle
size and shape.
e Extrinsic factors (hydrodynamics): The test apparatus or the fluid flow.

e Test conditions: Medium, temperature, pH and stirring rate.

In order to test the dissolution performances of our samples, different dissolution set-ups were used on
the different forms produced (powder, compacts, tablets). The different set-ups are schematized in

Figure 21 and the experiment details can be found in the next sections.
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Figure 21. Schematization of the different dissolution set-ups. From left to right:
- determination of the dynamic solubility
- dissolution kinetics of the powder in sink or non-sink conditions
- tablet dissolution

- intrinsic dissolution.

11.4.1 Powder Dissolution

Determination of the dynamic solubility

The dissolution kinetics of the APIs for several days were determined in order to obtain their solubility
limit. To that extend, the traditional shake flask method was used. Excess amounts of APl (about 150mg)
were exposed to 10mL ultra-pure water in amber flasks. The latter were placed into a horizontal shaker
(37 °C, 80 rpm; GFL 3033; Gesellschaft fuer Labortechnik, Burgwedel, Germany). At predetermined
timepoints, 300uL samples were withdrawn using 1mL syringes, and filtered (PTFE syringe filter 0.45um
for Chlorhexidine and PVDF syringe filter 0.22um for Riboflavin, Agilent technologies, Santa Clara, USA)
into 1.5 mL Eppendorfs. The samples were then diluted directly into amber glass vials for further analysis.
For both APls, samples were both diluted 10 times and 100 times. Each experiment was performed in

triplicate. Mean values +/- standard deviations are reported in the results.
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Dissolution kinetics

The dissolution kinetics of the APIs were determined in both sink and non-sink conditions. For the sink
conditions, the amount of APl was calculated as at least 3 times below the solubility limit of the

crystalline form. For the non-sink conditions, 150mg of APl were used.

The dissolution was performed using the USP Il apparatus (Sotax, France). Each dissolution bath was
filled with 800mL of ultra-pure water heated to 37°C + 0.2 °C and the agitation was set to 100 rpm. At
predetermined timepoints, 1ImL samples were withdrawn using 1mL syringes and filtered (PTFE syringe
filter 0.45um for Chlorhexidine and PVDF syringe filter 0.22um for Riboflavin, Agilent technologies, Santa
Clara, USA) into amber glass vials. In the case of the non-sink conditions, the samples were directly
diluted 10 times into amber glass vials. All samples were then frozen to -20°C for further analysis. Each

experiment was performed in triplicate. Mean values +/- standard deviations are reported in the results.

11.4.2 Intrinsic dissolution

Compared to standard dissolution during which extrinsic factors are appropriate and the test conditions
are maintained constant, the intrinsic dissolution also involves the condition of a constant surface area
which allows the determination of the intrinsic dissolution rate®3°. In this particular case, the particles
size and shape are taken out of the equation and the intrinsic dissolution rate will only be influenced by

the physical state of the API.

For this work, the intrinsic dissolution devices (schematized in Figure 22) were purchased from ProSense

(Oosterhout, The Netherlands) along with the ATLAS manual hydraulic press.

Prior to dissolution, the powder was compacted directly inside the die on the surface plate using the
hydraulic press. For riboflavin samples, the force used was 2 tons whereas for chlorhexidine samples it
was 1 ton. After compaction, the die was directly screwed to the holder and shaft assembly with the

punch still in place and the surface plate was unscrewed.
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Figure 22. Schematic representation of the intrinsic dissolution device. Adapted from the U.S pharmacopeia®®®.

The dissolution was performed using the USP Il apparatus (Sotax, France) but in this case, the paddle
was replaced by the intrinsic dissolution device (holder and shaft attached to the die). Each dissolution
bath was filled with 400mL of ultra-pure water heated to 37°C £ 0.2 °C and the agitation was set to 50
rom. At predetermined timepoints, 1mL samples were withdrawn using 1mL syringes and filtered (PTFE
syringe filter 0.45um for Chlorhexidine and PVDF syringe filter 0.22um for Riboflavin, Agilent
technologies, Santa Clara, USA) into amber glass vials. All samples were then frozen to -20°C for further
analysis. Each experiment was performed in triplicate. Mean values +/- standard deviations are reported

in the results.
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11.4.3 Oral Tablets

The aim of this work was to evaluate the influence of the physical state of the API (crystalline or
amorphous) and of the API/polymer blend during a dissolution which would fit the real-life conditions.

To that extend, tablets meant for oral administration were produced.
e Tablet manufacturing

A model formulation of excipients containing a diluent, a binder, a disintegrant and a lubricant were used
in order to prepare the tablets. It was decided to keep the API content constant to 30% for each

formulation prepared. However, the physical state of the API or of the API/polymer blend would vary.

The formulation used for the compression was the following:

Table 5. Tablet formulation composition

Material Pure API API/Polymer blend (70:30)
API or API/polymer blend 30% 42.9%

Lactose 42.5% 34.6%

Microcrystalline cellulose 20% 20%

Croscarmellose Sodium 2% 2%

Magnesium stearate 0.5% 0.5%

First, the lactose, the microcrystalline cellulose and the croscarmellose were mixed for 5 min together
at 62 rpm using a turbula mixer (Willy A. Bachofen AG Maschinenfabrik, Switzerland). Then, the API or
the API/polymer blend would be added and the mixture would spend again 5 min in the turbula mixer.
Finally, the magnesium stearate would be added and the formulation would be mixed for 4 min in the

turbula mixer.

The compression was performed using the STYL’'One Nano (Medelpharm, France) simulator, showed in

Figure 23.
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Euro B flat punches (& = 11.28 mm) were used with the suitable die. Due to the poor flowability of the
powder, hand-filling was preferred. A V-shape profile (10mm/s) was selected for the compression with

an automatic ejection using the filling shoe.

Figure 23 - Styl'One Nano simulator (Medelpharm, France).

It was decided to produce 500mg tablets so that the API content would be 150mg in order to be
comparable to the powder dissolution in non-sink conditions (see section I.4.1). Furthermore, the tablet
hardness was kept constant to 80N and for each formulation the corresponding lower punch force was

determined (linear fit on the hardness with three different forces).
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After the determination of the right lower punch force to obtain a hardness of 80N, it was decided to

produce 18 tablets per formulation which would be used as follows:

e Hardness test in triplicates

e Disintegration test in triplicates

e DSC (one tablet)

e XRD (one tablet)

e Dissolution in triplicates

e 4 weeks stability in ICH conditions (5 tablets in total, 3 for dissolution, 1 for DSC and 1 for XRD)

e Supplementary tablets (2)

All the tablets would also be weighed and have their diameter and thickness measured as those are non-

destructive tests.

The hardness was determined using a tablet hardness PTB (Pharmatest, Germany) and the disintegration

test was performed using the tablet disintegration tester PTZ 100 (Pharmatest, Germany).

For the evaluation of the stability over 4 weeks, the tablets were kept into a desiccator containing a
saturated solution of ammonium nitrate salt which was placed into an oven heated to 25°C. The aim of
the use of this particular saturated salt solution was to keep a relative humidity of approximately 60%4°

in order to meet the long-term stability ICH conditions (25°C + 2°C, 60% rh + 5%)4%,
e Dissolution

The dissolution was performed using the USP Il apparatus (Sotax, France). Each dissolution bath was
filled with 800mL of ultra-pure water heated to 37°C + 0.2°C and the agitation was set to 100 rpm. At
predetermined timepoints, ImL samples were withdrawn using 1mL syringes and filtered (PTFE syringe
filter 0.45um for Chlorhexidine and PVDF syringe filter 0.22um for Riboflavin, Agilent technologies, Santa
Clara, USA) into amber glass vials. As the API content in the tablets fitted the non-sink conditions, the
samples were directly diluted 10 times into amber glass vials. All samples were then frozen to -20°C for
further analysis. Each experiment was performed in triplicate. Mean values +/- standard deviations are

reported in the results.
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I1.4.4 High Performance Liquid Chromatography (HPLC) analysis

The APl content during the different dissolution experiments were determined using HPLC-UV analysis
(Waters Alliance 2695 separation module, Waters 2489 UV/vis detector). Depending on the API,

different methods and materials were used.
e Riboflavin

10pL of sample were injected into a polar column (Luna omega 3pum C18 100A, 150mm x 4.6mm;
Phenomenex, Le Pecq, France). The flow rate was set to 0.8 mL/min for a mobile phase blend A:B (85:15)
and the running time was set to 10min for each sample. Eluent A was an aqueous solution containing
0.1% of formic acid and eluent B was pure acetonitrile. The column was kept at room temperature and
the detection wavelength was set to 270nm. The calibration curve was determined for Rf concentrations
ranging from 0.1 to 40 mg/L and was linear (R? > 0.999). Each experiment was performed in triplicate.

Mean values +/- standard deviations are reported in the results.
e Chlorhexidine

10pL of sample were injected into a non-polar column (Gemini, 3um C18 110A, 150mm x 4.6mm;
Phenomenex, Le Pecq, France). The flow rate was set to 1.5 mL/min for a mobile phase blend A:B (70:30)
and the running time was set to 5min for each sample. Eluent A was an aqueous solution containing
115mM of orthophosphoric acid and 0.5% of triethylamine and eluent B was pure acetonitrile. The
column was kept at room temperature and the detection wavelength was set to 239nm. The calibration

curve was determined for Chx concentrations ranging from 1 to 40 mg/L and was linear (R? > 0.999).
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CHAPTER [l - SOLID-STATE
AMORPHIZATION OF
CHLORHEXIDINE (FREE BASE)
UPON MILLING
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Chlorhexidine is a broad-spectrum antimicrobial biguanide (as represented in Figure 24) used as a topical
antiseptic and in dental practice for the treatment of inflammatory dental conditions, such as
periodontitis*2714> This APl was categorized as a BDDCS class Il drug'*® and is thus supposed to exhibit
a high solubility and a low permeability. However, according to the literature, Chx is generally referred
to as poorly-soluble as this APl exhibits an approximate solubility in water of 80mg/L'4”148 Therefore,
Chx is usually investigated in the form of water-soluble salts such as Chx digluconate or Chx diacetate. It
was also reported that only five crystal structures of chlorhexidine salts have been reported in the

Cambridge data base over the past 60 years'#

, and therefore, to the best of our knowledge, the
crystalline structure of Chx free base has not yet been determined. Furthermore, in terms of drug
release, as the Chx salts present a better solubility compared to the free base, those are generally more

investigated°%-152,

HN NH
HN. D—NH HN—  NH
NH HN
HN NH
cl o]

Figure 24 - lllustration of the molecule of chlorhexidine.

If little is known about the crystalline structure of Chx free base, its amorphous state was already
produced by liquid quench and its glass transition temperature was found to be Tg = 62.85°C%3,
However, to the best of our knowledge, a deep physical characterization of the amorphous state of Chx

was only performed for Chx dihydrochloride®?.

The objective of this chapter is to assess the possibility to obtain amorphous Chx free base by high energy
milling of the crystal and to compare this solid state amorphization process with the traditional liquid
guench. To that extend, a deep physical characterization is performed on both commercial Chx free base

(crystalline) and on the milled material.
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Then, in order to assess the advantage of the amorphous form compared to its crystalline counterpart,
an evaluation of their dissolution performances in ultra-pure water are evaluated using different set ups

including powder dissolution, intrinsic dissolution and tablet dissolution.
I11.1 Physical characterization of chlorhexidine free base

The objective of this section is to assess the possibility to obtain amorphous chlorhexidine by high energy
milling of the crystal and to compare this solid state amorphization process with the traditional liquid
guench. This investigation is focused on a deep physical characterization in order to understand in detail

the structural evolution of Chx during the milling process.

I11.1.1 Effect of heating on the physical state of chlorhexidine free base

In Figure 25 is represented the TGA scan (5°C/min) of commercial Chx. A considerable weight loss is
observed (about 85%), revealing a strong thermal degradation of the drug which starts at 150°C.
Therefore, in order to avoid any degradation of samples in our investigation, the DSC heating scans of

any sample containing Chx will not exceed 150°C.
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Figure 25 - TGA scan (5°C/min) of chlorhexidine free base (as received).

Figure 26 shows the DSC heating scan of commercial chlorhexidine (run 1, blue curve) in an open
aluminum pan (no lid). This scan reveals two successive endothermic peaks: a small one around 122°C
(AH = 7.6 J/g) and a bigger one around 135°C (AH = 76.7 J/g) which corresponds to the melting of the
API*>3. The melt thus obtained was subsequently quenched using a cooling rate of 5°C/min until room
temperature (RT) was reached. The corresponding DSC scan (run 2, black curve in Figure 26) shows no
sign of crystallization upon cooling at such a rate which means that this liquid can easily be undercooled.
The heating DSC scan (5°C/min) of the quenched liquid is also shown in Figure 26 (run 3, brown curve).
It shows a Cp jump (ACp = 0.57 J/g/°C), characteristic of a glass transition at Tg = 58.8°C which indicates
that the traditional quench of the liquid allows to obtain the amorphous form of Chx. Furthermore, it
can be noted that no exothermic peak characteristic of a recrystallization can be detected above Tg,

which reveals that the amorphous form obtained from the liquid quench is stable upon heating.
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Figure 26 - DSC heating scans (5°C/min) of commercial chlorhexidine (run 1, blue curve) and of the subsequently obtained
quenched liquid (run 3, brown curve). The quenched liquid was obtained by cooling the melt at 5°C/min (run 2, black curve).
The insert shows the entire endothermic melting peak of the crystal (run 1).

In order to better understand the origin of the first endothermic event observed during the heating of
commercial Chx, the structural evolution of the sample upon heating has been followed by powder X-
ray diffraction. Figure 27 shows the diffractograms recorded at different temperatures ranging from RT
to 134°C. It must be noted that the peak observed at 6.6° is due to the Anton Paar chamber used in order
to record the diffractograms at the desired temperatures. The scan recorded at room temperature (blue
curve) shows Bragg peaks characteristic of a crystalline form. It can be observed that at 120°C, the X-ray
diffraction pattern is similar to the one recorded at RT except for some peak shifts due to the
temperature change. This means that no structural changes occurred between RT and 120°C. However,
between 124°C and 130°C, some new peaks are emerging (e.g. peaks marked with a A) whereas the
peaks characteristic of the commercial Chx are disappearing (e.g. peaks marked with a *). This reveals

a phase transition between the initial form (called Form 1) and the final form (called Form II).
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At 130°C, the decreasing peaks characteristic of Form | have totally disappeared while those
characteristic of Form Il become stationary, indicating that the phase transition is completed. These
results strongly suggest that the endothermic peak observed before the melting corresponds to the
polymorphic transition Form | = Form Il. This also means that the melting observed afterwards

corresponds to the melting of the polymorphic form Il
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Figure 27 - X-Ray diffraction patterns of commercial chlorhexidine recorded upon heating. The temperatures at which the
scans were recorded are reported on the right-hand side of each curve and the heating rate was set to 5°C/min.

This endotherm corresponding to the polymorphic transition was also investigated using DSC. Indeed,
commercial Chx was heated to 127°C (at the end of the first endotherm) and rapidly cooled at an
approximate rate of 40°C/min. The sample was then heated again (5°C/min) in order to observe the
potential change in the thermal events. The corresponding DSC thermograms are illustrated in Figure
28. It can be noticed that during the cooling stage, an exothermic event is observed and during the
second heating, the same two endotherms, as observed in the first heating of commercial Chx to 150°C
(Figure 26), are present. These observations indicate that the first endothermic peak related to the
polymorphic transition Form | = Form Il is totally reversible as, upon cooling (even though as rapid as

enabled by the instrument), Form | reappears and Form Il disappears completely. Furthermore, it means
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that Form Il is not stable upon cooling and it is thus impossible to produce this polymorphic form using

this method.
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Figure 28 - DSC scans of commercial chlorhexidine after several thermal treatments: heating at 5°C/min to 127°C (run 1, black
curve), subsequent cooling at 40°C/min (run 2, green curve) and subsequent heating to 150°C at 5°C/min (run 3, blue curve).

All these results allowed the determination of the phase diagram of Chx upon heating, as illustrated in

Figure 29. It can be noticed that, as the polymorphic transition occurs before the melting peak and is

illustrated by an endothermic event, Form | and Form |l of Chx are thus enantiotropically related.

65



Amorphous

Form Il

Form |

Heating

Heating
Liq.

> T

Figure 29 - Phase diagram of chlorhexidine upon heating. The arrows indicate the trajectory of Chx during the heating.

I11.1.2 Effect of milling on the physical state of chlorhexidine free base

Figure 30 shows the *H NMR spectra of commercial Chx (as received), and of the quenched liquid
prepared in either a DSC pan or in a tubular oven, after dissolution in DMSO. It must be noted that the
purpose of preparing the quenched liquid in a tubular oven was to see if this amorphous form could be
obtained in the required amounts for dissolution studies, compared to the small quantities which can be
retrieved from the DSC pan. It can be noticed that the spectrum of the quenched liquid (QL) prepared in
the tubular oven shows significant differences when compared to the one of commercial Chx as many
peaks appeared after the melting (e.g. around 3.0 ppm, 6.5 ppm, between 6.8 and 7.0 ppm, 7.3 ppm and
7.8 ppm), which is characteristic of chemical degradation. However, the quenched liquid prepared in the
DSC pan shows more similarities with Form [, except for a few additional peaks (e.g. around 6.5 and 6.9
ppm), which also suggests that a chemical degradation occurred but in lesser proportions. It must also

be noted that the additional peak at 2.08 ppm present in the spectra of commercial Chx and of the
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guenched liquid prepared in the tubular oven is attributed to an acetone residue!>* stemming from the

cleaning of the NMR tubes.
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Figure 30 - 'H NMR spectra of commercial Chx (crystal, as received), of Chx melted in either a DSC pan or a tubular oven and
quenched (QL), and of Chx milled for 3 hours. The names of the samples are on the right side of each curve.

As the classical liquid quench of Chx led to chemical degradations, another amorphization process was
tested in order to prevent those degradations. Due to the thermal instability of Chx and to its poor-
solubility in organic solvents, a mechanical-based approach was used and high-energy ball milling was
chosen. Indeed, it was assumed suitable as it was proven in the literature®1> to allow a direct crystal-

to glass-transformation in the solid state.
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Figure 31a shows the X-ray diffraction patterns of commercial Chx as received (blue curve), of the
quenched liquid (brown curve) and after being submitted to 1 hour of high-energy milling (red curve).
The peak observed at 6.6°, in both the quenched liquid and the milled Chx, is due to the signal of the
Anton Paar chamber used for the analysis. It can be noticed that after the milling process, all the Bragg
peaks characteristic of crystalline Chx disappeared, giving rise to a diffusion halo characteristic of an
amorphous form. Furthermore, this diffractogram is identical to the one of the quenched liquid. This

observation strongly suggests that the 1h of milling led to a complete amorphization of Chx.

Figure 31b shows the corresponding DSC heating scans (5°C/min) with, in addition, the Chx quenched
from the melt of the crystal (brown curve) for comparison. The thermogram corresponding to the milled
Chx (1h) shows a Cp jump (ACp = 0.59 J/g/°C) characteristic of a glass transition at Tg = 60.5°C. Those
results indicate that a direct crystal-to-glass transformation occurred during the milling. Furthermore, as
the Cp jump of the milling-induced amorphous Chx shows the same amplitude as the one observed for
the quenched liquid, the 1h of milling led to a complete amorphization of Chx. Finally, it can be noticed
that the Tg of the quenched liquid is slightly depressed compared to the one of the milled material, which

suggests that a minor degradation occurred during the melting of the drug.

Further heating of the milling-induced amorphous Chx shows a wide exotherm characteristic of a
recrystallization. This situation contrasts with that of the quenched liquid which do not show any sign of
recrystallization for identical heating conditions. The milling-induced amorphous material thus appears
to be less stable than the quenched liquid. This exothermic event partially overlaps a small endothermic
peak which is directly followed by a second endotherm, higher and sharper. This pattern of two following
endothermic events is similar to the one observed during the heating of crystalline Chx, which indicates
that after the recrystallization, the polymorphic transition occurred, followed by the melting. Because of
the superimposition of the exothermic event and of the endothermic peak associated with the
polymorphic transition, the corresponding enthalpies cannot be accurately determined. The enthalpy of
melting of the recrystallized fraction of the milling-induced amorphous Chx corresponds to 66.4 J/g
which is lower than the value obtained for the melting for the non-milled Chx (76.7 J/g). Thus, a small

fraction (~13.4%) of amorphous Chx has not recrystallized.
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Figure 31 —a) XRD patterns of commercial Chx as received (blue curve), of the quenched liquid (brown curve) and of Chx milled
for 1 hour (red curve), and b) the corresponding DSC scans (5°C/min).

The milled Chx was also analyzed using 'H NMR spectroscopy, as shown in Figure 30. It must be noted
that the milling time performed was longer (3 hours) than the one presented in Figure 31 in order to

make sure of the robustness of the milling process on Chx.

Interestingly, the spectrum corresponding to the milled Chx is identical to that of the crystal, indicating
that no degradation was induced by the milling process. It must also be noted that the additional peak
at 2.08 ppm present in this spectra is attributed to an acetone residue>* stemming from the cleaning of
the NMR tubes. Those results indicate that high-energy milling is a safer amorphization route compared
to the quench of the liquid which induces more or less degradation depending on the melting conditions
of Chx. Furthermore, it was demonstrated, that solvent-based processes such as spray- or freeze-drying
(due to the lack of an appropriate solvent®*®'7, cf Appendix 1), could not be used for the amorphization
of Chx. Therefore, only this amorphization process will be used for this drug in all the further

experiments.

The evolution of milling-induced amorphous Chx upon heating was monitored using XRD. Therefore, the

X-ray diffraction patterns of Chx milled during 1 hour were recorded upon heating from 30°C to 135°C
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and are represented on Figure 32. From 30 to 80°C, no Bragg peaks are observed, which confirms that
the milled material remains completely amorphous in this range of temperatures. It must be noted that
the peak observed at 6.6° is due to the Anton Paar chamber used in order to record the diffractograms
at the desired temperatures. From 90°C to 110 °C, some Bragg peaks develop, indicating the
recrystallization process. These Bragg peaks are characteristic of Form |, indicating that the
recrystallization of the milling-induced amorphous sample occurs towards initial commercial form of Chx
as represented in Figure 27 (see for instance peaks marked with a *). Further heating of the material
shows the development of Bragg peaks characteristic of Form Il at the expense of those characteristic of
Form |, revealing a transition | 21l identical to that observed upon heating of the non-milled Form | (see
for instance peaks marked with a A for the diffractogram at 125°C). This indicates that the small
endothermic event observed on the DSC scan between the recrystallization and the melting peak is, as
expected, the polymorphic transition also observed for the non-milled material. At 130°C, the Bragg
peaks are broadening and decreasing in intensity until, 5°C higher, they fully disappeared and gave way

to the diffusion halo of the liquid Chx.
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Figure 32 - X-ray diffraction patterns of Chx milled for 1h, recorded upon heating from 30 to 135°C. The temperatures at which
the diffractograms were recorded are indicated on the right-hand side of each curve.
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These results allowed to determine the relative stability of the two forms of Chx identified as
schematized in the Gibbs free enthalpy diagram reported in Figure 33. Indeed, the milling-induced
amorphous Chx recrystallizes towards Form | upon heating, which is subjected to a polymorphic
transition towards Form Il after further heating. As observed for crystalline Chx (Figure 29), the
polymorphic transition occurs before the melting peak and is illustrated by an endothermic event which

indicates that Form | and Form Il of Chx are thus enantiotropically related.

Amorphous

Heating
Milling
Form Il

Heating

Form |

Heating

Figure 33 - Phase diagram of Chx upon milling. The arrows indicate the trajectory of Chx during the milling and the subsequent
heating of Chx.
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111.1.3 Amorphization kinetics upon milling

Commercial chlorhexidine was milled for several milling times (tm) ranging from 0 min to 12 hours and
the corresponding XRD patterns are reported in Figure 34. During the first 5 min, a progressive flattening
and broadening of the Bragg peaks can be observed. The decrease in peak intensity indicates the
progressive disappearance of the crystal and thus, the increasing fraction of amorphous material.
Meanwhile, the broadening signals both the size reduction and the deformation of the remaining
crystallites induced by the mechanical impacts of the milling balls. Besides, it can be observed that after
15 min of milling, the Bragg peaks totally disappeared, giving rise to a diffusion halo which indicates a
complete amorphization of the material. No further evolution of the X-ray diffraction patterns can be

detected for longer milling times (up to 12 hours).

XRD

Intensity (a.u)
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Figure 34 - XRD patterns of commercial chlorhexidine recorded after different milling times (tm) ranging from 0 min (no milling)
to 12h.
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The corresponding DSC heating scans (5°C/min) are reported in Figure 35. It must be noted that there
are 3 additional thermograms corresponding to 1min, 1h and 24h of milling. The scans show the
progressive development of a Cp jump at the glass transition temperature (Tg = 60.4°C), which reveals
the progressive amorphization of the drug. The Cp jump at Tg becomes stationary from 1h of milling,

which proves that the amorphization upon milling is complete after that time period.

Above Tg, the thermograms also show an exotherm of recrystallization whose evolution during milling
appears to be more complex. During the first hour of milling, this exotherm develops and shifts towards
higher temperatures. These two features indicate respectively that the amorphous fraction increases
and becomes more and more stable. Beyond 1h of milling, the exotherm no longer shifts but
progressively disappears to finally vanish after 24h of milling. This indicates that the stability of the
amorphous fraction further increases after 1h of milling, eventually preventing its recrystallization upon
heating. Such a physical stability is quite exceptional for a milling-induced amorphous material and was

only observed in a very few cases, e.g. lactulose?®.

The polymorphic transition | = |l represented by the endothermic event around 122°C, also appears to
have a complex evolution. Indeed, during the first 3 min of milling, this endotherm seems to disappear
while the amount of remaining Form | estimated from the enthalpy of recrystallization (21.6 J/g) remains
high and close to 28.2%. This suggests that the first few minutes of milling seem to have disturbed the
micro-structure of the crystal enough to prevent the polymorphic transition | = Il to occur. However,
from 5min to 3h of milling, the endothermic event is progressively restored in parallel with the
development of the recrystallization exotherm. This strongly suggests that the recrystallization occurs
toward Form |, and that this fresh Form | (which has not been milled) undergoes the polymorphic
transition | = Il. After 3 hours of milling, the endotherm associated with the transition | = Il vanishes
again due to the stabilization of the amorphous fraction which results in a decreasing recrystallization

toward Form I.

The evolution of the melting peak for increasing milling time is simpler. It shows a progressive decrease
from 12h of milling when the amorphous fraction produced by the milling becomes increasingly stable,
and almost totally disappeared after 24h of milling. It must also be noted that the melting temperature
of Form Il is slightly shifted toward the low temperatures in all milled samples compared to the non-

milled material. This well-known effect is due to the so-called Gibbs Thomson effect and is induced by
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the strong crystallite size reduction’® which is known to occur at the very beginning of the milling

process (typically within the first few minutes>®).
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Figure 35 — DSC scans (5°C/min) of commercial Chx recorded after different milling times (tm) ranging from 0 min (no milling)
to 24h.

The time evolution of the total amorphous fraction during the milling process is reported in Figure 36. It
has been obtained by calculating both the fraction of amorphous Chx which recrystallizes upon heating
and the one that does not. The first one was directly derived from the enthalpy of recrystallization while
the second one was derived from the difference between the enthalpies of melting of the milled and

non-milled material as depicted in the series of equations below.

Xam(®) = Xgm(recryst, t) + X, ,(not recryst,t) (18)

AHTC(milled,t) N AH, (crystal)—AH,(milled,t)

AH,T,f (crystal) AHy, (crystal) ( 19)

Xam(t) =

With AHY (crystal) = AH,,(crystal) — AC,, * (T,, — T) (20) (Appendix 2)
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With:

- Tcas average temperature of recrystallization.

- AHm and AHc as the melting and crystallization enthalpies, respectively.

- AHTC (crystal) as the enthalpy of melting of commercial Chx (crystalline) extrapolated at the
crystallization temperature Te.

- Tmas the temperature at which the endothermic peak of melting of the commercial Chx occurs.

The amorphization kinetics thus determined seem to obey an exponential relaxation law. The best fit of
this law to the data is also reported in Figure 36 and provides a relaxation time 1 = 4.6 min. This indicates
that the propensity of Chx to reach the amorphous state upon milling is exceptionally high as most of
pharmaceutical materials milled with identical conditions are characterized by an amorphization
relaxation time close to 1h3%°2, However, a few cases of very low relaxation times were already reported

in the literature, e.g. lactulose?® and bosentan?®®,

Xam
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Figure 36 - Amorphization kinetics of Chx upon milling derived from the analysis of DSC scan shown in Figure 35. The red dots
represent the experimental data. The red line illustrates the best fit of an exponential relaxation law to the data.
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I11.2 Dissolution performances

After a deep physical characterization of the commercial Chx free base and of the milled material
previously highlighted, an evaluation of their dissolution performances in ultra-pure water was
performed using different set ups. This investigation was proposed in order to assess the advantage of

the amorphous form compared to commercial chlorhexidine.

I11.2.1 Determination of the solubility limit of chlorhexidine

First of all, in order to have a good understanding of the behavior of crystalline and milling-induced
amorphous chlorhexidine in water, it was necessary to evaluate their solubility limit and the time period
necessary for it to be reached. To that extend, about 150mg of API, were used in order to have it in
excess in the medium (ultra-pure water, 10mL). For the crystalline form of Chx, the commercial material
was used as received. Indeed, as it was demonstrated that the polymorphic form (Form Il) was not stable
upon cooling and, as no other method was investigated, it was not produced. The amorphous form of
Chx was obtained by milling commercial Chx for 3 hours. Indeed, as the previous results indicated that
high-energy milling was a safer amorphization route compared to the quench of the liquid, only the

milling-induced amorphous form will be evaluated for dissolution performances.

The dissolution kinetics of these powders in ultra-pure water at 37°C under non-sink conditions (large
excess of Chx) are illustrated in Figure 37. The first 8 hours of dissolution are displayed on the insert of
Figure 37 for more visibility. During the first 3 hours, crystalline Chx reaches a maximum of dissolution
of around 167 mg/L. But at later time points (after 4 hours), this concentration decreased to about 100
mg/L and then leveled-off. In contrast, the tendency observed for the amorphous form of Chx is less
clear. Indeed, after the first hour of dissolution, the concentration observed was higher than for the
crystalline Chx as it reached about 150 mg/L. However, from 2 to 4 hours of dissolution, it decreased so
significantly that the concentration of Chx dissolved became inferior compared to the one of crystalline
Chx. Surprisingly, until 8 hours, the tendency seems to be reversing as the concentration of Chx dissolved
for the amorphous form increases again and reached around 190 mg/L. Finally, at later time points (after
24 hours), as observed for crystalline Chx, the concentration of drug dissolved for the amorphous form

decreases again and reached a plateau of about 100 mg/L after 72 hours.
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From those results, it seems that during the dissolution of amorphous and crystalline Chx, a precipitation
occurs for different time points. Therefore, an accurate ranking of the solubilities of these two forms

seems rather difficult to determine.
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Figure 37 - Dissolution kinetics of Chx non-milled (crystal) and milled Chx for 3 hours (amorphous) in ultra-pure water at 37°C

under agitation (80 rom) and super-saturation conditions: a large excess of non-dissolved Chx was provided throughout the
experiment.

