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Abstract

Amorphous solid dispersions over the last decade or so have been widely in-

vestigated by the pharmaceutical industry as a formulation method to increase

the effective solubility of poorly water soluble drugs and subsequently their

bioavailability. Cryomilling is attractive technique to render crystalline mate-

rials amorphous without using heat or solvent as are typically used in current

processes.

The possibility of amorphous formation via cryomilling was studied for three

different types of drugs with different glass forming ability (GFA); Felodipine

(class III) an easy glass former, paracetamol (class II) a moderate glass former

and aspirin (class I) a poor glass former. These drugs were cryomilled alone,

cryomilled then mixed with cryomilled hydroxypropyl methylcellulose (HPMC)

physically (i.e. cryomilled separately) or co-cryomilled with HPMC together.

The subsequent formulations were characterised by DSC, XRPD and FTIR. It

was found that when felodipine is cryomilled alone, it can be transformed into

the amorphous form, however no amorphous formation was achieved when

cryomilling paracetamol or aspirin alone. It is thought that the relatively higher

Tg of felodipine compared to paracetamol,and aspirin enables this transforma-

tion, however, this transformation was difficult to achieve for paracetamol or

aspirin due to their rapid recrystallisation directly after cryomilling due to their

low Tg and their resistance to mechanical disorder. Although felodipine was

rendered amorphous when milled alone it then recrystallised within a day. It

was thought that the conversion of these three drugs into amorphous form or

not depends on the glass forming ability of each drug. The amount of polymer

required to stabilise the amorphous form of each drug varied according to their

iii



glass forming ability with more polymer required for poor glass formers.

Felodipine was selected as a model drug for further study with different poly-

mers. This is because felodipine is widely used for the production of amorphous

solid dispersion by hot melt extrusion and spray drying. Secondly this drug

is practically insoluble but it is an important drug in the emergency treatment

of hypertension due its high selectivity and its lack of a negative inotropic ef-

fect. Felodipine was co-cryomilled with different polymers and polymer blends

that varied in water solubility namely HPMC, HPMCAS, Soluplus R©, PMMA,

HPMC:HPMCAS, HPMC:PMMA and Soluplus R©:HPMCAS at 5, 25, 50 and 75%

(w/w) drug loadings. For each mixture the miscibility was predicted using the

Gordon-Taylor equation and solubility parameter value. All these mixtures at

50% drug loading were further investigated in dissolution studies for 6 hours

under sink condition. All co-cryomilled samples except PMMA showed a high

level of drug release (> 90%) after 6 hours dissolution. Only PMMA, which

is water insoluble, retarded the release of felodipine from the co-cryomilled

mixtures but in ternary mixture felodipine-HPMC/PMMA it showed more than

95% drug release after 6 hours dissolution.

As felodipine with Soluplus R© showed a good miscibility and stability at 0%

humidity and high drug release this co-cryomilled mixture with 50% drug

loading was used in the formulation of an orodispersible tablets (ODTs). Six

different formulations were manufactured using different superdisintegrants

such as F-melt and Glycolate. All the co-cryomilled formulas showed a higher

release of felodipine compared to the physical mixtures.

Obtaining miscible and stable amorphous solid dispersions without heat or

solvent through co-cryomilling is promising as a manufacturing method. Use

of heat or solvents can lead to instability in the dispersions and degrade cer-

tain drugs. Following this work, amorphous solid dispersions formed via co-

cryomilling with a high drug loading can be considered for future development

for the formulation of fast release dosage form and for drugs liable to thermal or

solvent mediated degradation.
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Chapter 1

Introduction

1.1 Dissolution and solubility in oral solid dosage

forms

Oral solid dosage forms are the most common method for the administration of

drugs. About 65%-70% of the marketed dosage forms are solid forms that include

tablets and capsules [7]. In general, oral solid dosage forms are preferred over

liquid or semisolid due to the lower cost of manufacturing, better physical and

chemical stability, smaller pill burden and greater convenience for combination

of drugs [1, 8, 9]. About 55% of current drugs in the market and about 80% in

the research and development pipeline are poorly water soluble [10]. There is a

challenge in the formulation of these poorly water soluble drugs into oral solid

dosage form due to the small surface area of the tablet which results in lowering

the bioavailability [1]. Figure 1.1 shows how tablet disintegration affects the

surface area and rate of drug dissolution.
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Intact tablet 

Increased effective surface area of drug exposed 
to gastrointestinal fluids

Disintegration Deaggregation

Granules 

Primary drug 
particles 

Drug in solution in gastrointestinal fluids 

Absorption 

Drug in blood 

Low rate of drug 
dissolution 

Moderate rate of 
drug dissolution 

Relatively rapid 
rate of drug 
dissolution 

Figure 1.1: Mechanistic representation of the drug release process from

a tablet by disintegration and dissolution. Adapted from reference [1],

not to scale.

Dissolution can be defined as "transferring the molecules or ions from the solid

state into solution" while solubility "is the amount of solute that passes into

solution when equilibrium is established between the solute and the excess of

undissolved substance" [1]. Dissolution rate is influenced by factors giving in

the Noyes-Whitney equation (see Equation 1.1.1) which are outlined in Table 1.1.

dm
dt

=
DA(Cs − C)

h
(1.1.1)

Where dm/dt is the rate of the drug dissolution, D is the diffusion coefficient,

A is the effective surface area of the solid, Cs is the saturated solubility, C is the

instantaneous solubility and h is the thickness of the diffusion layer.

Factors that affect the solubility of the drug include, the temperature, pH, solid

state (amorphous or crystalline), polymorph type, counter ion (salt formation)

and the component of the dissolution media as outlined by Stegemann et al [11].
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Table 1.1: Factors affecting the in vitro dissolution rates of solid in liquid.

This table adapted from reference [1].

Term in Noyes-Whitney equa-

tion

Affected by

A, Surface area of un dissolved

solid

Size of the particles

Porosity of solid particles

Cs, Solubility of solid in dissolu-

tion medium

Temperature

Nature of the dissolution media

Molecular structure of solute

Crystalline form of solid

Presence of other compounds

C, Concentration of solute in so-

lution at time t

Volume of dissolution medium

Any process that removes dissolved

solute from the dissolution medium

k, Dissolution rate constant Thickness of boundary layer

Diffusion coefficient of the solute in

the dissolution medium
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Chapter 1. Introduction

1.2 Biopharmaceutics Classification System (BCS) and

the Developability Classification System (DCS)

In order to understand the physicochemical and biopharmaceutical characteris-

tics of drugs, four categories are commonly used according to the Biopharma-

ceutical Classification System (BCS). This system depends on the solubility and

intestinal permeability of the drugs [12]: class I (good solubility and permeabil-

ity), class II (poor solubility and good permeability), class III (good solubility and

poor permeability) and class IV (poor solubility and permeability). Butler and

Dressman in 2010 introduced a modification to BCS by using 500 mL as realistic

volume of dissolution in the GI tract instead of 250 mL that was used by Amidon

et al, called Developability Classification System DCS [2]. This modification

results in classification of class II drugs into either dissolution rate limited or

solubility limited [2]. The original and modified classification can be seen in

Figure 1.2.
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Figure 1.2: Modifying the BCS for more realistic volumes of fluid avail-

able in the GI tract and the compensatory nature of permeability on

low solubility (modifications from the BCS to DCS are shown in blue).

Adapted from reference [2].
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1.2.1 Strategies to overcome poorly water soluble drug prob-

lems

Current strategies that tend to improve poorly water soluble drug bioavail-

ability are divided into two main categories which are either to improve the

dissolution rate or solubility, these include: particle size reduction [13], crystal

modification [14], complexion [15], lipid based formulation [16], amorphous

solid dispersions [17] and prodrug [18].

Starting with the first strategy of particle size reduction, the reduction in particle

size results in increasing surface area of particles and hence dissolution rate

according to Noyes-Whitney equation. In addition to increasing the surface

area, particle size reduction can result in increased wetting of the particles

via reduction of its surface roughness [19]. This reduction can be achieved

through milling process [20] as in milling of cilostazol resulted in increasing

its dissolution rate and bioavailability [21]. However, particle size reduction

can result in polymorphic transformation and/or amorphisation which are

considered as unstable forms that might cause stability problems in the final

products [22].

The second strategy includes salt and cocrystal formation both of which are

examples of crystal modification. Salt formation is a commonly used technique

in the pharmaceutical industry to increase the solubility of poorly water soluble

acidic or basic drugs [23] in which the difference between the pKa of acid and

its base should be 3 and above [24]. An example is the salts of piroxicam

monoethanolamine which improves the solubility of piroxicam [25]. The salt

form is not suitable for un-ionisable drugs. The major disadvantage of salt

formation is the possibility of precipitation after oral administration inside the

GI tract [23]. In contrast cocrystal (multi-component molecular crystal) can be

obtained form non ionisable molecules in addition to the ionisable one and there

is no limitation in the pKa of the molecules that form the cocrystal [14, 26]. In

the cocrystal there is no requirement for proton transfer between the molecules

but it requires a H-bond to be formed between the molecules that are involved

5
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in the cocrystal structure [27]. An example is danazol and vanillin cocrystal that

improved the physiochemical properties of danazol [28].

The use of cyclodextrins is another strategy to improve the dissolution. They

are oligosaccharides containing a relatively hydrophobic central cavity and

hydrophilic outer surface [29]. There are some toxicological considerations for

some cyclodextrins such as nephrotoxicity, GI tract diarrhoea and hemolytic

effect, however, this depends on the route of administration of the complex, type

of cyclodextrin and dose of the complex [30].

Lipid formulation strategy involves inclusion of the drug in lipid system such as

triglycerides, mono and diglycerides, lipophilic surfactants, hydrophilic surfac-

tants and cosolvents [31] that enhances the oral absorption of lipophilic drug [32].

It was proposed that these types of dosage form work through increases the gut

permeability and lymphatic transport. Example of drugs that are formulated

as lipid based formulation that are commercially available in the market are

cyclosporine, ritonavir and saquinavir [32].

Prodrug is another strategy which involves using chemicals with little or no

pharmacological activity, undergoing biotransformation to a therapeutically

active metabolite [33]. This approach increases the bioavailability of poorly

water soluble drugs [34] such as zofenopril which is an ester prodrug [34]. The

challenges in the production of prodrug include: the time and cost for synthesis,

physicochemical, toxicological and pharmacokinetic assessment [33].

Amorphisation is another strategy to improve drug dissolution. The detail of

this method will be described in the next Section 1.3.

1.3 Amorphisation

Crystalline material can be transformed into the amorphous form through four

main different routes: supercooling of melt, precipitation from solvents, milling

and vapour condensation [35]. The details of the main methods (spray dry-

ing and HME) will be discussed in the amorphous solid dispersions parts in

6
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Section 1.4.1.

Non intentional amorphisation via milling

Pharmaceutical companies use milling mainly during pharmaceutical process-

ing such as particle size reduction and mixing [36–38]. Disorder in the solid is

sometimes observed by accident during assessing product stability [36]. Milling

might result in partial amorphisation which might cause instability of the fi-

nal product or it might cause polymorphic transformation as that observed

on milling of γ indomethacin or milling of α chlorporpamid [39, 40]. Energy

formed from the milling process can produce a strain that can cause a fracture

then dislocation in the crystal lattice (defect formation) [38, 41]. This results in

formation of new surfaces, cracks, defects, nuclei due to the considerable inter-

ference of local arrangement of the molecules or it might act as an exothermic

reaction [37, 42]. Accumulation of crystalline defects from the milling process

can cause amorphisation eventually. Amorphous formation might also result

from local melting then quenching of the crystalline materials [43, 44].

Amorphous formation from milling processes depends mainly on the type

of milling, milling temperature, humidity, nature of the crystalline material

(hydrous or anhydrous) and the type of starting polymorph [36, 41, 45]. It was

reported by Willart et al that anhydrous crystalline sugars can be transformed

by milling into the amorphous form while it was not observed in the milling

of hydrous form [45]. Milling can either result in transformation from one

polymorph to another such as in case of sulfamerazine I transformation observed

into form II after 2 hours room temperature milling [46] or it might result in

partial amorphisation such as in the case of indomethacin at room temperature

after milling for 10 hours. In contrast, the amorphous form can be obtained

from milling of indomethacin for 2-4 hours at 4◦C which is below its Tg [47].

Milling of indomethacin at cryogenic temperature results in transformation into

amorphous within 20 minutes cryomilling [41]. Descamps et al reported that

milling of the compound below its Tg results in amorphisation while milling

above Tg results in crystal defect. This finding refutes the theory that suggested

7
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amorphisation upon milling results only from local melting of the material being

milled followed by quenching [43].

Cryomilling is milling under liquid nitrogen temperature (-196 ◦C). Milling

at cryogenic temperature guarantees milling of the crystalline material below

its Tg and reduces the chance of recrystallisation that occurs during milling

process [48–50]. Obtaining brittle materials upon cryomilling enhances particles

cracking, minimises the energy required for milling, reduces plastic deformation

and the chance for particles aggregation [51, 52].

Cryomilling is nowadays under some researchers interest such as Thomas Rades,

Anne Marie Healy, Rodolfo Pinal, Peter Wildfong and others. The reported

work on cryomilling APIs alone was varied from studying the amorphisation

tendency of APIs upon cryomilling such as the work reported by Wildfong

et al and other cryomilling work on different APIs [38, 49, 53]. Wildfong et al

reported that some crystalline materials cannot transformed into amorphous

form despite long milling time such as aspirin, paracetamol, salicylamide and

other materials as seen in Table 1.2 and this was explained in the context of a

critical dislocation density model [50]. Some work focuses on differentiation

between the amorphous form and crystalline defect such as the study that

reported by Rodolfo Pinal et al [54]. Others focus on the effect of cryomilling

mainly in nanocrystal production and others focus on cocrystal formation upon

cryomilling [59, 60].

Milling time was the interest of some researchers due to its role in the transfor-

mation of the materials [48]. The effect of cryomilling time on amorphisation

tendency was reported on sulfathiazole form I and III in which short milling

time results in crystalline defect while longer milling time results in amorphisa-

tion [48, 61]. In addition the effect of milling time was reported on griseofulvin

in which short milling time results in crystalline defect rather than amorphous

transformation [54] while longer milling time for 60 minutes and more results

in amorphous formation as reported by Chattoraj et al [55]. Milling time affects

the recrystallisation behaviour of different sulfamerazine forms I and II [62].

Increasing milling time is also important in improving dissolution rate as in-
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Table 1.2: Reported work of the cryomilled APIs.

Materials Cryomilling

time in minutes

Reported

Tg in ◦C

References

D-Trehalose 300 108.7 [38]

D(+)-Trehalose dihydrate 300 26.3 [38]

D-(+)-Trehalose dihydrate 30 21 [49]

β-D-lactose 300 94.6 [38]

α-D-lactose monohydrate 300 45 [38]

Etravirine I and II 180 99 [48]

Sucrose 300 71 [37]

Glibenclamide 180 69 [53]

Griseofulvin 60 60 [37]

Griseofulvin, Felodipine 10 no [54]

Griseofulvin 4-30 no [3]

Felodipine 60 and 120 46 [55]

Sulfathiazole III and I 2-180 55.8 and

54.7

[56]

Sulfathiazole III 300 55.3 [38]

Carbamazepine III 300 51.9 [38]

α, β, γ Indomethacin 60 39-45 [41]

γ-Indomethacin 300 37 [38]

Ranitidine hydrochloride I 60 26 [57]

Simvistatin 90 27 [58]

Cimetidine 300 20 [38]

Ketoprofen 300 -4 [38]

Salicylamide, Aspirin, Ac-

etaminophen I, Sulfadiazine,

β-D-mannitol, Tolbutamide

I, Theophylline, Ibuprofen,

Naproxen, β Piroxicam, β

Sulfanilamide

300 no [38]
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vestigated by Thomas Rades et al on cryomilling of indomethacin for 120, 280

and 240 min [63]. Previously reported work on cryomilling of different APIs can

be seen in Table 1.2. Most of the APIs that are either milled or cryomilled are

unstable, therefore, there is a need of a carrier for their stabilisation to what are

called amorphous solid dispersions.

1.4 Amorphous solid dispersions

An amorphous solid dispersion can be defined as "a mixture comprising an

amorphous drug and a carrier dispersed at the molecular level" [64]. Polymers

are the most frequent carrier that are used in the stabilisation of the amorphous

solid dispersions. The most common polymers that are routinely used in the

production of amorphous solid dispersions are poly(vinylpyrrolidone) (PVP),

poly(vinylpyrrolidone/vinyl acetate copolymer), hydroxypropylmethyl cellu-

lose (HPMC), hydroxypropylmethyl cellulose acetate/succinate (HPMCAS),

hydroxypropylmethyl cellulose phthalate (HPMCP) and the acrylic acid-based

enteric Eudragit systems [8]. Using polymers as a carrier system for preparation

of amorphous solid dispersions was studied by many researchers such as Lynne

Taylor, George Zografi, Ann Newman and many others [8, 35, 65–71]. Another

carrier for stabilisation of the amorphous form is co-amorphisation by mixing

the drug with small molecular weight carrier such as citric acid in order to

stabilise it or mixing two drugs together or mixing with amino acid. These had

been studied by some researchers as a tool for stabilisation amorphous solid

dispersion [35, 72, 73].

Characterisation of amorphous solid dispersions was reported by different

methods including: X-ray powder diffraction (XRPD) which is a gold standard

method for investigation of crystalline material even at low concentration [74].

This method also can be used for estimation of the crystalline content and parti-

cles size through the Scherrer equation [75] which will be detailed in Section 2.3.3

in Chapter 2. The second method for characterisation of amorphous solid dis-

persions is thermal analysis by Differential Scanning Calorimetry (DSC). DSC
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measures the change in heat capacity associated with solid to liquid transition.

Furthermore, the Tg plays an important role in the predication of miscible amor-

phous solid dispersions or stability study that will be discussed in Section 1.5

and more detailed discussion will be appear in Chapters 2 and 3. Typical range

of pharmaceutical material Tg’s for APIs and excipients is between -100 to +250
◦C [76]. Other methods of characterisation involve spectroscopic methods such

as FTIR and Raman. AFM and NMR have been also reported [77–79].

1.4.1 Current techniques in the production of amorphous solid

dispersions

Hot melt extrusion (HME)

HME is a process of embedding a drug within thermoplastic polymer and/or

binder then heating the mixture above its Tg or above melting point until soft-

ening. The dispersion results due to high shear mixing and/or drug polymer

interaction [80–83].

HME has been widely applied in food and plastic manufacturing and in the phar-

maceutical processing and formulation such as production of pellets, implant,

tablet, transdermal formulation [81, 83, 84]. It is preferred over spray drying

because it is single process, shorter time, solvent free (more environmentally

friendly) and lower cost than spray drying [80–83, 85]. An example of an API

that processes by HME is itraconazole with HPMC [86]. The main disadvantage

of HME is the thermal degradation for heat sensitive materials [82].

Spray drying

It is a process that involves solubilising of drug and carrier into suitable solvent

followed by evaporation of this solvent from the solution or the suspension

that formed to transform it into solid product [87–89]. It is used in pharmaceu-

tical processing such as granulation, encapsulation and in pulmonary dosage

form [87]. An example of API that formulated as amorphous solid dispersions
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by spray drying is ketoconazole with polyvinylpyrrolidone K25 [90]. This tech-

nique is suitable for thermosensitive material where HME is contraindicated [89].

Despite this advantage, many limitations for this technique such as the long time

required for the production and the usage of solvent that results in additional

time, cost and hazard (if organic solvents used). Furthermore, there might be

a stability issue that results from the residual solvent that might entrapped in

the product [91] and finally some drugs such as aspirin can be unstable in the

presence of solvent that can cause hydrolysis [92]. Table 1.3 shows the marketed

drug which are formulated as amorphous solid dispersions.

1.4.2 Co-milling and co-cryomilling

Co-milling is milling of two ingredients together either at room temperature

or under controlled temperature. If the co-milling was under liquid nitrogen

temperature then it is called co-cryomilling. It is important to differentiate be-

tween these terms. Co-milling was reported by many researchers such as Marc

Descamps and Thomas Rades [93–96]. Co-milling either includes milling the

two APIs as investigated by Thomas Rades such as co-milling naproxen with

cimetidine (60 minutes at 4◦C), indomethacin with ranitidine (60 minutes at 4◦C),

simvastatin and glipizide (ball milling and cryomilling 60 minutes) [72, 73, 93].

Other work includes co-milling an API with small molecules such as amino acid

or other excipients (milling of carbamazepine and indomethacin with amino

acid binary and ternary mixtures [94, 94]) or milling ketoprofen, naproxen, and

indomethacin with Neusilin (6-24 hour) and budesonide with α-lactose for 12

hours [97, 98]. Examples of co-milling API with polymer includes: milling

carbamazepine, dipyridamole, and indomethacin with PVP 120 minutes, in-

domethacin with PVP K12 at -8◦C for 8 hours and Glisentide wih PVP for 120

minutes [95, 96, 99, 100]. Co-milling also involves milling of two excipients

such as milling of α anhydrous trehalose with mannitol [101]. All the reported

co-milling work demands long milling time to achieve amorphisation. Shorter

milling time either results in incomplete amorphisation or causes rapid recrys-

tallisation. Furthermore, PVP seems to be the only polymer used in all reported

12
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Table 1.3: Marketed amorphous drug products. This table adapted from

reference [4].

Compound Trade name Manufacturer Carrier Processing

technology

Dosage form

Amorphous solid disper-

sions (ASDs)

Etravirine Intelence R© Janssen HPMC Spray drying Tablet

Everolimus Certican R©

/Zortress R©
Novartis HPMC Spray drying Tablet

Fenofibrate Fenoglide R© LifeCycle Pharma PEG Spray melt Tablet

Griseofulvin Gris-PEG R© Novartis/Pedinol PEG Melt extrusion Tablet

Itraconazole Sporanox R© /

Onmel R©
GlaxoSmithKline/Stiefel PVP VA 64 Melt extrusion Tablet

Ivacaftor Kalydeco R© Vertex HPMCAS Spray drying Tablet

Lopinavir and Ritonavir Kaletra R© AbbVie PVP VA 64 Melt extrusion Tablet

Nabilone Cesamet R© Lilly/Valeant PVP Melt extrusion Capsule

Nifedipine Afeditab R© CR Elan/Watson Poloxamer or

PVP

Melt/absorb on car-

rier

Tablet

Nilvadipine Nivadil R© Fujisawa HPMC - Tablet

Nimodipine Nimotop R© Bayer PEG Spray drying/fluid

bed

Tablet

Posaconazole Noxafil R© Merck HPMCAS Melt extrusion Tablet

Ritonavir Norvir R© AbbVie PVP VA 64 Melt extrusion Tablet

Tacrolimus Prograf R©

/LCP-Tacro R©
LifeCycle Pharma/Veloxis HPMC Melt granulation Tablet

Telaprevir Incivek R© /Incivo R© Vertex/Janssen HPMCAS Spray drying Tablet/Capsule

Troglitazone Rezulin R© Pfizer (Parke-Davis) PVP Melt extrusion Tablet

Vemurafenib Zelbora R© Roche Coprecipitation Tablet

Verapamil hydrochloride Isoptin R© SR-E 240 AbbVie HPC/HPMC Melt extrusion Tablet

Pure amorphous drugs

Cefuroxime axetil Ceftin R© GlaxoSmithKline - - Tablet

Nelfinavir mesylate Viracept R© Agouron/Pfizer/Roche/ViiV

Healthcare

- - Tablet

Quinapril hydrochloride Accupril R© Pfizer - - Tablet

Rosuvastatin calcium Crestor R© Shionogi/Astra Zeneca - - Tablet

Zafirlukast Accolate R© Astra Zeneca - - Tablet
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API-polymer works. The previously reported work on co-cryomilling for short

time aimed to ensure mixing between components and for reduction of particle

size such as milling indomethacin and nifedipine with PVP, PVP/VA, PVAc,

d-Mannitol with PVP, doxorubicin with silica-nanoparticle/polycaprolactoneas

and phenytoin with some excipients as reported by [102–105]. The only reported

work of co-cryomilling was done by Marc Descamps et al on co-cryomilling

of piroxicam and indomethacin with PVP [106, 107]. Again these two studies

used only PVP as polymer for production of amorphous solid dispersion which

has a stability problems upon storage in humid conditions. In addition the

studies only covered a very limited range of drugs which are piroxicam and

indomethacin by milling and co-milling. The current piece of work will investi-

gate co-cryomilling of three different APIs (which was selected according to the

variation of Tg with the room temperature) with HPMC (a widely used polymer

in production of amorphous solid dispersion by HME and spray drying) for

150 minutes and the second parts of our study will focus on co-cryomilling

of felodipine that was widely reported in production as amorphous solid dis-

persions (by spray drying and HME). Felodipine will be co-cryomilled with

different types of biodegradable polymers and polymers mixes that are not

reported in any co-milling or co-cryomilling work before but were studied in

common methods for production of amorphous solid dispersions such spray

drying and HME.

