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ABSTRACT 

Recent studies have shown OIs remain a significant cause of approximately 90% of the 

morbidity and mortality in PLHIV even in the era of HAART.  MAC and cryptosporidiosis are 

amongst the most prevalent and life threatening OIs among PLHIV.  Treatment of these OIs 

has shown poor outcomes across the globe together with recurring infections.  There is dire 

need to reduce the burden of OIs by optimising treatments.  In order to accomplish this, solid-

state properties of clarithromycin and spiramycin were investigated.  The drugs are 

indispensable in treatment of MAC and cryptosporidiosis especially in PLHIV.  However, they 

have shown to be poorly water soluble and the culprit could be their poor physico-chemical 

properties, making investigation of these properties paramount.  No other solid state forms of 

both drugs that might improve the poor aqueous solubility have been reported.  Thorough 

investigation and alteration of physico-chemical properties of clarithromycin and spiramycin 

were therefore considered a solution for improving aqueous solubility and subsequently 

bioavailability to achieve optimum treatment outcomes.  Of late the use of ASDs has been 

employed to improve aqueous solubility and stability of poorly soluble drugs. 

The aim of the study was to prepare neat amorphous forms and ASDs of spiramycin and 

clarithromycin.  HPLC method was developed and validated for identification and 

quantification of these drugs.  Miscibility of clarithromycin and spiramycin in all available 

polymers was investigated for preparation of optimised ASDs.  The quench cooling of the melt 

method was employed for preparation of CLAM and ASDs.  Physical and chemical properties 

of spiramycin and clarithromycin raw materials, the prepared amorphous form of 

clarithromycin (CLAM), physical mixtures of the API with polymers (PMs) and prepared 

amorphous solid dispersions (ASDs) were investigated and reported on.  The following 

characterisation techniques were used: DSC, FTIR, XRPD, SEM, HSM, vapour sorption 

analysis, equilibrium solubility and dissolution profiles of the macrolide antibiotics. 

CLAM was physically stable at room temperature and high moisture content.  Overall, the 

dissolution rate of clarithromycin was improved by approximately 6.5 times by ASDs.  This will 

have a positive impact on its aqueous solubility.  It was concluded that ASDs successfully 

enabled better control over the solid-state chemistry of clarithromycin by maintaining the API 

in a stable amorphous state and enhancing dissolution / solubility which will ultimately lead to 

improved treatment outcomes. 

Results proved that spiramycin has a high dissolution rate (90%) due to its amorphous nature.  

ASDs improved dissolution rate of spiramycin to 100%.  Although the 10% increase in 

dissolution might imply ASDs enhanced aqueous solubility of spiramycin to some extent, it 

was concluded that the poor treatment outcomes of spiramycin cannot be attributed to a slow 
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dissolution rate.  Future studies on spiramycin will be necessary to clarify the discrepancies 

between current literature sources and data on the successful treatment of cryptosporidiosis. 

Keywords: clarithromycin, spiramycin, macrolide antibiotics, solid-state forms, amorphous 

solid-state forms, amorphous solid dispersions, polymers, polymer mixture
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CHAPTER 1 

PRINCIPLES OF THE SOLID-STATE PROPERTIES OF PHARMACEUTICAL 

COMPOUNDS 

1.1 Introduction 

Pharmaceutical dosage forms can exist in different forms such as, liquids, solids and semi-

solids.  Even when formulated as liquids, an API (active pharmaceutical ingredient) is 

preferably manufactured as a solid form due to reasons such as ease of handling, better 

chemical stability and ease of purification by crystallisation (Vippagunta et al., 2001).  Whether 

as pure drug substances or in formulated pharmaceutical products, APIs can exist in various 

solid-state forms.  These solid-state forms can be categorised as follows: crystalline 

(polymorphs, hydrates, solvates, salts and co-crystals) and non-crystalline (amorphous) 

(Baghel et al., 2016).  These different forms of the same API may present different physico-

chemical properties (Karpinski, 2006), which in turn may have a direct impact on 

pharmacokinetic and pharmacodynamic properties of the API (Kesisoglou & Wu, 2008).  APIs 

should have suitable pKa, aqueous solubility, permeability, stability and lipophilicity, to obtain 

optimum pharmacodynamic properties, such as bioavailability (Jampílek & Dohnal, 2012).  

Pharmaceutical excipients and processes applied during the drug development process can 

further influence physico-chemical properties of APIs (Dengale et al., 2014; Feng et al., 2015).  

It is a well-known fact that physical and chemical interactions between APIs and excipients 

can affect the chemical nature, stability, bioavailability and ultimately, the therapeutic efficacy 

of APIs (Bharate et al., 2010).  It is therefore paramount to be knowledgeable about the solid-

state properties of an API in the initial stage of drug development to avoid problems during 

and after the manufacturing of a pharmaceutical product.  Solubility and stability remain the 

most important pharmacokinetic properties influenced by the solid-state of APIs.  This chapter 

will provide background and an in-depth discussion on the solid-state properties of APIs and 

how that is being influenced by different solid-state forms of an API.  Furthermore, this chapter 

will also discuss all the strategies and methods currently used within the pharmaceutical 

industry in an endeavour to improve physico-chemical properties of an API. 

1.2 Pharmaceutical solid-state form classification 

Pharmaceutical solids consist of an external and internal structure.  The external structure is 

characterised by the morphology, shape and habit of the particles and does not determine the 

solid-state form (Moynihan & Crean, 2009; O'Keeffe, 2012).  On the other hand, the internal 

structure determines the solid-state form and is characterised by the order and degree of 
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molecular packing which can further be classified into two major categories i.e. crystalline and 

non-crystalline (amorphous) (Qiu et al., 2009).  Crystalline molecules are tightly bound to each 

other in an organised / orderly geometric lattice.  This results into well-defined, long range 

order of repeating unit cells.  The repetition of the unit cells forms the basis of each and every 

crystal of an API.  In contrast, the amorphous solid-state form is defined by lack of such long 

range order, with the molecules arranged in a disorderly manner (Chieng et al., 2011; Jójárt-

Laczkovich & Szabó-Révész, 2011; Vippagunta et al., 2001). 

Figure 1.1: Molecular order in the solid-state (Newman & Byrn, 2003). 

When the amorphous state exhibit traces of crystallinity or regions of heterogeneity, it is then 

comprised of a mixture of two discrete phases i.e. crystalline and amorphous (Iuraş et al., 

2016).  Partially ordered systems can also be an indication of a mesophase, a phase 

consisting of some degree of orientational and sometimes positional order (Mugheirbi et al., 

2016; Pérez et al., 2016).  Both crystalline and amorphous solids, might exhibit mesophase 

behaviour under conditions of temperature / solvent change and dissolution (Chakravarty et 

al., 2013).  It is also quite possible that the three solid-state forms can co-exist independently 

of each other (Elder et al., 2015).  Thereby, in the broadest sense, APIs can be characterised 

into either crystalline or amorphous forms and the next few paragraphs will discuss the 

different forms in much greater detail. 
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1.2.1 The principles of the crystalline solid-state form 

An ideal crystal is characterised by a three dimensional structure built up of identical and 

repeating unit cells (Brittain et al., 2009; Storey & Ymen, 2011).  Each unit cell is defined by 

the lengths of the crystal axis a, b and c and by the respective angles between these axes: α 

(between sides b and c), β (between sides a and c) and γ (between sides a and b) (Brittain et 

al., 2009; Vippagunta et al., 2001).  Combination of these axis and angles gives rise to seven 

basic crystal unit cells i.e. cubic, trigonal, orthorhombic, triclinic, hexagonal, tetragonal and 

monoclinic, which are shown in Figure 1.2.   

Figure 1.2: The seven possible primitive unit cells (Florence & Attwood, 2015). 

Symmetry of the unit cell contents give rise to a total of 14 possible lattices termed the Bravais 

lattices which occur as a result of variation in cubic, orthorhombic, tetragonal and monoclinic 

unit cells (Brittain, 2009) as follow: i) monoclinic and orthorhombic unit cells may be end-

centred whilst, ii) cubic and orthorhombic unit cells may be face centred and iii) cubic, 

tetragonal and orthorhombic unit cells may be body centred (Florence & Attwood, 2015).  Drug 

molecules usually form only the triclinic, monoclinic or orthorhombic unit cells (Florence & 

Attwood, 2015).  It is therefore the structural differences and or inclusions in these API crystal 

lattices that can further define, characterise and classify different solid forms of crystalline APIs 

as shown in Figure 1.3. 
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Figure 1.3: Classification of API solid forms as adapted from Steed, 2013. 

It has been hitherto, unclear among researchers on the actual number of classes of 

pharmaceutical solids due to the variation and ambiguity of API solid forms (Aitipamula et al., 

2012; Grothe et al., 2016).  In this study, crystalline APIs have been sub-classified into (i) 

single-component APIs i.e. polymorphs, and (ii) multicomponent APIs i.e. salts, solvates or 

hydrates and co-crystals as discussed below. 

1.2.1.1 Polymorphs 

Up to date, literature provides numerous definitions of polymorphism.  The U.S Food and 

Drugs Administration (FDA) as well as other authors use the term more broadly including 

solvates, hydrates and amorphous forms (Aitipamula et al., 2012; Brog et al., 2013).  However, 

the definition that has survived the test of time defines polymorphism as “the ability of a 

compound with an identical chemical composition to exist as two or more crystalline phases 

that have different arrangements and / or conformations of molecules within the crystal lattice” 

(Brog et al., 2013; Nagai et al., 2014).  Crystal polymorphs are single component solvent-free 

molecules characterised by structural differences in their crystal lattice (Braga et al., 2009).  

They are formed when unit cells consisting of one chemical specie of molecules, crystallise in 

different crystal lattices, giving rise to different molecular packing or conformations as shown 

in Figure 1.4 (Brog et al., 2013; Jampílek & Dohnal, 2012; Vippagunta et al., 2001).  Package 

polymorphs consist of rigid molecules with same / specific conformations that possess 

different intermolecular interactions such that they pack into different three-dimensional 

structures (Brog et al., 2013; Jampílek & Dohnal, 2012).  In contrast, conformation polymorphs 

consist of flexible molecules that crystallise differently due to possible rotation about single 

bonds in a molecule leading to different conformations / shapes (Brog et al., 2013; Jampílek 

& Dohnal, 2012). 
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Figure 1.4: Illustration of packaging and conformational polymorphism (Jampílek & 

Dohnal, 2012). 

Based on differences in the thermodynamic properties, polymorphs can be divided into two 

other categories i.e. enantiotropic and monotropic polymorphism (Vippagunta et al., 2001) 

depending on their stability (Brittain, 2009).  Enantiotropic polymorphs are formed when a 

reversible polymorphic transition from a metastable to a stable form occurs at a definite 

transition temperature below melting point (Brittain, 2009; Vippagunta et al., 2001).  In 

contrast, a pair is termed monotropic when it does not exhibit such a reversible polymorphic 

transition below its melting point.  In other words, one polymorph remains stable whilst the 

other is unstable below melting point (Patel et al., 2015).  Even when the difference in free 

energy of polymorphs may be as little as 0.5 kcal/mol up to a maximum of about 8 kcal/mol 

(Purohit & Venugopalan, 2009), one form can be slightly unstable compared to other 

(Upadhyay et al., 2012).  As a result, any difference in crystal packing, molecular conformation, 

lattice energy and entropy (Lohani & Grant, 2006) may have significant impact on physical 

and chemical properties of an API (solubility and dissolution included) (Mazurek et al., 2016). 

Ideally, the more stable polymorph should be used in the final drug product (Censi & Di 

Martino, 2015), but metastable forms are more soluble than their corresponding stable 

polymorphic forms (Aulton & Taylor, 2013).  However, differences between the solubility of 

two polymorphs may be insignificant thereby having no advantage in choosing the more 

soluble polymorph over the original compound (Censi & Di Martino, 2015).  Controlling or 

avoiding polymorphism therefore remains a crucial but a challenging dilemma in 

pharmaceutical drug development.  It is very critical to thoroughly understand the origins of 

polymorphism, its prediction as well as characterisation (Nagai et al., 2014; Vippagunta et al., 

2001).  Possible polymorphic forms can be determined by the aid of necessary identification 

steps for polymorphism in crystalline APIs as shown in Figure 1.5 (Brog et al., 2013; Lu & 

Rohani, 2009).  These polymorphic forms may have different lattice energies and may display 

different physical and chemical properties which may result in significantly different stability, 

solubility and bioavailability (Lu & Rohani, 2009).  Thus, polymorph screening assist and 

enable selection and manufacture of the most desired polymorph that is thermodynamically 

stable, with good solubility and dissolution rate, non-hygroscopic, high melting point, compact 

morphology and unproblematic manufacturing process (Karpinski et al., 2006). 
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Figure 1.5: Pathway of polymorphism determination in organic compounds (Brog et al., 

2013). 

Energetics of pharmaceutical processing may further affect the selected polymorph whereby 

an unintentional conversion of one polymorph to the other may occur due to differences in the 

heats of fusion (Brittain, 2009).  This may influence formulation development and 

manufacturability of a more soluble polymorph of a given API (Brittain, 2009; Nagai et al., 

2014).  A thorough research and characterisation of polymorphs is therefore essential so as 

to prevent any possible polymorphic transformation during processing or storage and also to 

consistently manufacture the most desired polymorphic form (Newman & Byrn, 2003).  This 

however can be a challenging task during improvement of aqueous solubility of a given API 

since the more soluble polymorph is always the metastable one.  To counteract such a 

challenging aspect, the desired polymorph can be altered by the inclusion of other molecules 

in its crystal lattice (Hilfiker, 2006; Sekhon, 2009).  These can be either an organic solvent (to 
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form a solvate) or water (to form a hydrate), or another crystalline solid (to form co-crystals 

and salts) (Yadav et al., 2009). 

1.2.1.2 Solvates  

Drugs are often exposed to a solvent during both production and processing, resulting in the 

entrapment of the particular solvent in the crystal structure upon crystallisation (Cains, 2011).  

This results in formation of two or more crystalline phases of the same API but with different 

elemental composition due to the inclusion of one or more solvent molecules in the crystal 

lattice (Brittain, 2010).  The included solvent can be either in a stoichiometric or non-

stoichiometric manner.  In stoichiometric solvates, as depicted in Figure 1.6(a), the solvent 

participates in the hydrogen-bonding network within the crystal structure, forming an integral 

part of the crystal unit cell (Brittain, 2010; Cains, 2011).  Differences in solvation states can 

yield distinctly different crystal structures thereof (Lee et al., 2013).  These solvates are 

physically stable above the critical partial pressure of the solvent but below that pressure, 

desolvation occurs (Byard et al., 2012).  As the solvate is heated above the boiling point of the 

included solvent or above and beyond the melting temperature of the solvate, desolvation can 

occur with structural disruption resulting in formation of an amorphous form and / or re-

crystallisation to a new unsolvated (polymorphic) form (Cains, 2011; Florence & Attwood, 

2011). 

Figure 1.6: A simplified visualisation of (a) a “true” solvate vs. (b) a non-stoichiometric 

solvate, where the solvent can be one or more types of solvent (Skieneh et al., 2016). 

In non-stoichiometric solvates, the solvent content varies gradually and is accompanied by 

subtle, anisotropic, changes in the crystal structure (Brittain, 2010).  The solvent does not form 

part of the crystal lattice but remains loosely bound on the surface or trapped in void spaces / 

channels within the crystal lattice, as depicted in Figure 1.6(b) (Brittain, 2010).  By doing so, 

the packing motif of the host molecule remains unchanged (Lee et al., 2013) and desolvation 

occurs more readily without destruction of the crystal lattice (Florence & Attwood 2015).  As a 
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result, a low-density structure (isomorphous desolvate) and / or different polymorphic forms of 

the desolvate can be formed (Byard et al., 2012).  Such desolvated crystals retain the initial 

solvate crystal symmetry and are characterised by empty void spaces or channels that were 

once occupied by the solvent molecules (Braun et al., 2016).  There can also be changes in 

the stoichiometry of the solvent i.e. different solvent or a mixture of solvents without 

necessarily changing the crystal structure of the desolvated form.  Several different solvates 

of the same compound have been identified and characterised (Byard et al., 2012).  Even so, 

oxygen molecules can diffuse into the lattice through the vacated tunnels and react with the 

host molecules.  Crystal structures of these systems are therefore considered to be 

isostructural (Nath & Nangia, 2012).  However, in some cases structural disruption may occur 

depending on the thermal stability and the extent of mechanical effects of removing solvent 

molecules from the depth of the crystal lattice yielding amorphous forms (Cains, 2011; 

Florence & Attwood, 2011). 

Isomorphic desolvates may exhibit reduced chemical stability than the original solvate (de 

Villiers et al., 2004).  On the other hand, the greater the solvation of the crystals, the lower 

their solubility and dissolution rate in the same solvent (Aulton & Taylor, 2013).  For different 

solvates, properties such as melting point, solubility, dissolution rate and bioavailability can 

differ significantly (Censi & Di Martino, 2015; Chadha et al., 2012).  However, it is unfavourable 

to use solvates for pharmaceutical APIs as they may be toxic for human use and only a few 

are harmless (Censi & Di Martino, 2015).  Instead, solvates are used as an intermediary step 

for reasons that include i) production of new unsolvated / desolvated polymorphic forms of the 

API, ii) purification and, iii) particle size control (Minkov et al., 2014).  To a large extent, the 

behaviour of solvates may also apply to hydrates. 

1.2.1.3 Hydrates 

Hydrates are the most commonly identified subclass of crystalline solid-state forms, where the 

solvent included into the molecular structure is nothing other than water (Elder et al., 2015).  

The hydrogen bonds formed ranges from extremely weak to extremely strong interaction 

energies (Paisana et al., 2016).  Hydrates can be categorised into three subclasses: isolated 

site hydrates, channel hydrates (planar or expanded) and metal ion associated hydrates 

(Vippagunta et al., 2001).  In the isolated site hydrates, water molecules are isolated from 

direct contact with each other such that they do not form a hydrogen bond or Van der waals 

interactions with other water molecules but with the API alone (Cains, 2011; Vippagunta et al., 

2001).  In channel hydrates, water molecules form intermolecular interactions with each other 

and not the API (Cains, 2011; Vippagunta et al., 2001), thus maintaining the crystal structure 

but forming channels throughout the crystal (Stokes et al., 2014).  This class can further be 
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sub-classified into i) planar hydrates, whereby water is localised in a two-dimensional order or 

plane in the channel and ii) the expanded channel i.e. non-stoichiometric hydrates (Cains, 

2011; Kratochvíl, 2011; Vippagunta et al., 2001).  Non-stoichiometric hydrates are formed 

when exposed to high humidity, with additional moisture effecting changes on the dimensions 

of the unit cell (Brittain et al., 2009).  The amount of water in the crystal lattice may depend on 

partial pressure of the atmospheric water (Byard et al., 2012).  Storing a non-stoichiometric 

solvate in the presence of water vapour can also result in the formation of a non-stoichiometric 

hydrate (Pikal et al., 1983).  For ion-associated hydrates, the water molecules are bound 

directly to a metal ion either as part of a coordination complex or through strong ionic bonds 

(Cains, 2011; Vipagunta et al., 2001).  Due to the high bond strength, desolvation of these ion-

associated hydrates requires high dehydration energies. 

Differences between the physico-chemical properties in particular solubility and dissolution 

rate of the dehydrated form and that of the hydrate can be observed (Cains, 2011).  More 

frequently, hydrates show a slower dissolution rate than the anhydrous form (Censi & Di 

Martino, 2015).  Transitions from the anhydrous to the hydrated form can easily occur during 

dissolution at the drug / medium interface hence affecting the rate thereof.  The need of 

evaluating the physico-chemical properties and the hydration or dehydration mechanisms of 

hydrates remain of importance during the pharmaceutical drug design and development 

process (Cains, 2011; Florence & Attwood, 2011; Kratochvíl, 2011).  The inclusion of a 

crystalline solid in the crystal lattice to form co-crystals and salts may result in even a better 

stability and solubility than solvates and hydrates (Sarmah et al., 2015; Shan & Zaworokto, 

2008; Yadav et al., 2009). 

1.2.1.4 Co-crystals 

There appears to be no universally agreed definition of co-crystals as a consequence of 

ambiguity in their classification (Grothe et al., 2016; Tilborg et al., 2014).  The FDA’s draft 

guidance proposed a definition of co-crystals as, “Solids that are crystalline materials 

composed of two or more molecules in the same crystal lattice” and classified them as 

dissociable “API-excipient” molecular complexes (FDA, 2013).  Aitipamula et al. (2012) points 

out that this definition limits co-crystals to molecular components and suggested that they 

should be grouped with salts.  Nonetheless, the widely accepted and most useful definition by 

authors defines a co-crystal as a homogeneous crystalline solid that contains stoichiometric 

amounts of discrete neutral molecular species that are solids under ambient conditions 

(Brittain, 2012; Jampílek & Dohnal, 2012).  As the debate continues, it was pointed out that 

there are cases where pharmaceutical drugs were approved and marketed as salts yet are in 

fact co-crystals (Elder et al., 2015).  To avoid overlapping with salts as well as other well-



 

10 

 

known solid forms, it is further suggested that co-crystals should be subclassified as (i) 

"simple" co-crystals; (ii) solvated (hydrated) co-crystals; (iii) salt co-crystals; (iv) solvated salt 

co-crystals; and (v) polymorphs of all previous types of co-crystals (Grothe et al., 2016; 

Jampílek & Dohnal, 2012) as shown in Figure 1.7. 

Figure 1.7: Potentially polymorphic multicomponent co-crystals (Jampílek & Dohnal, 

2012). 

Co-crystals have shown to be more stable to heat than solvates and hydrates (Shan & 

Zaworokto, 2008).  They offer enhancement of physical and technical properties of drugs such 

as solubility (4 to 20-fold), dissolution rate, stability, hygroscopicity, compressibility and 

bioavailability without changing the chemical composition and / or pharmacological behaviour 

of the API (Aitipamula et al., 2014; Brittain, 2012; Duggirala et al., 2016; Sekhon, 2009).  

Proper understanding of co-crystals thus remains important in the selection of the most 

appropriate form with best physico-chemical properties e.g. best solubility. 

1.2.1.5 Salts 

Whilst co-crystals are neutral and interact via non-ionic interactions, salts require an ionisable 

API that forms strong ionic interactions with an oppositely charged counter ion by an acid / 

base reaction as depicted in Figure 1.8 (Savjani, 2015). 

 

Figure 1.8: Difference between salts and co-crystals (Elder et al., 2013). 

Among several other methods used to improve solubility of poorly aqueous soluble APIs, salt 

formation is the most commonly used technique due to high solubility (500 − 1000-fold) relative 

to the pure API, dissolution rate and purity (Sarmah et al., 2015).  Over half of all medicines 

on the market are administered as salts (Surov et al., 2016; Makary, 2014).  Salt formation 
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can result in a significant improvement of permeability, efficacy, chemical and physical stability 

as well as organoleptic properties of the API (Elder et al., 2013).  However, only 20 – 30% of 

new molecules form salts easily (Brough & Williams, 2013; Serajuddin & Pudipeddi, 2008).  