In order to have a better understanding of which form of chlorhexidine precipitates during the
dissolution measurements, the solids obtained at the end of the experiment (after 21 days) were
separated by filtration, dried (under vacuum, at room temperature, overnight) and analyzed by XRD and
TGA. Figure 38 shows the XRD pattern of the residue obtained after 21 days in water of crystalline
chlorhexidine. However, it must be noted that an identical pattern was observed in the case of the
residual solid obtained from the amorphous form (data not shown). Interestingly, it differs from the one
of commercial Chx (crystalline) as its characteristic peaks (marked with a %) disappeared and new peaks

emerged (see for instance the peaks at 5.0° and 23.3°, marked with e).
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Figure 38 - XRD patterns of commercial Chx (crystal) recorded at room temperature and after 21 days spent in ultra-pure
water heated to 37°C and stirred at 80rpm (purple curve) and subsequently dried under vacuum at room temperature.

The TGA scan (5°C/min) of the residue, which is reported in Figure 39, shows two distinct weight losses
before the chemical degradation starts (after 150°C). The first one occurs between 20°C and 90°C and
shows a mass loss close to 10.2%, which roughly corresponds to the calculated value for the loss of 3
water molecules (10.3%). The second one occurs between 80°C and 130°C and shows a mass loss of

around 6.5% which is very close from the value expected for the loss of 2 water molecules (6.9%).

The evolution of the diffractogram of the recrystallized solid upon heating (5°C/min) from room
temperature to 120°C, i.e. in the temperature range in which the mass losses were observed, is reported
in Figure 40. It shows the progressive appearance and disappearance of some Bragg peaks and two
phases can be distinguished. The first one from room temperature to 90°C leads to a distinct X-ray
diffraction pattern which differs from the recrystallized residual solid and the second one from 90°C to

120°C which leads to the pattern of commercial chlorhexidine.
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Therefore, all these results support the hypothesis that the crystalline chlorhexidine dissolved in water,
precipitated towards a pentahydrate form, whose dehydration upon heating led firstly to a dihydrate

form and then to the anhydrous commercial form of Chx.
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Figure 39 - TGA scan (5 °C/min) of the reprecipitated solid from the crystalline chlorhexidine during the dissolution study.
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Figure 40 - XRD patterns of the solid which reprecipitated during the dissolution study of crystalline Chx in water. The samples
were heated at 5°C/min followed by an isothermal of about 13 min (scan duration) at different temperatures (as indicated on
the right side of each curve).
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111.2.2 Powder dissolution in sink and non-sink conditions

As the dissolution in super-saturated conditions did not allow a clear distinction between crystalline and
milling-induced amorphous Chx due to a rapid crystallization into a hydrate form, the dissolution in sink
conditions was studied. Indeed, in this case, the amount of APl is at least 3 times below its solubility limit.
However, as only the solubility of the hydrate could be determined from the previous experiment, the

value present in the literature!*”148 was chosen to impose the sink conditions, i.e. 80 mg/L.

Figure 41 illustrates the dissolution kinetics of crystalline and amorphous Chx in ultra-pure water in sink
conditions (20mg of APl in 800mL of ultra-pure water). These two forms show a biphasic dissolution
profile as they show a steep slope during the first few hours, followed by a decrease in the dissolution
rate until 48 hours of dissolution are reached. However, if the dissolution rates might seem to be similar
during the first 4 hours of dissolution, significant gaps in the amount of chlorhexidine dissolved can be
noticed and the two forms can thus be ranked as follows: Form | >> Amorphous form. Furthermore, after
48 hours of dissolution, Form | was completely dissolved whereas the amorphous form only reached
around 80% of release. Form | thus shows an unexpected quicker dissolution compared to the

amorphous form.
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Figure 41 - Dissolution kinetics over 48 hours of the crystalline Chx (Form ) and of the amorphous form (milled 3h) in a large
volume of ultra-pure water (800mL) heated at 37°C under stirring (100 rpom) and in sink conditions.
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As the particles size and shape can significantly influence the dissolution of an API, SEM pictures of the
powders of the two forms used for dissolution testing were taken and are depicted in Figure 42.
Amorphous Chx and Form | powders both consisted of small particles. However, the amorphous particle
formed aggregates whereas those of Form | were needle-shaped. Therefore, it seems that the aggregates
formed by the amorphous particles are larger compared to the needle-shaped crystals of Form I. This
observation can explain the propensity of crystalline Chx to dissolve quicker compared to the amorphous

form.

Amorphous

Figure 42 - SEM pictures of crystalline Chx (Form 1) and milling-induced (3 hours) amorphous Chx powders used for the
dissolution experiments.
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Figure 43 illustrates the dissolution kinetics of the two forms previously presented in ultra-pure water in
non-sink conditions as 150mg of APl were used in the same amount of dissolution medium. It must be
noted that in this case, according to the literature, the solubility of Form | was exceeded. Interestingly,
in this dissolution set-up, Form | shows a significantly higher amount of Chx dissolved as soon as the
powder comes in contact with the dissolution medium compared to the amorphous form. This behavior
can be explained by the fact that, as depicted in Figure 44, the Form | particles are well dispersed in the
dissolution medium whereas the amorphous particles quickly formed aggregates which stuck on the

vessel wall or on the paddle.

Furthermore, in this dissolution set-up, Form | showed again the quickest dissolution compared to the
amorphous form and even reached 100% of Chx dissolved after 48 hours of dissolution. In contrast, even
if the amorphous form shows a higher dissolution rate during the first 4 hours as the slope seems steeper
compared to Form |, a significant drop in the amount of Chx dissolved is then observed until it increased
again, after 8 hours of dissolution. This strong decrease in the amount of Chx dissolved might be
attributed to a recrystallization into the hydrate form as observed in section 111.2.1. Besides, the solubility
limit of the hydrate was evaluated to be at 100 mg/L, which corresponds to about 53% of Chx released
(as illustrated in green dashes) and it also corresponds to the percentage of Chx dissolved reached for
the amorphous form after 48 hours of dissolution. Interestingly, in the case of crystalline Chx, this
percentage was exceeded which indicates that in this particular dissolution set-up, the transformation
into the hydrate form is prevented. It can be thus assumed that this phenomenon is due to the
dissolution set-up itself. Indeed, in this case, the higher volume of dissolution medium (800mL versus
10mL) accompanied with a difference in hydrodynamics induced by a paddle agitation (100rpm)

compared to a horizontal shaking (80 rpm) could prevent the precipitation.

These results strongly suggest that the dissolution of the amorphous form is drastically slowed down by
the formation of sticky aggregates when in contact with the dissolution medium, which has already been
observed in the case of curcumin'®l. The second explanation for this decrease in the dissolution rate
relies on the recrystallization of the amorphous form into the pentahydrate, less soluble, which was
already observed in the case of carbamazepine'®?. Therefore, in this particular case, the amorphous form

of Chx exhibits less advantages for the dissolution in water compared to its crystalline counterpart.
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Figure 43 - Dissolution kinetics over 48 hours of the crystalline Chx (Form 1) and of the amorphous form (milled 3h) in a large
volume of ultra-pure water (800mL) heated at 37°C under stirring (100 rom) and in non-sink conditions.

83



Form |

Amorphous

Figure 44 - Pictures after 15min of dissolution of the crystalline Chx (Form 1) and of the amorphous form (milled 3h) in a large
volume of ultra-pure water (800mL) heated at 37°C under stirring (100 rom) and in non-sink conditions.

84



111.2.3 Intrinsic dissolution

In order to obtain a clear determination of the dissolution rates of both Form | and the milling-induced
amorphous form of Chx the intrinsic dissolution of these two forms was performed. Indeed, this method
is particularly useful as it allows to hinder the influence of the particle size and shape which should have
a particular interest in this case as the SEM pictures (Figure 42) revealed significant differences between

the crystalline and amorphous particles.

First of all, the influence of the compaction on the physical state of the two forms was evaluated. For
this study, the compacts were prepared using the exact same protocol as for the intrinsic dissolution
(compaction at a 1t force). However, after the compaction step, instead of screwing the holder, the
metallic plate was unscrewed and the compact was taken out of the die by strongly pressing on the
punch. After this manipulation, the compact was found to be intact and was therefore analyzed using

XRD. Afterwards, pieces were cut in order to perform both the DSC and the TGA analysis.

Figure 45 shows the X-ray diffraction patterns of both crystalline (Form I) and milling-induced amorphous
Chx, before and after compaction. Form Il of Chx is also showed for comparison. It is clear that after
compaction of Form |, the Bragg peaks present on the X-ray pattern are those characteristic of Form |
before compaction. However, some differences in intensities or in peak resolution can be noticed, (e.g.
around 16° and around 21 and 22°) which are attributed to the preferential orientation of the crystal
particles during the compaction. Regarding the milling-induced amorphous form of Chx, no Bragg peaks
are visible on the X-ray diffraction pattern after compaction, which indicates that the material remained
amorphous after this process. Such a stability upon compression of the amorphous form could be
surprising without any stabilizing agent but it was already observed for several materials for compacts

produced for intrinsic dissolution studies'®3,
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Figure 45 - X-ray diffraction patterns recorded at room temperature of crystalline (Form 1) and amorphous (milled 3h) Chx
before and after compaction. The purple curve corresponds to the X-ray diffraction pattern of Chx Form Il obtained after the
heating of Form | at 130°C.

Figure 46 shows the total heat flow signal of the corresponding DSC heating scans (5°C/min). Regarding
Form | after compaction, a wide endotherm characteristic of free water departure can be observed
before 80°C. Moreover, the endotherm corresponding to the polymorphic transition Form | = Form Il
can still be observed after compaction even though it is less prominent compared to the one observed
before compaction of the drug. This seems to indicate that after compaction, less energy is necessary
for the polymorphic transition to occur. This is probably due to the presence of crystal defects
(deformations, dislocations...) induced by the pressure applied during compaction. Regarding the milling-
induced amorphous Chx, a Cp jump suggesting a glass transition is observed (Tg = 46.7°C) and is
significantly depressed compared to the one of the amorphous Chx before compaction (Tg = 60.4°C).
Furthermore, further heating of the compacted amorphous material shows an exotherm of
recrystallization which is also depressed compared to the one observed for the amorphous powder. This

observation strongly corroborates the fact that the Cp jump observed is due to the glass transition.
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Figure 46 - DSC heating scans (5°C/min) of crystalline (Form 1) and amorphous (milled 3h) Chx before and after compaction.

Figure 47 shows the DSC heating scans (5°C/min) of milling-induced amorphous Chx before compaction,
directly after compaction and after compaction and a hand-milling of the compact thus obtained. For
the compacted material, a first heating was performed (Run 1) followed by a quench-cooling and a
subsequent heating (Run 2). The heating of the quenched liquid (Run 2) shows a Cp jump characteristic
of a glass transition at a higher Tg compared to the directly compacted material (Run 1). Furthermore,
when the compact is hand-milled and thus reduced back to a powder, the Cp jump seems to be at the
same Tg as the one observed for the quenched liquid of the compact. Such a behaviour could be related
to a lack of conductivity in the compacted material due to the thickness of the sample which would
explain why this phenomenon is not observed in the case of a powder or a liquid sample. Another
hypothesis would be related to an entrapment of free water absorbed during the milling process which

could not be evaporated in the case of the compacted material.
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Figure 47 - DSC heating scans (5°C/min) of amorphous (milled 3h) Chx before, after compaction and after compaction and a
hand-milling.

Figure 48 shows the TGA scans (5°C/min) of the milling-induced amorphous Chx before and after
compaction and also after compaction followed by a hand-milling. In the milled material (non-
compacted), 1.1% of weight loss is observed up to 100°C which is attributed, to the departure of free
water caught by the sample during the milling. However, after compaction of this milled material, only
a weight loss of 0.5% is observed in the same range of temperatures. Meanwhile, after compaction
followed by hand-milling, a weight loss of 0.9% is observed in the same range of temperatures. These
results suggest that the water absorbed by the milled material during milling is entrapped in the compact
and thus have difficulty to evaporate upon heating. This entrapped water has a plasticizing effect which

leads to the depressed Tg observed.
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Figure 48 - TGA heating scans (5°C/min) of amorphous (milled 3h) Chx before, after compaction and after compaction and a
hand-milling.

The intrinsic dissolution profiles of both Form | and amorphous Chx are illustrated in Figure 49. In order
to fulfill the intrinsic dissolution conditions, as the dissolution rate corresponds to the slope of the curve
obtained, the results must appear as a linear curve which usually corresponds to an amount of compact
dissolved not exceeding 10%. In this case, changes in the slope can be detected and the graph can be

divided into 3 different phases:

e From 0 to 2 hours: Form | shows a slightly higher dissolution rate compared to the amorphous
form.

e From 2.5 to 8 hours: Form | roughly keeps the same dissolution rate whereas a decrease in the
one of the amorphous form is observed.

e From 24 to 30 hours: No change is observed in the dissolution rate of the amorphous form while

a decrease occurs for Form | and the slope seems to be similar to the one of the amorphous form.

In order to have a better understanding of the slope changes observed, the intrinsic dissolution profile
of the hydrate form of Chx can also be found on Figure 49 for comparison. First, it must be noted that

for this experiment, in order to obtain the hydrate form of Chx, the same conditions as presented in
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section II1.2.1 were used, except that the residual solid of Form | was collected after 7 days in water
instead of 21 days. Indeed, as the crystallization into the hydrate form was observed after a few days
and as the plateau corresponding to the solubility limit of the hydrate was already reached after 7 days
(Figure 37), this amount of time was considered sufficient to obtain the hydrate form of Chx. It can also
be noticed that the hydrate form is only detectable after 5 hours of dissolution, probably due to a longer

wetting time.

In the second phase of the dissolution (from 2.5 to 8 hours), the curves of the amorphous form and of
the hydrate form seem to be parallel, which thus indicates that these two forms show the same
dissolution rate. This strongly suggests that the decrease in the dissolution rate observed in the
amorphous form, from 2.5 hours of dissolution, is due to a recrystallization into the hydrate form of Chx.

Meanwhile, Form | continues to dissolve as the initial crystalline form without any disturbance.

Interestingly, in the last phase of dissolution (from 24 to 30 hours), all the curves seem to be parallel
which indicates that after 24 hours, Form | also transformed into the hydrate form of Chx which shows

a lower dissolution rate.

For more precision, the dissolution rates of the three different forms during the three different stages
of the intrinsic dissolution are reported in Table 6. If the values are rather small, the tendency can still

clearly be identified as explained above.

The evaluation of the intrinsic dissolution rates highlighted that the amorphous form of Chx shows a
slower dissolution due to a precipitation into a hydrate form of Chx, less soluble, which also occurs in
the case of crystalline Chx but at later time points. However, this does not explain why the intrinsic
dissolution rate of the amorphous form is also the lowest at the very beginning of the experiment. This
is highly unexpected as, without any precipitation, the amorphous form should exhibit a higher
dissolution rate compared to its crystalline counterpart. A hypothesis could be that the precipitation
occurs already at the very beginning but slowly as it takes time for water molecules to penetrate into

the compact.
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Figure 49 - Intrinsic dissolution kinetics over 30 hours of the crystalline Chx (Form 1), the amorphous form (milled 3h) and the
hydrate form of Chx, in ultra-pure water (400mL) heated at 37°C under stirring (50 rpm).

Table 6 — Intrinsic dissolution rates of the different forms of Chx at different stages of the dissolution. As the experiment was
performed in triplicates, mean values were used for the calculations and the standard deviations of the linear fit are also

reported.

Dissolution phase
From 0 to 2 hours
From 2.5 to 8 hours
From 24 to 30 hours

Form |
0.51 £ 0.02 mg/cm?/h
0.58 + 0.01 mg/cm?/h
0.21 £+ 0.01 mg/cm?/h

Amorphous form
0.39 £ 0.03 mg/cm?/h
0.22 +0.02 mg/cm?/h
0.22 + 0.01 mg/cm?/h

Hydrate
NA
0.26 + 0.03 mg/cm?/h
0.29 + 0.01 mg/cm?/h
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111.2.4 Tablet manufacturing and dissolution

In order to be closer to “real life” conditions, tablets of both crystalline (Form I) and milling-induced (3h)
amorphous Chx were produced using the formulation and the method described in Chapter Il, section

11.4.3.

As explained, the fixed parameter for the tablet production was a hardness set to 80N (+10%). To that
extend, 3 different lower punch forces were tested in triplicates and the corresponding hardness of the
tablets were measured. A linear fit was then used in order to determine the lower punch force required

to obtain this targeted hardness.

Even though the manual filling of the die performed is not fit for industrialization of the process, the

manufacturing parameters were evaluated and compared for the two physical states of Chx investigated.

The tabletability represents the capacity of a powdered material to be transformed into a tablet for a
specified strength under the effect of compaction pressure. Indeed, it is an important tablet feature to
evaluate in order to ensure a sufficient mechanical strength to endure further processes such as coating,
packaging or transport and a sufficient weakness to disintegrate in the human body to release the API.
Typically, a mechanically strong enough tablet would show a tensile strength greater than 1.7 MPa but
it also has been reported that 1MPa could be sufficient if the tablets are not subjected to heavy
mechanical stresses'®. Figure 50 illustrates the tabletability of Chx in both in its crystalline state (Form
[) and in its milling-induced amorphous state. In both physical states, the tabletability seems similar and
satisfactory tensile strengths were obtained for an applied pressure in a range of 75-100MPa. Therefore,
in this case, the physical state of the drug does not seem to have a significant influence on the
tabletability of Chx. Such a similarity in terms of tensile strength between an amorphous and its
crystalline counterpart, was already observed in both the case of celecoxib®® an investigation performed
by Hancock et al.'®, However, the latter study also revealed a higher brittleness in the case of the

amorphous form which was also more susceptible to failure induced by the presence of flaws.
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Figure 50 - Tabletability of Chx in its crystalline state (Form I) and milling-induced (3 hours) amorphous state.
The compressibility represents the ability of a powdered material to reduce its volume when a pressure
is applied and is characterized by several compression equations and mathematical models. The most

commonly used one is the Heckel model®7-16° which follows the Equation 21:

—1In(e) = In (ﬁ) =KP+A4 (21)

Where:
- &€ represents the porosity
- Disthe relative density of the compact
- P corresponds to the applied pressure (MPa)

- K corresponds to the Heckel coefficient (slope of the linear curve, in MPa) and A is a constant

(y-intercept).

The vyield pressure (Py) is calculated as the reciprocal value of the Heckel coefficient K and is used to
determine the compressibility. Indeed, the smaller the Py value, the better the compressibility of the
tablet. In this work, this parameter is determined using the out-die method from the data acquired from

the tablet press (positions of the lower and the upper punches) to calculate the dimensions of the tablet
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after the compression phase. Figure 51 shows the compressibility of Chx in both its crystalline (Form )
and in its milling-induced amorphous state. From the linear regressions applied, the K coefficient and
the corresponding Py were calculated and are reported in Table 7. It can be noticed that the Py value
corresponding to the amorphous Chx is lower than the one of crystalline Chx. Therefore, the
compressibility of amorphous Chx can be considered better compared to its crystalline counterpart. This
lower value of yield pressure (out-of-die), and thus a higher plasticity, was also observed in the case of
amorphous celecoxib®. Indeed, according to this study, such a behavior is to be expected as higher
forces are required to initiate deformation on crystalline compacts due to the presence of the crystal

lattice.

Compressibility - Heckel model

2:5
2 y =0.0065x +0.9875
R*=0.9949
=~
- -
=
l y =0.0047x+0.9335
1 RZ = 0.9943
-Form |
0.5
—&— Amorphous
0
0 50 100 150 . .

Compression pressure (MPa)

Figure 51 — Compressibility of Chx in its crystalline (Form 1) and amorphous state (obtained from Form | milled 3h) using the
Heckel model.

Table 7 — Numeric values of the in-die Heckel parameters.

Form | Amorphous

K (MPa?) 0.0047 0.0065

Py (MPa) 212.8 153.8
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In Table 8 are reported the tablets properties and related compression process parameters of the tablets
produced for the targeted hardness of 80N (+ 10%). Regarding the process parameters, it can be
observed that the targeted hardness was reached for similar pressures applied and that the ejection
forces applied to produce the tablets are exceptionally high. This means that both formulations highly
tend to stick on the punch once compressed and that the lubricant added in the formulation, even
though usually used and in the same proportions (Magnesium Stearate, 0.5%)*7°, was not sufficient to
prevent this feature. However, as the ejection force depends on the tablet dimensions, the ejection shear
stress (in MPa) is usually calculated in order to perform an accurate comparison. Indeed, this ejection
shear stress is calculated by dividing the peak ejection force by the area of the tablet in contact with the
die wall. The lower the ejection shear stress, the lower the possibility of inducing defects such as capping
or lamination on the tablets. According to the literature, the ejection shear stress of a commercial tablet
should not exceed 3 MPa in order to ensure no capping nor lamination'’!. However, ejection shear
stresses up to 5 MPa may be acceptable for tablets which are not subjected to large mechanical stresses
on subsequent processing such as film-coating. In our case, the ejection shear stress of the formulation
containing amorphous Chx is around 5MPa which remains acceptable as no further process is performed
on the tablet. However, the one corresponding to crystalline Chx is around 7MPa which means that this
formulation is highly prone to defects during the tableting even though none was observed during the
production. However, as in this work, the tablets batches are rather small (up to 18 tablets in a row)
compared to a commercial production, it appears understandable that these defects are not
encountered. However, the ejection shear stress obtained for each formulation indicate that these
formulations are not worth considering as such for industrial manufacturing and that they would need

further optimization.

Regarding the tablet properties, the dimensions are similar for both physical states, except for a slightly
higher thickness along with a higher porosity (smaller solid fraction) in the case of the formulation
containing crystalline Chx. For both physical states, the tablets are disintegrating within the first few
seconds which is exceptionally rapid considering the requirement of not exceeding 15min for uncoated

tablets according to the pharmacopeial’?.
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Table 8 — Tablet properties and related compression process parameters.

Form | Amorphous form (milled 3h) \

Lower punch force (n=18, kN) 7.23 £0.05 7.74 £0.09

Process parameters Ejection force (n=18, N) 1123.4+30.9 820.0+20.1
Ejection shear stress (n=18, MPa) 7.1+£0.2 54+0.1

Weight (n=18, mg) 4989+1.0 500.4 £ 0.6

Diameter (n=18, mm) 11.33+0.00 11.33+0.01

Thickness (n=18, mm) 4.47 £0.01 4.31+£0.01
Tablet properties Solid fraction (n=18, %) 72.2+0.1 77.6+0.3
Hardness (n=3, N) 78.8+0.4 73.6 £3.7

Tensile strength (n=3, MPa) 0.99 £ 0.00 0.96 £ 0.05

Disintegration time (n=3, s) 17+1 9+2

The physical state integrity of Chx after compression was assessed only using XRD. Indeed, the DSC data
proved to be unavailing as the numerous excipients present prevented from extracting reliable
information. Figure 52 shows the X-ray diffraction patterns of tablets containing crystalline Chx (form I)
and milling-induced amorphous Chx after production (t0) and after 4 weeks of storage at 25°C, 60%RH
(t4w). These specific storage conditions were chosen according to the ICH guideline'*! for long term
stability study of drug substances. However, according to this guideline, it should be performed during
12 months but due to time constraints, only 4 weeks were evaluated in this work. The X-ray diffraction
patterns of both crystalline Chx in its powder form and of the tablet placebo (without API) are also
represented for comparison. It can be noticed that the peak characteristic of Form | (e.g. peaks marked
with a * at 7.3° and 8.9°) are still present in the tablets containing crystalline Chx both after production
and after 4 weeks of storage. Regarding the tablets containing amorphous Chx, those characteristic
peaks are absent both after production and after 4 weeks of storage which means that the Bragg peaks
observed are only corresponding to the excipients as observed on the diffractogram of the placebo. It
can thus be assumed that the physical state of the API was not altered during the compression process
which could be expected as the same conclusion could be made after the preparation of compacts for
the intrinsic dissolution. Furthermore, it can be deduced that the amorphous form is stable in the tablet

over 4 weeks of storage in these conditions.
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Figure 52 — X-Ray diffraction patterns of tablets of Chx non-milled (Tablet Form 1) and milled 3h (Tablet amorphous) directly
after production (t0) and after 4 weeks of storage at 25°C, 60% RH (t4w). The commercial form of Chx (Form |) and the tablet
not containing API (Tablet Placebo) are also represented.

The tablet release of Chx in both its crystalline (Form I) and milling-induced amorphous state was
evaluated both after production and after 4 weeks of storage (25°C, 60%RH) and the corresponding
dissolution kinetics are illustrated in Figure 53. Directly after production, as observed in the previously
presented dissolution experiments, the release of amorphous Chx is slower compared to its crystalline
counterpart. Indeed, the immediate release percentage (after 15 min) is already lower and a drop can
be observed after 5 hours of dissolution, which is probably due to the recrystallization of the amorphous
form into the hydrate form of Chx. Interestingly, even though this drop corresponding to a
recrystallization is not visible for the tablets dissolved after 4 weeks of storage, a decrease in the
dissolution rate (gentler slope) is observed after 1 hour of dissolution and the same release percentage
(around 80%) is reached after 48 hours of dissolution. Regarding the crystalline Chx, the release profiles

directly after production and after 4 weeks of storage are very similar, with a high dissolution rate (steep
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slope) during the first 8 hours of dissolution and then the amount released levels-off until it reaches

approximately 85% and 90% of Chx release at t0 and at t4w, respectively.
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Figure 53 - Tablet dissolution of Chx crystalline (Form 1) and milled 3h (amorphous) after production (t0) and after 4 weeks of
storage at 25°C, 60% RH (t4w), in ultra-pure water (800mL) heated at 37°C under stirring (100 rpm).
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Conclusion

In this chapter it was showed that Chx free base undergoes a polymorphic transition Form | = Form |l
upon heating before the melting of the drug. This transition appeared to be completely reversible as
upon rapid cooling Form Il transformed back into Form I. It was also proven that high-energy milling was
a more suitable amorphization process for Chx free base (Form |) compared to the traditional liquid
guench due to thermal degradation. The glass transition temperature was evaluated to Tg = 60.5°C and
the Cp jump at Tg was ACp = 0.59 J/g/°C. Upon heating, amorphous Chx was found to recrystallize into
its initial form (Form 1) and further heating led to the polymorphic transition Form | = Form Il before the
melting of the drug. Either upon heating or milling, these two forms appear to be enantiotropically
related and their relative stability at room temperature was ranked as follows: | >> Il. The amorphization
kinetics upon milling were also determined and were found to follow an exponential relaxation law with

an exceptionally low relaxation time 1 = 4.6 min.

Regarding the dissolution kinetics, the first set-up (super-saturated solution) revealed a drop in the
amount of dissolved Chx after 24 hours of dissolution for both crystalline and amorphous Chx due to a
recrystallization into a pentahydrate. The pentahydrate was characterized and its solubility limit was

determined at approximately 100mg/L.

The powder dissolution in sink conditions highlighted the influence of the particle size and shape as it
revealed a slower and incomplete dissolution for the amorphous Chx (~ 80%) compared to its crystalline
counterpart. Meanwhile, the dissolution in non-sink conditions revealed that in this dissolution set-up,
only amorphous Chx was prone to recrystallization into the hydrate form during the dissolution.
Therefore, this recrystallization, along with the highlighted formation of aggregates, led to a slower and

incomplete dissolution for the amorphous Chx compared to its crystalline counterpart.

The intrinsic dissolution highlighted 2 phases for both crystalline and amorphous Chx, which occurred at
different time points depending on the physical state of the drug. Indeed, the dissolution rate of
amorphous Chx decreased after 2.5 hours of dissolution and was found to reach the same value as the
pentahydrate, whereas this same observation was made only after 24 hours of dissolution for crystalline

Chx. Therefore, without the influence of the particle size and shape, crystalline Chx was still found to
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reveal the fastest dissolution as it recrystallized into the hydrate form (less soluble) later compared to

amorphous Chx.

Finally, the tablet manufacturing analysis of both crystalline and amorphous Chx revealed a slight
advantage for the amorphous form as it showed a better compressibility (lower Py value) and a lower
ejection shear stress. Nor the compression nor the tablet storage at 25°C, 60% RH were found to have
altered the physical state of the drug, which allowed to have accurate results and comparisons in both
tablet properties and dissolution kinetics. In this galenic form, crystalline Chx once more showed the
fastest dissolution compared to the milling-induced amorphous form both directly after production and

after 4 weeks of storage at 25°C, 60%RH.
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CHAPTER IV -
CO-AMORPHIZATION OF
CHLORHEXIDINE UPON MILLING
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As demonstrated in the last chapter, milling-induced amorphous Chx is highly prone to recrystallization
both upon heating and during the dissolution. Besides, it was demonstrated that amorphous Chx
exhibited a slower dissolution compared to its crystalline counterpart, which was due to both

aggregation and precipitation into a hydrate form, less soluble.

Furthermore, as amorphous drugs are usually not formulated as such but as an amorphous solid
dispersion within a polymer matrix, polymers were added in order to stabilize the amorphous form as
an attempt to enhance its dissolution performances. To that extend, two polymers were chosen, PVPK12

and Lycoat RS720 (as illustrated in Figure 54).

PVP is a widely used hydrophilic polymer for the production of amorphous solid dispersions3312%125173-
176 whereas the Lycoat is an excipient used for film forming and coating but it was graciously offered by
Roquette, the industrial partner of this project, in order to investigate its potential application to the

formulation of ASDs.
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Figure 54 - illustration of the polymer molecules: a) PVP and b) Lycoat RS720

The objective of this chapter is first to investigate on the potential co-amorphization of Chx free base
with these polymers and then to perform a detailed physical characterization of the different molecular

alloys for various fractions of Chx in the mixture.

Secondly, for specific Chx/polymer mixtures the dissolution kinetics are determined in order to evaluate
the influence of the physical state of the API in drug/polymer mixtures and to assess the advantage of

the co-milled mixture compared to a physical mixture containing either amorphous or crystalline Chx.

Finally, a comparison between the two polymers is also performed in order to determine the most

suitable one to enhance the dissolution performances of this API.
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IV.1 Physical characterization of chlorhexidine-polymer mixtures

The objective of this section is first to investigate on the potential co-amorphization of chlorhexidine
with two different polymers including PVPK12 and Lycoat RS 720 upon milling. Then, the aim is to
perform a detailed physical characterization of the various molecular alloys obtained to have a clear

understanding of the behavior of chlorhexidine in such a mixture.

IV.1.1 Polymers presentation

Figure 55 shows the TGA heating scans (5°C/min) of the two polymers chosen for the co-amorphization
with chlorhexidine. PVPK12 and Lycoat RS 720 both show a small weight loss up to 100°C of 3% and 6%
respectively, attributed to water evaporation due to their hygroscopicity. Further heating of PVPK12
revealed a drastic weight loss (about 91%) starting from 300°C due to the chemical degradation of the
polymer. Lycoat RS 720 shows a strong weight loss (about 82%) starting from 250°C also due to chemical
degradation of the polymer. As highlighted by the TGA scans, to avoid degradation of the polymers,
250°C and 300°C should not be exceeded during the DSC experiments for Lycoat and PVP respectively.

