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Summary  

This thesis focuses on the poorly soluble fluoroquinolone antibiotic ciprofloxacin (CIP). 

Anhydrous CIP has the distinctive feature of being able to exist in either the zwitterionic or 

unionized form, however previous studies have generally only focused on one form of the 

drug. The ability of CIP to transform from one form to the other in the solid state was 

therefore investigated. The zwitterion was found to convert to the unionized form upon 

heating to its melting point, whereas the opposite transformation occurred when unionized 

CIP was exposed to water vapor. 

Among the different formulation options available to improve the solubility of a drug, 

amorphization provides a number of advantages. However, very few examples of amorphous 

CIP formulations are mentioned in the literature. For the first time, the production of pure 

amorphous CIP is discussed in this thesis. This proved to be a challenging task due to the 

poor solubility, thermal degradation and strong crystal lattice of CIP. A fully X-ray 

amorphous sample was only obtained by spray drying a solution of the drug in pure water. 

Due to the propensity of amorphous solids to crystallize, it is desirable to formulate them as 

amorphous solid dispersions (ASDs) using appropriate stabilizers. A number of polymers 

and small molecules were screened with CIP for their suitability in this regard. Ball milling 

was found to be a suitable production method for these ASDs. It was discovered that fully 

X-ray amorphous solid dispersions were only produced when CIP was milled with acidic 

polymers such as Eudragit L100, Eudragit L100-55, Carbopol and HPMCAS. Fourier 

transform infrared spectroscopy (FTIR) confirmed the presence of an ionic interaction 

between the piperazine amino group of CIP and carboxylate of the polymer in each ASD. 

The strength of these drug-polymer interactions contributed to the higher than expected glass 

transition temperatures (Tg’s) of the samples, and rendered them resistant to crystallization 

during thermal and water sorption studies. 

Although CIP remained partially crystalline when milled with neutral polymers such as PVP 

and Soluplus, it was possible to form a ternary ASD by dispersing amorphous CIP/succinic 

acid salts in these polymers. The addition of polymer increased the Tg’s and crystallization 

temperatures of the salts, and they were also more stable during long-term stability studies. 
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However, all of the ASDs crystallized following exposure to high humidity. Similar results 

were obtained with ASDs containing CIP and various amino acids. Evidence of salt 

formation between the protonated secondary amine of the drug and α-carboxylate group of 

aspartic acid, glutamic acid, cysteine and arginine was found via FTIR and solid-state nuclear 

magnetic resonance analysis. In contrast, CIP was unable to interact fully with serine, alanine 

and glycine, resulting in semi-crystalline solid dispersions. 

All of the ASDs produced in this project were more soluble than crystalline CIP in water and 

biorelevant media. A much greater increase in solubility was obtained with the ASDs 

containing more acidic counterions, such as succinic acid, glutamic acid and aspartic acid. 

However, the permeability of these samples was found to be lower than that of CIP in parallel 

artificial membrane permeability assays. In contrast, the ASDs containing cysteine, arginine 

and HPMCAS demonstrated higher effective permeability than the pure drug, while no 

decrease was seen with the other binary polymeric ASDs, giving them a more favorable 

solubility-permeability balance. 

For comparison, a close analogue of CIP called enrofloxacin (ENRO), which bears an ethyl 

substituent on its piperazine ring, was subjected to a number of the same investigations as 

CIP. ENRO showed the same affinity as CIP for polymers, and only became fully X-ray 

amorphous when milled with those containing carboxylic acids. Like CIP, the tertiary amine 

of ENRO appears to be protonated in these ASDs, and forms an ionic bond with the 

carboxylate groups of the polymers. The stability of the ASDs was reflected in their elevated 

Tg’s and lack of crystallization during water sorption studies. They also reached higher drug 

concentrations during solubility and dissolution studies than the pure drug. Like the 

corresponding polymeric CIP ASDs, no decrease in antibiotic efficacy was observed with 

the ENRO ASDs, while significant improvements were obtained with the ASDs containing 

HPMCAS. Therefore, ASDs may be a viable formulation option for improving the 

pharmaceutical properties of these fluoroquinolone drugs. 
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1.1 Bioavailability 

The bioavailability of a drug may be defined as the percentage of an administered dose that 

reaches the bloodstream. While an injected drug will theoretically have a bioavailability of 

100%, this is not the case for oral dosage forms. Following oral administration, a formulation 

must disintegrate and dissolve in the gastrointestinal tract (GIT), before being absorbed 

through the intestinal wall into the circulatory system. The rate and extent to which this 

occurs will depend on an abundance of factors, in particular the physicochemical properties 

of the drug, the formulation used and the conditions in vivo. While the majority of these 

variables are outside the scope of this thesis, a number will be examined in relation to their 

effects on the fundamental properties of solubility, dissolution and permeability. 

1.1.1 Classification of Drugs  

The Biopharmaceutics Classification System (BCS) is used to classify drugs based on their 

aqueous solubility and gastrointestinal permeability.1 The BCS was first proposed by 

Amidon et al in 1995, and is based on the fact that drug dissolution and gastrointestinal 

permeability are the major factors controlling the rate and extent of drug absorption. 

Accordingly, drugs can fall into one of the following four BCS groups: class 1: high 

solubility-high permeability drugs; class 2: low solubility-high permeability drugs; class 3: 

high solubility-low permeability drugs; and class 4: low solubility-low permeability drugs.2 

A modification of the BCS, called the developability classification system (DCS), further 

segregates class 2 drugs depending on whether their oral absorption is dissolution rate limited 

(class 2a) or solubility limited (class 2b).3 

A drug may be described as highly soluble if the highest dose is soluble in less than 250 ml 

of aqueous media over the pH range 1–7.5, and a highly permeable drug should be more than 

90% absorbed in humans. Regarding dissolution, a drug may be classified as rapidly 

dissolving if more than 85% of the dose dissolves in less than 900 ml of buffer within 30 

minutes, using United States Pharmacopoeia apparatus I or II.4 
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1.1.2. Solubility and Dissolution 

A major issue encountered during the development of many new active pharmaceutical 

ingredients (APIs) is poor aqueous solubility. It has been reported that almost 70% of new 

drug candidates have a solubility of less than 100 µg/ml in water, and therefore may be 

considered as practically insoluble.5 In order to avoid problems with intestinal absorption, 

poorly soluble drugs may be developed as injectables. However, as oral formulations are the 

preferred drug delivery option due to patient acceptance and ease of administration, this route 

will be focused on here. 

Solubility may be defined as the maximum amount of solute that can enter solution under 

certain conditions, such as temperature and pH. Dissolution on the other hand is the process 

of a solute disaggregating, dispersing and dissociating in a solvent to form a solution. 

Therefore, while solubility is a thermodynamic property of a solute, dissolution is a kinetic 

process, and is usually examined in terms of dissolution rate. As it is possible for an API to 

have a high dissolution rate but poor solubility, or vice versa, both of these processes are 

commonly examined during drug development.6 

If a concentration in excess of the thermodynamic equilibrium solubility of a solute is 

achieved in solution, this is described as supersaturation.7 Supersaturation may occur if the 

temperature or volume of a solution is rapidly decreased, or upon addition of a cosolvent in 

which the solute is less soluble. A supersaturated solution may also be generated in vivo 

when a weakly basic drug moves from the stomach into the higher pH of the small intestine. 

However, supersaturated systems are thermodynamically unstable, and thus the excess solute 

will eventually precipitate out of solution.8 

The dissolution of a drug takes place in two stages. The first step involves the reaction of the 

solid (solute) and liquid (solvent), resulting in the release of solute molecules. This is 

followed by the transport of these solute molecules away from the solid/liquid interface into 

the bulk medium.9 According to the Noyes-Whitney equation, the dissolution rate (DR) of a 

drug is related to the surface area available for dissolution (A), the diffusion coefficient of 

the drug (D), the volume of dissolution media (V), the thickness of the boundary layer 
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adjacent to the dissolving drug surface (h), the saturation solubility of the drug (Cs), and the 

amount of dissolved drug (Xd), as shown in the following equation:10,11 

DR =  
A × D

V × h
× (Cs −

Xd

V
)                (1.1) 

If the solvent volume is very large, or the drug is removed from the solvent faster than it 

dissolves, this is referred to as ‘sink conditions’. This can occur in vivo when a drug is 

absorbed faster than it can go into solution.9 If sink conditions are present, Xd will tend 

towards zero, and the second part of the Noyes-Whitney equation simplifies to Cs. 

The diffusion of drug molecules from the particle surface into the bulk solution is often the 

rate limiting step of dissolution.6 The diffusion coefficient may be increased by raising the 

temperature or decreasing the viscosity of the dissolution medium. While the temperature in 

vivo is very constant, the viscosity of the gastrointestinal fluids is influenced by the ingestion 

of food, and varies depending on the type and volume of food and fluids consumed.11 The 

use of particle size reduction as a means of increasing drug solubility, via an increase in 

surface area, will be discussed in Section 1.1.4. 

1.1.3 Permeability 

In order for a drug to be absorbed into the systemic circulation it must have a certain 

permeability. Permeability may be defined as the ability of molecules to cross a cell, cell 

membrane, endothelium or epithelium. Permeability is usually described in terms of the rate 

at which this occurs, with units of 10-6 cm/s.12 The movement of drug molecules across the 

intestinal epithelium can take place in a number of ways. Drugs may diffusive passively 

through the enterocytes (transcellular transport) or between the enterocytes (paracellular 

transport). Alternatively, carrier-mediated drug absorption may occur. This involves active 

transport, secondary active transport or facilitated (passive) diffusion of drug molecules 

across the cell membrane via a transmembrane protein. Receptor-mediated endocytosis may 

also be responsible for drug absorption.13 Unlike passive absorption, carrier-mediated 

transport may be inhibited or become saturated.14 

Most drugs are primarily absorbed by passive diffusion, which is driven by a concentration 

gradient across the cell membrane. However, a linear correlation between drug concentration 
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and membrane transport is generally only seen with uncharged molecules. During membrane 

partitioning, charged molecules can affect the surface potential of the lipid bilayer, resulting 

in a nonlinear concentration-permeation relationship.14 The rate of passive transcellular 

transport of a drug is related to its lipophilicity, with more lipophilic drugs diffusing through 

cell membranes more quickly.14 Drug absorption can also be reduced due to the presence of 

efflux transporters on the surface of enterocytes, such as P-glycoprotein, breast cancer 

resistance protein, multidrug resistance protein 2, organic anion transporter, and organic 

cation transporter.13 In general, efflux transporters will only have a significant effect on drugs 

with low passive permeability.14 

The intestinal cells lining the lumen of the GIT have a number of glycoproteins protruding 

from their apical surface, forming the glycocalyx. These cells are covered by a protective 

mucous layer produced by specialized epithelial cells called goblet cells. This layer differs 

in pH from that of the lumen contents, forming a “microclimate”. The apical surface of the 

GIT also varies from pH 6.0–8.0 depending on location.15 Before reaching the intestinal cell 

membranes, drugs must pass through a 30–100 μm thick aqueous boundary layer, which 

forms due to reduced agitation at the surface of the GIT. This is also known as the unstirred 

water layer. While diffusion through this layer may be the rate limiting step for lipophilic 

compounds, it does not significantly affect the absorption of poorly permeable drugs.16 

There are a number of in vivo and in vitro models available for estimating the permeability 

of a drug, which differ in their complexity and speed. PAMPA, or the parallel artificial 

membrane permeability assay, was chosen for the projects described in the following 

chapters, as it is a relatively simple, non-cell based, high throughput technique, with good 

reproducibility.17 More importantly, a number of studies have confirmed the suitability of 

PAMPA for predicting drug absorption in humans.13,18 Briefly, PAMPA consists of two 

aqueous compartments separated by a phospholipid-coated filter, which forms an artificial 

cell membrane.13 The proportion of drug that passes from the acceptor compartment to the 

donor compartment over a certain time frame is then measured. More details of this technique 

will be given in later chapters. 
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1.1.4 Methods of Improving Bioavailability 

If a drug is poorly absorbed, a large dose must be administered in order to reach the necessary 

blood concentration range required to achieve the desired therapeutic effect. There are a 

number of drawbacks associated with the administration of large doses. For example, topical 

irritation and toxicity are more likely to occur in the GIT upon oral administration, which 

can reduce patient compliance. From a manufacturing point of view, the production of a drug 

product with a high drug load can be more problematic. This is often due to poor powder 

flowability and sticking during granulation and tableting. Another obvious disadvantage is 

the increase in manufacturing cost, as a larger amount of API will be consumed during 

development and manufacture of the drug product.19 

Absorption can be increased by increasing the concentration of dissolved free drug at the site 

of absorption. A number of approaches may be taken to increase the solubility of an API. 

These include particle size reduction (micronization and nanoparticle formation), crystal 

modification (formation of metastable polymorphs, salts and cocrystals), cyclodextrin 

complexation, self-emulsification, pH modification and amorphization.19 The suitability of 

these methods for a particular drug will depend on the chemical characteristics of the 

compound. For instance, ionizable APIs may be converted to different salt forms, whereas 

neutral drugs may be formulated as cocrystals. 

Poorly soluble drugs may be divided into two categories depending on whether they suffer 

from solvation limited solubility or solid-state limited solubility. Drugs which are solvation 

limited are generally large and flexible, which increases their cavitation energy (the energy 

needed to disrupt the solvent and create a gap into which the solute molecule can fit). They 

are also lipophilic, which decreases their hydration due to reduced interaction with water 

molecules. The solubility of such compounds can be improved with excipients such as 

disintegrants, surfactants, cyclodextrins and lipids.20 Drugs with solid-state limited solubility 

on the other hand are usually small, flat, rigid and inflexible molecules. The crystal lattices 

of such compounds are stabilized by intermolecular interactions, such as hydrogen bonding, 

Van der Waals and π−π interactions.21 These structural features result in a high crystal 

packing energy (the energy required to disrupt the crystal lattice and release single molecules 

into solution), which is one of the main determinants of the solubility of a drug.22 Due to the 
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strength of their intermolecular bonds, the dissociation of such drug molecules from the 

crystal lattice is hindered upon addition to water. In order to improve their solubility, the 

crystal lattice may be disrupted via salt formation, chemical modification or amorphization.23 

As mentioned in Section 1.1.2, particle size reduction of a drug increases the surface area 

available for interaction with solvent, and thus the dissolution rate.24 However, a number of 

potential problems may be encountered during the comminution process. Micronized 

particles may possess higher surface energy, which can result in agglomeration. This not 

only reduces the flowability of powders, but also decreases the surface area exposed to 

solvent during dissolution.25 While particle size reduction can increase dissolution rate, this 

will not have a significant effect on the absorption of BCS class 2b (solubility limited) drugs.3 

The milling processes used to comminute particles also generate a large amount of heat and 

energy. This may bring about alterations in the physical state of the sample, for example 

partial conversion to the unstable amorphous form.26 Although such a transformation is often 

undesirable, the amorphous state of a drug is in fact more soluble than its crystalline 

counterpart, and can offer more of a solubility improvement than other formulation options. 

The solubility difference between the amorphous and crystalline form of a drug can be 

several hundred fold, whereas polymorphs, for example, usually improve solubility by less 

than 10 times.27 As the minimum particle size achievable by conventional milling is 2−3 µm, 

the solubility enhancement offered by comminution is also limited.28 Therefore, a great deal 

of research has recently been carried out into the generation, characterization and 

stabilization of fully amorphous formulations. An overview of this area will be given in 

Section 1.2. 

As the solubility and permeability of a drug are closely linked, these properties must be 

examined concurrently in order to enhance drug absorption. Permeability is directly 

proportional to the diffusion coefficient of the drug (the rate at which the drug crosses the 

cell membrane) and its membrane/aqueous partition coefficient (the ratio of the drug 

concentration within the phospholipid bilayer and the aqueous compartments), and therefore 

depends on the solubility of the drug in the GIT.29 A number of studies have reported a trade-

off in the solubility and permeability enhancement of many formulations.29 Preparations such 

as surfactants, cyclodextrins and cosolvents increase the equilibrium solubility of drugs, 
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which leads to a decrease in the apparent cell membrane/intestinal lumen partition 

coefficient. This reduces the driving force for transport through the membrane.30–32 When a 

drug is bound to cyclodextrins or incorporated into surfactant micelles, this also decreases 

the fraction of free drug in the GIT lumen, and thus the concentration gradient across the 

phospholipid barrier, which lowers the impetus for absorption.29 Although a positive 

correlation between drug solubility and the concentration of cyclodextrin, surfactant or 

cosolvent has been found, this is associated with a corresponding decrease in passive 

permeability.32 

As the passive permeation of a drug across a membrane is related to the concentration 

gradient,14 the flux of drug molecules from the GIT lumen should be elevated by increasing 

the degree of supersaturation at the site of absorption. Supersaturation increases the kinetic 

or non-equilibrium solubility of a drug, and usually results in a greater concentration of free 

drug, without affecting its membrane/intestinal lumen partition coefficient.31–33 A number of 

studies have demonstrated the benefit of amorphous formulations in this regard. Unlike other 

solubility-enhancing formulations, amorphous formulations do not appear to have the same 

negative effect on drug permeability. Combined with a significant solubility improvement, 

this results in a more favorable solubility-permeability balance, and higher transmembrane 

flux.31,32 In addition, higher quantities of amorphous formulation were found to result in 

higher drug concentrations during solubility studies, while the permeability remained 

constant.32 

As the degree of supersaturation is increased, the flux seen in permeability studies should 

also rise linearly.32 However, this depends on the ability of an amorphous formulation to 

maintain supersaturation for a sufficient time, to allow for drug absorption to occur.33 Higher 

levels of supersaturation are usually associated with greater or more rapid crystallization and 

precipitation of the solute. For this reason, a more moderate supersaturation level and release 

rate may be more effective at increasing the membrane flux of a drug.8 This can be achieved 

in vivo if the drug steadily permeates through the wall of the GIT, as this will decrease the 

level of supersaturation in the lumen, and reduce the driving force for precipitation.8 In 

addition, the inclusion of polymers in amorphous formulations may delay or prevent the 
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nucleation and crystallization of supersaturated drug solutions, as will be discussed in 

Section 1.2.2.2. 

 

1.2 Amorphous Solids 

Unlike crystalline materials, amorphous solids lack long range order. However, at the 

molecular level, the structure of amorphous solids is not always completely random, and they 

typically possess some short range order.34 Due to their random orientation, each molecule 

in an amorphous system can undergo slightly different intra- and intermolecular 

interactions.35 The non-uniform molecular arrangement of amorphous materials also results 

in a greater specific volume (volume per unit mass) and thus lower density than crystalline 

solids,36 and higher free energy and entropy.34 The amorphous form of a drug can therefore 

have very different physical properties to the corresponding crystalline state.35 

The most pharmaceutically desirable trait of amorphous solids is their enhanced solubility 

relative to the crystalline state. The crystal packing energy, which is a significant barrier to 

dissolution, is reduced in amorphous materials due to their disrupted crystal lattice.37 The 

high free energy of amorphous solids also increases their kinetic solubility, which enables 

the formation of supersaturated solutions.38 Unfortunately, the amorphous state is metastable 

and prone to crystallization. This will be discussed in more detail in Section 1.2.1. 

Crystallization is particularly likely to occur in supersaturated solutions, which can negate 

the solubility advantage of an amorphous drug. In order to prevent or delay the crystallization 

of amorphous drugs, and to further enhance their solubility, composite amorphous 

formulations containing one or more stabilizers have been developed. These are known as 

amorphous solid dispersions (ASDs), and will be discussed in Section 1.2.2. 