1.5 Stability of amorphous solid dispersions

Single phase amorphous solid dispersion is important for long term stability

and prolongation of supersaturation during dissolution [8]. Generally, a single

phase amorphous solid dispersion is formed when there is a single Tg achieved

between the drug and the carrier [8]. Polymers stabilise the amorphous solid

dispersion through: elevation of the Tg which can result in reducing the molecu-

lar mobility, reduction of the drug chemical potential, formation a drug-polymer

interaction [108], steric effect and hydrophobic interaction [109]. Formation
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of H-bond between the drug and the polymer was thought to participate in

inhibition of crystallisation even at low polymer concentration and results in

prolongation of supersaturation of the drug during dissolution [8]. However,

this is not necessarily the case in the presence of moisture [110] where moisture

results in recrystallisation of the API in the solid dispersions by water plasticising

effect (reduction of the Tg) because water Tg is about -134 ◦C [111]. Hygroscopic

polymers aggravate the effect of moisture on the crystallisation of amorphous

solid dispersions [112]. Another factor that worsens the stability of amorphous

solid dispersion is the temperature. Storage of the amorphous solid dispersions

at higher temperature than their Tgs results in recrystallisation of the APIs [35].

Stability of the amorphous solid dispersions is the interest of many researchers

such as Lynne Taylor, Ann Marie Healy, Ann Newman, Guy Van den Mooter

and many others [8, 70, 90, 108, 113–116].

Miscibility between the drug and carrier is important in the stability of the

amorphous solid dispersions as mentioned earlier in this section. Miscible

blending means a single Tg is formed between drug and carrier which can be

detected by using the DSC technique. Furthermore miscibility can be predicted

from the Gordon Taylor equation and from solubility parameter value (this

will be detailed in Section 3.4.5 in Chapter 3). Other prediction model used is

the Flory-Huggins interaction parameter. The miscibility of amorphous solid

dispersions prepared by spray drying and HME was used as a tool prior to

stability study was reported before by many researchers [117–120].

Felodipine stability and miscibility in amorphous solid dispersions prepared by

HME and spray drying were also studied before [71, 114, 115, 121–123]. In the

present piece of work the miscibility of felodipine prepared by co-cryomilling

is done for the first time, in addition, the stability study of amorphous solid

dispersions is also investigated here by co-cryomilling to see its effect on main-

taining the amorphous within the amorphous solid dispersion as new method

for production of amorphous solid dispersion.

Combination of hydrophilic and hydrophobic polymer or surfactant/polymer

was previously reported for better inhibition of crystal growth than using sin-
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gle polymer and also important in maintaining supersaturation at the same

time as reported before by Ilevbare et al [124, 125] for protection of ritonavir,

celecoxib and efavirenz prepared by spray drying method. The usage of sur-

factant/polymer or polymer/polymer mixture combination was also reported

by Van den Mooter and his group for maintaining the supersaturation of anti-

HIV drug UC 781 [126, 127] and on itraconazole [128, 129]. A combination

of hydrophilic and hydrophobic polymer for solid dispersions prepared by

co-cryomilling is introduced for the first time in our study.

The amorphous solid dispersion produced by co-cryomilling tends to increase

both solubility and dissolution rate. Both are important in the formulation of

poorly water soluble drugs to fast acting formulation such as ODTs.

1.6 Orodispersible tablet

Orally disintegrating tablets or orodispersible tablets (ODTs) are solid oral

dosage forms in which the disintegration and dispersion occur in the mouth

cavity where the absorption might occur either partially or completely [130]

depending on whether the patient keeps the tablet for short time for complete

absorption or swallows it directly. The definition varied slightly between United

States Food and Drug Administration (FDA) and European Pharmacopoeia

(EP) in which the former defined it as the dosage from that disintegrate within

seconds while EP define the disintegration time to be within 3 minutes before

swallowing [130, 131].

Fast onset of action and the usage of this dosage form in patients with swal-

lowing difficulties such as paediatric, geriatric medication and patients with

dysphagia are the main aims for formulation of the ODTs [132–134]. There is

no need for water intake with the medication. The main advantage is the by-

passing the hepatic first pass effect because this dosage form enables absorption

of the medication to systemic blood circulation before entrance to the main

GI tract [135–137]. There are certain requirements in their production which

includes: acceptable mouth taste, minimum irritation to the mouth cavity, least
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humidity during manufacturing and the tablets should be strong enough to

withstand processing, packaging and handling [130].

Poorly water soluble drug is the main stumbling block in the formulation of

ODTs as these types of formulations require water soluble drug and/or fast

dissolution rate [138]. To solve this problem all of the strategies that were

mentioned earlier in Section 1.2.1 can be applied. Felodipine is a calcium channel

blocker which is an important drug in the treatment of hypertensive crisis in the

emergency due to lack of the negative inotropic effects on the heart [139]. Its poor

water solubility is the main hurdle on its formulation as an ODT dosage from.

The only rapid onset route of administration of felodipine is the intravenous

route [140, 141]. It was reported before that felodipine was formulated into

ODTs through HME and spray drying methods [142, 143]. Our work will

involve optimisation of felodipine release by co-cryomilling into amorphous

solid dispersions which according to DCS will increase both solubility and

dissolution rate. Formulation through cryomilling was not reported before for

this dosage form or any dosage forms. Processing of ODTs was previously

reported including different methods such as lyophilisation (freeze drying),

cotton candy process, moulding and compaction such as wet granulation, dry

granulation and direct compression [144, 145].

1.7 Aim and objectives

The aim of this Ph.D. is to produce an amorphous solid dispersions via cry-

omilling technique that can be used by the pharmaceutical industry for poorly

water soluble drugs to increase both the solubility and the dissolution rate

limited class II drugs.

Objectives:

1. Study the amorphisation tendency of three different APIs, felodipine,

paracetamol and aspirin via cryomilling in the presence and absence of

HPMC (a widely used polymer for production of amorphous solid disper-
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sions by HME and spray drying).

2. Investigate the miscibility and stability of felodipine:polymer dispersion

made by cryomilling.

3. Investigate the role of mixing polymers with the API and their impact on

the long term stability by co-cryomilling.

4. Assess the potential of cryomilling in making realistic formulations.

5. Study the role of cryomilling on felodipine which is used as model poorly

water soluble drug. It has a potential clinical application for fast acting

formulation as an ODTs because is only available as prolonged release

formulations in the market.

The hypothesis of this work is that the amorphous form of these three drugs can

be stabilised by cryo-milling with different types of polymers.
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Chapter 2

Cryomilling as an alternative

method for the production of

amorphous solid dispersions of

poorly water-soluble drugs

2.1 Novelty in this chapter

The potential of co-cryomilling drug/polymer blends to produce amorphous

solid dispersions, both for APIs that can be processed using conventional meth-

ods and for APIs which exhibit chemical instability and therefore cannot be

converted to amorphous solid dispersion formulations using conventional meth-

ods.

2.2 Introduction

For an orally administered drug to be effective in-vivo it needs to dissolve in the

gastro-intestinal tract and be absorbed into the circulatory system. However,

more than 55% of current drugs on the market and about 80% in the research

and development pipeline have poor water solubility that can potentially limit

19



Chapter 2. Cryomilling as an alternative method for the production of amorphous solid
dispersions of poorly water-soluble drugs

bioavailability [10]. If no suitably soluble crystalline form of a drug e.g. poly-

morph, solvate etc. or salt can be found then the use of the amorphous state is the

preferred option [146]. The amorphous form of a drug offers increased apparent

solubility compared to ordered crystalline forms, but in general has relatively

poor physical stability, often converting to an ordered (and hence less soluble)

form (recrystallisation). Such conversion cannot be allowed for a commercial

product and hence methods of stabilisation are often sought. The amorphous

form can, for example, be stabilised by entrapment in a nano or molecular dis-

persed state within a stable water-soluble matrix to form a so-called amorphous

solid dispersion [82, 146, 147].

In pharmaceutical systems the amorphous form (e.g. pure drugs or drug-polymer

glass solutions) is prepared by two main methods; hot melt extrusion (HME)

and spray drying [67, 108, 116, 125, 148–151]. Water-soluble polymers such as

PVP and HPMC are commonly used as the matrix in such amorphous solid

dispersion formulations. For example, HPMC is effective in hindering drug

crystal growth when miscible blends are prepared with poorly soluble drugs

such as felodipine and ritonavir [152]. However, these common methods are

not without problems. Thermal degradation of heat sensitive materials that are

prepared by HME [147] and solvent usage problems in spray drying [89] are

significant hurdles in the preparation of amorphous solid dispersions.

Milling is a pharmaceutical process used in general for particle size reduction

and also to encourage proper mixing of multi-component powders [153]. Milling

has also been reported to cause the formation of amorphous material in some

cases [154]. Milling hence offers a potential alternative method of amorphous

material production. Although milling above materials glass transition tempera-

ture (Tg) might result in obtaining amorphous material, this amorphous material

generally rapidly recrystallises [3] and hence lose the enhanced bioavailability. A

potential solution is to mill below the Tg. This can normally be achieved in liquid

nitrogen at -196 ◦C (cryomilling) to minimise recrystallisation [39, 43, 155–161].

Amorphous formation by cryomilling has been reported as a cost effective [51],

single step process that avoids solvent usage and minimises thermal degrada-
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tion. Milling of drug and polymer together at cryo-temperatures is one method

of amorphous stabilisation [162].

Cryo-milling had been applied to some APIs alone without polymer with vary-

ing milling time for felodipine, paracetamol, aspirin and many other drugs [56,

116, 154]. It was previously reported that relatively long milling times (such us

the 150 minutes used in our work or longer) is important to ensure complete

conversion of the crystalline API on its own into amorphous from, to avoid

polymorphic transformation and to slow the recrystallisation [62, 63, 163, 163].

For example, Botker et al studied the effect cryomilling time of indomethacin on

its transformation and stability showing that longer times were beneficial [163].

There is a very limited amount work undertaken on formulating drug/polymer

amorphous solid dispersions using cryomilling. Work to date tends to focus

on encouraging mixing via short cryomilling time 5 minutes and less after

processing by other methods. The only reported drug-polymer amorphous

solid dispersion was from the Descamps group [106, 107]. These results were

very promising but it is not indicated how it applicable in a pharmaceutical

setting. Here we further explore the use of cryomilling as an alternative method

to produce amorphous solid dispersions when heat (HME) or solvent (spray-

drying) are not applicable. Felodipine is used in our study as an example drug.

Felodipine has used to produce a solid dispersions via HME and spray dry-

ing [108, 110, 113, 115, 121, 148, 164–166]. Paracetamol is also considered here,

for which there are only few papers that consider its processing as an amorphous

solid dispersion by conventional methods [82, 167–169]. Finally, aspirin where

there is no report of amorphous solid dispersion formation is also studied in this

work. Paracetamol and aspirin have been reported as being significantly diffi-

cult to convert to the amorphous form due to their critical dislocation density,

whereby they are resistant to complete mechanical disordering and remained

fully crystalline [50].

Glass-forming ability (GFA) is defined as the easiness to vitrify a liquid on

cooling [170]. Non glass-formers are defined as class I compounds. Those which

crystallise on heating the melt-quenched material above the Tg, are defined as
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class II compounds, and compounds that showed no sign of crystallisation on

heating the melt-quenched material were classified as class III compounds [171]

(note: in our study we are not making glass by cooling a liquid). We have selected

three drugs with different properties as listed in Table 2.1. Previously works

has focused on drugs that can easily be made amorphous, however, this does

not give a good indication of how generally cryomilling would be applicable in

formulation manufacture. The range of compounds selected here mean that this

work has the potential to provide a route to amorphous solid dispersion even

for drugs which cannot be processed by other methods such as aspirin. The

manufactured cryomilled mixture formulations will be subject to stability testing

to help assess whether this represents a sensible potential route for formulating

drug-polymer amorphous solid dispersions.

Table 2.1: Properties of the selected APIs

API Tg in ◦C pKa GFA M.wt in

Dalton

Solubility in

water

Felodipine 46.4 [114] 2 [172] III [171] 384.3 [171] less than 0.5

µg/ml [172]

Paracetamol 24 [50] 9.5 [173] II [171] 151.2 [171] 14.7

µg/ml [174])

Aspirin -29 [50] 3.5 [175] I [171] 180.2 [171] 3.3 mg/ml [176,

177]

In this chapter the selected drugs were mixed with HPMC either by co-cryomilling,

or by separately cryomilling the API and the polymer then blending. Potential

dispersions produced in these formulations were evaluated using differential

scanning calorimetry (DSC) and powder X-ray diffraction (XRPD). Dissolution

performance was measured using a standard USP II method. We compare and

contrast the resultant formulations produced for the three drugs and discuss

the potential of cryomilling as a practical method for the manufacture of solid

dispersions.

22



Chapter 2. Cryomilling as an alternative method for the production of amorphous solid
dispersions of poorly water-soluble drugs

Cl

Cl

C

O

O
H2CH3C

H3C N

H

CH3

C

O

OCH3

Felodipine

OH

H
N

O

CH3

Paracetamol

O

O

O OH

Aspirin

Figure 2.1: Chemical structure of the selected APIs

Cambridge Structure Data Base CSD to predict the possibility of H-bond formation:

The Cambridge Structural Database (CSD) is a repository for reported crystal

structures of small molecules (ca. 850,000 entries as of 2016). It is widely used in

fields such as crystal engineering, crystal structure prediction, structure solution

from powder diffraction, and protein-ligand binding [178]. Specific examples

include the confirmation of the existence of the "halogen bond", typically be-

tween C-F and electrophiles or nucleophiles [179]. In studying inter-molecular

interactions using the CSD, the basic premise is that if a given bonding motif

is energetically favourable, it will occur frequently in the database, and a plot

of database reports of key inter-molecular distances for that bonding motif will

produce a histogram with a tight distribution of distances around the "ideal"

bonding distance for that motif. For a strong interaction this "ideal" distance will
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be less than the sum of the Van der Waals radii of the relevant atoms [180]. It is

therefore possible to use a CSD search predictively, to see whether a particular

inter-molecular interaction is expected to be strong (many reports, tight distance

histogram) and therefore likely to be of importance in systems having similar

chemical functionality, or weak and therefore relatively unimportant. This ap-

proach is very well established and forms the basis of much of the field of crystal

engineering for example [181].

The vast majority of crystal structures reported in the CSD are determined from

single-crystal X-ray diffraction. As X-rays interact with electrons, the outcome

is that the positions of hydrogen atoms are not determined well using this

method. When discussing hydrogen bond lengths X-H...Y reported in the CSD

it is therefore appropriate and conventional to report Y...Y distances rather than

H...Y [182].

In this thesis the CSD was used to evaluate the probability of strong H-bonding

interactions occurring between selected functional groups on the API and poly-

mer, in order to evaluate whether or not ASD formation was likely to be gov-

erned by specific API-polymer interactions. This was achieved by searching in

the CSD for the posited interactions and using both the frequency of the relevant

motif being reported, and relevant distance histograms measuring the proximity

of the two functional groups forming the motif. Note that this approach is not

a direct measurement of H-bonding between the selected APIs and polymers

used in this thesis, and that this CSD approach is best used for the purposes of

predicting likely H-bonding motifs, and/or for rationalising or contextualising

data on H-bonding such as shifts in IR peaks, etc.

The CSD was used to investigate the hydrogen-bond length between the donor

and acceptor group as reported in [183]. If the donor group is termed X-H and

the acceptor group represented by Y, then the H-bond length represents the

distance between X....Y since in the CSD it is not possible to measure the distance

between H and Y. When describing the strengths of hydrogen bonds a moderate

hydrogen bond has a distance of 2.5-3.2 Å, and weak hydrogen bonds have

value of 3.2-4.0 Å [184].
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When considering possible H-bonding interactions between felodipine and

HPMC, three interactions are considered likely based upon Etters rules [185].

These are:Felodipine:felodipine amine...ester, HPMC:HPMC ether...ether; ether...OH;

OH...OH, Felodipine:HPMC amine N-H...ether or amine N-H...OH.

Starting with felodipine itself, the crystal structure of the as-received material

(polymorph I, reference code DONTIJ) is available in the CSD, as are crystal

structures of the other polymorphs reported to date, and therefore the relevant

interactions can be directly considered from reported crystallographic data. The

primary H-bonding interaction in form I felodipine is 3.155 Å . This can be

compared with [interactions and distances in the other polymorphs]. The H-

bonding interaction in form I felodipine is therefore significantly longer, and

therefore expected to be significantly weaker, than in the other polymorphs. This

observation correlates with the infra-red result of a 34 cm−1 shift of that peak to

lower wave-number (i.e. stronger H-bonding interaction) upon cryomilling, in

the sense that the crystalline form I maximises lattice energy at the expense of

local H-bonding, whereas in the amorphous (cryo-milled and ASD with HPMC)

state lattice energy is not a consideration and therefore much more importance

is given to maximising local hydrogen bond strengths. Stronger H-bonding in

the amorphous form relative to the crystalline therefore results in the strong

red-shift of the NH peak.

Moving next to HPMC:HPMC potential interactions, from basic chemical intu-

ition the only chemically significant ones are expected to be OH...OH. However

given the low levels of OH substitution in the grade of HPMC used these are

not expected to be a major factor in governing the behaviour of HPMC, either

on its own or as a formulated product, and a CSD analysis is therefore not likely

to add new knowledge.

Considering finally the potential interactions between felodipine and HPMC, di-

rect crystallographic data are not available (HPMC is amorphous) and therefore

an indirect approach is required as outlined above. A set of motifs describing

the likely interactions were constructed and used a search terms in the CSD,

these are shown in Table 2.2 along with frequency plots of H-bond lengths. From
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visual inspection of the plots, the histogram of N...O distance for fragments

that form motif "a" show a most common value around 2.65 Å which is shorter

than our starting felodipine polymorph I so that it can be interpreted that the

crystalline form is more weakly hydrogen bonded than the bond expected to link

the felodipine-felodipine functional group. Upon co-cryomilling with HPMC

the expected motif for the interaction with HPMC is seen Table 2.2. For the

felodipine-HPMC system there is no clear distribution of this possible interac-

tion which can be interpreted easily as there is a low probability of interaction

between N-H group of felodipine with O-H of HPMC. It was reported that the

probability for the formation of a H-bond between N-H (as in our case felodipine)

and O-H (as here for HPMC) is weak [186]. It is supposed that the compounds

containing donating group (acidic N-H group) have low performance with the

compound that contains the medium acceptor group O-H in HPMC [186].

From CSD Table 2.3 it is confirmed that paracetamol form I (CSD reference

code HXACAN01) shows that the distance between N-H and the oxygen of the

phenolic O-H with which it is hydrogen bonded is 2.934 Å while the distance of

the hydrogen bond between the O-H and the carbonyl oxygen is 2.663 Å which

is hence stronger than that connecting the phenolic one. The expected motifs for

the interaction can be seen in Table 2.3. A histogram of O...O distances for the

fragments which could form motif "a1" show the most common value at around

2.8 Å which is longer than our starting polymorph I. After co-cryomilling

with HPMC, the expected motifs for the interaction are seen in Table 2.3. The

(O...O) distance histogram for the fragments show a most common value around

2.8 Å for a proposed part RO-H which is higher than the proposed one that

connected paracetamol molecules with each other, which is 2.663 Å . This likely

indicates that the cryomilling would not likely result in any interaction after

cryomilling of paracetamol itself nor after co-cryomilling with the polymer.

From CSD (refcode: ACSALA02) (aspirin polymorph I) we found that the H-

bond distance between carboxylic O-H group which is the strong donating group

with the carbonyl ester of other aspirin molecule is 2.649 Å . A histogram of

(O...O) distances for fragments which could form a motif "a2" in Table 2.4 has the
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Table 2.2: Felodipine CSD results.

Felodipine

part ex-

pected

Motifs H-

bond

length

in Å

Histogram Interaction

polymorph I 3.155 - -

Felodipine

a

N

H

+C
O

O

2.65

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.4 2.6 2.8 3.0 3.2 3.4

0
10

0
20

0
30

0
40

0

yes

Felodipine

HPMC

b

N

H

+R

O

H

3.5

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.6 2.8 3.0 3.2 3.4

0
50

10
0

15
0

no
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Table 2.3: Paracetamol CSD results.

Paracetamol

part ex-

pected

Motifs H-

bond

length

in Å

Histogram Interaction

Polymorph I 2.663 - -

Paracetamol

a1

OH+
C

O

2.8

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.0 2.5 3.0 3.5

0
50

0
10

00
15

00
20

00

no

Paracetamol-

HPMC

b1

OH+

R

O

H

2.8

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.0 2.5 3.0 3.5

0
50

0
10

00
15

00
20

00
25

00

no
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Table 2.4: Aspirin CSD results.

Part ex-

pected

Motif H-

bond

length

in Å

Histogram Interaction

Polymorph I 2.649

Aspirin

a2

OH

C

O

+ O

C

O

2.7

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.6 2.8 3.0 3.2 3.4

0
50

10
0

15
0

20
0

no

Aspirin-

HPMC

b2

OH

C

O+

R

O

H

3.6

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.5 3.0 3.5 4.0

0
10

00
20

00
30

00
40

00

no

most common value around 2.7 Å however, it is a broad histogram. With HPMC,

the expected motifs for the interaction are seen in Table 2.4. The histogram (O...O)

distance for the fragments shows a most common value around 3.6 Å for a

proposed part RO-H which is higher than the proposed one that connected the

aspirin molecules with each other (2.649 Å).

All of these analysis suggests that all the selected drugs have a low possibility of

interaction with HPMC.
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2.3 Materials and Methods

Felodipine was kindly donated by AstraZeneca. Aspirin, paracetamol sodium

phosphate dibasic, sodium phosphate monobasic and sodium dodecyl sulphate

(SDS) were purchased from Acros. The purity for the selected APIs was con-

firmed by DSC and XRPD which indicated no unexpected peaks or thermal

events compared to literature (see Figure 2.4 and 2.11). Hydroxypropyl methyl

cellulose manufactured by Shin Etsu was supplied by AstraZeneca. Potassium

carbonate was purchased from Minerals-Water Ltd (Essex, UK) in order to

achieve 43% relative humidity for the stability study.

2.3.1 Preparation of physical mixture

The selected drugs were mixed individually with HPMC in different proportion

5%, 25%, 50% and 75% (w/w) in 1 gram total. The mixtures were triturated by

hand using a mortar and pestle for 5 minutes at room temperature to encourage

proper mixing.

2.3.2 Cryomilling

Cryomilling was done using a 6870 Freezer/Mill (SPEX, Metuchen, NJ). An

electromagnetic coil shuttles an impactor bar back and forward inside the vial in

order to pulverise the sample. Liquid nitrogen submerges the coil and vial to

keep sample temperature at -196 ◦C. 1 gram as total weight of each API either

alone or mixed with polymer in four different concentrations was subjected to

cryomilling for 150 minutes. This is done by pre-cooling the materials for 3 min-

utes then milling for 2 minutes at frequency 10 cycles per second. Throughout,

there is a pause of 1 minute between cycles to minimise heat build-up in both

sample and coils. After cryomilling all samples are vacuum sealed to reduce the

moisture uptake inside a dry glove box. This dry-box is supplied with argon to

achieve a humidity about of 7% RH which is the lowest possible in that system.

The cryomilling set can be seen in Figure 2.2.
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Figure 2.2: The cryomilling set.

2.3.3 Powder X-ray diffraction (XRPD)

XRPD was performed by using flat-plate diffractometer an X’Pert PRO (PAN-

alytical, Almelo, Netherlands). The instrument utilises Cu Kα1 (λ = 1.54 Å)

radiation and operates in Bragg-Brentano geometry. The step size used was

0.02602 θ per degree with total collection time of 5 minutes. The voltage of

the generator is set to 40 kV and the current to 40 mA. Brass was used as the

plate for the samples. The crystallite size was estimated by using the Scherrer

equation [187] (Equation 2.3.1). Fityk software was used to estimate the peak

width by using a pseudo-Voigt curve fitting function. A silicon standard peak

was used to represent the instrumentation boarding effects.

L =
Kλ

B(2θ) cos θ
(2.3.1)

L is the crystallite size in nm, B is half-value breadth in 2θ , K is constant = 0.93,

λ is the wave length of incident X-ray, θ is the Bragg angle.
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2.3.4 Differential Scanning Calorimetry (DSC)

DSC was achieved using a Q2000 system (TA, New Castle, DE, United States)

supplied with an auto-sampler. Temperature and enthalpy were calibrated

using the melting endotherm of indium as performed in the manufacturer’s

guidelines. The samples of (2-8 mg) were weighed into Tzero pans (TA, New

Castle, DE, United States) and hermetically sealed under argon using the dry

box. A heating rate of 10 ◦C/minute was employed, along with a nitrogen

flow rate of 50 ml/minute. Analysis of thermograms was done by using TA

universal analysis 2000 (version 4.5A). The plotting of thermograms is with

the endothermic points down and exothermic point up. Melting points are

reported as onset temperature, the Tg value was determined as the mid point

as per-recommended practice [188, 189]. The experiments were performed in

triplicate (n=3).

2.3.5 Attenuated total reflectance- Fourier Transformed Infrared

Spectroscopy (ATR-FTIR)

The IR spectra of the samples were collected using an Agilent-Cary630-FTIR,

(United States). All samples approximately (5-10 mg) were applied to the plate

of diamond ATR type II crystal. The signal-reflection diamond has a 1 mm

diameter sampling surface with 200 µm active area and provides approximately

2 µm depth of penetration for infrared energy at 1700 cm−1. The samples were

analysed by Agilent MicroLab PC software. The spectral range was 4000-500

cm−1.

2.3.6 Gordon-Taylor equation

This equation is used to predict the Tg between a miscible drug with a polymer

(ideal case):
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For two component [190]:

Tg(mix) =
w1Tg1 + K1w2Tg2

w1 + K1w2
(2.3.2)

K u
p1Tg1

p2Tg2
(2.3.3)

Tgi is the glass transition temperature of each component, Wi is the weight

fraction of each component, K is calculated from the pi density and Tgi of each

component.