Figure 56 shows both the X-ray diffraction patterns (a) and the DSC heating scans (b) of both polymers.
The X-ray diffractograms show diffusion halos with no Bragg peak indicating that both polymers are
completely amorphous. Regarding the DSC scans, a Cp jump (ACp = 0.32 J/g/°C) characteristic of a glass
transition can be observed for PVP at Tg = 103.7°C. For the second polymer, there is no Cp jump visible
on the thermogram of Lycoat which suggests that the Tg of this polymer is in fact located above its
degradation temperature. The evolution of Tg for water content varying from 0% to 30% was provided
by the supplier!’’.This evolution indicates that for a sample without any water content, the Tg should be
located around 245°C. As our sample was analyzed in an open pan (without a lid), all the water present
in the sample should have evaporated upon heating which indicates that the Tg of the dry Lycoat should
be observed. As it was not the case, it implies that this Tg at 245°C is probably slightly underestimated.
Nevertheless, as the Tg of milling-induced amorphous Chx was determined at Tg = 60.5°C, both polymers
should act as anti-plasticizers in co-amorphous mixtures which should enhance the physical stability of

amorphous Chx in such mixtures.
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Figure 55 - TGA scans (5°C/min) of PVPK12 and Lycoat RS720.
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Figure 56 - a) X-ray diffraction patterns and b) DSC heating scans (5°C/min) of PVPK12 and Lycoat RS720.
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V.1.2 Co-amorphization with PVPK12

This section is focused on testing the possibility to produce amorphous molecular alloys of Chx and a
widely used polymer for ASDs, PVPK12. Once the co-amorphization feasibility was proven, it was
performed for various compositions of the mixture to determine the evolution of the Tg of the molecular

alloy with the fraction of Chx.

(1) Co-amorphization feasibility

As the milling time chosen for the different characterizations of pure chlorhexidine in chapter Il was 3
hours, the same milling time was tested for the co-amorphization with PVPK12. Figure 57 shows both
the X-ray diffraction patterns (a) and the DSC heating scans (b) of a co-milled mixture of Chx and PVP
(50/50, w/w). The diffractograms and thermograms corresponding to Chx milled 3h and to PVPK12 are
also showed for comparison. As illustrated on the diffractogram, the co-milled mixture (3h) of Chx and
PVP, only presents the diffusion halo characteristic of an amorphous form. Furthermore, the
corresponding thermogram depicts only one Cp jump characteristic of an amorphous form at Tg =87.9°C
which is located between the one corresponding to pure amorphous Chx (60.5°C) and to the one of
PVPK12 (102.9°C). Moreover, no endothermic peak highlighting the melting of remaining crystallites of
Chx can be detected which confirms the complete amorphization of Chx during the co-milling. Therefore,
it appears that this milling time is sufficient (with our specific milling conditions) to produce a

homogenous co-amorphous molecular alloy of Chx and PVP.
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Figure 57 - X-Ray diffraction patterns (a) and DSC scans 5°C/min (b) of Chx milled for 3 hours, Chx/PVP (50/50, w/w) co-milled
3 hours and of PVPK12.

(2) Gordon-Taylor curve determination

The co-milling (3h) of Chx and PVPK12 was performed for different compositions of the mixture and the
corresponding X-ray diffractions patterns are represented in Figure 58. For comparison, the X-ray
patterns of both pure PVP and of pure milling induced amorphous Chx (3h) are also shown. It appears
that whatever the fraction of Chx in the mixture, no Bragg peaks could be detected indicating each time,

a complete amorphization of Chx during the 3 hours of milling.
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Figure 58 - X-Ray diffraction patterns of Chx/PVP mixtures of different compositions, milled for 3 hours. The compositions
(Chx/PVP, w/w) are reported on the right-hand side of each curve.

The corresponding DSC scans are illustrated in Figure 59 along with 2 more compositions of the co-milled
Chx/PVP mixture. It can be noticed that in each case, a single Tg is observed indicating that a
homogenous co-amorphous mixture has been produced. It can also be observed that, in each case,
except for the (80/20, w/w) mixture, the Cp jump at Tg is preceded by a slight exotherm which indicates
the milling process has generated glasses of very high energetic level'’®, This absence of exotherm in the
case of the (80/20, w/w) mixture is probably due to the fact that the Tg of the mixture is close to the
milling temperature. Indeed, the glass relaxation during the milling annihilates the increase in enthalpy
due to the milling. It can be noted that the same phenomenon is observed for pure Chx (red curve in
Figure 59). Furthermore, with increasing the PVP fraction, the position of Tg shifts towards the higher
temperatures which confirms the anticipated anti-plasticizing effect of PVPK12 in the drug/polymer
mixture. It must also be noticed that contrary to pure Chx, the co-milled Chx/PVP mixture do not show
any sign of recrystallization upon heating below 150°C, temperature at which, the degradation of the
drug occurs. Therefore, it can be safely pointed out that the co-amorphization with PVPK12 allowed to

increase the physical stability of amorphous Chx upon heating.
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Figure 59 — DSC scans (5°C/min) of Chx/PVP mixtures of different compositions, milled for 3 hours. The compositions (Chx/PVP,
w/w) are reported on the left-hand side of each curve.

The evolution of the Tg of the alloy (obtained from Figure 59) with the fraction of Chx in the mixture is
reported in Figure 60. The solid line represents the best fit of the Gordon-Taylor law (Equation 15,
Chapter |, section 1.4.1) to the experimental data (represented in black dots). The coefficient K which
defines the curvature of the evolution, was determined and the value obtained was K=1.5. The red curve
corresponds to the theoretical curve of an ideal Chx/PVP mixture for which K is given by the ratio of the

amplitudes of the Cp jumps at Tg of the two pure compounds!?’ (Equation 16, Chapter I, section 1.4.1):

- ACpPVP (0.29]/g/oc) — 0 62
ACP chx (047 J/g/°C)

It can first be noticed that experimental data are not perfectly following the fit especially for Chx fractions
higher than 0.6 which could be due to a significant approximation on the Tg due to the exotherm
preceding the Cp jump. Furthermore, the curve obtained is the oppositely oriented compared to the
theoretical one which suggests that strong interactions exist between the drug and the polymer in the

amorphous alloy.
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Figure 60 - Black dots represent the evolution of the Tg of the co-milled (Chx)x(PVPK12):1.x binary mixtures against the Chx
fraction. The black solid line represents the best fit of the Gordon Taylor equation to the experimental data and the red curve
represents the theoretical Gordon-Taylor curve for an ideal mixture. It must be noted that an estimated error on the Tg of 2°C
has been added in order to consider both the eventual Tg measurement error induced by the exotherm observed before the
Cp jump and the eventual approximation on the composition of the mixture.

As no recrystallization could be observed upon heating, and in an attempt to suppress the exotherm
preceding the Cp jump, a second heating cycle was performed on all the co-milled mixtures. The
corresponding DSC scans are reported in Figure 61. These scans show the exact same tendency of a single
Tg of the amorphous alloy shifting towards the higher temperatures with increasing the PVP fraction in
the mixture. Furthermore, the exotherm preceding the Cp jump on the first heating cycle disappeared
allowing a more accurate determination of the Tg. It can also be noticed that the thermal treatment (first
heating cycle to 150°C, then cooling) did not induce any demixion as only a single glass transition is still
observed. It also does not render unstable the amorphous Chx upon heating as no sign of recrystallization

upon heating can still be detected during the second heating cycle.

The corresponding evolution of the Tg of the alloy is illustrated in Figure 62. Once more, the solid line

represents the best fit of the Gordon-Taylor law to the experimental data (represented in black dots).
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The coefficient K, was thus determined and the value obtained was K=1.4 which is very close to the value

previously obtained.

It can first be noticed these results are in complete adequation with the ones previously obtained from
the first heating runs which confirms that this particular mixture does not follow the classical Gordon-
Taylor law. Such a deviation to the Gordon-Taylor equation was already observed in the case of
monosaccharide/disaccharide or monosaccharide/trisaccharide mixtures by Seo et al*’°, and explained
by an influence of the size and shape of the sugar molecules. Therefore, in the case of Chx/PVP mixtures,
a significant difference in the size and/or the shape of the molecules could explain the deviation
observed. Furthermore, strong interactions between the drug and the polymer in the amorphous alloy

could explain the opposite curvature obtained compared to the theoretical one.
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Figure 61 - DSC scans (5°C/min) of Chx/PVP mixtures of different compositions, after 3 hours of milling and subsequent heating
to 150°C. The compositions (Chx/PVP, w/w) are reported on the left-hand side of each curve.
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Figure 62 - Black dots represent the evolution of the Tg of the co-milled (Chx)x(PVPK12):1.x binary mixtures against the Chx
fraction (2nd heating cycle). The black solid line represents the best fit of the Gordon Taylor equation to the experimental data
and the red curve represents the theoretical Gordon-Taylor curve for an ideal mixture. It must be noted that an estimated
error on the Tg of 1°C has been added in order to consider both the eventual Tg measurement error and the eventual

approximation on the composition of the mixture.
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V.1.3 Co-amorphization with Lycoat RS 720

This section is focused on testing the possibility to produce amorphous molecular alloys of Chx with a
polymer proposed by the company Roquette, Lycoat RS720. Once the co-amorphization feasibility was
proven, it was performed for various compositions of the mixture. Finally, the evolution of the Tg of the

molecular alloy with the fraction of Chx in the mixture was evaluated.

(1) Co-amorphization feasibility

Contrary to the case of PVPK12, the milling time chosen for the co-amorphization of Chx and Lycoat was
of 12 hours (cf. Chapter VI, section VI.1.2). Figure 63 shows both the X-ray diffraction patterns (a) and
the DSC heating scans (b) of a co-milled mixture of Chx and Lycoat (50/50, w/w). The diffractograms and
thermograms corresponding to Chx milled 3h and to Lycoat are also showed for comparison. As
illustrated on the diffractogram, the co-milled mixture (12h) of Chx and Lycoat, only presents the
diffusion halo characteristic of an amorphous form. Furthermore, the corresponding thermogram
depicts only one Cp jump characteristic of an amorphous form at Tg = 104.1°C which is higher compared

to the one of pure amorphous Chx.

Therefore, it appears that 12 hours of milling time is sufficient to produce a homogenous co-amorphous
molecular alloy of Chx and Lycoat. However, as the Tg of the Lycoat is higher than 150°C, it is not excluded
that a Tg corresponding to a mixture enriched in Lycoat could be present at a temperature higher than

150°C which unfortunately cannot be observed due to the degradation of Chx above 150°C.
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Figure 63 - X-Ray diffraction patterns (a) and DSC scans 5°C/min (b) of Chx milled for 3 hours, Chx/Lycoat (50/50, w/w) co-

milled 12 hours and of Lycoat.

(2) Gordon-Taylor curve

The co-milling (12h) of Chx and Lycoat was performed for different compositions of the mixture and the

corresponding X-ray diffractions patterns are represented in Figure 64. For comparison, the X-ray

patterns of both pure PVP and of pure milling induced amorphous Chx (3h) are also shown. It appears

that whatever the fraction of Chx in the mixture, no Bragg peaks could be detected indicating each time,

indicating a complete amorphization of Chx after the 12 hours of milling.
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Figure 64 - X-Ray diffraction patterns of Chx/Lycoat mixtures of different compositions, milled for 12 hours. The compositions
(Chx/Lycoat, w/w) are reported on the right-hand side of each curve.

Figure 65 shows the DSC heating scan (reversible signal) of the mixture Chx/Lycoat (80/20, w/w)
recorded after 12h of milling. It clearly shows two Cp jumps at 65.8°C and 97.2°C. It must be noted that
this double Cp jump was observed for mixtures with a Chx concentration greater that 70%. In order to
determine if this is due to a heterogeneity of the co-amorphous mixture, a second heating cycle was
directly performed after a cooling to room temperature of the sample. This second heating corresponds
torun 2in Figure 65. It revealed a single Cp jump at Tg = 66.6°C which indicates that the amorphous alloy

produced after a prior heating to 150°C is homogenous.

Clearly the single Cp jump in run 2 corresponds to the first Cp jump seen in run 1. Moreover, the heat
flow corresponding to run 1 is lower compared to the one of run 2 before the end of the first Cp jump.
While just above the 15t Cp jump, the heat flow slowly regains the Cp level of run 2. Such a behavior is
typical of powders which presents a lack in thermal conductivity. The heat flow is generally lower below
Tg but when Tg is reached, the powder melts, the sample flattens, the thermal conductivity increases

and the heat flow finally reaches its expected value. Therefore, it can be safely assumed that the second
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Cp jump does not correspond to a glass transition, but to a microstructural change of the sample which
goes from a finely divided powder to a bulk droplet'8. As no recrystallization is observed during the first
heating cycle, the reversible heat flow signal of the second heating cycle will be chosen for further

experiments.
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Figure 65 — DSC heating scans of a co-milled (12h) Chx/Lycoat (80/20, w/w) mixture directly after milling (Run 1) and after
subsequent heating to 150°C and cooling (Run 2).

Several Chx/Lycoat co-milled (12h) mixtures of different compositions were produced and analyzed
using the DSC. The corresponding thermograms (second heating cycle) are reported in Figure 66. In each
case, a single Tg is observed and with increasing the Lycoat fraction, the position of this Tg shifts towards
the higher temperatures which shows the expected anti-plasticizing nature of Lycoat in the
drug/polymer mixture. It must be noted that for all mixtures, the fraction of Chx is higher than 50%.
Indeed, as the Tg of the Lycoat is very much higher than 150°C, for lower fractions of Chx, the Tg of the

mixture was also higher than 150°C and thus, it could not be observed due to the degradation of Chx

above 150°C.
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Furthermore, as observed in the case of the co-milled Chx/PVP mixtures, no sign of recrystallization upon
heating can be detected before 150°C, temperature at which, the degradation of the drug occurs.
Therefore, it can be safely pointed out that the co-amorphization with Lycoat also allowed to increase

the physical stability of amorphous Chx upon heating.
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Figure 66 - DSC scans (5°C/min) of Chx/Lycoat mixtures of different compositions, after 12 hours of milling and subsequent
heating to 150°C. The compositions (Chx/PVP, w/w) are reported on the right-hand side of each curve. Pure Chx was milled
for 3 hours only and Lycoat is non-milled.

The evolution of the Tg of the amorphous alloy (obtained from Figure 66) is illustrated in Figure 67.
Compared to the case of PVPK12, the fit with the Gordon-Taylor equation was not performed. Indeed, a
crucial data is missing as the Tg of the experimental Tg of the Lycoat could not be observed. However, it

will be performed later in this manuscript, in Chapter VI section VI.1.2, using riboflavin/Lycoat mixtures.

Even though, the fit was not performed, it can be noticed that the curve seems to have the same
particularity (S-shaped curve) as the one obtained for the Chx/PVP mixtures which indicates that there
could be a significant difference in the size and/or the shape of the molecules which could explain the

deviation observed.

116



110

100 ~

90 ~

80 -+

Tg (°C)

70 +

60 -

50 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Xchx

Figure 67 - Evolution of the Tg of the co-milled (Chx)x(Lycoat)ix binary mixtures against the Chx fraction (2nd heating cycle). It
must be noted that an estimated error on the Tg of 1°C has been added in order to consider both the eventual Tg measurement

error and the eventual approximation on the composition of the mixture.
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V.2 Dissolution  performances of chlorhexidine-polymer
mixtures

After a deep physical characterization of the chlorhexidine/polymer alloys previously highlighted, an
evaluation of their dissolution performances in ultra-pure water was performed using different set ups.
As it was demonstrated in the previous chapter that milling-induced amorphous Chx showed slower
dissolution kinetics compared to its crystalline counterpart, an investigation regarding the enhancement
of the solubility of amorphous Chx with the addition of a polymer was therefore conducted. Indeed, this
investigation aimed to evaluate the influence of the physical state of the APl in drug/polymer mixtures
and to assess the advantage of the co-milled mixture compared to a physical mixture containing either
amorphous chlorhexidine or crystalline chlorhexidine. A comparison between the two polymers was also
performed in order to determine the most suitable one to enhance the dissolution performances of this

API.

IV.2.1 Influence of the addition of PVPK12 on the dissolution performances

of chlorhexidine

After a succinct presentation of the different Chx/PVP mixtures chosen for this study, the dissolution
performances of Chx were evaluated using different experimental set-ups including the powder

dissolution in sink and in non-sink conditions, the intrinsic dissolution and the tablet dissolution.

(1) Presentation of the mixtures chosen for the dissolution

In order to both evaluate the influence of the physical state of the APl in drug/polymer mixtures and to
assess the advantage of the co-milled mixture in terms of dissolution performances, three different

Chx/PVP (70:30, w/w) mixtures were chosen:

- A physical mixture (PM) of crystalline Chx Form | and PVP named Chx/PVP PM
- A physical mixture of amorphous Chx (obtained by milling Form | for 3 hours) and PVP named

ChxM3h/PVP PM
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- A co-amorphous mixture of Chx and PVP obtained by co-milling Form | and PVP for 3 hours,

named Chx/PVP CM3h

Figure 68 shows the DSC scans (5°C/min) of these 3 mixtures along with the ones of pure milling-induced
amorphous Chx and of pure PVPK12 for comparison. Please note that as the X-ray diffractograms did not

show anything particular or unexpected, the corresponding data are not shown in this manuscript.

As expected, the thermogram of the physical mixture of crystalline Chx and PVP shows only one small
Cp jump at the Tg corresponding to pure PVP followed by the two endotherms (polymorphic transition
and melting) observed in the thermogram of pure crystalline Chx. It should be expected to observe both
the Tgs of pure milling-induced amorphous Chx and of PVP on the thermogram corresponding to the
physical mixture containing milling-induced amorphous Chx. However, only the Tg of pure amorphous
Chx can be observed due to an exothermic event corresponding to the recrystallization of amorphous
Chx which masks this Tg. Furthermore, it can be noticed that the further heating of this mixture shows
the same events as observed in the thermogram of pure milling-induced amorphous Chx. On the
contrary, as observed in the previous section, the co-milled mixture shows a single Tg (between the ones
of the pure compounds) and is stable upon heating as no recrystallization sign can be detected up to
150°C. Therefore, and as expected, in order to stabilize milling-induced amorphous Chx upon heating,
the presence alone of the polymer is not sufficient and the amorphous APl must be molecularly dispersed

in the polymer matrix.
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Figure 68 - DSC scans 5°C/min of pure PVP K12 (black), of milling-induced (3h) amorphous Chx (orange) and of a the 3 different
Chx/PVP mixture (70:30) (w/w); a physical mixture of crystalline Chx and PVP (blue), a physical mixture of milling-induced (3h)
amorphous Chx and PVP (brown) and a co-amorphous mixture of Chx and PVP obtained by co-milling for 3h.

(2) Determination of the solubility limit of Chx in presence of PVP

In order to evaluate an eventual improvement of the solubility of Chx in the presence of PVP (physical
mixture), the dissolution kinetics of a physical mixture of Chx and PVP (70/30, w/w) in water were
evaluated with an amount of around 150mg of APl in order to have it in large excess in the medium
(10mL). Figure 69 illustrates the corresponding dissolution kinetics along with the ones of crystalline Chx
(presented in Chapter lll, section 111.2.1, Figure 37), for comparison. During the first 6 hours, crystalline
Chx in the physical mixture reaches a maximum of dissolution of approximately 370 mg/L. But at later
time points (after 24 hours), this concentration decreases until it reaches a plateau at around 150mg/L.
In the case of pure Chx, a maximum of dissolution of around 167mg/L is reached during the first 3 hours
and this concentration decreases later on (after 4 hours) to about 100mg/L and then levels-off. As the

maximum of dissolution of Chx in the presence of PVP is around 2.5 times higher than the one observed
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for pure Chyx, it can be thus assumed that the presence alone of PVP in the solution improves the
dissolution of Chx in water. Furthermore, the decrease in concentration for pure crystalline Chx was
attributed to the precipitation into a pentahydrate, less soluble. It can be assumed that the decrease in
concentration observed for the solution containing PVP is due to the same precipitation. However, as
this decrease occurs 3 hours later, compared to the solution of pure Chx, it can be assumed that the
polymer chains hamper the precipitation which explains the delay observed. Moreover, as the plateau
reached is 1.5 times higher in the presence of PVP compared to the case of pure Ch, it can imply that
the solubility of this alleged hydrate form is enhanced in the presence of PVP. Unfortunately, due to time
constraints, the experiments (X-ray diffraction of the residual solid) allowing the confirmation of this

hypothesis could not be performed.
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Figure 69 - Dissolution kinetics of Chx (crystal) and of a physical mixture of crystalline Chx and PVP (70/30, w/w), in ultra-pure
water at 37°C under agitation (80 rpm) and super-saturation conditions: a large excess of non-dissolved Chx was provided
throughout the experiment.
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(3) Powder dissolution in sink and non-sink conditions

Figure 70 illustrates the dissolution kinetics of the different Chx/PVP mixtures previously presented in
ultra-pure water (800mL) in sink conditions, i.e. for an amount of API at least 3 times below its solubility
limit (i.e. 20mg in this case). However, similarly to the case of pure Chx, as the solubility of crystalline
Chx could not be determined with absolute certainty, the value present in the literature'4’148 was chosen

to impose the sink conditions, i.e. 80 mg/L.

The 3 mixtures show a biphasic dissolution profile as they show a steep slope during the first few hours,
followed by a decrease in the dissolution rate until 48 hours of dissolution are reached. The first
difference which can be noticed between the 3 mixtures concerns the significant gap in the amount of
Chx dissolved observed in the first 4 hours of dissolution. Indeed, after 15min of dissolution, the amount
of Chx dissolved in the physical mixture containing crystalline Chx already reached 83.5% whereas it
reached only 30.4% and 39.4% in the physical mixture containing amorphous Chx and in the co-milled
mixture respectively. However, after 5 hours of dissolution, the amount of Chx dissolved in the co-milled
mixture reached the same level as the physical mixture containing crystalline Chx (considering the
significant standard deviation obtained) meanwhile the concentration of Chx dissolved in the physical
mixture containing amorphous Chx decreased. Nevertheless, after 24 hours of dissolution, the
concentration of Chx in the physical mixture containing amorphous Chx increases again so that after 48
hours dissolution, all the mixtures reached approximately 100% of Chx dissolved. Considering the

amount of Chx dissolved in the medium, the 3 mixtures seem to rank as follows:

- During the first 4 hours: Chx/PVP PM >> ChxM3h/PVP PM ~ Chx/PVP CM3h
- Between 5 hours and 24 hours: Chx/PVP PM ~ Chx/PVP CM3h > ChxM3h/PVP PM
- After 24 hours: Chx/PVP PM ~ Chx/PVP CM3h ~ ChxM3h/PVP PM

During the first 4 hours, this ranking can be explained by the fact that, as observed with the SEM pictures
of crystalline and amorphous Chx (Chapter lll, section 111.2.2, Figure 42), the milling-induced amorphous
Chx particles tend to form aggregates of a larger size compared to the needle-shaped particles of the
crystal. Therefore, the aggregates forming in the mixtures containing amorphous Chx require more time

to be dissolved compared to the crystalline particles.
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Figure 70 - Dissolution kinetics over 48 hours of the different Chx/PVP mixtures in a large volume of ultra-pure water (800mL)
heated at 37°C under stirring (100 rpom) and in sink conditions.

Figure 71 illustrates the dissolution kinetics of the same 3 mixtures in non-sink conditions as 150mg of
AP| were used in the same amount of dissolution medium. It must be noted that in case, the solubility

of Form | should be exceeded.

After 15min of dissolution, the amount of Chx dissolved in the mixture containing crystalline Chx is 10%
higher compared to the one in the mixtures containing amorphous Chx. This observation can be
explained by the fact that, as depicted in Figure 72, particles of the mixture containing crystalline Chx
are well dispersed in the dissolution medium whereas the particles of the mixtures containing
amorphous Chx quickly formed aggregates which require a longer time to dissolve. Nevertheless, the
amount of Chx dissolved in the 3 mixtures already reached the same level (around 40%) after the first

hour of dissolution.

After 2.5 hours of dissolution, the dissolution rate observed for the mixtures containing amorphous Chx
decreases whereas the one observed for the mixture containing crystalline Chx seems to remain
constant. Furthermore, a significant drop in the amount of Chx dissolved in the physical mixture

containing amorphous Chx is also observed after 5 hours of dissolution. This could be due to the
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precipitation of the amorphous Chx into a hydrate as observed in the case of pure amorphous Chx. In
this case, it can be assumed that the presence of PVP alone in the solution is not sufficient to protect
amorphous Chx from recrystallization, as observed in the case of the super-saturated solution in Chx also
containing PVP (Figure 69). However, in the case of the co-milled mixture, even though the dissolution
is slowed down, such a drop is not observed which indicates that having the amorphous Chx molecularly

dispersed in the PVP matrix allowed at least to restrict the recrystallization of amorphous Chx.

After 24 hours of dissolution, the amount of Chx dissolved in the physical mixture containing crystalline
Chx reached a plateau at approximately 95% of Chx released. Comparatively, in the mixtures containing
amorphous Chx, the amount of Chx dissolved was still increasing after that timepoint until it reached,
after 48 hours of dissolution, around 75% and 85% in the physical mixture and in the co-milled mixture
respectively. It can be noticed that the solubility limit of the Chx dissolved in the presence of PVP,
evaluated at 150mg/L (Figure 69), corresponds to 80% of Chx released (as illustrated in black dashes).
Therefore, as the same percentage was reached (after 48 hours) in the case of the physical mixture
containing amorphous Chx, it can be deduced that the recrystallization observed for amorphous Chx led
to the same form of Chx as observed in the case of the super-saturated solution of crystalline Chx and
PVP (physically mixed). However, as the percentage reached (after 48 hours) for the co-milled mixture
was slightly higher, it can be assumed that amorphous Chx remained in the solution. Interestingly, in the
case of the mixture containing crystalline Chx, this percentage was exceeded which indicates that in this
particular dissolution set-up, the transformation into an alleged hydrate form is prevented. As the same
observation was made for the dissolution of pure Chx, it can be assumed that this phenomenon is due
to the dissolution set-up itself. Indeed, in this case, the higher volume of dissolution medium (800mL
versus 10mL) accompanied with a difference in hydrodynamics induced by a paddle agitation (100rpm)

compared to a horizontal shaking (80 rpm) could prevent the precipitation.
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Figure 71 - Dissolution kinetics over 48 hours of the different Chx/PVP mixtures in a large volume of ultra-pure water (800mL)
heated at 37°C under stirring (100 rom) and in non-sink conditions.
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Figure 72 — Pictures after 15min of dissolution of the different Chx/PVP mixtures in a large volume of ultra-pure water (800mL)
heated at 37°C under stirring (100 rom) and in non-sink conditions.
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(4) Intrinsic dissolution

In order to prevent both the influence of the particles size and shape and the formation of aggregates,
the intrinsic dissolution of the physical mixture containing crystalline Chx and of the co-milled mixture
was performed. Unfortunately, due to time constraints, the intrinsic dissolution of the physical mixture
containing amorphous Chx could not be performed. Nevertheless, with a clear determination of the

intrinsic dissolution rate for both mixtures, the influence of the physical state of Chx can be evaluated.

First of all, as the physical integrity of the physical state of Chx upon compression of the pure API was
demonstrated in the previous chapter, no physical characterization was performed on the compacts

produced with the different Chx/PVP mixtures.

Figure 73 illustrates the intrinsic dissolution profiles of the two mixtures previously mentioned. As
observed in the case of pure Chx, due to the changes of slope observed, the graph can be divided into 3

different phases:

e From 0 to 4 hours: The physical mixture with crystalline Chx seem to exhibit a slightly higher
dissolution rate compared to the one of the co-milled mixture.

e From 5 to 8 hours: The physical mixture with crystalline Chx roughly keeps the same dissolution
rate whereas a decrease in the one of the co-milled mixture is observed.

e From 24 to 30 hours: No change is observed in the dissolution rate of the co-milled mixture while
a decrease occurs for the physical mixture containing crystalline Chx but the slope seems still be

slightly steeper compared to the one of the co-milled mixture.

For more precision, the dissolution rates of the three different forms during the three different stages
of the intrinsic dissolution are reported in Table 9. If the values are rather small, the tendency can still

clearly be identified as explained above.

Interestingly, compared to the value obtained for pure crystalline Chx (cf Table 6), the dissolution rates
in each phase of the physical mixture containing crystalline Chx, are higher which confirms the
accelerated dissolution due to an enhanced solubility of crystalline Chx in the presence of PVP.
Regarding, the dissolution rates obtained for the co-milled mixture, it must be noted that the value

obtained during the first phase is also higher compared to the one of pure amorphous Chx (cf Table 6).
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Furthermore, the dissolution rates obtained for the second and third phases of the co-milled mixture are
very similar to the ones obtained for the hydrate of Chx (cf Table 6). Therefore, it seems appropriate to
deduce that a precipitation occurred after 4 hours of dissolution in the case of the co-milled mixture
probably leading to a hydrate form of Chx. However, compared to pure amorphous Chx, this
precipitation occurred 2 hours later. It can thus be confirmed that having the amorphous APl molecularly
dispersed in the PVP matrix allows to hinder the precipitation. Interestingly, the dissolution rate obtained
for the physical mixture containing crystalline Chx in the third phase is higher than the one obtained for

the hydrate which thus implies that the precipitation was in this case, even more hindered.

However, the fact that the intrinsic dissolution rate of the co-milled mixture is also the lowest at the very
beginning of the experiment is still highly unexpected. Indeed, without any precipitation, the amorphous
form should exhibit a higher dissolution rate compared to its crystalline counterpart. Therefore, similarly
to the case of the pure amorphous Chx, a hypothesis could be that the precipitation occurs already at

the very beginning but slowly as it takes time for water molecules to penetrate into the compact.
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Figure 73 — Intrinsic dissolution kinetics over 30 hours of two different Chx/PVP mixtures in ultra-pure water (400mL) heated
at 37°C under stirring (50 rpm).
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Table 9 - Intrinsic dissolution rates of the 2 Chx/PVP mixtures at different stages of the dissolution. As the experiment was
performed in triplicates, mean values were used for the calculations and the standard deviations of the linear fit are also
reported.

Dissolution phase Chx/PVP PM (crystalline Chx) Chx/PVP CM3h (co-amorphous)

From 0 to 4 hours 0.63 £ 0.02 mg/cm?/h 0.50 £ 0.02 mg/cm?/h

From 5 to 8 hours 0.64 £ 0.01 mg/cm?/h 0.33 £ 0.03 mg/cm?/h
From 24 to 30 hours 0.58 + 0.02 mg/cm?/h 0.29 + 0.01 mg/cm?/h

(5) Tablet manufacturing and dissolution

In order to be closer to “real life” conditions, tablets of the 3 mixtures were produced using the

formulation and the method described in Chapter Il, section 11.4.3.

As explained, the fixed parameter for the tablet production was a hardness set to 80N (+10%). To that
extend, 3 different lower punch forces were tested in triplicates and the corresponding hardness of the
tablets were measured. A linear fit was then used in order to determine the lower punch force required

to obtain this targeted hardness.

Even though the manual filling of the die performed is not fit for industrialization of the process, the
manufacturing parameters were evaluated and compared for the 3 different mixtures. However, during
the first attempt for the production of tablets from the physical mixture containing crystalline Chx,
powder sticking was observed on the punches leading to lamination. This issue in the manufacturing was
due to an absence of prior mixing of the physical mixture Chx/PVP. Therefore, the formulation had to be
produced again and the batches at different lower punch forces were performed once more. However,
as different forces had already been tested on the previous mixture, a range of forces was already
identified to obtain the targeted hardness. Unfortunately, due to the fact that the forces tested on the
new formulation were too close, the tabletability and the compressibility of the physical mixture

containing crystalline Chx could not be evaluated.

Figure 74 illustrates the tabletability of both the physical mixture containing amorphous Chx and the co-
milled mixture. As explained in the previous chapter, a mechanically strong enough tablet would show a
tensile strength greater than 1.7 MPa but it also has been reported that 1MPa could be sufficient if the
tablets are not subjected to heavy mechanical stresses'®®. In both mixtures, the tabletability seems

similar and satisfactory tensile strengths were obtained for an applied pressure in a range of 70-100MPa.
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Therefore, in this case, having the amorphous drug molecularly dispersed in the polymer matrix or only

physically mixed with the polymer, does not have a significant impact on the tabletability.
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Figure 74 - Tabletability of two different Chx/PVP mixtures: physical mixture containing milling-induced (3h) amorphous Chx
and a co-milled (3h) mixture.