1.2.1 Stability of Amorphous Solids 

The amorphous form of a substance is the most energetic solid state.39 As a result of their 

excess free energy, amorphous solids are intrinsically unstable and prone to crystallization, 

leading to problems with manufacture and storage.34 Amorphous solids undergo a glass to 

rubber (or supercooled liquid) transition at a characteristic temperature known as the glass 
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transition temperature or Tg. Great changes in viscosity and molecular mobility occur at this 

temperature.
40 Below the Tg the material is “kinetically frozen” in a thermodynamically 

unstable glassy state.39 In the glassy state solids are usually hard and brittle, whereas in the 

rubbery state they become more soft and flexible, and the molecules have greater mobility.41 

Amorphous solids are therefore more prone to crystallization at temperatures above their Tg, 

as the increased molecular mobility facilitates nucleation and crystallization.42 Some solids 

possess enough molecular mobility at temperatures below their Tg to crystallize over 

pharmaceutically relevant time frames.43 However, at temperatures of 50 K below the Tg 

(known as the Kauzmann temperature, TK) or more, molecular motions can be considered 

negligible.44 A storage temperature of 50 oC below the Tg has therefore been suggested as 

suitable for maintaining the stability of an amorphous medicinal product for the required 

shelf life.39  

The process of crystallization begins with nucleation, which is believed to take place in two 

stages. According to this theory, nucleation commences with the formation of disordered 

clusters of drug molecules. When these clusters reach an adequate size, the molecules 

become organized into a crystal structure.45  This is then followed by crystal growth. The 

rate of crystallization of an amorphous drug depends on a number of factors related to the 

molecule itself. Crystallization occurs more slowly for drugs with large molecular weights, 

as it takes longer for the drug molecules to diffuse to the growing crystal lattice, and requires 

more energy to reach the necessary conformation.26 Molecules with a more complex 

structure and larger number of rotatable bonds will also take a longer time to crystallize, as 

they can exist in a number of different configurations. This increases the  configurational 

entropy of the drug, and thus the time it takes for its molecules to reach a conformation 

matching that of the crystal lattice.26,46 

The crystallization tendency of an amorphous solid is related to its Tg and melting point. The 

higher the Tg of a drug, the greater the kinetic barrier for molecular diffusion and thus 

crystallization, whereas the higher the melting point, the greater the thermodynamic driving 

force for crystallization. However, these factors may be altered by the presence of other 

components in composite formulations, as will be discussed in Section 1.2.2.1. 
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Amorphous drugs are more hygroscopic than their crystalline forms, as water can absorb into 

the internal structure of the material rather than just adsorb to the surface.42,47 This is due to 

their larger free volume, as the irregularly arranged molecules in an amorphous solid are not 

as closely packed as those in a crystal.39 It is therefore practically impossible to produce an 

amorphous formulation which does not contain any moisture.48 Water absorption can 

negatively affect drug stability by increasing the rate and reducing the onset temperature of 

crystallization. This is due to plasticization of the sample by moisture, a lowering of the Tg 

and an increase in molecular mobility.42,49 

1.2.2 Amorphous Solid Dispersions 

As previously mentioned, a major drawback to amorphous drugs is their poor physical 

stability. This problem has been addressed by the development of amorphous solid 

dispersions, or ASDs. ASDs have been defined in a number of ways by different researchers. 

In this thesis the definition suggested by Crowley and Zografi will be used. According to 

these authors, an ASD may be defined as a miscible mixture of at least two chemical 

components that form a single amorphous phase.40 An ASD may therefore contain one or 

more APIs, polymers, or low molecular weight compounds. A number of commercial 

polymeric ASDs have entered the market in recent years, proving that they can be a viable 

formulation option for poorly soluble drugs.37 Some commercially available ASDs include:  

Cesamet® (nabilone/PVP), Kaletra® (lopinavir/ritonavir/copovidone), Prograf® 

(tacrolimus/HPMC) and Sporanox® (itraconazole/HPMC).50 The mechanism by which such 

ASDs can improve the stability and solubility of amorphous drugs will be discussed in 

Section 1.2.2.1 and 1.2.2.2 respectively. 

1.2.2.1 Stability of ASDs 

ASDs are traditionally thought of as drug-polymer dispersions, and this is perhaps the most 

widely encountered amorphous formulation in the literature. Polymers have proven to be 

very efficient at stabilizing a wide range of poorly soluble drugs, and there are a number of 

possible mechanisms by which this can occur. Polymers can stabilize ASDs via 

antiplasticization, which is defined as a decrease in the plasticity of a substance, involving 

an increase in its Tg and a corresponding increase in the free energy required for 
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crystallization.51 Polymers with long chains can also prevent crystallization by sterically 

hindering the diffusion of drug molecules, blocking sites of crystal growth, and increasing 

the viscosity of the formulation and the kinetic barrier to nucleation.52,53 The free energy of 

an ASD may be decreased by the presence of polymers, as their high molecular weight and 

flexibility will increase the configurational entropy of the system.51 The crystallization 

tendency of an ASD will also be decreased if there are interactions between the components, 

such as hydrogen bonding and acid-base interactions.54 Intermolecular interactions reduce 

the molecular mobility of the drug and increase the energy required for crystallization.52,55 

However, polymers with high Tg’s can increase the stability of ASDs in the absence of any 

drug-polymer interactions, as they will increase the overall Tg of the formulation relative to 

the pure amorphous drug.56 Alternatively, if the Tg of a polymer is lower than that of the 

drug, an improvement in stability may still be obtained if there are strong interactions 

between the two components.57 

As described in Section 1.2.1, amorphous solids are prone to water absorption, which 

decreases their Tg and reduces the barrier to crystallization. This property is more pronounced 

in ASDs, as hydrophilic polymers are often more hygroscopic than the amorphous form of a 

drug.48 Water uptake can reduce the stability of an ASD due to plasticization, increased 

molecular mobility, and disruption of drug-polymer interactions.37 However, despite their 

hygroscopic nature, polymers such as PVP can counteract these effects due to the stabilizing 

mechanisms described above. In addition, drugs that form stronger interactions with a 

polymer have been found to absorb less water during water uptake studies, as less hydrogen 

bonding sites will be available to water molecules.40 Suitable packaging can also help to limit 

the absorption of water during storage. 

1.2.2.1.1 Miscibility 

ASDs will be more stable if their components are mixed on a molecular level, as this reduces 

their free energy, and thus the driving force for nucleation.53 If an ASD is molecularly mixed 

it will consist of a single amorphous phase, with a single Tg. In contrast, if the constituents 

of an ASD are not homogeneously mixed, different regions of various compositions will 

exist, resulting in two or more amorphous phases, and a corresponding number of Tg’s.58 By 

examining the Tg of a binary ASD as a function of composition, one can estimate whether 
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the two constituents are miscible or compatible. If a drug and polymer are fully miscible, a 

single Tg should be obtained, in between the Tg of the pure drug and the polymer. If the 

constituents are fully immiscible on the other hand, two Tg’s equal to those of the pure 

components will be seen at all possible compositions.41 A simplified representation of this is 

shown in Figure 1.1. 

 

Figure 1.1. The effect of the ratio of components A and B on the overall Tg of a binary ASD. 

Adapted from Brostow et al.41 

The miscibility of an ASD may also be estimated by comparing its experimental Tg to a 

theoretical value. Perhaps the most widely used equation for predicting the Tg of  a mixture 

is the Gordon-Taylor equation, which takes into account the weight ratio, Tg and density of 

each component.59 If the experimentally determined Tg of an ASD is very similar to that 

calculated by the Gordon-Taylor equation, it suggests that there is ideal mixing and a lack of 

specific interactions between the components.60 If the experimental and calculated Tg of an 

ASD are not equal on the other hand, this indicates that the components are not completely 

miscible, and/or their volumes are not additive.61 This can occur if there is a difference 
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between homo- and heteromolecular interactions in an ASD. For example, there may be ionic 

bonds between a drug and polymer, but weaker non-ionic interactions such as Van der Waals, 

polar or hydrogen bonds between relevant groups of the drug itself. Stronger drug-polymer 

intermolecular interactions will increase the density (and therefore decrease the volume) of 

an ASD, resulting in an increase in its Tg.
61 For this reason, higher than expected Tg’s are 

commonly observed with amorphous salts.62 Similarly, lower than predicted Tg values will 

be obtained if homomolecular drug-drug or polymer-polymer interactions are stronger than 

the heteromolecular interactions between a drug and polymer, as the free volume of the ASD 

will be higher than that of an ideal mixture.63,64  

While the measurement of an ASD’s Tg provides a rapid method of estimating the miscibility 

of its components, there are limits to the sensitivity of this technique. In particular, it is not 

possible to detect amorphous domains that are less than approximately 30 nm in size by 

DSC.65 Similarly, if the Tg ranges of different amorphous areas overlap, DSC will be unable 

to separate them.65 Therefore, additional techniques such as powder X-ray diffraction 

(PXRD), solid-state nuclear magnetic resonance (SSNMR) and Fourier transform infrared 

spectroscopy (FTIR) should be used to determine the phase composition of an ASD. These 

techniques can provide information on the kinetic miscibility of a mixture. For example, 

phase separation involving a domain size of 5–50 nm may be detected by SSNMR,66 whereas 

such an ASD may be thermodynamically miscible and show a single Tg upon DSC analysis. 

Alternatively, if the components of an ASD are thermodynamically immiscible, they may 

still be kinetically miscible due to intimate mixing of the components during the production 

process, and this can also be determined by SSNMR analysis. Such a formulation would be 

expected to possess good physical stability,67 highlighting the importance of using multiple 

techniques to examine the miscibility of an ASD. 

The miscibility and compatibility of the components of an ASD may also be estimated by 

calculating their Hansen solubility parameters. The Hansen solubility parameter (δt) is a 

combination of partial solubility parameters, which represent the different kinds of 

interactions present in a molecule, i.e. dispersive forces (δd), dipole-dipole interactions 

between polar groups (δp) and hydrogen bonding (δh):
68,69  
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δt = √δd
2 +  δp

2 +  δh
2
                (1.2) 

Two substances that have similar solubility parameters (differing by < 7 MPa0.5) would be 

expected to have a high affinity for each other, and to form a miscible, single phase ASD.69,70 

On the other hand, if there is a difference of more than 10 MPa0.5 in the solubility parameters 

of two components they are likely to be immiscible.71  Hansen’s solubility parameters can 

be found by group contribution calculations, inverse gas chromatography (IGC) or solubility 

studies.38 In the former method, each functional group in a molecule is assigned a weighting 

related to its volume and potential for molecular interactions. The contributions from all of 

the functional groups are then combined to give the total solubility parameter of a 

substance.72 While this is a relatively simple method due to the availability of functional 

group contribution values in the literature, there are a number of limitations to its application. 

For example, it will not give accurate results for salts, and in this case experimental 

approaches such as IGC must be used.72 

1.2.2.2 Solubility and Dissolution of ASDs 

The solubility and dissolution of amorphous drugs may be altered to different extents via 

ASD formation, depending on the stabilizers chosen. ASDs are generally quite porous. This 

allows water to penetrate the particles more easily, increasing the dissolution and drug 

release rates.73 The formulation of a drug as an ASD containing a hydrophilic polymer can 

improve the solubility of a drug due to increased wetting and deagglomeration.74 The 

inclusion of a polymer with self-emulsifying properties, or the addition of a surfactant, would 

also help in this regard.75 

Polymers can improve the dissolution profile of drugs formulated as ASDs by enabling and 

prolonging supersaturation. This process has been analogized by Guzmán et al as a “spring” 

and “parachute”.76 The amorphous nature of an ASD enables rapid dissolution of a drug, 

which therefore acts as a “spring” for the formation of a supersaturated solution. 

Unfortunately, amorphous drugs tend to quickly convert from this high energy state to a more 

stable and less soluble crystal form, leading to precipitation and reduced absorption of the 

API. However, the polymers present in an ASD can inhibit the nucleation and crystallization 



16 

 

of the drug. In this way they act as “parachutes”, helping to maintain supersaturation, and 

thus increase the extent of drug absorption.76 

Polymers can prevent the nucleation and crystal growth of a drug in solution by interacting 

with the drug particles, thereby acting as a physical barrier and preventing the formation of 

drug-drug interactions.45 In order for this to occur, a polymer must interact sufficiently with 

the solute, which requires a balance of hydrophobic and hydrophilic character.  If a polymer 

is too hydrophilic or hydrophobic in comparison to a drug, it is more likely to interact with 

water or other polymer molecules, respectively. In order to maximize the degree of 

nonspecific interactions between a drug and polymer, the two components should have a 

similar hydrophobicity.45 Polymers are more likely to prevent the crystallization of 

supersaturated solutions if they form stronger interactions with the drug, such as hydrogen 

or ionic bonds.77 Therefore, for ionizable drugs, polymers containing oppositely charged 

functional groups are more likely to be effective crystallization inhibitors.78 However, the 

efficacy of such a polymer will also depend on its pKa and the pH of the surrounding medium, 

as this will determine whether it is ionized, and to what extent.79 When a polymer is ionized, 

like charges will self-repulse, reducing the likelihood of polymer-polymer interactions, and 

increasing those between the drug and polymer.45 In contrast, when such a polymer is 

unionized, it may adopt a more compact conformation in solution, leaving a smaller surface 

area available to block the crystal growth sites of the drug.80 In addition to its chemical 

structure, the shape of a polymer may also affect its ability to prevent the crystal packing of 

a drug. For example, those with rigid, bulky side groups are more likely to sterically prevent 

drug molecules from coming into contact with one another.45 Similarly, using a higher 

proportion of polymer, or a polymer with a higher molecular weight, will provide steric 

hindrance to drug diffusion and precipitation.45,81 Such polymers may also form a viscous 

gel-like structure in solution. Although this can reduce the rate of drug dissolution, it can 

also prevent the organisation of drug aggregates into crystal nuclei, allowing them to 

redissolve.82 

ASDs may dissolve rapidly or gradually, depending on their composition. In the former case, 

drug release may be described as dissolution-controlled.83 This is commonly encountered 

when an ASD contains medium-soluble polymers. Upon addition to the dissolution medium, 
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the polymer dissolves rapidly. This is accompanied by the release of the amorphous drug. A 

high degree of supersaturation is thus rapidly produced, followed by nucleation and 

crystallization. Although this can be delayed to some extent by suitable polymers, they will 

be less effective in highly supersaturated solutions due to the increased rate of crystallization. 

Therefore, the drug concentration tends to spike and then fall rapidly with such formulations. 

With ASDs containing medium-insoluble polymers on the other hand, drug release is 

diffusion-controlled. The slower dissolution of the polymer and drug leads to a gradual 

increase in supersaturation and reduces the rate of nucleation and crystallization.83 Although 

this also decreases the maximum achievable drug concentration, it can still enable 

significantly improved drug concentrations to be reached and, importantly, sustained for 

biologically relevant timeframes.84 Therefore, higher oral bioavailability may be achieved 

with ASDs that gradually release the drug rather than those containing fast-releasing, soluble 

polymers.83 

While much of the discussion thus far has focused on polymeric ASDs, amorphous salts 

containing a poorly soluble drug and suitable counterion may also provide a large solubility 

enhancement. Such ASDs will have the combined benefit of their amorphous nature and pH 

effect. In aqueous solutions, salts dissociate, allowing their counterions to alter the pH of the 

local environment. For instance, an acidic counterion will lower the pH of the medium 

surrounding a basic drug, resulting in ionization of the API and thus an improvement in its 

solubility.85 Although the absence of a polymer may limit the duration of supersaturation 

obtained with amorphous salts, the strength of their ionic intermolecular interactions can 

improve their stability in the solid state.86 Amorphous polymeric salts, in which an ionic 

interaction exists between a drug and polymer, would also be expected to remain stable 

during long-term storage.61,87 These ASDs should have a greater ability to inhibit 

crystallization in solution than traditional amorphous salts, however their effect on pH is 

likely to be minimal. 

1.2.3 Methods of Producing Amorphous Solids 

The techniques used to prepare amorphous samples can fall into one of two categories.88 One 

group involves the conversion of a crystalline material into a thermodynamically stable, non-

crystalline, intermediate liquid form. For instance, during spray drying an intermediate 
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solution is rapidly precipitated in order to form an amorphous solid,89 while during quench 

cooling a molten sample is rapidly cooled, freezing its molecules in a disordered state and 

producing a glass.90 Freeze drying and solvent evaporation are other processes that fit within 

this category, which can be considered as the thermodynamic route of amorphous solid 

generation.90 Alternatively, mechanical activation, such as ball milling, can be used to 

directly convert a crystalline solid to its amorphous form over a period of time.88 This method 

of production is also known as the kinetic route.90  

The level of short range order present in an amorphous solid will depend on the method of 

preparation, as will a number of its physicochemical properties. For example, the dissolution, 

water uptake behaviour and stability of otherwise comparable ASDs have been shown to 

vary depending on the techniques used to produce them. This may be due to differences in 

particle size and shape, or the level of disorder and/or extent of drug-polymer interactions 

within a sample.91,92 

For reasons that will be discussed in the following chapters, the main method used to generate 

the amorphous solids described in this thesis was milling, followed by spray drying. A brief 

description of these techniques is given in Sections 1.2.3.1 and 1.2.3.2, respectively. 

1.2.3.1 Milling 

The vast majority of the milling discussed in this thesis was carried out with a planetary ball 

mill. This equipment consists of one or two milling chambers that rotate in a planetary motion 

around the mill. In addition, the chambers rotate in the opposite direction of their supporting 

disc, resulting in substantial centrifugal forces. The milling chambers contain a number of 

balls that collide with the sample and chamber walls. Samples are therefore subjected to a 

combination of compression, shear/attrition, and collision (particle-particle and particle-

chamber wall) impacts, resulting in their comminution and the introduction of crystal 

defects.93  

Although milling is usually used to reduce the particle size of pharmaceutical materials, it 

can also be used to bring about changes in the solid state of a material, as well as reactions 

between components. This is known as mechanochemistry. For example, when 

multicomponent mixtures are subjected to mechanical energy, a new substance, such as a 
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salt or cocrystal, may be formed. During mixing the reactants come into close contact, 

enabling interactions such as hydrogen bonding and proton transfer to occur.94  Importantly, 

milling can also result in the conversion of drugs to their amorphous form. It has been 

hypothesized that the heat generated during milling may result in the amorphization of solids 

due to the occurrence of localized melting and quenching. However, the fact that milling at 

low temperatures facilitates the generation of the amorphous state contradicts this theory.26,95 

The mechanism of amorphization is more likely to be related to the accumulation of crystal 

defects due to the grinding and shearing effects particles are exposed to.95 The mechanical 

energy of a mill can disrupt a drug’s crystal lattice, resulting in an increase in free energy 

and loss of long range order, and may eventually lead to the formation of the amorphous 

phase.26,96  

The operating conditions under which milling is carried out can have a significant impact on 

the solid-state properties of the product. High intensity milling is required to induce the 

defects and disorder necessary to obtain the amorphous state,95 while it is easier to amorphize 

a solid at lower temperatures.97 Milling should at least be carried out below the Tg of a drug 

in order to convert it to the amorphous state.98 If milling is conducted at a temperature above 

the Tg, this can result in the formation of metastable crystal polymorphs instead.97 

Cryomilling is often a more efficient method of producing amorphous drugs than milling at 

room temperature. This process involves the use of liquid nitrogen to keep the temperature 

of the mill below 0 oC, which helps to prevent the crystallization of any amorphous 

material.99 Longer milling times are also associated with greater molecular disorder and a 

reduced crystallization tendency.100 

It is reasonable to assume that ASDs prepared by ball milling will be less homogeneous than 

those produced by processes such as spray drying or melt methods.92,101 With the latter 

techniques, the components are initially present in a liquid form, allowing them to mix at a 

molecular level. This increases the likelihood that a complete glass solution will be formed 

upon particle solidification. In contrast, during milling the crystal lattice of a drug must first 

be disrupted before it can mix intimately with any other ingredients, and there is no guarantee 

that a molecular mixture will be achieved.102 Amorphous milled solids also tend to have a 

higher surface energy than those prepared by other methods. This may be due to an increased 
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surface-to-bulk ratio, changes in the conformation of molecules, and/or increased surface 

exposure of reactive and high energy functional groups upon milling.103 

1.2.3.2 Spray Drying 

The spray drying process begins with the atomization of a solution or suspension of the 

compound of interest, followed by mixing with a drying gas, evaporation of the solvent, and 

collection of the dried particles.104 Spray drying can be used to produce pure amorphous 

drugs, as well as composite formulations, as long as the components are sufficiently soluble 

in a suitable solvent system. The solubility of the drug will determine whether spray drying 

is a practical method for producing the amorphous state, and whether a reasonable yield is 

possible.104  

The physical properties of spray dried formulations will depend on a number of processing 

conditions, as shown in Table 1.1.105 Spray dried formulations generally have a high porosity 

and free volume, which increases the extent and rate of dissolution that they can achieve. 