2.3.7 Dissolution study by UV and HPLC

The dissolution was done using a United States Pharmacopeia (USP) type II

apparatus at 50 rpm (Erweka Dissolution Tester) in phosphate buffer pH 6.8 con-

taining 1% SDS. The volume of the dissolution media was 600 mL. Dissolution

media was maintained at 37◦C and a paddle speed of 50 rpm was employed. At

designated time intervals, 5 mL samples were withdrawn, filtered (0.45 µm) and

analysed by HPLC for felodipine. The dissolution experiments were performed

in triplicate. HPLC analysis was carried out using an Agilent 1100 with UV

detection at 238 nm, equipped with an Supelco LC-18, 15 cm, 5µm, 4.6 mm col-

umn. Setting of the flow rate to 1.0 mL/min and keeping the temperature of the

column at 40 ◦C. Injection volume was 20µml. Acetonitrile (HPLC grade) and

water is the consistent of the mobile phase. Calibration curves were performed

in triplicate with R2=0.999. UV method was done by using UV spectrophotome-

ter (Varian, Cary 50) for detection the absorbency for aspirin at 265 nm and

paracetamol at 245 nm. Calibration curves for aspirin and paracetamol were

performed in triplicate with R2=0.999. The amount of felodipine is 10 mg in each

mixtures.

2.3.8 Scanning electron microscopy(SEM)

The samples were coated with a thin gold layer by sputter coater unit (SPI, USA)

to mitigate against surface charging effects. SEM images were taken using a
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Joel JSM 6060LV SEM (Japan) operated at an acceleration voltage of 10 kV. The

particle size was determined using ImageJ software.

2.3.9 Quantification of crystallinity

The degree of crystallinity was quantified by a DSC method according to the

following equation:

F =
∆H f m− ∆Hr

∆H f
× 100 (2.3.4)

F is the degree of crystallinity percent, ∆H f m, ∆H f , is the heat of fusion of the

milled and crystalline material respectively, ∆Hr is the recrystallisation heat

measured from the exothermic peak [3].

2.3.10 Stability study

A saturated solution of potassium carbonate was prepared and then this solution

was placed in a gas-tight environment to achieve the required humidity which

is 43% at room temperature. The samples were analysed by XRPD, FTIR and

DSC after 1, 2, 5, 20, 40 and 60 days of storage.

2.3.11 Calculation of the % ionisation

The % of ionisation was calculated according to Henderson-Hasselbalch Equa-

tion 2.3.5 and 2.3.7.

weak acid

pKa = pH + log
HA
A−

(2.3.5)

The % ionisation will be:

log
HA
A−

= pKa− pH (2.3.6)

weak base

pKa = pH + log
BH+

B
(2.3.7)
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The % ionisation will be:

log
BH+

B
= pKa− pH (2.3.8)

HA is the weak acidic drug, B is the basic drug, pKa is the negative logarithm of

the acid dissociation constant Ka.

2.3.12 Evaluation of H-Bond length using the Cambridge Struc-

ture Data Base (CSD)

The prediction of a hydrogen bond that might formed between two functional

groups relies on crystal structures of (version 3.8 CCDC, Cambridge, UK).

Queries were built in ConQuest (version 1.18 CCDC) by using fragment struc-

tures containing two functional groups of interest which involved the donor and

acceptor group between felodipine-felodipine or between felodipine-HPMC.

These are combined with a formula query to avoid structures with additional

heteroatoms. Intermolecular H-bonds were excluded. In order to identify the

suitable donor and acceptor group there is a general rule outlined by Etter:

"All good proton donors and acceptors are used in hydrogen bonding.

Six-membered-ring intramolecular hydrogen bonds in preference to inter-

molecular hydrogen bonds. The best proton donors and acceptors remain-

ing after intramolecular hydrogen bonds formation from intermolecular

hydrogen bonds to one another [185]."

For example, the strongest donor group for felodipine is N-H group which

has the ability to form a hydrogen bond with acceptor group C=O of another

felodipine molecule. There is also a possibility of formation of hydrogen bond

between N-H group of felodipine other functional group of polymers as an

acceptor groups. Bonding propensity was investigated by plotting the reported

inter-molecular distance as a function of occurrence in the database, with a

strong propensity toward bonding interaction qualitatively indicated by frequent

occurrence of that bonding motif and a tight histogram of the inter-atomic

distance.
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2.4 Results and discussion

2.4.1 Particle size reduction

Figure 2.3 and Table 2.5 show the SEM results for the selected APIs before

and after cryomilling. All the selected drugs show a reduction in particle size

after cryomilling. Felodipine, paracetamol and aspirin particle size are reduced

approximately 40, 5 and 11 times, respectively, after cryomilling (Table 2.5). Such

a reduction in the particle size was seen also upon cryomilling of microcrystalline

cellulose and indomethacin [191].

Table 2.5: Crystallite size and particle size of the selected APIs.

API Crystallite size estimated by

Scherrer equation in nm

Particle size by SEM in µm

as received cryomilled as received cryomilled

Felodipine 42 no Bragg

peaks

711±44 19±4.5

Paracetamol 97 41 117±15 23±1

Aspirin 2675 58 883±10 81±2.5

The Scherrer equation [192] as detailed in Section 2.3.3 can be used to estimate

the crystallite size before and upon cryomilling based on the XRPD data in

Figure 2.4. In the Scherrer analysis, sharp Bragg peaks correspond to the large

crystallites whereas broad Bragg peaks correspond to small crystallites. This

figure presents the XRPD traces of the as-received materials before and after

cryomilling. It is important to note that all XRPD traces were collected within

an hour or two of cryomilling in order to minimise as far as possible any effects

due to recrystallisation or similar. For the as-received materials, the APIs exhibit

sharp Bragg peaks whereas the HPMC as seen in Figure 2.5 does not, but

rather shows a broad diffuse hump. This indicates that the APIs are crystalline

whereas the HPMC is not. This is expected as small-molecule drugs are generally

readily crystallised whereas polymers typically are not, and is in full accord with
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literature [35, 193].

Upon cryomilling of HPMC, as seen in Figure 2.5 which lacks Bragg peaks

before cryomilling, the changes upon cryomilling are minor, with no Bragg peaks

appearing. HPMC is therefore amorphous both before and after cryomilling.
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Felodipine as received  Felodipine cryomilled 

Aspirin as received  Aspirin cryomilled 

Paracetamol as received  Paracetamol cryomilled  

Figure 2.3: The SEM images of felodipine aspirin and paracetamol as

received, cryomilled for 150 mins.
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Figure 2.4: The XRPD patterns of felodipine, paracetamol and aspirin

before and after cryomilling. Offsets and scales applied for presentational

purposes.

Upon cryomilling (Figure 2.4), the Bragg peaks for felodipine largely disappear

into the noise, whereas for paracetamol and aspirin the Bragg peaks remain

evident, albeit with some minor changes in peak intensity and some peak broad-

ening. For felodipine the disappearance of Bragg peaks indicates that the sample

has, upon cryomilling, been transformed from largely crystalline to largely

amorphous. This is in full accord with previous work in which a similar phe-

nomenon was reported, both for felodipine [54, 194] and more widely for other

drugs [53, 95, 153, 158, 195]. For paracetamol and aspirin the preservation of

Bragg peaks upon cryomilling shows that these samples have preserved their

crystallinity and have not become amorphous to any detectable degree. The

slight changes in peak intensities for these samples are ascribed to the effects

of changes in particle size/shape and therefore preferred orientation upon cry-

omilling [50]. The increase in peak widths upon cryomilling is indicative of
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reductions in crystallite size. It can be seen from Table 2.5 and 2.6 that there is a

reduction in crystallite size of the as-received in comparison to the cryomilled

one. They are estimated at 97 nm to 41 nm (paracetamol) and 2675 nm to 58

nm (aspirin). For felodipine the crystallite size before cryomilling is 42 nm

while after cryomilling it is difficult to estimate crystallite size by Scherrer due

to lack of Bragg peaks because of the conversion of felodipine to amorphous

material (Scherrer equation applies only for crystalline material). The XRPD and

SEM data agree in the expected reduction in size for all selected drugs upon

cryomilling. It is difficult to compare the size obtained from SEM results with the

size obtained from Scherrer equation due to the fact that the Scherrer equation

measures crystallite size whereas SEM measures particle size. These particles

may include agglomerated material which is expected to be significantly larger

than the crystallite size [196].
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Table 2.6: Peak width and crystallite size estimated by Scherrer equation

from XRPD data.

API Status Peak width Size by Scherrer in

nm

Felodipine as received 0.2 40

cryomilled no Bragg peaks -

75% cryomilled

separately

0.3 30

75% cryomilled

together

no Bragg peaks -

Paracetamol as received 0.1 100

cryomilled 0.2 40

75% cryomilled

separately

0.2 40

75% cryomilled

together

0.3 30

Aspirin as received 0.03 2675

cryomilled 0.2 60

75% cryomilled

separately

0.2 60

75% cryomilled

together

0.3 30
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Figure 2.5: The XRPD patterns of HPMC before and after cryomilling.

Offsets and scales applied for presentational purposes.

2.4.2 Solid state transformation

From the previous Section 2.4.1, the XRPD results show the impact of cryomilling

on particle and crystallite size reduction. In order to investigate another mechan-

ical effect of cryomilling which is solid state transformation, DSC thermograms

along with XRPD were undertaken for all as-received APIs both before and

after cryomilling for 150 minutes and also after cryomilling with HPMC in four

different concentrations. All DSC traces were collected within 15 minutes of
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cryomilling. Here we need two assays to assess the solid state transformation;

DSC is used because it is more sensitive to low level of amorphous material

while XRPD is used because it is very sensitive to crystalline material (1% [197])

and it is furthermore does not involve heating of the sample. In particular the

DSC assay was done to investigate at crystalline versus amorphous behaviour,

Tg and stability.

After cryomilling of each material, we will focus on three thermal events for

each selected drug: the Tg; enthalpy of fusion; melting point onset (Table 2.7) for

the materials as-received, cryomilled and upon co-cryomilling with HPMC. Ad-

ditionally, we will note any re-crystallisation event. Furthermore, the percentage

of crystallinity was calculated according to Equation 2.3.4 as illustrated in the

material and method Section 2.3.9. HPMC was co-cryomilled with the APIs in

weight ratios to the drug of 5%, 25%, 50% and 75%.

Felodipine

As seen in Figure 2.6 and Table 2.7 felodipine polymorph I "as-received" exhibits

a single endothermic event which is interpreted as a melting point onset at

142.4 ±0.1 ◦C (n=3) which is in similar to that one reported by Chamarthy and

Rodolfo (141.7 ◦C) [54]. This melting point with lack of Tg in the thermogram

taken in conjunction with our XRPD results where there is no amorphous halo

(Section 2.4.1) indicates that the as received felodipine is fully crystalline.
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Table 2.7: The thermograms results for felodipine, aspirin and parac-

etamol as received, cryomilled and co-cryomilled with HPMC in four

different concentrations.

API State Tg (mid

point)◦C

Melting

point(onset)◦C

Heat of fu-

sion J/g

%

Crystallinity

Felodipine as re-

ceived

- 142.4±0.1 73.1±0.12 100

cryomilled 46.7±0.5 139.7±0.2 65.1±2.3 27.5±3.2

75% 46.7±0.2 135.4±0.6 1.2±0.7 2.1±1.3

50% 51.1±1.4 131.3±0.5 0.2±0.01 0.6±0.03

25% 53.7±1.7 - - 0

5% 59.4±2.2 - - 0

Paracetamol as re-

ceived

- 169.1±0.1 165.8±0.1 100

cryomilled - 167.1±0.4 160.5±0.9 96.8±0.5

75% 42.1±1.5 157.4±2 98.9±1.5 78pm1.2

50% 43.4±0.5 147±0.3 55.7±2.6 65.9±3

25% 46.7±2.3 123.6±7.3 4±0.8 9.5±2

5% 47.7±4.1 104.2±2.2 0.8±0.4 9.9±0.6

Aspirin as re-

ceived

- 142.4±0.1 173.1±0.12 100

cryomilled - 141.7±0.4 169±2.1 97.5±1.2

75% 43.1±0.4 120.5±1.5 77.8±2.6 59.6±1.5

50% 43.1±0.4 107.9±1.4 36.9±1.5 42.6±1.7

25% 42.8±0.5 86.1±1.2 5.6±0.4 13±1

5% 42.4±0.2 - - 0
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Figure 2.6: The DSC thermogram and XRPD patterns of felodipine as

received, cryomilled for 150 mins and cryomilled together with HPMC

in different concentrations. Red colour indicates as received materials,

blue colour indicates cryomilled materials, purple colour indicates 75%

drug loading, brown colour indicates 50% drug loading, green colour

indicates 25% drug loading and yellow colour indicates 5% drug loading.

Offsets applied for presentational purposes.

Upon cryomilling (Figure 2.6 and Table 2.7) the first thermal event is the ap-

pearance of a Tg at 46.7 ±0.5 ◦C which is comparable to that reported by Marsac

et al (46.4 ◦C) obtained from felodipine prepared by spray drying [114]. The

second thermal is the exothermic peak at 74 ±2.5 ◦C. A final endothermic event

occurs at 139.7 ±0.2 ◦C. The Tg appearance is a sign of amorphous material

formation along with the exothermic peak which is explained as a recrystalli-

sation peak that reveals the cryomilled felodipine experienced a reduction in
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crystallinity (amorphousness or crystal defects have been produced) that re-

crystallises on heating. The endothermic peak at 139.7 ±0.2◦C is considered as

melting peak which is less than the as received felodipine (142.4 ±0.1 ◦C). There

is consequently a reduction in the enthalpy of melting from 73.1 ±0.1 J/g to 65.1

±2.3 J/g of the "as received" and cryomilled felodipine. The reduction in the

enthalpy of fusion is interpreted as a reduction in crystallinity even after the

clear re-crystallisation event. The estimated crystalline content after cryomilling

changed from ' 100% to 27.5 ±3.2% which is comparable to that previously

reported one of 29.7 ±1.8% for cryomilling of felodipine for 120 minutes [55].

The DSC results are in good accord with the XRPD results in that felodipine

upon cryomilling undergoes a phase transformation in which it became at least

partially amorphous.

As amorphous felodipine recrystallises after 24 hour (Section 2.4.4), felodipine

was co-cryomilled with HPMC to potentially stabilise the amorphous state. The

drug loading is shown in Figure 2.6. The "as-received" felodipine showed a

melting peak while the HPMC did not (Figure 2.8). In the Felodipine/HPMC

system at 75% drug loading there is a Tg which was not changed (in term of

the temperature) in comparison to the cryomilled pure felodipine (Table 2.7).

Another important event upon co-cryomilling with HPMC is the disappearance

of the re-crystallisation peak that was observed in the cryomilled pure felodipine

as discussed early in this section. In addition, there was a melting peak onset

at 135.4 ±0.6 ◦C which is lower than the cryomilled felodipine. The expected

melting enthalpy for this dilution (physical mixture of felodipine with HPMC

at 75% w/w) would be 54.75 J/g crystalline felodipine, however, the observed

(cryomilled) is only 1.2 ±0.7 J/g felodipine (Figure 2.9). The estimated crys-

talline content reduced from 27 ±3.2% to 2.1 ±1.3% for the cryomilled and 75%

respectively. Further reduction in the drug loading shows additional changes

in the thermogram data (Figure 2.6 and Table 2.7). The first important change

is an increase in Tg’s upon co-cryomilling with HPMC. The Tg increased with

HPMC concentration. The second change is a reduction in percentage crystalline

content that is concomitant with an additional reduction in the melting point

and enthalpy of fusion. Felodipine/HPMC system becomes essentially zero per-
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cent crystalline within the limit of detection with the disappearance of melting

peak at 25% drug loading and lower. These DSC data likely indicate that co-

cryomilling with HPMC render cryomilled felodipine from partial amorphous

into a fully amorphous solid dispersion. From Figure 2.7 it can be seen that

the experimental Tg negatively deviates from the calculated ideal Tg from the

Gordon-Taylor equation. In addition the Tg plateaus at certain concentrations.

This observation has been reviewed by Konno and Taylor [110] for felodipine

with HPMC prepared by spray drying. This indicated poor mixing of felodip-

ine with HPMC or the hygroscopicity of HPMC that results in the observed

reduction of the Tg.
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Figure 2.7: Values of Tg for binary mixture felodipine-HPMC,

paracetamol-HPMC and aspirin-HPMC at 5%, 25%, 50% and 75% drug

loadings. The lines show the predicted from the Gordon-Taylor equation.

Dots indicates the experimental Tg performed in triplicate (n=3).

The XRPD results in Figure 2.6 show that all the felodipine-HPMC systems

mixtures exhibit a reduction in peak signal to noise ratio with the concomitant

appearance of an amorphous halo in comparison to the as received felodipine.

This likely indicates amorphous material formation for all co-cryomilled felodip-

ine/HPMC systems. This is similar to the reported behaviour observed for

felodipine dispersions prepared by spray drying method with PVP at different

drug loadings [198] and of cryomilled indomethacin with PVP in which amor-

phisation at high drug loading [107]. Our XRPD and DSC data are in agreement

of formation of (highly non crystalline content) amorphous solid dispersion for
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felodipine by co-cryomilling with HPMC.
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Figure 2.8: DSC thermogram of HPMC as received and cryomilled offsets

applied for presentational purposes.
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Figure 2.9: The enthalpy of melting for calculated physical mixture,

cryomilled together for felodipine, paracetamol and aspirin with HPMC.

Paracetamol

As seen Figure 2.10 and Table 2.7 the paracetamol polymorph I as received dis-

played only one endothermic event which is a melting peak onset of 169 ±0.1 ◦C

as similarly reported previously [199]. This event along with the clear Bragg

peaks observed in our XRPD data in Figure 2.10 indicates that the as received

paracetamol is crystalline without a detectable amorphous component.
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Figure 2.10: The DSC thermogram and XRPD patterns of paracetamol as

received, cryomilled for 150 mins and cryomilled together with HPMC

in different concentrations. Red colour indicates as received materials,

blue colour indicates cryomilled materials, purple colour indicates 75%

drug loading, brown colour indicates 50% drug loading, green colour

indicates 25% drug loading and yellow colour indicates 5% drug loading.

Offsets applied for presentational purposes.

Upon cryomilling, paracetamol did not exhibit a detectable Tg nor an exothermic

event (Figure 2.10) as was seen upon felodipine cryomilling. The only thermal

event is a minor depression in melting point to 167.1 ±0.4 ◦C along with a small

reduction in the enthalpy of fusion from 165.8 ±0.1 J/g to 160.5 ±0.9 J/g. This is

comparable to that reported by Wildfong [50]. As with XRPD data in Section 2.4.1

paracetamol on its own did not significantly convert to the amorphous form

upon cryomilling. The only change is the particle size reduction as discussed in
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Section 2.4.1.

Paracetamol/HPMC co-cryomilled system at 75% (Figure 2.10) and Table 2.7)

showed the appearance of a single Tg at 42.1 ±1.5 ◦C which was not observed

after cryomilling of paracetamol on its own. The second thermal event is the

melting peak onset at 157.4 ±2 ◦C which is lower than the cryomilled paraceta-

mol (167 ±0.4 ◦C). This is due to simple phase diagram dilution effect rather

than polymorphic transformation because the XRPD peaks does not change after

co-cryomilling.

The enthalpy of melting is expected to be 126.75 J/g paracetamol for this dilution

(75%) (physical mixture) as clearly seen in Figure 2.9, however, the experimental

value (co-cryomilled) of 98.9 ±1.5 J/g paracetamol is lower than the expected

value. This reflects a reduction in the crystallinity form 96.8 ±0.5% to 78 ±1.2%

for cryomilled paracetamol and co-cryomilled at 75% drug loading respectively.

Moving to a lower paracetamol/HPMC loading of 50% results in further increase

in the Tg with increasing HPMC concentration from 42.1 ±1.5 ◦C to 43.4 ±0.5 ◦C

(Figure 2.10). The enthalpy of melting is expected to be 84.5 J/g for paracetamol,

however, the experimental value of 55.7 ±2.6 J/g paracetamol is lower (Fig-

ure 2.9). With increasing HPMC at 25% paracetamol loading there is a further

increase in the Tg to 46.7±2.3 ◦C and a significant reduction in the enthalpy of

melting to 4±0.8 J/g paracetamol in comparison to the expected value (42.25 J/g

paracetamol) which in turn reflects a significant reduction in the crystallinity to

9.5 ±2%. At 5% loading the Tg of the system is not changed in comparison to the

25% loading, the melting peak is further reduce with a reduction in the enthalpy

of melting in comparison to the expected value 0.8 ±2.6 J/g paracetamol versus

24.25 J/g paracetamol respectively.

To summarise the most significant change in the thermogram for paraceta-

mol is the elevation of Tg until 5% loading, reduction melting point onset and

crystallinity (until 5% loading) with increasing HPMC concentration. The co-

cryomilling of paracetamol with HPMC probably leads to amorphous solid

dispersion at 25% paracetamol loading and lower based upon the appearance

of Tg and the enthalpy of melting (crystalline content). Formation of a single
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Tg is interpreted as formation of a single phase amorphous solid dispersion

although the experimental Tg is negatively deviated and plateaus, compared to

the Gordon-Taylor equation as seen in Figure 2.7. This in turn indicate either

poor mixing or a reduction of the Tg as the result of a water plasticising effect.

The XRPD results in Figure 2.10 show that there is a clear reduction in sig-

nal to noise ratio with increasing the peak width after co-cryomilling with

HPMC at 75% paracetamol/HPMC. This is associated with increasing in the

background amorphous halo with increasing polymer concentration at 50%

paracetamol/HPMC. At 25% there is an appearance of amorphous halo to in-

dicate amorphous formation. Our XRPD data are in agreement with our DSC

results in that the highly amorphous content appears at 25% paracetamol loading

and lower as a sign of amorphous solid dispersion formation.

Aspirin

As seen in Figure 2.11 and Table 2.7 aspirin polymorph I as received has one

endothermic event which represents the melting point onset of 140.4±0.8 ◦C

with an enthalpy of fusion of 173.4 ±3.5 J/g which is very close to the reported

value [50]. From our XRPD data in Figure 2.4, as received aspirin is crystalline.
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Figure 2.11: The DSC thermogram and XRPD patterns of aspirin as

received, cryomilled for 150 mins and cryomilled together with HPMC

in different concentrations. Red colour indicates as received materials,

blue colour indicates cryomilled materials, purple colour indicates 75%

drug loading, brown colour indicates 50% drug loading, green colour

indicates 25% drug loading and yellow colour indicates at 5% drug

loading. Offsets applied for presentational purposes.

Aspirin does not exhibit a detectable change in melting point and enthalpy

of fusion upon cryomilling (Figure 2.11 and Table 2.7) which agreed with our

XRPD data in Section 2.4.1 in confirming the highly crystalline content of as-

pirin after cryomilling. This is agreed with that reported by Wildfong after

cryomilling of aspirin although the duration time was longer than in our work

(300 minutes) [50].
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For aspirin/HPMC system at 75% loading as seen in Figure 2.11 and Table 2.7

the first thermal event is the appearance of a single Tg at 43.1 ±0.4 ◦C which

was not observed after cryomilling of aspirin alone. This Tg is quite distant for

the reported aspirin Tg is -29 ◦C [50] or that reported for HPMC 139 ◦C [200]

being intermediate between that of aspirin and HPMC. Additionally, at this

loading the melting point onset becomes 120.5 ±1.5 ◦C which is lower than the

melting point of the cryomilled aspirin 141.7 ±0.4 ◦C. The expected enthalpy

of melting for this diluted mixture as seen in Figure 2.9 is 130.05 J/g aspirin,

however, our co-cryomilled mixture exhibited lower enthalpy of 77.8 ±2.6 J/g

aspirin. The reduction in the enthalpy of melting reflects the reduction in the

crystallinity which is 59.6 % ±1.5 at this drug loading. Moving to lower a

aspirin loading, the Tg for 50% aspirin loading was unchanged from that at

75% loading. At 50% aspirin loading there is more of a reduction in the melting

point onset. The enthalpy of melting for this dilution is lower than the expected

value (36.9 ±2.6 versus 86.5 J/g aspirin) as seen in Figure 2.9. With lowering

aspirin concentration there is no change in the Tg but there is a further reduction

in the melting point. The enthalpy of melting in comparison to the expected

value as seen in Figure 2.9. At 5% drug loading, aspirin/HPMC system the Tg

is unchanged from other concentrations. The melting peak disappears and the

system becomes effectively 0% crystalline within our limit of detection. The

formation of a single Tg at an intermediate point between aspirin and HPMC

and the obtaining 0% crystallinity at 5% aspirin loading likely indicates the

formation of an amorphous solid dispersion. Although there is a single Tg

formed at all drug loadings, there is a deviation from Gordon-Taylor equation

as seen in Figure 2.7 which might indicate poor mixing of aspirin with HPMC.

The XRPD results in Figure 2.11 show that there is a clear reduction in signal

to noise ratio which coincides with increases in the peak width. At 5% there

is an appearance of amorphous halo to indicate amorphous formation. These

are in agreement with our DSC results in lacking of the crystallinity 5% aspirin

loading.
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Table 2.8: Summary for DSC and XRPD results from felodipine, parac-

etamol and aspirin.