More so, the best salt is not necessarily the most soluble form (Elder et al., 2013).  There can 

be significant polymorphic / solvation / hydration tendencies in the salt of optimum solubility.  

This makes it even more challenging to predict which salt have the greatest tendency to exist 

in other forms so as to provide the best desired physico-chemical properties (Makary, 2014; 

Surov et al., 2016). 

Salts and all the above mentioned and discussed crystalline forms have the potential to 

improve the physico-chemical properties of APIs.  The possibility of each of these crystalline 

forms to display polymorphism may further lead to a significant improvement in solubility and 

bioavailability of poorly soluble drugs (Brog et al., 2013; Newman & Wenslow, 2016).  

However, non-crystalline (amorphous) forms have shown even a greater solubility advantage, 

but lack the ideal thermodynamic stability that is essential in the final drug product and during 

drug formulation.  The amorphous state will be discussed in more detail in the paragraphs 

below. 

1.2.2 The principles of the amorphous solid-state form 

The amorphous state is characterised by a second order glass transition temperature (Tg) 

which is dependent on molecular mobility (Ghosh, 2006).  Tg is defined as a continuous 

transition from the equilibrium supercooled liquid state to the non-equilibrium glass state (Keys 

et al., 2013).  Thermal transition from the crystalline to amorphous form by quench cooling is 

shown in Figure 1.9.  It is well known that the first order phase transition of the crystalline form 

to liquid state occurs at melting temperature (Tm) (Einfalt et al., 2013).  When this melt is cooled 

slowly, the molecules nucleate slowly and regenerate back into a crystalline structure (Ghosh, 

2006).  On the contrary, sudden cooling of this melt prevents crystallisation and yields a 

supercooled liquid state below Tm, whereby enthalpy and volume will be in equilibrium with the 

molten drug (Kolodziejczyk et al., 2013).  On further cooling, equilibrium state continues until 

Tg is reached at which the system solidifies and falls out of equilibrium (Baghel et al., 2016).  

However, in the case that Tg does not occur, equilibrium continues and the entropy volume of 

the amorphous state equals that of the crystalline state at the Kauzmann temperature (TK) 

(Einfalt et al., 2013; Qiu et al., 2009).  Below TK, the amorphous state violates the third law of 

thermodynamics which states that the entropy of a perfect crystal at absolute zero is exactly 

equal to zero.  On a similar note, below Tg, equilibrium thermodynamics cannot be applied.  

Thus, Tg marks as the characterisation parameter of the amorphous state at which molecular 

mobility slows down (Graeser et al., 2010). 
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Figure 1.9: Thermodynamic phase transition of crystalline to amorphous form by 

quench cooling as adopted from Hancock & Zografi, 1997. 

Several studies have reported different physico-chemical properties above and below the Tg.  

Below Tg, the amorphous materials are brittle but above it, they are liquid or rubbery (Donth, 

2013).  Over a period of time, mobility can still occur below Tg whereby the amorphous state 

relaxes and its enthalpy and entropy decrease towards the equilibrium glassy state 

(devitrification) (Graeser et al., 2010).  On that note, amorphous forms can exist in different 

kinetic states and may further possess different physico-chemical properties influenced by the 

storage period and thermal history (Skotnicki et al., 2015).  This amorphous system can easily 

sorb large amounts of solvent and / or water which lowers its Tg and in turn facilitate 

crystallisation hence further decreasing its physical stability (Figure 1.10) (Mehta et al., 2016; 

Szakonyi & Zelkó, 2012).  Although the sorbed water or solvent may be of variable quantities, 

amorphous forms do not form stoichiometric hydrates or solvates (Elder et al., 2015).  

However, they can form salts which possess higher Tg values leading to improved physical 

and chemical stability (Tong et al., 2002; Lee et al., 2015). 
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Figure 1.10: Effect of water on molecular mobility and physical stability of the 

amorphous state (Mehta et al., 2016). 

The amorphous state may exist in one or more amorphous phases separated by a clear phase 

transition (Hancock et al., 2002).  Recently, two different amorphous precursor states have 

been reported for paracetamol (Thi et al., 2015).  The use of the term polyamorphism in such 

cases and on the occurrence of amorphous – amorphous phase transitions or existence of 

different amorphous forms of the same API remains controversial (Guinet et al., 2016).  

Different methods of preparation may also result in different amorphous solids of the same 

API (Kratochvíl, 2011), which may further exhibit significantly different physico-chemical 

properties (An & Sohn, 2009).  Significant differences in dissolution between the two 

amorphous forms of valsartan have been noted (Skotnicki et al., 2015).  In another study by 

Milne et al. (2016), it was reported that different amorphous forms of a macrolide antibiotic 

roxithromycin were obtained as a result of different preparation methods.  They concluded that 

such amorphous forms do not convert from one amorphous state to another via a first order 

phase transition hence the term polyamorphism is not an appropriate term to use in such 

circumstances.  Ultimately, it is the amorphous phase of best physico-chemical properties that 

should be selected. 

In summary, the higher enthalpy, entropy, free energy and volume of the amorphous state 

(Figure 1.9) are responsible for its higher solubility and reactivity in comparison to its crystalline 

counterpart (Bhugra & Pikal, 2008).  On the other hand, the very same thermodynamic 

properties are the culprits for the physical instability of the amorphous state which has a 

tendency to convert back to a more stable crystalline state thus, in turn, influencing the 

solubility advantage detrimentally (Gupta & Bansal, 2005).  Amongst other, several 

approaches used to preserve the solubility advantage of this metastable solid-state, 

stabilisation by the use of solid dispersions of the API in a pharmaceutically acceptable 

polymer remains one of most promising strategies (Kavanagh et al., 2012; Yu, 2001).  
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1.2.2.1 Classification of solid dispersions  

By definition, a solid dispersion is the dispersion of an API or APIs in an inert carrier or matrix 

at solid-state (Ha et al., 2014).  Basing on the carrier system composition, solid dispersions 

can be classified into different generations as shown in Figure 1.11 (Vasconcelos et al., 2007; 

Vo et al., 2013).  The first generation comprises of API and highly water soluble crystalline 

carriers (Kumari et al., 2013).  Although thermodynamically more stable, drug release of this 

generation is slower than the amorphous ones of the second generation (Kapoor et al., 2012).  

The use of polymeric carriers in the second generation offer even better dispersibility and 

wettability as a result of supersaturation of the API (Zecevic et al., 2014).  However, drug 

precipitation and recrystallisation may still occur in amorphous solid dispersions (Vo et al., 

2013).  Inclusion of surface active or self-emulsifying agents provides improved dissolution 

and stability in the third generation (Yu et al., 2011).  This generation is composed of a 

surfactant or a mixture of amorphous polymers and surfactants (Kapoor et al., 2012; 

Vasconcelos et al., 2007)  In the fourth generation, water insoluble or swellable polymers are 

used to sustain drug release for a prolonged therapeutic effect (Vo et al., 2013).  Amongst 

these, amorphous solid dispersions (ASDs) have been considered as the major advancement 

for poorly soluble drugs and have shown greater physical stability than the amorphous drug 

alone (Brittain, 2014; Zecevic et al., 2014). 

 

Figure 1.11: Solid dispersions composition and classification. CC: crystalline carrier, 

AP: amorphous polymer, SFP: surfactant polymer, WIP: water insoluble polymer, SP: 

swellable polymer, SF: surfactant, (↑): increase, (↓): decrease (Vo et al., 2013). 
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1.2.2.2 Amorphous solid dispersions (ASDs) 

ASDs are defined as molecular mixtures of poorly water soluble drugs in hydrophilic carriers, 

which present a drug release profile that is driven by polymer properties (Vasconcelos et al., 

2007).  They have shown to improve drugs’ poor water solubility by devitrification of 

undissolved amorphous drug (Dani et al., 2014) and may also display supersaturation effects 

which are beneficial in overcoming solubility-limited absorption (Dani et al., 2014; Zecevic et 

al., 2014).  ASDs therefore represent a promising formulation approach to alter solid-state 

properties of poorly soluble APIs.  However, several factors such as moisture, miscibility, and 

nature of polymer can still influence the physico-chemical properties of ASDs.  To obtain 

maximum solubility and stability, API–polymer miscibility and molecular interactions remain of 

utmost importance in the design of ASDs (Huang & Dai, 2014; Meng et al., 2015).  The API 

and the carrier of the solid dispersion should form a chemically homogeneous phase at 

molecular level for maximum stability (Baird & Taylor, 2012; Ivanisevic, 2010; Marsac et al., 

2009).  Properties of the polymer (hydrophilicity, hygroscopicity and molecular weight) 

together with API–polymer interactions (plasticizing effect or hydrogen bonds formation) can 

greatly influence dissolution and physical / chemical stability of the ASD (Kapoor et al., 2012; 

Vo et al., 2013; Zhaojie et al., 2014).  Ultimately, optimised ASDs can improve bioavailability, 

effectiveness of treatment through reduced doses as well as patient compliance (Newman et 

al., 2012; Rumondor et al., 2016; Tiwari et al., 2009). 

1.3 Conclusion 

APIs can be characterised by the order and degree of molecular packing i.e. crystalline (order), 

amorphous forms (disorder) or mesophase (partially ordered) systems.  The mesophase 

resembles amorphous state in relation to molecular mobility and Tg (Shalaev et al., 2016).  

The three solid-state forms can co-exist independently of each other but the more energetic, 

disordered states will eventually change to the lower energy ordered states over time (Elder 

et al., 2015).  Ideally, the lower energy state, i.e. the more stable form is preferred in the final 

drug product but the more energetic i.e. the metastable forms are always more soluble due to 

increased mobility (Aulton & Taylor, 2013; Censi & Di Martino, 2015).  Several studies have 

proved amorphous forms have the potential to improve solubility and dissolution rates 

significantly higher than their crystalline counterparts (> 10 times higher) (Kavanagh et al., 

2012; Nagapudi & Jona 2008; Vo et al., 2013).  Thus, optimised amorphous forms may have 

the ability to overcome the growing challenges in oral bioavailability (Paudel et al., 2014).  

However, the existence of a pure amorphous drug alone is highly unlikely due to its high free 

energy.  The inclusion of excipients e.g. i) polymeric and ii) non-polymeric (mesoporous silica 

based and co-amorphous formulations) can be employed to stabilise these metastable forms 
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(Kasten et al., 2016).  By stabilising the metastable state in an ASD, improved dissolution rate, 

solubility and a longer shelf-life can therefore be achieved (Kavanagh et al., 2012; Yu, 2001; 

Zecevic et al., 2014).  Thus for the correct design and development of a pharmaceutical drug, 

the ultimate focus should be controlling the solid-state structure of the API to guarantee its 

physico-chemical properties (Brog et al., 2013).  For the purpose of this study, the investigation 

focuses on the solid-state properties of two macrolide antibiotics (spiramycin and 

clarithromycin) typically used in the treatment of opportunistic co-infections in patients 

suffering from HIV/AIDS. 
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CHAPTER 2 

MACROLIDES ANTIBIOTICS: CLARITHROMYCIN AND SPIRAMYCIN 

2.1 Introduction 

Recent studies have shown that opportunistic infections (OIs) remain a significant cause of 

approximately 90% of the morbidity and mortality in People Living with HIV (PLHIV), even in 

the era of HAART (Highly Active Antiretroviral therapy) (Iroezindu, 2016; Rubaihayo et al., 

2015).  Although OIs are mainly a consequence of HIV infection, they can still occur in other 

immuno-compromised individuals like cancer and organ transplant patients (Jordan et al., 

2015; Rali et al., 2016).  Other conditions like asthma, inflammatory bowel disease, and 

rheumatoid arthritis being treated with cytotoxic or with anti-inflammatory monoclonal agents 

may further put individuals at risk of developing OIs (Berg et al., 2014; Sepkowitz, 2002; 

Yomota et al., 2012).  On this note, Mycobacterium tuberculosis (TB), Pneumocystis jirovecii 

pneumonia (PCP), Mycobacterium avium complex (MAC) and Cryptosporidiosis are amongst 

the most prevalent and life threatening OIs among PLHIV in different populations (Iroezindu, 

2016; Sepkowitz, 2002).  A comprehensive quantitative microbial risk assessment in China 

showed that cryptosporidiosis alone could result in 70% mortality rate of PLHIV due to 

cryptosporidium in drinking water (Xiao et al., 2012).  Another study conducted in South Africa 

indicated that MAC alone is responsible for 14% deaths of adults using antiretroviral drugs 

(ARVs) (Karstaedt, 2012).  Treatment of these two OIs (MAC and cryptosporidiosis) is 

currently provided by the macrolide antibiotics (clarithromycin, azithromycin, spiramycin and 

roxithromycin).  This chapter will focus on the two macrolide antibiotics, clarithromycin and 

spiramycin and their importance in the treatment of life-threatening OIs as well as the current 

drawbacks in terms of the physico-chemical properties associated with both antibiotics. 

2.2 Macrolides antibiotics 

In general, macrolides are bacteriostatic, but can also be bactericidal depending on bacterial 

sensitivity and antibiotic concentration (Abu-Gharbieh et al., 2004).  They inhibit protein 

synthesis of susceptible microorganisms, both in vivo and in vitro with varying potencies.  

Macrolides reversibly bind to 23S ribosomal ribonucleic acid (rRNA) in the 50S subunit and 

inhibit translocation messenger RNA (mRNA) directed protein synthesis (Phan et al., 2004; 

Retsema & Fu, 2001).  They induce dissociation of peptidyl transfer RNA (tRNA) from the 

ribosome during translocation, suppressing RNA-dependent protein synthesis (Abu-Gharbieh 

et al., 2004). 
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Macrolides are less active against gram-negative organisms due to their hydrophobic nature 

making it difficult to penetrate both the inner and outer membranes of gram-negative bacteria 

(Brisson-Noël et al., 1988).  Their overall antimicrobial spectrum includes i) gram-positive 

aerobes: staphylococci, streptococci; ii) gram-negative aerobes: haemophilus influenzae, M. 

catarrhalis; iii) anaerobes: legionella pneumophila, chlamydia sp. and iv) other bacteria: MAC, 

treponemapallidum (Alzolibani & Zedan, 2012; Steel et al., 2012).  In addition to antibacterial 

properties, macrolides possess anti-inflammatory and immuno-modulatory effects utilised in 

the treatment of rheumatoid arthritis, asthma, lupus erythematosus to mention but a few 

(Kwiatkowska et al., 2013; Shimane et al., 2001).  They possess anticancer, antiviral, 

antimalarial activity and are also used in organ transplantation and interventional cardiology 

(Andersen et al., 1998; Čulić et al., 2001; Kwiatkowska et al., 2013; Saviola et al., 2013; Steel 

et al., 2012; Rodriguez-Cerdeira et al., 2012).  Such a broad activity and indication spectrum 

promote the significance of macrolide antibiotics amongst other therapeutic agents and / or 

antibiotics (Minas, 2010). 

Macrolide antibiotics are more active in slightly alkaline conditions, chemically stable at neutral 

pH but unstable in acidic conditions (Kosugi et al., 2015; Nie et al., 2013).  With a molecular 

weight of >700 and hydrogen bond acceptors of >10, they do not fit into Lipinski’s rule of five 

and consequently possess poor drug-like properties (Lipinski, 2000; Stepanic et al., 2011).  

The poor physico-chemical properties remain their largest obstacle from obtaining optimum 

bioavailability, therapeutic response and effectiveness.  The current poor treatment outcomes 

of MAC and cryptosporidiosis infections, may therefore be directly linked to poor aqueous 

solubility of clarithromycin and spiramycin. 

In addition to the already poor physico-chemical properties and poor treatment outcomes of 

macrolides, antibiotic resistance continue to be problematic.  Bacteria resist macrolide 

antibiotics in 3 ways: (i) through target-site modification by methylation or mutation; (ii) through 

efflux of the antibiotic, and (iii) by drug inactivation (Sener et al., 2005).  Sadly, resistance 

cannot be stopped, but can be combated by strategies which includes the design of new and 

novel antibiotics or the improvement of the physico-chemical properties of the existing ones 

(Sener et al., 2005; Sharma et al., 2012; Ranghar et al., 2014).  Due to difficulties in designing 

new and novel antibiotics over the decades, modification and development of existing 

antibiotics remains paramount in combating both antibiotic resistance together with the poor 

physico-chemical properties thereof (Coates et al., 2011; Singh, 2014; Theuretzbacher et al., 

2015). 

Macrolide antibiotics belong to natural polyketides first isolated from streptomyces erythreus 

(Avisar & Gozlan, 2013; Ding et al., 2015; Katz & Baltz, 2016).  Structural differences of 

macrolides arise from the amount of carbon atoms in the lactone ring together with the amount 
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and nature (neutral or basic) of sugar moieties attached (Or et al., 2002; Phan et al., 2004).  

An important class of all times comprise of 14-, 15- and 16- membered macrocyclic lactone 

ring with one or more sugar moieties and amino sugars attached (Čulić et al., 2001; Jain & 

Danziger, 2004; Omura, 2002). 

Erythromycin A                              8,9-anhydro-6,9- hemiketal                   6,9,9,12 spiroketal 

Figure 2.1: Degradation of erythromycin A under acidic conditions. 

The prototype erythromycin A (Figure 2.1) is a 14-membered lactone ring with two sugar 

moieties, desosamine and cladinose (Douthwaite, 2001).  However, erythromycin A is 

associated with gastrointestinal adverse effects as a consequence of the intermediate 8,9-

anhydro-6,9- hemiketal during stomach acid degradation (Zuckerman, 2004).  Such acidic 

instability together with narrow spectrum and short elimination half-life has led to the 

development of semisynthetic derivatives of erythromycin with improved antimicrobial 

spectrum, pharmacokinetic and pharmacodynamics properties (Jain & Danziger, 2004).  

Depending on chemical modification of erythromycin A core structure, these semisynthetic 

derivatives fall into three groups: i) compounds obtained by modification of the C-3 α-L-

cladinose e.g telithromycin (Figure 2.2); ii) compounds with substituent modifications e.g 

roxithromycin (Figure 2.2) and iii) compounds obtained from modifications of the glycone A, 

e.g. azithromycin (Figure 2.2) (Retsema & Fu, 2001). 
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Erythromycin A                                                                      Telithromycin...........................

                                    

Roxithromycin                                                                                         Azithromycin               

Figure 2.2: Structural differences of erythromycin A and its derivatives. 

2.3 Physico-chemical properties of clarithromycin 

Clarithromycin (6-O-methyl-erythromycin) is effective against gram-positive, some gram-

negative, anaerobic, mycoplasma, chlamydia and helicobacter pylori organisms (Adachi & 

Morimoto, 2002; Noguchi et al., 2012; Wibawa et al., 2003).  Beneficially, clarithromycin works 

in synergy with its primary metabolite, 14-hydroxy 6-O-methyl- erythromycin which also has 

antimicrobial activity (Alder et al., 1993; LeBel, 1993).  Clarithromycin differs from erythromycin 

at the 6-position whereby a methoxy group replaces the hydroxyl group (Derakhshandeh et 

al., 2014).  In comparison, it presents improved acid stability, bioavailability and antibiotic 

activity than the erythromycin A core structure (Liang & Han, 2013; Nakagawa et al., 1992). 
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Molecular formular: C37H67NO13                                                  Molecular formular: C38H69NO13 

Molecular weight: 733.93 g/mol                                                  Molecular weight: 747.95 g/mol 

Erythromycin A                                                                           Clarithromycin  

Figure 2.3: Chemical structure and molecular formula of erythromycin and 

clarithromycin. 

Literature shows that the macrolide antibiotic clarithromycin remains the cornerstone drug in 

the treatment of MAC (Andréjak et al., 2015, Kadota et al., 2016; Martins et al., 2005; Nobre 

et al., 2003) but MAC lung disease is well known for its high treatment failure rates (Aksamit 

et al., 2014; Griffith & Winthrop, 2012.  With propriety names Biaxin®, Klacid®, Klaricid®, 

clarithromycin is a white to off-white crystalline odourless powder (Van Rooyen et al., 2002).  

It is a weak base (pKa 8.76) and soluble in organic solvents: methanol, acetonitrile, acetone 

and methylene chloride, but possess a low aqueous solubility (Inoue et al., 2007; Lebedeva 

et al., 2014).  Clarithromycin possesses dissolution rate limited absorption and is classified 

under biopharmaceutical classification system (BCS) class II (low solubility and high 

permeability) (Jadhav et al., 2012; Morakul et al., 2013).  Solubility of clarithromycin in water 

and in phosphate buffer solutions is temperature and pH-dependent respectively.  As the 

temperature or pH increases, solubility decreases (Nakagawa et al., 1992; Pereira et al., 

2013).  This can be attributed to the instability of clarithromycin in acidic conditions for 

example, below pH of 3.0.  Hydrolysis can occur, forming a microbiologically inactive 

hydrolysed clarithromycin form (Nakagawa et al., 1992; Noguchi et al., 2014). 

Different solid-state forms has been reported on clarithromycin and therefore is known to exist 

in different crystalline forms.  Up to this point in time, eight crystalline solid-state forms of 

clarithromycin have been prepared and characterised.  “Form 0” is an ethanol solvate.  Form 

I can be obtained from the desolvation of “Form 0” at ambient up to 50°C.  Form II is an 

anhydrate solid-state form of this macrolide.  Form III (acetonitrile solvate) and Form IV 

(hydrate) can easily convert to Form II at desolvation or dehydration temperatures of 100°C 

and higher (Avrutov et al., 2003, Iwasaki et al., 1993; Liang & Yao, 2008; Lui et al., 2003; 
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Spanton et al., 1999).  Clarithromycin can also exist as a Form V (Gruss, 2008), a 

hydrochloride salt (Parvez et al., 2000) and lastly a methanol solvate (Iwasaki et al., 1993). 

The anhydrate polymorphs, Form I and Form II are considered monotropic (Kuncham et al., 

2014) and Form I is metastable comparing to Form II (Sohn et al., 2000; Spanton et al., 1999).  

It was believed that clarithromycin Form II was more thermodynamically stable and had been 

included into the drug formulations on the market (Liu & Riley, 1998; Lee et al., 2003).  In 2008 

Liang & Yao discovered that Form III is more stable than the anhydrate Form II, however up 

to this point in time clarithromycin containing products are formulated containing Form II 

(Kuncham et al., 2014).  This is probably due to the fact that the pharmaceutical industry steers 

away from including solvates into dosage forms, due to the inherent toxicity associated with 

solvents, such as acetonitrile.   