However, their low density can also make them less stable than amorphous samples produced 

by other methods. The presence of residual solvent in spray dried samples may also reduce 

their Tg and thus stability.106 

Table 1.1. Effect of Spray Drying Conditions on Particle Propertiesa 

Parameter Particle size Particle 

smoothness 

Porosity Residual 

moisture 

Inlet temperature ↑ ↑ ↓ ↓ ↓ 

Drying flow rate ↑ ↓ ↑ ↑ ↓ 

Feed rate ↑ ↓ ↑ ↓ ↑ 

Solute 

concentration ↑ 
↑ ↓ ↓ ↓ 

Solution viscosity ↑ ↑ ↓ ↓ ↑ 

aAdapted from Vasconcelos et al.105 ↑/↓: Increase/decrease in parameter/characteristic. 
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1.3 Ciprofloxacin 

Ciprofloxacin (CIP) is a second generation fluoroquinolone antibiotic with a wide spectrum 

of activity. It has a bacteriostatic effect on bacterial cells by reversibly blocking DNA 

replication and cell growth. This involves the formation of a complex between the drug, the 

enzymes DNA gyrase and topoisomerase IV, and bacterial DNA, which prevents the 

cleavage and re-ligation of DNA.107 CIP also has concentration-dependent bactericidal 

activity, via the production and release of free DNA ends.108 

CIP contains both an acidic and a basic group, and can therefore exist in a number of 

ionization states depending on the pH of its environment. The pKa of the secondary amine 

and carboxylic acid of CIP have been reported as approximately 8.6 and 6.2, respectively.109 

Therefore, in neutral media the drug can exist in either the unionized or zwitterionic form 

(Figure 1.2), although the latter is far more prevalent.110 CIP can also easily convert between 

these forms due to the small difference in the pKa of the carboxylic acid and amino group of 

the molecule.109 In the solid state the drug usually exists as the zwitterion, as its oppositely 

charged groups can participate in extensive intermolecular interactions. This enables dense 

packing of the molecules in the crystal, and increases its stability relative to the unionized 

form of the drug.21 Further details of these intermolecular bonds will be provided in Chapter 

2, along with a thorough description of the crystal structure of both forms of CIP, and their 

interconversion. 

(a) 
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(b) 

 

Figure 1.2. Chemical structure of (a) unionized and (b) zwitterionic ciprofloxacin. 

The strength of a drug’s crystal lattice may be represented by its melting point.21 Given that 

zwitterionic CIP (the commercially available form of the drug) has a high melting point of 

around 270 oC, it is unsurprising that it is poorly water soluble. However, since it is an 

ionizable drug, its solubility will vary with pH, with a minimum around pH 7.5110 (Figure 

1.3). Therefore, CIP most likely dissolves in the acidic environment of the stomach, and is 

then absorbed upon entering the duodenum.111 

 

Figure 1.3. pH-solubility curve of ciprofloxacin. 
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In addition to its poor aqueous solubility, CIP has been classified as a poorly permeable 

drug.112 Its log P has been reported as -0.8,113 whereas a log P of at least 0.8 is recommended 

in order for a drug to be sufficiently permeable in vivo.114 CIP therefore falls within the 

specifications of a BCS class 4 drug.113 The low log P of CIP may be explained by the fact 

that only the unionized form of the drug will partition into an organic phase.115 In aqueous 

solution, zwitterionic CIP molecules associate head-to-tail into “stacks”, which are further 

stabilized by hydrogen bonding with water molecules. Although the formation of these stacks 

results in partial charge neutralization,116 it is still unlikely that they will approach a lipid 

membrane.117 However, the drug is also believed to be partly absorbed in the zwitterionic 

form in vivo via the paracellular route, as it can pass through the water-filled channels 

between intestinal epithelial cells.118 Similarly, CIP may enter bacterial cells in the 

zwitterionic form by passing through water-filled porins, whereas only the unionized form 

can diffuse across the lipid bilayer.119 Although the paracellular route is reportedly 

responsible for almost 20% of CIP’s transport at pH 6.5,118 the majority of CIP is believed 

to be absorbed via the transcellular pathway. While zwitterionic CIP is too hydrophilic to 

directly diffuse across the cell membrane, it is believed to undergo intramolecular proton 

transfer in the area adjacent to the phospholipid bilayer. The reduced dielectric constant and 

greater lipophilicity of this region facilitate the conversion of CIP to the more lipophilic 

unionized form,15,109,120 which can cross the cell membrane with relative ease.117 

1.3.1 Ciprofloxacin Formulations 

Due to the poor solubility of CIP, no formulations containing the pure drug are available on 

the Irish market. Instead, the vast majority of products contain the hydrochloride salt, CIP 

HCl. This salt is available as 250, 500 and 750 mg tablets for oral administration, and in ear 

drops at a concentration of 3 mg/ml. The lactate salt of CIP is also available as a solution for 

infusion. CIP HCl is far more soluble than the pure drug in water, however their solubility is 

comparable in phosphate buffer. Although CIP HCl has been classified as a BCS class 4 

drug,121 the bioavailability of CIP following oral administration of this salt has been reported 

to be approximately 69%.122 

Salt formation is clearly a suitable formulation option for CIP, and has been the focus of a 

number of research studies. Like the commercially available salts, these compounds all 
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contain acidic counterions, which interact with the protonated secondary amine of the drug. 

When the carboxylic acid of CIP is unionized, it forms an intramolecular hydrogen bond 

with the neighboring ketone group. For this reason, the pKa of the carboxylic acid is 

unusually high,109 and therefore this group is less likely to be involved in salt formation than 

the piperazine group of CIP.  

The mesylate, gluconate and glycolate salts of CIP were recently shown to greatly improve 

the solubility of the drug, over and above that of CIP HCl, in water and simulated biological 

fluids.123 CIP salts have also been produced using malonic, tartaric, oxalic, citric, succinic, 

maleic, fumaric and adipic acid. These formulations also improved the aqueous solubility of 

the drug and resulted in faster dissolution.124–126 In addition to disrupting the crystal lattice 

and removing the dipole of CIP, such salts generate a low pH when they dissolve, which 

further increases the solubility of the drug. 

Regarding amorphous formulations of CIP, there is little in the literature on this topic, while 

no mention of pure amorphous CIP could be found at all. Amorphous salts were produced 

by Paluch et al by spray drying and ball milling, respectively, a 1:1 and 2:1 mixture of CIP 

and succinic acid. Both salts significantly increased the solubility of the drug, however they 

were unstable in the presence of water, and crystallized during vapor sorption and solubility 

studies.125 CIP nanoparticles prepared by Cheow et al were found to have a dissolution rate 

two times greater than the pure crystalline drug. These were prepared by mixing a solution 

of CIP in acetic acid with a solution of dextran sulphate and NaCl, and freeze drying the 

resulting suspension.127 Although the authors claimed that these particles were amorphous, 

a slight peak is visible in their PXRD pattern, indicating the presence of residual crystallinity. 

In contrast, fully X-ray amorphous microparticles were successfully prepared by Osman et 

al by spray drying acidic solutions containing CIP and various concentrations of chitosan, 

dextran sulphate, or a combination of both polymers. The appearance of a new peak at 1716 

cm-1 in the FTIR spectra of these ASDs suggested the formation of ionic interactions between 

the components. The authors also hypothesized that CIP may have formed salts with the 

acids present in the spray dried solutions. While the in vitro release of CIP was significantly 

improved by most of the spray dried ASDs, the release of the drug was hindered in some 

cases due to the formation of a thick polymer gel.128 
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1.3.2 Enrofloxacin 

Enrofloxacin (ENRO) is a fluoroquinolone with a chemical structure very similar to that of 

CIP (Figure 1.4). Although the chemical formulae of the two drugs resemble each other 

closely, the additional ethyl substituent attached to the piperazine ring of ENRO results in 

distinct physical, chemical and biological properties. One of the most notable differences 

between anhydrous CIP and ENRO is that the former drug exists in the zwitterionic form in 

the solid state, whereas the latter is unionized.129 It is therefore reasonable to assume that 

ENRO possesses a weaker crystal lattice than CIP, due to the absence of intermolecular ionic 

interactions. This may affect the solid state properties of ENRO, and make it easier to 

amorphize. This will be examined further in Chapter 6. 

 

Figure 1.4. Chemical structure of enrofloxacin. 

The pKa of the carboxylic acid of ENRO is very similar to that of CIP, with a value of 

approximately 6.3.130 As with the unionized form of CIP, this group participates in an 

intramolecular O−H•••O hydrogen bond with the neighboring ketone.129 The presence of an 

ethyl substituent on the terminal amine of ENRO reduces the basicity of this group, giving it 

a pKa of approximately 7.8. While the equivalent amino group of CIP participates in salt 

formation, the tertiary amine of ENRO may be less likely to interact with acidic counterions 

due to its lower basicity. However, a number of ENRO salts were successfully prepared by 

Karanam et al using highly ionizable acids, such as maleic, fumaric, succinic, oxalic and 

acetic acid.129 The ability of ENRO to form ASD formulations by interacting with various 

polymers will also be investigated in Chapter 6. 
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Although ENRO is unionized in the solid state, in neutral solution it primarily exists as the 

zwitterion. Like CIP, it is practically insoluble in water, and is least soluble around pH 7.4.131 

The extra ethyl group of ENRO increases the lipophilicity of the drug, resulting in a log P of 

approximately 0.6.132 However, ENRO was found to be more soluble than CIP at neutral 

pH,132 perhaps due to its weaker crystal lattice. The higher permeability of ENRO compared 

to CIP has also been confirmed by rat in situ permeability studies.130 Due to safety concerns, 

ENRO is only licensed as a veterinary medicine. Therefore, the extent to which the drug is 

absorbed in humans is unknown. Regarding other mammals, the bioavailability of ENRO 

varies widely depending on the species of animal treated. For example, while the drug is 

highly absorbed in pigs and dogs, a bioavailability of only approximately 34% was obtained 

in kittens. In general, ENRO has a higher oral bioavailability than CIP in small animals and 

horses. The drug is also primarily metabolized to CIP in vivo.133 

 

1.4 Project Aims 

Amorphization has proven to be a very effective means of improving the solubility of a 

variety of compounds.27 To date, much of the research in this area has focused on a limited 

number of poorly soluble drugs with properties amenable to amorphization. Due to the 

scarcity of published research concerning CIP, the overall aim of this project was to produce 

a number of amorphous formulations of this API, in order to improve its pharmaceutical 

properties. 

Before focusing on composite formulations, a greater understanding of the behavior of the 

CIP molecule in the solid state was required. For instance, while the crystal structure of the 

unionized and zwitterionic form of CIP have been described independently, a head-to-head 

comparison has not been carried out. The ability of CIP to transform from one form to the 

other in the solid state has also not been investigated. These topics are therefore examined in 

Chapter 2. In this chapter attempts to produce pure amorphous CIP are also described for the 

first time. The solid state properties of the amorphous form of the drug are then determined, 

in order to provide a reference point for subsequent studies of CIP ASDs. 
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It is well known that polymers can significantly improve the solubility and stability of 

amorphous drugs. Therefore, a major aim of this project was to prepare polymeric ASDs of 

CIP. A number of polymers were screened for their suitability in this regard, as described in 

Chapter 3. In order to determine the viability of the resulting ASDs, their physical stability, 

solubility, dissolution and permeability are also investigated. Finally, the minimum 

inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the 

dispersions are compared to those of CIP to ensure that the pharmacology of the drug was 

not adversely affected by its formulation as an ASD. 

Chapter 4 continues the work carried out by Paluch et al on CIP/succinic acid amorphous 

salts.125 The authors found these salts to be significantly more soluble than crystalline CIP, 

however they were not particularly stable when exposed to water. The main goal of the work 

described in Chapter 4 was to improve the stability of these salts by combining them with a 

polymer. In addition to their stability, the solid state properties of these polymer/amorphous 

salt solid dispersions are also examined. Their solubility and permeability are then compared 

to those of the original salts to determine whether the addition of polymer had any effect on 

these properties. 

A number of studies have recently demonstrated the suitability of amino acids as stabilizers 

for ASDs. In Chapter 5 the ability of a variety of amino acids to fulfill such a function for 

CIP is explored. Given that all amino acids contain a carboxylate and secondary amine 

functional group, as well as additional side chain groups, there are a number of possible 

means by which they could interact with CIP. Therefore, a major objective of Chapter 5 was 

to investigate the nature of the interactions present between the drug and amino acids in the 

ASDs. The behavior of the formulations when heated or exposed to water vapor is also 

examined, as well as their solubility and permeability. 

Unlike the previous chapters, Chapter 6 focuses on another fluoroquinolone, ENRO, which 

is an analogue of CIP. The primary purpose of this work was to produce ASDs of ENRO, 

and in doing so to determine whether the ethyl substituent of the drug affects its ability to 

interact with polymers. The solid state properties of anhydrous ENRO and the successfully 

prepared ASDs are also analyzed, and their water uptake behavior is compared to crystalline 
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CIP and the equivalent CIP ASDs. The effect of ASD formation on the solubility, dissolution, 

MIC and MBC of the drug is then examined. 

Finally, Chapter 7 contains a general discussion of the research conducted for this project, 

and the conclusions that may be drawn from it. This is followed by a synopsis of the main 

findings of the work, and an outline of possible future studies that may be initiated by it. 
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Chapter 2: The Two Faces of Ciprofloxacin: Investigation of Proton 

Transfer in Solid State Transformations 

  



30 

 

2.1 Introduction  

Ciprofloxacin (CIP), or 1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1,4-

dihydroquinoline-3-carboxylic acid, is a second generation fluoroquinolone that was first 

marketed in 1986. It is a wide spectrum antibiotic, with high activity against Gram-negative 

species of bacteria and good-to-moderate activity against Gram-positive species.134,135 It is 

also effective against atypical organisms such as Legionella pneumophila, Chlamydia 

trachomatis, Mycobacterium tuberculosis and Mycoplasma hominis.136,137 Anhydrous CIP is 

an interesting molecule, as it can exist in two different forms: the unionized form (Figure 

2.1a) and the zwitterion (Figure 2.1b). However, it is the zwitterion that is usually present 

in the solid state, and that is available commercially. The crystal structures of the unionized 

form of CIP and the zwitterion  have been described by Mahapatra et al and Fabbiani et al, 

respectively.138,139 

(a) 
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(b) 

 

Figure 2.1. Chemical structures with atom labels of (a) unionized CIP and (b) zwitterionic 

CIP. 

In solution, the carboxylic acid and secondary amine of CIP can ionize, depending on the pH 

of the surrounding media. In the neutral pH range CIP is predominantly zwitterionic and has 

an overall neutral charge, making it practically insoluble in aqueous media.140 The solubility 

of CIP in water has been reported as 0.06 and 0.08 mg/ml at 25 oC and 37 oC, respectively.125 

CIP is also poorly soluble in other common solvents such as ethanol, methanol, propanol, 

dichloromethane, acetone and chloroform.141,142,143 

The poor solubility of CIP may also be attributed to the strength of its crystal lattice, resulting 

in solid-state limited solubility. Intermolecular interactions, such as hydrogen bonding, Van 

der Waals and − interactions, inhibit the dissociation of drug molecules from the crystal 

lattice upon addition to water.113 As described in Chapter 1, one method of improving the 

solubility of such drugs is amorphization. The amorphous form does not possess long range 

order, and is the most energetic solid state.34,144 Amorphous drugs are therefore more soluble 

than their crystalline counterparts, as less energy is required for the molecules to enter 

solution.145 However, unlike many other poorly soluble drugs, the preparation of pure 

amorphous CIP has not been described in the literature. In contrast, the production of other 

fluoroquinolones in the amorphous state has been more extensively reported. Norfloxacin, 

which possesses an ethyl group in the place of CIP’s cyclopropyl group, has been produced 
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in the pure amorphous form via spray drying and quench cooling. This form of the drug was 

found to be in the unionized state, whereas anhydrous crystalline norfloxacin is 

zwitterionic.146,147 Amorphous moxifloxacin HCl and levofloxacin HCl have also been 

prepared by spray drying and solvent evaporation, respectively,148,149 whereas gemifloxacin 

has been synthesized in the amorphous form.150  

Due to the absence of research in this area, the primary aim of this study was to prepare the 

pure amorphous form of CIP. Ball milling, cryomilling and spray drying were attempted for 

this purpose. Powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC) and 

Fourier transform infrared spectroscopy (FTIR) were used to confirm the amorphous nature 

or otherwise of the resultant samples and their ionization state, and to find the Tg of CIP. CIP 

has been reported to undergo thermal decomposition following melting,125 however this has 

never been fully investigated. In order to rule out the use of melting techniques, such as 

quench cooling, for the amorphization of CIP, its degradation upon heating to the onset and 

endset of melting was studied. The effect of such heating on its ionization state was also 

determined. In order to gain a better understanding of the unionized and zwitterionic forms 

of the drug, their crystal structures and chemical stability were examined via crystallographic 

and computational analysis. Finally, the effect of water uptake on the unionized form of CIP 

was explored using dynamic vapor sorption (DVS).  

 

2.2 Experimental Section 

2.2.1 Materials 

Anhydrous ciprofloxacin was obtained from Carbosynth Limited, Berkshire, UK. 

Acetonitrile was obtained from Sigma-Aldrich Ireland Ltd., Arklow, Ireland. All other 

chemicals and solvents were of analytical grade. 
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2.2.2 Methods 

2.2.2.1 Production of Amorphous Ciprofloxacin 

2.2.2.1.1 Ball Milling  

CIP was ball milled (BM) at room temperature (RT) using a Retsch planetary ball mill PM 

100 (Haan, Germany). 2 g of powder was added to 50 ml stainless steel grinding bowls. 

Three stainless steel milling balls 20 mm in diameter and weighing 32 g each were used. The 

drug was milled for 6 hours in total, in intervals of 15 min with 10 min breaks in between. 

After 1, 2, 4 and 6 hours, small samples of powder were taken for analysis by PXRD. 

2.2.2.1.2 Cryomilling 

A Retsch CryoMill (Haan, Germany) was used to cryomill 0.5 g of CIP. The drug was sealed 

in a grinding jar and immersed in liquid nitrogen for a few minutes. CIP was then milled for 

6 cycles, consisting of 3 min of grinding followed by a 2 min break. 