API Status DSC XRPD

Felodipine as received crystalline crystalline

cryomilled
partial amorphous amorphous

cryomilled with

HPMC
highly amorphous

from 75%

amorphous from

75%

Paracetamol as received crystalline crystalline

cryomilled crystalline crystalline

cryomilled with

HPMC
highly amorphous

from 25%

amorphous from

25%

Aspirin as received crystalline crystalline

cryomilled crystalline crystalline

cryomilled with

HPMC
amorphous from

5%

amorphous from

5%
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From both XRPD and DSC data it can be concluded that cryomilling felodip-

ine alone can produce a partial crystalline form, while by co-cryomilling with

HPMC can produce a highly non crystalline mixture for felodipine at high drug

loading (75%). Both paracetamol and aspirin they keep their highly crystalline

content when cryomilled alone. Co-cryomilling with HPMC results in a single

Tg appearance for these drugs with the highly amorphous form obtained at 25%,

5% drug loading for paracetamol and aspirin respectively. From our data it is

clear that the ability of HPMC to protect the re-crystallisation of a drug during

cryomilling varied from one APIs to another.

A summary of the solid state transformations discussed as shown in Table 2.8.

The predicted and experimental Tg was seen in Figure 2.7. It was previously

reported by Konno and Taylor that HPMC is poorly mixed with felodipine as

the Tg does not appreciably increase with increasing HPMC concentrations [110]

earlier in this section. Furthermore it was reported that there is poor mixing

of itraconazol with HPMC in which the researchers correlate this with the hy-

groscopic nature of HPMC that results in the deviation from Gordon-Taylor

equation and poor mixing [201]. This can interpreted as poor mixing of our

API with HPMC as their Tgs not clearly changed with increasing HPMC con-

centration which might attributed to the lack on interaction between these drug

with HPMC as reported in our analysis of CSD earlier in the introduction of this

chapter.

2.4.3 Synergistic effect of cryomilling

XRPD

As noted above in the XRPD data Figure 2.5, HPMC itself (pre and post cry-

omilling) exhibits no Bragg peaks, and the reduction in Bragg scattering for

the joint cryomilled API-HPMC systems could in principle be ascribed simply

to a dilution of crystalline drug with amorphous HPMC, which is undoubt-

edly a factor in explaining these data. However the difference in behaviour

of felodipine compared to paracetamol and aspirin in terms of Bragg peaks is
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notable, and raises a question as to whether dilution effects alone are enough

to explain the data. Bragg peaks disappear after co-cryomilling with HPMC at

75, 25 and 5% felodipine, paracetamol and aspirin respectively. To answer this,

two approaches were taken for each API-HPMC system in which: 1) as-received

drug and polymer were cryomilled separately and then mixed "cryomilled

separately"; 2) as-received drug and polymer were mixed then cryomilled "cry-

omilled together" as shown in Figure 2.12 and Figure 2.13. For the case where

only dilution is occurring we would expect samples "cryomilled separately" and

"cryomilled together" to be identical. If there is any synergy we would expect

"cryomilled separately" and "cryomilled together" will be different from each

other. The differentiation between the physical mixture and amorphous solid

dispersion has been used by many researchers as a tool to confirm formation of

amorphous solid dispersion [71, 110, 116].

Figure 2.12 shows the XRPD data for all selected drugs both "cryomilled to-

gether" and "cryomilled separately" with different drug loadings. At 75% drug

loading; starting with Felodipine-HPMC system the "cryomilled separately" and

"cryomilled together" samples do not exhibit obvious Bragg peaks, although we

note the presence of what is possibly a very weak Bragg peak from felodipine

around 23◦ in the "cryomilled separately" sample. This overall behaviour mirrors

that seen for pure felodipine which also became markedly amorphous upon

cryomilling. For the paracetamol-HPMC system at 75% drug loading the Bragg

peaks is appeared in both "cryomilled separately" and "cryomilled together"

however the peak width around 24◦ for the "cryomilled separately" are notably

sharper than "cryomilled together" (0.114 ∆2θ versus 0.23 ∆2θ) respectively (Ta-

ble 2.6). Aspirin-HPMC at 75% drug loading similar to paracetamol-HPMC

system at this loading no difference between cryomilled together and cryomilled

separately however peak width are 0.033 ∆2θ versus 0.167 ∆2θ for cryomilled

separately and for cryomilled together respectively around 15.6◦ peak position

(Table 2.6). The peak width change for both paracetamol and aspirin at 75%

loading is interpreted as previously on the basis of crystallite size reduction for

the broader peaks in Section 2.4.1 and from Table 2.6.
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Figure 2.12: The XRPD patterns of 75%, 50%, 25% and 5% drug loading

cryomilled separately (red color), cryomilled together (blue color) of

felodipine, paracetamol and aspirin. Offsets applied for presentational

purpose. Rectangles indicate the loading when the amorphous material

appear.

Turning now to the 50% drug loadings (Figure 2.12) for felodipine/HPMC sys-

tem the Bragg peaks disappeared in the cryomilled separately in addition to

amorphous halo which was already seen from felodipine 75% loading cryomilled

together system. For paracetamol/HPMC system at 50% loading the cryomilled

separately and cryomilled together samples show a reduction in the peak inten-

sity in comparison to 75% loading. There is more reduction in peak intensity and

increasing peak width in cryomilled together over the cryomilled separately one

for paracetamol/HPMC system at 50% loading. In the aspirin/HPMC system at
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50% loading there is no clear difference in the intensity and width of the Bragg

peaks in both cryomilled together and separately samples.

At 25% loading for the felodipine-HPMC system (Figure 2.12) the behaviour

of the cryomilled separately and cryomilled together samples are identical to

the 50% loading. For the paracetamol-HPMC system at 25% the Bragg peaks

vanish into the noise in the "cryomilled together" mixture with appearance of

amorphous halo. There is a clear reduction in the sharpness and intensity of

Bragg peaks for the "cryomilled separately" mixture at 25% paracetamol loading.

The aspirin-HPMC system at 25% loading still shows Bragg peaks in both the

"cryomilled separately" and the "cryomilled together" however this loading

exhibits a lower peak sharpness and intensity in the both cryomilled together

and separately mixtures compared to the 50% aspirin-HPMC system.

The 5% system (Figure 2.12) for felodipine-HPMC does not exhibit different

behaviour from both the 25 and the 50% felodipine loading for those "cryomilled

together" and "separately". For the paracetamol-HPMC system at 5% loading

there is a further reduction in the intensity in the Bragg peaks in the "cryomilled

separately" mixtures and obviously the amorphous halo in the "cryomilled

together" which appeared from 25% loading. For the aspirin-HPMC system at

5% loading the amorphous halo only appeared for the "cryomilled together"

rather than the "cryomilled separately" samples.

From the XRPD data the appearance of Bragg peaks at 75% loading and lack

of amorphous halo for both paracetamol and aspirin indicates that they are

predominantly crystalline. At 50% loading of paracetamol the signal to noise

indicated a mixture of amorphous and crystalline material. At 25% loading we

no longer detect a Bragg peaks for the "cryomilled together" paracetamol-HPMC

system indicating that the mixture is predominately amorphous. At 5% loading

there is no Bragg peaks for aspirin-HPMC system and the amorphous halo

appears in the cryomilled together mixture. The cryomilled separately samples

at 5% loading aspirin do not exhibit obvious Bragg peaks, although we note the

presence of what is possibly a weak Bragg peak from aspirin around 27 ◦.

To summarise the XRPD data, on the basis of the wider Bragg peaks, coupled
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with the reduction in the Bragg peak signal to noise and the associated ap-

pearance of an amorphous halo noted in the XRPD results for the "cryomilled

together" compared to the "cryomilled separately" samples, there is clear evi-

dence that an amorphous solid dispersion is formed for at least the lower API

loading when co-cryomilled with HPMC for all three drugs. The disappearance

of Bragg peaks (within our limit of detection) occurs at 75, 25 and 5% loading

for felodipine, paracetamol and aspirin respectively, and this suggests that the

ease of forming an ASD with HPMC is in the order felodipine > paracetamol >

aspirin.

DSC

As the DSC is more sensitive to amorphous content than XRPD then DSC was

performed to all drugs "cryomilled together" and "separately". Thermogram data

in Figure 2.13 and Table 2.9 show the "cryomilled separately" and "cryomilled

together" at 75% drug loading for each APIs/HPMC system. For all systems

at the 75% drug loading the "cryomilled separately" system exhibits only one

thermal events which is the endothermic peak that considered to be a melting

peak. The "cryomilled together" system exhibited two thermal events. The first

one is the Tg appearance for all cryomilled together systems at 75% drug loading.

The second endothermic event is considered to be the melting peak that show

lower enthalpy of melting than the cryomilled separately one as seen in Fig-

ure 2.13 and Table 2.9 for all selected drugs. Other loadings thermogram results

(Figure 1 in appendix) also show the appearance of a Tg only in the cryomilled

together but not the cryomilled separately samples which is interesting because

it indicates that there is an amorphous material formed.
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Figure 2.13: The DSC patterns of 75 % loading for physical mixture,

cryomilled together and cryomilled separately of felodipine, paracetamol

and aspirin. Offsets applied for presentational purpose.

In summary from the XRPD data (Figure 2.12) there is no a clear indication of

disappearance of Bragg peaks until 75%, 25% and 5% for felodipine, paracetamol

and aspirin respectively. By moving to DSC technique Figure 2.13 which is more

sensitive to formation of amorphous materials we can see the appearance of Tg

which is an indication of the formation of amorphous material, for felodipine at

75% loading and other loadings (Figure 1 in appendix). Although paracetamol

and aspirin-HPMC systems at high drug loading (75%) are crystalline by XRPD

but both of them exhibit a Tg which is likely indicate the presence of crystalline
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Table 2.9: The thermograms results for 75% drug loading felodipine,

aspirin and paracetamol.

API Tg (mid point)◦C Melting point

(onset)◦C

Heat of fusion J/g % Crystallinity

Felodipine cryomilled

separately

132.3±0.3 49.1±1.5 89.7±2.7

Felodipine cryomilled

together

46.7±0.2 135.4±0.6 1.2±0.7 2.1±1.3

Paracetamol cryomilled

separately

- 154.2±0.1 102±2.6 80.4±2

Paracetamol cryomilled

together

42.1±1.5 157.4±2 98.9±1.5 78±1.2

Aspirin cryomilled sepa-

rately

- 122±0.4 88.2±4.2 76.9±3.3

Aspirin cryomilled to-

gether

43.1 ±0.4 120.5±0.5 77.8±2.6 59.6±1.5

and amorphous phase together.

2.4.4 Molecular interaction

Cryomilling causes a change in the physical state for all selected drugs as de-

tailed in the Section 2.4.2. We will see whether poor mixing is correlated with

the infrared data so that when we have a solubility limit then we will not have

an interaction. The likelihood of interaction from CSD Table 2.2, 2.3 and 2.4

was used as a tool to support the FTIR data. Hydrogen bond is a strong inter-

molecular interactions and consequently leads to the most discernible change

in FTIR spectra band. The strength of the hydrogen bond is proportional to

the red shift [184]. It was reported that the red shift correlates with a shorter

hydrogen bond distance [184]. Peak width, shape, intensity and position was

reported previously to differentiate between the amorphous and crystalline form

by FTIR [202, 203]. The uncertainty of our FTIR results is about 1 cm−1.
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Felodipine

Figure 2.14 shows a selected FTIR spectrum of felodipine as received, cryomilled

and co-cryomilled with HPMC in different concentrations shown. This figure

shows a part of IR spectrum between 3800-3000 cm−1 and 1750-1550 cm−1. We

will focus on the N-H more than C=O group as N-H group that characterises

felodipine has less overlap than C=O group as suggested by Yang et al [204].

N-H group in felodipine has the potential to act as a hydrogen bond donor

from the estimated rule suggested by Etter [114, 185]. Figure 2.14 show that

the as received felodipine has N-H stretching vibration at 3365 cm−1 which is

similar to that one reported by reference [204] which is similar to our starting

polymorph I. After cryomilling, N-H band of crystalline felodipine shifted from

3365 cm−1 to 3330.8 cm−1 (shift around 34 cm−1) to lower wave-number (red

shift). In addition, the cryomilled felodipine N-H stretching band peak which

has a width of 153.2cm−1 becomes more broad than the as received felodip-

ine (width of 143.2cm−1). The shift in the N-H stretching peak of cryomilled

felodipine is slightly higher than the shift in peak of N-H stretching group for

felodipine as reported in reference [110, 204]. The mentioned references suggest

that felodipine N-H band shifted by 30 cm−1 and 32 cm−1 by HME and spray

drying respectively over the crystalline felodipine. The as received felodip-

ine has C=O stretching band at 1688 cm−1. Upon cryomilling it splits in to a

shoulder peak to 1698 cm−1 and 1676 cm−1. Similar changes in the peak width,

shape and position were reported after milling of crystalline linaprazan [205]

and observed after amorphisation of crystalline bicalutamide [202]. For our

cryomilled felodipine this can be interpreted as the N-H functional group which

act as H-bond donor has the ability to form a hydrogen bond with carbonyl

group of other felodipine molecules which act as an acceptor [71, 110, 206]. The

reduction in wave-number of one of the carbonyl groups was interpreted as it is

acceptor group as reported by [110]. It was investigated before [184] that in the

amorphous phase only one of the carbonyls is hydrogen bonded, whereas the

other is non associated or extremely weakly hydrogen bonded [184]. A partial

amorphous form was obtained upon cryomilling of felodipine as outlined in
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Section 2.4.2. This interaction is expected to be stronger in the amorphous over

crystalline form in felodipine due to loss of the crystal packing upon amorphisa-

tion that lead to optimisation of H-bond strength of the amorphous form over

the crystalline one.
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Figure 2.14: The ATR-FTIR of HPMC and felodipine as received, cry-

omilled for 150 mins and cryomilled together with HPMC in different

concentrations. Red dotted line represent NH group position and blue

line indicated C=O group position. Offsets applied for presentational

purpose.

Upon co-cryomilling with HPMC (Figure 2.14) the N-H stretching band is shifted
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to a higher wave number (blue shift) in comparison to the cryomilled felodipine.

The N-H stretching peak of the cryomilled felodipine at 3330.8 position becomes

3333 cm−1 after co-cryomilling with HPMC at 75% drug loading, 3335 cm−1 at

50% drug loading and 3347 cm−1 at 25% drug loading. The peak shifted to the

higher wave-number with increasing HPMC concentration in comparison to the

cryomilled felodipine. This blue shift with increasing polymer concentration

can be explained by the dilution effect of HPMC to the cryomilled felodipine

rather than formation of the H-bond between the felodipine and HPMC. This

finding with the CSD analysis in the Table 2.2 might indicate low probability

of hydrogen bond formation between felodipine and HPMC. This finding of

the lacking in hydrogen bond between felodipine and HPMC was reported

by [110] for spray dried felodipine with HPMC. The simplest explanation from

our data is that specific H-bonding interactions between HPMC and felodipine

are weak at best. The amorphous dispersion formation likely happened without

any hydrogen bond formation.

Paracetamol

Figure 2.15 shows a selected FTIR spectrum of paracetamol as received, cry-

omilled and co-cryomilled with HPMC in different concentrations shown. This

figure shows a part of IR spectrum between 3500-3000 cm−1 and 1800-1550

cm−1. The as received paracetamol has an N-H stretching band which is sharp

band that appear in the FTIR spectrum at 3321.4 cm−1 as seen in Figure 2.15. In

addition there is a broad O-H stretching band which is appeared at lower wave-

number in comparison to N-H band at 3156 cm−1 and 3109 cm−1. The C=O

stretching peak was seen at 1650.7 cm−1 which is similar to the result obtained

from crystalline paracetamol as reported by Martinez et al [207]. The strongest

donor group predicted according to Etter [185] is (O-H). The broad shape of the

O-H band is indicates involvement of O-H group in a stronger H-bond with

other paracetamol molecules than N-H group in the crystal structure.

After cryomilling of paracetamol, there is no change in the main peaks in position

and relative intensity from the as received paracetamol as seen in Figure 2.15
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as uncertainties in our ATR-FTIR that used in this experiment is about 1 cm−1.

Upon co-cryomilling with HPMC if there is an interaction between paracetamol

and HPMC, then a red shift (moving to lower wave number) should be expected

in the strongest donor group which is O-H group in paracetamol. The polymer

should have the ability to break the H-bond between paracetamol-paracetamol

molecule and form a new bond [208]. At 75% drug loading there is no different

in the position of the O-H stretching N-H stretching band nor in C=O stretching

band after co-cryomilling at 75% drug loading as seen Figure 2.15. As we

mentioned earlier the uncertainty in the ATR-FTIR instrument about 1 cm−1

so this change after cryomilling the as received paracetamol is consider to be

not significant. Increasing the concentration of HPMC to 50% results in further

increasing blue shift to 3117 cm−1 for the suggested donor O-H group. Further

increase in the HPMC concentration at 25% loading and lower results in unclear

or flat peak position in the (O-H) band. From our CSD data Table 2.3 the

possibility of H-bond interaction between paracetamol and HPMC is weak. It

was previously reported by researchers in references [149, 186, 209] that there is

a weak interaction between phenolic O-H (as in our paracetamol donor group)

with moderate acceptor group such as that found in (HPMC). As increasing

HPMC concentration in 75 and 50% results in more blue shift comparing to the

cryomilled O-H stretching band position this can be interpreted as dilution effect

only. To sum up both FTIR and prediction results from CSD are agreed in there

is no clear evidence for H-bond interaction between paracetamol and HPMC.
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Figure 2.15: The ATR-FTIR of paracetamol as received, cryomilled for 150

mins and cryomilled together with HPMC in different concentrations.

Numbers indicates amide and carbonyl stretching peak. Red dotted

line represent NH group position and blue line indicated C=O group

position. Offsets applied for presentational purpose.

Aspirin

Figure 2.16 shows the a part of FTIR spectra between 4000-3100 cm−1 and

1750-1620 cm−1 of aspirin as received and aspirin upon cryomilling and upon

co-cryomilling with HPMC in different concentrations shown. The strongest
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donor according to Etter prediction [185] is O-H. This group has a stretching

band at 3491.6 cm−1. In addition the C=O stretching band is sharp at around

1680 cm−1. After cryomilling, no change in the peak position of the main group

in the band O-H or in C=O is seen (Figure 2.16). After co-cryomilling with

HPMC, it is difficult to follow the O-H stretching band position due to the

overlap with O-H stretching of HPMC at 3449.8 cm−1. The C=O stretching band

upon co-cryomilling with HPMC shifted to a higher wave number (blue shift)

by 2, 4, 5 and 9 cm−1 for 75, 50, 25 and 5% loading respectively. There is no clear

interpretation for these shifts since it happened in the acceptor not the donor

part of the spectra. From the CSD in the Table 2.4 there is a weak probability for

H-bond interaction between aspirin and HPMC.
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Figure 2.16: The ATR-FTIR of aspirin as received, cryomilled for 150

mins and cryomilled together with HPMC in different concentrations.

Offsets applied for presentational purpose.

It can be concluded that although a amorphous solid dispersion is formed for

all selected drugs that there is weak probability of H-bond formation between

felodipine, paracetamol and aspirin with HPMC. This weak or absence of in-

teraction is possibly consistent with the poor mixing of the selected drugs with

HPMC.
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2.4.5 Stability study

Stability against chemical decomposition

As received felodipine was yellow in colour (Figure 2.17). After cryomilling

of felodipine for 150 minutes a colour change from yellow to white occurred

while both paracetamol and aspirin (white colour) colour remain unchanged

after cryomilling. This color change for felodipine was reversible upon storage

(Figure 2.17). Other cases of colour change upon milling has been reported, for

example after room temperature milling of linaprazan and piroxicam [205, 210].

This is typically where the amorphous and crystalline materials have different

colours. If the colour change is reversible then the amorphous transformation

to the crystalline one might be happened without chemical decomposition [205,

210]. Chemical decomposition upon cryomilling was excluded to have occurred

as reported by Decamps et al for the cryomilling of lactose [43] but has happened

after room temperature milling of lactose [211]. This is due to the local melting of

lactose during milling that results in mutarotation (sign of decomposition) [211]

and indicates the ability of cryomilling to better stabilise the amorphous form.

In order to exclude chemical decomposition for felodipine, an FTIR based stabil-

ity test was done for the as received, cryomilled and stored cryomilled samples

after 2 months (Figure 2.17). It is clearly seen in our study that the broad amide

peak of felodipine cryomilled spectrum starts to sharpen after storage and re-

turns to the same position of the "as received" sample, again indicating that

the amorphous form recrystallises and that no chemical degradation results

from cryomilling. In contrast after co-cryomilling of felodipine with HPMC,

the mixture turned white and after 2 months storage period no colour change

for co-cryomilled felodipine with HPMC was observed (data not shown). This

irreversible colour change was also reported by Descamps et al for piroxicam

cryomilled with PVP [107]. A none reversible colour change is likely due to the

inhibitory effect of the polymer against recrystallisation for the experimental

time scale.
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Figure 2.17: The ATR-FTIR of felodipine as received, cryomilled for 150

mins and cryomilled for 150 mins after 60 days. Offsets applied for

presentational purpose.
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Stability against recrystallisation

Felodipine: Figure 2.18 shows the stability study data for cryomilled and co-

cryomilled with HPMC in concentration of 75, 50 and 25% at 25 ◦C/43% RH

for felodipine by DSC and XRPD. "Zero time" means the data collected directly

after cryomilling. The XRPD data in Figure 2.18 show that the amorphous

halo of the cryomilled felodipine was greatly reduced and sharp Bragg peaks

start to appear after storage for 24 hours at 25 ◦C/43% RH. These conditions of

storage were used as a stress test to induce crystallisation. Upon co-cryomilling

with HPMC at 75% drug loading (Figure 2.18), the XRPD amorphous halo

that appeared upon co-cryomilling was noticeably reduced after the 5th day of

storage and this coincided with appearance of Bragg peaks. The Bragg peaks

became sharper and/or more intense after 40 days storage than the 5th day. At

50% drug loading, the amorphous halo stayed until the 10th day then greatly

reduced as Bragg peaks appeared. The sharpness of the Bragg peaks increased

further more after 60 days. At 25% loading the XRPD data did not exhibit

any detectable change during the storage period. The 25% felodipine loading

does not exhibit detectable recrystallisation within the duration of our study.

XRPD results indicate that cryomilling of felodipine on its own results in an

unstable partially amorphous form that recrystallises within 24 hr while the

addition of HPMC results in a delay of the recrystallisation. The XRPD data also

indicate that co-cryomilling with HPMC delays the recrystallisation event for

both 75% and 50 % felodipine loading for 5 and 10 days respectively and inhibits

crystallisation at 25% drug loading.
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Figure 2.18: DSC thermograms and XRPD results for cryomilled felodip-

ine and co-cryomilled felodipine 75%, 50% and 25% directly after cry-

omilling "zero time" and within 2 months at 25 ◦C/ 43% RH. The red

box and the blue circle indicates the Tg. Offsets and scales applied for

presentational purpose. The crystallinity was quantified by DSC not

XRPD.

It is clearly seen from the DSC data in Figure 2.18 that two thermal events

appeared upon cryomilling felodipine which are a Tg (46.7 ±0.5 ◦C) and a re-

crystallisation peak (74 ±2.5 ◦C) which are greatly reduced on storage for 24

hour at 25 ◦C/43% RH. In addition, the enthalpy of melting increased after

lengthy storage which is interpreted as due to increase of the crystalline content

of felodipine from 27.5% of the cryomilled felodipine to about 92% after 24 hour

storage. This is similar to the behaviour of cryomilled sulfathiazole (after 150

minutes) stored under 22 ◦C/35% RH reported by Hu et al [56]. At 75% felodip-

ine loading the sample exhibits a Tg at "zero time" (45.9 ±1.2 ◦C Table 2.7). This

Tg is typically of sigma shape on day zero after and become distinct dip after
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storage for 5 days as widely reported in the literature being due to a relaxation

phenomenon and often described as an overshoot [161]. This Tg is not observed

after 40 days storage in our study. The enthalpy of melting increased gradually

which is interpreted as an elevation in the crystalline content of felodipine to

become around 90% after 2 months storage. Lowering felodipine loading to 50%

shows that upon storage there are two changes in the thermal event by the 10th

day of storage. The first one is the Tg was overshot and the second is an increase

in the enthalpy of melting. At the 60th day storage the Tg was deeper overshot

compared to that one at 10th day storage. In addition, the enthalpy of melting

increases which reflects increasing crystallinity within storage period to become

25% crystallinity. Reducing to 25% felodipine loading the Tg of the co-cryomilled

mixtures remains unchanged even after 2 months storage. The crystallinity was

also unchanged and the mixture stays non crystalline after lengthy storage. DSC

data is in agreement with the XRPD results and indicates that cryomilling of

felodipine on its own results in an unstable partial amorphous form that recrys-

tallises within 24 hours. Co-cryomilling with HPMC results in either delay the

re-crystallisation at high drug loading or inhibits recrystallisation at 25% or less

during the storage.

Paracetamol: Figure 2.19 shows the solid state stability data for co-cryomilled

paracetamol with HPMC at 25 and 5% at 25 ◦C/43% RH by DSC and XRPD.

These drug loadings were selected because this mixture gave a high amorphous

content (Section 2.4.2).

The XRPD data in Figure 2.19 show that the amorphous halo that appeared

at zero time starts to disappear into Bragg peaks after 24 hour storage within

our limit of detection. After 60 days storage, the Bragg peaks increased in their

sharpness. Lowering paracetamol loading to 5%, the amorphous halo was seen

even after 60 days storage in the mentioned condition. These XRPD data indicate

that although cryomilled paracetamol/HPMC at 25% loading is highly none

crystalline, it recrystallises upon storage in the mentioned condition. Increasing

HPMC concentration seems to inhibit the recrystallisation with the duration of

storage.
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The DSC data in Figure 2.19 show that co-cryomilled paracetamol/HPMC at

25% loading exhibits a Tg at 46.7 ±2.3 ◦C for freshly prepared sample (Table 2.7).