As described in the previous chapter, the Heckel-model is used to evaluate the compressibility of the
two mixtures (Chapter lll, section 11.2.4, equation 21) and the Pyis deduced. Indeed, the smaller the Py
value, the better the compressibility of the tablet. In this work, this parameter is determined using the
out-die method from the data acquired from the tablet press (positions of the lower and the upper

punches) to calculate the dimensions of the tablet after the compression phase.

Figure 75 shows the compressibility of the two mixtures containing amorphous Chx. From the linear
regressions applied, the K coefficient and the corresponding Pywere calculated and are reported in Table
10. It can be noticed that the Py value of the physical mixture containing amorphous Chx is slightly lower
compared to the one of the co-milled mixture. Therefore, the formulation shows a slightly better
compressibility when the amorphous materials are physically mixed compared to when the amorphous

Chx is molecularly dispersed in the polymer matrix.
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Figure 75 - Compressibility of two different Chx/PVP mixtures: physical mixture containing milling-induced (3h) amorphous
Chx and a co-milled (3h) mixture.

Table 10 - Numeric values of the in-die Heckel parameters.
ChxM3h/PVP PM Chx/PVP CM3h
K (MPal) 0.0086 0.0074

P, (MPa) 116.3 135.1

In Table 11 are reported the tablets properties and related compression process parameters of the
tablets produced for the targeted hardness of 80N (+ 10%). Regarding the process parameters, it can be
observed that the targeted hardness was reached for similar forces applied and that the ejection forces
applied to produce the tablets are exceptionally high. This means that each formulation highly tend to
stick on the punch once compressed and that the lubricant added in the formulation, even though
commonly used and in the usual proportions (Magnesium Stearate, 0.5%)'7°, was not sufficient to
prevent this feature. However, as the ejection force depends on the tablet dimensions, the ejection shear
stress (in MPa) is usually calculated in order to perform an accurate comparison. As presented in the
previous chapter, the ejection shear stress of a commercial tablet should not exceed 3 MPa in order to

ensure no capping nor lamination'’t. However, ejection shear stresses up to 5 MPa may be acceptable
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for tablets which are not subjected to large mechanical stresses on subsequent processing such as film-
coating. In our case, each formulation exhibits an ejection shear stress higher than 5MPa which means
they are highly prone to defects during the tableting. Nevertheless, lamination was only observed in the
case of the formulation containing crystalline Chx but it was due to the fact that no prior mixing of Chx
and PVP was performed before addition to the other excipients. Once, it was properly physically mixed,
these defects were not observed anymore. However, as in this work, the tablets batches are rather small
(up to 18 tablets in a row) compared to a commercial production, it appears understandable that these
defects are not encountered. However, the ejection shear stress obtained for each formulation indicate
that these formulations are not worth considering as such for industrial manufacturing and would

require further optimization.

Regarding the tablet properties, the dimensions, the porosity and tensile strength are similar for the 3

formulations.

Table 11 - Tablet properties and related compression process parameters.

Chx/PVP PM ChxM3h/PVP PM Chx/PVP CM3h ’

Lower punch force (n=18, kN) 6.37 £0.11 6.51 +0.09 7.13+0.13

p;gz:rs Ejection force (n=18, N) 1432.0+52.5  1413.4+72.9 1048.5 + 71.7

Ejection shear stress (n=18, MPa) 8.7+0.3 8.8+0.5 6.5+0.4

Weight (n=18, mg) 496.3+1.6 500.9+1.9 498.7 +0.9

Diameter (n=18, mm) 11.36 + 0.02 11.36+ 0.02 11.34 +0.00
Tablet Thickness (n=18, mm) 4.63+0.01 4.55+0.00 4,53 +0.01
properties Solid fraction (n=18, %) 73.5+04 743 +0.4 75.1+0.2
Hardness (n=3, N) 75.4+15 78.1+25 76.1+4.2
Tensile strength (n=3, MPa) 0.91 £ 0.02 0.96 £0.03 0.94 £ 0.05

The physical state integrity of Chx after compression was assessed only using XRD. Indeed, the DSC data
proved to be unavailing as the numerous excipients present prevented from extracting reliable
information. Figure 76 and Figure 77 shows the X-ray diffractions patterns of the tablets containing the
3 different Chx/PVP mixtures previously presented, directly after production and after 4 weeks of storage
at 25°C, 60% RH, respectively. The X-ray diffraction patterns of both crystalline Chx in its powder form
and of the tablet placebo (without API) are also represented for comparison, in both figures. It can be
noticed that the peak characteristic of Form | (e.g. peaks marked with a * at 7.3° and 8.9°) are still

present in the tablet containing crystalline Chx (Chx/PVP PM) directly after production but they are not
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observed after 4 weeks of storage. However, other peaks characteristic of Form | (e.g. peaks marked
with a * at 15°,18°, 25° and 27°), are still observed, which confirms that Chx remained as the crystalline
Form | during the storage. As observed in the case of the compact of Chx Form | (Chapter lll, section
[11.2.3, Figure 45), some differences in intensities can be noticed compared to the tablet analyzed directly
after production, which can be attributed to the preferential orientation of the crystal particles during
the compression. Regarding the tablets containing amorphous Chx, all those characteristic peaks are
absent both after production and after 4 weeks of storage which means that the Bragg peaks observed
are only corresponding to the excipients as observed on the diffractogram of the placebo. It can thus be
assumed that the physical state of the APl was not altered during the compression process and that the
amorphous form, either only physically mixed with PVP or molecularly dispersed in the polymer matrix
is stable in the tablet over 4 weeks of storage in these conditions. This stability of the amorphous form

during storage was expected as it was also stable when the formulation did not contain PVP.
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Figure 76 - X-Ray diffraction patterns of tablets containing the 3 different Chx/PVP mixtures directly after production. The
commercial form of Chx (Form 1) and the tablet not containing API (Tablet Placebo) are also represented.
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Figure 77 - X-Ray diffraction patterns of tablets containing the 3 different Chx/PVP mixtures after 4 weeks of storage at 25°C,
60% RH. The commercial form of Chx (Form ) and the tablet not containing API (Tablet Placebo) are also represented.

The Chx release in tablets corresponding to each Chx/PVP mixture was evaluated both after production
and after 4 weeks of storage (25°C, 60%RH) and the corresponding dissolution kinetics are illustrated in

Figure 78 and Figure 79, respectively.

For the dissolution kinetics directly after production, as observed in the case of the powder dissolution
in non-sink conditions, after 15min of dissolution, the amount of Chx dissolved in the tablet containing
crystalline Chx is higher (40%) compared to the one in the tablets containing amorphous Chx (around

10%).

Furthermore, after 2.5 hours of dissolution, a decrease in the dissolution rate is observed for tablets
containing amorphous Chx whereas the one observed for tablets containing crystalline Chx appears to
remain constant. As observed in the case of the powder dissolution in non-sink conditions, it would be
expected to observe a drop in the percentage of Chx released for the tablets containing the physical
mixture of amorphous Chx and PVP. However, a drop is indeed observed but exclusively for the tablets

containing crystalline Chx. As this phenomenon was not observed during the powder dissolutions (pure
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crystalline Chx or Chx/PVP PM, non-sink conditions) nor during the tablet’s dissolution of pure crystalline
Chx, the probability of it happening in these conditions was extremely low. However, as it was observed
in the case of the super-saturated solution, this probability still existed and it could have been triggered

by external factors.

Moreover, after 48 hours of dissolution the percentage of Chx released in the tablets containing the
crystalline Chx reaches approximately 80% which corresponds to the solubility limit of the Chx dissolved
in the presence of PVP. Therefore, it can be deduced that the precipitation observed for led to the same
form of Chx as observed in the case of the super-saturated solution of crystalline Chx and PVP (physically
mixed). For the tablets containing amorphous Chx, it seems to be more complex. Indeed, even though,
no drop suggesting a precipitation is observed in the case of the co-milled mixture, the final percentage
reached is also 80%. This suggests that, a precipitation also seems to occur but less promptly and that it
also led to the same form of Chx as observed in the case of the super-saturated solution of crystalline
Chx and PVP (physically mixed). Regarding the tablets containing the physical mixture of amorphous Chx
and PVP, the final percentage reached is slightly higher than 80% but a decrease in the dissolution rate
was still observed. This suggests that, unexpectedly, the precipitation also seems to occur but it must

not be total as more Chx can be dissolved.
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Figure 78 — Tablet dissolution (after production) over 48 hours of the different Chx/PVP mixtures in ultra-pure water (800mL)
heated at 37°C under stirring (100 rpm).

For the dissolution kinetics after 4 weeks of storage, the same observation can be made after 15min of
dissolution as the amount of Chx dissolved in the tablet containing crystalline Chx is higher compared to
the one in the tablets containing amorphous Chx. However, interestingly, after 1 hour of dissolution the
percentage of Chx released for the tablet containing the co-milled mixture reached the one observed in

the tablet containing crystalline Chx (around 40%).

Compared to the dissolution kinetics after production, the release profiles are slightly different. Indeed,
the drop observed in the Chx released percentage in the case of the tablets containing crystalline Chx is
not observed. However, a decrease in the dissolution rate is observed after 8 hours of dissolution and,
after 48 hours, the percentage reached is slightly above 80%. This suggests that the precipitation
observed previously still occurred but less promptly and that it probably also led to the same form of

Chx as observed in the case of the super-saturated solution of crystalline Chx and PVP (physically mixed).
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The tablets containing amorphous Chx share the same tendencies, even though the percentage of Chx

released remains higher in the case of the co-milled mixture during the entire dissolution. Indeed, a

significant decrease in the dissolution rate is observed after 5 hours of dissolution and, after 48 hours,

the percentage reached is around 80%. This suggests that the precipitation observed previously also

occurred but less promptly and that it probably also led to the same form of Chx as observed in the case

of the super-saturated solution of crystalline Chx and PVP (physically mixed).
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Figure 79 - Tablet dissolution (after 4 weeks of storage, 25°C, 60% RH) over 48 hours of the different Chx/PVP mixtures in ultra-
pure water (800mL) heated at 37°C under stirring (100 rpm).
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V.2.2 Influence of the addition of Lycoat RS 720 on the dissolution

performances of chlorhexidine

After a succinct presentation of the different Chx/Lycoat mixtures chosen for this study, the dissolution
performances of Chx were evaluated using different experimental set-ups including the powder

dissolution in sink and in non-sink conditions, the intrinsic dissolution and the tablet dissolution.

(1) Presentation of the mixtures chosen for the dissolution

In order to both evaluate the influence of the physical state of the APl in drug/polymer mixtures and to
assess the advantage of the co-milled mixture in terms of dissolution performances, three different

Chx/Lycoat (70:30, w/w) mixtures were chosen:

- A physical mixture (PM) of crystalline Chx Form | and Lycoat named Chx/Lyc PM

- A physical mixture of amorphous Chx (obtained by milling Form | for 3 hours) and Lyc named
ChxM3h/Lyc PM

- A co-amorphous mixture of Chx and PVP obtained by co-milling Form | and Lyc during 12 hours,

named Chx/Lyc CM12h

Figure 80 shows the DSC scans (5°C/min, total heat flow) of these 3 mixtures along with the ones of pure
milling-induced amorphous Chx (3h and 12h of milling) and of pure Lycoat for comparison. Please note
that as the X-ray diffractograms did not show anything particular or unexpected, the corresponding data
are not shown in this manuscript. As expected, as the Tg of Lycoat is above 150°C, it cannot be observed
in the thermograms corresponding to the physical mixtures containing either crystalline or amorphous
Chx. Indeed, the thermogram corresponding to the physical mixture with amorphous only exhibits the
Tg of pure Chx, as observed in the pure drug milled 3h. Besides, further heating of the physical mixture
with amorphous Chx shows an exothermic peak of recrystallization followed by the endotherm of
melting. However, compared to pure amorphous Chx, milled 3h, the exothermic peak appears less
prominent which suggests that a higher fraction of Chx remained amorphous upon heating in the
presence of Lycoat. Furthermore, the corresponding endotherm of melting is also less intense compared
to the one observed for the physical mixture containing crystalline Chx which confirms the hypothesis of
a partial recrystallization of the amorphous Chx.
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Regarding the co-milled mixture, the results are more complex, as encountered in section IV.1.3. Indeed,
due to a wide exotherm from 60°C to around 100°C, no clear Cp jump characteristic of a glass transition
seems discernable. Besides, a wide exotherm seems to be present after 120°C which would suggest a
recrystallization as it was proven previously that the co-milled mixture (12 hours) was completely
amorphous. Therefore, for more clarity, Figure 81 shows the reversible signal of this co-milled mixture
after two successive heating cycles (run 1 and run 2). For run 1, a broad Cp jump characteristic of a glass
transition is observed but for run 2, the Cp jump is narrower. It seems clear that the Cp jump in run 2
correspond to the Cp jump seen in run 1. Moreover, the heat flow corresponding to run 1 is lower
compared to the one of run 2 before the end of the Cp jump. While just above the Cp jump, the heat
flow slowly regains the Cp level of run 2. Such a behavior is typical of powders which presents a lack in
thermal conductivity, as observed previously. Therefore, as the Cp jumps occur at the same Tg for both
runs, there seem to be no recrystallization in the total heat flow during the first heating cycle. As
expected, in order to stabilize completely the milling-induced amorphous Chx upon heating, the
presence alone of the polymer is not sufficient and the amorphous APl must be molecularly dispersed in

the polymer matrix.
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Figure 80 - DSC scans 5°C/min (total heat flow) of pure Lycoat (black), of milling-induced amorphous Chx (3h, orange and 12h,
red) and of a the 3 different Chx/Lycoat mixture (70:30) (w/w); a physical mixture of crystalline Chx and Lycoat (blue), a
physical mixture of milling-induced (3h) amorphous Chx and Lycoat (brown) and a co-amorphous mixture of Chx and Lycoat
obtained by co-milling for 12h.

139



DSC 5°C/min
2
kel
w
©
[0}
T
< Run 2
[0}
(0
I Run 1
exo
\ 4
T 1 1 T 1 1
40 60 80 100 120 140

Temperature (°C)

Figure 81 - DSC scans 5°C/min (reversing signal) of the co-milled (12h) mixture Chx/Lycoat during the first heating cycle (run
1) and during the second heating cycle (run 2).

(2) Determination of the solubility limit of Chx in presence of Lycoat

In order to evaluate an eventual improvement of the solubility of Chx in the presence of Lycoat (physical
mixture), the dissolution kinetics of a physical mixture of Chx and Lycoat (70/30, w/w) in water were
evaluated with an amount of around 150mg of APl in order to have it in large excess in the medium
(10mL). Figure 82 illustrates the corresponding dissolution kinetics along with the ones of crystalline Chx
(presented in Chapter lll, section 111.2.1, Figure 37), for comparison. During the first 6 hours, crystalline
Chx in the physical mixture reaches a maximum of dissolution of approximately 320 mg/L. But at later
time points (after 24 hours), this concentration decreases until it reaches a plateau at around 100mg/L.
In the case of pure Chx, a maximum of dissolution of around 167mg/L is reached during the first 3 hours
and this concentration decreases later on (after 4 hours) to about 100mg/L and then levels-off. As the
maximum of dissolution of Chx in the presence of Lycoat is around 2 times higher than the one observed
for pure Chx, it can be thus assumed that the presence alone of Lycoat in the solution improves the
dissolution of Chx in water. Moreover, the decrease in concentration for pure crystalline Chx was
attributed to the precipitation into a pentahydrate, less soluble. It can thus be assumed that the decrease

in concentration observed for the solution containing Lycoat is due to the same precipitation.
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Furthermore, the plateau is reached at the same value in the presence of Lycoat compared to the case
of pure Chx, which indicates that this hypothesis could be valid. Unfortunately, due to time constraints,
the experiments (X-ray diffraction of the residual solid) allowing the confirmation of this hypothesis
could not be performed. However, as this decrease occurs 3 hours later, compared to the solution of

pure Chx, it can be assumed that the polymer chains hamper the precipitation which explains the delay

observed.
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Figure 82 - Dissolution kinetics of Chx (crystal) and of a physical mixture of crystalline Chx and Lycoat (70/30, w/w), in ultra-
pure water at 37°C under agitation (80 rom) and super-saturation conditions: a large excess of non-dissolved Chx was provided
throughout the experiment.
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(3) Powder dissolution in sink and non-sink conditions

Figure 83 illustrates the dissolution kinetics of the different Chx/Lycoat mixtures previously presented in
ultra-pure water (800mL) in sink conditions, i.e. for the same amount of API as used in the case of

Chx/PVP mixtures.

The 3 mixtures show a biphasic dissolution profile as they show a steep slope during the first few hours,
followed by a decrease in the dissolution rate until the amount of Chx dissolved levels-off and reaches a
plateau. The first difference which can be noticed between the 3 mixtures concerns the significant gap
in the amount of Chx dissolved observed in the first hour of dissolution. Indeed, after 15min of
dissolution, the amount of Chx dissolved in the physical mixture containing crystalline Chx already
reached 75.8% whereas it reached only 25.7% and 43.9% in the physical mixture containing amorphous
Chx and in the co-milled mixture respectively. However, after 1 hour of dissolution, the curve
corresponding to the co-milled mixture catches up with the one of the physical mixture containing
crystalline Chx and the release profiles of these two mixtures remain similar until the end of the 48 hours
of dissolution. Regarding, the physical mixture containing amorphous Chx, the curve remains below the
others which suggests a slower dissolution. However, due to the significant standard deviations
obtained, it can be considered as rather similar. Furthermore, after 48 hours of dissolution, all the
mixtures approximately released 90 to 110% of Chx which confirms that all the dissolution profiles are

rather similar in sink conditions for the 3 mixtures.
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Figure 83 - Dissolution kinetics over 48 hours of the different Chx/Lycoat mixtures in a large volume of ultra-pure water
(800mL) heated at 37°C under stirring (100 rom) and in sink conditions.

Figure 84 illustrates the dissolution kinetics of the same 3 mixtures in non-sink conditions as 150mg of
APl were used in the same amount of dissolution medium. It must be noted that in this case, the solubility

of Form | should be exceeded.

As encountered during the dissolution in sink conditions, the release profiles of the physical mixture
containing crystalline Chx and of the co-amorphous mixture (obtained by co-milling), are similar during
the first 5 hours of dissolution. However, a gap in the amount of Chx released can be noticed between
the mixtures containing amorphous Chx and the one containing crystalline Chx, even though it is less
pronounced in the case of the co-milled mixture. This difference can be explained, once again, by the

propensity of the amorphous mixtures to quickly form aggregates, as illustrated in Figure 85.

After 5 hours of dissolution, the dissolution rate of the co-amorphous mixture slows down and the
amount of Chx released seems slightly lower compared to the one of the physical mixture containing
crystalline Chx until the end of the 48 hours of dissolution. However, due to the high standard deviations

observed for this mixture, the release profiles can be considered rather similar. Regarding the physical
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mixture containing amorphous Chx, the curve remains below the others which suggests a slower
dissolution. Furthermore, a drop in the amount of Chx released is observed after 5 hours of dissolution
which, again, can be attributed to a precipitation and explains the slower dissolution observed until the

end of the experiment.

However, it can be noticed that after 48 hours of dissolution, due to the high standard deviations
observed, the mixtures containing amorphous Chx seem to reach the same amount of Chx released
(around 95%) whereas the one containing crystalline Chx is slightly higher than 100%. Furthermore, it
can be noticed that all mixtures reached a higher percentage of Chx released compared to the one
corresponding to the solubility limit of the precipitated solid of Chx in the super-saturated solution of
crystalline Chx and Lycoat physically mixed. In the case of the physical mixture containing crystalline Chx,
it seems expected as no sign of precipitation is observed on the release profile. However, regarding the

two mixtures containing amorphous Chx, no convincing explanation has yet been found.
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Figure 84 - Dissolution kinetics over 48 hours of the different Chx/Lycoat mixtures in a large volume of ultra-pure water
(800mL) heated at 37°C under stirring (100 rpm) and in non-sink conditions.
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Figure 85 - Pictures after 15min of dissolution of the different Chx/Lycoat mixtures in a large volume of ultra-pure water
(800mL) heated at 37°C under stirring (100 rpm) and in non-sink conditions.
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(4) Intrinsic dissolution

In order to prevent both the influence of the particles size and shape and the formation of aggregates,
the intrinsic dissolution of the physical mixture containing crystalline Chx and of the co-milled mixture
was performed. Unfortunately, due to time constraints, the intrinsic dissolution of the physical mixture
containing amorphous Chx could not be performed. Nevertheless, with a clear determination of the
intrinsic dissolution rate for both mixtures, the influence of the physical state of Chx can still be

evaluated.

First of all, as the physical integrity of the physical state of Chx upon compression of the pure APl was
demonstrated in the previous chapter, no physical characterization was performed on the compacts

produced with the different Chx/Lycoat mixtures.

Figure 86 illustrates the intrinsic dissolution profiles of the two mixtures previously mentioned. As
observed in the case of pure Chx, due to the changes of slope observed, the graph can be divided into 2

different phases:

e From 0 to 8 hours: The physical mixture with crystalline Chx exhibits a higher dissolution rate
compared to the one of the co-milled mixture.

e From 24 to 30 hours: Both mixtures exhibit a decrease in dissolution rate but the one of the
physical mixture with crystalline Chx remains higher compared to the one of the co-milled

mixture.

For more precision, the dissolution rates of the three different forms during the three different stages
of the intrinsic dissolution are reported in Table 12. If the values are rather small, the tendency can still

clearly be identified as explained above.

Interestingly, compared to the value obtained for pure crystalline Chx (see Table 6), the dissolution rates
in each phase of the physical mixture containing crystalline Chx, are higher, which confirms the
accelerated dissolution due to an enhanced solubility of crystalline Chx in the presence of Lycoat.
Regarding the dissolution rates obtained for the co-milled mixture, it must be noted that the value
obtained during the first phase is also slightly higher compared to the one of pure amorphous Chx.
Furthermore, the dissolution rates obtained for the second phase of the co-milled mixture is very similar
to the one obtained for the hydrate of Chx after 24 hours of dissolution. Therefore, it seems appropriate
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to deduce that a precipitation occurred after 8 hours of dissolution in the case of the co-milled mixture,
probably leading to a hydrate form of Chx. However, compared to pure amorphous Chx, this
precipitation occurred at least 6 hours later. It can thus be confirmed that having the amorphous API
molecularly dispersed in the Lycoat matrix allows to hinder the precipitation. Interestingly, the
dissolution rate obtained for the physical mixture containing crystalline Chx in the second phase, is still
higher than the one obtained for the hydrate which thus implies that the precipitation was prevented or

at least significantly hindered due to the presence of Lycoat.
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Figure 86 - Intrinsic dissolution kinetics over 30 hours of two different Chx/Lycoat mixtures in ultra-pure water (400mL) heated
at 37°C under stirring (50 rpm).

Table 12 - Intrinsic dissolution rates of the 2 Chx/Lycoat mixtures at different stages of the dissolution. As the experiment was
performed in triplicates, mean values were used for the calculations and the standard deviations of the linear fit are also
reported.

Dissolution phase Chx/Lyc PM (crystalline Chx) Chx/Lyc CM12h (co-amorphous)
From 0 to 8 hours 0.77 £ 0.01 mg/cm?/h 0.46 + 0.01 mg/cm?/h
From 24 to 30 hours 0.67 +0.03 mg/cm?/h 0.28 + 0.02 mg/cm?/h
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(5) Tablet manufacturing and dissolution

In order to be closer to “real life” conditions, tablets of the 3 mixtures were produced using the

formulation and the method described in Chapter Il, section 11.4.3.

As explained, the fixed parameter for the tablet production was a hardness set to 80N (£10%). To that
extend, 3 different lower punch forces were tested in triplicates and the corresponding hardness of the
tablets were measured. A linear fit was then used in order to determine the lower punch force required

to obtain this targeted hardness.

Even though the manual filling of the die performed is not fit for industrialization of the process, the

manufacturing parameters were evaluated and compared for the 3 different mixtures.

Figure 87 illustrates the tabletability of the three different mixtures. As explained previously, a
mechanically strong enough tablet would show a tensile strength greater than 1.7 MPa but it also has
been reported that 1MPa could be sufficient if the tablets are not subjected to heavy mechanical
stresses'®, In each mixture, the tabletability seems similar and satisfactory tensile strengths were
obtained for an applied pressure in a range of 70-100MPa. Therefore, in this case, neither the physical
state of the API, nor having the amorphous drug molecularly dispersed in the polymer matrix compared
to having it only physically mixed with the polymer, have a significant impact on the tabletability. This
conclusion was expected as the same observation was made in both the cases of the pure drugs and of

the Chx/PVP mixtures.
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Figure 87 - Tabletability of the 3 different Chx/Lycoat mixtures.

As previously described, the Heckel-model is used to evaluate the compressibility of the two mixtures
(Chapter lll, section 111.2.4, equation 21) and the Pyis deduced. Indeed, the smaller the Pyvalue, the better
the compressibility of the tablet. In this work, this parameter is determined using the out-die method
from the data acquired from the tablet press (positions of the lower and the upper punches) to calculate

the dimensions of the tablet after the compression phase.

Figure 88 shows the compressibility of the two mixtures containing amorphous Chx. From the linear
regressions applied, the K coefficient and the corresponding Pywere calculated and are reported in Table
13. It can be noticed that the 3 mixtures, in terms of P, values, can be ranked as follows Chx/Lyc CM12h
> Chx/Lyc PM > ChxM3h/Lyc PM. Therefore, it appears that the formulation demonstrating the best
compressibility is the one containing the physical mixture of amorphous Chx and Lycoat. This was
expected as, in the case of pure Chx, the formulation containing amorphous Chx also demonstrated the
best compressibility. Furthermore, as observed in the case of the Chx/PVP mixtures, the formulation
containing the physical mixture of amorphous Chx and Lycoat shows a better compressibility compared

to the co-milled mixture.
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Figure 88 - Compressibility of the 3 different Chx/Lycoat mixtures.

Table 13 -Numeric values of the in-die Heckel parameters.

Chx/Lyc PM ChxM3h/Lyc PM Chx/Lyc CM12h
K (MPa?) 0.009 0.0112 0.0063
P, (MPa) 1111 89.3 158.7

In Table 14 are reported the tablets properties and related compression process parameters of the
tablets produced at the targeted hardness of 80N (+ 10%). Regarding the process parameters, it can be
observed that the targeted hardness was reached with forces ranging from 6.7 to 8 kN, and that the
ejection forces applied to produce the tablets are exceptionally high except in the case of the co-milled
mixture. This means that both formulations containing the physical mixtures, highly tend to stick on the
punch once compressed and that the lubricant added in the formulation, even though commonly used
and in the usual proportions (Magnesium Stearate, 0.5%)'’°, was not sufficient to prevent this feature.
However, as the ejection force depends on the tablet dimensions, the ejection shear stress (in MPa) is
usually calculated in order to perform an accurate comparison. As presented in the previous chapter,

the ejection shear stress of a commercial tablet should not exceed 3 MPa in order to ensure no capping
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nor lamination!’!. However, ejection shear stresses up to 5 MPa may be acceptable for tablets which are
not subjected to large mechanical stresses on subsequent processing such as film-coating. In our case,
only the formulation containing crystalline Chx exhibits an ejection shear stress higher than 5MPa which
means it is highly prone to defects during the tableting. Nevertheless, such defects were not observed
during the tablet production. However, as in this work, the tablets batches are rather small (up to 18
tablets in a row) compared to a commercial production, it appears understandable that these defects
are not encountered. Regarding the one corresponding to the formulation containing amorphous Chx,
the ejection shear stress is between 3MPa and 5MPa which remains acceptable as no further process is
performed on the tablet. The ejection shear stress of the formulation containing the co-milled mixture
(0.9MPa) does not exceed 3MPa which should ensure the prevention of such defects during
manufacturing. Therefore, the best formulation, in terms of manufacturing purposes, seems to be the

one containing the co-milled mixture of Chx and Lycoat.

Regarding the tablet properties, the dimensions, the porosity and tensile strength are similar for the 3
formulations. However, a slightly higher thickness was observed for the tablets containing crystalline
Chx. It can be noticed that the tablets containing the physical mixture of amorphous Chx, also the less
porous, exhibited a slightly highest disintegration time compared to the others, but none of the tablets

exceeded the time limit of 15min imposed by the pharmacopeia for uncoated tablets'’2,

Table 14 -Tablet properties and related compression process parameters.

Chx/Lyc PM ChxM3h/Lyc PM Chx/Lyc CM12h ‘

Lower punch force (n=18, kN) 6.77 +£0.09 8.02 +0.13 7.29 £0.10
pal:‘;c:\::::rs Ejection force (n=18, N) 1073.0+£22.3  719.4+18.8 140.8 + 4.3
Ejection shear stress (n=18, MPa) 6.6+0.1 4.7+0.1 0.9+0.0
Weight (n=18, mg) 499.7+1.5 500.2+1.7 501.6+2.8
Diameter (n=18, mm) 11.34 £ 0.00 11.34 £ 0.01 11.34 £ 0.00
Thickness (n=18, mm) 4,61 +0.01 4,33 +0.01 4,41 +£0.01
Tablet Solid fraction (n=18, %) 74.440.2 80.4£0.3 73.3£04
properties
Hardness (n=3, N) 79.4+1.4 76.2+1.5 86.2+1.1
Tensile strength (n=3, MPa) 0.97 £ 0.02 0.99 £0.02 1.1 £+0.02
Disintegration time (n=3, s) 39+9 168 + 88 25.7+2
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The physical state integrity of Chx after compression was assessed only using XRD. Indeed, once again,
the DSC data proved to be unavailing as the numerous excipients present prevented from extracting
reliable information. Figure 89 shows the X-ray diffractions patterns of the tablets containing the 3
different Chx/Lycoat mixtures previously presented, directly after production. The X-ray diffraction
patterns of both crystalline Chx in its powder form and of the tablet placebo (without API) are also
represented for comparison. Unfortunately, due to time constraints, the stability over 4 weeks of storage

at 25°C, 60%RH of the tablets containing the Chx/Lycoat mixtures could not be performed.

It can be noticed that the peak characteristic of Form | (e.g. peaks marked with a * at 7.3° and 8.9°) are
still present in the tablet containing crystalline Chx (Chx/Lyc PM) directly after production. Regarding the
tablets containing amorphous Chx, those characteristic peaks are absent which means that the Bragg
peaks observed are only corresponding to the excipients as observed on the diffractogram of the
placebo. It can thus be assumed that the physical state of the APl was not altered during the compression
process which could be expected the same conclusion could be made after the preparation of compacts

for the intrinsic dissolution.

** XRD

Tablet Placebo

Intensity (a.u)

Tablet Chx/Lyc PM
N MW Tablet ChxM3h/Lyc PM
M‘“’Wm g Nwlmu‘Tablet Chx/Lyc CM12h
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Figure 89 - X-Ray diffraction patterns of tablets containing the 3 different Chx/Lycoat mixtures directly after production. The
commercial form of Chx (Form 1) and the tablet not containing API (Tablet Placebo) are also represented.
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Figure 90 illustrates the dissolution kinetics of the tablets corresponding to the same 3 mixtures. It can
be noticed that the release profiles of the mixtures containing amorphous Chx are very similar during
the entire dissolution. When compared to the mixture containing crystalline Chx, a gap in the amount of
Chx released can be noticed directly after 15 min of dissolution. This difference can be explained, as
encountered during the powder dissolution in non-sink conditions, by the propensity of the amorphous

mixtures to quickly form aggregates.