2.2.2.1.3 Spray Drying 

Spray drying was carried out by Dr. Lidia Tajber in Trinity College Dublin (TCD). A Büchi 

B-290 mini spray dryer (Flawil, Switzerland) with a 1.5 mm cap and 0.7 mm tip was used to 

spray dry CIP. The pump speed was set to 30% (9–10 ml/min), and the aspirator to 100%. A 

mixture of nitrogen (with a pressure of 6 bar) and air was used as the drying gas. Two 

different solvents were used to produce pure spray dried (SDD) CIP. In the first case, an 

excess of the drug was added to 1 L of a 9:1 mixture of ethanol and water, which was stirred 

overnight. The next day the solution was filtered to remove any undissolved drug, and then 

spray dried using an inlet temperature of 78 oC. This procedure was then repeated using pure 

water and an inlet temperature of 100 oC. 

2.2.2.2 Solid-State Characterization 

2.2.2.2.1 Powder X-ray Diffraction (PXRD) 

PXRD was carried out at RT (22–25 oC) using a benchtop Rigaku MiniflexII X-ray 

diffractometer (Tokyo, Japan) and a Haskris cooler (Illinois, USA). The samples were 

scanned from 5 to 40 2θ degrees with a step width of 0.05, scan rate of 0.05o/sec and signal 
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collection time per step of 1 sec. The tube (Cu, 1kW normal focus) output voltage and current 

were 30 kV and 15 mA, respectively. 

2.2.2.2.2 Differential Scanning Calorimetry (DSC) 

DSC was carried out using a Mettler Toledo DSC (Schwerzenbach, Switzerland) with a RP-

100 LabPlant refrigerated cooling system (Filey, UK), which was calibrated using an indium 

standard. The purge gas used was nitrogen. Approximately 5–10 mg samples were analyzed 

in sealed 40 µl aluminum pans with pierced lids. All samples were heated from 25 to 300 oC 

at 10 oC/min. Mettler Toledo STARe software (version 6.10) was used to analyze the 

thermograms. 

2.2.2.2.3 High-Speed DSC (HSDSC) 

HSDSC was performed by Dr. Lidia Tajber in TCD using a PerkinElmer Diamond DSC 

(Waltham, MA, USA) and ULSP B.V. 130 cooling system (Ede, Netherlands). The 

instrument was calibrated using an indium standard. Approximately 3–5 mg samples were 

analyzed in 40 µl aluminum pans with sealed aluminum lids. A helium gas flow of 60 ml/min 

was controlled with a PerkinElmer Thermal Analysis Gas Station. Crystalline and cryomilled 

CIP were heated from 25 to 300 oC at 50–500 oC/min. To allow for water evaporation, 

cryomilled CIP was first heated from 25 to 70 oC, allowed to cool to 25 oC, and then reheated 

to 300 oC. 

2.2.2.2.4 Temperature-Modulated Differential Scanning Calorimetry (StepScan) 

A PerkinElmer Diamond DSC, as described above, was used to detect the Tg of amorphous 

CIP by Dr. Lidia Tajber in TCD. Nitrogen was used as the purge gas at a flow rate of 40 

ml/min. Samples were prepared as described for HSDSC, and were heated at 5 oC/min in 

steps of 2 oC. Between each step the temperature was held constant for 1 min. The specific 

heat of the glass transition was calculated from the enthalpy flow using the area algorithm.  

2.2.2.2.5 Thermogravimetric Analysis (TGA) 

TGA was carried out on crystalline and cryomilled CIP using a Mettler TG50 measuring 

module coupled to a Mettler Toledo MT5 balance (Schwerzenbach, Switzerland). 

Approximately 8–10 mg samples were analyzed in open aluminum pans, using nitrogen as 
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the purge gas. Samples were heated from 25 to 300 oC at a rate of 10 oC/min. Mettler Toledo 

STARe software (version 6.10) was used to analyze the thermograms. 

2.2.2.2.6 Solid-State Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was performed using a Spectrum One FT-IR spectrometer (PerkinElmer, Connecticut, 

USA) equipped with Spectrum Software version 6.1. A spectral range of 450–4000 cm-1, 

resolution of 4 cm-1, scan number of 10 and scan speed of 0.2 cm/sec were used. KBr disks 

were produced by direct compression, using a pressure of approximately 10 bar for 1 min. A 

sample loading of 1% was used. Deconvolution of the carbonyl region of the spectra (1770–

1550 cm-1) was conducted in order to separate overlapping bands. Following subtraction of 

the baseline, Gaussian peak fitting was carried out on the spectra using OriginPro 7.5 

software. In each case four to five overlapping peaks were detected in this region. Their 

combined area and shape were close to those of the original bands. 

2.2.2.3 Thermal Degradation Study 

Crystalline CIP was heated to the onset (~ 265 oC) and endset (~ 276 oC) of melting at 10 

oC/min using a Mettler Toledo DSC. Cryomilled CIP was also heated to the melting endset 

(~ 284 oC). Crystalline CIP was then heated by HSDSC to 300 oC at 500 oC/min using a 

PerkinElmer Diamond DSC. The samples were diluted with mobile phase and analyzed by 

HPLC. The entire study was carried out at least in triplicate for each sample. 

2.2.2.4 High-Performance Liquid Chromatography (HPLC) 

The content of CIP was measured with a Shimadzu 10Avp HPLC system (Kyoto, Japan). A 

Luna 5u C8 column was used, with a length of 250 mm, internal diameter of 4.6 mm and 5 

µm particle size. The mobile phase consisted of 13 volumes of acetonitrile and 87 volumes 

of a 2.45 g/L solution of phosphoric acid, previously adjusted to pH 3.0 with triethylamine. 

An injection volume of 10 µl and flow rate of 1.5 ml/min for 17 min was used. A Shimadzu 

SPD-10Avp UV-vis detector at 278 nm was used to detect the drug. A standard curve was 

prepared in order to find the concentration of CIP. 
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2.2.2.5 Dynamic Vapor Sorption (DVS) 

DVS analysis was carried out on partially amorphous CIP that had been spray dried in 

ethanol/water, using an Advantage-1 automated gravimetric vapor sorption analyzer 

(Surface Measurement Systems Ltd., London, UK). The temperature was maintained at 25.0 

± 0.1 °C. Approximately 10 mg of powder was added to the sample basket and placed in the 

instrument. This was equilibrated at 0% relative humidity (RH) until a constant mass was 

obtained (dm/dt ≤ 0.002 mg/min). The reference mass was recorded and sorption-desorption 

analysis was then carried out between 0 and 90% RH, in steps of 10% RH. At each stage, 

the sample mass was equilibrated (dm/dt ≤ 0.002 mg/min for at least 10 min) before the RH 

was changed. An isotherm was calculated from the complete sorption and desorption profile. 

The sample was analyzed by PXRD when it reached 80% RH (during the sorption stage) and 

also when it returned to 0% RH at the end of the study. 

2.2.2.6 Crystallographic Analysis 

The crystallographic data was analyzed by Dr. Lidia Tajber and Naila Mugheirbi in TCD 

using PLATON (version 150216),151 CrystalExplorer (version 3.1)152 and Mercury (version 

3.5.1)153 using the 2015 version of the Cambridge Structural Database (CSD) software. 

2.2.2.7 Computational Methods 

Gaussian03 software154 was used by Dr. Lidia Tajber in TCD to optimize the structures of 

unionized CIP (gas phase) and zwitterionic CIP (water). Due to the instability of zwitterionic 

CIP in the gas phase, solvation effects during minimization of this structure were achieved 

implicitly through application of the integral equation formalism polarizable continuum 

model (IEFPCM). The B3LYP/6-311++G(d,p) level of density functional theory was applied 

in all cases. No constrains on the geometry of molecules was imposed. Initial geometries 

were minimized using the 6-31++G(d,p) basis set and re-optimized. The GaussView03 

package was then applied to visualize the frontier molecular orbitals and Mulliken charges. 

The following global electronic descriptors were calculated according to Koopmans’ 

theorem,155 assuming that electron affinity (A) can be expressed in terms of HOMO (highest 

occupied molecular orbital) orbital energy (EHOMO), while ionization energy (I) can be 

expressed as LUMO (lowest unoccupied molecular orbital) orbital energy (ELUMO). 
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Therefore, global reactivity descriptors, including energy band gap (ΔE), absolute electron 

negativity (χ), chemical potential (µ), absolute hardness (η), global softness (S) and 

electrophilicity index (ω) can be determined using equations 2.1−2.6:156,157 

∆E = (I − A)                  (2.1) 

χ =
I+A

2
                  (2.2) 

μ =  −χ                  (2.3) 

η =  
I−A

2
                 (2.4) 

S =  
1

η
                   (2.5) 

ω =  
μ2

2η
                  (2.6) 

2.2.2.8 Statistical Analysis 

Statistical analysis was carried out using Minitab 16 software. Data was analyzed using one- 

and two-sample Student t tests, or one-way analysis of variance (ANOVA) with Tukey’s 

multiple comparison test (Tukey’s honestly significant difference, or HSD). A p-value of ≤ 

0.05 was considered significant. 

 

2.3 Results and Discussion 

2.3.1 Crystal Forms of Ciprofloxacin 

As previously mentioned, anhydrous CIP is known to exist in two crystalline forms. It may 

be unionized (CCDC number 757817, CSD refcode UHITOV01)138 or zwitterionic (CCDC 

number 714344, CSD refcode UHITOV).139 Detailed crystallographic information on these 

structures may be found in the publications of Mahapatra et al138 and Fabbiani et al,139 

respectively. The structure overlay of unionized and zwitterionic CIP, produced using the 
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crystal structures from the CCDC (no. 757817 and no. 714344, respectively), is shown in 

Figure 2.2. 

 

Figure 2.2. Structure overlay of unionized (green) and zwitterionic (red) CIP. 

The root mean square deviation (RMSD) is defined as the square root of the mean squared 

error, and provides a measure of the difference between two sets of values. In Mercury the 

RMSD is used to measure the geometric difference between packing features or packing 

patterns in crystal structures. Three pairs of atoms, F1, C1 and C7, were used to compare the 

structures of unionized and zwitterionic CIP, resulting in a RMSD of 0.0264. The distances 

between the equivalent atoms were 0.023 Å for F1, 0.027 Å for C1 and 0.029 Å for C7, 

indicating that there is no significant conformational change between the two forms of CIP 

molecule. 

Unionized CIP belongs to the triclinic crystal system and P-1 space group.138 An O-H•••O 

intramolecular hydrogen bond is formed between the hydrogen of the carboxylic acid and 

the neighboring ketone oxygen (Figure 2.3a). This interaction is also found in CIP salts, 

where it stabilizes the protonated carboxylic acid and reduces the acidity of this group.110 

The unionized drug also contains an intermolecular N-H•••N hydrogen bond between the 

secondary amine groups of neighboring molecules. Therefore, each molecule is part of a 

dimer. In addition, intermolecular interactions between the carbonyl oxygen of the 

carboxylic acid and various C-H groups are present.138 It is important to note that, according 

to Mahapatra et al, the crystal of unionized CIP that was used to obtain the structure shown 

in Figure 2.3a was not of the best quality.138 Therefore, the hydrogen atom of the secondary 
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amine of CIP (H3 according to the numbering system shown in Figure 2.1a) is most likely 

either misplaced or disordered in the structure reported by the authors. 

      (a)            (b) 

 

(c) 

 

(d) 

 

Figure 2.3. Principal hydrogen bond network in (a) unionized CIP and (b) zwitterionic CIP. 

Hirshfeld analysis as fingerprint plots with percent contribution of reciprocal interactions for 

(c) unionized CIP and (d) zwitterionic CIP. 

In zwitterionic CIP, intermolecular ionic bonds are formed between the positively charged 

piperazine amino group and negatively charged carboxylate group of two neighboring 

molecules. This head-to-tail interaction results in the formation of a chain of molecules 

parallel to the a-axis of the unit cell (Figure 2.3b). In addition, adjacent chains are connected 

by strong intermolecular NH+•••O- hydrogen bonds, forming two-dimensional layers which 
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extend along the (-1 0 1) planes of the drug and are not interlinked.139,158 Each CIP molecule 

is therefore linked to both neighboring and adjacent molecules, resulting in a tetramer-like 

structure. Intermolecular C-H − interactions between the aromatic rings and between the 

aromatic ring and cyclopropyl group are also present.158 Such intermolecular bonding 

enables dense packing of the molecules in the crystal and the formation of a strong crystal 

lattice.21 A weak halogen C-H•••F bond is also present in the crystal structures of unionized 

and zwitterionic CIP. A detailed analysis of the H-bonds present in both forms of CIP can be 

found in Table A.1.1. 

Hirshfeld analysis of the crystal packing of unionized and zwitterionic CIP, using the 

fingerprint plot feature, reveals that their crystal structures are stabilized by 23.1% and 32.6% 

of reciprocal O•••H interactions, respectively. The contribution of other principal 

interactions (reciprocal C•••H/H•••C and H•••H) is presented in Figure 2.3c and 2.3d. As 

mentioned above, the crystal structure of unionized CIP that was used for Hirshfeld analysis 

was likely not completely accurate in terms of the position of the H3 atom. Therefore, the 

extremely short H...H contact calculated for the unionized form is unrealistic and likely 

incorrect. The greater contribution of the O•••H interactions in zwitterionic CIP confers 

enhanced stability to the crystal lattice of this form of the drug in comparison to that of 

unionized CIP.159 These combined O•••H and H•••O interactions are visible as “wings” in 

the fingerprint plot in Figure 2.3d. The UNI force-field calculations showed that the total 

packing energy of the crystal structures of unionized and zwitterionic CIP was -129.8 and -

169.4 kJ/mol, respectively (Appendix 1). Therefore, it can be concluded that the zwitterionic 

form of CIP is more stable. This explains the higher theoretical density of 1.50 g/cm3 for the 

zwitterion, compared to 1.45 g/cm3 for unionized CIP, as calculated using PLATON 

software. 

 

2.3.2 Production of Amorphous Ciprofloxacin 

The production of pure amorphous CIP has not been described in the literature to date. This 

is most likely due to the fact that it is not suitable for processing by the most common 

methods of amorphous solid generation. For example, CIP has been reported to decompose 
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after melting,125 which would rule out the use of melting techniques. In addition, due to its 

very low solubility in common solvents, solvent evaporation, spray drying and freeze drying 

are also quite unattractive options. Nevertheless, a number of processing techniques were 

evaluated in terms of their suitability to amorphize CIP. 

2.3.2.1 Ball Milling at Room Temperature 

While milling is often used to micronize drugs, high energy milling can be used to bring 

about changes in the solid state of a drug, such as conversion from the crystalline to the 

amorphous form.54 As can be seen from Figure 2.4, ball milling at RT for 4 hours did not 

produce the fully amorphous form of CIP; however, it did reduce the intensity of the peaks 

seen in PXRD over time. Like the starting material, the peaks of ball milled CIP match those 

of the anhydrous zwitterion. Increasing the duration of milling to 6 hours did not decrease 

the intensity of the peaks further (data not shown). Upon milling, the color of CIP also 

changed from off-white to pale yellow, which can be considered as mechanochromism.160 

 

Figure 2.4. PXRD analysis of (from top to bottom) Unionized: powder pattern of unionized 

CIP calculated from CCDC number 757817; Zwitterionic: powder pattern of zwitterionic 

CIP calculated from CCDC number 714344; CIP: CIP powder starting material; BM,1h, 2h 
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and 4h: CIP powder starting material ball milled for 1, 2 and 4 hours; Cryomilled: CIP 

powder starting material cryomilled; SDD, EtOH: CIP spray dried from water/ethanol 

mixture; and SDD, H2O: CIP spray dried from an aqueous solution. 

The most intense peak in the PXRD pattern of CIP is located at 25.3 2θ degrees. This peak 

corresponds to the (1 2 -1) crystal face, and appears in the diffractogram of all of the samples 

that were produced by milling. The peaks at 14.4 (1 0 -1), 20.7 (1 0 -2) and 16.5 (1 1 1) 2θ 

degrees are the next most intense peaks, and also appear in the PXRD patterns of the milled 

drug. During mechanical stress, such as milling, crystals will fracture along specific 

crystallographic slip planes. This occurs in two possible manners, depending on the shape of 

the crystal. It will either break along its shortest dimension or along a cleavage plane with a 

low attachment energy.161,162 Thus, the fracture of a crystal will occur where the interactions 

between adjacent planes are weakest. Slip planes are also likely to correspond to rigid 

crystallographic planes with a high molecular density and large d-spacing (distance between 

adjacent planes).163 (1 2 -1) seems to be the most likely cleavage plane of the zwitterion, and 

therefore it appears as the most intense peak in the X-ray diffractogram of milled CIP. This 

plane is illustrated in Figure 2.5. 

 

Figure 2.5. Cleavage plane (1 2 -1) of zwitterionic CIP. 

2.3.2.2 Cryomilling 

The inability to generate amorphous CIP by ball milling at RT may be due to the relatively 

high temperature at which the process was carried out. The lower the temperature used for 

milling, the easier it is to amorphize a drug.97 It is also well known that in order to obtain an 
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amorphous product, milling should be performed below the Tg of the drug.98 Therefore, 

cryomilling should be a more efficient method of producing amorphous CIP than milling at 

RT. Cryomilling holds the sample at a temperature below 0 oC, which helps to prevent its 

crystallization during milling.99 However, as shown in Figure 2.4, following cryomilling 

CIP still had some residual crystallinity. The four most prominent peaks of the zwitterion are 

still present in the diffractogram of the cryomilled sample; however, they are less intense 

than those obtained with the drug milled at RT. 

2.3.2.3 Spray Drying 

Spray drying was the final technique attempted in order to produce amorphous CIP. 

Although CIP is described as practically insoluble in water and very slightly soluble in 

ethanol by the British Pharmacopoeia,143 theoretically CIP can be spray dried in these 

solvents. However, a very large volume of dilute solution will be required. The sample of 

pure CIP produced by spray drying in ethanol/water 9:1 (v/v) possessed a small degree of 

residual crystallinity (Figure 2.4). However, in contrast to the partially amorphous CIP 

obtained with the other methods, this form of CIP displayed different PXRD peaks. These 

correspond to the simulated single crystal diffraction pattern of unionized CIP reported by 

Mahapatra et al.138 Since the starting material was zwitterionic, it was the non-aqueous nature 

of the solvent used for spray drying that dictated the CIP form that crystallized from, 

presumably, a fully amorphous intermediate. The most prominent peaks in the PXRD pattern 

of unionized CIP are located at 9 (0 0 1), 14.4 (0 1 1), 23.3 (2 -1 0) and 27 (0 1 -3) 2θ degrees. 

These four peaks also appear in the diffractogram of CIP spray dried in ethanol/water, at a 

low intensity.  

Spray drying in pure water on the other hand successfully yielded CIP that was fully X-ray 

amorphous (Figure 2.4). An earlier attempt to spray dry CIP in water resulted in a partially 

amorphous form of the drug. As with the milled products, the PXRD peaks of this sample 

corresponded to those of zwitterionic CIP (data not shown). Although this method was 

successful at producing fully amorphous CIP, a significant disadvantage of this spray drying 

procedure is that 1 L of solution is required in order to produce just a few milligrams of 

sample. This is therefore a very inefficient method of generating amorphous CIP. 
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2.3.3 Quench Cooling - Thermal Degradation Studies 

It was noted that CIP changes color upon heating. DSC experiments showed that at the onset 

of melting (~ 265 oC) it is pale yellow/beige in color, whereas at the endset (~ 276 oC) it is 

dark brown. The proportion of drug that degraded in each sample under certain heating 

conditions is listed in Table 2.1. The content of CIP in the sample heated to ~265 oC (prior 

to melting) decreased slightly by 5.7 ± 2.5%, however a one-sample t test showed that this 

is not statistically significantly different from the starting material (p = 0.19). In contrast, for 

the CIP sample heated to ~276 oC (up to the endset of melting) it was found that 26.8 ± 8.1% 

of the drug had degraded. This confirms that quench cooling is not a suitable method for the 

production of amorphous CIP, as melting induces an unacceptable level of chemical 

degradation.  