Another recent study by Noguchi and co-workers (2014), points out that clarithromycin Form 

II can undergo polymorphic transformation from Form II to a Form A and Form B under acidic 

conditions.  Furthermore, it is of concern that Form II may undergo crystal transition to its 

metastable form during the manufacturing process (Nozawa et al., 2015).  On another note, 

Form II can also absorb water without crystal lattice disruption or change, resulting in a new 

crystalline form (clarithromycin hemihydrate) which is metastable at room temperature (Tian 

et al., 2009).  The above mentioned different crystalline forms of clarithromycin may have 

different thermal stability, dissolution characteristics and bioavailability which in turn affect 

treatment outcomes. 

A study by Yonemochi et al. (1999) proved that preparation methods such as grinding or spray 

drying could lead to the formation of partially amorphous clarithromycin.  Another fairly recent 

study by Adrjanowicz et al. (2012) proved that a glassy state of clarithromycin can be prepared 

through the process of super-cooling of the molten drug.  However, none of these studies 

reflected on the true aqueous solubility advantage that such a solid-state form of clarithromycin 

may have. 

2.4 Physico-chemical properties of spiramycin 

In comparison to the 14-membered erythromycin A derivatives like clarithromycin, the 16- 

membered macrolides shows better pharmacokinetic properties (LeBel, 1993).  Structurally, 

the 16-membered macrolides comprise of an amino disaccharide-4-O-(L-mycarosyl)-D-

mycaminose and/or D-desosamine (Or et al., 2002).  Basing on their glycosylation pattern, 

they can be classified as tylosins and leucomycins / spiramycins (Gebhardt et al., 2005).  Both 

tylosins and leucomycins can be further classified as natural or semi-synthethic derivatives.  

The tylosins family include tylosin and its semi-synthetic derivatives tilmicosin and tildipirosin 

(Cundliffe et al., 2001; Marinelli & Genilloud, 2013; Or et al., 2002).  Semi-synthetic 
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leucomycins include rokitamycin and miocamycin whereas the natural molecules include 

kitasamycins, midecamycins and spiramycins (Przybylski, 2011). 

Isolated from streptomyces ambofaciens, spiramycin is a 16-membered lactone (platenolide), 

which consist of two amino sugars (D-mycaminose and D-forosamine) and one neutral sugar 

(L-mycarose) (Aigle et al., 2014; Zhu et al., 2014).  It is a mixture of three major (I, II, III), three 

minor components (IV, V, VI), two other spiramycins; 18-deoxy-18-dihydrospiramycin (DSPM) 

and 17-methylene spiramycin (Shi et al., 2004; Chepkwony et al., 2001; Or et al., 2002).  

Although spiramycin I is the main component, quantity of each component varies according to 

the manufacturer (Maher et al., 2008; Oka et al., 2000; Wang et al., 2010).  Spiramycin I 

content is usually very high such that it is very difficult to isolate spiramycin II and III from the 

mixture (Leon & Jean, 1960).  Molecular formulas and mass of the three major spiramycins 

are: spiramycin I (C43H74N2O14) 843.1 g/mol, spiramycin II (C45H76N2O15 ) 885.1 g/mol and 

spiramycin III ( C46H78N2O15) 899.1g/mol (Ounnar et al., 2016).  Their melting points ranges 

between 133-137°C for spiramycin I, 130-133°C for spiramycin II and 128-131°C for 

spiramycin III (Omura & Nakagawa, 1975). 

 

Figure 2.4: Chemical structure and molecular formula of spiramycins adapted from 

(Pendela et al., 2007). 
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Table 2.1: Components of spiramycin 

Compound R1 R2 R3 Mycarose 

Spiramycin I H CH2CHO forosaminyl + 

Spiramycin II COCH3 CH2CHO forosaminyl + 

Spiramycin III COCH2CH3 CH2CHO forosaminyl + 

Spiramycin IV H CH2CH2OH forosaminyl + 

Spiramycin V H CH2CHO mycarosyl + 

Spiramycin VI H CH2CH2OH mycarosyl + 

18-deoxy-18-

dihydrospiramycin 

H CH2CH3 forosaminyl + 

17-methylenespiramycin H C(CH2)CHO forosaminyl + 

Neospiramycin I H CH2CHO forosaminyl _ 

Neospiramycin II COCH3 CH2CHO forosaminyl _ 

Neospiramycin III COCH2CH3 CH2CHO forosaminyl _ 

For spiramycin I, II and III, a disaccharide (mycarose and mycaminose) and a monosaccharide 

(forosamine) are attached at positions 5 and 9, respectively, via β-glycosidic bonds (Pendela, 

et al., 2007).  They possess different substituents at position 3, as follows: spiramycin I (3-

OH), spiramycin II (3-O-acetyl) and spiramycin III (3-O-propionyl) (Maher et al., 2008; Nguyen 

et al., 2010; Or et al., 2002; Przybylski, 2011).  Spiramycin IV and spiramycin VI consist of a 

primary alcohol at position C-6 instead of an aldehyde group (Pendela et al., 2007).  The 

mycarosyl of spiramycin V and VI is replaced by forosaminyl in spiramycin I and IV (Pendela 

et al., 2007).  18-deoxy-18-dihydrospiramycin (DSPM) and 17-methylenespiramycin consist 

of different substituents at position C-6.  All neospiramycins lack the mycarose sugar (Omura, 

2002; Or et al., 2002; Pendela et al., 2007). 

Spiramycin is one of the macrolide antibiotics recommended for treating cryptosporidiosis 

among immuno-suppressed individuals (Huang et al., 2015; Wang & Zhang, 2014).  Yet, the 

drug is not commercially available in South Africa (Davis, 2011), which is one of the countries 

with a very high HIV burden in the world (Gómez-Olivé et al., 2013).  Although spiramycin is 
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recommended in PLHIV, studies have shown that its poor oral absorption rate and stability 

cause poor treatment outcomes (Huang et al., 2015).  Proprietary names of spiramycin 

include: Acetylspiramycin®, Dicorvin®, Osmycin®, Rovadin®, Rovamicina®, Rovamycin®, 

Rovamycin Forte®, Rovamycine®, Rovamycin® [inj.], Selectomycin®, Spirabiotic®, Spiradan®, 

Spiranter.  There is significant variation in the amounts (purity) of these components 

depending on the manufacturing process.  In France, spiramycin I is > 85% whilst spiramycins 

II and III are < 5 and 10% respectively (Mourier & Brun, 1997).  In China, spiramycin III is the 

main component > 60% whilst spiramycins I and II are < 10 and 30% respectively (Liu et al., 

1997).  However, the antimicrobial activity of spiramycins I, II and III are more or less the same 

(Leon & Jean, 1960).  Spiramycins II and III possess lower toxicity in comparison to spiramycin 

I (Leon & Jean, 1960). 

Spiramycin is a slightly hygroscopic white or yellowish powder (Omura et al., 1979).  It is 

soluble in acetone, ethanol, methanol and slightly soluble in water.  As a weak base (pKa of 

8), spiramycin can be protonated and / or deprotonated depending on pH (Ounnar et al., 

2016).  Under acidic conditions, the mycarose is lost to form the inactive neospiramycins that 

can further lose forosamine to form forocidin (Ramu et al., 1995; Feng et al., 1997).  These 

acid unstable properties of spiramycin can lead to its demycarsolation into neospiramycin in 

the stomach (Or et al., 2002).  Although the three components of spiramycin are very similar 

in properties (Leon & Jean, 1960), it is well known that physico-chemical differences are 

common for each component in the mixture.  The ability of spiramycin to exist as a mixture 

may therefore influence its physico-chemical properties.  The acetylated derivative of 

spiramycin (acetylspiramycin) shows improved oral absorption rate and stability than 

spiramycin (Hong et al., 2000; Huang et al., 2015).  Limited literature reports spiramycin as 

existing in an amorphous state (Abou-Zeid, et al., 1980; Leon & Jean, 1961).  However, during 

thorough literature searches little information was obtained on the physico-chemical properties 

of this drug.  

2.5 Conclusion 

In the era of HAART, OIs remain a major public health problem (Perbost et al., 2005; Coelho, 

2014) and measures to prevent and effectively treat them, remains very essential.  Literature 

has proven there is no specific treatment targeting MAC and cryptosporidium directly 

(Gopinath & Singh, 2010; Huston et al., 2015, Vandenberg et al., 2012).  However, macrolide 

antibiotics have shown to be the cornerstone in the treatment of MAC and Cryptosporidiosis 

but several studies have shown poor treatment outcomes of the selected OIs.  Spiramycin, 

which is believed to be amorphous, has shown to be partially effective due to its poor oral 

absorption rate and stability (Huang et al., 2015; Sinkala et al., 2011).  On a similar note, 
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clarithromycin Form II currently on the market, has been shown to be prone to solid-state 

transition during typical pharmaceutical processing steps (Nozawa et al., 2015).  A transition 

to a more stable solid-state form might cause a decrease in the solubility of clarithromycin, 

possibly influencing the bioavailability detrimentally.  It is therefore evident that the particular 

solid-state form included into a solid dosage form exhibits poor physico-chemical properties 

and must be addressed in the cases of clarithromycin and spiramycin.  Therefore, it might be 

useful to investigate the advantages that these two macrolides may hold when formulated into 

amorphous solid dispersions.  In this regard, different solid-state analytical techniques were 

employed in the characterisation of both crystalline and amorphous forms of these macrolide 

antibiotics. 
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CHAPTER 3 

RESEARCH METHODOLOGY  

3.1 Introduction 

Typical solid-state studies of pharmaceutical ingredients involve a combination of several 

techniques rather than focussing on single techniques or methods.  This study used a range 

of methods in the physico-chemical characterisation of the purchased raw materials of 

spiramycin and clarithromycin, the neat amorphous solid-state form of clarithromycin as well 

as amorphous solid dispersions (ASDs) of both macrolides. 

3.2 Materials and methods 

3.2.1 Materials 

Clarithromycin and spiramycin raw materials were purchased from DB Fine Chemicals 

(Johannesburg, South Africa).  Polymers: Polyvinylpyrrolidone K25 (PVP K25), 

Polyvinylpyrrolidone K30 (PVP K30), Polyethylene glycol 8000 (PEG 8000), Pluronic® F-127 

(PF-127) and Vinylpyrrolidone-vinyl acetate copolymer (Kollidon® VA-64) were purchased 

from DB Fine Chemicals (Johannesburg, South Africa).  Other excipients: microcrystalline 

cellulose, lactose, magnesium stearate and talc were a kind donation from the Department of 

Pharmaceutics, School of Pharmacy, North-West University, Potchefstroom.  Di-potassium 

hydrogen orthophosphate, potassium chloride, boric acid, potassium bipthalate, monobasic 

potassium phosphate, acetic acid, sodium acetate, ammonium acetate, hydrochloric acid and 

sodium hydroxide were purchased from ACE Chemicals (Johannesburg, South Africa) and all 

were of analytical grade.  Acetonitrile and methanol were purchased from ACE Chemicals 

(Johannesburg, South Africa) and were of chromatography grade.  Potassium bromide and 

glass beads were purchased from Sigma-Aldrich (Johannesburg, South Africa). 

3.2.2 Preparation of neat amorphous solid-state form of clarithromycin 

Various methods used for the preparation of amorphous forms include: quenching of melts, 

rapid precipitation by anti-solvent addition, freeze drying, spray drying, compression, rapid 

solvent evaporation, lyophilisation and many others (Yu, 2001).  In this study, the method of 

quench cooling of the melt of the drug was used as preparation method for the amorphous 

solid-state form of clarithromycin.  In this method, the crystalline raw material was spread out 

thinly and evenly on the surface of a foil paper.  The prepared foil paper was then placed on 

a hot plate.  The temperature at which the hot plate was set for the melting were deduced from 

differential scanning calorimetry (DSC) results obtained with the crystalline clarithromycin raw 
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material.  Subsequently, the molten product was removed from the hot plate and quench 

cooled on a cold surface.  The amorphous product was removed from the foil paper and 

characterised to ensure the amorphous habit thereof. 

3.2.3 Preparation of ASDs of clarithromycin and spiramycin 

Miscibility between the API and the carrier of the solid dispersion has proven to have a clear 

impact on physical stability.  The two should form a chemically homogeneous phase at 

molecular level (Baird & Taylor, 2012; Marsac et al., 2009, Ivanisevic, 2010).  API  /  polymer 

miscibility determination was therefore done so as to prepare ASDs of optimal stability.  In this 

study miscibility of the clarithromycin and spiramycin in all available polymers i.e. PVP K25, 

PVP K30, PEG 8000, PF-127 and Kollidon® VA-64 was investigated.  The melting point 

depression was determined so as to indicate not only the best API / polymer ratio but also the 

most suitable polymer grade of polyvinylpyrrolidone used. 

3.2.3.1 Miscibility determination 

Different weight / weight (w/w) ratios (1:1, 1:2, 1:3, 2:1, 2:3, 3:1 and 3:2) of the API to the 

polymer were prepared by mixing either clarithromycin or spiramycin and the corresponding 

polymer using a mortar and pestle.  Each mixture was mixed for 3 minutes.  The observation 

of the melting point depression of API  /  polymer PMs was done using DSC analysis.  Miscible 

mixtures should show various degree of melting point depression whilst immiscible or partially 

miscible mixtures should show little or no melting point depression (Bikiaris et al., 2005; 

Marsac et al., 2009).  To exclude or confirm any miscibility uncertainties of the melting point 

depression method, HSM was used as a supplementary method (as discussed in paragraph 

3.24 (c)).  Certain uncertainties in terms of miscibility were excluded or confirmed via more 

visual HSM analyses. 

3.2.3.2 Preparation of ASDs 

Techniques commonly used for the preparation of ASDs are: the quenching of melt method, 

solvent method, supercritical fluid method and hot melt extrusion method.  Different methods 

of preparation may result in different amorphous solids of the same API (Kratochvíl, 2011) 

which may further exhibit significantly different physico-chemical properties (An & Sohn, 

2009).  In this study, several methods were employed in an effort to prepare optimised 

clarithromycin ASDs.  These methods include: spray drying and solvent evaporation in several 

organic solvents such as acetonitrile, chloroform, propan-1-ol, dichloromethane, isopropanol 

etc.  Following suit to the preparation method of neat amorphous forms, the quench cooling of 

the melt method proved again to be the best.  Only the quenching of melt method was 

therefore used for the preparation of ASDs of both drugs.  A physical mixture of either 
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spiramycin or clarithromycin and the chosen polymer was made.  The physical mixture was 

evenly spread on a foil paper, followed by the heating of the mixture until a molten product 

was obtained.  The melted mixture was then removed from the hot plate and subsequently 

cooled rapidly on a cold surface.  The ASD product was then removed from the foil paper for 

physico-chemical characterisation and testing. 

3.2.4 Characterisation methods 

Several methods were employed in order to characterise the neat drugs (crystalline or 

amorphous solid-state forms) as well as the ASDs.  These techniques included: differential 

scanning calorimetry (DSC), thermogravimetric analysis (TGA), hot-stage microscopy (HSM), 

Fourier-transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRPD), scanning 

electron microscopy (SEM), non-isothermal crystallisation kinetics, solubility and dissolution 

as well as vapour sorption analysis. 

3.2.4.1 Differential scanning calorimetry (DSC) 

DSC is a thermal analysis technique which is used to measure the temperatures and heat 

flows associated with transitions in materials as a function of time and temperature (Gill et al., 

1993).  In this analysis, energy is introduced simultaneously into a sample and a reference 

pan.  Temperatures of both pans are then raised identically over time (Brittain, 2009).  The 

amount of heat radiated (exothermic process) or absorbed (endothermic process) by the 

sample due to temperature difference between the sample and the reference is then measured 

(Gill et al., 2010).  These energy changes can therefore be used to determine thermal stability, 

structural-phase transition temperatures, latent heat of melting / fusion, reaction kinetics, 

crystallisation kinetics, degree of crystallinity, specific heat or heat capacity, purity and 

excipient compatibility (Brittain, 2009; Chieng et al., 2011; Gill et al., 2010; Höhne et al., 2003; 

Storey & Ymen, 2011). 

For amorphous forms, DSC analyses can indicate the glass transition temperature (Tg) and 

the subsequent crystallisation temperature of the amorphous form back to the 

thermodynamically most stable crystalline form.  Dehydration or desolvation, recrystallisation 

and melting temperatures can be determined for crystalline forms (Chieng et al., 2011).  DSC 

analyses can therefore act as an indication whether a drug is crystalline or amorphous.  In 

addition, amorphous solid forms can age or relax over time, thus the DSC for amorphous 

forms should show an enthalpy relaxation endotherm (Shamblin & Zografi, 1998; Surana et 

al., 2004).  DSC can also be used to assess the molecular mobility of the amorphous solids 

(Brittain, 2009). 
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In this study, a Shimadzu (Kyoto, Japan) DSC-60 instrument was used to record the DSC 

thermograms.  Samples (3 – 5 mg) were weighed and sealed in aluminium crimp cells with 

pierced lids.  The samples were heated from 25°C to 250°C with a heating rate of 10°C/min 

and a nitrogen gas purge of 35 ml/min.  The onset temperatures of the thermal events were 

reported.  Depending on the drug used or the type of thermal parameter to be determined, the 

heating rate as well as the end heating temperature was varied.  In this study, the direction of 

heat flow for an exothermic event was recorded up the y axis whilst that of an endothermic 

event was recorded down the y axis. 

 Non isothermal crystallisation kinetics 

Recrystallisation of amorphous forms can be influenced by several factors such as Tg, melting 

and crystallisation enthalpy/entropy, molecular mobility and viscosity (Descamps & Dudognon, 

2014).  The activation energy at the glass transition temperature can be obtained using several 

methods such as Arrhenius and Kissinger analytical plots.  The obtained activation energy 

(Ea) can be applied to determine fragility index (m) which is a measure of the deviation from 

typical Arrhenius behaviour (Dengale et al., 2015).  The value of m obtained can then be used 

to calculate both the strength parameter (D) and the temperature at which molecular mobility 

is close to zero (T0) (Pina et al., 2015).  Depending on the values obtained, physical stability 

of amorphous forms can be predicted.  It can therefore be determined whether the API in 

question can form a strong or fragile glass. 

In this study, the effect of nucleation and crystal growth rate of neat amorphous clarithromycin 

form was quantified using non isothermal crystallization kinetics.  Crystallization studies of 

neat amorphous clarithromycin were done on DSC (paragraph 3.2.4.1) at heating rates () of 

3, 5, 7, 10, 15 and 20 °C min from 25 °C to 250 °C.  An Arrhenius plot was constructed and 

the apparent activation energy (Ea) obtained from the slope and was used to calculate the 

values of m, D and T0.  Crystallization studies of neat amorphous clarithromycin both in the 

absence and presence of crystalline clarithromycin seed were also dertemined.  With each 

sample that was tested with seed crystals being present, 3 mg seed crystals were accurately 

weighed into the DSC sample pan.  A Kissinger plot was constructed and the activation energy 

required for recrystalisation was dertemined from the slope. 

3.2.4.2 Hot-stage microscopy (HSM) 

HSM or thermo-microscopy is an analytical technique in which an optical property of the solid 

form is monitored versus time or temperature (Vitez et al., 1998).  The analysis can capture 

images from digital video cameras enabling the morphology of different solid-state forms to 

be compared by observing differences in thermal behaviour, characteristic points and the 
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corresponding temperatures (Brittain, 2009; Gilchrist et al., 2012).  In HSM, visual observation 

of crystallisation and other thermal phase changes are very clear and helpful in supporting 

DSC results in the investigation of different solid-state forms (Brittain, 2009; Chadha et al., 

2012).  The amorphous solid-state form of a compound is typically characterised by lack of 

interference colours (Brittain, 2009; Qi et al., 2008; Chadha et al., 2012; Storey & Ymen, 2011).  

By analysing images collected from HSM, prediction of crystallisation and physical instability 

can therefore be achieved (Seefeldt et al., 2007). 

HSM analyses were performed with a Nikon Eclipse E4000 microscope, fitted with a Nikon 

DS-Fi1 camera (Nikon, Japan) and a Linkam THMS600 heating stage equipped with a T95 

LinkPad temperature controller (Surrey, England). 

3.2.4.3 Fourier-Transform Infrared spectroscopy (FTIR) 

Infrared (IR) refers to the electromagnetic spectrum which is the part between the visible and 

microwave regions consisting of a diverse collection of radiant energy from cosmic rays to X-

rays, to visible light, to microwaves (Colthup et al., 1990; Smith, 2011; Smith, 1998).  These 

waves differ from each other in the length and frequency such that the IR region is divided into 

three regions namely near IR (12 500 - 4 000 cm–1), mid IR (4000 – 400 cm–1), and far IR 

(400 - 10 cm–1) (Storey & Ymen, 2011).  Absorption occurs when the radiant energy matches 

the energy of a specific molecular vibration (Smith, 2011).  Each region is a representative of 

certain bonds e.g. the region (3700 to 3200 cm-1) is used to locate the alcohol (O-H), the 

terminal alkyne (C-H), the amine or amide (N-H), and the alkyne (C-H) bonds (Storey & Ymen, 

2011).  The peak positions corresponds with, i) molecular structure of the solid; ii) the presence 

and strength of specific interactions e.g. hydrogen bonds and iii) the type of functional group 

(Marsac et al., 2006; Smith, 2011; Van den Mooter et al., 2001). 

By analysing hydrogen bonding patterns, the structure of a drug can be determined.  In an 

amorphous solid dispersion, the drug and polymer may interact by a number of mechanisms, 

including hydrogen bonds.  These intermolecular interactions may also cause changes in the 

orientation of the molecules, angles in functional groups or the number of available hydrogen 

bond donors and acceptors (Reed et al., 1988; Taylor et al., 2001; Punčochová et al., 2014).  

Solvates are often observed in the IR region of 2000 - 4000 cm-1, but when water is included, 

the -OH stretching region is observed in the region of 3100 - 3600 cm-1 (Brittain & Grant, 

1999). 

The spectrum peaks of a pure amorphous solid in the absence of a polymer can be compared 

to the spectrum of the amorphous dispersion (Wegiel et al., 2014).  Thus the impact of different 

polymers in ASD’s can also be studied using IR.  The determination and selection of polymers 

with optimal stability to crystallisation can therefore be achieved (Brittain, 2009; Wegiel et al., 
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2014).  More so, it is well known that maximum stabilisation of the amorphous form can only 

be realised if the drug and the polymer are intimately mixed at the molecular level (Konno et 

al., 2008; Qian et al., 2010).  IR can therefore be used to study specific interactions in ASD’s 

so as to determine miscibility between the API and the polymer molecules (Rumondor et al., 

2009). 

IR-spectra were recorded on a Shimadzu IR Prestige-21 spectrophotometer (Kyoto, Japan) 

over a range of 400 - 4000 cm-1.  Potassium bromide (KBr) was used as a background.  The 

diffuse reflectance method was implemented and involved grinding the sample with KBr and 

measuring its IR spectrum in a reflectance cell. 