The crystallinity of the mixture is around 90%. After storage for 24 hour, there

is no change neither in Tg nor in the crystallinity. This Tg was overshot after

60 days storage and the crystalline content is doubled after the lengthy storage

period. By lowering paracetamol loading to 5%, the freshly prepared sample

exhibits a Tg of 47.7 ±4.1 ◦C (Table 2.7) which is seen also after 2 months storage

in 25 ◦C/43% RH and the calculated crystalline content was also unchanged

after lengthy storage. These DSC data agreed with XRPD data in indicating that

a 25% mixture is unstable but increasing polymer concentration likely results in

protection of paracetamol from the recrystallisation.
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Figure 2.19: DSC thermograms and XRPD results for 25% co-cryomilled

paracetamol at "zero time", 24hr and after 60th day storage at 25◦C/

43%RH. The blue circle indicates the Tg of the mixture. Offsets and scales

applied for presentational purpose. The crystallinity was quantified by

DSC not XRPD.

Aspirin: Figure 2.20 shows a solid state stability data for co-cryomilled aspirin
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with HPMC at 5% at 25 ◦C/43% RH by DSC and XRPD. Paralleled to paraceta-

mol, the stability study was done only on co-cryomilled aspirin with HPMC

at 5% drug loading because this is the only concentration that gave a high

amorphous content.

The XRPD results in Figure 2.20 show that amorphous halo that was observed

after freshly co-cryomilled sample at 5% aspirin loading remained even after

2 months storage. The DSC data show that the Tg that was observed after co-

cryomilling with HPMC was also seen after the lengthy storage. In addition

the crystalline content that remained at 0% after 2 months. Both XRPD and

DSC indicate that the co-cryomilled aspirin with HPMC at 5% drug loading

is stable under the storage condition for at least 60 days with no evidence of

recrystallisation detected.
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Figure 2.20: DSC thermograms and XRPD results of aspirin cryomilled

for 150 mins, cryomilled together with HPMC 5% drug loading for 60

days at 25 ◦C/43 %RH. Offsets and scales applied for presentational

purpose. The crystallinity was quantified by DSC not XRPD.

Overall, this study shows that obtaining highly amorphous content for our
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selected drug, felodipine does not mean it is stable against recrystallisation

because it readily crystallises upon storage for 24 hr. Although co-cryomilling

with HPMC results in highly amorphous content for felodipine, paracetamol

and aspirin at 75, 25 and 5% respectively it is not a guarantee of their stability

against recrystallisation upon storage. There is a need to increase HPMC con-

centration for co-cryomilled selected drugs to delay their recrystallisation under

storage conditions. Because HPMC is a hygroscopic polymer all the mixtures

might absorb water during storage [121]. This water might result in increasing

molecular mobility and then recrystallisation as reported by Rumondor and

Taylor [121].

In this stability study we can see from Figure 2.18 for felodipine that the Tg

becomes lower than the initial value before storage while for both paracetamol

and aspirin it becomes higher than before storage as seen in Figure 2.19 and 2.20.

Baird and Taylor suggested that the correlation between the Tg and stability

is especially necessarily straightforward for multicomponent systems [66] as

it can either increase or decrease. In the presence of moisture it makes the

detection of Tg difficult due to the desorption of the moisture during heating

of the sample that results in a broad endotherm [121]. The increase in the Tg

after storage was also reported by Vasanthavada et al for griseofulvin-PVP and

Indoprofen-PVP mixtures prepared by spray drying method and stored for

90 days at 40 ◦C/69% RH. The researchers correlate this phenomenon with a

phase separation that might have happened prior to crystallisation due to the

saturation of drug-rich phase [212].

2.4.6 Dissolution study

Figure 2.21 shows the dissolution results for felodipine, paracetamol and aspirin

as received, 50% physical mixture with HPMC before and after cryomilling.

After cryomilling, samples were stored for up to 24 hour in a minimum envi-

ronment humidity at room temperature. For felodipine, it is clearly seen in

Figure 2.21 that the release of the as received felodipine is less than 40% after

6 hours of dissolution. Cryomilled felodipine release is more than double that
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of the as received. It was previously reported by Karmwar et al that percentage

of indomethacin release increased after cryomilling. They found that the cry-

omilled indomethacin for 120 and 180 minutes increased the total amount of

the release after 60 minutes dissolution time by 5 and 8 fold respectively. Here,

the cryomilled (150 minutes) felodipine amount released after 60 minutes was

increased from 11%-72% (Figure 2.21). This elevation in felodipine release after

cryomilling is likely due to the effect of cryomilling reducing particle size as ob-

served in Section 2.4.1 and/or to amorphisation [1, 63, 213, 214]. The as received

felodipine is a neutral drug with pKa less than 2. The release is independent on

the pH of the media unless it is less than 1 [172]. The % ionisation in pH 6.8 is

low, 0.000016% calculated by Henderson-Hasselbalch equation (Equation 2.3.8).

After addition of 50% HPMC, the release of felodipine from the physical mixture

as seen in Figure 2.21 becomes about 60% after 6 hours which is higher than

the as received felodipine (40%) but still lower than the cryomilled one. After

co-cryomilling with HPMC, the percentage drug release increases to ' 100%

after 6 hour dissolution. These results are difficult to compare with other work

due to difficulty in achieving the same condition for comparison such as pH,

time, polymer, sink conditions etc. to minimise the difference in these condition

to compare the release of our amorphous solid dispersed felodipine with HPMC

with other work for felodipine with PVP prepared by solvent evaporation under

sink conditions. The release of felodipine from 50:50 mixture felodipine:PVP

after 20 minutes has been reported as less than 10% [215], however, for our

co-cryomilled felodipine with HPMC within 15 minutes we achieve a 76% drug

release. The elevation of felodipine release from the physical mixture (felodipine

with HPMC physically mixed by mortar and pestle) before cryomilling could

attributed to the surfactant effect of HPMC. HPMC can act as surfactant that

increases the release of an API [216]. The elevation in felodipine release upon

co-cryomilling with HPMC in comparison to the cryomilled felodipine might

be related to the solubilising effect of HPMC which was observed after co-

cryomilling and/or its reported to have a protection against recrystallisation

during dissolution in aqueous media [35, 217].
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Figure 2.21: The release profile of felodipine aspirin and paracetamol as

received, physically mixed (p/m) with HPMC, cryomilled (cryo) for 150

mins and cryomilled together with HPMC in 50% drug loading (n=3).

Paracetamol release is seen in Figure 2.21. The release of the as received paraceta-

mol is approximately 62% after 6 hours dissolution. The cryomilled paracetamol

showed a higher release 69% over the as received one after 6 hours dissolution.

This is likely indicate that the cryomilling of paracetamol increases the release

rate of paracetamol in comparison to the as received one which is probably

due to the particles size reduction as investigated in Section 2.4.1. This results

in increasing the surface area and hence the dissolution rate. Paracetamol is

unionized (degree of ionization is 0.2%) calculated by Henderson-Hasselbalch
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(Equation 2.3.6) in pH 6.8 (with pKa of 9.5 [174]).

The release of paracetamol for the physical mixture is slightly lower than the as

received paracetamol before 6 hour, however, after 6 hour the release of parac-

etamol from the 50% physical mixture with HPMC did not show any different

in comparison to the as received paracetamol. The co-cryomilled paracetamol

with HPMC did not show any difference from the cryomilled paracetamol after

6 hours dissolution from the cryomilled paracetamol. This likely indicates that

there is no role of HPMC in increasing paracetamol release neither before nor af-

ter cryomilling. The slight retardation of drug release from the physical mixture

could be attributed to the increasing the concentration of HPMC in the dissolu-

tion media (due to different in the potency of each drug in our experiment in

the dissolution media to achieve 1:1 drug:polymer concentration) that results in

increasing the viscosity of the media in case of paracetamol/HPMC system and

hence a retardation of the drug release according to Stoke-Einstein’s equation,

where the diffusion coefficient is inversely proportional to the viscosity of the

system [218]. This is different from behaviour of HPMC with felodipine, likely

due to the different in the concentration of HPMC in felodipine-HPMC system in

comparison to the paracetamol-HPMC system or due to failure of HPMC in pro-

tection of paracetamol against recrystallisation during dissolution. Furthermore,

it was reported that there is a complex relationship between HPMC and the SDS

that used in the experiment here. There is a certain ratio of HPMC and SDS

that can affect the critical micelles concentration and hence affecting the water

solubilising effect of this complex on the drug release [219–221]. This ratio was

not investigated in this study since we focused only on the effect of cryomilling

on the release of the selected drugs upon cryomilling and co-cryomilling with

polymer.

For aspirin as seen Figure 2.21 the release is high at essentially 100% for the as

received, physical mixture, cryomilled and co-cryomilled with HPMC. There

is no remarkable difference between the cryomilled and non cryomilled sam-

ples or addition of HPMC. A slight reduction in the aspirin release rate was

observed after physically mixed with HPMC. This high release rate of aspirin is
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probably due to its high percent of ionization at pH 6.8 of 99.98% (calculated by

Henderson-Hasselbalch Equation 2.3.6) as aspirin is an acidic drug with pKa of

3.5 [176, 177]. This high percentage of the aspirin release is possibly independent

on other factors such that affect the dissolution like particle size reduction. The

slight reduction in the release of aspirin from the physical mixture is interpreted

similar to HPMC effect on paracetamol release.

For all selected drugs due to the differences in their dissolution under pH 6.8,

the effect of cryomilling on release is varied. Cryomilling significantly increases

the release rate of felodipine, relatively moderately increase the release rate for

paracetamol and does not significantly affect aspirin release rate. Physical mixing

with HPMC can enhance felodipine release but slightly retards paracetamol

and aspirin release. Co-cryomilling with HPMC, only increased the release of

felodipine in comparison to the to being cryomilled alone while, it is not effective

for both of cryomilled paracetamol or aspirin.

2.5 Conclusion

For the first time we have demonstrated the effect of co-cryomilling as a generic

route to produce amorphous solid dispersions for both drugs which either have

been processed by other methods or hardly been studied at all before due to their

stability issues. The observation of clear evidence of a Tg and a clear difference

in behaviour between the physical mixture and cryomilled one indicate that

true dispersions have been formed. The three drugs we have considered in this

study possess different physicochemical properties and consequently different

co-cryomilling behaviour with HPMC, exhibiting a clear Tg only at certain

drug loadings. This suggests that producing amorphous solid dispersion by

co-cryomilling with a polymer of could be viable for wide range of drugs albeit

with the limitation of absolute drug loading. When we examined drug release

from these formulations we found that there is either an enhancement or no

clear change (for materials which is already rapid drug release) in drug release.

The implications are quite exciting for applying this methodology to a wider
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Table 2.10: Conclusion of Chapter 2.

Change Status API

Felodipine Paracetamol Aspirin

Size reduction Cryomilled X X X

Co-

cryomilled

with HPMC

X X X

Solid state transfor-

mation

Cryomilled X
7 7

Co-

cryomilled

with HPMC

X X X

H-Bond Cryomilled X
7 7

Co-

cryomilled

with HPMC

7 7 7

Enhanced stabil-

ity with respect

recrystallisation

Cryomilled
7 7 7

Co-

cryomilled

with HPMC

X X X

Increase drug

release

Cryomilled X X
7

Co-

cryomilled

with HPMC

X
7 7

83



Chapter 2. Cryomilling as an alternative method for the production of amorphous solid
dispersions of poorly water-soluble drugs

range of drugs, particularly those with poor solubility such as felodipine.

Although there is amorphous formation for the selected mixtures there is a

solubility limit with HPMC, therefore in the next Chapter 3 we will focus on

selection of other polymers that might have a better solubility and stability and

form a single phase via co-cryomilling route.

Felodipine Paracetamol AspirinAs received 

Cryomilled Amorphous Crystalline Crystalline 

Co-cryomilled 
with HPMC

Amorphous 
from 75%

Amorphous 
from 25%

Amorphous 
from 5%

Stability Stable from 
25%

Stable from 
5%

Stable from 
5%

Release 

Release  
improved after 
cryomilling  and 
increased more 

with HPMC 

Release  
improved after 
cryomilling  but  
not affected by 

HPMC 

Release neither 
affected by 

cryomilling nor 
after addition of 

HPMC

Figure 2.22: Summary of Chapter 2 main results.
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Chapter 3

Can cryomilled amorphous solid

dispersion be miscible at high drug

loading?

3.1 Novelty in this chapter

A pre-formulation study looking at the stability of cryomilled drug-polymer

amorphous solid dispersions in which multiple polymer mix has not been done

before using cryomilling technique. In addition, this is the first study for the

miscibility of amorphous solid dispersion via co-cryomilling.

3.2 Introduction

Amorphous solid dispersion can be produced by different methods such as spray

drying and HME. The main principle is mixing drug (low molecular weight)

with polymer (high molecular weight), however, there is no guarantee for full

miscibility between the drug and the polymer. Similarity in the hydrophilic

or lipophilic properties between the drug and the polymer or possessing a

functional group for interaction results in good miscibility between them [222]

although this is difficult to be achieved in the reality due to the difference in the
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nature of the drug and the polymer so the the selection of the best polymer will

be challenge.

The purpose of the amorphous solid dispersion is to increase the bioavailability

of the drug. It was reported in Chapter 2 that amorphous solid dispersion can

be produced via cryomilling. Under mechanical activation, crystalline material

can be converted to amorphous form under this "Green Chemistry" [162, 223]. A

single supersaturated metastable phase of the API and the polymer is achieved

from a miscible blend. This blend can affect the properties of the components

such as the molecular mobility, crystallisation and chemical degradation when

stored for a period of time [224]. Phase separation and structural relaxation

might result after obtaining a miscible blend. Miscibility can be either predicted

by modelling or experimentally by long-term stability studies [225, 226].

The aim of the formulator is to achieve the highest drug loading as possible

with the excipient. Amorphous solid dispersions are miscible up to 30-40%

without any phase separation [227]. Tg is frequently used as a tool to indicate the

miscibility of the amorphous solid dispersions [66]. The possibility of the blend

mixtures are: 1) completely miscible system exhibits only one Tg that should be

intermediate to the Tg’s of each components. 2) phase separated has two Tgs that

represents the Tgs of the components. 3) partially miscible has either one or two

Tgs depending on the concentration of the components [66, 212]. The Gordon-

Taylor equation [228] is used as an empirical method for prediction the Tg of

binary and ternary mixtures. Various solubility parameters are additional tools

to estimate the solubility of the drug in the polymer. Furthermore, the Flory-

Huggins model can be used as a guide to predict the miscibility of the amorphous

solid dispersion. These tools were reported by many researchers [117, 124, 222,

226, 229–240].

Water can adversely affect the miscibility of amorphous solid dispersions either

by interfering with the H-bond between the drug and the polymer or by plasti-

cising the mixtures (Tg = -134 ◦C) [241, 242]. Hygroscopicity of the drug and/or

polymer increases the moisture uptake [241, 243] and hence worsen the miscibil-

ity. The hydrophobic polymer enhances the interaction with hydrophobic drugs
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while water soluble polymers such as HPMC or PVP are used to enhance the

dissolution of the drug [152]. The more hydrophobic the polymer, the better the

inhibition from crystallisation of the amorphous drug in solid dispersion such as

ritonavir and felodipine [67, 244]. The combination of water soluble and water

insoluble polymer can give the dual properties for the mixture [152]. Using a

polymer blend of Eudragit E PO and PVP AV stabilises felodipine prepared by

hot melt extrusion method better than using a single polymer [243].

In the amorphous solid dispersion, selection of the best polymer with the maxi-

mum drug loading is a double-edged sword because it is important for desired

dissolution [103, 245], however, this is a hurdle in the amorphous solid dis-

persion as high drug loading in the final formulation might result in stability

issues [246]. Usually 50%-80% drug loading is required for the best dissolu-

tion [245]. Miscibility has been reported to be an important sign of stability

of the amorphous solid dispersion. Miscibility and stability studies were re-

ported by many researchers on the the amorphous solid dispersions produced

by HME and spray drying and on co-milled samples by room temperature

milling as reported by Anne Marie Healy, Thomas Rades, Lynne Taylor and

many others [71, 72, 94, 113, 116, 118, 190, 247–253]. There was a study by

Anne Marie Healy and her group to study the miscibility and stability of the

ball milled sulphonamides with Soluplus and with PVP [254] for 2 weeks only

25 ◦C/60% RH. This study used Flory-Huggins to predicate the miscibility.

Work that was reported by Mahieu et al involved the miscibility study of the

room temperature milling of indomethacin with PVP (room temperature milling

for 15 hours) [95]. No miscibility study was conducted before for amorphous

solid dispersions produced by co-cryomilling method. Co-cryomilled felodipine

from Chapter 2 showed a good stability with HPMC at 25% drug loading at

25 ◦C/43% RH for 2 months duration. However at 50% loading in the mentioned

condition felodipine was unstable. Therefore our study was developed to shed

the light on the production an amorphous solid dispersion via co-cryomilling

felodipine with water soluble, water insoluble polymers (binary mixture) and

mixture of both (ternary mixture). The pre-formulation study will be performed

by using a high drug loading to examine the mixtures miscibility and long term
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stability (six months). Finally, we will investigate how mixing of two polymers

will affect the stability of felodipine against recrystallisation.

Potential dispersions of our mixture were evaluated by XRPD and DSC for mis-

cibility and stability determination. Four different conditions were used to assess

the stability of all mixtures under these conditions (25 ◦C/0% RH, 25 ◦C/43% RH, 25 ◦C/75% RH and 50 ◦C/0% RH).

We applied in our study harsh conditions although the stability of the drug could

be compromised under non harsh condition. This will evaluate felodipine stabil-

ity in the formulation which is the concern of many pharmaceutical companies

during pharmaceutical processing and packaging.

CSD: The likelihood of formation of each potential H-bond in its crystal structure

is predicted from CSD analysis [255]. This probability will give us an idea about

how our mixture might behave regarding to H-bond.

The chemical structure of the selected polymers are seen in Figure 3.1. From

CSD we found that there is no evidence of drug polymer interaction between

HPMC and felodipine. For this reason we will focus on felodipine with different

polymers that processes different functional groups and different water solubility

which is HPMC, HPMCAS, Soluplus, PMMA as seen in Table 3.1. Both HPMCAS

and PMMA have C=O groups while Soluplus has alcohol group in a addition to

C=O functional group.

From Chapter 2 as received felodipine (CSD reference code is DONTIJ) was

reported as exhibiting the weakest felodipine...felodipine H-bonding with bond

length of 3.155 Å between N...O. From Chapter 2 CSD analysis and from the big

shift in the FTIR data as discussed previously in Section 2.4.4, the amorphous

felodipine has a stronger H-bond than the crystalline form. Upon co-cryomilling

with HPMC, HPMCAS, PMMA and Soluplus the potential motifs for the interac-

tion are seen Table 3.1. The N-H group in felodipine is supposed to be the donor

group while (C=O) group in HPMCAS, PMMA and Soluplus is considered as

strong acceptor [186]. The most common value in the histogram of N..O distance

for fragments which form motif "a" is around 2.65 Å. The probability of H-bond

formation between felodipine N-H group and C=O group that found in Solu-

plus, PMMA and HPMCAS is high. In addition felodipine-Soluplus mixture
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Table 3.1: The Cambridge Structure Database results proposed for

felodipine, felodipine-polymer and polymer-polymer.

Felodipine

part expected

Motifs H-

bond

length

in Å

Histogram Interaction

polymorph I 3.155 - -

Felodipine,

Felodipine-

HPMCAS,

Felodipine-

PMMA,

Felodipine-

Soluplus

a

N

H

+
O

O

2.65

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.4 2.6 2.8 3.0 3.2 3.4

0
10

0
20

0
30

0
40

0

yes

Felodipine

HPMC

b

N

H

+R

O

H

no

clear

dis-

tribu-

tion

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.6 2.8 3.0 3.2 3.4

0
50

10
0

15
0

no

Felodipine-

Soluplus,

HPMC-

HPMCAS,

HPMC-

PMMA,

Soluplus-

HPMCAS

c
O

O

+R

O

H

2.6

H−bond distance in angstrom

Fr
eq

ue
nc

y

2.0 2.5 3.0 3.5

0
20

00
40

00
60

00
80

00
10

00
0

yes
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has another possibility of H-bond formation between O-H group of Soluplus

as a donor group and the C=O group of felodipine as an acceptor group. The

distance between these two motif is 2.6 Å which is shorter than other inter-

actions. While for felodipine-HPMC system as reported in Chapter 2 there is

no clear distribution of the histogram and thus low probability of interaction

between N-H group of felodipine with O-H of HPMC. From this analysis we

can then conclude that there is a strong possibility of hydrogen bond formation

between felodipine with HPMCSAS, PMMA and Soluplus. Felodipine-Soluplus

has two site of interactions which could have the strongest interaction than other

polymers, while felodipine with HPMC the possibility of interaction is weak at

the best.

90



Chapter 3. Can cryomilled amorphous solid dispersion be miscible at high drug loading?

Figure 3.1: The chemical structures of the selected polymers.

From Table 3.1, the expected interaction between polymers themselves can
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Table 3.2: The possibility of hydrogen bond formation between felodipine

and selected polymers in our study.

Co-cryomilled mixture Possibility of inter-

action from CSD

analysis

From FTIR results

in literatures

Felodipine-HPMC no weak [110]

Felodipine-HPMCAS yes weak [71, 110]

Felodipine-Soluplus yes yes strong [71]

Felodipine-PMMA yes -

HPMC-HPMCAS yes yes [152]

HPMC-PMMA yes -

Soluplus-HPMCAS yes -

be predicted from CSD for HPMC-HPMCAS, HPMC-PMMA and Soluplus-

HPMCAS. The histogram of O..O distance for fragments which form motif

"c" has a most common value around 2.6 Å. This distance is shorter than the

expected interaction between felodipine and the mentioned polymers except

with Soluplus. This might suggest that the probability of H-bond formation

between polymer-polymer mix in ternary mixture is higher than felodipine-

polymer itself.

3.3 Materials and Methods

3.4 Materials

Soluplus R© was kindly donated from BASF company. PMMA (polymethyl-

methacrylate) was purchased from Sigma Aldrich. Sodium dodecyl sulfate

was purchased from Acros Organics. Potassium carbonate was purchased from

Minerals-Water Ltd (Essex, UK) in order to achieve 43% relative humidity for the

stability study. NaCl was purchased from Breckland Science Supplies (Norfolk,
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UK) in order to achieve relative humidity 75%. Molecular sieves were purchased

from Sigma to achieve the minimum humidity 0%.

3.4.1 Cryomilling

As per Section 2.3.2 in Chapter 2.

3.4.2 Powder X-ray diffraction (PXRD)

As per Section 2.3.3 in Chapter 2.

3.4.3 Differential Scanning Calorimetry (DSC)

As per Section 2.3.4 in Chapter 2. The experiments were performed in triplicate

(n=3) because there is a key test while the stability study was performed using a

single sample because the limited amount of samples that were used for stability

study.

3.4.4 Quantification of crystallinity

As per Section 2.3.9 in Chapter 2.

3.4.5 Mathematical prediction

Gordon-Taylor equation:

For two component [190]:

Tg(mix) =
w1Tg1 + K1w2Tg2

w1 + K1w2
(3.4.1)

K u
p1Tg1

p2Tg2
(3.4.2)
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For three component [190]:

Tg(mix) =
w1Tg1 + K1w2Tg2 + K2w3Tg3

w1 + K1w2 + K2w3
(3.4.3)

Tgi is the glass transition temperature of each component, Wi is the weight

fraction of each component, K is calculated from the pi density and Tgi of each

component.

Solubility Parameter [256]: It is defined the square root of a molecule’s cohesive

energy density (CED).

δ = (CED)0.5 =
(∆Ev

Vm

)0.5
(3.4.4)

∆Ev is the energy of vaporisation and Vm is the molar volume of the compound.

CED, the cohesive energy per unit volume.

According to Hanson’s approach [256]:

δ = (δ2
d + δ2

p + δ2
h)

1/2 (3.4.5)

Where δ2
d, δ2

p, and δ2
h are the partial solubility parameters indicating contributions

from Van der waals dispersion forces, dipole-dipole interactions, and hydrogen

bonding, respectively.

In this chapter we are not going to apply these equations to our work because

we will use the reported values from the published literatures.

3.4.6 Hydrophilicity/hydrophobicity predication

The hydrophilicity/hydrophobicity of the selected polymer and felodipine was

predicated by two methods the first one is from log P values that was predicted

using MarvinSketch 2016 from ChemAxon. The highest number is the the more

hydrophobic value [257]. The second method is the prediction from solubility

parameter. It was reported by Ilevbare et al that the more hydrophobic polymer

possesses the lower solubility parameter [67].
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3.4.7 Stability study

A saturated solution of potassium carbonate or NaCl was prepared and then

this solution was placed in a gas-tight environment to achieve the required

humidity which is 43% and 75% respectively at room temperature. Molecular

sieve were used to achieve the minimum humidity 0%. The samples was stored

at 25 ◦C/0% RH, 25 ◦C/43% RH, 25 ◦C/75% RH and 50 ◦C/0% RH. They were

analysed by XRPD and DSC at zero time of collection and after 2, 5, 10, 20, 40

and 60, 90, 120, 150 and 180 days of storage. The humidity measured by using

hygrometer .