The use of higher heating rates should reduce degradation, as the sample will have less time 

to undergo structural changes.164 Indeed, when a heating rate of 500 oC/min was used, a lower 

degree of degradation of 19.4% occurred. However, this was not statistically significantly 

different from the sample heated at 10 oC/min, according to a two-sample t test (p = 0.29). A 

lower proportion of degradation, of 12.7 ± 6.3%, was obtained with cryomilled CIP, as this 

sample was only heated to the endset of the first melting peak (~273 oC), prior to full 

degradation. ANOVA with Tukey’s multiple comparison test showed that the level of 

thermal decomposition in this sample was statistically significantly different from that of 

crystalline CIP heated to ~276 oC (post-melt)  at 10 oC/min (p = 0.04).   

Table 2.1. Proportion of CIP that Degraded on Thermal Treatment 

Sample % Degraded  

Crystalline CIP  

(heated up to  ~265 oC at 10 oC/min) 5.7 ± 2.5 

Crystalline CIP  

(heated up to  ~276 oC at 10 oC/min) 26.8 ± 8.1 

Cryomilled CIP  

(heated up to  ~273 oC at 10 oC/min) 12.7 ± 6.3 

Crystalline CIP Post HSDSC 

(heated up to ~276 oC at 500 oC/min) 19.4 ± 4.4 
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The TGA plots of crystalline and cryomilled CIP are shown in Figure 2.6. The mass of 

crystalline CIP decreased gradually up to a temperature of approximately 250 oC. Above this 

temperature a steep loss in mass occurred due to thermal degradation, resulting in a total 

mass loss of 12.8%. With the cryomilled sample on the other hand, an initial mass loss of 

6.4% occurred between 25 and 65 oC due to water loss. The mass of this sample also 

decreased steeply above 250 oC due to degradation, leading to a total loss in mass of 17.3%. 

 

Figure 2.6. TGA analysis of crystalline and cryomilled CIP. 

 

2.3.4 Solid-State Fourier Transform Infrared Spectroscopy 

The FTIR spectra of the CIP starting material, amorphous and partially amorphous CIP 

samples are shown in Figure 2.7a. The spectrum of raw CIP contains a peak at 1590 and 

1375 cm-1, corresponding to the asymmetric and symmetric vibrations, respectively, of the 

carboxylate ion.165 The spectrum of CIP that was spray dried in ethanol/water, on the other 

hand, has a clear peak at 1722 cm-1, due to the presence of the COOH group. There may be 

some residual zwitterionic CIP present in this sample however, as small peaks matching 

those of the carboxylate ion of CIP may also be seen at 1590 and 1375 cm-1. The spectra of 

the rest of the amorphous and partially amorphous CIP samples are missing a strong peak 
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above 1700 cm-1, due to deprotonation of the carboxylic acid.166 The asymmetric and 

symmetric vibrations of the COO- group are far weaker than in the crystalline drug; however, 

amorphous solids are known to exhibit broader bands of lower intensity than their crystalline 

counterparts.167 These samples also contain a minor amount of unionized CIP, as a small 

peak can be seen in their spectra at around 1720 cm-1. The peak at approximately 1618 cm-1 

in the spectrum of CIP can be assigned to the C=O stretch of the ketone carbonyl,165 and this 

peak appears in the spectra of all of the partially amorphous samples. 
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Figure 2.7. (a) FTIR spectra of (from top to bottom) unmilled CIP, CIP ball milled for 6 

hours, cryomilled CIP, CIP spray dried from water/ethanol mixture and CIP spray dried from 

water. (b) Examples of peak deconvolution. CIP spray dried from ethanol/water mixture 

(left) and CIP spray dried from water (right). Dotted black line: recorded spectrum; solid 

blue lines: deconvoluted individual Gauss peaks; and solid red line: sum of the component 

peaks. 

The peaks in the carbonyl region of the spectra, from 1770–1550 cm-1, are quite broad, 

leading to overlap. In order to enhance their resolution, the spectra were deconvoluted, with 

Gaussian peak fitting. An example of the deconvoluted FTIR spectra obtained with spray 

dried CIP is shown in Figure 2.7b. In each case 4–5 peaks were found in the region 

examined, due to different vibrations of the carbonyl groups. For all four of the disordered 

samples, a peak of low area is present between 1680 and 1760 cm-1, which corresponds to 

the unionized COOH group. This confirms the presence of a small amount of unionized CIP 

in all of these samples. The ratio of the area of the peak appearing at 1600–1680 cm-1 to that 

featuring between 1680 and 1760 cm-1 can be used to compare the proportion of unionized 
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carboxylic acid present in the four samples. As suggested by the FTIR spectra shown above, 

the lowest ratio was obtained with CIP that was spray dried in ethanol/water, which was 

equal to 3.9. This was followed by cryomilled CIP, at 9.5. A much lower proportion of 

unionized CIP was present in the samples prepared by ball milling at RT and spray drying in 

pure water, which had a ratio of 26.5 and 25.3, respectively. As previously mentioned, the 

peak at approximately 1590 cm-1 corresponds to the asymmetric vibration of the carboxylate 

ion.165 This peak is present at 1583–1590 cm-1 in all of the spectra, confirming the presence 

of the zwitterion. Two peaks were found in this area for CIP that was ball milled at RT and 

that which was spray dried in ethanol/water. This may be due to the participation of this 

group in hydrogen bonding. 

NH2
+ stretching vibrations are present as weak bands at 2400–2600 cm-1 in the spectra shown 

in Figure 2.7a. Similar bands can be found in the FTIR spectra of CIP salts, in which the 

piperazine secondary amine is also ionized.125,168 This peak appears to be absent from the 

sample spray dried in ethanol/water. These spectra therefore confirm the results of the PXRD 

analysis above, that is, that the CIP raw material, as well as the samples obtained by ball 

milling, cryomilling and spray drying in pure water, are zwitterionic. The CIP which was 

spray dried in ethanol/water, on the other hand, is largely unionized. 

 

2.3.5 Conventional Thermal Analysis 

DSC thermograms (using a heating rate of 10 oC/min) of amorphous and partially amorphous 

CIP, produced by the different methods described above, are shown in Figure 2.8. The CIP 

starting material displayed a sharp melting endotherm at 271.9 oC. In contrast, the drug that 

was ball milled at RT had a broad melting peak, at a lower temperature of 263.4 oC, as it is 

more disordered than the fully crystalline starting material. There appears to be a slight 

exothermic event in the thermogram of this sample at about 104 oC, due to crystallization of 

the amorphous material present. 
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Figure 2.8. Conventional DSC thermograms of (from top) unmilled CIP, CIP ball milled for 

6 hours, cryomilled CIP, CIP spray dried from water/ethanol mixture and CIP spray dried 

from water (left). The panel on the right shows the PXRD diffractograms of cryomilled CIP 

heated to various temperatures. 

The DSC thermogram of cryomilled CIP shows a larger crystallization peak, at 103 oC. 

Interestingly, two endothermic peaks, at 266 oC and 278 oC, are also present. This sample 

was further investigated by heating it to various temperatures in the DSC instrument, and 

then immediately analyzing the sample by PXRD (Figure 2.8). As described above, the 

PXRD diffractogram of cryomilled CIP displayed small peaks corresponding to the 

zwitterion. At the endset of crystallization (110 oC) and prior to the onset of the first melting 

peak (251 oC), the drug was found to be in the same ionized state, with an increase in 

crystallinity occurring as the temperature increased. However, following both the first (270 

oC) and second (276 oC) endothermic peaks, the drug was in the unionized state. FTIR 

analysis (data not shown) confirmed the ionization state of CIP, with the unionized 

carboxylic acid group producing a peak at 1726 cm-1. Therefore, heating this form of CIP to 

a temperature near its melting point enables intramolecular proton transfer from the 

protonated piperazine amino group to the carboxylate anion. 

These results are similar to those obtained by others with the crystalline zwitterionic form of 

CIP. Turel et al found that, when heated to 270 oC (before the drug melts or begins to 
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decompose), the carboxylate absorbance bands in the FTIR spectrum of the drug disappear 

and are replaced by the characteristic peak of a carboxylic acid carbonyl.169 This is due to 

the conversion of the zwitterion to the unionized form, although this was not explicitly stated 

by the authors. This transformation was also found to occur with CIP hexahydrate upon 

heating to 280 oC.166 Similarly, Mahapatra et al claimed that heating CIP to 250 oC resulted 

in the reversible formation of unionized CIP, as shown by PXRD.138 However, in this case 

the changes in the PXRD pattern were incorrectly attributed to dehydration and hydration of 

the drug, rather than intramolecular proton transfer. In order to replicate Mahapatra et al’s 

results, CIP was heated to 250, 260, 265 and 270 oC by DSC, then immediately analyzed by 

PXRD. However, at each stage the drug was found to still be in the ionized state. In contrast, 

when CIP was heated to the endset of melting (approximately 285 oC) and allowed to cool it 

was found to be X-ray amorphous (Figure 2.9a). When this sample was analyzed by DSC a 

Tg could be seen at 94.5 oC (Figure 2.9b). Its FTIR spectra also contained a peak at 1724 

cm-1, which corresponds to the unionized COOH group of CIP (Figure 2.9c). This confirms 

that CIP converted to the unionized form. 
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Figure 2.9. (a) PXRD (b) DSC and (c) FTIR analysis of quench cooled CIP. 
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The samples of CIP that were spray dried in ethanol/water and pure water also had broader 

and lower melting peaks than the crystalline drug, at 270.6 and 266.2 oC, respectively 

(Figure 2.8). Although the Tg’s of these samples are difficult to distinguish, they appear to 

be located between 80 and 100 oC. Crystallization occurs soon after the glass transition, 

suggesting that the samples are thermally unstable. Temperature-modulated DSC (StepScan) 

was used to find the Tg of the fully amorphous CIP that was spray dried in pure water. This 

technique is more sensitive to changes in specific heat capacity, such as glass transition 

events, than standard DSC. It can therefore be used to accurately detect weak, broad or 

irregularly shaped glass transitions.170 This allowed the detection of the Tg of CIP at 86.7 oC. 

 

2.3.6 Investigation of Proton Transfer in CIP 

HSDSC was used to analyze the partially amorphous cryomilled CIP. The use of a higher 

heating rate increases the sensitivity of the instrument, and produces a larger step change in 

the thermogram during the glass transition. Despite this, the Tg could not be seen clearly with 

a heating rate of 50–200 oC/min. However, when this was increased to 300 oC/min a glass 

transition was visible at 88.0 oC (Figure 2.10a). This was soon followed by crystallization, 

which shows that the sample has poor thermal stability. Increasing the heating rate did not 

have a significant effect on the crystallization temperature of the sample, with the onset 

remaining between 97.5 and 99.7 oC for all runs. This is unusual, as crystallization is 

generally a function of temperature and time. Therefore, the peak observed in the 

thermogram would be expected to shift to higher temperatures if the heating rate is 

increased.171 The crystallization temperature may have remained constant due to the sample 

having a low energy barrier for crystallization. Regardless of the heating rate used, 

cryomilled CIP also displayed two endothermal peaks. 
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Figure 2.10. HSDSC of (a) cryomilled CIP and (b) crystalline CIP (as received).  

Crystalline CIP was then analyzed by HSDSC, with heating rates of 50–500 oC/min. In DSC 

the change in heat flow signal seen during a transition is proportional to the heating rate. 

Therefore, high heating rates can be used to detect low energy transitions. At heating rates 

of up to 400 oC/min, a single melting peak was obtained (Figure 2.10b). However, heating 

at 500 oC/min enabled the elucidation of two endothermic peaks, with onsets at 269.3 and 

275.6 oC. These can be attributed to the transition of the zwitterion to the unionized form, 

followed by its melting. A similar endothermic peak was seen in the DSC thermogram of 

crystalline norfloxacin immediately prior to melting, due to a solid-solid phase transition.146 

In contrast to conventional DSC, following HSDSC at 500 oC/min, CIP was still crystalline; 

however, its PXRD pattern matched that of unionized CIP. 

The conversion of zwitterionic CIP to the unionized form is clearly a function of physical 

disorder in the sample. While both samples showed this transition, a much higher heating 

rate was required to visualize this event with crystalline CIP. Computational analysis was 

therefore performed to investigate the relative chemical stability of unionized and 

zwitterionic CIP. HOMO and LUMO are key parameters related to the reactivity and 

chemical stability of molecules. The energy gap between HOMO and LUMO helps to 

describe the chemical behavior and electrical properties of molecules, with lower energies 

indicating higher reactivity and lower stability.156 Electron density on the HOMO/LUMO 

frontier orbitals of unionized CIP is distributed through various parts of the molecule. The 
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HOMO resides on the piperazine residue and in part on the quinoline ring, while the LUMO 

sits mainly on the quinoline system, stretching as far as the carboxylic acid group (Figure 

2.11). In zwitterionic CIP on the other hand, the HOMO/LUMO are arranged only around 

the quinoline ring (Figure 2.11). The HOMO/LUMO energy gap for unionized and 

zwitterionic CIP, based on the computed structures, is 2.939 and 3.020 eV, respectively 

(Table 2.2). The zwitterion is therefore slightly more stable, although the difference in 

reactivity between the two forms of the drug is small. The greater stability of zwitterionic 

CIP is also reflected in the fact that its HOMO/LUMO is centered around the quinoline ring 

and not on the groups with the highest electron donor/acceptor capacity, in contrast to 

unionized CIP.  

Global reactivity parameters, such as absolute electron negativity (χ), chemical potential (µ), 

absolute hardness (η), global softness (S) and electrophilicity index (ω), listed in Table 2.2, 

also indicate the greater stability of zwitterionic CIP. Hardness is a measure of resistance to 

change in the electron distribution in a molecule.172 Therefore, higher values of hardness 

(and lower values of softness) suggest that a system is more stable. The chemical potential 

and electrophilicity index parameters provide an estimate of the propensity of an electrophile 

or nucleophile to give or accept an electron. Lower values of µ and ω are typical of a 

nucleophile (in this case zwitterionic CIP), while unionized CIP will exhibit electrophilic 

properties, confirming that proton transfer will occur from the (positively) charged 

piperazine nitrogen onto the carboxylate group. From the crystal lattice of zwitterionic CIP 

(Figure 2.3), it can be deduced that the intermolecular ionic interactions between the ionized 

molecules should facilitate such a transfer. As previously discussed, the crystal structures of 

unionized and zwitterionic CIP differ quite substantially. Unionized CIP consists of dimers 

connected by head-to-head N-H•••N hydrogen bonds, while the molecules in zwitterionic 

CIP form head-to-tail N-H2
+•••-OOC hydrogen bonds with both neighboring and adjacent 

molecules. Therefore, transformation between the two forms of the drug will involve 

reorientation of the molecules as well as proton transfer. 
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Figure 2.11. HOMO (left) AND LUMO (right) of unionized CIP (top) and zwitterionic CIP 

(bottom). 

 

Table 2.2 Global Reactivity Parameters of Unionized and Zwitterionic CIP 

 EHOMO 

(eV) 

ELUMO 

(eV) 

ΔEa 

(eV) 

χb µc ηd Se ωf 

Unionized 

CIP 

-8.762 -5.823 2.939 7.293 -7.293 1.469 0.340 18.097 

Zwitterionic 

CIP 

-8.871 -5.850 3.020 7.361 -7.361 1.510 0.331 17.938 

aΔE: energy band gap; bχ: absolute electron negativity; cµ: chemical potential; dη: absolute 

hardness; eS: global softness; and fω: electrophilicity index of unionized and zwitterionic 

CIP. 

Color change has been noted to occur when proton transfer is induced by external stimuli.160 

This may explain why CIP changes color upon milling and when heated close to its melting 
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point. Piroxicam is another zwitterionic drug that can undergo proton transfer upon 

processing. In contrast to CIP, crystalline piroxicam is unionized. It converts to the 

amorphous zwitterion upon cryomilling, leading to a significant change in the conformation 

of the piroxicam molecule.160 The unionized form of piroxicam is colorless, while the 

zwitterion and melt are yellow.173 The conversion of piroxicam between the unionized and 

zwitterionic form has been described as tautomeric polymorphism.173 The zwitterionic and 

unionized form of CIP may therefore be considered as tautomers, which undergo thermal 

and mechanically induced tautomerism. The ΔE values for both forms of CIP are close to 3 

eV (Table 2.2). This corresponds to the absorption of 410–430 nm light, rendering the 

substance yellow in color, consistent with our visual observations. 

 

2.3.7 Physical Stability in Humid Conditions 

The partially amorphous unionized CIP, produced by spray drying in ethanol/water, was 

analyzed by dynamic vapor sorption (DVS) in order to investigate the effect of water 

absorption on the crystal structure of the drug. As can be seen from the sorption-desorption 

isotherm (Figure 2.12), partially amorphous CIP was very hygroscopic, absorbing almost 

16% of its mass in water at 90% RH. 
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Figure 2.12. DVS analysis of partially amorphous CIP spray dried in ethanol/water 9:1. 

Inset: PXRD of the sample following DVS analysis, at 80% RH (on sorption, red line) and 

following the full sorption/desorption cycle (at 0% RH, black line). CIP_ZW: peaks 

corresponding to zwitterionic CIP. 

The drug partially crystallized during the DVS study. This was confirmed by PXRD, which 

was carried out at 80% RH and at the end of the run (Figure 2.12, inset). At 80% RH, the 

diffractogram has four main peaks. The peak at 6–7 2θ degrees corresponds to that of the 

CIP hydrate which contains 3.7 water molecules for every molecule of CIP.158 The peaks at 

14.4, 20.7 and 25.3 2θ degrees on the other hand match the most prominent peaks of 

zwitterionic CIP. At the end of the analysis, at 0% RH, the PXRD pattern of the drug also 

contained the pronounced peak of the 3.7 hydrate at 6–7 2θ degrees. Peaks at 13.8 and 24.5 

2 degrees also belong to the hydrate, and those at 20.8 and 22.4 2 to the zwitterion. 