3.2.4.4 X-Ray Powder Diffraction (XRPD) 

XPRD is an analytical technique mainly used for phase identification and characterisation of 

amorphous or crystalline forms (Brittain, 2009; Brittain & Grant, 1999; Newman & Byrn, 2003).  

In XRPD analysis, X-rays are generated in a cathode ray tube and are collimated and directed 

onto the sample.  As the sample and detector are rotated, the intensity of the reflected X-rays 

is recorded by a detector.  A plot of intensity versus the diffraction angle (2θ) is then used to 

determine the crystallographic similarity of samples by pattern comparison (Brittain & Grant, 

1999; Newman & Byrn, 2003).  Every solid form will exhibit its own unique powder pattern due 

to the unique crystallography of its structure (Brittain & Grant, 1999).  Crystalline forms will 

show Bragg diffraction of X-rays whilst amorphous forms will exhibit no Bragg diffraction peaks 

but rather a diffuse scattering halo (Brittain & Grant, 1999; Storey & Ymen, 2011; Newman & 

Byrn, 2003).  Quantitative analysis can also be done to calculate the amount of each phase 

e.g. anhydrate and dihydrate phases present in a mixture of samples (Brittain & Grant, 1999).  

The extent of crystallinity in a solid can also be quantified.  Thus, the XRPD peak positions, 

cell parameters, and patterns can therefore be used to identify different solid-state forms of a 

given drug (Chieng et al., 2011). 

XRPD data was obtained using a PANalytical Empyrean diffractometer equipped with a 

PIXcel3D (PANalytical, Almelo, Netherlands) detector.  The measurement conditions were: 

target, Cu; voltage, 40 kV; current, 30 mA; divergence slit, 2 mm; antiscatter slit, 0.6 mm; 

detector slit, 0.2 mm; monochromator; scanning speed, 2°/min (step size, 0.025°; step time, 

1.0 sec). 

3.2.4.5 Scanning electron microscopy (SEM) 

SEM is used to generate high-resolution images that show surface detail in a sample (Storey 

& Ymen, 2011; Suga et al., 2014).  These images can reveal shapes, sizes and surface 
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features of APIs hence allowing interpretation, investigation and comparison of surface 

characteristics of different API solid forms. 

Since SEM provides additional visual characterisation that cannot be acquired from other 

techniques, it should therefore be used in conjunction with X-ray crystallographic studies and 

other characterisation techniques (Brittain & Grant, 1999; Storey & Ymen, 2011).  Different 

solid forms will show different observable habits such as surface roughness, cracks, crystal 

faces as well as dimensions, areas and angles.  This makes it possible for visual 

characterisation of API solid-state forms. 

During this study, the samples were adhered to a small piece of carbon tape, mounted onto a 

metal stub and coated with a gold-palladium film.  An Eiko Engineering ion Coater IB-2, USA 

was used to coat the samples with a gold-palladium film.  The coated samples were placed 

into the FEI Quanta 200 ESEM & Oxford INCA 400 EDS system (FEI, USA) and 

photomicrographs were taken of each sample. 

3.2.4.6 High-performance liquid chromatography (HPLC) 

HPLC is a separation technique that is used to separate, identify and quantify the individual 

components in a solution.  It is used for quality control of pharmaceutical products including 

the analysis of macrolide antibiotics (Bekele & Gebeyehu, 2012; Lahane et al., 2014; Gonzalez 

de la Huebra & Vincent, 2005).  HPLC is characterised by five main components, i.e. pump, 

injector, column, detector and computer display.  A small volume of liquid sample is injected 

into a column packed with stationary phase.  The individual components of the sample are 

then moved down the packed column with the mobile phase from the pump being forced 

through the column at high pressure.  As the solvent moves through the column, molecules 

from the sample will stick to the column and detach at different times.  It is the differences in 

interaction with the column that help separate and distinguish these components from each 

other (Dong, 2006; Kazakevich & Lobrutto, 2007; Kromidas, 2008; Kupiec, 2004; McMaster, 

2007). 

For this specific study, a suitable HPLC method was developed and validated for analysis of 

the macrolide antibiotics (clarithromycin and spiramycin).  API concentrations ranging from 

0.2 - 5.0 mg/mL were used to prepare the standard solutions.  Samples of 1.0 mg/ml were 

prepared for the commercially available macrolides.  For spiramycin, which is not commercially 

available in SA, a solution to test method specificity was prepared by adding excipients: PVP 

K30, microcrystalline cellulose, lactose, magnesium stearate and talc.  Different columns and 

mobile phases were tested and the following method was identified and subsequently 

validated for the quantification of clarithromycin and spiramycin:  A Shimadzu (Kyoto, Japan) 

UFLC (LC-20AD) chromatographic system was used.  A Phenomenex® Luna C8 (5μm) 250 × 



 

54 

 

4.6 mm column and mobile phase consisting of 0.1 M phosphate buffer (pH 6.0) : acetonitrile 

(50 : 50) gave the best separation results.  A flow rate of 0.5 mL/min with an injection volume 

of 10 μL and 2 μL for clarithromycin and spiramycin respectively at wavelengths of 205 and 

232 nm was used.  This HPLC method was accepted as a peer-reviewed manuscript – see 

Appendix A. 

3.2.4.7 Solubility studies 

Solubility is defined as the amount of substance that passes into the solution to achieve 

saturation at a constant temperature and pressure (Aulton, 2007).  It is expressed as maximum 

volume or mass of the solute that dissolves in a given volume or mass of a solvent (Brittain, 

2009). 

Unless specified, the term "solubility" refers to the "equilibrium solubility" of the most stable 

crystal form in equilibrium with the solvent.  Equilibrium (or thermodynamic) solubility is defined 

as the concentration of a compound in saturated solution when an excess of solid is present, 

such that the solution and solid are at equilibrium (Aulton, 2007; Brittain, 2009). 

Different crystal forms are characterised by different lattice energies giving rise to different 

solubilities and dissolution rates.  Additionally, transformation of metastable forms into more 

stable forms gives rise to solubility differences.  Examples of such conversions include: 

transformation of one polymorphic phase into the other, hydration of an anhydrous form, 

desolvation of a solvate and transformation of an amorphous phase into a crystalline form 

(Brittain, 2009).  It has been shown that the presence of a polymer could lower the surface 

tension of a drug, thereby improving the wettability thereof which might further lead to the 

enhancement of the solubility of the drug (Punčochová et al., 2014). 

Clarithromycin or spiramycin powder were individually weighed and transferred into 20 mL 

amber glass tubes with screw caps.  The respective solvent (different buffer solutions ranging 

from pH 1-10) (10 mL) were added to each glass tube.  Each tube was sealed with a small 

piece of Parafilm®, prior to attaching the cap tightly to avoid any leakage from the tubes.  Six 

replicates of each solid-state form were prepared in the aqueous media.  The glass tubes with 

the solutions were placed on a fixed rotating axis (54 rpm) that is submerged in a water bath.  

The temperature of the water bath was set at 25°C ± 2°C and maintained throughout the time 

period of rotation to obtain over saturation.  Sufficient time for the solution to reach equilibrium 

was investigated and 24 hours were deemed sufficient for the solution to reach equilibrium.  

To remove any remaining solid particles, the solutions were filtered individually through 0.45 

μm polyvinylidene difluoride (PVDF) filters into HPLC vials.  The samples were subsequently 

analysed using HPLC. 
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3.2.4.8 Dissolution studies 

It is a well-known fact that differences in solubility may give rise to difference in dissolution 

rates which in turn could affect bioavailability (Brittain, 2009).  By definition, dissolution is a 

process by which a solid substance goes into solution in two consecutive stages i.e. i) an 

interfacial reaction between solid and solvent breaks up the solid crystal for crystalline 

substances and opens the amorphous lattice for amorphous substances.  The phase changes 

from molecules of solid to molecules of solute creating cavities in the solvent and ii) the solute 

molecules are transported away from the interface through a boundary layer by means of 

diffusion or convection (Aulton, 2007). 

A VanKel700 dissolution bath was used for dissolution testing.  USP apparatus 2 (paddle) was 

set up at 37°C ± 0.5°C, with a rotational speed of 75 rpm, 900 ml dissolution medium (distilled 

water) was added to each dissolution vessel.  Of each solid-state form or prepared ASD, 

approximately 500 mg was weighed into 10 ml test tubes, to which approximately 250 mg 

glass beads, ≤106 µm (Sigma–Aldrich, South Africa) were added.  An aliquot (5 ml) of 

dissolution medium, maintained at 37°C ± 0.5°C, were added to each test tube.  The mixtures 

were agitated for a period of 120 seconds, using a vortex mixer.  The resulting mixtures were 

transferred to each dissolution vessel.  For each withdrawal, 5 mL of solution was withdrawn 

from each dissolution vessel at predetermined time intervals.  The samples were subsequently 

filtered through a 0.45 µm PVDF filter into an HPLC vial.  The filtered solutions were then be 

analysed by HPLC. 

3.2.4.9 Vapour sorption analysis 

Dynamic vapour sorption (DVS) analysis is a technique used to provide information indicating 

the relationship between sorbed vapour concentration or pressure and sorption with the solid 

(Storey & Ymen, 2011).  It provides a technique for evaluating the stability of pharmaceutical 

active ingredients, excipients and formulations during processing as well as under a variety of 

temperature / humidity combinations (Burnett et al., 2004; Punčochová et al., 2014).  It has 

been shown that amorphous solids often absorb relatively large amounts of water vapour 

compared to their corresponding crystalline phases (Burnett et al., 2004).  More water absorbs 

via hydrogen bonding due to the disordered amorphous structure.  Unfavourably, sorbed water 

can act as a plasticising agent, thus lowering the glass transition temperature (Tg) below 

storage / room temperature.  Moreover, additional water sorption may also lead to 

crystallisation below the glass transition temperature (Burnett et al., 2004; Roos & Karel, 

1991).  Furthermore, low molecular weight amorphous materials may revert to their crystalline 

state over a certain temperature range.  Thus it remains very important to determine the 
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threshold temperature and humidity at which amorphous drugs can be stored optimally 

(Ambarkhane et al., 2005; Burnett et al., 2004; Hunter et al., 2010). 

When using the isotherm experiment, the sample is exposed to a series of humidity step 

changes at constant temperature.  The continuous weight change is recorded over time at any 

desired relative humidity (RH) ranging from 0 to 95% (Zaihan et al., 2009).  The sample is then 

staged at each humidity level until no further weight change is detected.  The rate at which the 

sample equilibrates at each humidity level, as well as the overall shape of the resulting 

adsorption / desorption profile provides information about the sample’s structure and long-

term stability (Burnett et al., 2004; Hogan & Buckton, 2001; Young et al., 2007; Yu et al., 2008).  

Vapour sorption analysis can therefore be used for evaluation of amorphous structure, hydrate 

formation and characterisation of morphological stability (Mackin et al., 2002). 

Vapour sorption studies were performed using a VTI-SA sorption analyser from TA 

Instruments (TA Instruments, USA), with a nitrogen gas flow rate of 20 ml/min.  The 

microbalance was calibrated prior to each vapour sorption run with a standard weight range 

of 25 - 100 mg standard weights.  The microbalance was set to zero prior to weighing of the 

sample into the quartz sample container.  The sample was carefully placed into the sample 

holder and care was taken to evenly distribute the sample.  The % RH / temperature program 

was set using TA Instruments Isotherm software.  The % RH ramp was set from 5 to 95% RH, 

followed by a decrease in % RH from 95 to 5%.  The last absorption phase was set to also 

ramp from 5 to 95% RH.  A drying phase of 40°C with a weight loss criterion of not more than 

0.01% weight loss in 2 minutes was set to run, prior to the % RH ramp program. The 

temperature was held at a constant 25°C throughout the % RH ramp.  The program criteria 

was set to 0.0001% weight change or 2 min stability of weight gained or lost before the 

program would continue to the next set parameter. 

3.3 Conclusion 

The various techniques used allow pharmaceutical solid-state scientists to have a better 

understanding of the diverse characteristics in crystalline and amorphous solid-state forms.  A 

comprehensive solid-state characterisation of the APIs, spiramycin and clarithromycin, was 

achieved.  The differences in the physico-chemical properties of amorphous solid-state forms 

as well as ASDs of each API were successfully explored. 
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CHAPTER 4 

THE PHYSICO-CHEMICAL AND THERMOKINETIC PROPERTIES OF 

CRYSTALLINE AND AMORPHOUS CLARITHROMYCIN 

4.1 Introduction 

Several studies have revealed that clarithromycin in its crystalline form exhibits very poor 

aqueous solubility (Esfandi et al., 2014; Mansour et al., 2010; Shahbazi Niaz et al., 2014).  

This often leads to inadequate rates of dissolution and subsequent oral bioavailability 

concentrations.  In turn, low bioavailability after oral administration can influence the treatment 

outcome of the drug detrimentally (Derakhshandeh et al., 2014).  Clarithromycin has been 

associated with poor treatment outcomes in Mycobacterium Avium Complex (MAC) infections.  

This is confirmed in a recent study by Kadota et al. (2016) who concluded that treatment with 

the macrolide antibiotic (clarithromycin) should not continue.  They recommended that future 

studies should evaluate the precise clinical efficacy and effectiveness of the drug.  Lately, the 

use of ASDs has been employed as a major strategy in obtaining good physical stability of the 

amorphous forms of drugs as well as enhanced dissolution and oral bioavailability thereof 

(Van den Mooter, 2012).  A systematic review by Newman et al. (2012), assessing the 

performance of ASDs indicated that they can improve bioavailability by 82%.  This implies that 

treatment outcomes and drug efficacy will consequently improve.  In this study thorough 

physico-chemical characterisation of clarithromycin raw material and neat amorphous form 

was done.  A combination of characterisation techniques was preferred in order to achieve a 

comprehensive understanding of the solid form properties of clarithromycin.  The determined 

characteristics were used to successfully prepare ASDs of the antibiotic so as to improve the 

aqueous solubility, dissolution rate and physical stability of the amorphous form of 

clarithromycin. 

4.2 Preparation of clarithromycin neat amorphous form 

During this study, several methods were employed in an effort to prepare clarithromycin into 

an amorphous solid-state form.  These methods involved: grinding (milling), heating by using 

hot air, rapid evaporation of several organic solvents, spray drying and lastly quench cooling 

of the melt.  The quench cooling of the melt method (described in chapter 3) proved to be the 

best method to prepare an amorphous form of clarithromycin.  This method was therefore 

employed throughout this study.  The neat amorphous form will be referred to as (CLAM), 

since it only consists of the drug without the addition of polymers.  Thorough physico-chemical 

characterisation was done in comparison to the raw material in order to validate if an 

amorphous form was indeed obtained. 
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4.3 Physico-chemical characterisation of crystalline clarithromycin and the neat 

amorphous form 

Literature informs that clarithromycin can exist in several crystalline solid-state forms.  The 

certificate of analysis of the clarithromycin used in this study did not specify which solid-state 

form was purchased.  Therefore it was necessary to characterise the initial solid-state form by 

DSC, SEM, XRPD, FT-IR and HSM.  Studies on i) physical and chemical stability, ii) 

equilibrium solubility in aqueous media at various pH levels and iii) dissolution in water were 

performed.  Results were compared to those obtained for the prepared neat amorphous form 

(CLAM). 

4.3.1 Differential scanning calorimetry  

The DSC thermogram obtained for purchased clarithromycin raw material showed a sharp 

endothermic peak (melting point) at 228.4°C, (Figure 4.1(a)) which resembles that of 

crystalline clarithromycin form II reported in literature (Kuncham et al., 2014; Lui & Riley, 1998; 

Nozawa et al., 2015). 

Figure 4.1: Overlay of the DSC thermograms obtained for (a) crystalline clarithromycin 

versus (b) clarithromycin neat amorphous form. 

It is a well-known phenomenon that during heating, amorphous forms become sufficiently 

mobile above the Tg such that reorganisation of the molecules occur, leading to subsequent 

crystallisation of the amorphous form.  As dictated by literature, DSC results showed this 

behaviour for the prepared CLAM.  Figure 4.1(b) shows a Tg at 107.3°C accompanied by an 

exothermic phase transition (recrystallisation) at 150.9°C.  Subsequently, upon further 

heating, an endothermic melting transition (melting of the recrystallised clarithromycin) 



 

64 

 

occurred at 227.1°C, confirming the physical instability of the neat amorphous form upon 

heating.  At this point, it was quite an interesting observation due to the fact that amorphous 

forms of two other macrolide antibiotics, namely; azithromycin and roxithromycin, did not show 

any recrystallisation behaviour upon heating thereof (Aucamp et al., 2012; Aucamp et al., 

2015b; Milne et al., 2016).  To obtain more information on these two materials, and to 

investigate whether the amorphous form recrystallised to clarithromycin Form I or II further 

characterisation was explored by XRPD. 

4.3.2 X-ray power diffraction  

The purchased clarithromycin raw material showed Bragg diffraction peaks (Figure 4.2 (a)) 

which serves as evidence that it exist in a crystalline form.  On a closer look, the XRPD 

diffraction pattern resembles that of clarithromycin form II reported in literature (Kuncham et 

al., 2014; Liu & Riley, 1998; Nozawa et al., 2015).  Results correlate well with the obtained 

DSC thermogram (Figure 4.1 (a)) implying that the purchased clarithromycin exist in its 

crystalline Form II. 

Figure 4.2: Overlay of the XRPD patterns of (a) crystalline clarithromycin vs (b) 

clarithromycin neat amorphous form. 

For the prepared CLAM form, the resulting diffractogram showed a diffuse scattering halo.  

These results are in correspondence with those obtained by DSC, interpreting that an 

amorphous form of clarithromycin was successfully prepared from its crystalline counterpart.  

Since CLAM shows recrystallisation behaviour upon heating (Figure 4.1 (b)), it was imperative 

to determine whether the amorphous form crystallises to Form I or Form II.  Figure 4.3 depicts 

an overlay of XRPD diffractograms of the purchased clarithromycin Form II and the crystallised 

amorphous form. 
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Figure 4.3: Overlay of XRPD diffractograms of (a) clarithromycin Form II and (b) the 

crystallised solid-state form obtained from the recrystallised amorphous solid-state 

form upon heating. 

The Bragg peaks of clarithromycin Form II and the crystalline form obtained from the 

crystallisation process of CLAM were tabulated in Table 4.1 for comparison purposes.  Some 

differences in relative peak intensities were identified between the diffraction peaks of the two 

samples; however both samples indicated peak relative intensity of 100.0% at °2 position of 

10.9 – 11.0.  Interestingly, one characteristic peak for clarithromycin form I at a °2 position of 

15.4 (Liu et al., 1999) was only noted in the Bragg peaks of CLAM at a relative peak intensity 

of 62.9%.  This may imply a degree of crystallisation to Form I but to a very negligible extent.   

Thereby it was deduced that, CLAM crystallised to the thermodynamically most stable Form 

II.  In order to distinguish the differences between CLAM and clarithromycin Form II, further 

characterisation by FT-IR was explored. 
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Table 4.1: XRPD Bragg peak listing obtained for purchased crystalline clarithromycin, 

clarithromycin Form II as discussed in literature and recrystallised amorphous 

clarithromycin 

Purchased 
clarithromycin 

Clarithromycin Form II as 
described in literature (Liu & 

Riley, 1998) 

Amorphous 
clarithromycin 

recrystallised upon 
heating 

°2 Relative 
intensity 

(%) 

°2 Relative 
intensity (%) 

 

°2 Relative 
intensity 

(%) 

8.7 27.1 8.5 None provided 8.7 86.1 

-  - 8.8 43.7 

9.6 45.1 9.5 9.6 42.1 

10.9 100.0 10.8 11.0 100.0 

11.6 97.9 11.5 11.6 76.0 

12.0 10.6 11.9 12.0 45.6 

12.4 25.4 12.4 - - 

13.9 16.8 13.7 - - 

14.2 8.0 14.1 14.2 16.6 

15.3 39.3 15.2 15.3 60.8 

- - - 15.4 62.9 

16.6 14.6 16.5 - - 

17.0 26.2 16.9 - - 

17.4 34.8 17.3 17.4 28.1 

18.2 14.3 18.1 18.2 11.6 

18.5 13.6 18.4 18.5 11.9 

19.1 23.7 19.0 19.3 34.1 

19.9 10.0 19.9 - - 

20.6 17.9 20.5 20.7 30.1 

-  - 22.3 59.1 

-  - 22.4 43.0 
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4.3.3 Fourier-transform infrared spectroscopy (FT-IR) 

The obtained FT-IR spectra for clarithromycin Form II and CLAM are depicted in Figure 4.4. 

 

Figure 4.4: Overlay of FT-IR spectra obtained for (a) CLAM (the neat clarithromycin 

amorphous form) (b) and clarithromycin Form II. 

The vibrational frequencies of both solid-state forms of clarithromycin were investigated by  IR 

spectroscopy from 400 to 4000 cm-1 and characteristic major peaks of crystalline 

clarithromycin were found in the region of 1691.57 cm-1 (ketone carbonyl), 1732.08 cm-1 

(lactone carbonyl), 1421.54 cm-1 (N-CH3) and 3500 cm-1 (hydrogen bonding between -OH 

functional groups), as shown in Table 4.2.  
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Table 4.2: Summary of the most characteristic absorbance bands detected for 

crystalline clarithromycin over a scanned range of 400 – 4 000 cm-1 

Energy (Wavenumber) cm-1 Functional group 

1000 - 1200 -C-O-C-Stretch 

1170  Aliphatic –CH stretch. 

1340 - 1400 CH2 group 

1421.54 N-CH3 

1691.57 C=O ketone carbonyl 

1732.08 Lactone carbonyl 

2780 - 3000 Alkane C-H stretch  

3466 - 3500 Tertiary N-H stretch  

3500 Hydroxyl -OH stretch 

In correspondence to the DSC and XRPD results, the FT-IR absorbance peaks of the 

crystalline clarithromycin raw material further confirm that it existed in its Form II polymorph 

as reported in literature (Liu & Riley, 1998).  The FT-IR peak positions of CLAM (Figure 4.4 

(a)) correspond with the molecular structure of the raw material but with some broader and 

lower intensity peaks.  In comparison, major spectra differences noted were: 

i) decrease in intensity for N-CH3 absorbance peak in the amorphous form; 

ii) decrease or absence of the peak at 1614 cm -1 with the amorphous form.  This is 

because formation of an amorphous form causes reduction/weakening of interactions 

that are a function of crystal lattice packing (Andrews et al., 2010). 

iii) saturated alkane C-H stretch with crystalline Form II and;  

iv) absence or broadening and a shift to a higher wavenumber of N-H stretch in the  

amorphous form.  This implies weakening of the hydrogen bonds thus loss of ability 

to form hydrogen bonds interactions which can cause instability of amorphous forms 

(Andrews et al., 2010; Konno & Taylor, 2006). 