After 1.5 hours of dissolution, in the case of the physical mixture containing amorphous Chx and after
3.5 hours of dissolution in the case of the co-milled mixture, a decrease in the dissolution rate is
observed. As previously encountered, such a behavior can be attributed to a precipitation and explains

the slower dissolution observed until 24 hours of dissolution.

After 24 hours of dissolution, all release profiles seem rather similar and all mixtures reach the same
percentage of Chx dissolved after 48 hours of dissolution, i.e around 80%. Furthermore, it can be noticed
this percentage is higher compared to the one corresponding to the solubility limit of the precipitated
solid of Chx in the super-saturated solution of crystalline Chx and Lycoat physically mixed. In the case of
the physical mixture containing crystalline Chx, it seems expected as no sign of precipitation is observed
on the release profile. However, regarding the two mixtures containing amorphous Chx, as encountered

in the case of powder dissolution in non-sink conditions, no convincing explanation has yet been found.
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Figure 90 - Tablet dissolution (after production) over 48 hours of the different Chx/Lycoat mixtures in ultra-pure water (800mL)
heated at 37°C under stirring (100 rom).

IV.2.3 Comparison between PVPK12 and Lycoat RS 720

The determination of the solubility limit of Chx in a super-saturated solution with either PVP (Figure 69)
or Lycoat (Figure 82) revealed a rather similar propensity of the two polymers to enhance the solubility
of crystalline Chx in water, at least during the first 6 hours. However, after 24 hours of dissolution, none
of the polymers prevented the precipitation of Chx in solution. Nevertheless, the plateau reached in the
case of the solution containing PVP was higher compared to the one reached with Lycoat. Therefore, it

can be assumed that the precipitated solid is more soluble in water in presence of PVP.

Regarding the powder dissolution, no significant difference was observed in the sink conditions.
However, in the non-sink conditions, if the physical mixture of amorphous Chx and PVP exhibits a
significant drop in percentage of Chx released after 5 hours of dissolution (Figure 71), the corresponding

mixture with the Lycoat only shows a decrease in dissolution rate (Figure 84). Furthermore, the co-milled
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mixture with the PVP shows a significant decrease in the dissolution rate at the same time-point whereas
the one with the Lycoat does not. Therefore, it seems that the Lycoat allows a faster release during the
first few hours of dissolution and that it is more promising regarding the inhibition of recrystallization of
the amorphous Chx. Nevertheless, after 48 hours of dissolution, no significant difference can be noticed

between the two polymers as all mixtures show similar results.

The tablet manufacturing parameters analysis revealed higher ejection shear stress for each formulation
containing PVP (Table 11) compared to the ones containing Lycoat (Table 14). Furthermore, only the
formulation containing the co-milled mixture of Chx and Lycoat exhibited an ejection shear stress
allowing an insurance of non-defective tablets during the manufacturing. By comparison of the Py values
the formulation containing the physical mixture of amorphous Chx and Lycoat (Table 13) showed a better
compressibility compared to the corresponding one with PVP (Table 10). However, the formulation
containing the co-milled mixture with PVP showed a better compressibility compared to the

corresponding one with Lycoat.

The tablet dissolution (after production) revealed, unexpectedly, a drop in concentration attributed to a
precipitation in the case of the tablet containing the physical mixture of crystalline Chx and PVP (Figure
78) which was not observed in the corresponding tablet with Lycoat (Figure 90). In the case of the tablets
containing amorphous Chx, similar release profiles were observed for the tablets containing either PVP
or Lycoat, with a decrease in dissolution rate after 5 hours of dissolution but no drop in cumulative
release was revealed. Nevertheless, after 48 hours of dissolution, no significant difference can be noticed
between the two polymers as all mixtures show similar results, except for the tablet containing the

physical mixture of amorphous Chx and PVP which showed a higher percentage of Chx released.
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Conclusion

In this chapter, it was showed that both polymers are suitable for a co-amorphization with Chx free base
using high-energy milling. Furthermore, as expected, both polymers were found have an anti-plasticizing
effect on the drug as the Tgs of the corresponding co-amorphous mixtures shifted towards higher
temperatures with an increasing fraction of polymer. For a Chx/polymer (50/50, w/w) mixture, the Tg
observed in the case of Lycoat was higher (104.1°C) compared to the one observed in the case of PVP
(87.9°C). This was expected as the Tg of Lycoat is supposed to be higher than the one of PVP but it
indicates that upon storage, the kinetic stability of the amorphous Chx in the co-milled mixture with

Lycoat should be even more ensured.

Moreover, in the case of the co-milled mixtures, both polymers were found to prevent amorphous Chx
from recrystallization upon heating which was neither avoidable during the heating of the pure milling-
induced amorphous API nor in the case of the milling-induced amorphous API physically mixed with the
polymer. However, in the case of the physical mixture of amorphous Chx and Lycoat, the recrystallization
upon heating seemed less pronounced, and therefore probably not total, compared to the one observed
in the corresponding mixture with PVP. Therefore, if both polymers can be considered suitable for the
formulation of ASDs with Chx, the Lycoat seems to have higher stabilizing properties on the milling-

induced amorphous Chx upon heating.

Regarding the evolution of the Tg against the composition of the co-milled mixture and its comparison
with an ideal mixture, only the Chx/PVP mixtures could be accurately fitted to with the Gordon-Taylor
equation as the Tg of the Lycoat could not be observed. This study showed a significant deviation (S-
shaped curve) with an opposite curvature compared to the theoretical curve (K = 1.5 VS K, = 0.62)
therefore revealing both an influence of the difference of size and shape between the API and the

polymer and the presence of strong interactions between the two materials.

Concerning the dissolution kinetics in water, the dissolution of a super-saturated solution of crystalline
Chx physically mixed with the polymer, revealed a rather similar propensity of both polymers to enhance
the solubility of the API during the first 6 hours. Indeed, the maximum concentration reached was

approximately 371 + 39 mg/L with PVP and 320 + 13 mg/L with the Lycoat. However, after 24 hours of
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dissolution, none of the polymers prevented the precipitation of Chx in solution. In the corresponding
experiment with pure Chx in either its crystalline or amorphous state, the same sign of precipitation was
observed and the plateau of concentration reached was the same as the one reached by the solution
with Lycoat. As it was demonstrated for the pure API that the precipitation was due to a transformation
into a hydrate form, less soluble, it could be assumed that the precipitation occurring in both solution
containing a polymer also leads to a hydrate form of Chx. However, as the plateau reached in the case
of the solution containing PVP was higher compared to the one reached with Lycoat, it can be assumed

that the precipitated solid is more soluble in water in the presence of PVP.

For the powder dissolution, no significant difference was observed in the sink conditions. However, in
the non-sink conditions, a faster release during the first few hours of dissolution, was observed for the
mixtures containing amorphous Chx. Furthermore, the Lycoat showed a higher propensity regarding the
inhibition of recrystallization of the amorphous Chx during the dissolution. Nevertheless, after 48 hours
of dissolution, no significant difference can be noticed between the two polymers as all mixtures show

similar results.

In terms of tablet manufacturing, a higher ejection shear stress was obtained for each formulation
containing PVP (between 6.5 and 8.8 MPa) compared to the ones containing Lycoat (< 6.6 MPa).
Furthermore, only the formulation containing the co-milled mixture of Chx and Lycoat exhibited an
ejection shear stress (< 1MPa) allowing an insurance of non-defective tablets during the manufacturing.
The comparison of the Py values revealed a better compressibility for the formulation containing the
physical mixture of amorphous Chx and Lycoat (Py = 89 MPa) compared to the corresponding one with
PVP (Py =116 MPa). However, the formulation containing the co-milled mixture with PVP (P, = 135 MPa)

showed a better compressibility compared to the corresponding one with Lycoat (Py = 158 MPa).

The tablet dissolution (after production) revealed similar release profiles for the formulations containing
amorphous Chx, thus highlighting no significant influence of the polymer in this case. However, the tablet
containing the physical mixture of crystalline Chx and PVP clearly showed a slower dissolution during the
first 24 hours of dissolution, compared to the corresponding formulation with Lycoat. Indeed, it revealed
an unexpected drop in concentration attributed to a precipitation. Nevertheless, after 48 hours of

dissolution, no significant difference can be noticed between the two polymers as all mixtures show
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similar results (plateau around 80% of Chx released), except for the tablet containing the physical

mixture of amorphous Chx and PVP which showed a higher percentage of Chx released (around 93%).

Unfortunately, the influence of the polymer after 4 weeks of storage on neither the physical integrity of
the APl in the tablet nor its dissolution performances can be evaluated. Indeed, due to time constraints,
the stability study on the tablets containing Lycoat could not be performed. However, as the amorphous
remained stable upon storage in the tablets with PVP, at least the same stability would be expected for
the tablets containing the co-milled mixture with Lycoat as the Tg of the mixture is higher than the one
corresponding to the Chx/PVP co-milled mixture. Regarding the dissolution kinetics after storage of the
tablets containing PVP, differences could be noticed compared to the ones obtained directly after
production. Indeed, a faster dissolution was observed for the tablet containing crystalline Chx after the
storage as no sign precipitation was observed which was more consistent with the results obtained
during the power dissolutions. Furthermore, unexpectedly, the dissolution of the tablets corresponding
to the co-milled mixture was also faster after storage whereas the one corresponding the one

corresponding to the physical mixture with amorphous Chx was in fact, slower.
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CHAPTER V-  SOLID-STATE
AMORPHIZATION OF
RIBOFLAVIN UPON MILLING

*Part of this chapter has been published: Henaff, C., Siepmann, J., Siepmann, F., Danéde, F., Avettand-Fénoél, M.-
N., Vérin, J., Fadel, A., & Willart, J.-F. (2023). Exploration of the physical states of riboflavin (free base) by
mechanical milling. In International Journal of Pharmaceutics (Vol. 645, p. 123416).

The accepted version of the manuscript can be found in Appendix 5.
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Riboflavin free base, also known as vitamin B2 (as illustrated in Figure 91), is essential for cell growth and
is general used in parenteral nutrition!®!, Even though considered as a water-soluble vitamin®®?, its
solubility in water at 30°C was only reported estimated to approximately 80mg/L'*®. Evidence of
polymorphism was briefly mentioned in the literature along with different hydrates 8!8, However so
far, to the best of our knowledge, only the crystalline structure of the commercial form (Form I) could

be determined and was found to be orthorhombic (space group P212121) 8>,

CH5

Figure 91 - lllustration of the riboflavin molecule.

Regarding its amorphous form, very little seems to be known as, to our knowledge, no successful
amorphization process was reported on the pure APl and its glass transition temperature is currently
unknown. Indeed it appears to neither be obtained by heating-based techniques, because of a
pronounced chemical degradation upon melting'8®, nor by spray- or freeze-drying due to the lack of an

appropriate solvent 6157,

Therefore, this APl seems to make a good candidate for an attempt of amorphization directly in the solid-
state. Using the same thought process as for Chx, an exploration of the physical states of Rf was

performed by mechanical milling.

The first part of this chapter will be dedicated to the physical characterization of commercial Rf and of
an investigation of its amorphization upon milling. The behavior upon heating of the amorphous form

thus produced will also be deeply explored.

Then, in order to assess the advantage of the amorphous form compared to its crystalline forms (stable
crystal and metastable polymorphic forms), an evaluation of their dissolution kinetics in ultra-pure water

are conducted using different set ups including powder dissolution and intrinsic dissolution.
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V.1 Physical characterization of riboflavin

The objective of this section is to assess the possibility to obtain amorphous riboflavin using high-energy
planetary milling on the crystal. This investigation is focused on a deep physical characterization in order

to understand in detail the effect of this process on riboflavin.

V.1.1 Effect of milling on the physical state of riboflavin

Figure 92 illustrates the X-ray diffraction pattern of commercial riboflavin (blue curve) recorded at room
temperature. It shows well defined Bragg peaks, which are characteristic of a crystalline state and their
positions correspond to the one which structure was recently determined by Guerain et al'8>. It must be

noted that the slight diffusion halo observed is due to the signal of the Lindemann capillary containing

the sample.
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Figure 92 - XRD patterns of commercial riboflavin (blue curve) and of the milled riboflavin (red curve) recorded at room
temperature.
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Figure 93 shows the TGA scan of commercial riboflavin (black curve) recorded at a heating rate of
5°C/min. It shows a considerable weight loss (about 70%) starting above 250 °C, revealing a significant
thermal degradation of the API. Figure 93 also shows the heating DSC scan (blue curve) of riboflavin
placed in a high-pressure pan, hermetically sealed (Run 1). This scan reveals a sharp endothermic peak
around 290 °C, which superimposes on a wide exothermic peak. The endotherm corresponds to the
melting of Form |, while the exotherm is due to the chemical degradation highlighted by TGA. However,
as the degradation seems to start slightly before the melting, it can be noted that the degradation must
not be due to the melting process itself. The superimposition of those two events prevents from the

accurate determination of the melting temperature of riboflavin as well as its melting enthalpy.
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Figure 93 - TGA (black curve) and DSC (Run 1, blue curve) scans of commercial riboflavin as well as the DSC scan of the milled
riboflavin (Runs 2 and 3, red curve). The symbol (//) separates run 2 (using a standard open aluminum pan) from run 3 (using
a hermetically sealed pan). The heating rate was set to 5°C/min for all scans.
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Figure 94 represents the 'H NMR spectra of both commercial (Form I) and melted riboflavin, after
dissolution in DMSO. The two spectra show significant differences, as many new peaks appeared after
the melting (e.g. between 2.0 to 2.3 ppm, between 3.8 to 4.2 ppm, between 7.1 to 7.8 ppm and at 11.3
ppm), which is a characteristic of chemical degradation. All those results confirm the non-ability to obtain
the amorphous state of riboflavin through the traditional quench of the melt. Furthermore, it was
demonstrated, that neither solvent-based processes such as spray- or freeze-drying (due to the lack of
an appropriate solvent!>®1>7, cf Appendix 3) nor heat-based technique such as HME (cf Appendix 4),
could be used for the amorphization of Rf. In order to safely produce amorphous riboflavin, the high

energy milling process was therefore tested.
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Figure 94 —*H NMR spectra of commercial riboflavin (Form 1), quenched from the melt and milled for 32 hours. To better see
the small peaks and avoid anarchic superimposition of the different spectra, the highest peaks have been clipped.
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The red curve in Figure 92 shows the XRD pattern of riboflavin form | after 32 hours of milling. It can be
noticed that all the Bragg peaks disappeared, giving rise to a diffusion halo characteristic of an
amorphous form. The red curve in Figure 93 shows the corresponding heating DSC scans (5 °C/min). It
must be noted that run 2 was recorded using open pans (from 45 to 240 °C) and run 3 using a
hermetically closed, high-pressure pan (from 240°C to the end). The latter pan was used to protect the
DSC cell from contamination by the degradation products generated upon melting. Runs 2 and 3 are
separated by the 2 vertical slashes. Run 2 shows a Cp jump (ACp = 0.68 J/g/°C), characteristic of a glass
transition at Tg = 144°C which proves that a direct “crystal to glass transformation” occurred during the

milling process.

Finally, the red curve in Figure 94 shows the 'H NMR spectrum of the milled riboflavin. It appears to be
identical with the spectrum of the form | and no signs of degradation were detected compared to the
spectrum of the quenched liquid. However, one peak appeared at 2.09 ppm but it is attributed to an
acetone residue’™*, stemming from the cleaning of the NMR tube. High-energy milling thus appears to

be an appropriate approach to successfully and safely produce amorphous riboflavin.

V.1.2 Polymorphism

Further heating of the amorphous riboflavin obtained by milling (run 2, red curve, Figure 93) reveals two
exothermic peaks. The first one occurs at around 185°C (AH; = 58.2 J/g) and is characteristic of a
recrystallization. As illustrated in Figure 96, the milling-induced amorphous Rf was heated to 200°C (black
curve, run 1), subsequently cooled and heated again to 250°C (blue curve, run 2). It can be noticed that
after the prior heating to 200°C and subsequent cooling (Run 2), no Cp jump can be observed anymore
upon heating. This indicates that the first exothermic event corresponds to a complete recrystallization

of the amorphous Rf.
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The diffractogram of the milled material subsequently heated to 200°C, and then recorded at room
temperature (i.e. just above the first exotherm), is reported in Figure 95 (black curve). It shows well
defined Bragg peaks, characteristic of a crystalline state. Furthermore, it can be noted that these peaks
are clearly different from the ones characteristic of Form | (e.g. peaks marked with a * or ¢ in Figure
95). This indicates that the recrystallization occurred at 185°C toward another crystalline form of

riboflavin, called “Form 111”184,
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Figure 95 - XRD patterns of riboflavin Form | recorded at room temperature before and after mechanical and thermal
treatments. From top to bottom: before milling (Form I, blue curve); after 32 hours of milling and subsequent heating to 200°C
(Form Ill, black curve) and after 32 hours of milling and subsequent heating to 240°C (Form Il, green curve).

The second exotherm in run 2 (red curve in Figure 93) occurs at around 230°C (AH, = 34.1 J/g) and is
characteristic of a “crystal to crystal” transformation. As observed in Figure 96, the prior heating of the
milling-induced amorphous Rf until complete recrystallization followed by a rapid cooling, still leads to

this exotherm of “crystal to crystal” transformation upon heating.
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Figure 96 - DSC heating scans (5°C/min) of Rf milled 32h before and after several thermal treatments. Run 1 corresponds to
the heating up to 200°C and Run 2 corresponds to the heating of the sample first subjected to a heating to 200°C and
subsequent cooling to room temperature (40°C/min).

The diffractogram of the milled material recorded at room temperature after subsequent heating to
240°C (i.e. just above the second exotherm), is also reported in Figure 95 (green curve). It shows again
well-defined Bragg peaks, which are different from those of Forms | and Il (e.g. peaks marked with a *,
# or A in Figure 95). This confirms that the second exotherm is due to a polymorphic transformation,
and put into evidence a further polymorphic form of riboflavin, called “Form 11”184, Above 240 °C, run 3
(red curve in Figure 93) shows an endothermic peak due to the melting of Form Il which is superimposed
with an exothermic peak due to the degradation of riboflavin already seen in run 1. It can be noticed

that the melting of Form Il is depressed compared to the melting of Form I.

166



Figure 97 shows the *H NMR spectra of both Form Il (green curve) and Form Ill (black curve). They appear
to be identical with the spectrum of Form I. However, as for the milled material, an additional peak can
be noticed at 2.09 ppm but it is attributed to an acetone residue®>*, stemming from the cleaning of the
NMR tube. Furthermore, no sign of riboflavin degradation was observed, which indicates that the
polymorphic forms of riboflavin can be safely produced by the described milling and subsequent heating

procedures.
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Figure 97 - 'H NMR spectra of riboflavin Form I, Form Il and Form Ill. To better see the small peaks and avoid anarchic
superimposition of the different spectra, the highest peaks have been clipped.

The stability at room temperature over time was evaluated using XRD for Forms Il and Il as illustrated in
Figure 98 and in Figure 99, respectively. No significant change can be noticed in the Bragg peaks of either
form Il or lll, which indicate that their physical state was not altered over the 17 days of storage, at RT
(humidity not controlled), in the capillary used for the first analysis. It can thus be assumed that in those

storage conditions, the polymorphic forms of Rf are relatively stable, at least during 17 days.
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Figure 98 - XRD patterns of riboflavin Form Il recorded at room temperature before and after storage at room temperature in
the capillary used for the first analysis (t0d). The storage times are indicated on the right-hand side of each curve.
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Figure 99 - XRD patterns of riboflavin Form Il recorded at room temperature before and after storage at room temperature
in the capillary used for the first analysis (t0d). The storage times are indicated on the right-hand side of each curve.
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V.1.3 Influence of the milling time on the recrystallization behavior of

amorphous riboflavin

Commercial riboflavin (Form 1) was milled for different milling times (tm) ranging from 0 min to 32 h and

the corresponding XRD patterns are reported in Figure 100. From O min to 3 hours, a progressive

flattening and broadening of the Bragg peaks can be observed. The decrease in peak heights indicates

the increasing fraction of amorphous material. Meanwhile, the broadening signals both the size

reduction and the deformation of the remaining crystallites induced by the mechanical impacts of the

milling balls. Besides, it can be observed that after 6 hours of milling, the Bragg peaks totally disappeared,

indicating a complete amorphization of the material. No further evolution of the X-ray diffraction

patterns can be detected for longer milling times (up to 32 h).
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Figure 100 - XRD patterns of riboflavin Form | recorded after different milling times ranging from 0 to 32 h. The milling times
are reported on the right-hand side of each curve.
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The corresponding heating DSC scans (5 °C/min) are illustrated in Figure 101. They show the progressive
development of a Cp jump at the glass transition temperature (Tg = 144°C), followed by a crystallization
exotherm. The Cp jump becomes stationary from 6h milling, which confirms that the amorphization upon
milling is complete after that time period. However, the evolution of the exotherm appears to be more
complex. Indeed, it shows in particular a shift from 160 to 180 °C, which reveals an increasing stability of
the amorphous fraction for increasing milling times. Moreover, noticeable modifications of the
thermograms are still observed for milling times longer than 6 hours. In particular, a second exotherm
develops after the recrystallization. It is already detectable after 3 and 6h of milling through a
shouldering on the right-hand side of the recrystallization exotherm and then shifts toward higher
temperatures up to 230 °C after 32 h of milling. This exothermic peak clearly corresponds to the
polymorphic transformation “Form Ill = Form II” identified in section 3.2. This indicates, as already
observed in the case of sulindac'®’, that the structural composition of the recrystallized fraction depends
on the milling time. To analyze this point in more detail, the structure of the recrystallized material has

been investigated by XRD.
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Figure 101 - DSC scans (5 °C/min) of riboflavin Form | recorded after different milling times ranging from 0 to 32 h. The milling
times are reported on the left-hand side of each curve.

170



Figure 102 shows XRD patterns of riboflavin recorded at room temperature after milling for 50 min, 6,
12 or 32 h and subsequent heating (5 °C/min) to 210, 176, 195 and 200 °C, respectively (i.e. after
recrystallization of the milled material seen in Figure 101). It shows that for 50 min milling and heating
to 210 °C, the X-ray diffraction pattern of the recrystallized material only shows the Bragg peaks of Form
I, while Bragg peaks characteristic of Forms Il and lll cannot be detected. This indicates that, for short
milling times, the portion of riboflavin which has been transformed into an amorphous state (Figure 101)
recrystallizes entirely towards the initial Form I. This can be explained by the presence of remaining
crystallites of Form | after 50 min milling, which act as seeds for the recrystallization of Form | upon
heating. This could also be due to a local order of the amorphous fraction reminiscent of the initial Form
I, which would be favorable to a recrystallization towards this form. Interestingly, complete
amorphization upon milling for milling times > 6 hours and subsequent heating leads to the

crystallization of different polymorphic forms.

Indeed, as it can be seen in Figure 102, the X-ray diffraction patterns of the samples, which had been
milled for 6, 12 or 32 h, followed by heating to 176, 195 and 200 °C, do not show the Bragg peaks of Form
l. Instead, they show the Bragg peaks of the Forms Il and Ill. Moreover, with increasing milling time, the
Bragg peaks characteristic of Form Il become more pronounced, while those of Form Il decrease and
finally disappear after 32 hours of milling. This indicates that riboflavin is completely amorphous upon
milling for more than 6 hours and recrystallizes as a mixture of Forms Il and I, with a proportion of Form
[Il which increases with longer milling time. Such a behavior could be due to the apparent stabilization
of amorphous riboflavin with increasing milling times, shifting the recrystallization range toward higher
temperatures, at which the nucleation and growth rates of Form Il could be higher than those of Form
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Figure 102 - XRD patterns recorded at room temperature of riboflavin, which had been milled for 50 min, 6, 12 or 32 h, and
subsequently heated (5 °C/min) to 210, 176, 195 or 200°C, respectively.

V.1.4 Phase diagram of riboflavin

In order to determine the relative stability of the different forms of riboflavin, it is necessary to rank their
melting temperatures. However, as showed on runs 1 and 3 in Figure 93, the melting temperatures of
Forms | and Il cannot be accurately determined due to the strong degradation accompanying the melting
process. Furthermore, as also showed in the run 2 of Figure 93, the melting of Form Ill cannot be
observed as it is preceded by the polymorphic transformation “Form lll = Form II”. To overcome these
difficulties, the three forms have been analyzed by flash DSC at a heating rate of 300 °C/s. Such a high
heating rate is expected to avoid the transformation “Form Ill > Form II” in order to observe the melting
of Form lll, and to strongly limit the degradation accompanying the melting process. The corresponding
scans are reported in Figure 103 and do not show any trace of the transformation “Form Ill = Form I1”,

nor noticeable degradation. It appears that the melting temperatures of the three forms are ranked as

follows: Tm(1)>Tm(I11)>Tm(l1).
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Figure 103 - Flash DSC scans (300°C/s) of riboflavin Form I, Form Il and Form lII.

Moreover, the exothermic character of the transformation “Form Ill = Form II” observed in run 2 in
Figure 93 indicates that the entropy of Form Il is higher than that of Form Il. As a result, these two forms
are enantiotropically related as schematized in the Gibbs free enthalpy diagram reported in Figure 104.
It must be noted that this diagram is not to scale as, due to the close range of the different melting
temperatures, there might not be such a difference in Gibbs energy for the polymorphic forms.
Furthermore, Form | is monotropically related to Forms Il and Ill and appears to be the most stable solid

state at any temperature.
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Figure 104 - Phase diagram of riboflavin. The arrows indicate the trajectory of riboflavin during the milling and subsequent

heating of Form |.
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V.2 Dissolution performances

After a deep physical characterization of the different forms of riboflavin previously highlighted, an
evaluation of their dissolution performances in ultra-pure water was performed using different set ups.
This investigation was proposed in order to assess the advantage of the amorphous form or of the

metastable polymorphic forms compared to commercial riboflavin.

V.2.1 Determination of the solubility limit of riboflavin

First of all, in order to have a good understanding of the behavior of the different forms of riboflavin in
water, it was necessary to determine their solubility limit and to evaluate the time frame in which it was
reached. To that extend, sufficient sample quantities were required (about 150 mg) as for this
experiment, an excess of APl is required. Form | was used as received. The amorphous form was obtained
by milling of Form | for 32 hours in the high energy planetary mill. Samples of Forms Il and Il were
produced as follows: milling of Form | for 32 hours in the planetary mill, followed by heating in a DSC
(5°C/min) Tzero open pan (no lid) to 200 and 250 °C, respectively. This procedure was repeated several
times in order to produce the required quantity. The obtained samples were in a form of pellets, which

is why they were slightly hand milled and the obtained powders were then pooled.

The dissolution kinetics of these powders in ultra-pure water at 37 °C under non-sink conditions (excess
of solid riboflavin) are illustrated in Figure 105. Amorphous riboflavin clearly led to the highest
dissolution within the first four hours: up to around 1860 mg/L. But at later time points (after 24 h), this
concentration decreased to about 330 mg/L, and then leveled-off. In contrast, Form | was much less
soluble (around 90 mg/L) and reached its plateau concentration within the first few hours. Forms Il and
lll reached intermediate concentrations of dissolved riboflavin during the first four hours: about 450
mg/L. But the latter decreased again, reaching plateau values of approximately 350 and 300 mg/L,
respectively, after about 7 days. This lowest solubility observed for Form | is consistent with the highest

melting point observed by flash DSC (Figure 103).
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Figure 105 - Dissolution kinetics of the different forms of riboflavin in ultra-pure water at 37°C under agitation (80 rpm) and
super-saturation conditions: A large excess of non-dissolved riboflavin was provided throughout the experiments. a guide for
the eyes was added for each curve.

From the above results, it appears that the solubility of the different physical forms of Riboflavin can be
ranked as follows: amorphous form >> Forms Ill = Form Il > Form |. This ranking matches the Gibbs free
enthalpy diagram proposed in the previous section (Figure 104) but it also gives a precision on the close
energy levels of Forms Il and Il as their solubilities are very similar. In addition, for the amorphous form,
and also for Forms Il and Il to a lesser extent, a precipitation occurs between 4 and 24 hours, leading to
an effective decrease of the concentration of riboflavin in the solution. Interestingly, the final

concentration remains higher than the solubility of Form | which suggests that the precipitation occurs

toward a new crystalline form.
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To better understand which riboflavin form crystallizes during the dissolution measurements, the solids
obtained after 7 days were separated by filtration, dried (under vacuum, room temperature, overnight)

and analyzed by XRD and TGA.

Figure 106 shows the XRD pattern of the residue obtained after 7 days in water of amorphous riboflavin.
Interestingly, it differs from those of Forms I, Il and Il (see for instance the peak at 4.3 * marked with a
e), but seems to be similar to that of a dihydrate reported in the literature®®*. It must be noted that this
X-ray pattern corresponds to the residual solid obtained from the amorphous riboflavin but identical

diffractograms were observed for Forms Il and Ill (data not shown).
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Figure 106 — XRD patterns of riboflavin form | recorded at room temperature before and after several treatments. From top
to bottom: before milling (Form I, blue curve); after 32 hours of milling and subsequent heating to 200°C (Form lll, black curve),
after 32 hours of milling and subsequent heating to 240°C (Form Il, green curve) and after 32 hours of milling followed by 7
days spent in ultra-pure water heated to 37°C and stirred at 80rpom (brown curve) subsequently dried under vacuum at room
temperature.
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The TGA scan (5 °C/min) of the residue, which is reported in Figure 107, shows a mass loss close to 6%
between 20 and 80 °C, while a mass loss of 9.2 % would be expected for the dehydration of a dihydrate.

The difference may be attributed to a slight dehydration occurring during the vacuum drying prior to

TGA analysis.
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Figure 107 - TGA scan (5 °C/min) of the reprecipitated solid from the amorphous riboflavin during the dissolution study.

The evolution of the diffractogram of the recrystallized solid upon heating (5 °C/min) to 60 °C — i.e. in
the temperature range in which the water loss was observed — is reported in Figure 108. It shows the
progressive appearance and disappearance of some Bragg peaks, which ultimately leads to the X-ray
diffraction pattern characteristic of Form Il. All these results indicate that the amorphous riboflavin,
dissolved in water, recrystallized toward a dihydrate form, whose dehydration upon heating led to the
metastable anhydrous Form Il. The precipitation of the same dihydrate form upon dissolution of
amorphous riboflavin and Forms Il and Il can explain the similar plateau values observed at late time

points for these different forms.
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Figure 108 - XRD patterns of the solid which reprecipitated during the dissolution study of amorphous riboflavin in water. The
samples were heated at 5 °C/min followed by an isothermal of about 13 min (scan duration) at different temperatures (as
indicated).

V.2.2 Powder dissolution in sink and non-sink conditions

Compared to the solubility experiment presented in the previous section, Forms Il and Ill were prepared
differently. Indeed, as the heating in the DSC pan was very time consuming, a tubular oven was used
instead. More precisely, around 700mg of amorphous riboflavin (previously milled for 32 hours) was
spread and wrapped in aluminum foil which was placed inside the oven and heated to the required
temperature. Afterwards, the aluminum was recovered and the powder was gently milled using a pestle

as it tends to form aggregates upon heating, and the powder was collected.

Figure 109 illustrates the dissolution kinetics of the different forms of riboflavin in ultra-pure water in

sink conditions, i.e. for an amount of API at least 3 times below its solubility limit.