3.4.8 Evaluation of H-Bond length using Cambridge Structure

Data Base CSD

As described in Chapter 2 Section 2.3.12

3.5 Results and discussion

3.5.1 Prediction of the hydrophilicity and hydrophobicity

Polymers that were used in this study are shown in Table 3.3. The hydrophilicity

and hydrophobicity predicted from ChemAxon are outlined in Table 3.3. The

polymers are ranked by logP from more hydrophobic to more hydrophilic

PMMA > HPMCAS > Soluplus > HPMC. However the rank according to the

solubility parameter value as seen in Table 3.4 will be PMMA > HPMCAS >

HPMC > Soluplus.

3.5.2 Miscibility in cryomilled mixtures

In order to assess the miscibility of each polymer or polymer blend in the

amorphous solid dispersions XRPD and DSC are mainly applied in this study. If

there is any peak in the XRPD then there is an indication of phase separation and
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Table 3.3: Polymers properties and classification [5, 6].

Polymer Name Classification Water solubil-

ity

Log P

value pre-

dicted from

ChemAxon

HPMC Hydroxypropyl methycellulose non ionic cellulose ether Water soluble -1.75

Soluplus Polyvinylcaprolactam-

polyvinylAcetate-Polyetheylene

Glycol Graft copolymer

non ionic polyvinyllactam Water soluble -0.6

HPMCAS Hydroxypropyl methycellulose

acetate Succinate MF

ionic cellulose ether ester pH dependendent anionic

soluble > 5.5

0.23

PMMA polymethylmethacrylate synthetic acrylic Water insoluble 2.17

subsequent recrystallisation of the API. The miscibility also will be evaluated by

DSC in which there are three possibilities which are: single phase by having only

one Tg, phase separation and no recrystallisation there is two Tgs and finally

if we have phase separation and recrystallisation with appearance of melting

peak of drug and one Tg which might related to the polymer and or/drug.

Further methods used in this study which are the predicted methods such as the

solubility parameter value and Gordon-Taylor equation. Raman was used for

further characterisation of amorphous material formation.

Prediction

The solubility parameter:

The solubility parameter was used to predict the miscibility between felodipine

with each polymer and between polymer-polymer for the polymer mixes. It

was previously reported that if the difference in solubility parameter less than

7 MPa
1
2 then the mixture is miscible while higher than 10 MPa

1
2 is likely to be

immiscible [81]. The calculated solubility parameter for felodipine is 24.39 MPa
1
2 .

The difference in the solubility parameter between felodipine and HPMC is 0.24

MPa
1
2 . For HPMCAS, Soluplus and PMMA the differences are 1.99, 6.83 and

5.1 MPa
1
2 respectively. For the polymer blend HPMC/HPMCAS the difference
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Table 3.4: Physicochemical properties of materials that are used in this

study.

Materials M.wt in dal-

ton

Solubility

in water

SP value

in MPa
1
2

∆SP in MPa
1
2

(SPdr u g −
SPpo l ymer)

Tg in ◦C Density

g/ml

Felodipine 384.26 [247] insoluble 24.39 [117] 47 [258] 1.28

[247]

HPMC 35600 [110] soluble [259] 22.68 [125] 0.42 139

[200]

1.3 [260]

HPMCAS 18000 [110] soluble at

pH≥5.5[261]

22.4 [152] 1.99 120

[152]

1.3 [262]

Soluplus 118000 [263] soluble 31.22 [117] 6.83 71 [254] 1.16

[254]

PMMA 15000 insoluble

[264]

18 [222] 5.1 107[265] 1.118

[266]

is 1.57 MPa
1
2 . The difference in the solubility parameters between Soluplus

and HPMCAS is 4.48 MPa
1
2 and finally between HPMC and PMMA 4.68 MPa

1
2 .

According to this rule all felodipine-polymer and polymer-polymer mixtures

that are used in the experiment are expected to be fully miscible. The results for

solubility parameters are summarized in Table 3.4.

Gordon-Taylor equation:

All the Tgs of felodipine-polymer in binary and ternary mixture were predicted

by using Gordon-Taylor equation as detailed in the experimental part in Sec-

tion 3.4.5. The predicted results then will be compared with the experimental Tg.

This will be explained in detail in the DSC part in this Section 3.5.2.

XRPD

From Chapter 2 the XRPD data showed that the as received felodipine is crys-

talline. Upon cryomilling (Figure 2.4 in Chapter 2), the Bragg peaks of the

as received felodipine are largely disappeared into noise to indicate transfor-
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mation of felodipine into amorphous form. Figure 3.2 shows the XRPD pat-

tern of the co-cryomilled mixtures at 50% loading for felodipine co-cryomilled

with, HPMC, HPMCAS, Soluplus, HPMC/HPMCAS, HPMC/PMMA and Solu-

plus/HPMCAS. It clearly notice that all mixtures show amorphous halo upon

cryomilling which indicates that they transformed to the amorphous form.
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Figure 3.2: The XRPD of felodipine as received, cryomilled and co-

cryomilled at 50% drug loading with HPMC, HPMCAS, Soluplus,

PMMA, HPMCHPMCAS, HPMC/PMMA, Soluplus/HPMCAS. Offsets

and scales applied for presentational purposes.
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Raman

Figure 3.3 shows the Raman spectroscopy of felodipine as received, co-cryomilled

with HPMC, HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA

and Soluplus/HPMCAS at 50% drug loading. It can be seen that the as received

felodipine in the phonon region has a peak at 93.4 cm−1 with a shoulder peak

at 61.4 cm−1 while all co-cryomilled mixtures show one broad peak all near

about 60 cm−1 which is called as a boson peak [267, 268]. The boson peak is an

indication of amorphous material. The carbonyl region has a sharp peak at 1643

cm−1 which is comparable to the reported one in reference [194] for as received

felodipine at carbonyl region at 1642 cm−1 while all co-cryomilled mixtures

have a broad peak at 1645 cm−1. Both Raman with XRPD results indicate that

all co-cryomilled felodipine-polymer mixtures are amorphous. It seems from

the solubility parameter prediction and from XRPD and Raman results that all

mixtures are miscible, however, DSC is more sensitive technique to indicate the

miscibility that will be detailed in the next Section 3.5.2.
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Figure 3.3: Raman of felodipine cryomilled and felodipine cryomilled

with HPMC, Soluplus, HPMCAS, PMMA, HPMC:HPMCAS (1:1),

HPMC:PMMA (1:1) and Soluplus:HPMCAS (1:1) at 50% drug loading

immediately after cryomilling.

DSC

Both XRPD and Raman are sensitive to small amounts of crystalline material,

whereas DSC is sensitive to small amounts of amorphous material. In order

to assess the miscibility of the amorphous solid dispersions of the selected co-

cryomilled mixture by DSC, four different concentrations were used in order to

investigate the effect of drug loading on the miscibility. Figure 3.4 and 3.5 and

Table 3.5 show a thermogram results for all binary and ternary co-cryomilled

mixtures at 5, 25, 50 and 75% drug loading with HPMC, HPMCAS, Soluplus,

HPMCAS, PMMA, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS.

It was reported early in this study in Chapter 2 that cryomilled felodipine
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exhibits a Tg of 46.7 ±0.5 ◦C.

Binary polymer mixes without felodipine:

The thermogram results of binary polymer mixtures can be seen in Figures 3.4, 3.5

and Table 3.5. The binary mixture of HPMC/HPMCAS displays one Tg at

121.7 ±1 ◦C. This is slightly lower than the predicted value 125 ◦C. It was pre-

viously reported that HPMC-HPMCAS form a miscible blend by spray drying

method [152]. In the HPMC/PMMA system, the mixture exhibits 2 Tgs at

84.3 ±7.5 ◦C and 142.6 ±4.1 ◦C. In addition, Soluplus/HPMCAS mixture also

displays 2 Tgs one of them is 57.5 ±0 ◦C and the other is 136 ±5 ◦C. The pres-

ence of a single Tg indicates the formation of a miscible phase between two the

polymers such as in the case of HPMC/HPMCAS. Furthermore the predicted

value is near the experimental value for this reason this mixture is considered to

be miscible [66]. While for Soluplus/HPMCAS and HPMC/PMMA the presence

of 2 Tgs is an indication of immiscible phase system for these polymer mixes.

This is unexpected to get two Tgs as the solubility parameter prediction earlier

in this section suggested that these mixtures are expected to be miscible and

from CSD analysis they are predicted to be able to form a H-bond.

Thermogram results of 75% binary and ternary mixes:

Table 3.6 shows all co-cryomilled binary and ternary mixtures at 75% drug

loading. Mixtures such as felodipine-HPMCAS, felodipine-Soluplus, felodipine-

PMMA and felodipine-HPMC/HPMCAS display a single Tg that is an indication

of the single phase formation (Figures 3.4 and 3.5). However, (felodipine-HPMC,

felodipine-HPMC/PMMA and felodipine-Soluplus/HPMCAS) exhibit 2 Tgs

which is an indication of phase separation and hence immiscibility. Furthermore,

all mixtures that exhibit a single Tg showed lower value than the predicted

one from Gordon-Taylor equation as seen in Figure 3.6 and 3.7 (lower by 8-18
◦C) which might related to the moisture uptake that results in lowering Tg

of the mixtures [226]. Tg appearance at lower value than the predicted one

for felodipine-HPMCAS mixture was also reported by Konno and Taylor for

felodipine-HPMCAS and felodipine-HPMC mixtures prepared by spray drying

and single Tg was observed [148]. It was reported by Tian et al. nearly at this
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Table 3.5: Tg value of the all mixtures in ◦C. The red text indicts a single

Tg. The experimental one was performed in triplicate n=3.

W/W Tg status HPMC HPMCAS Soluplus PMMA H/HAS H/PM S/HAS

0% predicted - - - - 125 118 86

experimental 134.7±2.3 116±4.2 61.5±0.4 101±11 121.7±1 84.3±7.5 −
142.6± 4.1

57.5±0.5 −
136± 5

5% predicted 129 111 60 99 120 112 82

experimental 59±2.2 −
137.5± 3.2

55.3±1.7 −
129.3± 3.7

57.3±3.3
55.6±1.2 −
109± 4.3

52.4±1 −
121± 9

55±1.1 −
106± 2.8

59.5±3.5 −
150± 0.05

25% predicted 108 96 57 87 97 99 74

experimental 53.7±1.7 −
155.6± 0.5

51.7±1.2 −
142± 4.8

54±6 53.2±0.6
50±1.4 −
127± 7

48.5±3.9
49±3 −
148± 2

50% predicted 85 78 54 73 79 80 65

experimental
51.1±1.4 50.7 ±0.6 47.1±3 43.1±0.6

47.21±1.95−
122± 2.1

48.9±3
46.3±1 −
125± 5

75% predicted 65 61 51 60 62 63 56

experimental 46.7±0.4 −
134± 0.8

44.7±0.4 43.3±0.3 42.9±0.5 43.7±0.6
42.3±1 − 92 ±
0.1

44.9±0.6 −
94± 2
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loading that felodipine-HPMCAS displays 2 Tgs after HME [71]. The exhibition

of 2 Tgs at 75% loading for felodipine-HPMC, felodipine-HPMC/PMMA and

felodipine-Soluplus/HPMCAS indicates that these mixtures are immiscible at

75% loading while mixtures such as felodipine-HPMCAS, felodipine-Soluplus,

felodipine-PMMA and felodipine-HPMC/HPMCAS are considered to be misci-

ble.
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Figure 3.4: The DSC patterns of the cryomilled felodipine with the single

polymer 0% drug loading, felodipine co-cryomilled at 5%, 25%, 50%

and 75% drug loading with HPMC, HPMCAS, Soluplus and PMMA.

The numbers inside the figure represent the Tgs of the polymer or the

co-cryomilled mixture. Red, blue, purple, brown and green colour in-

dicate felodipine co-cryomilled with polymer at 0%, 5%, 25%, 50% and

75% drug loading respectively. Data offset and scale for presentational

purpose.
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Table 3.6: The thermogram results of 75% co-cryomilled felodipine load-

ing with various polymer and polymer mixes.

Solid dispersions

75% loadings

Tg1 in ◦C Tg2 in ◦C Tg Expected by

Gordon Taylor

in ◦C

Recrystallisation

peaks in ◦C

Enthalpy of

recrystalli-

sation in

J/g

Melting point

in ◦C

Enthalpy of

melting in J/g

Felodipine-HPMC 46.7±0.4 134±0.8 65 - - 136±0.9 1.3±0.4

Felodipine-

HPMCAS
44.7±0.4

- 61 126±1 7±1 135±0.8 12±1

Felodipine-

Soluplus
43.3±0.3

- 51 - - - -

Felodipine-PMMA
42.9±0.5

- 60 - - 133±0.3 2±0.3

Felodipine-

HPMC/HPMCAS
43.7±0.6

- 62 120±0.4 3±0.9 134±0.3 4±0.4

Felodipine-

HPMC/PMMA

42.3±1 92±0.1 63 - - 132±3 6±0.9

Felodipine-

Soluplus/HPMCAS

44.9±0.6 94±2 56 124±0.5 0.4±0.3 133±0.3 6±0.2

The second thermal event (Table 3.6, Figures 3.4 and 3.5) that appears on some

mixtures at 75% loading is the recrystallisation peaks for felodipine-HPMCAS,

felodipine HPMC/HPMCAS and felodipine-Soluplus/HPMCAS (all HPMCAS

containing mixtures) which is an indication of amorphous formation then recrys-

tallisation during the DSC characterisation. The final thermal event (Table 3.6)

at this drug loading is the presence of melting peak in all mixtures except

felodipine-Soluplus. The enthalpy of melting of all mixtures is lower than the

expected value for felodipine physical mixtures at 75% drug loading which is

54.75 J/g felodipine. This is an indication of presence of high amorphous content

in all mixtures. The absence of melting peak between felodipine and Soluplus

might be related to the strong interaction between felodipine and Soluplus from

our CSD analysis.
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Figure 3.5: The DSC patterns of the cryomilled felodipine with the poly-

mer mixes at 0% drug loadings, felodipine co-cryomilled at 5%, 25%,

50% and 75% drug loading with HPMC-HPMCAS, HPMC-PMMA and

Soluplus-HPMCAS. The numbers inside the figure represent the Tg(s) of

the polymer or the co-cryomilled mixture. Red, blue, purple, brown and

green colour indicate felodipine co-cryomilled with polymer at 0%, 5%,

25%, 50% and 75% drug loading respectively. Data offset and scale for

presentational purpose.
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Figure 3.6: Values of Tg for binary mixture felodipine-HPMC, felodipine-

HPMCAS, felodipine-Soluplus and felodipine-PMMA at 5, 25, 50 and

75% felodipine loadings. The lines show the predicted from the Gordon-

Taylor equation and dots indicate the experimental Tg(s) performed in

triplicate (n=3).
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Figure 3.7: Values of Tg for ternary mixture felodipine-HPMC/HPMCAS,

felodipine-HPMC/PMMA and felodipine-Soluplus/HPMCAS at 5, 25,

50 and 75% felodipine loadings. The lines show the predicted from

the Gordon-Taylor equation and dots indicate the experimental Tg(s)

performed in triplicate (n=3).

Thermogram results of 50% binary and ternary mixes:

Table 3.7, Figures 3.4 and 3.5 shows the thermogram results at 50% drug loading.

All binary mixtures display a single Tg while in the ternary mixtures only

felodipine-HPMC/PMMA exhibits a single Tg. All mixtures that exhibited

a single Tg are lower than the predicted value from Gordon-Taylor equation

(lowering varied from 7-35 ◦C) as seen in Figure 3.6 and 3.7. Our experimental

Tg for for felodipine-HPMCAS system is higher than that reported one prepared

by spray drying method 53.9 ◦C [148] and lower than that one prepared by

HME method 58.6 ◦C [71]. A single Tg of the felodipine-HPMC mixture is lower

than that previously reported for that mixture prepared by spray drying [148].

The second thermal event is melting peak that seen in felodipine-HPMC and

felodipine-PMMA with lower enthalpy of melting than the calculated value at

this loading 36.5 J/g that reflects the high amorphous contents for both mixtures.

Thermogram results of 25% binary and ternary mixes:

Table 3.8 and Figure 3.4 show the thermogram results for 25% drug. All mixtures
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Table 3.7: The thermogram results of 50% co-cryomilled felodipine load-

ing with various polymer and polymer mixes.

Solid dispersions 50%

loadings

Tg1 in ◦C Tg1
◦C Predicted Tg from Godron

Taylor in ◦C

Melting point in ◦C Enthalpy of melting in J/g

Felodipine-HPMC
51.1±1.4

- 85 133±1.4 0.3±0.2

Felodipine-HPMCAS
50.7 ±0.6

- 78 - -

Felodipine-Soluplus
47.1±0.3

- 54 - -

Felodipine-PMMA
43.1±0.6

- 73 125±0.5 1.2±0.1

Felodipine-

HPMC/HPMCAS

47.21±1.95 122±2.1 79 - -

Felodipine-

HPMC/PMMA
48.9±3

- 80 - -

Felodipine-

Soluplus/HPMCAS

46.3±1 125±5 65 - -

display two Tgs with the exception of felodipine-Soluplus, felodipine-PMMA

and felodipine-HPMC/PMMA mixtures which exhibit a single Tg. The mixtures

that exhibit a single Tg have lower experimental value than the predicted value

from Gordon-Taylor equation as seen in Figures 3.6 and 3.7. The difference is

varied from 3 ◦C in felodipine-Soluplus to 50 ◦C in felodipine HPMC/PMMA.

It was reported previously that around this loading felodipine-HPMC exhibits

a single Tg around 50 ◦C [148] for felodipine-HPMC prepared by spray drying

method. It was reported by Konno and Taylor that felodipine-HPMCAS pre-

pared by spray drying exhibits a single Tg around 50 ◦C. At 25% drug loadings

felodipine-Soluplus, felodipine-PMMA and felodipine-HPMC/PMMA form a

single phase while other mixtures at this drug loading were phase separated.

All mixtures at 25% drug loading do not show a melting peaks which indicates

that the mixtures at 25% drug loading are completely amorphous.

Thermogram results of 5% binary and ternary mixes:

Table 3.8, Figures 3.4 and 3.5 show the thermogram results of felodipine co-

cryomilled with polymer and polymer mixes at 5% drug loading. All mixtures

display two Tgs except felodipine-Soluplus exhibits a single Tg that is almost
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Table 3.8: The thermogram results of 25% co-cryomilled felodipine load-

ing with various polymer and polymer mixes.

Solid dispersions 25%

loadings

Tg1 in ◦C Tg2 in ◦C Tg predicted from Gordon

Taylor in ◦C

Melting point in ◦C Enthalpy of melting in J/g

Felodipine-HPMC 53.7±1.7 155.6±0.5 108 - -

Felodipine-HPMCAS 51.7±1.2 142±4.8 96 - -

Felodipine-Soluplus
54±6

- 57 - -

Felodipine-PMMA
53.2±0.6

- 87 - -

Felodipine-

HPMC/HPMCAS

50±1.4 127±7 97 - -

Felodipine-

HPMC/PMMA
48.5±3.9

- 99 - -

Felodipine-

Soluplus/HPMCAS

49±3 148±2 74 - -

identical to the predicted value from Gordon-Taylor equation as seen in Fig-

ures 3.6 and 3.7. The presence of two Tgs indicates phase separation and

immiscibility which is the case in most mixtures at 5% drug loading except

co-cryomilled felodipine-Soluplus. All mixtures at 5% drug loading do not show

a melting peak which indicates that these mixtures are amorphous.

The XRPD, Raman and DSC are in agreement in formation of amorphous phase

for all co-cryomilled mixtures (binary or ternary). All mixtures are predicted to

be miscible from the solubility parameter value. In addition from CSD analysis

all binary mixtures (except felodipine-HPMC) have a possibility to form H-

bond. The DSC data indicate that the mixtures are miscible only at certain

concentrations then they become saturated at other concentrations. This might

indicate the partial miscibility of these components [66]. From our DSC data

almost all mixtures at low drug loading are immiscible but they become miscible

at higher felodipine loading.

It was clear from the DSC results that the mixtures that form a single phase,

with increasing polymer concentration there is no elevation in the Tg which

is not much different from the amorphous felodipine (except for felodipine-
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Table 3.9: The thermogram results of 5% co-cryomilled felodipine loading

with various polymer and polymer mixes.

Solid dispersions 5%

loadings

Tg1 in ◦C Tg2 in ◦C Tg predicted by Gordon

Taylor in ◦C

Melting point in ◦C Enthalpy of melting in J/g

Felodipine-HPMC 59±2.2 137.5±3.2 129 - -

Felodipine-HPMCAS 55.3±1.7 129.3±3.7 111 - -

Felodipine-Soluplus
57.3±3.3

- 60 - -

Felodipine-PMMA 55.6±1.2 109±4.3 99 - -

Felodipine-

HPMC/HPMCAS

52.4±1 121±9 120 - -

Felodipine-

HPMC/PMMA

55±1.1 106±2.8 112 - -

Felodipine-

Soluplus/HPMCAS

59.5±3.5 150±0.05 82 - -

soluplus mixture). The Tg are negatively deviated from the Gordon-Taylor

equation (Figure 3.6 and 3.7) that indicate poor mixing ability of felodipine

with the selected polymers (except for felodipine-soluplus mixture) or might

related to the presence of water that results in lowering the Tg of the mixtures.

The non ideal mixing of felodipine was also reported by Konno and Taylor

for solid dispersion that prepared by solvent evaporation for felodipine with

HPMC and with HPMCAS [110]. Konno and Taylor reported that the Tgs of

their mixtures did not significantly increase with increasing polymer concentra-

tion. They also suggested that the solid dispersions formed from these mixtures

are negativity deviated from Gordon-Taylor equation, however, they have in-

hibitory effect against nucleation [110]. The only exception in our study is

co-cryomilled felodipine-Soluplus mixture which from our DSC data (Figure 3.6

and 3.7) exhibits an ideal mixing with felodipine and forms a single phase at all

concentrations.

The presence of Tg for all co-cryomilled mixtures around 43-59 ◦C might lead to

think about presence of defective crystalline felodipine rather than forming an

amorphous phase. In order to answer this question we can exclude this sugges-

tion by these three supports: the first one is the mixtures at least for 50% drug
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loading (where XRPD done) forming an amorphous halo rather than reduction

in the crystallinity of the Bragg peaks. The reduction in the Bragg peaks intensity

after cryomilling indicates crystalline defect rather than amorphous formation

as reported previously by Rodolfo Pinal group in differentiation between amor-

phous and defective crystalline of griseofulvin [3] as seen Figure 3.8. Secondly at

50% drug loading in our Raman data there is a clear indication of formation an

amorphous material as early in Raman part in this Section. The third important

consideration is reported by Rodolfo on cryomilled griseofulvin. He suggested

that the recrystallisation peak appears below the glass transition temperature in

case of crystalline defect of griseofulvin which occurs around 58 ◦C while the

Tg of amorphous griseofulvin is 90 ◦C as seen in Figure 3.9. In our study for

all co-cryomilled mixtures exhibit a Tg around the Tg of the amorphous form

which is 46.7 ◦C or around it. By these three findings there is an indication of

amorphous formation rather than crystalline defect.
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Figure 3.8: PXRD patterns from griseofulvin samples subjected to dif-

ferent cryogenic milling times. The PXRD pattern of the amorphous

(quench melt) material is shown for comparison. This figure adapted

from reference [3].
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Figure 3.9: Zoom in view of the DSC thermograms of griseofulvin sam-

ples subjected to different cryogenic milling time in the temperature

range 50-120 ◦C. This figure adapted from reference [3].

3.5.3 Stability study of the cryomilled dispersion under chal-

lenge conditions

The aim of our study is to examine the miscibility and hence stability of the

co-cryomilled mixtures at high drug loadings. For this reason the 50% drug

loadings for all mixtures were stored for six months to assess their stability

at stress conditions which are either humidity or temperature (storage above

felodipine Tg) or both. Both DSC and XRPD are using in the assessment of

the stability. The crystalline content was quantified by DSC not XRPD. In

the following section we will use different challenge conditions to determine

which polymer is the most effective in stabilisation of the amorphous state of

felodipine upon cryomilling. Appearance of the Bragg peaks by XRPD instead
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of amorphous halo indicates recrystallisation of the mixtures and/or by the DSC

either by disappearance of the Tg from the mixture or appearance of melting

peak.

Humidity effect

25 ◦C/0% RH:

Figure 3.10 shows the stability study for the co-cryomilled felodipine with

HPMC, HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA and

Soluplus/HPMCAS by DSC and XRPD at 50% drug loading before and after

storage of the samples for 6 months at 25 ◦C/0% RH. The XRPD data (Fig-

ure 3.10) show that the amorphous halo of the co-cryomilled felodipine with all

polymers and polymers mixes was unchanged from the "zero time" samples after

storage. From these XRPD results, co-cryomilling with the selected polymers

and polymers mixes results in protection of felodipine from recrystallisation

within the lengthy storage.
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Figure 3.10: DSC thermograms and XRPD results for co-cryomilled

felodipine at 50 % drug loading with HPMC, HPMCAS, Soluplus, HPM-

CAS, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS di-

rectly after cryomilling. Zero time indicated by black colour. Red colour

indicated 6 months storage at 25 ◦C/0% RH. Offsets and scales applied

for presentational purpose. The crystallinity was quantified by DSC not

XRPD.