At this point, it was interesting to note that the FT-IR spectra obtained for CLAM closely 

resembles that obtained for clarithromycin Form I (Figure 4.5) reported in literature (Liu & 

Riley, 1998). 
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Figure 4.5: FT-IR spectra obtained for clarithromycin Form I (Liu & Riley, 1998). 

This could imply molecular relaxation of the amorphous form towards Form I (Graeser et al., 

2010).  On this note, DSC in this study (Figure 4.1 (b)) recorded recrystallisation of CLAM to 

Form II at 150.9°C which closely resembles the polymorphic phase transition of clarithromycin 

Form I to Form II at 151°C in literature (Kuncham et al., 2014). 

4.3.4 Scanning electron microscopy 

The next step was the visual characterisation of the samples which was done using SEM to 

obtain particle surface or morphology detail differences between crystalline clarithromycin 

Form II and CLAM as shown in Figures 4.6 and 4.7, respectively. 

 

Figure 4.6: SEM micrograph obtained for crystalline clarithromycin Form II. 
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Figure 4.7: SEM micrograph obtained for CLAM. 

Clarithromycin Form II exhibits a columnar crystal habit with a more fractured surface whilst 

CLAM exhibits a smoother surface due to the glassy nature as well as a result of the disorderly 

molecular structure.  In order to enable an in-depth visual observation of the two solid-state 

forms, further characterisation was then done using hot-stage microscopy. 

4.3.5 Hot-stage microscopy (HSM) 

Crystalline clarithromycin Form II and CLAM were individually placed on clean glass slides 

and heated on a heating stage at a heating rate of 1°C/min.  Samples were observed through 

a polarizer and the visual observation of the phase changes were captured as shown in Tables 

4.3 and 4.4, respectively. 
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Table 4.3: Temperature dependent phase changes for crystalline clarithromycin Form 

II visually observed by HSM 

 

a) Clarithromycin 

Form II (25°C). 

 

b) Start of melting    

( ≈ 231°C). 

 

c) Melting (≈ 233°C). 

 

d) Completely 

melted (235°C). 

 

e) Crystallisation 

upon cooling          

(≈ 86°C). 

 

f) Crystal growth 

(56°C). 

 

g) Continual crystal 

growth (33°C). 

 

h) Completely 

recrystallised 

(27°C). 

 

i) Melting of the 

recrystallised form 

(225°C). 

 

j) Melting (228°C). 

 

k) Melting (231°C). 

 

l) Completely melted 

(233°C). 

In contrast to quench cooling of the melt, slow cooling allows molecular mobility and sufficient 

re-arrangement of clarithromycin molecules such that well-defined crystals with birefringence 

became visible under polarised light during subsequent cooling of the molten clarithromycin 

Form II (Table 4.3).  XRPD analysis of the formed crystals proved that clarithromycin Form I 

was formed during the cooling process, with resulting Bragg peaks from the XRPD analysis 

(Figure 4.8) correlating very well with that reported in literature for clarithromycin Form I (Liu 

& Riley, 1998). 
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Figure 4.8: XRPD pattern obtained during the slow cooling of molten clarithromycin 

Form II. 

 

Clarithromycin Form II therefore did not recrystallise upon heating but only upon slow cooling 

of the melt to form Form I.  HSM analysis on phase changes upon heating of CLAM was also 

captured as shown in Table 4.4 

Table 4:4. HSM temperature dependent phase changes for CLAM 

    

a) CLAM – showing 
brittleness (25°C). 

b) Glass Transition 
onset (128°C). 

c) CLAM - rubbery 
phase (133°C). 

d) CLAM - liquid 
phase (136°C). 

    

e) Nuclei emerging 
(149°C). 

f) Crystal growth 
from nuclei (152°C). 

g) Crystal growth 
continues (157°C). 

h) Completely 
recrystallised 

(170°C). 

HSM captured the recrystallisation tendency of CLAM during heating.  When an amorphous 

form is heated above Tg, it transforms from a brittle, less viscous state to a rubbery / fluid like 

state (Table 4.4(a-e)) (Donth, 2013).  The HSM micrographs was in good correlation with the 
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DSC results obtained (Figure 4.1 (b)).  Upon heating (Table 4.4), CLAM  underwent Tg at 

128°C (b) thereafter molecules were sufficiently mobile at 136°C (d) such that they 

reorganised to clarithromycin Form II (h) at 170°C.  Nucleation could be clearly observed at 

(e) until complete recrystallisation (h).  The crystallisation kinetics of clarithromycin neat 

amorphous form was therefore deemed necessary to investigate by non-isothermal 

crystallisation studies and will be discussed in the subsequent section. 

4.3.6 Non-isothermal crystallisation kinetics of amorphous clarithromycin  

It is well known that nucleation and crystal growth can be influenced by Tg, molecular mobility 

and viscosity (Descamps & Dudognon, 2014; Sun et al., 2012).  The effect of nucleation and 

crystal growth rate as observed in Table 4.4 can be quantified by either isothermal or non-

isothermal methods (Yu, 2001).  In this chapter, crystallisation kinetics of CLAM was 

investigated through non-isothermal heating of the amorphous form (Chapter 3).  This method 

closely resembles non-ambient thermal conditions that were used during preparation of CLAM 

(Baghel et al., 2016b). 

It has been well explained that transformation from the melt (liquid) to amorphous (glassy) 

state occurs at Tg, where molecular mobility slows down such that below Tg, equilibrium cannot 

be reached (Baghel et al., 2016a).  On this note, amorphous forms show improved stability at 

temperatures below Tg (ideally at Tg - 50 K) as well as at zero mobility temperature (T0) 

(temperature at which molecular mobility is close to zero) (Capen et al., 2012; Shamblin et al., 

1999).  However, in most cases storage or processing temperatures of Tg – 50 K is impractical, 

especially in terms of standard pharmaceutical manufacturing process.  Moreover, it should 

be noted that reduction of molecular mobility does not always lead to improved stability of 

amorphous forms (Bhardwaj & Suryanarayanan, 2012; Schammé et al., 2015).  A useful 

method that can be applied to determine the physical stability of amorphous forms is the 

calculation of the fragility index (m), which is a measure of the deviation from typical Arrhenius 

behaviour (Sippel et al., 2016).  It measures how relaxation time (τ) decreases with an increase 

in temperature around Tg (Arnoult et al., 2007).  Strong glass formers categorised by values 

of m < 40 are considered more stable than fragile glass formers which are categorised by 

values m > 75.  However, some fragile glassy-forms do not always correlate with this 

phenomenon (Adrjanowicz et al., 2012; Pina et al., 2015).  Connected to fragility is the strength 

parameter (D) whereby strong glass formers are categorised by values of D > 30 and fragile 

glass formers by values of D < 10 (Pina et al., 2015).  
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Figure 4.9: Arrhenius plot for the glass transition temperature (1000/Tg) affected by 

varying heating rates (). 

In this study, an Arrhenius plot, Figure 4.9 was constructed as described in Chapter 3.  The 

apparent activation energy (Ea) was obtained from the slope (ln() versus 1000/Tg = -Ea/R) 

(Baghel et al., 2016a).  An Ea-value of 178.85 kJ/mol was obtained and applied to calculate 

fragility index (m), strength parameter (D) and the Kauzmann temperature (T0) using the 

following equations: 

Fragility index (Kawakami et al., 2015): 

𝑚 =  [
𝑑𝑙𝑜𝑔𝜏

𝑑 (
𝑇𝑔

𝑇
)
]=

𝐻∗( 𝑇𝑔)

ln 10 𝑅𝑇𝑔
                                                                                                            (1) 

thus, equation (2) can be deduced as (Kawakami et al., 2015): 

𝑚 =  
1

2.303
 [

𝐸𝑎 (𝑇𝑔)

𝑅𝑇𝑔
 ]                                                                                                                (2) 

Strength parameter (D) (Graeser et al., 2009): 

𝐷 =
𝐼𝑛 (10) 𝑚2𝑚𝑖𝑛

𝑚−𝑚𝑚𝑖𝑛
                                                                                                                   (3) 

thus  

𝐷 =  
2.303×172

𝑚−17
                                                                                                                        (4) 

Whereby 17 is the order of magnitude in the viscosity change from Tg to 0. (Baghel et al., 

2016b; Aucamp et al., 2015a). 

Zero mobility temperature (T0) (Yu, 2001): 
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𝑇𝑔

𝑇0
=  

1+𝐷

39.1
                                                                                                                                (5) 

Fragility index (m) obtained from equation 2 was substituted in equation 4 to obtain the 

strength parameter (D), which was in turn substituted in equation 5 to obtain zero mobility 

temperature (T0).  From the calculation, the prepared neat amorphous clarithromycin by 

quench cooling is a strong glass with fragility index of (m) = 9.34 and strength parameter (D) 

of 86.96.  Its Tg of  107.3°C is significantly higher than room temperature, by > 80°C, 

suggesting that at ambient conditions, mobility should be negligible.  This is further supported 

by the obtained T0 of 49.2°C which is also above room temperature i.e. a probability of long 

term stability at room temperature.  Although physically stable at room temperature, the 

preceding discussed results resolved that CLAM crystallise to a more thermodynamically 

stable Form II upon heating at 150.9°C.  It was therefore worth investigating the amount of 

activation energy required for the recrystallisation process to occur. 

Figure 4.10: A Kissinger plot of the non-isothermal crystallisation of amorphous 

clarithromycin. 

Kissinger’s analysis (Chapter 3) was applied to calculate the activation energy required for the 

recrystallisation of amorphous clarithromycin to occur.  Figure 4.10 depicts the Kissinger plots 

of ln(/Tp
2) versus 1/Tp obtained from DSC analyses of CLAM in the presence and absence of 

crystalline clarithromycin Form II seeds.  The slope of the Kissinger plot is –Ea/R.  Non-
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isothermal activation energy required for CLAM to crystallise without the presence of seed 

crystals was determined to be 183.51 kJ.mol-1.  When seed crystals of clarithromycin Form II 

were present, the activation energy for recrystallisation was determined to be 158.10 kJ.mol-

1.  Results concluded that non-isothermal crystallisation of CLAM via nucleation (without seed 

crystals) requires more energy than when seed crystals are present in the sample.  The rate 

of nucleation and crystal growth can be influenced by moisture hence it was necessary to do 

vapour sorption analysis. 

4.3.7 Vapour sorption analyses 

It is a well-known fact that moisture can affect the physical stability of an amorphous solid-

state form owing to the ability of these solid-state forms to absorb relative large quantities of 

water vapour.  This attribute is linked to the greater void space available due to the lack of a 

well-arranged molecular order.  The physical stability of amorphous clarithromycin was 

therefore investigated by means of vapour sorption analyses.  Figures 4.11 and 4.12 depict 

the vapour sorption isotherms obtained for CLAM and Form II clarithromycin respectively. 

Figure 4.11: Vapour sorption isotherm obtained for amorphous clarithromycin at 25°C 

and the relative humidity percentage ramped from 0 – 95%, followed by a downwards 

ramp of 95 – 5% and then a final up-ramping from 5 – 95% RH. 

From the vapour sorption data, it is clear that CLAM (Figure 4.11) absorbs approximately 

0.8 % more water than crystalline clarithromycin Form II (Figure 4.12.  It is also clear that no 
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molecular rearrangement occurred.  If crystallisation of the amorphous form would have 

occurred, a sharp drop in the measured weight would have been visible during any step of the 

experiment.  Such a drop in weight would be due to excess water which is expelled from the 

rearrange molecular structure.  Such behaviour was not observed during the moisture sorption 

experiment, also XRPD analysis that was performed after the completion of the vapour 

sorption experiment, confirm the amorphous habit. 

 

Figure 4.12: Vapour sorption isotherm obtained for crystalline clarithromycin Form II at 

25°C and the relative humidity percentage ramped from 0 – 95%, followed by a 

downwards ramp of 95 – 5% and then a final up-ramping from 5 – 95% RH. 

Results showed that amorphous clarithromycin is not sensitive to exposure to high moisture 

conditions.  This is considered an advantage within the pharmaceutical environment.  It was 

then worthwhile to study and compare dissolution and solubility differences between the 

crystalline Form II and CLAM using HPLC. 

4.3.8 Solubility studies 

Solubility of crystalline clarithromycin in distilled water was long found to be lower than that of 

erythromycin and decreases with an increase in temperature (Nagawa et al., 1992).  In this 

study, solubility of clarithromycin Form II at a lower temperature of 25 ± 2°C in different pH 

media (pH 2, 4, 5, 6, 7, 8, 9 and 10) was determined (Figure 4.13).  The clarithromycin solubility 

studies were carried out as described in Chapter 3. 
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Figure 4.13: Solubility profile of crystalline clarithromycin Form II in different pH media 

at 25 ± 2.0°C 

From the obtained pH solubility profile, clarithromycin Form II shows better solubility in an 

acidic environment of pH 4.0.  Poor aqueous solubility was noted in distilled water (pH ≈7.0), 

just as expected, as well as in basic environments pH 8.0 – 10.0.  The aqueous solubility 

obtained 0.07 ± 0.003 mg/ml at 25.0 ± 2.0°C closely relates to literature reports (Adrjanowicz 

et al., 2012).  Unfortunately, it is not possible to report on true equilibrium solubility of 

amorphous forms due to their far from equilibrium nature (Hancock & Parks, 2000).  

Amorphous forms crystallise to the most stable solid-state form through the process of 

solution-mediated phase transformation.  Instead, one may apply dissolution data as an 

indication of apparent solubility for the amorphous form. 

4.3.9 Dissolution studies 

Dissolution studies of both clarithromycin Form II and CLAM were carried out in water (pH 

≈7.0) to determine the dissolution rate difference between these two solid-state forms. 
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Figure 4.14: Dissolution profile of clarithromycin Form II and CLAM in distilled water at 

37 ± 0.5°C. 

As depicted by Figure 4.14, the dissolution rate of the amorphous form was clearly more rapid 

than that of the crystalline Form II yielding an overall improved dissolution concentration.  

CLAM displayed approximately a 4.5 times improvement in dissolution rate in comparison with 

crystalline clarithromycin Form II.  Interestingly, the dissolution profile obtained for CLAM didn’t 

show any indication of a sudden decrease in the dissolved concentration due to 

recrystallisation of the less soluble but most stable Form II.  This might be due to the fact that 

super-saturation was not achieved during the dissolution investigation.  Furthermore, it is 

evident that although CLAM is approximately 5 times more soluble than Form II, the overall 

percentage of dissolved drug is still very low. 

4.3.10 Discussion 

From abovementioned characterisation results, clarithromycin raw material was confirmed to 

be the crystalline Form II polymorph.  Its successful conversion to a neat amorphous form by 

quench cooling was also confirmed.  On further investigation of the physical stability of 

amorphous clarithromycin, it was found that it forms a strong glass thus its molecular mobility 

should be negligible at ambient conditions.  However, when non-isothermal heat is applied, 

CLAM recrystallises back to Form II.  The recrystallisation process requires more energy 

(≈25 kJ.mol-1) when CLAM is free from seed crystals than when seed crystals are present.  

Vapour sorption analysis showed that CLAM is also physically stable when exposed to high 

moisture conditions.  However, all these advantages may only be for short periods of time and 

may not apply at supersaturation of solution during dissolution.  More so, recrystallisation may 

be induced by mechanical stress applied during preparation of the solid dosage form, for 
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example during milling, mixing or even tablet compression.  Recrystallisation may also occur 

when the amorphous form is exposed to elevated temperatures.  Incorporating a polymer 

therefore remains favourable in stabilising the amorphous form over long periods of time and 

under a variety of such stress conditions.  The polymer and clarithromycin should be miscible 

and able to form a chemically homogeneous phase at molecular level so as to achieve 

optimised amorphous solid dispersions (ASDs) (Baird & Taylor, 2012; Ivanisevic, 2010; 

Marsac et al., 2009).  Miscibility of clarithromycin / polymer physical mixtures was therefore 

studied in detail in order to select the most suitable polymers as well as to obtain the best API 

/ polymer ratio to be used. 

4.4 Preparation of clarithromycin physical mixtures 

All clarithromycin / polymer physical mixtures (PMs) were prepared by mixing crystalline 

clarithromycin Form II and the corresponding polymer using a mortar and pestle at different 

drug / polymer w/w ratios.  Miscibility for each mixture was investigated by determining the 

melting point depression of the crystalline form of clarithromycin. 

4.5 Miscibility studies of clarithromycin-polymer physical mixtures 

Various levels of miscibility may be influenced by factors such as the drug : polymer ratio, 

temperature, relative humidity, preparation method and analysis conditions (Pham et al., 2010; 

Qian et al., 2010; Rumondor et al., 2009).  Polymers with higher molecular weights, higher 

melting points and / or higher Tg than that of the drug are expected to form more stable ASDs 

(Khougaz & Clas, 2000).  On the other hand, polymers with low melting points may be more 

advantageous since they are already in a molten state before the drug melts or dissolves in 

the molten polymer, hence promoting good interaction.  The stronger the interaction e.g. 

dipole-dipole interactions and hydrogen bonds between the polymer and the drug, the more 

stable the ASD formed.  In this study, miscibility of clarithromycin with various polymers (Table 

4.6) was studied in detail.  All polymers have molecular weights greater than that of 

clarithromycin and were therefore expected to form stable ASDs.  The physical mixtures of 

clarithromycin and the polymer were prepared in different w/w ratios namely, clarithromycin : 

polymer (1:1, 1:2, 1:3, 2:1, 2:3, 3:1, 3:2) and an additional 1:4 for clarithromycin : PEG 8000.  
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Table 4.6: Properties of selected polymers adapted from Surikutchi et al., 2013 

Polymer 
Physical 

state 

Molecular 

weight 

Melting 

point 

(°C) 

Glass 

transition 

temperature 

(Tg) (°C) 

H-bond 

donors(HD) / 

H- bond 

acceptors 

(HA) per 

monomer unit 

Polyethylene glycol 

8000  (PEG 8000) 

 

Crystalline 
7,000 - 

9,000 
60 - 63 - 

HA = 1  

HD = 0 

Pluronic® F127 (PF-

127) 
Crystalline 

9,840 - 

14,600 
52 - 57 - 

HA = 1  

HD = 0 

Vinylpyrrolidone-

vinyl acetate 

copolymer 

(Kollidon® VA-64)  

Amorphous 
45,000 - 

70,000 
> 140 ~ 106 

HA = 2  

HD = 0 

Polyvinylpyrrolidone 

K25                   

(PVP K25) 

Amorphous 30000 - ~ 160 
HA = 2  

HD = 0 

Polyvinylpyrrolidone 

K30                   

(PVP K30) 

Amorphous 50000 - ~ 160 
HA = 2  

HD = 0 

4.5.1 Differential scanning calorimetry  

The observation of the melting point depression of clarithromycin / polymer PMs was done 

using DSC data.  From literature, miscible mixtures should show melting point depression 

whilst immiscible or partially miscible mixtures show little or no depression of the drug melting 

point (Bikiaris et al., 2005; Marsac et al., 2009).  DSC thermograms obtained for clarithromycin 

/ polymer PMs at different ratios are shown in Figures 4.15 - 4.20. 
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Figure 4.15: Clarithromycin / PEG 8000 PMs.

Figure 4.16: Clarithromycin / PF - 127 PMs.
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Figure 4.17: Clarithromycin / Kollidon® VA-64 PMs..

Figure 4.18: Clarithromycin / Kollidon® VA-64 PMs.
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Figure 4.19: Clarithromycin / PVP K30 PMs.

Figure 4.20: Clarithromycin / PVP K25 PMs.  
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Two separate melting endotherms for mixtures containing crystalline polymers and only one 

clarithromycin endotherm for mixtures containing amorphous polymers were observed during 

DSC analyses.  In the instances of PEG 8000 and PF-127, the first peak corresponds to the 

melting point of crystalline polymer whilst the second peak, corresponds to the melting point 

of crystalline clarithromycin (Figures 4.15 and 4.16).  The melting point of clarithromycin in the 

PMs was observed at temperatures slightly lower than the melting point of clarithromycin 

alone, thus showing a degree of miscibility.  On a closer look, melting point depression for 

mixtures containing PEG 8000, PF-127 and Kollidon® VA-64 (Figures 4.15 - 4.18), indicate 

miscibility whilst mixtures containing PVP K25 and PVP K30 are partially miscible (Figures 

4.19 - 4.20).  The onset of the melting point of clarithromycin decreases with an increase in 

volume fraction of polymers, PEG 8000, PF-127 and PVP K30 but slightly increases with an 

increase in Kollidon® VA-64 (Figure 4.15- 4.19).  There was hardly any change of onset of 

melting point of clarithromycin / PVP K25 PM.  This means there was an insignificant degree 

of mixing at the melting temperature which indicates immiscibility.  Results were aided by 

visual HSM characterisation. 

4.5.2 Hot-stage microscopy (HSM) 

Visual thermal phase changes for clarithromycin Form II in combination with the polymers 

were captured using HSM.  The 1:3 clarithromycin / polymer w/w ratios gave the best visual 

miscibility when compared to all other prepared ratios as shown in Tables 4.7 - 4.11 and 

therefore only the 1:3 clarithromycin / polymer mixtures will be discussed further.   

The clarithromycin / PEG 8000 PM (Table 4.7) shows melting of PEG 8000 at 60 - 64°C, whilst 

clarithromycin remains crystalline at that temperature.  This correlates with the DSC 

thermograms obtained for the PMs (Figure 4.15).  PEG 8000 remains in its molten state until 

clarithromycin melts or dissolves in the molten product at 203°C (Table 4.7 (g-j)).  Melting point 

of clarithromycin in the PM (Table 4.7 (j)) was lower than its melting point without being in 

combination with a polymer ( 228°C) indicating good miscibility of the mixture. 
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Table 4.7: HSM images for PEG 8000 (a –e) and clarithromycin / PEG 8000 (1:3 w/w) PM 

during heating 

PEG 8000 

 

a) 25°C 

 

b) 58°C 

 

c) 61°C 

 

d) 62°C 

 

e) 64°C 

Clarithromycin / PEG 8000 (1:3 w/w) 

 

f) 25°C 

 

g) 64°C 

 

h) 128°C 

 

i) 157°C 

 

j) 203°C 

Table 4.8: HSM temperature dependent phase changes for clarithromycin / PF-127 (1:3 

w/w) PM during heating 

Pluronic F-127 

 

a) 25°C 

 

b) 56°C 

 

c) 120°C 

 

d) 168°C 

 

e) 173°C 

Clarithromycin / PF-127 (1:3 w/w) 

 

f) 25°C 

 

g) 58°C 

 

h) 71°C 

 

i) 158°C 

 

j) 204°C 



 

87 

 

The same trend was observed for clarithromycin / PF-127 PM (Table 4.8).  PF-127 melted at 

54°C and remained in a molten state whilst emitting gas bubbles (b).  The origin of the evolved 

gas is still unclear, since TGA analysis didn’t show any loss of moisture from a PF-127 sample 

upon heating, furthermore upon heating at high temperatures (120 - 180°C), no discolouration 

of the liquefied polymer were observed.  The absence of discolouration is however not proof 

that no degradation of the sample is possible.  Clarithromycin subsequently melts slowly until 

completion at 204°C (j).  The melting point of clarithromycin in the PM was again lower than 

that of clarithromycin alone indicating good miscibility.  The miscibility was clearly observed 

by the clarithromycin actually dissolving in the molten PF-127 during continuous heating. 