All the forms show a biphasic dissolution profile as they show a steep slope followed by a decrease in
the dissolution rate until reaching 100% of riboflavin dissolved after 24 hours of dissolution. However, if

the dissolution rates seem to be similar between the amorphous form and forms | and Ill, Form Il shows
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a significantly slower dissolution rate. Furthermore, during the first hour (highlighted on the insert in
Figure 109), significant gaps in the amount of riboflavin dissolved can be noticed between the different
forms, which seem to be ranking as follows: Form | > Amorphous form > Form Il >> Form II. Concerning
the metastable forms, this ranking once again matches the Gibbs free enthalpy diagram previously stated
(Figure 104). On the contrary, Form | shows an unexpected quicker dissolution which, in addition, does

not match the dissolution kinetics of the solubility experiment.
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Figure 109 - Dissolution kinetics over 24 hours of the different forms of riboflavin in a large volume of ultra-pure water (800mL)
heated at 37°C under stirring (100 rpom) and in sink conditions. The insert highlights the first hour of this same experiment.

As the particles size and shape can significantly influence the dissolution of the API, SEM pictures of the
different powders used for dissolution testing were taken and are depicted in Figure 110. Amorphous
riboflavin and Form | powders consisted of tiny particles. The amorphous particles formed aggregates
while those of Form | were needle-shaped. In contrast, the particles of Form Il and Form Il were much
larger, because they were prepared by manual milling (versus planetary milling). But at higher
magnification, also in these cases, tiny needle-shaped crystals could be observed. The particles of Form
| thus appears to be the smallest compared to the ones of the metastable forms, which explains the fact

that their dissolution is quicker.
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Figure 110 - SEM pictures of the different riboflavin powders used for dissolution measurements.




This indicates that, in the previous case of a super-saturated solution (Figure 105), the ratio of the small
needle-shaped crystals of either form Il or Ill was higher compared to the powder dissolution in sink
conditions that it hindered the effect of the particle size, whereas it was not sufficient in this dissolution

set up.

Figure 111 illustrates the dissolution kinetics of the different forms of riboflavin in ultra-pure water in
non-sink conditions. It must be noted that in this case, only the solubility limit of Form | was exceeded,
which explains why it only reached 43% as it approximately corresponds to this limit. In this dissolution
set up, only the amorphous form reached 100% of riboflavin dissolved after 24 hours of dissolution.
Regarding the amount of riboflavin dissolved during the first few minutes, the different forms can be
ranked as follows: Amorphous form > Form Ill > Form Il > Form |, which is consistent with the Gibbs free
enthalpy diagram. In comparison with the sink conditions, the small size of the particles of Form | was
not sufficiently impactful to allow it to surpass the dissolution rates of the polymorphic forms.
Interestingly, after 20 minutes, Form Il shows a drop in the amount of riboflavin dissolved which would
be characteristic of a recrystallization. This could be due to the fact that according to the Gibs free
enthalpy diagram, Form Il is the less stable polymorphic form. In addition, it seems to drop until it
reaches the curve of Form II, which could suggest that it could transform into Form Il during the
dissolution in non-sink conditions. Thus, it would mean that the recrystallization of the metastable forms
into the hydrate form of riboflavin, in the same time frame, must occur only in the case of a super-
saturated solution. Finally, in this dissolution set-up, the advantage of the amorphous form is clearly

demonstrated compared to the other crystalline forms.

182



100

100

90

80

Py 70 ]
g 0
8 e0 3
£ E
2 50 v
- =1
2 40 8
g E
30 3
N —&— Amorphous o
20 —&— Form | 20 -
—&— Form Il
—@&— Form Il
10 ———  Solubility limit Form | 104
0~ T T T T T T T T T T T 0 T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 10 20 30 40 50 60 70 80 90 100 110 120
Time (h) Time (min)

Figure 111 - Dissolution kinetics of the different forms of riboflavin in a large volume of ultra-pure water (800mL) heated at
37°C under stirring (100 rom) and in non-sink conditions. The figure on the left shows the 24 hours of experiment and the
figure on the right highlights the first two hours of this same experiment.

V.2.3 Intrinsic dissolution

In order to hinder the influence of the particle size and shape, the intrinsic dissolution set up was used

on all the forms of riboflavin.

First of all, the influence of the compaction on the physical state of the different forms was evaluated.
For this study, the compacts were prepared using the exact same protocol as for the intrinsic dissolution
(compaction at a 2t force). However, after the compaction step, instead of screwing the holder, the
metallic plate was unscrewed and the compact was taken out of the die by strongly pressing on the
punch. After this manipulation, the compact was found to be intact and was therefore analyzed using

XRD. Afterwards, pieces were cut in order to perform both the DSC and the TGA analysis.

Figure 112 and Figure 113 show the X-ray diffraction patterns before and after compaction of both
crystalline (Form 1) and milling-induced amorphous Rf and of its polymorphic forms (Il and Ill),
respectively. It is clear that after compaction of Form |, the Bragg peaks present on the X-ray pattern are
those characteristics of Form | before compaction. However, some differences in intensities or in peak
resolution can be noticed (e.g. around 18°, around 21° and around 25°), which are attributed to the
preferential orientation of the crystal particles during the compaction. The same observations can be

noticed for Forms Il and lll which show the Bragg peaks characteristic of their respective forms after
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compaction. Regarding the milling-induced amorphous form of Rf, no Bragg peaks are visible on the X-
ray diffraction pattern after compaction, which indicates that the material remained amorphous after
this process. Such a stability upon compression of the amorphous form could be surprising without any
stabilizing agent but it was already observed in the case of Chx and for other materials compacted for

intrinsic dissolution studies®3.
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Figure 112 - X-ray diffraction patterns recorded at room temperature of crystalline (Form 1) and amorphous (milled 32h) Rf
before and after compaction.
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Figure 113 - X-ray diffraction patterns recorded at room temperature of the polymorphic forms of Rf (Il and 1) before and
after compaction.

Figure 114 shows the DSC heating scans of milling-induced amorphous riboflavin before compaction,
after compaction and after compaction followed by hand-milling. As nothing in particular was observed
during the heating of the crystalline forms of Rf, only the data corresponding to the amorphous form is
showed in this section. After compaction, a Cp jump suggesting a glass transition is observed (Tg = 124°C)
and is significantly depressed compared to the one of the amorphous Rf before compaction (Tg = 144°C).
Furthermore, as the same 20°C depression is observed for the recrystallization exotherm, it strongly
corroborates the fact that the Cp jump observed is due to the glass transition. As mentioned in the case
of Chx, (Chapter lll, section I1.2.3), such a behavior could either be due to a lack of conductivity in the
compacted material due to the thickness of the sample or to an entrapment of free water absorbed

during the milling process which could not be evaporated in the case of the compacted material.

It can also be noticed that the recrystallization pattern is different compared to the non-compacted
milled material. Indeed, two exotherms are observed, suggesting a recrystallization in two steps, first of
the surface and secondly of the volume3°, which would indicate a lack of thermal conductivity in the
compact. However, despite heating up to a temperature higher than Tg but lower than the

recrystallization exotherm onset, the Tg of the compact remained 20°C depressed compared to the non-
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compacted milled material (data not showed). This observation strongly suggests that even if the Tg was
reached, the molecular mobility did not increase sufficiently to allow the compact to be in a liquid/glassy

state and thus to restore the conductivity.

Finally, the compact of amorphous Rf was hand-milled and heated using the DSC. The corresponding
scan represented in Figure 114 shows a Cp jump characteristic of a glass transition at Tg = 141°C which

is similar to the one of the non-compacted milled material.

Figure 115 shows the TGA scans (5°C/min) of the milling-induced amorphous Rf before and after
compaction and also after compaction followed by a hand-milling. In the milled material (non-
compacted), 4.2% of weight loss is observed up to 100°C, which is attributed to the departure of free
water caught by the sample during the milling. However, after compaction of this milled material, only
a weight loss of 0.3% is observed in the same range of temperatures. Meanwhile, after compaction
followed by hand-milling, a weight loss of 3.2% is observed in the same range of temperatures. These
results suggest that the water absorbed by the milled material is entrapped in the compact and thus

have difficulty to evaporate upon heating, which would explain the depressed Tg observed.
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Figure 114 - DSC heating scans (5°C/min) of amorphous (milled 32h) Rf before, after compaction and after compaction and
hand-milling.
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Figure 115 - TGA heating scans (5°C/min) of amorphous (milled 32h) Rf before, after compaction and after compaction and
hand-milling.

The dissolution profiles of all forms are illustrated in Figure 116, except for Form Ill which could not be
represented. Indeed, this form (all triplicates) did not hold into a compact as soon as it came in contact
with the dissolution media, which made the measurements inaccurate and thus impossible to determine
its dissolution rate. Indeed, as observed in the case of paracetamol'88, different polymorphic forms are
not all suitable for direct compression due to lower resistance to mechanical stress. It must also be noted
that in order to fulfill the intrinsic dissolution conditions, the results must appear as a linear curve which
usually results in an amount of compact dissolved not exceeding 10%. In this particular case, the

amorphous form was the limiting factor as it no more respected this condition after 3 hours of

dissolution.
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Figure 116 - Dissolution kinetics of the intrinsic dissolution of the different forms of riboflavin in ultra-pure water (400mL)
heated at 37°C under stirring (50 rpm).

Interestingly, as soon as the particle size and shape have no influence, Form | and Il show an almost
identical dissolution rate as it was evaluated to 1.1 + 0.07 mg/cm?/h and 1.6 + 0.03 mg/cm?/h,
respectively. In comparison, the amorphous form increased the dissolution rate of riboflavin of almost a
tenfold as it reaches 10.2 + 0.08 mg/cm?/h. It is thus clear that in this dissolution set up as well, the

amorphous form shows a significant advantage compared to the crystalline forms.
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Conclusion

In this chapter it was showed that amorphous riboflavin could be obtained for the first time by solid state
amorphization of the crystalline Form | using high energy ball milling. The glass transition temperature
(Tg = 144°C) and the Cp jump at Tg (ACp= 0.68 J/g/°C) could, hence, accurately and for the first time be
determined. Upon heating, amorphous riboflavin was found to show a rich pattern of physical
transformations, which enlightens the polymorphism of this vitamin. It shows in particular a
recrystallization toward Form Ill, followed by a polymorphic transformation toward Form Il occurring at
230°C (AH2 = 34.1 J/g). These two forms appear to be enantiotropically related and the relative stability

of the three polymorphs at room temperature appears to rank as the following: 1 > 11 > 1lI.

Regarding the dissolution kinetics, the first set up (super-saturated solution) revealed the following order
in the dissolution rates during the first 4 h: amorphous>Forms Ill = Form lI>Form |. After 4 h, a drop in
the amount of dissolved riboflavin occurred for the amorphous and metastable crystalline forms due to
a recrystallization toward a dihydrate. However, the plateau values were still above the solubility of Form
|, revealing definitely the faster dissolution of the metastable forms (ll, Il and amorphous) over the stable

crystalline Form |.

The dissolution kinetics in the sink conditions highlighted the influence of the particle size and shape as
it revealed another order in the dissolution rates over the first hour: Form | > Amorphous form > Form
Il >> Form Il. However, after 24 hours of dissolution, all the forms reached 100% of riboflavin dissolved.
Meanwhile, the dissolution in the non-sink conditions was not as affected by the particle size and shape
as similarly to the super-saturated solution experiment, the amorphous form showed a significant faster
dissolution and the dissolution rates ranked as follows: Amorphous form > Form Ill > Form Il > Form |I.

This order showed a complete adequation with the Gibbs free enthalpy diagram designed.

Finally, the intrinsic dissolution method allowed to confirm the fastest dissolution of the amorphous
form compared to the crystalline forms. However, no distinction in the dissolution rate could be made
between forms | and Il. In addition, it allowed to gain knowledge on the ability of the different forms to
hold in the form of a compact during the dissolution experiment. Between all the forms, only form lll,

the least stable polymorph, disintegrated as soon as it came in contact with the dissolution medium.
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CHAPTER VI —
CO- AMORPHIZATION OF
RIBOFLAVIN UPON MILLING

191



As demonstrated in the last chapter, milling-induced amorphous Rf is highly prone to recrystallization
upon heating. As amorphous are usually not formulated as such, polymers were added in order to

stabilize the amorphous form and to enhance even greatly the dissolution performances of Rf.

To that extend, the same polymers as presented in Chapter IV, were selected for this purpose, i.e PVPK12
and Lycoat RS 720. In this particular case, due to the high glass transition temperature of Rf (Tg = 144°C),

PVPK12 will have a plasticizing effect on the APl whereas the Lycoat will keep its anti-plasticizing role.

The objective of this chapter is first to investigate on the potential co-amorphization of Rf free base with
these polymers and then to perform a detailed physical characterization of the different molecular alloys

for various fractions of Rf in the mixture.

Secondly, for specific Rf/polymer mixtures the dissolution kinetics are determined in order to evaluate
the influence of the physical state of the API in drug/polymer mixtures and to assess the advantage of

the co-milled mixture compared to a physical mixture containing either amorphous or crystalline Rf.

Finally, a comparison between the two polymers is also performed in order to determine the most

suitable one to enhance the dissolution performances of this API.
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V1.1 Physical characterization of riboflavin-polymer mixtures

The objective of this section is first to investigate on the potential co-amorphization of riboflavin with
two different polymers including PVPK12 (plasticizer) and Lycoat RS 720 (anti-plasticizer) and then to
perform a detailed physical characterization of the various molecular alloys obtained to have a clear

understanding of the behavior of riboflavin in such a mixture.

VIL1.1 Co-amorphization with a plasticizing polymer, the case of PVPK12

This section tests the possibility to produce amorphous molecular alloys of Rf and PVPK12, which appears
here to act as a plasticizing excipient since its glass transition temperature is lower than the one of Rf.
First of all, the suitable milling protocol was determined in order to perform the co-amorphization of
riboflavin and PVPK12 for different fractions of riboflavin in the mixture. Then, the evolution of the Tg of
the molecular alloy with the composition was evaluated and the solubility of riboflavin in the polymer

was determined.

(1) Milling time required for complete co-amorphization

Figure 117a shows the X-ray diffraction patterns of physical mixtures of riboflavin and PVP K12 (50:50,
w/w) recorded after several co-milling times including 0, 3, 10 and 12 hours. For comparison, the X-ray
patterns of pure PVP and of pure amorphous riboflavin (obtained by milling Form | during 12 hours) are
also shown. Before milling, the diffractogram of the physical mixture shows Bragg peaks related to the
crystalline Form | of riboflavin, which superimpose to a small halo of diffusion due both to the amorphous
PVP and to the Lindemann’s capillary. Upon milling the Bragg peaks progressively vanish until complete
disappearance after 12 hours of milling. This indicates that riboflavin has been totally amorphized by the

milling process.
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Figure 117 - a) XRD patterns, and b) DSC scans (5°C/min) of pure PVP K12 (black), of pure Rf milled for 12 hours (red) and of a
Rf/PVP mixture (50:50) (w/w) recorded after several milling times (Oh, green; 3h, purple; 10h, brown and 12h, blue). The
arrows indicate the position of the Tg on each curve.

Figure 117b shows the corresponding DSC heating scans (5°C/min). Before milling, the scan of the
physical mixture only shows the glass transition of pure PVP (Tg = 103.4°C). For increasing milling times,
a single Cp jump is observed, with a position which shifted towards the higher temperatures. This reveals
a progressive and homogeneous co-amorphization of the drug and the polymer and confirms the
expected plasticizing effect of PVP whose glass transition temperature is much lower than that of Rf. It
can be noticed that the Tg value obtained after 3, 10 and 12 hours of co-milling are very close (around
129°C) indicating that most of the co-amorphization process occurs during the first 3 hours of the 12
hours milling process. However, it can be noticed the exotherm of recrystallization, in the case of the
mixture co-milled 3h, seems to occur at a slightly lower temperature compared to both mixtures co-
milled during either 10 or 12h. This observation indicates that the molecular mobility in the mixture co-
milled 3h is higher at a given temperature compared to the mixtures co-milled 10 or 12h. However, it
seems more difficult to point out differences between the mixture co-milled 10h and the one co-milled

12h using the DSC, even though the XRD clearly revealed a complete co-amorphization only for the
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mixture co-milled 12h. These results are a clear example of the need to combine these complementary

techniques, as already reported in the literature!®.

It must also be noted that the fully co-amorphized sample obtained after 12 hours of milling shows a
strong recrystallization above Tg. The enthalpy of recrystallization (AH = 32.2 J/g), when compared to
that of pure amorphous riboflavin (AH = 58.2 J/g — cf section V.1.2), corresponds to approximately 55%
of recrystallized Rf. As the mixture contained 50% of Rf, this means that all of the Rf in the mixture
recrystallized. It can thus be deduced that the co-milled material is highly supersaturated and already

suggests that the solubility of riboflavin in the PVP is quite weak.

(2) Evolution of the Tg for various compositions of the Rf/PVP mixture

The co-milling of riboflavin and PVPK12 was performed for different compositions of the mixture. Figure
118 shows the X-Ray diffraction patterns of Rf/PVP mixtures of several compositions recorded after 12
hours of co-milling. For comparison, the X-ray patterns of pure PVP and of pure amorphous riboflavin
(obtained by milling Form | during 12 hours) are also shown. It appears that for all the mixtures
containing 50% of riboflavin or more, no Bragg peaks could be detected, indicating a complete
amorphization of riboflavin during the 12 hours milling. However, it can be noticed that for 10%, 20%
and 40% of riboflavin in the mixture, very small Bragg peaks are still visible on the diffractogram (e.g. at
30°). This indicates that after the co-milling applied, very small crystallites of riboflavin remained in the
mixture and that 12 hours of milling is thus not sufficient to amorphize completely mixtures containing
less than 40% of Rf. Such a behavior could be explained by the fact that for small fractions of riboflavin
in the mixture, the drug is imbedded into the polymer. As a result, the PVP endures most of the impacts
induced by the milling balls and absorbs shocks on the remaining crystallites, thus slowing down the

amorphization kinetics of riboflavin.
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Figure 118 - X-Ray diffraction patterns of Rf/PVP mixtures of different compositions, milled for 12 hours. The compositions

(Rf/PVP, w/w) are reported on the right-hand side of each curve. Pure PVPK12 (black) and pure amorphous Rf (obtained by

12h milling, red) are also reported for comparison. The vertical dashed line marks the position of the most intense Bragg peak
of crystalline Rf.

The DSC scans corresponding to the mixtures containing 50% or more of riboflavin co-milled during 12
hours are reported in Figure 119. For comparison, the scans of pure PVP and of pure amorphous
riboflavin (12 hours of milling) are also shown. It can be noticed that in each case, a single Tg is observed
indicating that a homogenous co-amorphous mixture has been obtained. We can also notice that the Cp
jump at Tg is preceded by slight and broad exotherm which indicates that milling has produced glasses
of very high enthalpic level’®, Furthermore, with increasing the riboflavin fraction, the position of this
Tg shifts towards the higher temperatures which reconfirms the anti-plasticizing effect of riboflavin in
the drug/polymer mixture. It must be noticed that for each composition of the mixture, an exotherm of
recrystallization can be observed after the Tg. This indicates that despite the co-amorphization with PVP,
and thus having amorphous Rf molecularly dispersed in the polymer matrix, the amorphous riboflavin is

still not stable upon heating. Moreover, with increasing the PVP fraction, the Tg of the co-milled mixture
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decreases which allows an increase in the molecular mobility and thus diminishes the physical stability.
However, it can be noticed that Tgs of the co-milled mixtures remain relatively high (> 120°C) which

suggests that Rf could remain kinetically stable in the amorphous state.
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Figure 119 — DSC scans (5°C/min) mixtures of Rf/PVP mixtures of different compositions, milled for 12 hours. The compositions
(Rf/PVP, w/w) are reported on the left-hand side of each curve. Pure PVPK12 (black) and pure amorphous Rf (obtained by 12h
milling, red) are also reported for comparison.

The evolution of the Tg of the alloy (obtained from Figure 119) with the composition is reported in Figure
120. The solid line represents the best fit of the classical Gordon-Taylor law!!” (Equation 15, Chapter |,
section 1.4.1) to the experimental data (represented in black dots) and a rather good agreement was
obtained. The coefficient K which defines the curvature of the evolution, was determined and the value
obtained was K = 0.54. The red dashed line corresponds to the theoretical curve of an ideal Rf/PVP
mixture for which K is given by the ratio of the amplitudes of the Cp jumps at Tg of the two pure

compounds!!’: (Equation 16, Chapter I, section 1.4.1):

ACppyp (0.36 J/g/°C)
K= = 0.58
ACp rf(0.62 ]/9/°C)
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This fit appears to be very close to the experimental data obtained. This suggests that the interactions

between the riboflavin molecules and PVP are minimal or even inexistent in the amorphous alloy.
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Figure 120 - Black dots represent the evolution of the Tg of the co-milled (Rf)x(PVPK12)1x binary mixtures against the Rf fraction
x (right axis). The black solid line represents the best fit of the Gordon Taylor equation to the experimental data and the dashed
red curve represents the theoretical fit of the Gordon Taylor equation for an ideal mixture. It must be noted that an estimated
error on the Tg of 2°C has been added in order to consider both the eventual Tg measurement error induced by the exotherm
observed before the Cp jump and the eventual approximation on the composition of the mixture. The blue dots indicate the
experimentally measured solubility of Rf in PVPK12 at different temperatures (right y-axis).

(3) Determination of the solubility of riboflavin in PVPK12

To experimentally determine the solubility of Rf in PVP at different temperatures, a specific thermal
treatment was applied on a physical mixture of Rf and PVP as shown in Figure 121. The Rf/PVP mixture
(e.g. 80:20, w/w) was repeatedly scanned (5 °C/min) by DSC. For each heating, the final temperature was
increased by 10 °C compared to the previous one and a 20min annealing was performed to allow the
dissolution of Rf into PVP in order to reach equilibrium solubility at this temperature. After each
annealing, the sample was cooled down to 20 °C as fast as possible to avoid any recrystallization of the

fraction of Rf dissolved in PVP during the previous annealing.

198



200 fr--mmmmmeem e 0 0@

O 190
o
[J] 20 min
| .
5 180 | © »
$

5 & E
S | ¥2
5
'_

20 Vo

\ 4

time (min)

Figure 121 - Scheme of the thermal treatment used to determine the solubility curve of riboflavin in PVP.

This experiment was conducted for three different compositions of the physical mixture (e.g. 60:40,
70:30 and 80:20, w/w) to assess the reproducibility. Figure 122 shows the DSC scans recorded after the
annealing performed at different temperatures ranging from 180 °C to 240 °C for the sample 80:20
(w/w). All thermograms show a Cp jump corresponding to the glass transition of the molecular dispersion
(“glass solution”). This Cp jump shifts towards higher temperatures for increasing annealing
temperatures which reveals an increasing dissolution of Rf into the PVP matrix. It has been checked that
longer annealing stages do not lead to higher glass transition temperatures which proves that the 20
mins annealing performed at each temperature is long enough to reach the equilibrium solubility at this

temperature.

By measuring the Tg, and using the Gordon-Taylor fit showed in Figure 120 as a calibration curve, the
solubility of riboflavin in PVPK12 at each annealing temperature could be determined. These solubility
points are also reported in Figure 120 (blue curve and blue y-axis). According to these results, the
solubility of the riboflavin in PVPK12 appears to be very poor as it barely reaches 13% at 180°C, which
indicates that it is even more extremely poor at room temperature. Therefore, the co-amorphous
mixtures studied are unstable as they are highly super-saturated. However, as previously mentioned,

these mixtures exhibit high glass transition temperatures which should lead to a kinetic stability.
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Figure 122 - heating DSC scans (5°C/min) of a physical mixture of riboflavin and PVKK12 80:20 (w/w) recorded after successive
20 min. annealing at increasing temperatures as sketched in figure 121. The annealing temperatures are reported on the right-

hand side of the figure.

VI.1.2 Co-amorphization with an anti-plasticizing polymer, the case of

Lycoat RS 720

This section tests the possibility to produce amorphous molecular alloys of Rf and Lycoat RS720 which

appears here to act as an anti-plasticizing excipient. The same milling time as used for Rf/PVPK12

mixtures was applied. Then, the evolution of the Tg of the molecular alloy was evaluated and the Tg of

the polymer was determined. Finally, a focus was performed on 3 different mixtures in order to

investigate on the behavior of riboflavin in such the mixture.
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(1) Co-amorphization of Rf/Lycoat mixtures

As it was demonstrated in the previous section that 12 hours of milling were sufficient to obtain a
homogenous co-amorphous mixture of riboflavin and PVPK12, the same milling time was applied for the
different mixtures containing riboflavin and Lycoat. Figure 123 shows the X-Ray diffraction patterns of
Rf/Lycoat mixtures of several compositions recorded after 12 hours of co-milling. For comparison, the X-
ray patterns of pure Lycoat (non-milled) and of pure amorphous riboflavin (12 hours of milling) are also
shown. It can be noticed that for each composition of the mixture (from 20% of riboflavin to 80%), no
Bragg peaks can be detected on the X-ray diffraction patterns which indicates the complete
amorphization of riboflavin in each mixture. This situation contrasts with the case of PVP, for which the
co-amorphization was not total for Rf concentration smaller than 50%. It thus appears, that the

coamorphization of Rf is easier with lycoat than with PVP.

XRD

Intensity (a.u)

10 20 30 40 50 60
26 (%)

Figure 123 - X-Ray diffraction patterns for different compositions of the Rf/Lycoat co-milled (12 hours) mixtures. The
compositions (w/w) are reported on the right-hand side of each curve. Pure Lycoat (black) and pure milling-induced (12h)
amorphous Rf (red) are also reported for comparison.
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Figure 124 shows the DSC scans corresponding to the co-milled (12h) mixtures for Rf concentrations
ranging from 20 to 80 %. For comparison, the scans of pure Lycoat (non-milled) and of pure milling-
induced (12h) amorphous riboflavin are also shown. It can be noticed that in each case, a single Tg is
observed indicating that a homogenous co-amorphous mixture has been produced. Nevertheless, as the
Tg of the Lycoat cannot be observed due to its value above 250°C (cf Chapter IV, section IV.1.1, Figure
56), it cannot be not excluded that a second Tg could be present. Furthermore, for decreasing riboflavin
fractions, the position of this Tg shifts towards the higher temperatures which confirms the anti-
plasticizing effect of Lycoat in the drug/polymer mixture. For each composition of the mixture, an
exotherm of recrystallization can be observed above Tg. Indeed, for example, the mixture Rf/Lycoat
(70/30, w/w) exhibits an enthalpy of recrystallization (AH = 42.3 J/g) which, when compared to the one
of pure amorphous Rf (AH = 58.2 J/g — cf section V.1.2), corresponds to approximately 73% of
recrystallized Rf. As the mixture contained 70% of Rf, this means that all of the Rf in the mixture
recrystallized. It can thus be deduced that the co-milled material is highly supersaturated and already
suggests that the solubility of riboflavin in the Lycoat is quite weak. It must be noticed that the
recrystallization is not clearly observed for 30% and 20% of riboflavin in the mixture as the maximum

temperature reached during the heating was not high enough.
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Figure 124 - DSC scans (5°C/min), Total Heat Flow, of Rf/Lycoat mixtures of different compositions co-milled for 12 hours. The
compositions (w/w) are reported on the left-hand side of each curve. Pure Lycoat (black) and pure milling-induced (12h)
amorphous Rf (red) are also reported for comparison.
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(2) Evolution of the Tg for various compositions of the Rf/Lycoat

mixtures and estimation of the Tg of the Lycoat

The aim of this section is to obtain an estimation of the Tg of the Lycoat by using the Gordon-Taylor
equation. To that extend, a single fit involving the two sets of experimental data (Rf/Lycoat alloy and
Chx/Lycoat alloy) was performed. Indeed, a single fit allows a better approximation of the Tg compared

to two performed on each set of experimental data.

First the Tgs of the co-milled Rf/Lycoat mixture were determined for various compositions. This
determination was performed using the reversing heat flow signal as illustrated in Figure 125. Indeed,
for more accuracy, as the data will be combined with the set of data obtained for the Chx/Lycoat

mixtures (cf Chapter IV, section IV.1.3), the same signal had to be used.

DSC 5°C/min

=
&
=
kel
(1
©
(]
s
>
(]
o
1

exo
v

1 T Ll L]
100 120 140 160 180 200

Temperature (°C)

Figure 125 - DSC scans (5°C/min), reversing Heat Flow, of Rf/Lycoat mixtures of different compositions co-milled for 12 hours.
The compositions (w/w) are reported on the left-hand side of each curve.
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The evolution of the Tg of the alloy (obtained from Figure 125) with the composition is reported in Figure
126 along with the revolution of the Tg of the Chx/Lycoat alloy (obtained from Figure 66 in Chapter IV,
section IV.1.3). As explained in Chapter IV, the Tg the Lycoat cannot be observed upon heating using the
DSC as it is located above its degradation temperature. Moreover, as the amplitude of the Cp jump at Tg
cannot be measured, it was impossible to obtain the theoretical Gordon Taylor curve for the Rf/Lycoat.

It was thus, impossible to evaluate the presence of interactions between the two components.

The single fit to the combination of the two sets of data allowed an estimation of the Tg of the Lycoat at
301.9 £ 69.9 °C. According to the standard deviation obtained, the value estimated by the provider (Tg =

245°C) is within the range of values that were obtained using this fit.

350

300 -

250 -

200 -

Rf

Tg (°C)

150 A

100 -
Chx

50 A

0 T T T T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

XAPI

Figure 126 - Evolution of the Tg of the co-milled (APl)x(Lycoat)ix binary mixtures against the API fraction x (Rf — blue dots and
Chx — brown dots). It must be noted that an estimated error on the Tg of 1°C has been added in order to consider the eventual
approximation on the composition of the mixture. The black solid lines represent the best fit of the Gordon Taylor equation to
the two sets of experimental data.
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V1.2 Dissolution performances of riboflavin-polymer mixtures

After a deep physical characterization of the riboflavin/polymer alloys previously highlighted, an
evaluation of their dissolution performances in ultra-pure water was performed using different set ups.
This investigation was proposed in order to evaluate the influence of the physical state of the APl in such
mixtures and to assess the advantage of the co-milled mixture compared to a physical mixture containing
either amorphous riboflavin or crystalline riboflavin. A comparison between the two polymers was also
performed in order to determine the most suitable one to enhance the dissolution performances of this

API.

VI.2.1 Influence of the addition of PVPK12 on the dissolution performances
of riboflavin

After a succinct presentation of the different Rf/PVP mixtures chosen for this study, the dissolution
performances of Rf were evaluated using different experimental set-ups including the powder

dissolution in sink and in non-sink conditions and the intrinsic dissolution.

(1) Presentation of the mixtures chosen for the dissolution

In order to both evaluate the influence of the physical state of the APl in drug/polymer mixtures and to
assess the advantage of the co-milled mixture in terms of dissolution performances, three different

Rf/PVP (70:30, w/w) mixtures were chosen:

- A physical mixture (PM) of crystalline Rf Form | and PVP named Rf I/PVP PM

- A physical mixture of amorphous Rf (obtained by milling Form | for 32 hours) and PVP named
RfM32h/PVP PM

- A co-amorphous mixture of Rf and PVP obtained by co-milling Form | and PVP during 12 hours,

named Rf I/PVP CM12h.
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Figure 127 shows the DSC scans (5°C/min) of these 3 mixtures along with the ones of pure milling-
induced amorphous Rf and of pure PVPK12 for comparison. Please note that as the X-ray diffractograms
did not show anything particular or unexpected, the corresponding data are not shown in this

manuscript.