Hydrates often crystallize more readily than the anhydrous form of a drug, as the molecules 

can pack together more easily. This may be due to their symmetry, changes in conformation, 

and the formation of hydrogen bonds between the drug and water molecules.174 When 

hydrated, CIP also exists in the zwitterionic form.166 Therefore, while anhydrous CIP can 
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exist in the unionized form, when exposed to water it reverts to the zwitterion. Similar results 

were obtained with norfloxacin, with the unionized drug converting to the zwitterion when 

exposed to high humidity.175 Incorporation of water molecules has been found to lower the 

energy barrier for proton transfer, which enables this conversion to occur upon hydration.176 

 

2.4 Conclusions 

The production of pure amorphous CIP is very challenging due to its poor solubility, strong 

crystal lattice and thermal degradation. Despite these barriers, amorphous CIP was 

successfully prepared for the first time by spray drying in water, while partially amorphous 

products were obtained by ball milling, cryomilling and spray drying in an ethanol/water 

mixture. The unionized form of the drug was obtained using the latter method, whereas all 

others resulted in the zwitterion. Proton transfer, resulting in transformation to the unionized 

drug, was visualized using HSDSC. This was shown to occur upon heating the zwitterion to 

its melting point, and took place more readily in disordered systems. The reverse 

transformation occurred when unionized CIP was exposed to high humidity. Although the 

calculated differences between unionized and zwitterionic CIP, such as molecular 

conformation, packing energy and the HOMO/LUMO energy gap, were found to be small, 

the higher degree of hydrogen bonding in the crystal lattice of the charged drug results in 

greater stability and lower reactivity. Thus the zwitterion is the preferred form of CIP in the 

crystalline state.  
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Chapter 3: Amorphous Polymeric Drug Salts as Ionic Solid Dispersion 

Forms of Ciprofloxacin 
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3.1 Introduction 

As previously discussed, CIP is both poorly soluble and poorly permeable, making it a class 

4 BCS drug.112 Upon addition to water, the dissociation of CIP’s crystal lattice is hindered 

by the strength of its intermolecular interactions. The solubility of the drug can therefore be 

improved by disrupting its crystal lattice via salt formation or amorphization.23 Salt 

formation is the most frequently used process for improving the solubility of acidic and basic 

drugs, and is also claimed to be the most effective.28 For this reason, it has been the main 

focus of research aimed at improving the solubility of CIP. The commercially available 

hydrochloride salt of CIP has been reported to have a solubility of approximately 42 mg/ml 

in water.168 However, due to the common ion effect, the solubility of HCl salts is decreased 

in the stomach.177 The lactate salt of CIP is available commercially as a solution for infusion, 

and has an aqueous solubility of just over 100 mg/ml.178 As an alternative to small molecules, 

polymers may be used as counterions in pharmaceutical salts. Although no such studies have 

been carried out on CIP, Willis et al found that the extent and rate of methapyrilene release 

in simulated gastric and intestinal fluid was improved by the formation of drug-polymer salts, 

in which the amino group of the drug and carboxyl groups of the polymer interacted.179 

Another method of improving the aqueous solubility of drugs with solid-state limited 

solubility is amorphization. However, as discussed in Chapter 1, a major disadvantage of 

amorphous formulations is that they are intrinsically unstable and prone to crystallization.34 

The most common approach taken to overcome the poor stability of amorphous drugs is to 

formulate them as amorphous solid dispersions (ASDs). ASDs consist of an amorphous 

molecular dispersion of a drug in a solid carrier, which may be a small molecule or 

polymer.180 The carrier used to form an ASD must be chosen carefully in order to maximize 

the stability and solubility of the product. The physical stability of an ASD is improved if 

there are interactions between the components, e.g. hydrogen bonding and acid-base 

interactions. This reduces the molecular mobility of the drug and increases the energy 

required for crystallization.55 ASDs also enable faster drug dissolution, often resulting in 

supersaturation. The polymers present in an ASD help to prevent crystallization and 

precipitation of the drug in solution, and thus prolong this supersaturated state.76 



61 

 

Despite the benefits of amorphous formulations in terms of solubility, there is very little 

information in the literature regarding the formation of CIP ASDs. This study therefore 

focuses on the preparation of a number of solid dispersions of CIP by ball milling. The solid 

state properties of the successful ASDs were first investigated, in particular the nature of 

their drug-polymer interactions and thermal stability. As previously mentioned, a major issue 

associated with amorphous formulations is their poor physical stability, however this can be 

counteracted to some degree by the use of polymers with high Tg’s that interact specifically 

with the drug. The stability of the ASDs during dynamic vapor sorption (DVS) analysis and 

under accelerated conditions was therefore examined in order to determine their resistance 

to crystallization.  

Another major goal of this study was to determine the effect of ASD formation on the 

biopharmaceutical properties of CIP, specifically its solubility, permeability and 

antimicrobial activity, and how these characteristics are connected. ASDs have been found 

to increase the solubility of drugs via supersaturation, while maintaining a constant 

permeability. In contrast, the solubility advantage obtained with formulations containing 

cyclodextrins, surfactants and cosolvents is negatively correlated with permeability.32 The 

solubility of crystalline CIP and the ASDs was therefore investigated in water and 

biorelevant media, and their permeability was compared using parallel artificial membrane 

permeability assay (PAMPA), to discover whether a similar relationship exists between the 

solubility and permeability of these preparations. Finally, it was of interest to determine 

whether the formulation of CIP as an ASD affected its antimicrobial activity, which should 

also be related to permeability. Therefore, the minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) of CIP and the ASDs were measured in a 

number of bacterial species. 

 

3.2 Experimental Section 

3.2.1 Materials  

Ciprofloxacin hydrochloride (CIP HCl) salt was kindly donated by Hemofarm, Serbia. The 

following polymers were used to form solid dispersions with CIP: Polyvinylpyrrolidone K17 
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(PVP, Plasdone C-15, ISP Technologies, New Jersey, USA); poly(vinyl alcohol) (PVA, 98% 

hydrolyzed, Mr 13000–23000, Sigma-Aldrich, St. Louis, Missouri); polyvinyl caprolactam-

polyvinyl acetate-polyethylene glycol graft copolymer (Soluplus, BASF SE, Ludwigshafen, 

Germany); polyethylene glycol 4000 (PEG 4000, BDH Ltd, Poole, England); methacrylic 

acid methyl methacrylate copolymer (Eudragit L100, Evonik Röhm GmbH, Darmstadt, 

Germany); methacrylic acid ethyl acrylate copolymer (Eudragit L100-55, Evonik Röhm 

GmbH, Darmstadt, Germany); poly(acrylic acid) (Carbopol 981, BF Goodrich, Ohio, USA); 

and hydroxypropyl methylcellulose acetate succinate grades LG and MG (HPMCAS-LG and 

HPMCAS-MG, Shin-Etsu Chemical Co., Ltd, Tokyo, Japan). The chemical structures of the 

latter five polymers are shown in Figure 3.1. 

         Eudragit L100:       Eudragit L100-55:    Carbopol: 

                  

 

            HPMCAS: 

 

Figure 3.1. Chemical structures of polymers used in this study. The different grades of 

HPMCAS differ in their substituent content. 
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Fasted state simulated gastric fluid (FaSSGF) was produced by adding 60 mg SIF® Powder 

Original (biorelevant.com, Surrey, UK) to one liter of FaSSGF HCl solution, consisting of 

34 mM NaCl adjusted to pH 1.6 with HCl. Fasted state simulated intestinal fluid (FaSSIF) 

was produced by adding 2.24 g SIF® Powder Original to one liter of FaSSIF phosphate 

buffer, consisting of 19.5 mM NaOH, 25 mM NaH2PO4·H2O and 106 mM NaCl, adjusted to 

pH 6.5 with NaOH. NaOH pellets were obtained from Riedel-de Haën, Seelze, Germany, 

NaH2PO4·H2O from Merck, Darmstadt, Germany and NaCl from Sigma-Aldrich Ireland 

Ltd., Arklow, Ireland. Dodecane, triethylamine, lecithin (L-α-phosphatidylcholine, Type 

XVI-E) and phosphate buffered saline (PBS) tablets were obtained from Sigma-Aldrich 

Ireland Ltd., Arklow, Ireland. Brain-heart infusion (BHI) broth was purchased from 

bioMérieux (Marcy l’Étoile, France). Plates with Columbia agar supplemented with sheep 

blood were obtained from Oxoïd (Dardilly, France). All other chemicals and solvents were 

of analytical grade. 

 

3.2.2 Methods 

3.2.2.1 Ball Milling 

CIP was first milled with PVP at a concentration of 10–95% (w/w). Solid dispersions of CIP 

with Eudragit L100, Eudragit L100-55, Carbopol 981, HPMCAS-LG, HPMCAS-MG, PVA, 

Soluplus and PEG 4000 were also formed using 20–60% (w/w) polymer. Milling was 

conducted using the same apparatus and procedure described in Chapter 2. For each sample, 

milling was performed at RT, except for CIP/HPMCAS-LG and CIP/HPMCAS-MG ASDs, 

which were also milled at 2–5 oC. The powder mixtures were each milled for 4–6 hours in 

total. 

3.2.2.2 Solid-State Characterization 

3.2.2.2.1 Powder X-ray Diffraction 

PXRD was performed as described in Chapter 2. 
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3.2.2.2.2 Solid-State Fourier Transform Infrared Spectroscopy 

FTIR was performed as described in Chapter 2. Physical mixtures (PMs) were also analyzed 

for comparison. These were prepared by blending together the drug and polymer starting 

materials in the same ratio as in the ASDs with a mortar and pestle. 

3.2.2.2.3 Differential Scanning Calorimetry 

DSC was carried out using the same apparatus described in Chapter 2. The ASDs were first 

heated from 25 to 70–100 oC to remove any water present in the powder. When cool, the 

samples were reheated from 25 to 300 oC at a rate of 10 oC/min. 

3.2.2.2.4 Temperature-Modulated Differential Scanning Calorimetry (StepScan) 

StepScan DSC was performed by Dr. Lidia Tajber in TCD as described in Chapter 2. 

3.2.2.2.5 Calculation of Theoretical Glass Transition Values with Gordon-Taylor 

Equation 

The theoretical Tg’s of the ASDs were calculated using the Gordon-Taylor equation:59,64 

𝑇𝑔 =
𝑤1𝑇𝑔1+𝐾𝑤2𝑇𝑔2

𝑤1+𝐾𝑤2
                (3.1) 

where K is approximately equal to 

𝐾 ≈
𝑇𝑔1ρ1

𝑇𝑔2ρ2
                 (3.2) 

w1 and w2 are the weight fractions, Tg1 and Tg2 are the glass transition temperatures, and ρ1 

and ρ2 are the densities of the two components. As described in Chapter 2, the Tg of pure 

amorphous CIP has been determined as 86.7 oC, while its density is 1.5 g/cm3. The Tg’s of 

the polymers were obtained from literature: Eudragit L100, 130 oC;181 Eudragit L100-55, 96 

oC;182 HPMCAS-LG, 119 oC;183 and HPMCAS-MG, 120 oC.183 The average density values 

for the various components were also obtained from literature: Eudragit L100, 0.84 g/cm3;184 

Eudragit L100-55, 0.83 g/cm3;185 and HPMCAS-LG and HPMCAS-MG, 1.29 g/cm3.186 The 

Tg’s predicted by the Gordon-Taylor equation were then compared to the experimental 

values measured by DSC. 
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3.2.2.2.6 Thermogravimetric Analysis 

TGA was performed as described in Chapter 2. 

3.2.2.3 Dynamic Vapor Sorption 

DVS studies were carried out by Dr. Krzysztof Paluch in Bradford University using the same 

apparatus and procedure described in Chapter 2. Following DVS analysis the samples were 

analyzed by PXRD in order to detect any crystallization. 

3.2.2.4 Accelerated Stability Study 

A stability study of the ASDs was conducted under accelerated storage conditions of 40 oC 

and 75% RH. Samples of each powder were taken every 2–3 days for a period of 2 weeks.  

PXRD was used to determine whether crystallization had occurred in any of the samples. 

3.2.2.5 Dynamic Solubility Studies 

10–20 ml of water, FaSSIF or FaSSGF was added to 40 ml glass vials.  These were placed 

into jacketed beakers connected to a Lauda M12 water bath (Lauda-Königshofen, Germany) 

and allowed to equilibrate to 37 oC. A quantity of pure drug or ASD, in excess of the expected 

saturated solubility, was added to the stirred vials. Samples were drawn from the vials at 

specific time points over a 2 hour period. These aliquots were filtered with 0.45 µm PTFE 

membrane filters (VWR, USA). The filtered solutions were then diluted with a 2.45 g/L 

solution of phosphoric acid, previously adjusted to pH 3.0 with triethylamine. The 

concentration of CIP in each of the diluted samples was determined by UV 

spectrophotometry. The solubility studies were repeated at least in triplicate with each 

medium. The pH of the solutions was measured before the addition of the samples and at the 

end of the 2 hour study using a Thermo Orion 420A+ pH meter (Thermo Scientific, 

Hampshire, UK). The solid material left in the vials at the end of the studies was filtered and 

analyzed by PXRD. 

3.2.2.6 Dissolution Study 

Dissolution studies were carried out at 37 oC, using a paddle apparatus (Apparatus II) with a 

continuous rotation of 100 rpm. A quantity of sample corresponding to approximately 10% 
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of the final CIP concentration obtained in the solubility studies was added to 300 ml of 

FaSSIF. 1 ml aliquots were taken at specific time points over the 2 hour period of the study, 

and replaced with 1 ml of FaSSIF. Each sample was filtered with a 0.45 µm PTFE membrane 

filter and diluted with a 2.45 g/L solution of phosphoric acid, previously adjusted to pH 3.0 

with triethylamine. The concentration of CIP in each of the diluted samples was then 

measured by UV spectrophotometry. The cumulative quantity of dissolved drug at each time 

point was calculated by taking account of the 1 ml aliquots taken for analysis. Each study 

was carried out at least in triplicate. 

3.2.2.7 UV Spectrophotometry 

UV analysis was carried out using a Shimadzu UV-1700 PharmaSpec UV-vis 

spectrophotometer (Shimadzu Corp., Kyoto, Japan). Quartz cells with a 1 cm optical path 

length were used for all measurements. UV absorbance was measured at 278 nm. The 

instrument was first blanked using a 2.45 g/L solution of phosphoric acid, previously 

adjusted to pH 3.0 with triethylamine. This buffer was also used to produce a range of 

concentrations of pure CIP, in order to construct a calibration curve. 

3.2.2.8 Parallel Artificial Membrane Permeability Assay (PAMPA) 

Permeability studies were carried out using the lipid-PAMPA method described by Merck 

Millipore.187 A 96-well MultiScreen Filter Plate, with underdrain removed, and a 96-well 

MultiScreen Transport Receiver Plate (Millipore Corporation, Billerica, MA, USA) were 

used as the donor and acceptor plates, respectively. Solutions of CIP, CIP hydrochloride salt 

(CIP HCl), or ASD in PBS pH 7.4 and 6.4, at concentrations of 50–125 µg/ml, were prepared. 

300 µl of PBS pH 7.4 was added to each well of the acceptor plate. 5 µl of a 1% (w/v) 

solution of lecithin in dodecane was added to the filter within each donor well to form an 

artificial membrane. 150 µl of the drug solutions were immediately added to each well of the 

donor plate in triplicate. The donor plate was then placed into the acceptor plate and 

incubated at RT for 16 hours. Following incubation, the contents of each well in the acceptor 

plate was diluted 1:4 with HPLC mobile phase and filtered with 0.45 µm PTFE membrane 

filters. The concentration of CIP in each sample was then measured using HPLC. 
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The effective permeability (Pe) of the samples was calculated using the following 

equation:188 

Pe = − ln(1 − r) (
VDVA

(VD+VA)At
)               (3.3) 

where r = 
[Drug]Acceptor

[Drug]Equilibrium
 

VD and VA are the volumes of the donor and acceptor compartment, respectively, in cm3, t is 

the incubation time in seconds, and A is the active surface area of the membrane (equal to 

the membrane area multiplied by the porosity ratio. For Millipore MultiScreen Permeability 

Filter Plate membranes this is equal to 0.24 cm2 x 100%, or 0.24 cm2).187 [Drug]Acceptor is the 

concentration of the drug in the acceptor compartment at the end of the assay. [Drug]Equilibrium  

is determined by measuring the concentration of a reference solution, containing the drug at 

the equilibrium concentration (the overall concentration of the donor and acceptor solutions 

combined).17 Given that the acceptor and donor compartments used in this study had a 

volume of 300 µl and 150 µl respectively, the equilibrium concentration of the drug should 

theoretically be one-third of that of the original solution added to the donor well. 

3.2.2.9 High-Performance Liquid Chromatography 

HPLC was carried out using the same apparatus and procedure described in Chapter 2, with 

a 15 min run time. 

3.2.2.10 Bacterial Studies 

Bacterial studies were carried out by Dr. Anita Umerska in Université Angers on the 

following bacterial strains: (1) Staphylococcus aureus ATCC 25923, (2) Escherichia coli 

ATCC 25922, (3) Pseudomonas aeruginosa ATCC 27853 and (4) Klebsiella pneumoniae 

DSM 16609. The bacteria were cultured on Columbia agar supplemented with sheep blood. 

The inoculum was prepared as described previously.189 The density of the microorganism 

suspension was adjusted to equal that of the 1.1 McFarland standard for S. aureus, and the 

0.5 McFarland standard for P. aeruginosa, E. coli and K. pneumoniae. The former 

suspension was further diluted 100-fold with BHI medium, while the latter were diluted 10-

fold. 
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The minimum inhibitory concentrations (MICs) of CIP and the ASDs were determined using 

the broth microdilution method described by Umerska et al.189 Several two-fold dilutions of 

the samples in BHI medium were prepared in order to obtain the desired concentration range. 

50 µl of the bacterial suspension in BHI broth was then added to a well containing 50 µl of 

test sample or a control. The samples were incubated for 24 hours at 37 °C. All MIC assays 

were performed in triplicate on separate days. The MIC was taken to be the lowest 

concentration that completely inhibited the growth of bacteria, as detected by the unaided 

eye. The minimum bactericidal concentrations (MBCs) were determined by withdrawing 10 

µl from each well, transferring it onto a plate containing Mueller Hinton agar, and incubating 

overnight at 37 °C. MIC and/or MBC values were considered as different if they varied by 

more than one dilution.189 

3.2.2.11 Statistical Analysis 

Statistical analysis was carried out as described in Chapter 2. 

 

3.3 Results and Discussion 

3.3.1 Production of Amorphous Solid Dispersions 

A number of binary solid dispersions of CIP with different polymers, in various 

concentrations, were produced by ball milling. Ball milling was previously found to be a 

suitable method for forming the amorphous CIP/succinic acid 2:1 salt, as it did not result in 

any degradation of the drug.125 The first polymer to be used was PVP, in a concentration 

range of 10–95% (w/w). PVP was chosen as it is a neutral, amorphous polymer, which is 

commonly used to produce ASDs of poorly soluble drugs.180 Interestingly, CIP did not 

become amorphous when milled with any concentration of PVP tested. As the ratio of 

polymer to drug increased, the intensity of the peaks seen in the PXRD diffractograms 

decreased (Figure A.2.1). However, this was most likely due to a dilution effect. Although 

CIP may theoretically interact with PVP via hydrogen bonds, these interactions were 

evidently too weak to yield a fully amorphous solid dispersion. Similarly, when CIP was 
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milled with 40% (w/w) Soluplus or PEG 4000, both neutral polymers, a crystalline product 

was obtained (Figure 3.2a). 

The next polymer chosen for milling with CIP was poly(vinyl alcohol) (PVA), whose 

hydroxyl group can act as both a hydrogen bond acceptor and donor. Following 4 hours of 

milling at RT with 40% (w/w) PVA, small peaks were still seen by PXRD (Figure 3.2a). 

Milling at RT can result in increased temperatures and a subsequent increase in molecular 

mobility.97 This can induce nucleation and crystallization of amorphous material. The use of 

too low a concentration of polymer can also result in an unstable product.54 Therefore, a 

higher concentration of 60% (w/w) PVA, 6 hour milling time and milling temperature of 2–

5 oC were implemented. This resulted in a product that was almost fully amorphous, however 

very small peaks could still be detected at approximately 20 and 25 2θ degrees due to the 

presence of residual crystalline CIP. 

As polymers with neutral functional groups were ineffective at amorphizing CIP, it was 

hypothesized that perhaps a polymer with ionizable moieties is necessary for this. As 

previously discussed, many salts of CIP have been produced using acidic counterions, such 

as succinic acid. The secondary amine of CIP’s piperazine ring is ionized in these salts, and 

forms hydrogen bonds with the negatively charged carboxylate groups of the acid.
125 

Therefore, the processing of CIP with acidic polymers may be a suitable means of producing 

a stable amorphous formulation. Eudragit L100, Eudragit L100-55 and Carbopol 981 all 

contain carboxylic acid groups and were the first acidic polymers to be used. As can be seen 

from Figure 3.2b, each of these polymers resulted in the formation of an X-ray amorphous 

solid dispersion when milled with CIP for 4 hours at RT, at a concentration of 40% (w/w). 

While higher ratios of polymer were also successful, the use of lower quantities of the 

Eudragit polymers resulted in a partially crystalline product. Carbopol on the other hand still 

produced an ASD when used at a concentration of 20% (w/w). Each of these ASDs were 

dark yellow/orange in color, whereas the starting materials, as well as the semi-crystalline 

solid dispersions obtained with the neutral polymers, were off-white powders. 