Table 4.9: HSM photos obtained for clarithromycin / Kollidon® VA-64 (1:3 w/w) PM 

during heating 

Kollidon® VA-64 

 

a) 25°C 

 

b) 142°C 

 

c) 148°C 

 

d) 154°C 

 

e) 155°C 

Clarithromycin / Kollidon® VA-64 (1:3 w/w ratio) 

 

f) 25°C 

 

g) 185°C 

 

h) 210°C 

 

i) 226°C 

 

j) 230°C 

For clarithromycin / Kollidon® VA-64 PM (Table 4.9), DSC recorded variable Tg – values, 

depending on API / polymer ratios.  Again, the polymer, Kollidon® VA-64 showed a lower 

melting point or Tg (142 - 155°C) than clarithromycin.  In this liquid state, Kollidon® VA-64 had 

sufficient time to interact with clarithromycin before it completely melted at 230°C.  In this case, 

the melting point of clarithromycin in the PM was just slightly lower than that of clarithromycin 

alone (Table 4.3 (d)), indicating partial miscibility. 
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Table 4.10: HSM temperature dependent phase changes for clarithromycin / PVP K30 

(1:3 w/w ratio) PM during heating 

PVP K30 

a) 25°C b) 240°C c) 250°C d) 270°C 

Clarithromycin / PVP K30 (1:3 w/w ratio) 

e) 25°C f) 218°C g) 240°C h) 249°C 

DSC recorded a higher Tg value for PVP K30 than CLAM hence most likely to form an unstable 

ASD.  In correlation to DSC results obtained, PVP K30 does not show a distinct melting point 

on HSM (Table 4.10) until degradation occurred at 270°C (d).  Likewise, the mixture did not 

show a distinct melting point and the two components could not be distinguished from one 

another until no further mixing and or liquification occurred beyond 249°C. 

A similar trend was observed for PVP K25 PM (Table 4.11) which does not have a distinct 

melting point due to its amorphous nature.  Even though its Tg is higher than that of CLAM, 

two separate phases could be easily distinguished in the PM at 236°C.  Beyond 240°C, no 

further mixing was observed, showing clarithromycin in the molten state whilst PVP K25 

remains a solid, indicating poor miscibility. 
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Table 4.11: HSM temperature dependent phase changes for clarithromycin / PVP 25 (1:3 

weight ratio) PM during heating 

PVP K25 

a) 25°C b) 185°C c) 216°C d)230°C 

Clarithromycin / PVP K25 (1:3 weight ratio) 

e)25°C f) 233°C g) 236°C h) 240°C 

4.5.3 Discussion 

Due to immiscibility, clarithromycin / PVP K25 PM was omitted from the rest of the study since 

it is unlikely to form a stable ASD.  Clarithromycin / polymer PMs containing PEG 8000 and 

PF-127 were miscible, whilst PMs containing Kollidon® VA-64, PVP K25 and K30 were 

partially miscible.  The miscible polymers i.e PF-127 and PEG 8000 were identified to be the 

most favourable for ASD preparation.  However, ASD sample containing PF-127 was sticky 

and waxy, subsequently being very difficult to do even basic characterisation.  Basing on this 

reason as well as for investigation purposes, 2 polymers i.e. one miscible and one partially 

miscible (PF-127 and PVP K30) were selected for preparation of clarithromycin PMs.  

Likewise, the other two i.e PEG 8000 and Kollidon® VA-64 (one showing miscibility and the 

other showing partial miscibility), were selected for the preparation of clarithromycin ASDs 

(Table 4.12). 
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Table 4.12: Summary of miscibility investigations of clarithromycin / polymer PMs 

Clarithromycin / 

Polymer w/w 

ratio 

Physical Mixture Miscibility Preparation 

1:3  Clarithromycin / PEG 8000 Miscible ASD 

1:3 Clarithromycin / PF-127 Miscible PM 

1:3 Clarithromycin / Kollidon® VA-64 Partially miscible ASD 

1:3 Clarithromycin / PVP K30 Partially miscible PM 

1:3 Clarithromycin / PVP K25 Immiscible - 

4.6 Physico-chemical characterization of solid dispersions of clarithromycin 

Clarithromycin ASDs were prepared according to the quench cooling method discussed in 

Chapter 3.  Properties of ASDs were explored using different characterisation methods and 

compared to those obtained for PMs. 

4.6.1 Differential scanning calorimetry  

DSC results for clarithromycin ASDs are presented in Figures 4.21 - 4.22 below.  The 

clarithromycin / PEG 8000 ASD present only one melting endotherm for the polymer.  The 

absence of the clarithromycin endotherm in the ASD confirms a successful ASD conversion 

by quench cooling method.  The DSC data obtained for two clarithromycin / polymer mixtures 

that were used to prepare mere PMs, will not be discussed, since it will be the same as that 

reported in Figures 4.16 and 4.19. 
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Figure 4.21: Clarithromycin / PEG 8000 ASD (1:3 weight ratio).

Figure 4.22: Clarithromycin / Kollidon® VA-64 ASD (1:3 weight ratio). 
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The dispersion prepared from clarithromycin / Kollidon® VA-64, only indicated a Tg ( 117.3°C) 

and no melting of clarithromycin Form II during thermal analysis.  This indicated that a 

homogeneously mixed drug - polymer dispersion at a molecular level formed.  To confirm 

these results, further exploration was done using XRPD (Figure 4.23). 

4.6.2 X-ray powder diffraction 

The mentioned ASDs and PMs were investigated through XRPD analyses and were compared 

to diffractrograms obtained for the single compounds. 

 

Figure 4.23: Overlay of XRPD diffractograms obtained for (a) clarithromycin Form II, (b) 

PEG 8000, (c) Kollidon® VA-64, (d) clarithromycin / PEG 8000 ASD and (e) 

clarithromycin / Kollidon® VA-64 ASD. 

PEG 8000 (Figure 4.23 (b)) showed Bragg diffraction peaks and therefore serves as evidence 

that this polymer exists in a crystalline form.  Although the clarithromycin / PEG ASD (d) 

exhibited Bragg diffraction very similar to that of PEG 8000 alone, there were no traces of 

crystallinity from crystalline clarithromycin (a).  This serves as indication that the polymer didn’t 

transform into an amorphous state during preparation of an ASD, however clarithromycin were 
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rendered into an amorphous state.  As for the ASD containing Kollidon® VA-64 (e), XRPD 

recorded a diffuse scattering halo showing a successful preparation of a homogeneous ASD 

without any traces of crystallinity. 

 

Figure 4.24: Overlay of XRPD diffractograms obtained for (a) clarithromycin Form II, (b) 

Pluronic PF-127, (c) PVP K30, (d) clarithromycin / PF-127 PM and (e) 

clarithromycin / PVP K30 PM. 

Figure 4.24 depicts an overlay of the individual compounds as well as the PMs.  PF-127 (b) 

showed Bragg diffraction peaks as evidence that it exists in a crystalline form.  The subsequent 

PM (d) also indicated diffraction peaks representing a mixture of both clarithromycin and the 

polymer.  However, the XRPD diffractogram obtained for PVP K30 (c) presented a diffuse 

scattering halo as evidence that it is an amorphous polymer and this positively lowered the 

degree of crystallinity of clarithromycin in the PM thereof (e). 

In this study, no traces of crystalline clarithromycin were observed in the prepared ASDs, 

whilst the opposite was true for the PMs.  This serves as confirmation of successful formation 

of clarithromycin ASDs by quench cooling method.  Amongst these and other indications for 



 

94 

 

successful ASD formation, drug−polymer hydrogen bonding and ionic interactions are also of 

outermost importance (Mistry et al., 2015).  In this study, the ability of both the polymer and 

clarithromycin to form hydrogen bonds and ionic interactions can greatly enhance 

crystallisation inhibition of the prepared ASDs (Kapoor et al., 2012; Vo et al., 2013; Zhaojie et 

al., 2014).  It has been reported that the strength of interaction between drug and polymer can 

determine the degree of ASD physical stability (Mistry et al., 2015).  In this study, FT-IR was 

therefore employed to identify any hydrogen bond interactions between clarithromycin and the 

corresponding polymer. 

4.6.3 Infrared spectroscopy  

API -polymer interactions for both the ASDs and the PMs were examined and evaluated as 

depicted in Figures 4.26-4.28. 

 

Figure 4.25: Overlay of IR diffractograms of (a) amorphous clarithromycin, (b) 1:3 

clarithromycin / Kollidon® VA-64 ASD, (c) 1:3 clarithromycin / PEG 8000 ASD and (d) 

crystalline clarithromycin.  

In comparison to the amorphous form (Figure 4.25 (a)) which shows a sharp non-hydrogen 

bonded O-H stretch in the region 3500 cm-1, band broadening of the -OH stretch was observed 

for the ASDs (b) and (c) due to hydrogen bond formation.  More so, the -CH stretch in the 
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region 3000 cm-1 was shifted, broadened, with some peaks showing lower intensity for the 

ASDs in comparison to CLAM.  This was especially significant for the 1:3 clarithromycin / PEG 

8000 ASD, an indicative of greater API-polymer interactions.  The band behaviour remains 

true for the ketone and lactone carbonyl peaks in the region of 1691 and 1732 cm-1 

respectively which were broader and of lower intensity.  The obtained results therefore 

revealed a level of API / polymer interaction and a successful preparation of clarithromycin 

ASDs.  On the other hand, in contrary to the ASDs, very little to no interaction between 

clarithromycin and the polymers were observed in the PMs through FTIR analysis. 

The clarithromycin / polymer interactions observed in the ASDs are an added advantage 

towards their physical stability.  The prepared ASDs were then characterised by SEM for any 

visual differences in morphology between the two. 

4.6.4 Scanning electron microscopy 

Surface detail of the prepared ASDs was captured as shown by SEM images in Table 4.12.  

No surface crystallisation was observed on both ASDs, thus showing a good sign of physical 

stability.  It is a well-known fact that surface area can be influenced by the degree of porosity 

(Lowell & Shields, 2013).  In comparison to the clarithromycin / PEG 8000 ASDs, the 

clarithromycin / Kollidon® VA-64 ASDs show a larger surface area as a result of its porous 

nature that could be beneficial during solubility and dissolution. 
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Table 4.12: SEM images of the individual compounds and the ASDs formed  

Single compounds 

 

Form II 

 

PEG 8000 

 

Kollidon® VA-64 

ASD preparations 

 

1:3 clarithromycin / PEG 8000 ASD 

 

1:3 clarithromycin / Kollidon® VA-64 ASD 

Differences in morphology of the prepared ASDs (Table 4.12) can be compared to morphology 

of pure crystalline API and CLAM in Figures 4.6 and 4.7, respectively.  From the images, it is 

clear that both ASDs do not show any surface crystallisation.  It was then imperative to 

determine dissolution rate improvements if any, of clarithromycin due to the inclusion of 

polymers in ASDs. 

4.6.5 Dissolution studies 

Dissolution studies of clarithromycin ASDs in distilled water were carried out as explained in 

Chapter 3.  From the preceding studies, clarithromycin Form II shows to be very poorly soluble 

in water (Figure 4.13), hence only water was investigated as the dissolution medium.  The 

choice of water as a dissolution medium was also governed by the fact that solution-mediated 

phase transformation needs to be investigated with amorphous solid-state forms of drugs.  

Dissolution rates of CLAM and PMs were similarly studied and included for comparison 

purposes. 
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Figure 4.26: Dissolution studies of clarithromycin Form II, PMs and ASDs in water at 

37 ± 0.5°C. 

Dissolution rate of clarithromycin in PMs was slightly increased due to the presence of 

polymers in the mixture, with an improved dissolution rate for clarithromycin / PVP 30 PM 

≈16.5% and clarithromycin / PF-127 PM ≈10.5%.  This could be attributed to the ability of 

amorphous polymeric carriers offering better dispersibility and wettability than crystalline 

polymeric carriers (Zecevic et al., 2014).  On this note, solubility of the amorphous fraction 

was more rapid than that of the crystalline fraction present (Sun et al., 2016), yielding an 

overall improved dissolution ≈29.4% in comparison with the crystalline counterpart ≈6.7%.  

Dissolution was more enhanced in the ASD containing PEG 8000 than with the one containing 

Kollidon® VA-64. This could be attributed to the API-polymer miscibility status (Table 4.12) 

whereby clarithromycin / PEG 8000 proved to be more miscible whilst 

clarithromycin / Kollidon® VA-64 showed to be only partially miscible. 

Usually, good solubility is related to good dissolution characteristics (Hecq et al., 2005).  

Dissolution data was therefore applied as an indication of apparent solubility for CLAM since 

true equilibrium solubility of amorphous forms cannot be reported (Hancock& Parks, 2000).  

From the obtained dissolution profile (Figure 4.26), it is expected that the ASDs should show 

improved solubility values in the same order when compared to crystalline Form II, PMs and 

CLAM as depicted in Figure 4.30. 
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Figure 4.27: Improvement of aqueous solubility for clarithromycin (diagram not drawn 

to scale).  

The aqueous solubility and stability advantages of ASDs may still be negatively influenced by 

factors such as temperature and water.  Thus it remains crucial to retain stability of ASDs 

under such stress conditions so as to preserve the solubility and dissolution advantages 

thereof.   

4.7 Conclusion 

Thorough physico-chemical characterisation of crystalline clarithromycin Form II, CLAM, 

resulting PMs and ASDs were done using a combination of characterisation techniques.  

During this study it was proved that an amorphous form of clarithromycin (CLAM) can be 

prepared.  The characterisation of CLAM showed it to be a strong amorphous form, remaining 

stable during exposure to high relative humidity conditions.  However, very high processing 

temperatures could trigger the crystallisation of the most thermodynamically stable Form II.  It 

was further confirmed that clarithromycin in its crystalline Form II exhibits very poor aqueous 

solubility ≈ 0.07mg/ml at 25°C.  When its dissolution rate was tested and compared to that of 

its amorphous form, CLAM presented ≈ 22% improvement in dissolution rate. 

Through a very thorough pre-formulation study it was found that it is possible to successfully 

prepare amorphous solid dispersion (ASDs) of clarithromycin.  It was found that not all types 

of pharmaceutical acceptable polymers would render an ASD.  From the data gathered it was 

clearly demonstrated that for clarithromycin only PEG 8000 and Kollidon® VA-64 can be used 

to successfully prepare ASDs containing clarithromycin.  The ASDs successfully countered 

the recrystallisation tendency of CLAM during sample heating.  Due to the fact that the other 

polymers, PVP K30 and Pluronic PF-127 did not form useable clarithromycin ASDs, these 

drug / polymer mixtures were tested to establish their effect on the dissolution behaviour of 
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clarithromycin.  When dissolution performance of the ASDs was tested, an improvement of 

dissolution rate by approximately ≈ 36% in comparison to crystalline Form II was noted.  It can 

therefore be concluded that clarithromycin ASDs can lead to options that could greatly improve 

the dissolution rate of this poorly soluble API.  The API can therefore be delivered with 

desirable and predictable properties.  This is indeed a practical option to solubilise the poorly 

soluble macrolide and to ultimately improve its treatment outcomes.  The results are also 

confirmed by a recent systematic review by Baghel et al. (2016a) which reported that ASDs 

can ultimately improve bioavailability of an API.  
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CHAPTER 5 

AMORPHOUS SOLID DISPERSIONS OF SPIRAMYCIN 

5.1 Introduction 

One of the major challenges that has hitherto perplexed, the pharmaceutical sector is poor 

solubility of a number of drugs (Baghel et al., 2016).  As previously mentioned, ASDs have 

been considered as the major development in improving aqueous solubility, bioavailability and 

ultimately treatment outcomes (Sareen et al., 2012).  Spiramycin (macrolide antibiotic) is the 

cornerstone drug in the treatment of the OI, Cryptosporidiosis in PLHIV (Huang et al., 2015; 

Wang & Zhang, 2014).  Nevertheless spiramycin, in its different forms, i.e. spiramycin I, 

spiramycin II and spiramycin III, has shown poor solubility in water and a relative low stability 

(Crew et al., 2004; Fujimoto & Nakano, 1974; Huang et al., 2015).  Over the years structural 

modification of spiramycin has been employed to enhance aqueous solubility and stability of 

the drug with little to no success in the treatment of cryptosporidiosis.  Alteration of the 

aldehyde group of the macrolide ring of spiramycin has been done to produce stable 

hydrazones and more soluble salts (Fujimoto & Nakano, 1974, Gallo et al., 2013).  On the 

other hand, acetylspiramycin, an acetylated derivative of spiramycin, is more stable and 

soluble than spiramycin (Huang et al., 2015), yet this derivative is not specific for 

cryptosporidiosis (Maeda, 2003; Jiang et al., 2000).  In a solid-state screening study by Van 

Eeden (2012), an attempt to recrystallise spiramycin in different solvents did not yield any 

crystalline form or polymorphs of the drug; neither did it yield any solvates nor hydrates of 

spiramycin.  More so, the desolvated spiramycin samples resulted in a further reduction of 

aqueous solubility of the API (Van Eeden, 2012).  Therefore preparation of spiramycin ASDs 

was the most favourable approach to improve the drug’s poor aqueous solubility which is 

associated with poor treatment outcomes.  Thorough physico-chemical characterisation of 

spiramycin raw material, preparation and characterisation of ASDs was done and evaluated 

for any improvements in API dissolution rate. 

5.2 Physico-chemical characterisation of spiramycin raw material  

Limited literature reports spiramycin to exist as an amorphous solid-state form (Abou-Zeid et 

al., 1980; Leon & Jean, 1961; Van Eeden, 2012) but this is incongruent with other discourse 

which report poor aqueous solubility of spiramycin (Calza et al., 2010; Klich et al., 2016; Krayz 

et al., 2016; Murari et al., 2001).  Ideally an API in its amorphous form should possess good 

solubility properties due to its higher energy state and increased mobility.  This is however not 

true for spiramycin and the phenomenon is not explained in literature.  It was therefore 

imperative to consider that any pure phase (crystalline or amorphous solids) may exhibit 
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mesophase behaviour which further affects physico-chemical properties of the API (Atassi & 

Byrn, 2006).  It is known that a pure amorphous drug will eventually transform to a crystalline 

state over time (Elder et al., 2015).  On the other hand, mesophases may remain stable and 

not convert back to the crystalline state (Atassi et al., 2013).  It was against this background 

that different characterisation techniques (DSC, SEM, XRPD, IR, HSM and vapour sorption 

analysis) were used to obtain the physico-chemical properties of spiramycin raw material used 

in this study.  The results are shown in Figures 5.1 - 5.5. 

Figure 5.1: DSC thermogram of spiramycin raw material. 

During DSC analysis (Figure 5.1), a Tg was detected at 109.79°C, which can be a 

characteristic of either a mesophase or an amorphous form (Shalaev et al., 2016).  XRPD of 

spiramycin bulk material revealed a diffuse scattering halo without any crystalline peaks, as 

depicted in Figure 5.2.  However, some mesophases due to lack of long range order, can also 

be characterised by a diffuse scattering halo exhibiting some to no crystalline peaks 

(Chakravarty et al., 2013; Stevenson et al., 2005).  It was therefore imperative to further 

characterise spiramycin so as to assign whether it is a mesophase or an amorphous form.
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Figure 5.2: XRPD diffractogram of spiramycin raw material. 

To enable an in-depth visual observation during thermal analysis of spiramycin, further 

characterisation was done using HSM (Table 5.1).  Spiramycin raw material was observed 

under non-polarised and polarised modes and the visual observation of thermal phase 

changes were captured as shown in Table 5.1 (a - d).  At this point, the possibility of a 

mesophase was ruled out due to the absence of birefringence under polarised light. 

Table 5.1: HSM images depicting the glass transition of spiramycin raw material and 

glass forming upon cooling 

a) Spiramycin raw 

material (25°C). 

b) Glass transition 

(± 114°C). 

c) Spiramycin liquid 

state (±118°C). 

d) Glass forming on 

cooling (50°C). 

 

The Tg of spiramycin raw material was captured at ≈114°C (Table 5.1(b)).  Above Tg, molecular 

mobility increased as the sample becomes liquid but no recrystallisation was observed.  These 

findings corresponds to DSC results obtained (Figure 5.1).  On slow cooling of the melt, 

spiramycin remained in its amorphous nature by forming a brittle glass (Table 5.1 (d)).  In this 

case, it is clear that molecular mobility and rearrangement of spiramycin did not lead to any 
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formation of a crystalline solid-state form which correlates very well with literature (Van Eeden, 

2012).  This serves as a confirmation that spiramycin raw material already exist in an 

amorphous form.  To obtain surface detail of this drug, SEM micrographs were also collected 

(Table 5.2). 

Table 5.2: SEM micrographs depicting the morphology of spiramycin raw material 

      Spiramycin raw material exhibits a porous sponge-like surface due to crystal lattice disruption, 

as depicted in Table 5.2.  Results further confirm the amorphous nature of spiramycin raw 

material, leaving the paradox of ‘‘stable amorphous states’’ to be explained (Stevenson et al., 

2005).  Structure verification of spiramycin raw material was thereafter done by FT-IR analysis 

and the resulting spectrum is depicted in Figure 5.3. 

Figure 5.3: FT-IR spectrum of commercially obtained spiramycin raw material. 
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The major peaks of the IR spectrum of the functional groups of spiramycin raw material (Figure 

5.3) was compared to the IR spectrum of its individual components i.e. spiramycin I, II and III 

as reported in literature (Table 5.4) (Leon & Jean, 1961). 

Table 5.3: Spiramycin raw material obtained major IR wavenumbers (cm-1) and 

corresponding functional groups  

Wavenumber (cm-1) Functional group  

1724.36 Aldehyde carbonyl 

2785 - 2970 Alkane C-H stretch  

3479.68 Hydroxyl OH stretch 

Results indicate that the wavenumbers (cm-1) of the major peaks of spiramycin raw material 

(Table 5.3) remain more or less the same for its three major components (Table 5.4).  The 

rest of the IR spectrum peaks of spiramycin raw material closely resemble the chemical 

structures of its 3 major components reported in literature (Leon & Jean, 1961). 
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Table 5.4: IR peak listing (cm-1) obtained for purchased spiramycin in comparison to 

its three major components (Leon & Jean, 1961). 