The DSC data show that all co-cryomilled mixtures that exhibit a Tg at "zero time"

keep these Tg after storage period. All mixtures exhibit a relaxation in the Tg

except the co-cryomilled felodipine-HPMCAS mixture in which there is no sign

of relaxation in the Tg. All mixtures crystalline content stayed below 5% after

116



Chapter 3. Can cryomilled amorphous solid dispersion be miscible at high drug loading?

6 months storage in the mentioned conditions except co-cryomilled felodipine-

HPMC which shows a crystalline content ' 12% after storage period. In this

mixture there was an increase in the enthalpy of melting that reflects an increase

in the crystallinity of felodipine-HPMC which indicating its recrystallisation.

The XRPD and DSC data are in agreement that all the mixtures keep their highly

amorphous content except felodipine-HPMC mixture (see summary Table 3.10).

Adding the pH dependent polymer (HPMCAS) or water insoluble polymer

(PMMA) to the co-cryomilled felodipine-HPMC (ternary mixture) results in

minimising the crystallisation as it leads to reduction of the crystalline content

of co-cryomilled felodipine-HPMC from 12% to 4% and 1% of co-cryomilled

felodipine-HPMC/HPMCAS and felodipine-HPMC/PMMA respectively after

storage period.

25 ◦C/43% RH:

Figure 3.11 shows the stability study for co-cryomilled felodipine with HPMC,

HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA and Solu-

plus/HPMCAS before and after storage at 25 ◦C/43% RH by DSC and XRPD at

50% drug loading for 6 months. The XRPD data show that the amorphous halo of

the felodipine-HPMC, felodipine-Soluplus and Felodipine-Soluplus/HPMCAS

systems was greatly reduced and sharp Bragg peaks started to appear after

storage (more clear at Figure 3.18). Other co-cryomilled mixtures keep their

amorphous halo after 6 months storage. The presence of the Bragg peaks for

felodipine-HPMC, felodipine-Soluplus and felodipine-Soluplus/HPMCAS in-

dicted the recrystallisation of these mixtures as sign of instability.

DSC data (Figure 3.11) show that all mixtures except felodipine-Soluplus exhibit

a relaxation in the Tg. There is appearance of a melting peak for all mixtures ex-

cept felodipine-Soluplus as seen clearly in Figures 3.12, 3.13, 3.14, 3.15, 3.16, 3.17

and 3.18. The enthalpy of melting reflects increasing in the crystalline content

to about 22% for felodipine-HPMC mixture, 8% for HPMC/HPMCAS mixture.

Other mixtures’ crystalline content stays below 5% (high amorphous content). It

was reported that amorphous form of trehalose is stable if stored at low humidity

however upon exposure to moisture, the mixtures are plasticized, and the molec-
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ular mobility increases as a sign of recrystallisation [241]. It was reported before

that systems with strong drug-polymer interactions and a less hygroscopic poly-

mer will be less susceptible to moisture-induced phase separation [258]. The

addition of pH dependent polymer (HPMCAS) to the felodipine-HPMC and

felodipine-Soluplus systems can minimise felodipine recrystallisation. Also

addition of PMMA to the felodipine-HPMC system can protect this system

from recrystallisation (see summary Table 3.10). Our DSC data with XRPD data

indicate that felodipine-Soluplus were not any more stable against recrystalli-

sation with increasing the humidity (43%) in comparison to that stored one at

25 ◦C/0% RH. Co-cryomilling of felodipine with PMMA or HPMCAS (both

have ability to H-bond with felodipine from CSD analysis) results in more pro-

tection against recrystallization. At this point co-cryomilling felodipine with

relatively hydrophobic polymer (HPMCAS and PMMA) that form a H-bond

with felodipine results in protection of felodipine from recrystallisation. The

addition of PMMA to the co-cryomilled felodipine-HPMC (ternary system) can

protect the system from recrystallisation. Meanwhile, the presence of H-bond

between felodipine and water soluble polymer (as in case of felodipine-Soluplus)

under this stress condition seems to be not effective in protection of felodipine

from recrystallisation.
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Figure 3.11: DSC thermograms and XRPD results for co-cryomilled

felodipine at 50 % drug loading with HPMC, HPMCAS, Soluplus, HPM-

CAS, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS di-

rectly after cryomilling. Zero time indicated by black colour. Red colour

indicated the samples that stored after 6 months at 25 ◦C/43% RH. Off-

sets and scales applied for presentational purpose. The crystallinity was

quantified by DSC not XRPD.
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Figure 3.12: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with HPMC at 50% drug loading at zero time of detection and

under diffrent storage conditions stored for 6 months ( 25 ◦C/0% RH, 25
◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets applied for presen-

tational purposes.
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Figure 3.13: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with HPMCAS at 50% drug loading at zero time of detection

and under diffrent storage conditions stored for 6 months (25 ◦C/0% RH,

25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets applied for pre-

sentational purposes.
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Figure 3.14: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with Soluplus at 50% drug loading at zero time of detection

and under diffrent storage conditions stored for 6 months (25 ◦C/0% RH,

25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets applied for pre-

sentational purposes.
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Figure 3.15: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with PMMA at 50% drug loading at zero time of detection

and under diffrent storage conditions stored for 6 months (25 ◦C/0% RH,

25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets applied for pre-

sentational purposes.

123



Chapter 3. Can cryomilled amorphous solid dispersion be miscible at high drug loading?

20 40 60 80 100 120 140

0
2

4
6

8
10

12
14

DSC

Temperature / °C

H
ea

t f
lo

w
 / 

W
g−1

5 10 15 20 25 30

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

XRPD 

(2θ/°)

In
te

ns
ity

Zero day

25° C 0% RH

25° C 43% RH

25° C 75% RH

50° C 0% RH

Figure 3.16: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with HPMC/HPMCAS at 50% drug loading at zero time

of detection and under diffrent storage conditions stored for 6 months

(25 ◦C/0% RH, 25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets

applied for presentational purposes.
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Figure 3.17: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with HPMC/PMMA at 50% drug loading at zero time of

detection and under diffrent storage conditions stored for 6 months

(25 ◦C/0% RH, 25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets

applied for presentational purposes.
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Figure 3.18: The DSC thermogram and XRPD patterns of co-cryomilled

felodipine with Soluplus/HPMCAS at 50% drug loading at zero time

of detection and under diffrent storage conditions stored for 6 months

(25 ◦C/0% RH, 25 ◦C/43% RH, 25 ◦C/75% RH, 50 ◦C/0% RH). Offsets

applied for presentational purposes.

25 ◦C/75% RH:

Figure 3.19 shows the stability study for co-cryomilled felodipine with HPMC,

HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA and Solu-

plus/HPMCAS before and after storage at 25 ◦C/75% RH by DSC and XRPD

at 50% drug loading. The XRPD data in Figure 3.19 show that the amorphous

halo of all co-cryomilled are disappeared into Bragg peaks except for felodipine-

HPMCAS, felodipine-PMMA and felodipine-HPMC/PMMA as they retain their

amorphous halo after lengthy storage. This indicates that increasing the hu-
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midity induces recrystallisation for water soluble polymer felodipine-HPMC,

felodipine-Soluplus in the binary mixture and felodipine-HPMC/HPMCAS and

felodipine-soluplus/HPMCAS for the ternary mixes. In contrast, the binary

mixture that contain water insoluble and pH dependent polymer and the ternary

felodipine-HPMC with PMMA mixture did not show any sign of recrystallisa-

tion by XRPD.
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Figure 3.19: DSC thermograms and XRPD results for co-cryomilled

felodipine at 50 % drug loading with HPMC, HPMCAS, Soluplus, HPM-

CAS, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS di-

rectly after cryomilling. Zero time indicated by black colour. Red colour

indicated stability after 6 months storage 25 ◦C/75% RH. Offsets and

scales applied for presentational purpose. The crystallinity was quanti-

fied by DSC not XRPD.

It is clearly seen from the DSC data in Figure 3.19 that the Tg of felodipine-HPMC

disappeared after 6 months storage at 25 ◦C/75% RH. Felodipine-HPMCAS

shows a reduction in Tg by 9 ◦C. Felodipine-Soluplus Tg was reduced by 3 ◦C

and about 6 ◦C for felodipine-HPMC/PMMA. Only co-cryomilled felodipine-
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PMMA show no change in the Tg after storage. The only change in the Tg is

the relaxation after storage (Figures 3.12, 3.13, 3.14, 3.15, 3.16, 3.17and 3.18). It

was previously reported that felodipine-PVP (50% drug loading) prepared by

spray drying method underwent crystallisation by exposing to high humidity

at room temperature 25 ◦C/84% RH despite the high drug polymer interaction

between felodipine and PVP [258]. However, it has been reported that felodipine-

HPMCAS (50% loading) prepared by spray drying system exhibits resistance

from crystallisation at that harsh condition as it less hygroscopic polymer than

PVP according to the opinion of researchers in [258]. Our DSC and XRPD

data indicate that under harsh conditions of 25 ◦C/75% RH only felodipine

containing water insoluble polymer (PMMA) is stable after storage. However all

co-cryomilled mixtures that contain water soluble polymer recrystallise either

from the appearance of Bragg peaks, changing the Tg or appearance of melting

peaks. The addition of water insoluble polymer to a co-cryomilled mixture

of felodipine-HPMC can greatly minimise its recrystallisation. The effect of

humidity can summarised in Figure 3.20.
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Figure 3.20: The crystallinity of the co-cryomilled felodipine with HPMC,

HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA, Sou-

plus/HPMCAS after 6 months storage at 25 ◦C/0%, 43% and 75% RH

respectively.

Temperature effect

Figure 3.21 shows the stability study for co-cryomilled felodipine with HPMC,

HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA and Solu-

plus/HPMCAS before and after storage at 50 ◦C/0% RH for 6 months by DSC

and XRPD at 50% drug loading. The XRPD data in Figure 3.21 show that the
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amorphous halo of the co-cryomilled felodipine with all selected polymers

was greatly reduced and sharp Bragg peaks started to appear after 6 months

storage at 50 ◦C/0% RH except felodipine-PMMA keep the amorphous halo.

The appearance of the Bragg peaks in the mixtures indicates recrystallisation

of the mixtures at 50 ◦C/0% RH except felodipine-PMMA. This temperature

was selected as a stress test to see the effect of the storage temperature (above

felodipine Tg) on amorphous solid dispersion stability.

Its clearly seen from the DSC data in Figure 3.21 that all mixtures exhibit a Tg after

6 months storage at 50 ◦C/0% RH except felodipine-HPMC mixture. The Tg of

the co-cryomilled mixtures felodipine-HPMCAS, felodipine-HPMC/HPMCAS

and felodipine-HPMC/PMMA were reduced '3 ◦C. There is an appearance

of melting peaks of some mixtures. It was reported that storage above the

Tg temperature results in recrystallisation [241] so that to ensure the stability

of amorphous solid dispersion it is important to store them below its glass

transition temperature [269]. From the DSC and XRPD data all mixtures recrys-

tallises upon storage above the Tg of the mixture except felodipine-PMMA (the

most hydrophobic polymer). Figure 3.22 summarises the effect of storing the

co-cryomilled mixture above its Tg at 50 ◦C/0% RH.
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Figure 3.21: DSC thermograms and XRPD results for co-cryomilled

felodipine at 50 % drug loading with HPMC, HPMCAS, Soluplus, HPM-

CAS, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS di-

rectly after cryomilling. Zero time indicated by black colour. Red colour

indicated samples that stored 6 months at 50 ◦C/0% RH. Offsets and

scales applied for presentational purpose. The crystallinity was quanti-

fied by DSC not XRPD.
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Figure 3.22: The crystallinity of the co-cryomilled felodipine with HPMC,

HPMCAS, Soluplus, PMMA, HPMC/HPMCAS, HPMC/PMMA, Sou-

plus/HPMCAS after 6 months storage at different temperatures which

are 25 ◦C/0% and 50 ◦C/0%.

To summarise the stability of the co-cryomilled mixtures see table Table 3.10.

According to the storage results in the all mentioned conditions from both DSC

and XRPD results the mixtures can be ranked according to their stability in

the mentioned conditions as seen in Figure 3.23. It can be concluded that the

most stable mixture is felodipine-PMMA (the most hydrophobic polymer and

from CSD analysis PMMA has a potential to form a H-bond with felodipine)
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Table 3.10: Stability of all selected mixtures under different conditions.

Mixture 25◦C/0% RH 25◦C/43% RH 25◦C/75% RH 50◦C/0% RH Ranking

Felodipine-HPMC
recrystallise (DSC) recrystallise

(DSC,XRPD)

recrystallise (DSC,

XRPD)

recrystallise (DSC, XRPD)
4

Felodipine-Soluplus No recrystallisation
recrystallise (XRPD) recrystallise (XRPD) recrystallise (XRPD)

3

Felodipine-HPMCAS No clear recrystallisa-

tion

No clear recrystallisa-

tion
recrystallise (DSC) recrystallise( XRPD)

2

Felodipine-PMMA No clear recrystallisa-

tion

No clear recrystallisa-

tion

No clear recrystallisa-

tion

No clear recrystallisation 1

Felodipine-

HPMC/HPMCAS

No clear recrystallisa-

tion
recrystallise (DSC) recrystallise (DSC,

XRPD)

recrystallise ( XRPD)
3

Felodipine-

HPMC/PMMA

No clear recrystallisa-

tion

No clear recrystallisa-

tion
recrystallise (DSC) recrystallise (XRPD)

2

Felodipne-

Soluplus/HPMCAS

No clear recrystallisa-

tion
recrystallise (XRPD) recrystallise

(XRPD,DSC)

recrystallise (XRPD,DSC)
3

which is stable against the harshest conditions investigated in our work. The

most hydrophobic polymer was reported to inhibit the crystallisation of amor-

phous drug in solid dispersion such as ritonavir [67, 244]. Felodipine/HPMCAS

and felodipine/HPMC-PMMA mixtures are on the second ranking as they

are stable only under the zero and moderate humidity conditions which are

25 ◦C/0% RH and 25 ◦C/43% RH. These 2 mixtures contain either HPMCAS

which is the pH dependent polymer or the mixture of hydrophilic and hy-

drophobic polymer HPMC/PMMA (HPMCAS from CSD analysis HPMCAS

has ability to form H-bond with felodipine). The third ranking are stable only

at 25 ◦C/0% RH) but can not withstand any increasing in humidity or storage

above Tg. These groups involve the binary mixture felodipine-Soluplus and the

ternary mixes (felodipine-Soluplus/HPMCAS and felodipine-HPMC/HPMCAS

which contain hydrophilic polymers with HPMCAS). Soluplus is the third rank

of hydrophobicity and has show a H-bond interaction with felodipine and it

shows miscibility with felodipine in all proportions by DSC. Finally the worst

mixture is felodipine-HPMC which is hydrophilic polymer that is unstable even

at 25 ◦C/0% RH which is mild stress condition of storage (HPMC is the last
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1.2.3.

1 Fel+PMMA

2
Fel+HPMC/PMMA

and Fel+HPMCAS

3

Fel+Soluplus,

Felo+HPMC/HPMCAS

and Fel+Soluplus/HPMCAS

4 Felo+HPMC

Figure 3.23: Ranking of the co-cryomilled mixtures according to their

stability at different temperatures and humidities.

ranking from hydrophobicity and show no H-bond interaction with felodipine).

Konno and Taylor correlate the relationship between the hydrophobicity and sta-

bility of amorphous solid dispersion in which the more hydrophobic the mixture,

the more its stability against recrystallisation [148]. The ranking of the stability

depending mainly on the hydrophobicity of the polymer and secondly on the

drug-polymer interaction. Mixing of hydrophilic and hydrophobic polymer is

important to improve the stability of the least stable mixture (felodipine-HPMC).

The degree of protection also affected by the hydrophobicity of the polymer that

is mixed with such as PMMA gave better protection when mixed in the ternary

mixtures than HPMCAS.

3.6 Conclusion

This pre-formulation study of the co-cryomilled mixtures is a promising study

for production of an amorphous solid dispersion via this approach. The top for-

mulation in which no recrystallisation was observed at any challenge condition

is the co-cryomilled felodipine-PMMA while the worst drug is the co-cryomilled
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felodipine-HPMC that crystallises even on mild challenge conditions. The more

hydrophobic polymer the more resistant to the recrystallisation. If we consider

the output of CSD analysis in terms of expected interaction we will see that the

the best formulation for stabilising felodipine is also predicted to have a strong

interaction from our CSD research where the weak interaction is the worst stable.

In between of this rank the co-cryomilled mixtures are ranked according to their

hydrophobic nature. For this reason hydrophobicity is the most influential factor

for the stability of the amorphous solid dispersion then the drug-polymer inter-

action. Within our finding, the miscibility of the amorphous solid dispersion

is important but it is not the main factor affecting the stability at least in this

study. Mixing the hydrophilic and hydrophobic polymers together is efficient

in minimising the recrystallisation of most mixture in this study. This mixing

at the same time might ensure acceptable drug release. Future work in the

next Chapter 4 will focus on the dissolution of all selected drug co-cryomilled

with the selected polymer and co-cryomilled with polymer mixes in order to be

selected as the best mixture for the formulation of the ODT in Chapter 5.
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Chapter 4

Release of felodipine from the

co-cryomilled mixtures

4.1 Novelty in this Chapter

1. This is the first study that focuses on the dissolution of amorphous solid

dispersion by formulating/cryomilling with wide range of polymers.

2. First comparative study between hot melt extrusion as a common method

to obtain amorphous solid dispersion and cryomilling as a developing

approach.

3. Relatively high drug loading (50%) was used in this study which is unusual

due to the stability issue and expectation of low % drug release.

4.2 Introduction

The target of formulating an API as amorphous solid dispersion is to deliver

the drug into the systemic circulation from the GI tract. The bioavailability then

depends on the drug release from the dosage form. In order to evaluate the

rate of the drug dissolution an in vitro dissolution test was used which mimics

the in vivo condition where absorption is dissolution-rate limited in class II
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drugs [270, 271].

The most commonly used media to assess the amorphous solid dispersions for-

mulations are water and pH 6.8 with either simulated gastric fluid or surfactant

for non-ionised drugs [8]. Sink conditions occurs if the volume of dissolution

media is 3-10 times greater than the volume required for a drug to be satu-

rated [8, 12, 271]. To ensure sink conditions, different approaches were used

including organic solvent addition, pH modification, using large volume of dis-

solution and addition of surfactant [8, 272, 273]. The dissolution test is important

in amorphous solid dispersion because it can be a useful guide for the selection

of suitable polymer that enhances the API dissolution [274]. The dissolution

test is not only important to evaluate the dissolution rate of the drug only but

also important to evaluate the prolongation of supersaturation to select the best

polymer in the formulation [274]. Amorphous drugs are highly energetic and

this can result in in achieving a higher kinetic solubility (supersaturation) than

the expected crystalline solubility [275]. Meanwhile, particle size reduction

results in increasing the surface area and hence the dissolution rate. Particle size

reduction occurs due to milling and cryogrinding [21, 276–278]. Cryomilling

from Chapter 2 can achieve an increasing in both solubility and dissolution rate.

The role of the polymer in enhancement of the drug dissolution is not fully

clear. It might be related to changing the physical state or drug-polymer inter-

action [274]. Craig made a simple model to understand the mechanism of the

drug release form solid dispersion which is either carrier-controlled or drug-

controlled dissolution, depending on drug solubility in the concentrated polymer

layer [279]. This model is important in the formulation step [280]. For the car-

rier controlled mechanism, the release of the drug is controlled by diffusion

according to Stokes-Einstein equation and the rate limiting step is the release

of the drug from polymer itself which affected by the viscosity of the carrier

layer. Some polymers sorb water and swell so the release will be due to other

mechanisms. The second case which is drug-controlled release in which the

dissolution will be affected by the drug property itself such as the particle size

and the physical form. The reduction in particle size will result in increasing the
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surface area, increasing wetting and reduce the agglomeration between particles.

For this reason a high drug loading is preferred to make the dissolution of the

drug the rate limiting step rather than diffusion which might cause a retardation

of the drug release [279]. The dissolution rate limiting step is the target for fast

releasing formulations.

The dissolution rate of poorly water soluble drug increases mainly by parti-

cle size reduction [96, 278, 281]. Particles size reduction results in changing

the surface property and surface free energy [213] for micronised felodipine.

Vogt et al develop a method to increase the dissolution of fenofibrate by mi-

cronsiation then spray drying of the micronised particles [278]. Co-grinding of

compound KCA-098 with hydroxypropyl cellulose enhances the dissolution of

this compound [282]. Cryomilling ensure increasing in both dissolution rate and

solubility of poorly water soluble drug such as cryomlling of indomethacin [63].

As felodipine as discussed in the introduction is a practically insoluble drug

and as reported previously it has a vital role in the treatment of hypertensive

crisis [283]. In addition, there is no immediate release formulation in the market

for felodipine due to its solubility issue, therefore there is a clear need for a

formulation strategy that achieved an immediate release formulation which is

difficult to achieve by traditional processing technique. The previous release

study was done on the cryomilled drug itself such as the study that done by

Karmwar et al [63] which focuses on the effect of milling time of indomethacin on

its own release and the study on the release of the co-amorphised indomethacin,

carbimazipine with amino acid [94]. We are therefore at this stage undertaking

a performulation strategy looking at the effect of polymers on stabilising the

amorphous solid to boost the drug release compare to the crystalline form. In

this chapter we explore the effect of co-cryomilling to improve the dissolution of

felodipine as it results in both particle size reduction and amorphisation at the

same time.

Felodipine was co-cryomilled with HPMC, HPMCAS, Soluplus, HPMCAS,

HPMC-HPMCAS, HPMC-PMMA and Soluplus-HPMCAS at 50% drug loading.

The dissolution was measured according to the United States Pharmacopeia
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(USP) by using dissolution apparatus type II by using water with SDS as sur-

factant to ensure sink conditions. Felodipine-Soluplus co-cryomilled mixtures

was selected for comparative study with HME method. Finally the release from

felodipine-Soluplus mixture was studied at different drug loadings.

4.3 Materials and Methods

4.3.1 Materials

See Chapter 2 and 3 materials

4.3.2 Cryomilling

As in chapter 2 Section 2.3.2

4.3.3 Release study

All co-cryomilled powder of the felodipine with HPMC, HPMCAS, Soluplus,

PMMA, HPMC/HPMCAS, HPMC/PMMA and HPMCAS/Soluplus release

were evaluated through the dissolution test. The dissolution was done by using

the United States Pharmacopeia (USP) Type II apparatus at 50 rpm (Erweka

Dissolution Tester) in water containing 1% SDS to ensure sink conditions (this

is according to the USP method for felodipine modified release tablets except

the media is water here in this study not pH 6.5 that mentioned in the USP for

felodipine tablet). The dissolution test and HPLC are identical to Chapter 2

method Section 2.3.7.

4.3.4 HME

The polymers were blended with the API as a powder. Each sample was subse-

quently melt extruded using a twin-screw extruder (HAAKE Minilab, Thermo
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Fisher Scientific, Loughborough, UK) at 50 rpm/160 C for 15 minutes. After

extrusion, the melt extrudates were cooled to ambient temperature and stored

in glass vials with a rubber-lined cap for further studies. The mixture was cry-

omilled for 10 minutes to ensure a small particle size for the dissolution study.

This work was kindly done with aid of Mrs.Gudrun Fridgeirsdottir.

4.4 Results and discussion

4.4.1 Release for polymer and polymer mix

Figure 4.1 shows the dissolution results under sink conditions for felodipine

as received, cryomilled and co-cryomilled with HPMC, HPMCAS, Soluplus,

PMMA, HPMC/HPMCAS, HPMC/PMMA and Soluplus/HPMCAS. After cry-

omilling, samples were stored for 24 hours in minimum humidity at room

temperature. It is clearly seen in Figure 4.1 that the release of the as received

felodipine is less than 40% after 6 hours of dissolution which was reported

previously in Chapter 2. It was also reported early in Chapter 2 in our study that

the cryomilled felodipine release is more than double that of the as received one

over this time. This elevation in felodipine release after cryomilling is likely due

to the effect of cryomilling on particle size reduction and/or to amorphisation as

observed in our study in Section 2.4.1 which is also suggested by the researchers

in references [63, 213].
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Figure 4.1: The release profile of felodipine as received, cryomilled for

150 minutes and cryomilled together with HPMC, HPMCAS, Soluplus,

PMMA, HPMC/HPMCAS , HPMC/PMMA and Soluplus/HPMCAS

(1:1) at 50% drug loading (n=3).

In felodipine-HPMC mixture (Figure 4.1), the percentage of the drug release

increases to about 100% after 6 hour dissolution which is higher than the cry-

omilled felodipine itself. At the same time felodipine-Soluplus gave almost

identical release to the felodipine-HPMC (both polymers are water soluble). The

dissolution rate is high from the first 15 minutes. The elevation in felodipine dis-

solution rate upon co-cryomilling with HPMC or with Soluplus in comparison

to the cryomilled felodipine might be related to the solubilising effect of HPMC

and Soluplus and/or its protection against recrystallisation during dissolution

in aqueous media [35, 217].