As expected, the thermogram of the physical mixture of crystalline Rf and PVP shows only one small Cp
jump at the Tg corresponding to pure PVP. Regarding the physical mixture of milling-induced amorphous
Rf and PVP, as expected, both the Tgs of pure amorphous Rf and of PVP are observed whereas the co-
milled mixture exhibits a single Tg. Furthermore, it can be noticed that the further heating of this mixture
shows the same events as observed in the thermogram of pure milling-induced amorphous Rf. On the
contrary, as highlighted previously, the co-milled mixture exhibits only one exotherm of recrystallization
followed by a shouldering, which corresponds to the pattern observed for Rf milled 6h (Chapter V,
section V.1.3, Figure 101). Furthermore, as the second endotherm attributed to the polymorphic
transformation is not observed, it can be assumed that the shouldering observed for the co-milled

mixture corresponds to this polymorphic transformation.
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Figure 127 - DSC scans 5°C/min (total heat flow) of pure PVP K12 (black), of pure amorphous Rf (obtained by milling the crystal
for 32h, red curve) and of a the 3 different Rf/PVP mixture (70:30) (w/w); crystalline Rf and PVP physically mixed (dark blue),

amorphous Rf (obtained by milling the crystal for 32 hours) and PVP physically mixed (brown) and co-amorphous mixture of
Rf and PVP obtained by co-milling for 12 hours crystalline Rf and amorphous PVP (purple).
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(2) Powder dissolution in sink and non-sink conditions

Figure 128 illustrates the dissolution kinetics of the different riboflavin/PVP mixtures in ultra-pure water

in sink conditions, i.e. for an amount of API at least 3 times below its solubility limit.

All the mixtures show a biphasic dissolution profile as they present a steep slope and then level-off until
reaching approximately 100% of riboflavin dissolved after 24 hours of experiment. It can be noticed that
considering the standard deviation values, even if the physical mixture containing amorphous riboflavin
seem to show a slower dissolution for the first 2 hours, the difference with the two other mixtures is not

significant.
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Figure 128 - Dissolution kinetics over 24 hours of the different riboflavin/PVP mixtures in a large volume of ultra-pure water
(800mL) heated at 37°C under stirring (100 rpm) and in sink conditions.
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Figure 129 shows the corresponding dissolution kinetics in ultra-pure water in non-sink conditions. It
must be noted that in this case, only the solubility limit of Form | was exceeded which explains why the
Rf I/PVP physical mixture only reached about 45% of release as it approximately corresponds to this limit.
Regarding the two mixtures containing amorphous riboflavin, no significant difference can be observed
and the two of them reached 100% after approximately 3 hours of dissolution. This seems to indicate

that there is no clear advantage for using the co-milled mixture.
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Figure 129 - Dissolution kinetics over 24 hours of the different riboflavin/PVP mixtures in a large volume of ultra-pure water
(800mL) heated at 37°C under stirring (100 rom) and in non-sink conditions.

(3) Intrinsic dissolution

First of all, as the physical integrity of the physical state of Rf upon compression of the pure APl was
demonstrated in the previous chapter, no physical characterization was performed on the compacts

produced with the different Rf/PVP mixtures.

Figure 130 represents the intrinsic dissolution profiles of the three different riboflavin/PVP mixtures. It
must be noted that after two hours of dissolution the curves of the mixtures containing amorphous

riboflavin were no longer linear which made then inaccurate the determination of the intrinsic

208



dissolution rate. As expected, as similarly observed for the API, the mixture containing crystalline
riboflavin shows the slowest dissolution rate i.e. 1.0 + 0.07 mg/cm?/h. However, the mixtures containing
amorphous riboflavin show a significant advantage as the dissolution rate was almost 10 times higher.
Moreover, these results highlight a slight advantage for having the amorphous riboflavin molecularly
dispersed in the polymer as the co-milled mixture showed a dissolution rate of 8.6 + 0.14 mg/cm?/h

compared to 7.5 £ 0.13 mg/cm?/h for the physical mixture.
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Figure 130 - Dissolution kinetics of the intrinsic dissolution of the riboflavin/PVP mixtures in ultra-pure water (400mL) heated
at 37°C under stirring (50 rpm).
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VI.2.2 Influence of the addition of Lycoat RS 720 on the dissolution

performances of riboflavin

After a succinct presentation of the different Rf/Lycoat mixtures chosen for this study, the dissolution

performances of Rf were evaluated using intrinsic dissolution.

(1) Presentation of the mixtures chosen for the dissolution

In order to both evaluate the influence of the physical state of the APl in drug/polymer mixtures and to
assess the advantage of the co-milled mixture in terms of dissolution performances, three different

Rf/Lycoat (70:30, w/w) mixtures were chosen:

- A physical mixture (PM) of crystalline Rf Form | and Lycoat named Rf I/Lyc PM

- A physical mixture of amorphous Rf (obtained by milling Form | for 32 hours) and Lycoat named
RfM32h/Lyc PM

- A co-amorphous mixture of Rf and PVP obtained by co-milling Form | and Lycoat during 12 hours,

named Rf I/Lyc CM12h

Figure 131 shows the DSC scans (5°C/min) of these 3 mixtures along with the ones of pure milling-
induced amorphous Rf and of pure Lycoat for comparison. Please note that as the X-ray diffractograms
did not show anything particular or unexpected, the corresponding data are not shown in this

manuscript.

It can be noticed that the physical mixture containing amorphous riboflavin and Lycoat exhibits the same
recrystallization pattern as pure amorphous riboflavin (milled 12 or 32h, Chapter V, section V.1.3, Figure
101), whereas the co-milled mixture shows only one exotherm of recrystallization. Regarding the Tg
positions, the physical mixture containing crystalline riboflavin does not show any sign of Tg as the one
of Lycoat cannot be observed and for the same reason, the physical mixture containing amorphous
riboflavin shows only the Tg of pure amorphous Rf. Finally, the co-milled mixture of Rf and Lycoat shows

a single Tg, slightly superior compared to one of pure amorphous riboflavin.
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Figure 131 — DSC scans (5°C/min), Total Heat flow, of pure Lycoat (black), of pure crystalline Rf (blue) and of a the 3 different
Rf/Lycoat mixture (70:30) (w/w); crystalline Rf and Lycoat physically mixed (dark blue), amorphous Rf (milled 32h) and Lycoat
physically mixed (brown) and co-amorphous mixture of Rf and Lycoat co-milled 12 hours (purple).

(2) Intrinsic dissolution

As the powder dissolution of the Rf/PVP mixtures showed no clear difference for between the two
mixtures containing amorphous riboflavin, only the intrinsic dissolution was performed for the Rf/Lycoat

mixtures.

First of all, as the physical integrity of the physical state of Rf upon compression of the pure API was
demonstrated in the previous chapter, no physical characterization was performed on the compacts

produced with the different Rf/Lycoat mixtures.

It must be noticed that just as previously explained with the PVP case, the dissolution rate was calculated
for the first 2 hours of dissolution due to the slope change afterwards for the mixtures containing

amorphous riboflavin.
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Figure 132 illustrates the dissolution profiles of the three Rf/Lycoat mixtures. As observed for the PVP
case, the physical mixture containing crystalline Rf and Lycoat shows the slowest dissolution ratei.e. 1.6
+0.09 mg/cm?/h. As expected, the mixtures containing amorphous riboflavin show a great advantage as

the dissolution rates were significantly enhanced.

Interestingly, in this case, the co-milled mixture shows a more noticeable benefit compared to the
physical mixture containing amorphous Rf. Indeed, the dissolution rate of the co-milled mixture was

evaluated to 12.5 + 0.49 mg/cm?/h whereas it was 8.4 £ 0.17 mg/cm?/h for the physical mixture.
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Figure 132 - Dissolution kinetics of the intrinsic dissolution of the riboflavin/Lycoat mixtures in ultra-pure water (400mL) heated
at 37°C under stirring (50 rpm).
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VI.2.3 Comparison between PVPK12 and Lycoat RS 720

As the influence of the physical state of riboflavin were investigated for three different mixtures
containing either PVPK12 or Lycoat RS 720, it was also important to compare the polymers together in
order to determine which polymer was the most suitable for this API. To that extend, a comparison was
made with the pure amorphous Rf on one hand and with the pure crystalline Rf on the other hand to
evaluate whether the polymer addition had a positive or a negative influence on the dissolution rate of

the API.

Regarding the influence of the addition of the polymer on the dissolution rate of crystalline Rf, Figure
133 shows the intrinsic dissolution kinetics of the physical mixtures containing crystalline Rf compared
to the pure crystal. It can be noticed that in both cases, the addition of the polymer presents a slight
benefit in terms of amount of API dissolved. However, regarding the dissolution rates, no significant
difference can be highlighted between the physical mixtures containing either Lycoat or PVP and the
pure crystalline Rf as they were evaluated to 1.6 + 0.09 mg/cm?/h, 1.0 + 0.07 mg/cm?/h and to 1.1 £ 0.07

mg/cm?/h respectively.
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Figure 133 - Dissolution kinetics of the intrinsic dissolution of the riboflavin (crystalline)/polymer physical mixtures and of pure
crystalline riboflavin in ultra-pure water (400mL) heated at 37°C under stirring (50 rpm).
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Figure 134 shows the comparison in the intrinsic dissolution kinetics between the physical mixtures
containing amorphous Rf (milled 32h) and the pure amorphous Rf (milled 32h). For both PVPK12 and
Lycoat RS 720, the addition of the polymer seems to slightly decrease the dissolution rate of the API.
Indeed, it was evaluated to 7.5 + 0.13 mg/cm?/h and to 8.4 + 0.17 mg/cm?/h for the mixture containing

PVPK12 and Lycoat RS 720 respectively and to 10.2 + 0.08 mg/cm?/h for pure amorphous Rf.

o
£ 25
o
g’ ® Amorphous (Rf milled 32h)
e ® RfM32h/Lycoat PM
T o]| ® RfM320/PVPPM 1
S ®
© .
o
o [ ]
g 15 & %
o b 4
o
2 :
% 3
5 10 A -
5 [}
2 [] )
5 -

.g = »
5 s
E ol
8 0 T T T T T

0 20 40 60 80 100 120

Time (min)

Figure 134 - Dissolution kinetics of the intrinsic dissolution of the riboflavin (amorphous, milled 32h)/polymer physical mixtures
and of pure amorphous riboflavin (milled 32h) in ultra-pure water (400mL) heated at 37°C under stirring (50 rpm).

However, for the co-milled mixtures, illustrated in Figure 135, the conclusions are slightly different.
Indeed, if the addition of PVPK12 still seems to slow down the dissolution of the API, the addition of
Lycoat RS 720 shows a similar curve compared to the pure amorphous Rf with a slight improvement after
1h of dissolution. In terms of dissolution rates, a decrease is observed for the co-milled mixture
containing PVPK12 whereas an increase is observed for the one containing Lycoat RS 720 compared to
the pure amorphous API as they were evaluated to 8.6 + 0.14 mg/cm?/h, to 12.5 + 0.49 mg/cm?/h and
to 10.2 + 0.08 mg/cm?/h respectively.
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Figure 135 - Dissolution kinetics of the intrinsic dissolution of the riboflavin/polymer co-milled (12 hours) mixtures and of pure
amorphous riboflavin (milled 12 hours) in ultra-pure water (400mL) heated at 37°C under stirring (50 rpm).
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Conclusion

In this chapter, it was showed that is was possible to successfully obtain co-amorphous molecular alloys
of Rf/polymer with either PVPK12 and Lycoat RS 720 for different compositions of the mixture using
high-energy ball milling. If the addition of PVP induced a plasticizing effect compared to Lycoat which
presented the opposite effect. Neither of the polymer could prevent the recrystallization of amorphous

Rf upon heating.

Besides, the evaluation of the Tg for both the Rf/PVP and the Rf/Lycoat alloys was evaluated and, in both
cases, it fitted the Gordon-Taylor equation. In the case of PVPK12, this curve was found to show a rather
good similarity with the theoretical curve indicating that there were probably very few chemical
interactions between the APl and the polymer. Furthermore, in the case of Lycoat, for which the Tg could
not be determined using the DSC, a fit combining the experimental data obtained with Chx and with Rf
allowed an estimation of the Tg of the polymer which was approximately 301°C. The solubility of the Rf
in the PVPK12 was also determined and was found to be very poor (approximately 13% at 180°C)

indicating that the molecular alloys produced can only exist in supersaturation conditions.

Finally, in order to evaluate the influence of the physical state of riboflavin when a polymer addition is
performed, for both polymers, three different mixtures were physically characterized and their
dissolution performances were evaluated. For both polymers, the physical mixture containing crystalline
Rf showed the slowest dissolution rate and the co-milled mixture presented a slight advantage compared

to the physical mixture containing amorphous Rf.

However, the results showed that, considering crystalline Rf, the addition of PVPK12 seemed to decrease
the amount of API dissolved even though similar dissolution rates were observed. Regarding the
comparison with pure amorphous Rf, PVPK12 seemed to slow down the dissolution of the amorphous
APl in both the physical and the co-milled mixtures. In the case of Lycoat, even though it seemed to slow
down the dissolution of the amorphous API in the case of the physical mixture, the co-milled mixture

presented a slight advantage as it showed an increase in the dissolution rate.
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In conclusion, Lycoat RS 720 seems to be the most suitable polymer for the production of Rf ASDs using
co-milling as it both allows an increase of the Tg and thus, of the physical stability during storage, and an

improvement in the dissolution rate compared to pure amorphous Rf.
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General conclusion and perspectives

The main objective of this thesis project was to produce amorphous solid dispersions (ASDs) of poorly-
soluble drugs and to compare the solubility, as well as the physical stability, of the APIs thus formulated
with those of the pure APIs in different forms, i.e crystalline, metastable polymorphs and amorphous

form.

For this work, two model drugs are chosen including chlorhexidine free base (Chx) and riboflavin free
base (Rf). Indeed, as those drugs are very-poorly soluble and crystalline, the aim was to enhance their
solubility by producing formulations in the amorphous state. However, before preparing an optimized
formulation, it is of the most importance to have a good understanding of the physical characteristics of
the drug and of the influence of the amorphization process on the latter. Then, the aim was to evaluate
the dissolution performances of the drug in both its crystalline and amorphous state for different

experimental set-ups.

The next step consisted in stabilizing the drug in its amorphous state in a formulation. To that extend,
the drug was molecularly dispersed in a polymer matrix by co-milling of a physical mixture of the
crystalline drug and the polymer. Therefore, two polymers were chosen including polyvinylpyrrolidone
(PVP) as it is widely used in the production of ASDs and Lycoat RS$720, a starch-based polymer graciously

offered by our industrial partner, Roquette.

Furthermore, in order to assess the advantage of having an amorphous drug molecularly dispersed in

the polymer in terms of drug release, three different mixtures were tested for each polymer including:

- A physical mixture of crystalline drug and polymer
- A physical mixture of milling-induced amorphous drug and polymer

- A co-amorphous mixture of drug and polymer obtained by co-milling.

It was demonstrated that these specific drugs are both prone to thermal degradation and practically
insoluble in most organic solvents. Therefore, neither heat-based nor solvent-based amorphization
processes could be used. It was thus decided to perform the amorphization directly in the solid state and

to that extend, high-energy milling was selected.
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Chlorhexidine free base

During the physical characterization of Chx free base, it was demonstrated that it undergoes a
polymorphic transition Form | = Form Il upon heating before the melting of the drug. This transition

appeared to be completely reversible as upon rapid cooling Form Il transformed back into Form I.

It was also proven that high-energy milling was a more suitable amorphization process for Chx free base
(Form 1) compared to the traditional liquid quench due to thermal degradation. The glass transition
temperature was evaluated to Tg = 60.5°C and the Cp jump at Tg was ACp = 0.59 J/g/°C. Upon heating,
amorphous Chx was found to recrystallize into its initial form (Form 1) and further heating led to the
polymorphic transition Form | = Form |l before the melting of the drug. However, such a recrystallization
did not occur upon heating of quenched melt. Either upon heating or milling, these two forms appear to
be enantiotropically related and their relative stability at room temperature was ranked as follows: | >>
Il. The amorphization kinetics upon milling were also determined and were found to follow an

exponential relaxation law with an exceptionally low relaxation time 1t = 4.6 min.

Regarding the dissolution kinetics, the first set-up (super-saturated solution) revealed a drop in the
amount of dissolved Chx after 24 hours of dissolution for both crystalline and amorphous Chx due to a
recrystallization into a pentahydrate. The pentahydrate was characterized and its solubility limit was

determined at approximately 100mg/L.

The evaluation of the dissolution kinetics in the case of the powder dissolution, the intrinsic dissolution
or the tablet dissolution revealed a slower dissolution for the amorphous Chx compared to its crystalline
counterpart. Such an unexpected behavior of the amorphous form was proven to be due to both the
formation of aggregates and to the precipitation into the hydrate form, less soluble, during the
dissolution. Interestingly, the precipitation into the hydrate form was also observed during the
dissolution of crystalline Chx but only in the case of the intrinsic dissolution. As it also occurred in the
case of the super-saturated solution, such a difference in behavior was attributed to the parameters
used for the dissolution set-ups i.e. the dissolution medium volume and the stirring technique itself
which could induce a difference in hydrodynamics. As the dissolution in water revealed systematically a

slower dissolution for the amorphous form compared to its crystalline counterpart, it should be
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interesting to perform the same experiments using a more biorelevant dissolution medium for

comparison.

Regarding the tablet manufacturing, the amorphous form revealed a better behavior. Indeed, it showed
a better compressibility (lower Py value) and a lower ejection shear stress. However, as both formulations
were not worth considering as such for industrial manufacturing, it would be interesting to perform
further optimization of the formulations. For instance, with an addition of an external lubricant, or of a
glidant to improve the flowability or by investigating the use of other excipients and corresponding
proportions. Nor the compression nor the tablet storage at 25°C, 60% RH were found to have altered
the physical state of the drug, which allowed to have accurate results and comparisons in both tablet

properties and dissolution kinetics.

As an attempt to enhance the stability of the amorphous form upon heating and during the dissolution,
a co-amorphization with two polymers was performed using high-energy milling. As expected, both
polymers were found to have an anti-plasticizing effect on the drug as the Tgs of the corresponding co-
amorphous mixtures shifted towards higher temperatures with an increasing fraction of polymer.
Furthermore, as the Tg of Lycoat is higher than the one of PVP, higher Tgs of the co-milled mixtures were
observed when using Lycoat. This indicated that upon storage, the kinetic stability of the amorphous Chx

in the co-milled mixture with Lycoat should be even more ensured.

Moreover, in the case of the co-milled mixtures, both polymers were found to prevent amorphous Chx
from recrystallization upon heating which was neither avoidable during the heating of the pure milling-
induced amorphous APl nor in the case of the milling-induced amorphous API physically mixed with the
polymer. However, in the case of the physical mixture of amorphous Chx and Lycoat, the recrystallization
upon heating seemed less pronounced, and therefore probably not total, compared to the one observed
in the corresponding mixture with PVP. Therefore, if both polymers can be considered suitable for the
formulation of ASDs with Chx, the Lycoat seemed to have higher stabilizing properties on the milling-

induced amorphous Chx upon heating.

Regarding the evolution of the Tg against the composition of the co-milled mixture and its comparison
with an ideal mixture, only the Chx/PVP mixtures could be accurately fitted with the Gordon-Taylor

equation as the Tg of the Lycoat could not be observed. This study showed a significant deviation (S-
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shaped curve) with an opposite curvature compared to the theoretical curve (K = 1.5 VS K, = 0.62)
therefore revealing both an influence of the difference of size and shape between the API and the

polymer and the presence of strong interactions between the two materials.

Concerning the dissolution kinetics in water, the dissolution of a super-saturated solution of crystalline
Chx physically mixed with the polymer, revealed a rather similar propensity of both polymers to enhance
the solubility of the API during the first 6 hours. Indeed, the maximum concentration reached was
approximately 371 + 39 mg/L with PVP and 320 + 13 mg/L with the Lycoat. However, after 24 hours of
dissolution, none of the polymers prevented the precipitation of Chx in solution. As it was demonstrated
for the pure API that the precipitation was due to a transformation into a hydrate form, less soluble, it
could be assumed that the precipitation occurring in both solution containing a polymer also led to a
hydrate form of Chx. However, it could not be confirmed yet but to continuate this work, the residual
solid obtained after precipitation should be analyzed using XRD and TGA and the results should be
compared with those obtained in the case of pure Chx. The plateau reached in the case of the solution
containing PVP was higher compared to the one reached with Lycoat, it can be assumed that the

precipitated solid was more soluble in water in the presence of PVP.

During the powder dissolution, the Lycoat showed a higher propensity regarding the inhibition of
recrystallization of the amorphous Chx during the dissolution. Nevertheless, after 48 hours of
dissolution, no significant difference could be noticed between the two polymers as all mixtures showed
similar results. Overall, in all the dissolution set-ups (powder dissolution, intrinsic dissolution and tablet
dissolution), the amorphous form of Chx revealed either a similar of a slower dissolution compared to

its crystalline counterpart.

In terms of tablet manufacturing, a higher ejection shear stress was obtained for each formulation
containing PVP (between 6.5 and 8.8 MPa) compared to the ones containing Lycoat (< 6.6 MPa).
Furthermore, only the formulation containing the co-milled mixture of Chx and Lycoat exhibited an
ejection shear stress (< 1MPa) allowing an insurance of non-defective tablets during the manufacturing.
The comparison of the Py values revealed a better compressibility for the formulation containing the
physical mixture of amorphous Chx and Lycoat (Py = 89 MPa) compared to the corresponding one with
PVP (Py = 116 MPa). However, the formulation containing the co-milled mixture with PVP (P, = 135 MPa)

showed a better compressibility compared to the corresponding one with Lycoat (Py = 158 MPa).
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For industrial manufacturing, it would be interesting to perform further optimization of the formulations.
For instance, with an addition of an external lubricant, or of a glidant to improve the flowability or by

investigating the use of other excipients and corresponding proportions.

Riboflavin free base

In this work, it was demonstrated that amorphous riboflavin could be obtained for the first time by solid
state amorphization of the crystalline Form | using high energy ball milling. The glass transition
temperature (Tg = 144°C) and the Cp jump at Tg (ACp= 0.68 J/g/°C) could, hence, accurately and for the
first time be determined. Upon heating, amorphous riboflavin was found to show a rich pattern of
physical transformations, which enlightens the polymorphism of this vitamin. It shows in particular a
recrystallization toward Form Ill, followed by a polymorphic transformation toward Form Il occurring at
230°C (AH2 = 34.1 J/g). These two forms appear to be enantiotropically related and the relative stability

of the three polymorphs at room temperature appears to rank as the following: 1 > 11 > llI.

Regarding the dissolution kinetics, the first set up (super-saturated solution) revealed the following order
in the dissolution rates during the first 4 h: amorphous>Forms Ill = Form lI>Form |. After 4 h, a drop in
the amount of dissolved riboflavin occurred for the amorphous and metastable crystalline forms due to
arecrystallization toward a dihydrate. However, the plateau values were still above the solubility of Form
I, revealing definitely the faster dissolution of the metastable forms (ll, Il and amorphous) over the stable

crystalline Form |.

The dissolution kinetics in the sink conditions highlighted the influence of the particle size and shape as
it revealed another order in the dissolution rates over the first hour: Form | > Amorphous form > Form
Il >> Form Il. However, after 24 hours of dissolution, all the forms reached 100% of riboflavin dissolved.
Meanwhile, both the dissolution in the non-sink conditions and the intrinsic dissolution revealed a faster
dissolution of the amorphous form compared the crystalline forms. However, no distinction in the
dissolution rate could be made between forms | and Il. In addition, it allowed to gain knowledge on the
ability of the different forms to hold in the form of a compact during the dissolution experiment.
Between all the forms, only form lll, the least stable polymorph, disintegrated as soon as it came in

contact with the dissolution medium.
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It was also demonstrated that is was possible to successfully obtain co-amorphous molecular alloys of
Rf/polymer with either PVPK12 and Lycoat RS 720 for different compositions of the mixture using high-
energy ball milling. If the addition of PVP induced a plasticizing effect compared to Lycoat which
presented the opposite effect, neither of the polymer could prevent the recrystallization of amorphous

Rf upon heating.

Besides, the Tg for both the Rf/PVP and the Rf/Lycoat alloys was evaluated and, in both cases, it fitted
the Gordon-Taylor equation. In the case of PVPK12, this curve was found to show a rather good similarity
with the theoretical curve indicating that there were probably very few chemical interactions between
the API and the polymer. The solubility of the Rf in the PVPK12 was also determined and was found to
be very poor (approximately 13% at 180°C). Therefore, the co-amorphous mixtures of Rf and PVP are
unstable as they are highly super-saturated. However, as previously mentioned, these mixtures exhibit

high glass transition temperatures which should lead to a kinetic stability.

In the case of Lycoat, for which the Tg could not be determined using the DSC, a fit combining the
experimental data obtained with Chx and with Rf allowed an estimation of the Tg of the polymer which

was approximately 301°C.

The dissolution kinetics revealed that for both polymers, the physical mixture containing crystalline Rf
showed the slowest dissolution rate and the co-milled mixture presented a slight advantage compared

to the physical mixture containing amorphous Rf.

However, the results showed that, considering pure crystalline Rf, the addition of PVPK12 seemed to
decrease the amount of API dissolved even though similar dissolution rates were observed. Regarding
the comparison with pure amorphous Rf, PVPK12 seemed to slow down the dissolution of the
amorphous APl in both the physical and the co-milled mixture. In the case of Lycoat, even though it
seemed to slow down the dissolution of the amorphous API in the case of the physical mixture, the co-
milled mixture presented a slight advantage as it showed an increase in the dissolution rate. In order to
have a clear idea of the influence of the polymer on the solubility of the API, the evaluation of the
solubility of crystalline Rf physically mixed with each polymer should be performed. Furthermore, for
more accuracy, the powder dissolution with the mixtures containing Lycoat should also be performed in

order to be compared with the dissolution of the mixtures containing PVP.
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In conclusion, Lycoat RS 720 seems to be the most suitable polymer for the production of Rf ASDs using
co-milling as it both allowed an increase of the Tg and thus, of the physical stability during storage, and

an improvement in the dissolution rate compared to pure amorphous Rf.
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Appendix 1

Co-amorphization of Chx and PVP using spray-drying*

A solvent based approach, i.e. spray-drying was tested for the amorphization of Chx. First of all, the idea
was to find a suitable solvent for this technique in which Chx would be soluble in sufficient proportions.
However, several organic solvent and mixtures of solvents were tested but the only solvent dissolving
Chx (6%) was DMSO. As this particular solvent boils only at 189°C, it is not very appropriate for spray-
drying. Furthermore, as the thermal degradation of Chx starts around 150°C, it is not possible An attempt
was nonetheless performed, using an inlet temperature around 110°C but in addition, a freeze-drying
was performed in order to evaporate as much DMSO as possible. An example of the results obtained can

be found below, for a Chx/PVP (50/50, w/w) mixture.

XRD DSC 2°C/min
Tg value Chx/PVP (50/50)
co-milled
£l
= L Chx QL
S Chx erystal 8 L
= e \
= -
g W‘ g
= T 3
= - . Chx/PVP (50:50) spray-dried
Chx/PVP (50:50) spray-dried 5 \
[0'd __—.‘—--‘M—
PVP Chx/PVP (50:50) spray-dried
4 then freeze-dried
Kapton film ETO PVP
T T T T T T T T T ]
10 20 30 40 20 40 80 80 100 120 140 160
26 (°) Temperature (°C)

Figure 136 — a) X-ray diffraction patterns of, Chx crystal, Chx/PVP (50/50, w/w) after spray-drying, PVP and Kapton film and
b) the DSC scans (2°C/min) with of the Chx quenched liquid, of PVP and of the Chx/PVP (50/50, w/w) mixture both after spray-
drying and after spray-drying and subsequent freeze-drying.

The X-ray pattern of the spray-dried mixture only shows a diffusion halo characteristic of an amorphous form. It
must be noted that the peaks detected are due to the Kapton film. The DSC thermograms (reversing signal) reveal
a depressed Tg for both the spray-dried and the spray-dried then freeze-dried mixture compared to the Tg of the
corresponding co-amorphous mixture obtained by co-milling. This can be explained by the significant presence of
the DMSO in the sample even though two drying processes were performed. It was thus deduced that a solvent-

based process was not a suitable process for Chx.

*These experiments were conducted at the KU Leuven, in the laboratory directed by Prof. Guy Van den Mooter.

233



Appendix 2

Calculation of the amorphous fraction upon milling

When the heating of the amorphous forms leads to a total recrystallization, the amorphous fraction is
usually estimated by calculating the ratio of the of the crystallization and melting enthalpies. However,
the melting enthalpy has to corrected in order to consider the temperature difference between the two

events.
Therefore, the amorphized fraction of the milled material is thus given by the equation:

AHTE (milled, t)
AHT (crystal)

Xam(t) =

With:
- Tcas average temperature of recrystallization.
- AHm and AH. as the melting and crystallization enthalpies, respectively.
- AHTC (crystal) as the enthalpy of melting of the crystal extrapolated at the crystallization

temperature T¢

Indeed, as illustrated in the figure below, the melting enthalpy has to be extrapolated at the

crystallization temperature of the amorphous material.

H (J/g)

Total Heat Flow (a.u)

I I I T
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When the recrystallization of the amorphous material and its melting are separated by a wide range of
temperatures, the amorphous sample can recrystallize entirely without having its recrystallization
enthalpy at the same value as its melting enthalpy. Therefore, the melting enthalpy has to be estimated

as if it was occurring at the crystallization temperature, hence, the correction applied.

This correction can be performed as presented below:

oH" oH®
AHI¢ (crystal) = AHT¢(milled) + (T,, — T;.) Ka—T> — (6_T>l

AHTC (crystal) = AHI®(milled) + (T, — T.)(Cp*™@ — Cp©)

Therefore, AHEC (crystal) = AHI¢(milled) + (T,, — T,) * ACp

Furthermore, in our particular case, the amorphous fraction did not recrystallize entirely which is why
the ration of the melting enthalpies of the milled material and of the crystal had to be considered as

well.

Therefore, Xy (t) = Xgm(recryst) + X,,,(not recryst)

AHTC(milled,t) AHpy(crystal)—AHm, (milled,t)
AHTC(crystal) AHypy, (crystal)

And finally: X, (t) =
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Appendix 3

Co-amorphization of Rf and Lycoat using spray-drying*

A solvent based approach, i.e. spray-drying was tested for the amorphization of Rf. First of all, the idea
was to find a suitable solvent for this technique in which Rf would be soluble in sufficient proportions.
However, several organic solvent and mixtures of solvents were tested but the only solvent dissolving Rf
(2%) was DMSO. As this particular solvent boils only at 189°C, it is not very appropriate for spray-drying.
An attempt was nonetheless performed, using an inlet temperature around 140°C, but in addition, a
freeze-drying was performed in order to evaporate as much DMSO as possible. An example of the results

obtained can be found below, for a Rf/Lycoat (50/50, w/w) mixture.
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Figure 137 — a) X-ray diffraction patterns of, Rf crystal, Rf/Lycoat (50/50, w/w) after spray-drying, PVP and Kapton film and b) the DSC and TGA scans
(2°C/min) of the Rf/PVP (50/50, w/w) mixture after spray-drying and subsequent freeze-drying.

The X-ray pattern of the spray-dried mixture only shows a diffusion halo characteristic of an amorphous form. It
must be noted that the peaks detected are due to the Kapton film. The DSC thermogram (reversing signal) reveals
a depressed Tg for the spray-dried then freeze-dried mixture compared to both the Tgs of the corresponding co-
amorphous mixture obtained by co-milling and of pure amorphous Rf. This can be explained by the significant
presence of the DMSO in the sample even though two drying processes were performed. Furthermore, the TGA
scan reveals a weight loss of around 12.9% from RT to 200°C which proves the presence of DMSO in the sample.