Spiramycin raw 
material 

Spiramycin I Spiramycin II Spiramycin III 

3479.58  3470 3460 3470 

2970.38 2970 2970 2970 

2933.73 2940 2940 2940 

1724.36 1735 1740 1740 

1664.57 - - - 

1452.40 1455 1457 1460 

1409.96 1378 - 1380 

1371.39   1372 1370 

- 1317 1300 1300 

1276.88 1275 1275 1280 

- 1237 1232 1240 

- - - 1185 

1161.15 1160 1160 1162 

1120.64 1122 1122 1122 

- 1090 1085 1085 

1053.13 1052 1052 1052 

- 1015 1015 1015 

993.34 993 993 995 

- - 940 - 

904.61 905 905 906 

- 865 860 865 

840.86 840 840 842 

- 810 810 810 

783.10 782 782 782 
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It is well known that physical stability of amorphous forms further decrease when exposed to 

moisture.  On this note, vapour sorption data was therefore obtained for spiramycin raw 

material (Figure 5.4). 

Figure 5.4: Vapour sorption isotherms obtained with spiramycin raw material at 25°C.  

A sorption ramp of 0 – 95 %RH, followed by a desorption phase from 95 – 5 %RH and 

then finally an absorption phase of 5 – 95 %RH. 

Temperature was ambient for all the steps used to obtain the vapour sorption isotherms of 

spiramycin bulk material.  An increase in measured weight was noted as a result of excess 

water absorbed, this being due to the highly porous morphology of the spiramycin powder.  In 

correlation with the preceding results, no molecular rearrangement occurred and the 

amorphous habit of the sample was confirmed by XRPD analysis.  It was then worthwhile to 

determine aqueous equilibrium solubility of spiramycin raw material using the method as 

described in Chapter 3. 
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Figure 5.5: Equilibrium solubility profile of spiramycin raw material in different media 

(different pH-values) at 25 ± 2.0°C. 

It has been reported that spiramycin remains stable in aqueous environments between 

pH 4.0 ~ 10.0 and degradation thereof to occur at pH < 4.0 and pH > 10.0 (Feng et al., 1997).  

In this study, solubility of spiramycin raw material was assessed in different pH buffer media 

of (pH 2, 6, 7, 7.6 and 8) at a temperature of 25°C.  From the obtained pH solubility profile, 

spiramycin demonstrates better solubility in a slightly acidic but almost neutral environment of 

pH 6 whereas the poorest solubility was noted in distilled water pH 7 (Figure 5.5) as was 

reported in literature.  The water solubility noted in this study 27.89 ± 2.9 mg/ml may be 

attributed to the already amorphous nature of the drug.  It is important to note that the values 

of aqueous solubility of spiramycin are not consistent in literature.  Most researchers 

characterise spiramycin as barely or poorly soluble in water whilst others characterise it as 

slightly or freely water soluble (Sharma et al., 2014; Veiga & de Eulate, 1994; Vervaeke et al., 

1979).  The inconsistent values could be influenced by relatively low stability of spiramycin, 

different experimental conditions as well as significant variation in the amounts of spiramycin 

components (purity) present in the API mixture.  On the other hand, the varying percentage 

components of spiramycin may lead to different amorphous forms of the same API resulting 

in different physico-chemical properties.  Nevertheless, in their inconsistency, the aqueous 

solubility values of spiramycin remain inadequate for optimum treatment outcomes of 

cryprosporiodosis (Fujimoto & Nakano, 1974; Huang et al., 2015). 
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5.2.1 Discussion 

The physico-chemical characterisation of spiramycin raw material revealed that spiramycin 

exists in an amorphous state which interestingly does not crystallise to a more stable 

crystalline form.  Thereby it was concluded that spiramycin exists as a stable amorphous solid-

state form.  Results obtained correlates with literature reports on the inability of spiramycin to 

crystallise or to form any polymorphs, solvates or hydrates (Van Eeden, 2012).  From the 

solubility results it was concluded that spiramycin is very slightly soluble in water.  Since 

literature reports that the poor solubility and slow dissolution rate of spiramycin is the 

fundamental problem for the poor treatment outcomes of this drug, further investigation 

towards improving the solubility was pursued. 

Incorporating a hydrophilic polymer therefore remained a favourable option for improving 

aqueous solubility of spiramycin.  A significant improvement in spiramycin dissolution rate was 

observed by the mere inclusion of hydrophilic carriers in physical mixtures (PMs) (Veiga & de 

Eulate, 1994).  However, ASDs remain the best option for they can also improve the relatively 

low stability of spiramycin (Fujimoto & Nakano, 1974).  Miscibility of spiramycin / polymer PMs 

were studied in detail in order to obtain the best drug / polymer ratio for the preparation of 

optimised ASDs. 

5.3 Spiramycin / polymer miscibility studies 

All spiramycin / polymer PMs were prepared into different drug / polymer (w/w) ratios of 1:1, 

1:2, 1:3, 2:1, 2:3, 3:1, 3:2.  Polymers used were: Polyvinylpyrrolidone K25 (PVP K25), 

Polyvinylpyrrolidone K30 (PVP K30), Kollidon® VA-64 (PVP/VA), polyethylene glycol 8000 

(PEG 8000) and Pluronic® F127 (PF-127) (Chapter 4, Table 4.6).  Miscibility for each PM was 

studied using DSC analysis (Figure 5.6 - 5.10). 

5.3.1 Differential scanning calorimetry  

When compared to the already amorphous raw material, it was difficult to prove drug / polymer 

miscibility using the melting point depression method.  This is due to the absence of a melting 

point of the amorphous material, thus the Flory-Huggins theory could not be applied in this 

study.  The best applicable method was therefore the presumption of drug / polymer miscibility 

detected by the presence of a single Tg which may increase as a function of drug / polymer 

(w/w) composition (Zhang et al., 2003). 
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Figure 5.6: An overlay of DSC thermograms obtained with different w/w ratios of 

spiramycin / PEG 8000 PMs. 

 

Figure 5.7: An overlay of DSC thermograms obtained with different w/w ratios of 

spiramycin / PF-127 PMs. 
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Figure 5.8: An overlay of DSC thermograms obtained with different w/w ratios of 

spiramycin / PVP K25 PMs. 

 

Figure 5.9: An overlay of DSC thermograms obtained with different w/w ratios of 

spiramycin / PVP K30 PMs. 
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Figure 5.10: An overlay of DSC thermograms obtained with different w/w ratios of 

spiramycin / Kollidon® VA-64 PMs. 

It was difficult to clearly point out a single Tg of spiramycin for PMs containing crystalline 

polymers i.e. PEG 8000 and PF-127.  Nevertheless, a single endotherm corresponding to the 

melting point of the polymer could clearly be observed (Figure 5.6 - 5.7).  On the other hand, 

PMs containing amorphous polymers presented Tg values greatly representing spiramycin and 

in some instances the Tg points of the polymers were observable.  In addition, there was hardly 

any shift observed in the Tg of spiramycin in all the blends hence further miscibility studies 

were done by HSM in order to conclude better on the miscibility as well as the thermal 

behaviour of the drug / polymer PMs. 

5.3.2 Hot-stage microscopy 

Phase changes for spiramycin / polymer PM (w/w) ratios of 1:1, 1:2, 1:3, 2:1, 2:3, 3:1, 3:2 were 

captured using HSM.  The 1:1 spiramycin / polymer (w/w) ratios (Table 5.5 – 5.9) gave the 

best visual miscibility when compared to all other ratios prepared.  HSM results obtained for 

the thermal behaviour of spiramycin raw material (Table 5.1) can be referred to for comparison 

purposes. 

  



 

118 

 

Table 5.5: HSM images obtained during heating of either PEG 8000 and 

spiramycin / PEG 8000 PM 

PEG 8000 

 

a) 25°C 

 

b) 58°C 

 

c) 61°C 

 

d) 62°C 

 

e) 64°C 

Spiramycin / PEG 8000 (1:1 w/w ratio) 

 

f) 25°C 

 

g) 64°C 

 

h) 100°C 

 

i) 130°C 

 

j) 136°C 

Spiramycin / PEG 8000 PM (Table 5.5 (a - e)) reveals the melting point of PEG 8000 at a 

lower temperature of 60 - 64°C than the Tg of spiramycin which remains solid at that 

temperature (Table 5.5 (g)).  Thereafter, spiramycin transforms to liquid until completion at 

136°C (Table 5.5 (j)).  Good miscibility of this blend (Table 5.5 (j)) could be visually observed 

on HSM implying the ability of spiramycin and PEG 8000 to form a potentially optimised ASD. 

The same trend was observed for spiramycin / PF-127 PM (Table 5.6).  The HSM micrographs 

clearly show melting of the polymer starting at  55°C (Table 5.6 (g)) whilst spiramycin remains 

encapsulated at that temperature.  Spiramycin then subsequently transforms to liquid until 

completion at 145°C (Table 5.6 (j)).  Thereby, indicating good miscibility of the polymer and 

the drug.  

For the spiramycin / Kollidon® VA-64 physical mixture (Table 5.7), it was difficult to detect a 

distinct melting transition of the blend by HSM.  In this case, the blend becomes liquid-like 

(Table 5.7 (i)) characterised by a rough-like texture of the melt.  Although the rough-like texture 

does not show under non-polarised light (Table 5.7 (j)), it does not disappear with an increase 

in temperature indicating partial miscibility of the two compounds. 
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Table 5.6: HSM images obtained during heating of PF-127 or a 1:1 w/w ratio of 

spiramycin / PF-127 PM 

PF-127 

 

a) 25°C 

 

b) 56°C 

 

c) 120°C 

 

d) 168°C 

 

e) 173°C 

Spiramycin / PF-127 (1:1 w/w ratio) 

 

f) 25°C 

 

g) 55°C 

 

h) 68°C 

 

i) 108°C 

 

j) 145°C 

Table 5.7: HSM images obtained during heating of Kollidon® VA-64 or a 1:1 w/w ratio 

of spiramycin / Kollidon® VA-64 PM 

Kollidon® VA-64 

 

a) 25°C 

 

b) 142°C 

 

c) 148°C 

 

d) 154°C 

 

e) 155°C 

Spiramycin / Kollidon® VA-64 (1:1 w/w ratio) 

 

f) 25°C 

 

g) 148°C 

 

h) 172°C 

 

i) 179°C 

 

j) 200°C 
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Table 5.8: HSM images obtained during heating of PVP K30 or spiramycin / PVP K30 

physical mixture 

PVP K30 

 

a) 25°C 

 

b) 240°C 

 

c) 250°C 

 

d) 270°C 

Spiramycin / PVP K30 (1:1 w/w ratio) 

 

e) 25°C 

 

f) 136°C 

 

g) 165°C 

 

h) 230°C 

PVP K30 did not show a distinct melting point on the HSM and only degradation was observed 

at  270°C (Table 5.8 (a-d)).  Spiramycin can be clearly observed in its transition state (Table 

5.8 (f)) and in its liquid state (Table 5.8 (g)).  However, PVP did not show any distinct melting 

or liquefaction point such that separate phases of the mixture could be clearly observed until 

spiramycin eventually starts to discolour due to degradation (Table 5.8 (h)).  This visual 

observation clearly indicates poor miscibility of the mixture due to the fact that the PVP K30 

did not dissolve in the liquefied spiramycin.   

A similar trend was observed in the PM containing PVP K25 (Table 5.9).  Transition of 

spiramycin could be clearly observed at 133°C (Table 5.9 (f)), thereafter two separate phases 

could be easily distinguished in the physical mixture (Table 5.9 (g)) until degradation occurs 

(Table 5.9 (h)) indicating poor miscibility of the two components of the PM. 
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Table 5.9: HSM images obtained during heating of PVP K25 and spiramycin / PVP K25 

physical mixture 

PVP K25 

 

a) 25°C 

 

b) 185°C 

 

c) 216°C 

 

d) 230°C 

Spiramycin / PVP K25 (1:1 w/w ratio) 

 

e) 25°C 

 

f) 133°C 

 

g) 200°C 

 

h) 220°C 

5.3.3 Discussion 

From the spiramycin / polymer miscibility results obtained, it was concluded that spiramycin 

PMs containing PEG 8000 or Pluronic® F-127 were miscible, whilst PMs containing 

Kollidon® VA-64 were partially miscible.  On the other hand, PMs containing PVP K25 or PVP 

K30 were poorly miscible as indicated by the clear distinction of separate phases observed 

during HSM analysis.  These results showed that multiple techniques should always be used 

when testing for drug / polymer miscibility, especially in instances where the drug is already in 

an amorphous solid-state.  At this stage of the study a few questions came to mind, namely: 

(i) in the light of spiramycin already existing in an amorphous state and since it doesn’t exhibit 

a melting phase but only a glass transition phase, will it be possible to successfully combine 

the API with polymer as an ASD? (ii) given the fact that spiramycin is not that poorly soluble, 

due to its amorphous habit, will the preparation of an ASD be of any advantage? and (iii) what 

will be the best option, to prepare an ASD or to use a mere PM of spiramycin and a polymer 

to improve solubility and dissolution rate?  It was against this background that spiramycin 

ASDs formed with PEG 8000 and Kollidon® VA-64 were further characterised and evaluated 

in comparison to PMs containing Pluronic® F-127 and PVP K30 (Table 5.10). 

  



 

122 

 

Table 5.10: A summary of the results obtained during miscibility studies of spiramycin 

/ polymer physical mixtures and the subsequent decision of further steps  

Spiramycin / 

Polymer w/w ratio 

Physical Mixture Miscibility Prepared 

1:1 Spiramycin / PEG 8000 Miscible ASD 

1:1 Spiramycin / PF-127 Miscible PM 

1:1 Spiramycin / PVP/VA Partially miscible ASD 

1:1 Spiramycin / PVP K30 Poorly miscible PM 

1:1 Spiramycin / PVP K25 Poorly miscible - 

5.4 Physico-chemical characterisation of amorphous solid dispersions of 

spiramycin 

During preliminary studies, slow as well as rapid solvent evaporation techniques were 

investigated for the preparation of spiramycin ASDs.  These studies showed that the solvent-

based techniques did not result in acceptable ASDs, since polymer and API could clearly be 

distinguished from one another after the solvent has evaporated.  In other instances, solvent 

still remained trapped in the spiramycin / polymer matrix, which was seen as a disadvantage 

since solvents could influence further processing, solubility as well as dissolution 

characteristics.  The presence of solvents in such a matrix is also seen as detrimental due to 

possible toxicity thereof.  The quench cooling of the melt method (described in Chapter 3) was 

therefore employed for preparation of spiramycin ASDs.  Properties of ASDs were explored 

using a number of different characterisation methods and compared to those obtained for PMs 

(Figure 5.11 – 5.14). 

5.4.1 Differential scanning calorimetry  

The interpretation of the DSC thermogram of the prepared ASD of spiramycin using PEG 8000 

as polymer, Figure 5.11, only showed the melting point of the crystalline PEG 8000.  No clearly 

distiguishable Tg was observed.  This made it impossible to determine whether a true ASD of 

spiramycin did indeed form. 
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Figure 5.11: DSC thermogram obtained for the prepared spiramycin / PEG 8000 ASD 

(1:1 weight ratio). 

 

Figure 5.12: DSC thermogram obtained for the prepared spiramycin / Kollidon® VA-64 

ASD (1:1 weight ratio). 

In the instance of the DSC results obtained for the spiramycin / Kollidon®
 VA-64 ASD, the 

same applied (Figure 5.12).  Only a single Tg at 110.14°C was observed, this correlating with 

the Tg of spiramycin (Figure 5.1).  This also lead to questioning the fact wether a true ASD of 

spiramycin did form.  Since only PMs of spiramycin / PF-127 (1:1 w/w ratio) and 
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spiramycin / PVP K30 (1:1 w/w ratio) were used further, the DSC results will not be presented 

again, since it correlate with that depicted in Figures 5.7 and 5.9.  In order to obtain more 

results so that a better conclusion can be made towards the successful preparation of 

spiramycin ASDs, XRPD was used as an investigative technique.   

5.4.2 X-ray powder diffraction 

PEG 8000 polymer (Figure 5.13 (b)) exhibited Bragg diffraction peaks, this being due to the 

crystalline habit of PEG 8000, as already discussed in Chapter 4.  The prepared 

spiramycin / PEG 8000 ASD also showed the same diffraction peaks, thereby indicating that 

the preparation technique did not render the polymer in an amorphous state.  This made a 

conclusion as to if an ASD was successfully prepared even more challenging. 

 

Figure 5.13: XRPD for (a) spiramycin raw material, (b) PEG 8000 and (c) spiramycin / 

PEG 8000 ASD (1:1 weight ratio). 

It was considered an added advantage that the ASD containing Kollidon® VA-64 (Figure 5.14 

(c)) was prepared using both the API and the polymer in their amorphous state.  XRPD 

recorded a diffuse scattering halo suggesting that amorphicity was maintained, but if it resulted 

in a true ASD or just a mere mixture of the two compounds remained a question. 
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Figure 5.14: XRPD for (a) spiramycin raw material, (b) Kollidon® VA-64 and (c) 

spiramycin / Kollidon® VA-64 ASD (1:1 weight ratio). 

 

Figure 5.15: XRPD for a) spiramycin raw material, b) PVP 30 and c) spiramycin / PVP 

K30 PM (1:1 weight ratio). 

XRPD for the PM containing PVP K30 (Figure 5.15(c)) also showed a diffuse scattering halo 

due to the combination of an amorphous API and an amorphous polymer.  Figure 5.16 a – c 

depicts the XRPD data obtained with the spiramycin / PF-127 PM in a 1:1 w/w ratio.  Once 

again the diffraction peaks due to the crystalline PF-127 was observed, which makes sense 

since this was only a PM of spiramycin and the polymer. 
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Figure 5.16: XRPD for a) spiramycin raw material, b) PF-127 and c) spiramycin / PF-

127 (1:1 weight ratio) as a PM. 

In this study, traces of crystallinity were only observed in the ASD and PM prepared using 

crystalline polymers.  Here, the degree of crystallinity of polymers was lowered due to the 

amorphous influence of spiramycin.  Spiramycin remained in its amorphous state in both the 

PMs and the ASDs.  From the XRPD data it was however impossible to conclude 

unequivocally whether ASDs were successfully prepared, due to the already amorphous 

nature of spiramycin. 

Thus, the ability of spiramycin to form hydrogen bonds and ionic interactions with the polymer 

to form a stable ASD was one last aspect that could shed light on the possibility of successful 

ASD formation (Mistry et al., 2015; Vo et al., 2013; Zhaojie et al., 2014).  FT-IR was therefore 

employed to identify any hydrogen bond interactions between spiramycin and the 

corresponding polymer in all PMs and ASDs prepared (Figures 5.17 - 5.21). 

5.4.3 Infrared spectroscopy  

There were no API-polymer interactions observed for prepared PMs whilst the opposite was 

true for the prepared ASDs.  For the spiramycin / PVP 30 PM (Figure 5.17), the -OH and -CH 

stretch remained exactly at the same position as for spiramycin raw material at 3479.68 cm-1 

and 2970.38 cm-1 respectively (Figure 5.3).  This implies that no interaction between 

spiramycin and the polymer occurred in the PM.  The IR spectrum for spiramycin / PF-127 PM 

(Figure 5.18) followed suit whereby no interaction occurred between spiramycin and the 

polymer.  This is expected due to the fact that it is only a physical mixture. 



 

127 

 

 

Figure 5.17: Overlay of the IR spectra obtained for spiramycin raw material, PVP K30 

and spiramycin / PVP K30 (1:1 w/w ratio) as a PM. 

 

Figure: 5.18: Overlay of the IR spectra obtained for spiramycin raw material, PF-127 

and spiramycin / PF-127 (1:1 w/w ratio) as a PM. 
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On the other hand, band broadening of the -OH stretch was observed in ASDs in comparison 

to a sharp non-hydrogen bonded -OH stretch observed in spiramycin amorphous raw material 

at 3479.68 cm-1 (Figure 5.19).  The band broadening of the -OH stretch observed in ASDs is 

a sign of hydrogen bond formation.  A shift in the -CH stretch (2970 cm-1) was also clearly 

observed in the spiramycin / PEG 8000 ASD.  In general, all ASDs peaks were of lower 

intensity and broadened in comparison to amorphous spiramycin.  This confirms a level of API 

/ polymer interaction which is a prerequisite for optimised ASDs.  The interaction between 

spiramycin and the polymer observed in both ASDs prepared could lead to an improved 

stability of spiramycin.  Visual morphology differences in the prepared ASDs were then 

detected by SEM. 

 

Figure 5.19: Overlay of the IR spectra obtained for spiramycin raw material, Kollidon® 

VA-64 and the1:1 w/w ratio ASD. 
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Figure 5.20: Overlay of the IR spectra obtained for spiramycin raw material, PEG 8000 

and the1:1 w/w ratio ASD. 

5.4.4 Scanning electron microscopy 

Differences in morphology of the prepared ASDs (Table 5.11) can be compared to morphology 

of spiramycin raw material (Table 5.3).  ASDs containing PEG 8000 and Kollidon® VA-64 show 

some level of porosity that could lead to improved solubility and dissolution rate of the API.  

From the SEM micrographs one can also clearly see that an amorphous mass formed during 

the preparation process, since the individual components cannot be distinguished.  The 

appearance of both ASDs looked fused therefore being indicative that it is not a mere mixture 

of the drug and the polymer.  The spiramycin / Kollidon® VA-64 ASD exhibited even a larger 

surface area in comparison to spiramycin / PEG 8000 ASD (Table 5.11), due to the more 

porous structure being visible.  It was then imperative to determine dissolution rate 

improvements of spiramycin due to the inclusion of polymers in ASDs. 
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Table 5.11: SEM images of polymers and the spiramycin ASDs formed 

 

5.4.5 Dissolution studies 

Dissolution studies of spiramycin ASDs in distilled water were carried out as outlined in 

Chapter 3.  From the preceding studies, spiramycin showed the poorest solubility in water 

(Figure 5.5).  Its amorphous nature made it imperative to investigate any solution-mediated 

phase transformation in water, although this was considered as unlikely due to the fact that 

no thermal- or moisture-induced crystallisation of this amorphous drug was identified during 

the initial physico-chemical characterisation of spiramycin.  Only water was therefore 

investigated as the dissolution medium.  Dissolution studies of spiramycin / polymer PMs and 

ASDs in distilled water were done and evaluated to determine the influence of polymer addition 

on the amorphous API (Figure 5.20). 

Spiramycin raw 

material 

Kollidon® VA-64  1:1 ASD 1:1 ASD 

PEG 8000 1:1 ASD 1:1 ASD 
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Figure 5.21: Dissolution studies of spiramycin raw material (amorphous), PMs and 

ASDs in water at 37 ± 0.5°C. 

The dissolution results showed to be very interesting.  In a sense the dissolution data and the 

solubility results contradict one another.  Since the equilibrium solubility of spiramycin raw 

material was determined to be much lower in distilled water than in other media, one would’ve 

expected a much slower dissolution rate as well.  This was however not the case, with more 

than 90% dissolved after 30 minutes.  It can therefore be argued that the poor treatment 

outcomes obtained with spiramycin can actually not be ascribed to poor dissolution. 