HPMCAS also contains acidic groups. The LG grade contains 5–9% acetyl and 14–18% 

succinoyl groups, and the MG grade 7–11% and 10–14% of each group, respectively.183 



70 

 

However, when these were milled with CIP using the same conditions as for the other acidic 

polymers, the product was only partially amorphous (Figure 3.2a). Higher concentrations of 

polymer and longer milling times still resulted in partially crystalline systems, as evidenced 

by PXRD peaks, although polymer concentration appears to have a greater effect on the 

crystallinity of these samples than milling time (Figure A.2.2). Milling was next conducted 

at 2–5 oC, with a 60 % (w/w) concentration of HPMCAS, for 6 hours. These conditions 

resulted in the formation of X-ray amorphous solid dispersions (Figure 3.2b), which were 

dark yellow in color. 
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Figure 3.2. (a) PXRD analysis following milling of CIP with various polymers at a 40% 

(w/w) concentration, for 4 hours at RT and (b) PXRD analysis of CIP and CIP ASDs. The 

peak at 25.3 2θ degrees corresponds to the major slip plane in the crystal lattice of CIP, and 

therefore it is the most likely peak to be present following mechanical stress of the drug.  

ASDs formed from the five acidic polymers discussed above (i.e. Eudragit L100, Eudragit 

L100-55, Carbopol 981, HPMCAS-LG and HPMCAS-MG) were chosen for further 

examination. While a higher proportion of polymer should increase the physical stability of 

an ASD,52 it also necessitates the use of a larger preparation in order to deliver the required 

dose as an oral solid dosage form. This could result in problems with patient acceptability 

and compliance. Therefore, a polymer concentration of 40% (w/w) was chosen for the ASDs 

containing Eudragit L100, Eudragit L100-55 and Carbopol, and 60% (w/w) for those 

containing HPMCAS. 
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3.3.2 Solid-State Characterization of Amorphous Solid Dispersions 

3.3.2.1 Solid-State Fourier Transform Infrared Spectroscopy 

The FTIR spectra of the ASDs, polymers and crystalline CIP are shown in Figure 3.3. The 

spectra of the physical mixtures (PMs) are also shown for comparison. In the spectra of each 

of the polymers, a peak can be seen between 1709 and 1744 cm-1 due to the C=O stretch of 

their carboxylic acid groups. A matching peak is present in the spectra of the PMs. As 

discussed in Chapter 2, the spectrum of crystalline CIP contains a peak at 1590 and 1375 cm-

1, corresponding to the asymmetric and symmetric vibrations of the carboxylate ion, 

respectively.165 The peak at 1590 cm-1 is absent from the spectra of the ASDs containing 

Eudragit and Carbopol, while those containing HPMCAS display a small peak, due to the 

presence of a residual amount of zwitterionic CIP. Interestingly, with all of the ASDs a strong 

peak is seen between 1723 and 1734 cm-1, due to the C=O stretch of COOH. In each case, 

this peak is far more intense than the corresponding peak in the spectra of the PMs. Therefore, 

these peaks can be assigned to the carboxylic acid of CIP, and it can be concluded that this 

group is uncharged in the ASDs. This is in contrast to the semi-crystalline solid dispersions 

containing PVP and Soluplus, which also show the characteristic peaks of the ionized 

carboxylate group of CIP. These peaks are weaker and broader in the more disordered 

CIP/PVA solid dispersion, as the proportion of crystalline CIP is greatly reduced. In addition, 

like the ASDs, this sample has a peak at approximately 1720 cm-1, which confirms the 

presence of the protonated carboxylic acid group of CIP (Figure A.2.3). 

The strongest peak in the spectrum of crystalline CIP, at approximately 1618 cm-1, can be 

assigned to the C=O stretch of the ketone carbonyl.165 This peak is shifted to 1628 cm-1 in 

the spectra of the ASDs, which may be due to changes in the hydrogen bonding of this group. 

This peak was also found to shift to 1627–1629 cm-1 when zwitterionic CIP was heated to its 

melting point, which results in the formation of the unionized form of the drug (Figure 2.9c). 

When the carboxylic acid of CIP is unionized, an intramolecular hydrogen bond is formed 

between this ketone and the neighboring carboxylic acid. This hydrogen bond is also found 

in CIP salts, in which the carboxylic acid of CIP is also protonated.125 In contrast, no such 

shift in the ketone carbonyl peak is seen in the spectra of the semi-crystalline solid 

dispersions, as they contain zwitterionic CIP. 
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In each of the ASD spectra a broad peak at 2400–2600 cm-1 can be assigned to the NH2
+ 

stretching vibrations of CIP.125 Therefore, the drug is in a similar ionization state in these 

ASDs as it is in crystalline salts formed using various acids, i.e. with a neutral carboxylic 

acid and positively charged secondary amine. The latter group most likely interacts with 

negatively charged carboxylate groups in the polymers, as was seen with CIP succinate 

salts.125 As previously stated, the pKa of the carboxylic acid of CIP has been reported as 6.16, 

while that of the piperazine amine is 8.62.109 Given that the pKa values of the polymers vary 

from 5 to 6.0,181–183,190 the pKa difference between the secondary amine of the drug and 

carboxylic acid of the polymers falls within the limits of salt formation of ≥ 2–3 in each 

case.191 Therefore, these formulations could be considered as amorphous polymeric drug 

salts. Amorphous drug-polymer salts have also been produced by Weuts et al,61 Song et al87 

and Maniruzzaman et al.192 In each case an ionic interaction between the carboxylate groups 

of the polymers and amino groups of the drugs was detected. 
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Figure 3.3. FTIR spectra of ASDs and PMs containing (a) Eudragit L100 and Eudragit L100-

55 40% (w/w) (b) Carbopol 40% (w/w) and (c) HPMCAS-LG and HPMCAS-MG 60% 

(w/w). 
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3.3.2.2 Thermal Analysis 

Conventional DSC, using a heating rate of 10 oC/min, resulted in DSC thermograms that 

proved difficult to interpret for the ASDs (Figure 3.4). In each case it was impossible to 

pinpoint a definite Tg. Due to their high water content, the samples were first heated from 

25–100 oC to allow for evaporation of sorbed water.  

Figure 3.4. DSC thermograms of (a) crystalline CIP, and ASDs containing (b) Eudragit L100 

40% (w/w) (c) Eudragit L100-55 40% (w/w) (d) Carbopol 40% (w/w) (e) HPMCAS-LG 

60% (w/w) and (f) HPMCAS-MG 60% (w/w). The thermograms of the ASDs are those 

obtained from the second heating cycle, following initial heating to 100 oC to allow for water 

evaporation. The Tg’s obtained from temperature modulated DSC (StepScan) and calculated 

using the Gordon-Taylor (G-T) equation are also listed. 

Crystalline CIP has a melting point of approximately 272 oC, which is accompanied by 

degradation. The ASDs did not display a clear melting endotherm, which can be taken as 

confirmation of their amorphous nature.193 Like the pure drug, the ASDs undergo thermal 

degradation, as shown by TGA (Figure 3.5). All of the ASDs initially undergo water 
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evaporation, followed by substantial degradation above ~ 230 oC, leading to a total mass loss 

of 14–19%. 

 

Figure 3.5. TGA analysis of (a) crystalline CIP, and ASDs containing (b) Eudragit L100 

40% (w/w) (c) Eudragit L100-55 40% (w/w) (d) Carbopol 40% (w/w) (e) HPMCAS-LG 

60% (w/w) and (f) HPMCAS-MG 60% (w/w). 

Temperature-modulated DSC (StepScan) was used to locate the Tg’s of the ASDs, and these 

are listed in Figure 3.4. A single Tg was seen in the thermograms of all of the ASDs. This 

suggests that CIP is miscible with each of these polymers41 and that phase separation does 

not occur in the ASDs.145 Unfortunately, despite the use of the StepScan method, the Tg of 

the CIP/Carbopol ASD could not be detected. The Tg’s that were calculated using the 

Gordon-Taylor (G-T) equation are also shown in Figure 3.4. The G-T equation is based on 

the assumption that the components form an ideal mixture, with additive free volumes, but 

without any strong interactions between the constituents.59,64 With all of the ASDs, the Tg 

values obtained experimentally were higher than those predicted theoretically. This was also 

found to be the case for the amorphous polymeric salts produced by Weuts et al and Song et 

al.61,87 Particularly large positive deviations of approximately 48 and 45 oC were obtained 
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for the ASDs containing Eudragit L100 and Eudragit L100-55, respectively.  The G-T 

equation is known to underestimate the Tg of salts due to their ionic bonds, and larger 

deviations are obtained with counterions that form stronger electrostatic interactions with the 

drug.62,194 Therefore, the FTIR spectra and higher than predicted Tg’s of these ASDs suggest 

that ionic interactions exist between CIP and the polymers. 

In contrast to the Eudragit-containing ASDs, the experimental and calculated Tg’s of the 

CIP/HPMCAS-MG ASD were very similar, differing by only 1 oC. This suggests that the 

drug and polymer are fully miscible and do not interact specifically with one another.60 

Alternatively, the strength of the interactions formed between the drug and polymer may be 

equal in strength to the homomolecular interactions in the pure components.53 This 

formulation would therefore be expected to be less stable than the ASDs containing Eudragit 

L100 or L100-55. A larger deviation of 7.5 oC was seen with CIP/HPMCAS-LG, suggesting 

that the drug interacts more substantially with this grade of HPMCAS, but less so than with 

the Eudragit polymers, possibly due to a larger content of succinoyl groups in this grade of 

HPMCAS. Similarly, stronger drug-polymer interactions may exist in the Eudragit-

containing ASDs due to the higher proportion of carboxylic acid groups present in these 

polymers in comparison to HPMCAS (see polymer structures in Figure 3.1). This may 

explain why it was more difficult to amorphize the CIP/HPMCAS mixtures, with larger 

polymer concentrations, longer milling times and lower temperatures being required 

compared to the other ASDs. 

 

3.3.3 Stability Studies 

DVS analysis showed that all of the ASDs are capable of sorbing a large amount of water. 

At 90% RH, a change in mass of between 16% and 20% was seen for all of the samples. 

CIP/Eudragit L100 sorbed the greatest amount of water, and CIP/HPMCAS-MG the least. 

The sorption-desorption isotherms obtained with all of the samples had a similar sigmoidal 

shape and hysteresis (Figure 3.6). These results are to be expected, as amorphous drugs are 

more hygroscopic than their crystalline forms. The presence of hygroscopic polymers would 

also have contributed to the water uptake of the ASDs. 
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Figure 3.6. DVS analysis of CIP ASDs containing (a) Eudragit L100, Eudragit L100-55 and 

Carbopol 40% (w/w) and (b) HPMCAS-LG and HPMCAS-MG  60% (w/w). 
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As discussed in Chapter 1, water sorption can negatively affect drug stability by increasing 

the rate of crystallization.42 However, all of the ASDs studied here remained X-ray 

amorphous following DVS analysis, as shown by PXRD (Figure 3.7). Electrostatic forces 

between the amino group of CIP and carboxylates of the polymers most likely stabilized the 

ASDs and prevented their crystallization during the study. Similar interactions were 

responsible for the improved stability of loperamide-polyacrylic acid and lapatinib-

hydroxypropylmethylcellulose phthalate ASDs during stability studies.61,87 In addition, the 

long chains of polymers can delay crystallization by sterically hindering the diffusion of drug 

molecules, blocking sites of crystal growth, and increasing the kinetic barrier to 

nucleation.52,53 

 

Figure 3.7. PXRD following DVS analysis of CIP ASDs containing (a) Eudragit L100 40% 

(w/w) (b) Eudragit L100-55 40% (w/w) (c) Carbopol 40% (w/w) (d) HPMCAS-LG 60% 

(w/w) and (e) HPMCAS-MG 60% (w/w). 

All of the ASDs, except for CIP/Eudragit L100, began to crystallize after 24 hours in 

accelerated storage conditions of 40 oC/75% RH. However, by day 3 of the study this sample 

also began to show small crystallization peaks (Figure 3.8a). There was only a slight increase 
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in the intensity of the bands seen in the PXRD of the HPMCAS samples between day 1 and 

14, and no noticeable change in the Carbopol sample during the same timeframe (Figure 

3.8). As CIP/Eudragit L100 did not show prominent peaks until day 3 of the study, it is 

therefore slightly more resistant to crystallization than the other ASDs. After 14 days, all of 

the samples were partially crystalline by PXRD, displaying a number of low intensity peaks. 

Therefore, although the ASDs were physically stable under the high humidity conditions of 

DVS, when this was combined with high temperature, a small degree of crystallization 

occurred. 

All of the ASDs, except for CIP/Carbopol, showed PXRD peaks corresponding to that of 

hydrated CIP, in particular the most characteristic peak of the 3.7 hydrate at approximately 

6.5 2θ degrees.158 Peaks corresponding to the 3.1 hydrate (see next section) were also 

identified. In contrast to the other ASDs, the peaks of hydrated CIP were absent from the 

diffractograms of the CIP/Carbopol ASD, which instead showed broad peaks corresponding 

to anhydrous zwitterionic CIP. 
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Figure 3.8. PXRD analysis of ASDs stored at 40 oC/75% RH for 1, 3 and 14 days: (a) 

CIP/Eudragit L100 and CIP/Eudragit L100-55 (b) CIP/Carbopol and (c) CIP/HPMCAS-LG 

and CIP/HPMCAS-MG. The arrows identify the most prominent peaks, corresponding to 

CIP, CIP 3.7 hydrate (3.7) and CIP 3.1 hydrate (3.1). 
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3.3.4 Dynamic Solubility Studies 

As previously mentioned, CIP is a zwitterionic compound, with a basic and an acidic group 

that can ionize depending on the pH of the solvent. Therefore, it is important to study the 

solubility of this drug in different media in order to estimate how it will behave in various 

sections of the gastrointestinal tract.195 Solubility studies were carried out in water, FaSSIF 

(fasted state simulated intestinal fluid, pH 6.5) and FaSSGF (fasted state simulated gastric 

fluid, pH 1.6). Due to excessive clumping and the viscous nature of the solutions formed 

when the CIP/Eudragit L100-55 and Carbopol samples were added to the media, it was not 

possible to accurately carry out solubility tests on these ASDs.  

CIP has low aqueous solubility, achieving a concentration of only 0.09 mg/ml in water after 

2 hours. The Eudragit and HPMCAS ASDs showed superior solubility, obtaining 

concentrations approximately 7 and 19 times that of the pure drug, respectively, in the same 

time frame. After a steep initial increase in concentration within the first 10 min or so, these 

levels were then sustained for the duration of the experiment (Figure 3.9a). All three of these 

polymers are practically insoluble in water,183,184 which may have limited their ability to 

improve the aqueous solubility of CIP. Although the LG grade of HPMCAS resulted in 

slightly higher drug concentrations in the initial portion of the study, after 2 hours no 

statistically significant difference was seen when compared to the MG grade (p = 0.27). 

The solubility profiles of the ASDs are similar to the “spring” and “parachute” model 

described in Chapter 1. The disordered structure of the ASDs enables the rapid dissolution 

of CIP, while the polymers help to prevent its nucleation and crystallization.76 PXRD 

analysis of the excess solid recovered at the end of the studies confirmed that a low 

proportion of CIP crystallized from the ASDs in solution overall (Figure A.2.4). 

CIP/Eudragit L100 was quite resistant to crystallization in water, with just one small peak 

appearing in the PXRD of the excess solid recovered at the end of the study, at 6.5 2θ degrees. 

The HPMCAS ASDs showed a greater number of peaks, of higher intensity, but still 

remained somewhat disordered. As demonstrated in the stability study, these ASDs have a 

greater propensity to crystallize when exposed to water than those containing Eudragit L100. 

The excess solids recovered at the end of the solubility studies in FaSSIF were also partially 

crystalline. A more crystalline product was obtained with CIP/HPMCAS-LG, indicating that 
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this ASD is less resistant to crystallization at basic pH. Unlike the ASDs, pure CIP formed a 

fully crystalline hydrate in all media; however, the PXRD pattern of the residue from 

solubility studies in water differed from those conducted in FaSSIF and FaSSGF (Figure 

A.2.4d). In the latter two cases, the CIP 3.7 hydrate was indentified,158 while TGA of the 

former hydrate found it to contain 14.3% water. This corresponds to approximately 3.1 moles 

of water per mole of CIP. While the HPMCAS-LG ASD also formed the 3.7 hydrate in water, 

all the other ASD/media combinations resulted in the CIP 3.1 hydrate. 

In FaSSIF crystalline CIP reached a peak concentration of 0.9 mg/ml after 1 min. This 

quickly fell over the first 10 min, and then remained fairly constant at approximately 0.15 

mg/ml for the remainder of the study. The sodium taurocholate and lecithin present in FaSSIF 

mimic bile salts and phospholipids, respectively, in intestinal fluid.196 The increased 

solubility of the pure drug in this medium compared to water may be due to the presence of 

these surfactants. The Eudragit L100 and HPMCAS ASDs behaved differently over the 

course of the study. The solubility of the former increased gradually over 2 hours, giving the 

plot in Figure 3.9b a convex shape. In contrast, the HPMCAS-LG and HPMCAS-MG ASDs 

reached a peak in CIP concentration after 5–10 min, and then slowly fell over the remainder 

of the study. The LG grade of HPMCAS reached a top concentration of 1.9 mg/ml, whereas 

the MG grade obtained a maximum of 1.5 mg/ml. Solid dispersions containing different 

grades of HPMCAS would be expected to show discrepancies in solubility at various pH 

values, due to differences in their succinoyl and acetyl content.197 However, although the 

former sample remained at a higher concentration for the majority of the study, after 2 hours 

an equal concentration of 1.3 mg/ml was obtained with both HPMCAS ASDs. The decrease 

in the solubility of CIP/HPMCAS-LG over time may be due to the conversion of the drug to 

its hydrate, as detected by PXRD, as the aqueous solubility and dissolution rate of CIP 

hydrate is significantly lower than that of the anhydrous drug.198 Although HPMCAS-LG 

and HPMCAS-MG are soluble at a pH above 5.5 and 6.0 respectively,183 this did not result 

in a substantial increase in the solubility of these ASDs in FaSSIF. 

In FaSSGF the Eudragit L100 and HPMCAS-LG ASDs showed very similar behavior to 

each other, achieving maximum CIP concentrations of 3.2 mg/ml after 2 hours. The 

HPMCAS-MG formulation was somewhat more soluble at low pH, reaching 4.1 mg/ml 
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(Figure 3.9c). The solubility of the pure drug however was approximately 3–4 times higher 

than that of the ASDs. This may be due to the fact that the polymers are insoluble in aqueous 

acidic solutions.197 CIP on the other hand has high solubility at pH < 5, as it has a net positive 

charge. In contrast, it has minimal solubility at neutral pH, where it bears no overall 

charge.112 Similar results were seen in solubility studies of malonic, tartaric and oxalic acid 

salts of CIP, which were also found to be less soluble than the pure drug in acidic media.124 

An amorphous solid was recovered at the end of this study for all of the ASDs, indicating 

that they are resistant to crystallization at low pH.  

The pH of the solutions at the end of the studies was measured and is listed in Figure 3.9. 