It was thus deduced that a solvent-based process was not a suitable process for Rf.

*These experiments were conducted at the KU Leuven, in the laboratory directed by Prof. Guy Van den Mooter.
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Appendix 4

Co-amorphization of Rf and Lycoat using HME*

A heat-based approach, i.e. HME was tested for the amorphization of Rf, using a mini-extruder. Even
though Rf is subjected to a strong degradation upon melting, the idea was to try the co-amorphization
of the APl with a polymer whose Tg would be low enough to prevent this degradation. Furthermore, as
this process involves mixing by shear force, the solubilization of Rf in PVP could be forced. Another
polymer was also tested, i.e. soluplus as it exhibits a lower Tg (around 75°C) than PVP. An example of the

results obtained can be found below, for two Rf/PVP mixtures and for a Rf/soluplus mixture.
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Figure 138 — X-ray diffraction patterns of, Rf/PVP (5/95, w/w), Rf/PVP (10/90, w/w) and of Rf/soluplus (10/90, w/w), after HME process (180°C, 4min
mixing, 150rpm).

The X-ray pattern reveal for each mixture tested Bragg peaks corresponding to the characteristic peaks of
crystalline Rf. The poor solubility of Rf in those polymers prevented from an amorphization of the API during the
process. Therefore, it was deduced that a heat-based approach was not suitable (with our excipients) for the

amorphization of Rf.

*These experiments were conducted in Castres (Plateforme Gala), in the laboraorty directed by Dr. Maria-Inés

Ré.
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Appendix 5

Exploration of the physical states of riboflavin (free base)

by mechanical milling
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Abstract
Amorphous riboflavin (free base) could be produced for the first time via high energy ball milling
of a commercial crystalline form (Form 1). Importantly, this solid state amorphization process
allowed to circumvent chemical degradation occurring during melting as well as the lack of
suitable solvents, which are required for amorphization via spray- or freeze-drying. The
amorphous state of riboflavin was thoroughly characterized, revealing a complex
recrystallization pattern upon heating, involving two enantiotropic polymorphic forms (Il and II1)

and a dihydrate. The glass transition temperature (Tg) and heat capacity (Cp) jump of the
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amorphous form were determined as 144°C and 0.68 J/g/°C. Moreover, the relative physical
stability of the different physical states has been elucidated, e.g., at room temperature: | > Il >
[ll. The following rank order was observed for the dissolution rates in water at 37 °C during the
first 4 h: amorphous > Ill = [I> |. Afterwards, a dihydrate crystallized from the solutions of
amorphous and metastable crystalline riboflavin forms, the solubility of which was well above

the solubility of the stable Form I.
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1. Introduction

Drugs can exist in different physical states, like stable and metastable polymorphic forms [1]—[4], or in an
amorphous form [5], [6]. These different forms can potentially have a strong repercussion on their key
properties, including in particular their stability during storage [7], [8] and their solubility in aqueous body
fluids [9], [10]. Thus, the physical state of a drug might substantially impact the therapeutic efficacy of the
treatment. In general, the solubility of a drug increases when the Gibbs free energy of the physical form
increases. Thus, often an improvement in solubility comes at the expense of physical stability [11], [12].
Controlling and manipulating the physical state of drugs is, hence, an important practical challenge, in
particular for the formulation of poorly soluble drugs [13]-[16]. Furthermore, the physical state of a drug
might change during manufacturing and long-term storage [17]. This is why it is essential to explore as
thoroughly as possible all the physical states of a drug, their physical (and chemical) (in)stabilities, as

well as their solubility and dissolution kinetics [18], [19].

Several processes can be used to render a drug amorphous, including melt quenching [20], hot melt
extrusion [21], [22],[23], spray-drying [24], [25], freeze-drying [26], [27], high shear granulation [28] and
mechanical milling [29]. The technology “KinetiSol® Dispersing” combines the effects of fusion/heat and
frictional/shear energies [30]. Melt quenching and hot melt extrusion have the disadvantage of the need
to heat the material up to its melting point, which often induces unacceptable thermal degradation. Spray-
drying and freeze-drying require the dissolution of the drug in a solvent, which can also induce chemical
changes like mutarotation [31]. Moreover, finding an effective and non-toxic solvent is often a challenge
for poorly soluble drugs. Contrary to the previous techniques, the amorphization upon milling occurs
directly in the solid state, so that it does not require any heating or dissolution stages of the drug. Milling,
thus, often allows rendering drugs amorphous without any chemical changes, so that it appears as an

interesting alternative to the other amorphization techniques.
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Riboflavin (C17H20N4Ogs) free base, also known as vitamin B2, is a coenzyme in oxidation and reduction
reactions [32]. It is essential for cell growth, and commonly used in parenteral nutrition [33]. Even if it is
considered to be a “water soluble” vitamin [34], its solubility in this solvent is very limited, as it only reaches
around 0.08 mg/mL at 30°C [35]. Evidence of polymorphism was briefly mentioned in the literature along
with different hydrates [36], [37]. However so far, to the best of our knowledge, only the crystalline
structure of the commercial form (Form I) could be determined and was found to be orthorhombic (space
group P2:2:2;) [38]. Moreover, little is known about its amorphous state, which cannot be obtained by
quenching the liquid (because of a pronounced chemical degradation upon melting), nor by spray- or

freeze-drying due to the lack of an appropriate solvent [35], [39].

The objective of this paper was to use high energy milling to prepare and thoroughly characterize the
amorphous state of riboflavin (free base), which is currently poorly investigated (including for instance
the determination of its glass transition temperature and the related heat capacity jump). Special attention
was paid to the recrystallization mechanism of the amorphous form upon heating, which revealed to be
complex, involving two polymorphic forms. Moreover, the relative stability of the different physical states

of riboflavin were to be established and their dissolution kinetics in water at 37 °C to be monitored.
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2. Materials and Methods

2.1. Materials

Riboflavin free base (purity 98%), also known as vitamin B2, was purchased from ACROS organics (Geel,
Belgium). The material was used as received. Ultra-pure water was obtained from Veolia (Vendin le Viell,
France), acetonitrile (HPLC grade) from Carlo Erba (Val de Reuil, France), formic acid and dimethyl

sulfoxide from Sigma Aldrich (Seelze, Germany).

2.2. Ball milling

Ball milling was performed at room temperature (RT) using a high energy planetary mill (Pulverisette 7
Fritsch, Idar Oberstein, Germany). About 1.1g samples were placed into ZrO; milling vessels (40mL),
containing 7 milling balls (ZrO,, @ = 15mm) in order to have a ball/'sample ratio of 75:1 w/w. The rotation
speed of the solar disk was set to 400 rpm. The reverse mode was selected, so that after each milling
cycle, the direction of rotation changed. This rotation speed corresponded to an average acceleration of
the milling balls of 5 g (g = 9.81 m/s? being the acceleration of gravity). Milling cycles (20 min) were
alternated with pause periods (10 min) in order to prevent heating of the samples during the process.
Heat-sensitive stickers on the milling vessels indicated that the temperature of the latter reached
approximately 35°C under the given conditions [40]. The milling times (tm) were varied between “zero”

(non-milled material) and 32 h, as indicated.

2.3. Thermogravimetric analysis (TGA)

TGA measurements were performed using the Q500 apparatus from TA instruments (Guyancourt,
France). A small amount of sample (between 5 and 8 mg) was placed into an open aluminum pan on a

weighing scale. Both, the sample and the weighing scale, were kept in a dry atmosphere using a constant
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flow rate (50 mL / min) of highly pure nitrogen gas (99.999 %). The temperature reading was calibrated
with the measurements of the Curie points of alumel and of nickel (provided by TA instruments). The
mass reading was calibrated using certified calibration weights (TA instruments). All scans were

performed at 5 °C/min from room temperature to 550 °C.

2.4. Differential Scanning Calorimetry (DSC)

DSC thermograms were recorded with a Q20 apparatus from TA Instruments (Guyancourt, France),
connected to a refrigerated cooling system. During all measurements, the calorimeter head was flushed
(50 mL/min) with highly pure nitrogen gas (99.999 %). Temperature and enthalpy readings were
calibrated using pure indium at the same scan rates as used during the measurements. Small sample
sizes (between 2 and 5 mg) were used to provide good thermal conductivity and sharp enthalpic events.
The samples were placed in open aluminum pans (container without lid) to allow the release of free water,
potentially adsorbed during the milling process. Only when heating to temperatures above the
degradation temperature of riboflavin, hermetic high-pressure aluminum pans were used (to avoid any
contamination of the DSC cell). For all samples, a preliminary 20 min annealing at 90°C was performed
in the DSC in order to remove, as much as possible, the water absorbed during the sample preparation.

All scans were performed using an average heating rate of 5 °C/min.

2.5. Hyper Differential Scanning Calorimetry (Hyper DSC)

Hyper DSC scans were recorded at a heating rate of 300 °C/s using the Flash DSC2+ from Mettler Toledo

(Viroflay, France), under argon flushing. The high scanning rate allowed by-passing transformations

which are kinetically slow, like recrystallizations or polymorphic transformations.

2.6. Powder X-Ray Diffraction (PXRD)
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Powder X-ray diffraction measurements were performed with a PanAlytical XPERT PRO MPD (Almelo,
The Netherlands) diffractometer (A\CuK, = 1.5418 A for combined K,1 and K,2), equipped with an
X’celerator detector (Almelo, The Netherlands) allowing acquisition of diffraction patterns from 26= 3 to
60 °, with a scan step of 0.0167 °/s. Samples were placed into Lindemann glass capillaries (& = 0.7 mm),
installed on a rotating sample holder to avoid artifacts due to preferential orientations of crystallites.
Thermal treatment of the samples was performed in the calorimeter, followed by sample removal from
the DSC pan and immediate PXRD analysis. In some specific cases, to observe the evolution of the
sample upon heating, the sample was placed on a metallic plate, in an Anton Paar chamber at

atmospheric pressure. The heating rate was set to 5 °C/min.

2.7. *H Nuclear Magnetic Resonance (NMR)

NMR analyses were conducted on a Brucker AVANCE 300 MHz apparatus (Rheinstetten, Germany) at
20°C. A few milligrams of material were dissolved in 0.5 mL dimethyl sulfoxide in 5 mm diameter NMR

tubes. For each sample, 64 scans were recorded (1 scan/s) to improve the signal statistic.

2.8. Scanning electron microscopy (SEM)

SEM pictures were taken to determine the morphology of the particles, using a JEOL Field Emission
apparatus (JSM-7800F, Tokyo, Japan). Samples were mounted on a SEM stub, using ribbon carbon
double-sided adhesive. To avoid surface charging, samples were chromium coated (100 A) by electro-
sputting under vacuum prior to SEM observations. The observations were performed at 2 kV acceleration
voltage, with small probe current and the lowest objective lens aperture to reduce beam damage on the

sample surface.
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2.9. Riboflavin dissolution kinetics

Excess amounts of riboflavin (about 150 mg) were exposed to 10 mL ultra-pure water in amber flasks.
The latter were placed into a horizontal shaker (37 °C, 80 rpm; GFL 3033; Gesellschaft fuer Labortechnik,
Burgwedel, Germany). At predetermined time points, 300 uL samples were withdrawn, filtered (PVDF
syringe filter 0.22 um, Agilent technologies, Santa Clara, USA) and analyzed for their riboflavin content
by reverse phase HPLC-UV analysis (Waters Alliance 2695 separation module, Waters 2489 UV/vis
detector) as follows: 10 puL samples were injected into a polar column (Luna omega 3 um C18 100 A, 150
X 4.6 mm; Phenomenex, Le Pecq, France). The flow rate was set to 0.8 mL/min. The mobile phase was
a 85:15 (v:v) blend of 0.1% aqueous formic acid solution and acetonitrile. The column was kept at room
temperature and the detection wavelength was set to 270 nm. The calibration curve was determined for
riboflavin concentrations ranging from 0.1 to 40 mg/L (R2 > 0.999). Each experiment was performed in

triplicate. Mean values +/- standard deviations are reported.

3. Results and Discussion

3.1. Solid state amorphization by milling

The blue curve at the top of Figure 1 shows the X-ray diffraction patterns of commercial riboflavin (used
as received) recorded at room temperature. It shows many Bragg peaks, which are characteristic of a
crystalline state and their positions correspond to that of Form I, recently determined by Guerain et al.
[38]. The black curve in Figure 2 shows the TGA scan of a commercial riboflavin (Form 1), recorded upon
heating (5 °C/min). It shows a significant weight loss (about 70%) starting above 250 °C, revealing a
pronounced thermal degradation of the vitamin. Figure 2 also shows the heating DSC scan (5 °C/min) of
riboflavin placed in a hermetically closed, high-pressure pan (run 1). It reveals a sharp endothermic peak
around 290 °C, which superimposes on a wide exothermic event. The endotherm corresponds to the

melting of Form I, while the exotherm is due to the chemical degradation revealed by TGA (Figure 2). It
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is worth noting that degradation starts slightly before melting, indicating that the degradation is not due
to the melting process itself. This degradation was already reported in literature [41] and prevents from
accurately determining the melting temperature of the vitamin and from safely obtaining the amorphous
form via a classical quench of the liquid. Figure 3 shows the *H NMR spectra of both, crystalline (Form I)
and melted riboflavin, after dissolution in dimethyl sulfoxide. The two spectra show significant differences,
as many new peaks appeared after the melting (e.g. between 2.0 and 2.3 ppm, between 3.8 to 4.2 ppm,
between 7.1 to 7.8 ppm and at 11.3 ppm). These peaks confirm the chemical degradation of riboflavin
upon melting and the impossibility to obtain the amorphous state by quenching the melt. To overcome
this hurdle, we tried to obtain the amorphous state directly in the solid state, by milling [42] the crystalline

Form I.

The red curve in Figure 1 shows the X-ray diffraction patterns of riboflavin Form | after 32 h milling. It can
be noticed that all Bragg peaks have completely disappeared, leading to the appearance of a large halo
of diffusion, characteristic for an amorphous form. The red curve in Figure 2 shows the corresponding
heating DSC scans (5 °C/min): recorded using an open pan from 45 to 240 °C (run 2) and a hermetically
closed, high pressure pan from 240 to 310 °C (run 3). This latter type of pan was used to avoid the
contamination of the DSC cell by the degradation products generated upon melting. The 2 vertical slashes
separate the two runs. Run 2 shows a heat capacity (Cp) jump (ACp = 0.68 J/g/°C), characteristic of a
glass transition. This proves that a direct “crystal to glass transformation” occurred during the milling
process. The red curve in Figure 3 shows the *H NMR spectrum of amorphous riboflavin obtained by
milling Form | (32 h). It appears to be identical with the spectrum of the commercial riboflavin, except for
one peak at 2.09 ppm, which is attributed to an acetone residue [43], stemming from the cleaning of the
NMR tube. Moreover, no signs of chemical degradation were detected compared to the spectrum of the
quenched liquid. It, thus, appears that mechanical milling is able to safely produce amorphous riboflavin,
making it possible to determine for the first time the glass transition temperature of this compound: Tg =

144°C.
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3.2. Polymorphism of riboflavin

In Figure 2 (red curve), further heating of the milling induced amorphous riboflavin (run 2) reveals two
exothermic events. The first one occurs at around 185 °C (AH;, = 58.2 J/g) and is characteristic of a
recrystallization. The diffractogram of the milled material subsequently heated to 200°C, recorded at room
temperature (i.e. just above the first exotherm), is reported in Figure 1 (black curve). It shows well defined
Bragg peaks, characteristic of a crystalline state. Moreover, these peaks are clearly different from those
characteristic for Form | (see for instance characteristic peaks marked with a * or # in Figure 1). This
indicates that the recrystallization occurred at 185°C toward another crystalline form of riboflavin, called
“Form III” ([37]). The second exotherm in run 2 (red curve in Figure 2) occurs at around 230 °C (AH; =
34.1 J/g) and is characteristic of a “crystal to crystal” transformation. The diffractogram of the milled
material recorded at room temperature after subsequent heating to 240°C (i.e. just above the second
exotherm), is also reported in Figure 1 (green curve). It shows well defined Bragg peaks, which are
different from those of Forms | and IIl (see for instance characteristic pics marked with a *, ¢ or A in
Figure 1). This confirms that the second exotherm indicates a polymorphic transformation, and puts into
evidence a further polymorphic form of riboflavin, called “Form II” [37]. Above 240 °C, run 3 shows an
endothermic peak due to the melting of Form Il, being superimposed with the exothermic peak due to the
degradation of riboflavin (red curve in Figure 2). It can be noted that the melting of Form Il is depressed

compared to the melting of Form I.

The green and black curves in Figure 3 show the *H NMR spectra of both, Form Il and Form IIl. They
appear to be identical with the spectrum of Form I, with an additional peak attributed to residual acetone
(as for the milled material, please see above). Furthermore, no sign for vitamin degradation was
observed, which indicates that the polymorphic forms of riboflavin can be safely produced by the

described milling and subsequent heating procedures.
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3.3. Influence of the milling time upon recrystallization

Figure 4 shows XRD patterns of riboflavin recorded after various milling times ranging from “zero” (no
milling) to 32 h. A progressive flattening and broadening of the Bragg peaks can be noted. The decrease
in peak heights indicates the increasing amorphization of the material, while the broadening signals both:
size reduction and the deformation of the remaining crystallites induced by the mechanical impacts of the
milling balls. After 6 h milling, the Bragg peaks totally disappeared, indicating that the material was fully
amorphized. No further evolution of the X-ray diffraction patterns can be detected for longer milling times

(up to 32 h).

The corresponding heating DSC scans (5 °C/min) are illustrated in Figure 5. They show the progressive
development of a heat capacity (Cp) jump at the glass transition temperature (Tg = 144°C), followed by
a crystallization exotherm. The Cp jump becomes stationary from 6 h milling, which confirms that the
amorphization upon milling is complete after that time period. The evolution of the exotherm is more
complex: It shows in particular a shift from 160 to 180 °C, which reveals an increasing stability of the
amorphous fraction for increasing milling times. Moreover, noticeable modifications of the thermograms
are still observed for longer milling times. In particular, a second exotherm develops after the
recrystallization. It is already detectable after 3 and 6 h milling through a shouldering on the right-hand
side of the recrystallization exotherm and then shifts toward higher temperatures up to 230 °C after 32 h
milling. This exothermic peak clearly corresponds to the polymorphic transformation “Form Il > Form II”
identified in section 3.2. This indicates that the structural composition of the recrystallized fraction
depends on the milling time. To analyze this point in more detail, the structure of the recrystallized material

has been investigated by XRD.

Figure 6 shows XRD patterns of riboflavin recorded at room temperature after milling for 50 min, 6, 12 or
32 h and subsequent heating (5 °C/min) to 210, 176, 195 and 200 °C, respectively (i.e. after
recrystallization of the milled materials). It shows that for 50 min milling and heating to 210 °C, the X-ray
diffraction patterns of the recrystallized material only shows the Bragg peaks of Form |, while Bragg peaks

characteristic for Forms Il and Il cannot be detected. This indicates that for short milling times the portion
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of riboflavin, which has been transformed into an amorphous state (Figure 4) recrystallizes entirely
towards the initial Form I. This can be explained by the numerous remaining crystallites of Form | after
50 min milling, which act as seeds for the recrystallization of Form | upon heating. Interestingly, complete
amorphization upon milling for milling times > 6 h and subsequent heating leads to the crystallization of
different polymorphic forms: as it can be seen in Figure 6, the X-ray diffraction patterns of the samples,
which had been milled for 6, 12 or 32 h, followed by heating to 176, 195 and 200 °C, do not show the
Bragg peaks of Form I. Instead, they show the Bragg peaks of the Forms Il and Ill. Moreover, with
increasing milling time the Bragg peaks characteristic of Form Il become more pronounced, while those
of Form Il decrease and finally disappear after 32 hours of milling. This indicates that riboflavin is fully
amorphized upon milling for more than 6 h and recrystallizes as a mixture of Forms Il and Ill, with a
proportion of Form 11, which increases with increasing milling time. Such a behavior could be due to the
apparent stabilization of amorphized riboflavin with increasing milling time, shifting the recrystallization
range toward higher temperatures, at which the nucleation and growth rates of Form Il are higher than

those of Form II.

3.4. Phase diagram of riboflavin
To determine the relative stability of Forms [, Il and lll, it is necessary to rank their melting temperatures.
However, the melting temperatures of Forms | and Il cannot be accurately determined due to the strong
degradation accompanying the melting process (see runs 1 and 3 in Figure 2). Moreover, the melting of
Form IIl cannot be observed as it is preceded by the conversion “Form Ill > Form II” (see run 2 Figure
2). To overcome these difficulties, the three forms have been analyzed by flash DSC at a heating rate of
300 °C/s. Such a high heating rate makes it possible to by-pass the transformation “Form Ill - Form II”
in order to observe the melting of Form Ill, and strongly limit the degradation accompanying the melting
process. The corresponding scans are reported in Figure 7 and do not show any trace of the
transformation “Form Ill - Form II”, nor noticeable degradation. It appears that the melting temperatures

of the three forms rank as follows: Tm()>Tm(lI)>Tm(ll). Moreover, the exothermic character of the
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transformation “Form Ill > Form II” seen in run 2 in Figure 2 indicates that the entropy of Form Ill is higher
than that of Form Il. As a result, these two forms are enantiotropically related as schematized in the Gibbs

free enthalpy diagram reported in Figure 8.

3.5. Dissolution kinetics of the different forms of riboflavin
In order to monitor the dissolution kinetics of the different riboflavin forms, sufficient sample quantities
were required (about 150 mg). Form | was used as received. The amorphous form was obtained by
milling Form | for 32 h in a high energy planetary mill (Pulverisette 7 Fritsch). Samples of Forms Il and I
were produced as follows: milling of Form | for 32 h in the planetary mill, followed by heating in a DSC
Tzero open pan (5 °C/min) to either 200 or 250 °C, respectively. This procedure was repeated several
times in order to produce the required amounts (150 mg). The obtained samples were slightly hand milled

and the powders pooled.

Figure 9 shows SEM pictures of the different powders used for dissolution testing. Amorphous riboflavin
and Form | powders consisted of tiny particles. The amorphous particles formed aggregates, those of
Form | were needle-shaped. In contrast, the particles of Form Il and Form IIl were much larger, because
they were prepared by manual milling (versus planetary milling). But at higher magnification, also in these

cases, tiny needle-shaped crystals could be observed.

The dissolution kinetics of these powders in ultra-pure water at 37 °C under non-sink conditions (excess
of solid riboflavin) are illustrated in Figure 10. Clearly, amorphous riboflavin led to the highest
concentration of dissolved riboflavin within the first few hours: up to around 1860 mg/L. But at later time
points (after 24 h), this concentration decreased to about 330 mg/L, and then leveled-off. In contrast,
Form | was much less soluble (around 90 mg/L) and reached its plateau concentration within the first few
hours. Forms Il and 1l reached intermediate concentrations of dissolved riboflavin during the first 4 h:
about 450 mg/L. But the latter decreased again, reaching plateau values of approximately 350 and 300

mg/L, respectively, after about 7 d.
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The observed vitamin dissolution patterns can be explained as follows: The solubility of the amorphous
riboflavin is highest, leading to the highest observed dissolved vitamin concentrations. However, at later
time points (after at least 4 h), the vitamin recrystallizes into a less soluble form (red curve in Figure 10).
Form | exhibits the lowest solubility (which is consistent with the highest melting point observed by flash
DSC, Figure 7), leading to the lowest concentrations of dissolved riboflavin. Forms Il and 1ll have
intermediate solubilities, resulting in intermediate dissolution rates. However, also in these cases a

different form precipitates at later time points during the experiment.

To better understand which riboflavin form crystallizes during the dissolution measurements, the solids
obtained after 7 d were separated by filtration, dried (under vacuum, room temperature, overnight) and
analyzed by XRD and TGA. Figure 11 shows the XRD patterns of the residue obtained at the end of the
dissolution study of amorphous riboflavin. Interestingly, it differs from those of Forms I, Il and Ill (see in
particular the peak at 4.3 °), but seems to be similar to that of a dihydrate reported in the literature [31].
The TGA scan (5 °C/min) of the residue, which is reported in the insert of Figure 11, shows a mass loss
of close to 6.0 % between 20 and 80 °C, while a mass loss of 9.2 % would be expected for the dehydration
of a dihydrate. The difference may be attributed to a slight dehydration occurring during the vacuum
drying prior to TGA analysis. Moreover, the evolution of the diffractogram of the recrystallized solid upon
heating (5 °C/min) to 60 °C — i.e. in the temperature range, in which the water loss was observed — is
also reported in Figure 11. It shows the progressive appearance and disappearance of some Bragg
peaks, which ultimately leads to a X-ray diffraction patterns characteristic of Form Il. All these results,
thus, indicate that the amorphous riboflavin dissolved in water, recrystallized toward a dihydrate form,
whose dehydration upon heating led to the metastable anhydrous Form Il. Please note that identical
behaviors were observed for samples, which recrystallized after the dissolution of Forms Il and lll. The
precipitation of the same dihydrate form upon dissolution of amorphous riboflavin and Forms Il and Il

can explain the similar plateau values observed at late time points for these different forms.
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4. Conclusion

Amorphous riboflavin (free base) could be obtained for the first time: via high energy milling of a
commercial crystalline form (Form 1). This solid state amorphization technique was used to avoid the
pronounced degradation of the riboflavin, which occurs during melting (and, thus, prevents obtaining the
amorphous form via quench cooling of the melt). The glass transition temperature (Tg = 144°C) and the

Cp jump at Tg (ACp= 0.68 J/g/°C) could, hence, accurately be determined.

Upon heating, amorphous riboflavin was found to show a rich pattern of physical transformations which
enlightens the polymorphism of this vitamin. It shows in particular a recrystallization toward Form Il
occurring at 185 °C (AH; = 58.2 J/g), followed by a polymorphic transformation toward Form Il occurring
at 230°C (AHz = 34.1 J/g). These two forms appear to be enantiotropically related and the relative stability

of the three polymorphs at room temperature appears to rank as follow: | > I > III.

Finally, the dissolution kinetics of the different forms in water were evaluated and revealed the following
order in the dissolution rates during the first 4 h: amorphous>Forms Il ~ Form lI>Form |. After 4 h, a drop
in the amount of dissolved riboflavin occurred for the amorphous and metastable crystalline forms due to
a recrystallization toward a dihydrate. However, the plateau values were above the solubility of Form I,
revealing definitely the faster dissolution of the metastable forms (ll, Il and amorphous) over the stable

crystalline Form I.
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CAPTIONS:

Figure 1.

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

X-Ray diffraction patterns of riboflavin Form | recorded at room temperature before and after
different mechanical and thermal treatments. From top to bottom: before milling (Form I);
after 32 h milling (amorphous form); after 32 h milling and subsequent heating to 200°C
(Form 111); after 32 h milling and subsequent heating to 240°C (Form II).

TGA scan (5 °C/min) of commercial riboflavin (Form I) and DSC heating scans (5 °C/min)
of non-milled (run 1) riboflavin as well as of milled riboflavin (Form I) (runs 2 and 3). The
symbol (//) separates run 2 (using a standard open aluminum pan) from run 3 (using a

hermetically sealed pan).

'H NMR spectra of riboflavin Form | non-milled (as received), quenched from the melt, milled
for 32 h, as well as of riboflavin Form Il and Form Ill. To better see the small peaks and
avoid anarchic superimposition of the different spectra, the highest peaks have been
clipped.

XRD patterns of riboflavin Form | recorded after different milling times (tm) ranging from zero
(no milling) to 32 h. The milling times are reported on the right-hand side of each diffraction

pattern.

DSC scans (5 °C/min) of riboflavin Form | recorded after different milling times (tm) ranging
from zero (no milling) to 32 h. The milling times are reported on the left-hand side of each

thermogram.

XRD patterns recorded at room temperature of riboflavin, which had been milled for 50 min,
6, 12 or 32 h, and subsequently heated (5 °C/min) to 210, 176, 195 or 200°C, respectively.

Flash DSC scans (300 °C/s) of Forms I, Il and Il of riboflavin.

Phase diagram of riboflavin. The arrows indicate the trajectory of riboflavin during the milling

and subsequent heating of Form 1.
SEM pictures of the different riboflavin powders used for dissolution measurements.

Dissolution kinetics of the different forms of riboflavin in ultra-pure water at 37°C under
agitation (80 rpm) and non-sink conditions: A large excess of non-dissolved vitamin was

provided throughout the experiments.
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Figure 11: XRD patterns of the solid which reprecipitated during the dissolution study of amorphous
riboflavin in water. The samples were heated at 5 °C/min followed by an isothermal of about
13 min (scan duration) at different temperatures (as indicated). Insert: TGA scan (5 °C/min)
of the reprecipitated solid (without heating).
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Abstract

Poor agueous drug solubility is a major hurdle for the development of innovative medical treatments. This thesis project
is dedicated to optimizing the therapeutic efficacy of two model drugs whose crystalline forms exhibit a very low
solubility: chlorhexidine (free base) and riboflavin (free base). The aim is to improve the solubility of these drugs by
formulating them in an amorphous state as molecular dispersions in a polymer matrix. To that extend, detailed
characterization of the physical properties of the stable crystalline drugs, their metastable polymorphic forms, and their
amorphous forms obtained directly in the solid state by mechanical milling were required. Moreover, an evaluation of
their respective dissolution kinetics was performed. In addition, the possibility of producing molecular dispersions of
each drug in polymeric matrices (PVPK12 and Lycoat R$720) in the solid state by mechanical milling was demonstrated,
and their release kinetics determined. These dissolution kinetics were compared with those of a physical mixture in
which the drug is crystalline and of a physical mixture in which the drug is amorphous, in order to determine both the
influence of the drug’s physical state and to assess the advantage of having the amorphous drug molecularly dispersed
in the polymer. The physical characterizations are performed using TGA, XRD, DSC and SEM and the dissolution
performances are evaluated using different experimental set-ups including: powder dissolution, intrinsic dissolution

and tablet dissolution.

Résumé

La faible solubilité de certains médicaments en milieu aqueux est un obstacle majeur pour le développement de
traitements médicamenteux innovants. Ce projet de thése est dédié a I'optimisation de I'efficacité thérapeutique de
deux principes actifs modéles dont les formes cristallines sont trés peu solubles : la chlorhexidine (base libre) et la
riboflavine (base libre). L'objectif est d'améliorer la solubilité de ces principes actifs en les formulant a I'état amorphe
sous formes de dispersions moléculaires dans une matrice de polymeére. Cela a nécessité une caractérisation préalable
fine des propriétés physiques des principes actifs cristallins stables, de leurs formes polymorphiques métastables, et de
leurs formes amorphes obtenues directement a I'état solide par broyage mécanique. De plus, leurs cinétiques de
dissolution respectives ont été déterminées. Par ailleurs, la possibilité de réaliser des dispersions moléculaires avec
chaque principe actif dans des matrices polymeres (PVPK12 et Lycoat RS720) a I'état solide par broyage mécanique a
été démontrée et leurs cinétiques de libération respectives ont été déterminées. Ces cinétiques ont été comparées a
celles d'un mélange physique dans le lequel le principe actif est cristallin et a celles d'un mélange physique dans lequel
le principe actif est amorphe. De cette maniére il a été possible a la fois de déterminer I'influence de I’état physique du
principe actif et d’évaluer I'lavantage de former une dispersion moléculaire amorphe du principe actif dans la matrice
de polymere. Les caractérisations physiques sont effectuées en utilisant les techniques suivantes : ATG, RX, DSC et les
performances de dissolution sont évaluées en utilisant différentes techniques expérimentales telles que : la dissolution

des poudres, la dissolution intrinseque et la dissolution de comprimés.
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