As expected, the dissolution of spiramycin was improved to 100% by merely incorporating a 

hydrophilic polymer either in the form of a PM or an ASD (Figure 5.20).  The advantages of 

polymers (solubilisation) either in PMs or ASDs were clearly noticed implying that addition of 

a polymer can successfully enhance the dissolution rate of spiramycin.  This could be 

attributed to hydrophilic carriers acting as disaggregants whereby they diminish the existing 

electrostatic forces between drug particles (Veiga & de Eulate, 1994).  
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Figure 5.22: Improvement of aqueous solubility for spiramycin (diagram not drawn to 

scale). 

Usually, improvement in dissolution is related to improvement in solubility (Hecq et al., 2005).  

Dissolution data was therefore applied as an indication of apparent solubility for spiramycin 

when incorporated into an ASD (Figure 5.21).  From the dissolution profile (Figure 5.20), both 

PMs and ASDs equally managed to improve dissolution rate of spiramycin.  It is expected that 

they should equally show improved solubility of the drug.  The noted aqueous dissolution and 

solubility advantages of spiramycin in the presence of a polymer may be better preserved by 

ASDs rather than PMs.  This is because the preceding IR results revealed some API-polymer 

interactions in the ASDs whereas such interactions were obviously absent in the PMs.   

5.4.6 Discussion 

Thorough physico-chemical characterisation of spiramycin raw material enabled successful 

preparation of spiramycin ASDs by the quench cooling method.  IR and SEM characterisation 

proved to be the only methods that could be used to establish whether ASD preparation was 

successful.  Dissolution rate was equally improved by the addition of a polymer in either ASDs 

or PMs in the order of PEG 8000 < PVP K30 < Kollidon® VA-64 ≤ Pluronic F-127, owing to the 

already amorphous nature of the drug. 

5.5 Conclusion 

In view of its existence as an amorphous form, spiramycin lacks the long range order of a 

crystalline solid-state.  Literature dictates that the existence of a pure amorphous drug alone 

is highly unlikely due to its high degree of free energy which will eventually change to a lower 

energy state, in other words a crystalline state over time (Elder et al., 2015).  Interestingly, 

spiramycin in its amorphous state remains stable and does not recrystallise upon heating or 
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cooling of the melt.  This study proved that it can be quite a challenge to determine if a 

successful ASD of an amorphous API and a polymer was prepared.  This being due to the 

fact that most characterisation techniques rely on the amorphisation of a crystalline solid-state 

form of an API during the preparation of an ASD.  During the dissolution process of an 

amorphous form, no energy is required to break the bonds such as in the case of a crystalline 

state leading to a higher dissolution.  Normally, a high dissolution rate is associated with good 

biological performance of a formulation (Newman et al., 2012), however this is not always true 

with spiramycin which has a high dissolution rate (due to its amorphous nature), but exhibits 

poor / slight aqueous solubility and an oral bioavailability ranging between 30 to 40% (Brook, 

1998).  There is paucity of literature regarding this phenomenon.  In an attempt to improve 

aqueous solubility and stability of the amorphous drug, neat ASDs were prepared.  In this 

study, ASDs improved dissolution rate of spiramycin from approximately 90% to 100%.  The 

10% increase in dissolution implies that ASDs will in turn lead to an enhancement of aqueous 

solubility of spiramycin to some significant extent. 

Further studies on the ASDs of spiramycin is however necessary, especially in terms of the 

chemical stability of this macrolide antibiotic.  The possibility that an ASD could positively affect 

the chemical stability of spiramycin is worth investigation.  In essence this study proved that 

spiramycin is a poorly soluble antibiotic but that the poor treatment outcomes thereof cannot 

be attributed to a slow dissolution rate.  Future studies will be necessary to clarify the 

discrepancies between current literature sources and data on the successful treatment of 

cryptosporidiosis. 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS  

6.1 Conclusion 

Physico-chemical properties of a drug either in solution or solid state play a significant role in 

the formulation of drugs (Wang et al., 2016).  Stability and solubility are the most important 

physico-chemical properties that must be considered for a successful drug formulation.  The 

solid state form of the drug is normally desired because it is more stable and easier to process 

and administer when compared to the liquid formulations.  However, the solid state has do 

dissolve first for it to become therapeutically active; therefore it must also be soluble, 

chemically and physically stable (Wang et al., 2016).  The greatest challenge amongst 

pharmaceutical scientists has been to formulate a drug that is stable and does not degrade 

during shelf life or during dissolution after the drug has been administered (Blessy et al., 2014).  

Solubility and stability among other factors affects bioavailability and ultimately treatment 

outcomes.  Several factors that affect solubility and stability are reported in literature.  For 

example polymorphism, crystal habits, hygroscopicity, temperature etc.  According to 

Fridgeirsdottir et al. (2016) the number of poorly soluble drugs on the market has been 

exponentially increasing.  It is reported that approximately 40-70% of the new drug entities 

suffer from poor aqueous solubility (Lu & Park, 2013; Yasmin et al., 2016).  Solubility and 

stability enhancement strategies therefore remain indispensable for optimised drug 

formulations.  Recently the use of ASDs has been employed to address this problem and the 

number of solid dispersion formulations on the market is growing. 

Physico-chemical properties of the crystalline and/or amorphous forms of the macrolide 

antibiotics clarithromycin and spiramycin were determined by various techniques: FTIR, 

XRPD, DSC, SEM, HSM, HPLC, vapour sorption analysis, solubility studies, and dissolution 

studies as discussed in Chapters 4 and 5.  The two are the cornerstone drugs in the treatment 

of MAC and cryptosporidiosis respectively in PLHIV.  However several studies have reported 

poor treatment outcomes of the selected OIs.  A comprehensive understanding of the solid 

state properties of the two macrolide antibiotics was gained.  Thereafter, ASDs of the two 

antibiotics were prepared in an attempt to improve the aqueous solubility and physical stability 

thereof. 

From all the characterisation results, clarithromycin raw material was confirmed to be the 

crystalline form II polymorph.  It was successfully converted to an amorphous form (CLAM) by 

quench cooling of melt.  Upon non-isothermal heating, it recrystallised back to the 

thermodynamically stable Form II.  Figure 6.1 summarises the proposed CLAM-temperature 
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dependent conversion pathway as obtained by different characterisation methods used in this 

study.  On further investigation of the physical stability of CLAM, it was found that it is 

physically stable at room temperature, high moisture content and during dissolution.  It yielded 

an overall improved dissolution of ≈ 4 times higher than the crystalline counterpart.  Despite 

all these noted physical stability advantages at room temperature and at high moisture 

content, CLAM still showed potential to crystallise over time.  ASDs have been found to 

improve physical stability and dissolution rate of an amorphous API.  ASDs were therefore 

prepared to preserve and enhance the noted physical stability and dissolution properties of 

CLAM.  Dissolution of the resulting ASDs was the most improved when compared to that of 

Form II, PMs and CLAM.  A dissolution improvement of ≈ 1.6 times and ≈ 2.6 times higher 

than Form II was noted for clarithromycin in PMs containing PF-127 and PVP 30 respectively.  

ASDs containing Kollidon® VA-64 and PEG 8000 gave the most significant improvement in 

dissolution of ≈ 5.2 times and ≈ 6.5 times respectively higher than crystalline Form II.  There 

was a negligible difference in the dissolution rate between 1:3 w/w and 1:4 w/w ASDs 

containing PEG 8000, hence it was concluded that a further increase in polymer fraction did 

not have any additional impact on dissolution rate. 

 

Figure 6.1: Temperature dependent conversions among clarithromycin Form I 

clarithromycin Form II and amorphous clarithromycin (CLAM). 

Overall, the dissolution rate of a BSC II classified drug (clarithromycin) was improved by 

approximately 6.5 times by ASDs.  This will have a significantly positive impact on its aqueous 
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solubility.  Results obtained in this study are consistent with a number of international literature 

studies on the ability of ASDs in improving dissolution / solubility of poorly soluble drugs.  It 

can therefore be concluded that ASDs successfully enabled better control over the solid-state 

chemistry of clarithromycin by maintaining the API in a stable amorphous solid-state form and 

enhancing dissolution / solubility which will ultimately lead to improved treatment outcomes. 

Characterisation techniques used on clarithromycin were also used on spiramycin.  Results 

showed that spiramycin exists in an amorphous state which does not recrystallise to a more 

stable crystalline form.  Regarding stability, literature dictates it is more preferable to use an 

ASD than an amorphous API.  However, for spiramycin, it was a challenge to determine 

whether ASDs were successfully prepared since the drug already exists in an amorphous API.  

Results show that dissolution of spiramycin improved from approximately 90% up to 100% by 

the mere incorporation of a polymer with the amorphous API to form either PMs or ASDs.  

Figure 6.2 suggest the proposed dissolution behaviour of spiramycin in a polymer matrix (PM 

and/or ASD).  The drug and the polymer is gradually released whilst the undissolved drug 

particles remain amorphous. 

 

Figure 6.2: Dissolution behaviour of polymeric spiramycin systems. 

Due to the fact that amorphous spiramycin is already physically stable, the advantage of 

adding polymers (solubilisation) was easily noticed in this study.  Therefore, adding a polymer 

might have only enhanced dissolution and aqueous solubility of spiramycin.  The study results 

are consistent with what has been reported in other studies regarding the ability of amorphous 

drug / polymer miscibility in improving rate of dissolution.  Even though ASDs improved 

dissolution rate of spiramycin to 100%, the drug already had a high dissolution rate of 90%.  It 

is well known that dissolution is the rate limiting step in absorption in many cases of poorly 

soluble drugs (Florence & Attwood, 2015).  However, this is not true for spiramycin which 

shows a high dissolution rate but with a poor oral absorption rate.  It can therefore be 

concluded that the poor treatment outcomes of spiramycin cannot be attributed to a slow 

dissolution rate.  Future studies on spiramycin will be necessary to clarify the discrepancies 

between current literature sources and data on the successful treatment of cryptosporidiosis. 
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6.2 Recommendations 

There is no literature which states the BCS classification of spiramycin hence poor intestinal 

permeability may be a possible defect.  Further investigations on spiramycin permeability are 

therefore worth doing.  On the other hand, literature dictates that an amorphous API is more 

chemically unstable than the crystalline counterpart (Nagapudi & Jona, 2008).  Hence, future 

studies should investigate the chemical stability of this macrolide antibiotic.  The possibility of 

an ASD to enhance chemical stability of spiramycin is also recommended for further 

investigation.  For clarithromycin, CLAM is stable at room temperature and high humidity. 

However, further physical and chemical stability studies of clarithromycin ASDs are strongly 

recommended. 
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ABSTRACT 

Objective: This study was aimed at developing an HPLC method that would be suitable and 

sufficiently robust to analyze clarithromycin or spiramycin from bulk materials, amorphous 

solid dispersions as well as when included into solid dosage forms. 

Methods: A C8 column (250 x 4.6 mm, 5 µm) was used as stationary phase, the mobile phase 

consisted of 0.1 M di-potassium hydrogen orthophosphate buffer (pH 6.0) and acetonitrile in a 

50:50 (% v/v) ratio. The flow rate was set to 0.5 ml/min. UV detection of 210 nm was used for 

clarithromycin and 232 nm for spiramycin. Ambient column and sample tray temperatures 

were used.  

Results: The method proved to be suitable for the detection of both macrolide antibiotics in 

bulk samples, as part of amorphous solid dispersions as well as in dosage forms. The isocratic 

elution was rapid. The method was validated in terms of system suitability, limits of detection 

(LOD), limit of quantification (LOQ), accuracy, precision, linearity, and specificity. This 

method showed linearity across the concentration range of 4.0 – 5000.0 µg/ml for both 

antibiotics. 

Conclusion: The developed method showed to be a simple and sufficiently sensitive method 

for the detection and quantification of either clarithromycin or spiramycin from samples that 

might contain even very small quantities of the antibiotics. 

Keywords: clarithromycin, spiramycin, RP-HPLC 

Recent studies have shown that opportunistic infections of patients suffering from HIV are the 

cause of 90% of patient morbidity and mortality [1, 2]. The most prevalent and life threatening 

opportunistic infections among people living with HIV in different populations include: 

Mycobacterium tuberculosis, Pneumocystis jirovecii pneumonia, Mycobacterium avium 

complex (MAC) and Cryptosporidiosis [1, 3]. Azithromycin and clarithromycin are currently 

the two macrolide antibiotics of choice prescribed for the prophylaxis and treatment of MAC 

opportunistic infections in HIV patients [4]. Cryptosporidiosis is a life-threatening infection 

that is very difficult to treat since it causes cholera-like diarrhoea with profuse daily fluid loss 

of about 17 litres [5]. Spiramycin is one of the macrolide antibiotics recommended for treating 

cryptosporidiosis among immuno-suppressed individuals [6, 7]. Considering the global 

dilemma of antimicrobial resistance there is currently a renewed focus on antibiotics that were 

not usually the drug of choice for the treatment of certain infections. Spiramycin is one such 
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drug. During our research on clarithromycin and spiramycin we identified the need for a 

suitable and single HPLC method that could be used for the identification and analysis of both 

drugs. Especially, considering that the British Pharmacopoeia (BP) only reports on an HPLC 

method that is suitable for the analysis of spiramycin from veterinary formulations [8]. No 

other pharmacopoeia contains an analytical method for spiramycin. Furthermore, the methods 

included in both the BP and the United States Pharmacopoeia [9] for clarithromycin uses high 

buffer concentrations and those methods lead to long HPLC run times. 

Clarithromycin is classified as a semi-synthetic antibiotic which forms part of the macrolide 

group. This antibiotic is derived from erythromycin but differs in the fact that the O-methyl 

group has been substituted for a hydroxyl group at position six of the lactone ring (fig. 1a) [10]. 

Spiramycin consists of a 16-membered lactone (platenolide), two amino sugars (D-

mycaminose and D-forosamine) and one neutral sugar (L-mycarose) (fig.1b). Spiramycin has 

three major (I, II, III), three minor components (IV, V, VI) and two other additional spiramycins 

18-deoxy-18-dihydrospiramycin (DSPM) and 17-methylenespiramycin. Though spiramycin I 

is shown to be the main component, the quantity of each component varies according to the 

manufacturer [11 - 13]. 

 

Fig. 1: Molecular structure of (a) clarithromycin and (b) spiramycin [8]. 

The objective of this study was to develop an easy, cost-effective but sufficiently robust RP-

HPLC method for the detection of clarithromycin or spiramycin. The rationale for this was that 

the current methods, that are available in literature for both drugs, use high concentration 

buffers as part of the mobile phases and in the instance of clarithromycin gradient elution is 

being applied. Therefore, this is a simple method with the ability to accurately detect and 

quantify both drugs, thereby making it very useful for laboratories that need to analyse both 

macrolide antibiotics. 

Clarithromycin working standard (97.7% purity) and spiramycin (purity of 94.9%, only 

spiramycin I) was purchased from Sigma Aldrich (Johannesburg, South Africa) and DB Fine 

Chemicals (Johannesburg, South Africa). HPLC grade acetonitrile, potassium di-hydrogen 

orthophosphate and hydrochloric acid (32%) were purchased from ACE Chemicals 

(Johannesburg, South Africa). The pharmaceutical dosage form used during specificity testing 

was Clacee® 250 mg tablets (Aspen Pharmacare, South Africa). In the case of spiramycin no 

commercial product was available for purchase and therefore a mixture of typical 

pharmaceutical excipients was made. This mixture constituted of microcrystalline cellulose, 

polyvinylpyrrolidone (PVP) K 30, magnesium stearate, talc and croscarmellose sodium. All 

the excipients used were a kind donation from the Department of Pharmaceutics of the School 

of Pharmacy, North-West University, Potchefstroom, South Africa. 
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A Shimadzu (Kyoto, Japan) UFLC (LC-20AD) chromatographic system, equipped with a SIL-

20AC auto sampler fitted with a sample cooler, a UV/VIS PDA detector (SPD-M20) and an 

LC-20AD solvent delivery module was used during the method development and validation. 

A Phenomenex® Luna C8 5µm, 250 x 4.6 mm column was used as stationary phase. The mobile 

phase consisted of 0.1 M phosphate buffer (pH adjusted to 6.0 with 0.1 M HCl) and acetonitrile 

in a ratio of 50/50 %v/v. Isocratic elution was used with a flow rate of 0.5 ml/min. An injection 

volume of 10 µl was used for the analysis and validation of clarithromycin while an injection 

volume of 2 µl was found to be suitable for spiramycin. For the detection of clarithromycin a 

wavelength of 210 nm was used while spiramycin was detected at 232 nm [9]. For both 

antibiotics, stock solutions were prepared by separately and accurately weighing 50 mg of drug 

and diluting it to 10 mL with mobile phase. This resulted in a stock solution of 5000.0 µg/ml, 

for each drug. Aliquots of these stock solutions were then diluted with mobile phase to obtain 

standard solutions with concentrations ranging from 4.0 – 5000.0 µg/ml. Each standard 

solution was filtered using a 0.45 µm PVDF filter into HPLC vials. 

During the preparation of product sample for the testing of the specificity of clarithromycin, 

10 tablets were weighed and grinded using a mortar and pestle. In the case of spiramycin a 

sample was prepared as discussed previously described. For each drug sufficient sample 

powder was weighed, equivalent to result in a final drug concentration of 1000 µg/ml. Each 

sample was diluted with mobile phase. The flasks were shaken for 10 minutes using an 

ultrasonic shaker. Thereafter each sample was filtered through a 0.45 µm PVDF filter into 

HPLC vials. 

The method was validated as specified by the ICH guideline on the validation of analytical 

procedures (ICH) [14]. Linearity, range, precision, accuracy, recovery, specificity, limit of 

detection (LOD) and limit of quantification (LOQ) were the validation parameters. For each 

drug, eight standard solutions with concentrations over the stated working range were analysed 

in duplicate. This was done during two different times by two different analysts. From the 

obtained data, regression plots of peak area versus drug concentration provided linear 

regression data as stipulated in Table 1.  

Table 1: Validation parameters determined during method validation for the detection 

and quantification of clarithromycin and spiramycin 

Validation parameter* Clarithromycin Spiramycin 

Linearity range (µg/ml) 4.0 – 5000.0 4.0 - 5000 

Correlation coefficient (r2) 0.9999 0.9999 

Regression equation y = 505.55x –9083.33 y = 14801x -276251 

Recovery (%) (±% RSD) 99.95 ± 1.25% 99.65 ± 1.02% 

LOD (µg/ml) (±% RSD) 4.0 (±6.6 %) 1.5 (± 12.9%) 

LOQ (µg/ml) (±% RSD) 16.0 (± 0.36 %) 8.0 ((± 0.13%) 

*The validation parameters were determined from the analysis of eight standard solutions 

(n = 8) over a concentration range of 4.0 – 5000.0 µg/ml. %RSD: Percentage relative standard 

deviation. LOD: Limit of detection, LOQ: Limit of quantification.  
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The recovery obtained with this method proved to be acceptable for both drugs, due to the fact 

that the recovery was between the limits of 98.0 – 102.0%. The determined LOD and LOQ 

limits for this method also proved to be acceptable with very small concentration levels of both 

drugs being detectable and quantifiable. The accuracy of the proposed method was tested at 

clarithromycin concentration levels of 250.0 µg/ml and 1000.0 µg/ml. The recovery for 

clarithromycin was determined to be between 98.32 – 101.64%, with a mean recovery of 

99.95% and a percentage relative standard deviation (%RSD) of 1.25%. For spiramycin 

concentration levels of 250.0 µg/ml and 1030.0 µg/ml was used for accuracy testing. The 

results showed recovery between 98.21 – 101.10%, with a mean recovery of 99.65% (± 

1.02%). From these results it can be concluded that the method delivers accurate results. The 

precision of the method was investigated through determination of repeatability and 

intermediate precision. The repeatability for both drugs was determined at concentration levels, 

200.0, 500.0 and 1025.0 µg/ml, the samples were analysed in triplicate (Table 2).  

Table 2: Summary of repeatability data obtained for clarithromycin and spiramycin 

Theoretical concentration 

(µg/ml) 

Mean clarithromycin 

concentration (µg/ml) ± 

%RSD* 

Mean spiramycin 

concentration (µg/ml) ± 

%RSD* 

200.0 210.44 (± 0.05) 213.43 (± 0.56) 

500.0 511.16 (± 0.62) 513.88 (± 0.18) 

1025.0 1030.45 (± 0.84) 1020.73 (± 0.28) 

*Each reported value is the mean ± %RSD of n observations.  For repeatability n is 3.  %RSD 

denotes the percentage standard deviation 

The intermediate precision was measured during three different sampling times.  Samples were 

prepared by different analysts as well and analysed in duplicate.  The resulting data is presented 

in table 3. The % RSD for these determinations were not more than 5.0 % and were therefore 

deemed as sufficient proof of the precision of this method. 

Table 3: Summary of intermediate precision data obtained for both drugs.  Samples 

were analysed on different days, by different analysts 

Theoretical concentration 

(µg/ml) 

Mean clarithromycin 

concentration (µg/ml) ± 

%RSD 

Mean spiramycin 

concentration (µg/ml) ± 

%RSD 

1000.0 (1) 999.29 (± 0.11%) (1) 1017.43 (± 1.45%) 

(2) 995.53 (± 1.91%) (2) 1018.05 (± 0.59%) 

(3) 1018.89 (± 0.58%) (3) 1019.82 (± 0.12%) 

*Each value is representative of the mean ± %RSD of n observations.  For the determination of 

intermediate precision n is 3.  %RSD denotes the percentage standard deviation 

The specificity of the method was tested by analysing the prepared sample solutions which 

contained typical formulation excipients. Fig.2 depicts the chromatograms obtained for 

clarithromycin standard and sample solutions while, fig. 3 depicts the chromatograms obtained 
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for spiramycin standard solution and the sample solution prepared in combination with the 

mentioned excipients. No peak interference of any of the excipients was observed and therefore 

the method was deemed suitable for the analysis of formulated dosage forms containing either 

of the macrolides. The presented results show that the developed method is accurate, precise 

and specific.  A simple HPLC method was developed and validated for the detection and 

quantification of either clarithromycin or spiramycin.  The method proved to be accurate and 

reproducible and to be suitable for the analysis of either clarithromycin or spiramycin either as 

bulk drug or when in combination with typical pharmaceutical excipients.   

 

(a) 

(b) 

Fig. 2: Chromatograms obtained for clarithromycinduring specificity testing with 

chromatogram (a) showing the peak obtained for clarithromycin from a standard 
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solution and (b) showing the peak obtained for clarithromycin detected from a 

commercial sample. 

(a) 

(b) 

Fig. 3: Chromatograms obtained for spiramycin during specificity testing with 

chromatogram (a) showing the peak obtained for spiramycin from a standard solution 

and (b) showing the peak obtained for spiramycin detected from a commercial sample. 
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