Co-cryomilled felodipine-HPMCAS (Figure 4.1) started with slower dissolu-

tion rate in comparison to co-cryomilled felodipine with HPMC or Soluplus

but it is faster dissolution rate than felodipine and cryomilled felodipine. Co-

cryomilled felodipine-HPMCAS percentage release is ' 80% in the first 15
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minutes in comparison to more than 95% for co-cryomilled felodipine-HPMC

and felodipine-Soluplus in the first 15 minutes. The dissolution rate for co-

cryomilled felodipine-HPMCAS starts to increase slowly until the percentage of

drug release become 96% after 6 hours dissolution. The dissolution rate from co-

cryomilled felodipine-PMMA (water insoluble polymer) is much lower than the

other polymers or even the cryomilled felodipine. The percentage release starts

from 46% and after 6 hours it becomes only 61%. It was reported previously that

the release of indomethacin under sink conditions from water insoluble polymer

such as ethylcellulose was retarded [284]. It is clear from the data in our study

that the dissolution rate from water soluble polymer is much quicker than the

pH-dependent polymer HPMCAS and is much slower if the polymer is water

insoluble polymer such as PMMA.

Co-cryomilling with polymer mixes can be seen in Figure 4.1 which shows

that the percentage release from the polymer mixes is high for all three poly-

mer mixes that are used in this study. The dissolution rate of both felodipine-

HPMC/HPMCAS and felodipine-HPMC/PMMA started slow (the percentage

release not more than 58%) in the first 15 minutes. Then the percentage re-

lease became ' 100% after 6 hours dissolution. Whereas, the co-cryomilled

felodipine-Soluplus/HPMCAS system dissolution rate was higher than the two

mentioned mixtures (the percentage release is 83%) in the first 15 minutes of the

dissolution then the % release became 91% after 6 hours dissolution. Karavas et

al studied the percentage release of felodipine from water soluble polymer (PVP)

prepared by solvent evaporation under sink conditions by using different drug

loadings. They found that the percentage release of felodipine from 50:50 mix-

ture felodipine:PVP and felodipine:PEG after 20 minutes is less than 10% [280]

and it became around 80% and 70% for PVP and PEG respectively after 100

minutes. However, in all our mixtures the percentage release of felodipine is

higher except from the water insoluble polymer PMMA. Karavas et al found that

the dissolution rate of felodipine becomes higher with decreasing drug loading.

They get the highest percentage release only (for 10-20% felodipine loading) after

100 minutes dissolution. They correlate the low percentage release of felodipine

from their study at high drug loading with the dominant mechanism of the
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drug release which is dissolution (drug-dependent) which might be affected by

factors related to felodipine itself such as particle size. Furthermore they thought

that high drug loading (high amount of hydrophobic drug felodipine) results

in poor wettability of the solid dispersion [280]. However our experiments

showed that the dissolution rate of felodipine is high even at relatively high

drug loading. Mixing of water insoluble polymer and pH-dependent polymer

retards the dissolution rate at the beginning in comparison to the dissolution

from the water soluble polymers (HPMC and Soluplus). Then dissolution rate

increased gradually and the percentage of the drug release became 92% after 6

hours dissolution.

4.4.2 Effect of Soluplus concentration on the release from co-

cryomilled mixture

As the percentage release of felodipine from water soluble polymer (HPMC

and Soluplus) is high from the first 15 minutes dissolution, then these polymers

should be the most favourite for further study. Felodipine-Soluplus mixture

showed a very good stability at low humid conditions 25 ◦C/0 % RH from

Chapter 3 while Felodipine-HPMC was unstable. In addition, Soluplus is a

nonionic polymer thus its solubility does not change along the GI tract. It is

slightly surface active and hence it is useful to maintain supersaturation of

poorly soluble drugs in the gastrointestinal tract [285]. For all these reasons

felodipine-Soluplus will be the selected mixture for further investigations before

formulation. Felodipine-Soluplus mixture were selected with two additional

drug loadings which are 10% and 75% to study the release of felodipine from

co-cryomilled mixture as seen in Figure 4.2. Starting with 75% drug loading, it

can be seen the % release started ' 65% within first 15 minutes then there was a

gradual increase in the % release until it reaches 98% after 6 hours dissolution.

This release profile is similar but slightly higher than the release of cryomilled

felodipine alone. At 50%, the % release became 98% after 15 minutes drug release

which is faster than the % release from 75% felodipine loading and remains high

after 6 hours dissolution. Further increases in Soluplus concentration (10%
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drug loading) resulted in slowing the drug dissolution rate in comparison to

50% and 75% loading. The percentage release became about 82% after 6 hours

dissolution. It was previously reported that increasing the concentration of

Soluplus results in retardation of celecoxib-Soluplus freeze dried mixture [286].

The authors correlate that with formation of a viscous layer with increasing

Soluplus concentration around drug particles that results in retarding the drug

release according to the opinion of the researchers in references [286, 287]. For

this reason 50% drug loading is preferred for immediate release formulation

as it gave the highest dissolution rate within short period of time while higher

Soluplus concentration is preferred in the modified release formulation that gave

both protection from recrystallisation and retardation of the drug release.
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Figure 4.2: The release profile of felodipine as received, cryomilled for

150 minutes and cryomilled together with Soluplus at 50% drug loading

(n=3).

4.4.3 Comparison of felodipine release from co-cryomilled mix-

ture by different method of preparation

Co-cryomilling with polymer is a new approaches for production of solid disper-

sions method. For this reason it is useful to make a comparative study with other

methods that are currently used in production of amorphous solid dispersions
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such as HME. The release profile from both methods was compared using the

same polymer; Soluplus. Figure 4.3 shows a comparative study between the

percentage release of felodipine from Soluplus via both cryomilling and HME.

It can be seen that the dissolution rate of felodipine from HME starts slightly

slower than the dissolution rate from the co-cryomilled felodipine-Soluplus then

both release becomes identical around 3 hours dissolution. After 3 hours, the

dissolution rate from HME slightly increases and the co-cryomilled one was

slightly lower than the initial release. At the end there is not so much difference

between the percentage release form both methods as they are showing 97-104%

drug release after 6 hours dissolution. It can be concluded that the co-cryomilling

method produces a similar drug release profile to HME in at least in our study

here with Soluplus at 50% drug loading.
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Figure 4.3: The release profile of felodipine as received and felodip-

ine+Soluplus at 50% drug loading cryomilled and HME (n=3).

4.5 Conclusion

It can be concluded that with co-cryomilling it was possible to get the optimum

release with high felodipine loading (50%) when it was reported to be difficult

as felodipine will be the controller of the release. The release of felodipine

from Soluplus is not much different from that one that applied widely by the

manufactures which is HME in addition to its stability in low humid conditions.
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For this reason this mixture will be selected to be formulated into a rapid release

dosage form in the next Chapter 5 as ODTs dosage form.
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Chapter 5

Can a practically water insoluble

drug be formulated as fast acting

medicine via co-cryomilling?

5.1 Novelty in this Chapter

First formulation of ODTs from the co-cryomilled dispersion.

5.2 Introduction

Felodipine is in the dihydropyridines class of the selective calcium channel

blocker. Other drugs of calcium channel blockers include amlodipine, diltiazem,

nicardipine, nifedipine, nisoldipine, verapamil etc. It is used for its vasodilation

effect mainly for arterial hypertension. It is an important drug among other

hypertensive drugs during emergency due to lack of negative inotropic effect

(not affecting heart rate or contraction) [288, 289]. It was reported that more than

90% of the patient responded appropriately to felodipine infusion [140, 142, 143,

290].

Although felodipine has a vital role in the emergency treatment via infusion,
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this drug is practically insoluble orally and classified under class II Biopharma-

ceutical Classification System (BCS). The only oral dosage form in the market

is the prolonged-release one (Plendil R©) [291]. To achieve fast action for class II

there are different methods to enhance the solubility and/or dissolution rate as

discussed in the introduction chapter in the thesis. Among these methods is the

amorphous solid dispersions.

An ODTs is a solid oral dosage form that disintegrate in the mouth cavity

rapidly to allow the drug releasing directly from the site of absorption [290].

ODTs disintegrate in the mouth cavity with not more than 3 minutes which

ensures rapid onset of action and avoidance of hepatic first pass effects. All

these advantages make this dosage form comfortable and convenient delivery

route in comparison to the intravenous route [130, 131, 135–137, 143, 292, 293].

There is no requirement for chewing or drinking water with this dosage form

which is important for patients whom suffer from swallowing difficulties such

as paediatric and geriatric patients or patients with dysphagia and unconcious

patients [131–134, 294]. The active ingredient should be soluble in this type

of dosage form therefore it should be palatable in order to increase patient

compliance [132, 292].

Many processing methods are used in manufacturing of ODTs such as lyophiliza-

tion, moulding, cotton candy processes and direct compression [145, 295]. Direct

compression is most favourable over other methods because of its low cost, time

saving and simple technologies machines [131, 296]. The main hurdle in the

direct compression technique is the selection of suitable excipients that can fit

the disintegration time requirement [133].

One of the methods mentioned in the introduction chapter must be applied to

increase solubility and/or dissolution of poorly water soluble drug must applied

prior to formulation as ODTs. The most commonly used method as reported in

the literature is the amorphous solid dispersion via HME and spray drying such

as iboprofen by HME [132], compound X by HME with PVP, Soluplus and HPM-

CAS at 33% drug loading [297], HME nimodipine in PVP and Eudragit [298],

mefenamic acid by hot melt extrusion with Eudragit [299], nisoldipine by spray

152



Chapter 5. Can a practically water insoluble drug be formulated as fast acting medicine
via co-cryomilling?

drying with different polymers such as PVP, HPMC, Pluronic and PEG [300]

and risperidone with cyclodextrin by solvent evaporation method [292]. There

is currently no fast acting formulation of felodipine despite there being a clinical

need. To ensure rapid release of felodipine from the formulation, then orally

disintegrating tablets or (ODTs) can potentially be utilised to get rapid onset of

action.

This is the first study that involves formulation of felodipine via co-cryomilling

with Soluplus into ODTs with relatively high drug loading (50%) as an amor-

phous solid dispersions. There are only two reported works for formulations of

felodipine as ODTs by spray drying and liquid-solid formulation. One of them in-

volves formulation of felodipine with HPMC through spray drying method [143]

which composed of felodipine:HPMC ratio of 1:3. The other reported work is

the formulation of felodipine into ODTs via liquid-solid medication formulation

with PEG and PG [142]. The methods reported before tend to increase the solu-

bility of felodipine in the GI tract. These studies focus on the formulation using

limited superdisintegrants types and there is no preformulation stability test

which is essential for drugs like felodipine in the amorphous solid dispersions.

Therefore, felodipine:Soluplus (1:1) co-cryomilled mixture (from Chapter 3 and

4 this mixture is stable at 25 ◦C/0% RH and it gives 100% felodipine release)

will be used in the formulation of ODTs in the present piece of work. This not

only increases solubility but also increases the dissolution rate of felodipine via

co-cryomilling. Furthermore, our study was involved from Chapter 3 and 4 a

full preformulation study before starting formulation into ODTs. Six types of

superdisintegrants were used to ensure a rapid disintegration time in this study.

Superdisintegrants act either by absorbing water and the subsequent swelling

leads to separation of the tablet particles [132] or disintegrants acts due to their

high porosity thorough wicking via capillary action. Subsequently, water is

rapidly absorbed and disrupts tablets matrix bonds which results in the tablets

falling apart [132].

In our study all the official and non official test for tablets will be performed.

The disintegration time and the dissolution of felodipine from these formations
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were evaluated according to the USP requirements for ODTs. The release from

the physical mixture of felodipine:Soluplus for all formulations were compared

to the co-cryomilled one by using the standard USP II dissolution method. It

was reported that release from the ODTs in the pregastric route occurs but it

was varied from on patients to another depends on how long time the tablet

stays in the patient mouth before its swallowing . Therefore to guarantee that

almost all the drug was released within short period of time, the release study

was performed with 0.1 N HCl [301].

5.3 Materials and Methods

5.3.1 Materials

Sodium dodecyl sulfate was purchased from Acros Organics (Spain). Glycolate

(Na starch glycolate) is kindly donated from Roquette (UK) company, F-melt (D-

mannitol 66.7%, xylitol 4.6%, micro crystallinecellulose 14%, crospovidone 7.9%,

magnesium aluminometasilicate 6.2%) was kindly donated form Fuji Chemical

Industry (Japan), Kollidon CL (polyvinylpyrrolidone, crosslinked ) was kindly

donated from BASF company (Germany), Polyplasdone XL (crospovidone)

was kindly donated from Ashland company (Netherlands), Prosolv (microcrys-

talline cellulose 21.6%, colloidal silicon dioxide 2%, mannitol 67.3%, fructose

4.9%, crospovidone 4.3%) was kindly donated from JRS (Germany), Vivasol

(corscarmellose Na) was purchased from JRS (Germany), spray dried lactose

was kindly donated donated from Foremost Frams (USA), colloidal silicon

dioxide was purchased from Sigma (Germany) and magnesium stearate was

purchased from Sigma Aldrich (USA).

5.3.2 Cryomilling

Cryomilling same as in Chapter 2
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5.3.3 Release study

The dissolution study followed the ODTs dissolution test according to the the

United States Pharmacopeia (USP) by using type II apparatus at 50 rpm (Erweka

Dissolution Tester) in 0.1 N HCl containing 1% SDS to ensure sink conditions.

The volume of the dissolution media was 500 mL. Dissolution media was main-

tained at 37 ◦C and a paddle speed of 50 rpm [302] was employed for 10 minutes.

The HPLC method was performed the same as in Section 2.3.7. There is no

special official requirement that applied to all drugs dissolution but the the

method and time of dissolution was taken for some drugs such as risperidone

and ondansetron in which not less than 80% of the drug should be released

within 10 minutes. Some drugs disintegration time in USP is within 6 minutes

such as loratidine and others longer to 30 minutes such as ibuprofen.

5.3.4 Tablet compression

Blends containing cryomilled 1:1 felodipine:Soluplus was mixed with other

excipients at 0.8% drug loading (2.5 mg felodipine in 300 mg tablet). The

therapeutic dose of felodipine is between 2.5-10 mg once daily. A different

formulations containing felodipine:Soluplus, spray dried lactose, silicon dioxide

and 6 different types of superdisintegrants were used to prepare 6 different

formulations (sieved through a 425 µm screen to facilitate the content unifor-

mity). The formulations all listed in Tablet 5.1. 60 g batches were prepared in the

turbo blender (blended for 10 minutes), then lubricant (1% magnesium stearate)

was added and mixed for 2 minutes. The tablets were compressed by using

standard concave punches on an instrumented Piccola multi-station press (Riva

S.A., Argentina) using 8 mm flat, round tooling (I. Holland, Nottingham, UK) to

a target mass of 300 mg, to prepare tablets between 4 and 12 kN compression

force.
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Table 5.1: The composition of each formulation in mg

Formulas felodipine:soluplus

(1:1)

superdisintegrants spray dried lac-

tose

colloidal silicon

dioxide

magnesium

stearate

total weight in

mg

F1/Kollidon CL 5 15 271 6 3 300

F2/Vivasol 5 60 226 6 3 300

F3/Polyplasdone XL 5 30 256 6 3 300

F4/Glycolate 5 15 271 6 3 300

F5/F-melt 5 292 - - 3 300

F6/Prosolv 5 240 52 - 3 300

5.3.5 Disintegrations time

Six tablets were immersed in the distilled water to determine the disintegration

time by using the USP disintegration apparatus (Erweka, ZT43, Heusenstamm,

Germany) at 37±0.5◦C. The time required for complete disintegration of the

six tablets (no or rare solid residue on the screen) is then considered as the

disintegration time.

5.3.6 Weight variation

According to the European pharmacopoeia twenty tablets were selected from

each formulation. The weight of each tablet was taken and the mean of all tablets

were calculated.

5.3.7 Content uniformity

The content uniformity test was performed according to the USP procedure for

felodipine tablets. Ten tablets were selected from each formulation. Each tablet

was added into to a 100-mL volumetric flask, then 40 mL of acetonitrile added

to it. The mixture was sonicated for 20 minutes. 20 mL of methanol was then

added to the mixture, and shaken by mechanical means for 30 minutes. The

mixture was then diluted with water to the required volume, and mixed. The
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mixture was then centrifuged at high speed for 15 minutes. The supernatant

was then diluted with water to obtain a solution containing 20 µL of felodipine

per mL which was then analysed by HPLC. The HPLC method used was given

in Section 5.3.3.

5.3.8 Hardness

Tablet hardness was performed by a hardness tester (Holland C50, U.K.). Three

tablets from each formulation were selected.

5.3.9 Friability

This test was carried out by taking twenty tablets from each formulation and

weighing them. These tablets were then placed into the friabilator drum (Erweka

type, GmbH, Germany). The rotation speed was fixed at 25 rpm for 4 minutes.

The tablets were weighed again after removing the dust and the percentage of

the weight lost was calculated which should be not more than 1% for the batch

to be accepted.

5.4 Results and discussion

5.4.1 Effect of compression force on tablets hardness

Figure 5.1 shows the effect of compression force on the hardness of the six

formulations. The compression force that was applied is between 4-12 kN. In

all cases increasing the compression force leads to an increase in the resulting

tablets hardness. There are no obvious discontinuities in any of the the plots.

For the maximum compression force of 12 kN, five of the formulations exhibited

hardnesses of 15-21 kP, with one (Vivasol) only achieving 5 kP under the same

conditions. It was previously reported that increasing the compression force

results in increasing the hardness of ibuprofen ODTs that containing Vivasol,

Polyplasdone XL and Kollidon [132].
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Figure 5.1: Schematic diagram of ODTs hardness at various compaction

forces for all formulations.

5.4.2 Effect of compression force on the tablets friability

Figure 5.2 shows the effect of compression force on the tablets friability. All

formulations at 4 kN compression force were friable and failed to pass the

friability test. Increasing compression force to 6 kN only Polyplasdone XL and

Vivasol were failed. At 8 and 10 kN all formulations passed the friability test

except Vivasol. Finally at 12 kN all formulations passed the friability test in

which the % of drug loss after the test should be less than 1%.
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Figure 5.2: Schematic diagram of ODTs % friability at various compaction

forces for all formulations. Red line represents the USP requirements for

the tablets to accept the batch.

5.4.3 Effect of the compression force on the disintegration time

Figure 5.3 shows the effect of compression force on the disintegration time for

all formulations. It is clearly seen that by increasing the compression force for

Prosolve and Polyplasdone containing formulations results in an increase of

the disintegration time. For Prosolve formulation the accepted disintegration

time according to EP was until 6 kN compression force where it exhibits 3.39

minutes while for F-melt formulation the accepted disintegration time is until

8 kN compression force where it displays 1.35 minutes. It has been reported

previously that increasing the compression force for ibuprofen ODTs formu-

lated with F-melt as superdisintegrant results in increasing in the disintegration
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time [133]. For Vivasol formulation increasing compression force resulted in no

significant increase in the disintegration time and all compression forces applied

leads to accepted disintegration time which is less than 3 minutes. For Glyco-

late, Polyplasdone and Kollidon formulations increasing the compression force

minimally increases disintegration time which stayed below the EP stranded as

it was between 15-50 seconds. This is comparable to the reported disintegration

time for mefenamic acid ODTs (27 seconds) that were formulated with Polyplas-

done that compressed at 4 kN and prepared by HME with Eudragit [299]. It

was also comparable with felodipine ODTs prepared by spray drying method

with HPMC by using Polyplasdone (28 seconds) [143]. The disintegration time

of risperidone ODTs prepared by direct compression method by using spray

drying method was reported to be 37 seconds [292]. Tablets in that study were

formulated with Kollidon as superdisintegrant at minimum compression force

nearly 2.4 kN [292]. From our results it can be concluded that F-melt and Prosolv

containing tablets were the only formulations that affected by the compression

force while other formulations were not.
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Figure 5.3: Schematic diagram of ODTs disintegration time at various

compaction forces for all formulations. Red line represents the EP re-

quirements for ODTs to be accepted.

5.4.4 Content uniformity

All formulations passed the content uniformity test in which no tablet above or

below 85%-115% of the amount of felodipine that should be available.

5.4.5 Release from different formulations

Figure 5.4 shows the release results under sink conditions for all formulations

containing felodipine-Soluplus physical mixture and co-cryomilled mixture. All

co-cryomilled formulations shows higher release in comparison to the physical

mixture after 10 minutes dissolution. Physical mixture formulations exhibited %
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release between 31-64% which is lower than the USP threshold of 80%. However

all co-cryomilled formulations exhibited % release between 76-94% which is

around or higher than 80% as seen in Figure 5.5. The dissolution results from

the our co-cryomilled formulations are comparable to previously reported work

for ODTs felodipine containing Prosolv as superdisintegrant after 10 minutes

dissolution in water [142] and comparable to felodipine release from ODTs pre-

pared by solvent evaporation method with HPMC (1:1) by using Polyplasdone

XL as superdisintegrant to get 80% release after 15 minutes dissolution [143].
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Figure 5.4: The release profile of felodipine form the physical mixtures

and from co-cryomilled mixtures from different formulations by using

different superdisintegrants (n=3).

To summarise all co-cryomilled ODTs formulations results, Figure 5.5 shows the
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comparative study among the co-cryomilled mixtures which Vivasol containing

formulation was the highest % release about 94% amongst the formulations. The

formulation that contains F-melt shows the lowest % release which is about 76%.

Vivsol Kollidon Glycolate Prosolv Polyplasadone F−melt

%
 R

el
ea

se
 a

fte
r 

10
 m

in
ut

es
 

0
20

40
60

80
10

0

94

83
80 79 78 76

Figure 5.5: The cumulative release of felodipine form different formu-

lations by using different superdisintegrants. Black line represents the

USP accepted limit for the release from ODTs.

5.5 Conclusion

For the first time, ODTs can be made that satisfy the pharmacopoeia, for which

cryomilling is an essential formulation step, at least for the six different for-

mulations studied. The different in the release behaviour of felodipine from

the physical mixture versus the co-cryomilled mixture is notably greater. The

rapid onset of action due to the short disintegration time for felodipine ODTs

via co-cryomilling can solve a geriatric or unresponsive patients problems to get
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benefit from this dosage form in the emergency which could save their life.

The good friability, flowability (from good content uniformity) of the powder,

disintegration and dissolution time according to USP lead us to put felodipine

for further investigation such as in vivo test for future work to complete all the

formulations requirements test for the ODTs. Other polymers that were used

in our study in Chapter 3 for preparation of co-cryomilled dispersions can be

formulated as ODTs in future to investigate their effect on the disintegration

time and to evaluate felodipine release. In addition future work should involve

the palatability of the formulation to increase the patient acceptance which is

essential in this type of formulation.
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Chapter 6

Conclusion and future prospects

6.1 Conclusion

Amorphous material from three different APIs (felodipine, paracetamol and

aspirin) by co-cryomilling with HPMC was obtained. No degradation was

observed from these three drugs by this method. There is no evidence for

formation a H-bond between these drugs with HPMC and all drugs showed

a poor miscibility with HPMC as the Tg showed no or slight increase with

increasing HPMC concentrations. The % release of three selected drugs was

either improved or not affected. All drugs formed amorphous solid dispersion

but at different ratios. There was a variation in the amount of HPMC required

for stabilisation of the solid dispersions formed. Felodipine was stable at 25%

drug loading while both paracetamol and aspirin were stable only at 5% drug

loading during the storage period.

Felodipine-Soluplus co-cryomilled mixture showed the best miscibility as it is

the only mixture that displays only one Tg in all concentrations and the Tg value

is comparable to that one estimated from Gordon-Taylor equation. It is stable

under mild storage condition at 25 ◦C/0% RH but cannot withstand humid

conditions for which it showed a clear sign of recrystallisation by XRPD. Other

co-cryomilled mixture showed a partial miscibility with certain concentrations

and their ranking criteria are mainly the hydrophobicity of the polymer and
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the H-bond propensity(from CSD analysis) to be stable against the harshest

conditions. Therefore felodipine-PMMA is the best regarding to the stability

while felodipine-HPMC is the worst.

The release from all co-cryomilled mixture under sink conditions is high except

for felodipine-PMMA mixture. All mixtures showed % release above 90% after

6 hours dissolution except felodipine-PMMA. By comparing the release in the

first 15 minutes both felodipine-HPMC and felodipine-Soluplus give above 90%

release within this time. Co-cryomilled felodipine-Soluplus mixtures showed no

clear difference in the percentage release compared to one made by currently

used HME procedure for production of amorphous solid dispersion. Felodipine-

Soluplus co-cryomilled mixture was selected as the mixture to be added to

the six different ODTs formulations that were designed to deliver fast onset

of felodipine release. Six different types of superdisintegrant were used. The

results from the official and non-official test was accepted and met the relevant

pharmacopeial requirement.

The co-cryomilling approach for production of amorphous solid dispersion is

attractive as neither heat nor solvent are used. Both particle size reduction and

amorphous formation can solve the main problems in class II drugs which are

either dissolution or solubility issue in which other techniques offer only one of

these solutions. These two advantages enable the application of cryomilling for

variable APIs.

6.2 Future Prospects

• The co-cryomilling approach can be potentially applied to other dosage

forms including: nasal, transdermal, ocular etc. to investigate how widely

applicable this approach is. Furthermore the effect of cryomilling on the

permeability of the APIs should be studied with various route of drug

administration because it might be the rate-limiting step.

• A realistic in vivo dissolution test can be applied for the manufactured
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felodipine ODTs.

• A practically water insoluble drug felodipine could be formulated as fast

acting dosage form using cryomilling. This technology can be applied

for another essential medication during the emergency such as asthma,

hypertension, angina etc. that might save a patients life.
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Figure 1: The thermogram of 75, 50, 25 and 5 % drug loading cryomilled

separately (red color), cryomilled together (blue color) of felodipine,

paracetamol and aspirin. Offsets applied for presentational purpose.
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