Very small changes in pH, of ± 0.2 on average, occurred over the course of the study, with 

the exception of pure CIP in FaSSGF. In this case the high quantity of weakly basic drug in 

solution increased the pH to 4.7. Therefore, the differences in solubility described above 

cannot be attributed to changes in pH, but rather to the physical form of the drug and the 

presence of polymers. 
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Figure 3.9. Solubility studies in (a) water (b) FaSSIF and (c) FaSSGF at 37 oC. The average 

of at least 3 experiments is plotted, ± the standard deviation. The average pH of the solutions 

at the end of the study is also shown.  
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A modification of the Henderson-Hasselbalch equation was used to construct the theoretical 

pH-solubility profile of pure CIP and the commercial hydrochloride salt, CIP HCl: 

ST = [B] (1 + 10pKa1-pH + 10pH–pKa2)              (3.4) 

ST is the total solubility of the drug in moles/L and [B] is the concentration of the free base 

(approximately 0.000266 M for CIP and 0.0008 M for CIP HCl). As previously mentioned, 

the pKa of the carboxylic acid of CIP (pKa1) at 37 oC has been reported as 6.16, and that of 

the piperazine amine (pKa2) as 8.62.109 The CIP ASDs may be considered as basic salts, as 

they consist of an interaction between the positively charged amino group of the drug and 

negatively charged carboxylate groups of the polymers. According to Kramer and Flynn, the 

pH-solubility profile of a basic salt can be represented by two independent solubility profiles, 

one of which describes when the free base is the saturation species, and the other when the 

salt is the saturation species.199 The point at which the two curves intersect is referred to as 

the pHmax, the pH of maximum solubility. In a saturated solution above pHmax, the dissolved 

solute is in equilibrium with the free base, and at a pH below pHmax, it is in equilibrium with 

the salt.28 The following equation was used to predict the pH-solubility profile of the ASDs:  

ST (pH<pHmax) = [BH+]s (1 + 10pH – pKa)              (3.5) 

[BH+]s is the concentration of the protonated amorphous salt. The subscript s highlights the 

fact that the salt is the saturation species at a pH below pHmax.
28 

As can be seen from Figure 3.10, the experimental data does not fit the theoretical pH-

solubility curve of CIP exactly. The solubility of the drug from the ASDs in water and 

FaSSIF is higher than that predicted for CIP. These experimental data points align more 

closely with the profile of CIP HCl. Therefore, a more accurate pHmax for these amorphous 

polymeric salts may be the intersection of the curve for CIP HCl and the CIP ASDs, which 

occurs at a pH of 5.1. The three main outliers in Figure 3.10 correspond to the particularly 

high solubility of the ASDs in FaSSIF. As previously mentioned, FaSSIF contains 

surfactants, which may enhance the solubility of these solids compared to water. This lack 

of fit also suggests that the solubility enhancement of these formulations is not due to their 

effect on pH. Instead, this may be attributed to their amorphous nature and polymer content. 
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The solubility of the pure drug in FaSSGF is also higher than that predicted, and aligns more 

closely with the CIP HCl curve. Due to the presence of HCl in FaSSGF, the drug is likely to 

be in a similar environment in this medium as CIP HCl in water. At a pH below pHmax, i.e. 

in FaSSGF, the ASDs no longer follow the solubility curve of CIP, as the equilibrium species 

is now the salt. At acidic pH they may be more accurately described by equation 3.5 above. 

 

 

Figure 3.10. Theoretical pH-solubility profiles of CIP (black), CIP HCl (green), and CIP 

ASDs (blue). The symbols represent the average concentrations obtained from solubility 

studies after two hours in water (filled symbols), FaSSIF (empty symbols) and FaSSGF (half-

filled symbols). The bars above the plot show the ionization state of the drug and the 

polymers in each pH range.  
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3.3.5 Dissolution Study 

The dissolution profile of crystalline CIP began to plateau after 10 min, with an average 

concentration of 0.017 mg/ml being achieved at the end of the study (Figure 3.11). 

CIP/Eudragit L100 had a more gradual drug release pattern, without a clear plateau, resulting 

in a final concentration of 0.10 mg/ml. A similar convex profile was obtained with this 

formulation in solubility studies (Figure 3.9). A greater variance was also obtained with this 

ASD, as the powder clumped or dispersed to varying degrees upon addition to the vessel, 

leading to differences in the surface area exposed to the dissolution medium. This behavior 

may also be responsible for delaying and limiting the dissolution and diffusion of CIP from 

the formulation. In addition, the interactions between the drug and polymer may have been 

sufficiently strong as to hinder the dissociation of CIP and thus delay its dissolution.200 The 

presence of stronger interactions between the drug and polymer in this ASD may also explain 

its higher Tg and lower degree of crystallization in solubility studies than the HPMCAS-

containing formulations. Similar to CIP, the dissolution profiles of the HPMCAS-LG and 

HPMCAS-MG ASDs also began to plateau after about 10 min, reaching a CIP concentration 

of 0.12 mg/ml and 0.15 mg/ml respectively over the course of the study. Like the pure drug, 

these powders dispersed rapidly when added to the dissolution medium, resulting in a greater 

rate and extent of dissolution compared to the Eudragit L100 ASD. 
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Figure 3.11. Dissolution studies in FaSSIF at 37 oC. The average of at least 3 experiments 

is plotted, ± the standard deviation. 

 

3.3.6 PAMPA Permeability Study 

The results of the PAMPA study, under iso-pH and pH gradient conditions, are shown in 

Table 3.1. The commercially available hydrochloride salt, CIP HCl, was included in the 

study for comparison. PAMPA is usually carried out using donor and acceptor solutions of 

the same pH (iso-pH conditions), however this does not accurately mimic what occurs in 

vivo. Fortuna et al obtained the best correlation between apparent permeability from PAMPA 

studies and human intestinal absorption for a range of drugs, including the fluoroquinolone 

norfloxacin, with a pH of 6.5 and 7.4 in the donor and acceptor compartments, 

respectively.201 The pH of the blood and the cytosol of intestinal cells lining the duodenum 

is about 7.4, therefore this is a suitable pH to use for the acceptor compartment.15 CIP is 

believed to be absorbed from the upper section of the duodenum, which has a pH of 6.4.202,203 

A donor/acceptor pH of 6.4/7.4 was therefore chosen for this study in order to more closely 

represent the pH gradient present in vivo at the site of CIP absorption.15 In addition, as the 

permeability of ionizable drugs, such as CIP, depends on pH, it is useful to carry out PAMPA 
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at two different pH values for such compounds, to prevent under- or overestimation of 

permeability.  

Table 3.1. PAMPA Permeability Values of CIP 

 Iso-pH  

Pe
a x 106 (cm/s) 

pH gradient  

Pe
a x 106 (cm/s) 

p-valueb 

Crystalline CIP 0.56 ± 0.06 0.62 ± 0.08 0.42 

CIP HCl 0.32 ± 0.00 0.32 ± 0.01 0.22 

CIP/Eudragit L100 0.52 ± 0.00 0.50 ± 0.06 0.50 

CIP/HPMCAS-LG 0.75 ± 0.06 0.64 ± 0.10 0.20 

CIP/HPMCAS-MG 0.64 ± 0.03 0.67 ± 0.03 0.34 

aPe: effective permeability. The average of three measurements is shown, ± the standard 

deviation. bp-value from t test comparing Pe from regular and pH-gradient PAMPA. 

According to Sugano, a permeability of less than 1 × 10−6 cm/s can be considered as low 

permeability.204 As can be seen from Table 3.1, all of the samples may therefore be described 

as poorly permeable. A similarly low Pe of 0.19 x 10-6 cm/s was obtained for CIP by Tehler 

et al in Caco-2 studies.113 Two-sample t tests were used to compare the results of the 

individual samples under both pH conditions, and in each case no statistically significant 

difference was found (see p-values in Table 3.1). The pI of CIP is around 7.4–7.5.110 The 

passive absorption of this drug would therefore be expected to be highest at this pH. As the 

pH is decreased below the pI, the carboxylate group of CIP will become protonated, and the 

proportion of drug bearing an overall positive charge will increase. This should reduce its 

passive transport through a lipid membrane. However, at neutral pH the drug exists primarily 

as the zwitterion, with only about 2% expected to be present in the unionized form at the 

pI.110 While the membrane penetration and diffusion of unionized CIP is energetically 

favorable, the transmembrane translocation of zwitterionic CIP is unlikely to occur.117 

Evidently, dropping from pH 7.4 to 6.4 does not have a large effect on the proportion of 

unionized CIP present, and thus no significant difference in Pe was seen when the donor 

solution pH was changed in the above study.  
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ANOVA and Tukey’s multiple comparison test were carried out to compare the Pe of the 

different samples. CIP from ASDs containing HPMCAS-LG and HPMCAS-MG possessed 

the highest permeability, with a Pe of 0.75 × 10−6 and 0.64 × 10−6 cm/s respectively under 

iso-pH conditions, and 0.64 × 10−6 and 0.67 × 10−6 cm/s respectively with a pH-gradient; 

however, these samples were not statistically significantly different from each other under 

either pH condition. In addition, the CIP/HPMCAS-MG system did not differ significantly 

from the pure drug in either study, while CIP from the HPMCAS-LG sample was only 

significantly more permeable than CIP under iso-pH conditions. CIP as the HCl salt had a 

significantly lower permeability than the other samples, with a Pe of 0.32 × 10−6 cm/s under 

both pH conditions. The drug from the ASD containing Eudragit L100 had a slightly lower 

average Pe than the pure crystalline drug in both PAMPA experiments; however, this 

difference was not statistically significant. The lower Pe obtained with the CIP/Eudragit L100 

ASD compared to those containing HPMCAS may be due to the formation of drug/polymer 

complexes in solution. As shown previously by Friesen et al, upon addition to aqueous 

solutions, ASDs may rapidly disperse to form a number of species.205 These can potentially 

include large drug/polymer aggregates, which may form a slowly dissolving amorphous 

precipitate, and thus reduce the concentration of free drug in solution.205 This would be more 

likely to occur with CIP/Eudragit L100 due to the stronger drug-polymer interactions present 

in this ASD, as suggested by its particularly high Tg. 

A number of studies have found that other solubility enhancing formulations such as 

cyclodextrins, surfactants and cosolvents decrease the permeability of drugs in both PAMPA 

and intestinal perfusion assays, leading to a trade-off between solubility and 

permeability.31,32 According to Miller et al, preparations such as these increase the 

equilibrium solubility of drugs, which results in a decrease in their apparent cell 

membrane/intestinal lumen partition coefficient. As the permeability of a drug is directly 

related to this coefficient, the solubility advantage provided by these formulations is 

accompanied by a decrease in permeability.31 In contrast, ASDs increase the solubility of 

drugs via supersaturation, which does not affect the apparent membrane/lumen partition 

coefficient. Amorphous formulations can therefore significantly increase the concentration 

of drug in solution, while also maintaining a constant effective permeability, giving them a 

superior solubility-permeability balance.31,32 The results of this study are therefore in line 
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with those of other researchers, with all of the CIP ASDs enhancing the solubility of the drug 

in water and FaSSIF, without a subsequent decrease in permeability. The crystalline CIP HCl 

salt on the other hand significantly reduced the permeability of the drug, most likely due to 

greater ionization of CIP. Although the Pe of a drug is not affected by its concentration (as 

long as the drug is free to pass through the membrane), the increased solubility afforded by 

ASDs should increase the transmembrane flux of a drug, and thus may also improve its in 

vivo absorption.31  

According to Tam et al, 18% of CIP is absorbed via the paracellular route at pH 6.5.118 As 

the PAMPA model does not take account of paracellular transport, it is possible that the 

results above underestimate the in vivo absorption of CIP. PAMPA is also unable to predict 

active transport, and will therefore underestimate the permeability of compounds that are 

absorbed via drug transporters.206 This could explain why the effective permeability of CIP 

reported here is lower than that obtained by others in rat in situ and Caco-2 cell studies.118,207 

While CIP is mainly absorbed by passive transport, it is also a substrate for active transporters 

in the intestine, such as organic anion transporting polypeptide 1A2 (OATP1A2).208 In 

addition, it is a substrate for the efflux protein breast cancer resistance protein (BCRP), which 

reduces the bioavailability of the drug.209 Despite this, Bermejo et al showed that for 

fluoroquinolones such as CIP, there was a good correlation between the results of PAMPA 

and that of Caco-2 and in vivo rat in situ permeability studies.109 As the main aim of the 

permeability assay performed in this study was to determine whether ASD formation affects 

the permeability of CIP, PAMPA was suitable for this comparative analysis. However, in 

order to obtain a more accurate quantitative estimate of the permeability of the drug and 

ASDs, more representative permeability studies would be required, such as rat in situ 

perfusion assays, which more closely mimic the environment in vivo. 

 

3.3.7 Bacterial Studies 

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration 

(MBC) of CIP and the ASDs in a number of bacterial species are shown in Table 3.2. The 

values that differ significantly from those of pure crystalline CIP are shown in bold. The 
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MBC is expected to be larger than the MIC, as a larger quantity of API is required to kill 

bacteria rather than just inhibit their growth. MICs ≤ 1.0 µg/ml indicate that the 

microorganism is susceptible to CIP, whereas MICs  2.0 µg/ml indicate resistance to this 

antibiotic.210 All of the organisms used in this study can therefore be considered as sensitive 

to CIP, with MICs ≤ 1 µg/ml. The MIC and MBC values obtained with CIP are close to  

those obtained by other researchers in these species.211–213 E. coli was found to be the most 

susceptible strain to CIP, with a MIC of 0.008–0.032 µg/ml. This was followed by K. 

pneumoniae (MIC 0.032–0.125 µg/ml), P. aeruginosa (MIC 0.125–1.0 µg/ml) and S. aureus 

(MIC 0.25–1.0 µg/ml). The MBCs also followed the same order of susceptibility. A drug is 

generally considered bactericidal if it has a MBC to MIC ratio of ≤ 4.214 Therefore, all of the 

samples in this study were bactericidal, with ratios of 1–2. 

The formulation of CIP as an ASD did not result in a decrease in antibacterial activity in any 

case. In fact, CIP/HPMCAS-MG had a significantly lower MIC and MBC in all bacterial 

species studied compared to the pure drug. The MIC of CIP/HPMCAS-LG was also 

significantly improved in E. coli, while its MBC decreased in both E. coli and S. aureus. As 

described above, these ASDs had the highest Pe in PAMPA permeability studies, whereas 

CIP/Eudragit L100 did not differ significantly from the pure drug. Therefore, the improved 

permeability of these samples may have aided the penetration of CIP into the bacterial cells, 

most likely via the passive diffusion route through the cell membranes. 
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Table 3.2. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of 

Ciprofloxacin and ASDs in Various Bacteriaa 

Sample S. aureus E. coli P. aeruginosa K. pneumoniae 

Minimum Inhibitory Concentration (µg/ml) 

Crystalline CIP 1 0.032 0.5 0.125 

CIP/Eudragit L100 1 0.032 0.5–1 0.125 

CIP/HPMCAS-LG 0.5 0.008–0.016 0.25–0.5 0.063–0.125 

CIP/HPMCAS-MG 0.25–0.5 0.008–0.016 0.125–0.25 0.032–0.063 

Minimum Bactericidal Concentration (µg/ml) 

CIP  1.0–2.0 0.032–0.064 1.0 0.25 

CIP/Eudragit L100 1 0.032 1.0 0.25 

CIP/HPMCAS-LG 0.5 0.016 1.0 0.125 

CIP/HPMCAS-MG 0.5 0.016 0.25–0.5 0.063–0.125 

aThe values shown in bold differ significantly from those of pure crystalline CIP. 

 

3.4 Conclusions  

Amorphous solid dispersions are one formulation option for poorly soluble drugs, however 

the polymers used in these preparations must be carefully chosen. This work has shown that 

an acidic polymer is necessary to produce CIP ASDs by ball milling, as it enables the 

formation of stabilizing ionic interactions between the two components. These bonds 

resulted in high Tg values, above those predicted by the Gordon-Taylor equation. While the 

CIP ASDs crystallized quickly under accelerated stability conditions of 40 oC/75% RH, they 

remained amorphous following exposure to humidity levels of up to 90% at 25 oC during 

DVS analysis. Therefore, although the stabilizing effects of the polymers were not sufficient 

to prevent crystallization of CIP when exposed to a combination of high heat and humidity, 

these ASDs may remain stable if stored at ambient temperatures. 

The ASDs chosen for further examination showed superior solubility in water and FaSSIF 

compared to the pure drug, which can be attributed to their amorphous nature, rather than 
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any effect on pH. The polymer content of the ASDs also enabled the maintenance of 

supersaturation for at least two hours in most cases. In addition, no decrease in the passive 

permeability of CIP occurred with any of these ASDs, while a modest increase in effective 

permeability was seen with the ASD containing HPMCAS-LG. In contrast, the crystalline 

CIP HCl salt significantly decreased the permeability of the drug, highlighting the benefit of 

amorphous polymeric formulations in this regard. In line with the results of the permeability 

assay, the formulation of CIP as an ASD did not reduce its antibacterial potency in the 

bacterial species studied, and a decrease in MIC and MBC was also obtained with the ASDs 

containing HPMCAS. This indicates that ASD formation with HPMCAS increases the 

proportion of CIP capable of diffusing through bacterial cell membranes. Therefore, ASDs 

may be a viable alternative for formulating CIP with improved solubility, bioavailability and 

antibacterial activity. 
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Chapter 4: Polymer/Amorphous Salt Solid Dispersions of Ciprofloxacin 
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4.1 Introduction 

As discussed in Chapter 1, a number of crystalline CIP salts containing various acidic 

counterions have been produced, all of which significantly increased the solubility of the 

drug.123,125,215 Removal of the dipole in zwitterions such as CIP via salt formation will often 

result in improved solubility, due to a decrease in crystal lattice energy.216 Salts may also 

increase the solubility of drugs by altering the pH as they dissolve.217 For the reasons 

discussed in the previous chapters, amorphous salts could be expected to be more soluble 

than their crystalline counterparts. However, there is also a risk that they will crystallize 

during storage or dissolution, and thus negate their solubility advantage. For instance, Paluch 

et al prepared amorphous CIP/succinic acid salts with a 1:1 (CS 1:1) and 2:1 (CS 2:1) molar 

ratio. Although these amorphous salts increased the solubility of CIP in water at 37 oC by 

over 300 times, both samples crystallized during DVS and solubility studies.125 In contrast, 

the polymeric ASDs discussed in Chapter 3 either remained amorphous during the same 

analyses, or crystallized to a small degree. 

Following the promising results obtained with the binary ASDs of Chapter 3 and the CS 1:1 

and CS 2:1 salts, the main aim of this study was to determine whether a combination of these 

two approaches could improve the stability of these salts. Polymer/amorphous salt solid 

dispersions, consisting of the CS 1:1 or CS 2:1 salt dispersed in 20–60 % (w/w) PVP or 

Soluplus, were produced by spray drying and ball milling. The stability of these ASDs during 

DVS analysis and long-term storage at RT was then investigated. Patel et al used a similar 

approach to improve the physical properties of the amorphous tenoxicam/arginine 1:2 salt. 

The authors found that the formulation of spray dried ASDs with 10–50% (w/w) PVP 

resulted in much higher Tg’s than the pure 1:2 amorphous salt, and also helped to maintain 

supersaturation during solubility studies.218 Ternary ASDs consisting of an indomethacin-

meglumine salt plus PVP have also been produced by Telang et al by solvent evaporation. 

Although these samples were found to have greater physical stability than a binary 

indomethacin/PVP ASD, no studies directly comparing the stability of the ternary ASD and 

the amorphous indomethacin-meglumine salt were carried out. 



98 

 

The miscibility and interactions between the CIP succinate salts and the polymers were also 

of interest in this study, as ASDs will have greater stability if their components interact 

specifically with one another and are mixed on a molecular level.53 FTIR was used to 

investigate the intermolecular interactions present in the ternary ASDs, and their miscibility 

was examined by DSC and IGC. In addition, the solubility of the ASDs in water and 

simulated biological fluids was compared to that of the amorphous CS 1:1 and CS 2:1 salts, 

in order to determine whether the addition of polymer offered any advantages in this regard. 

Finally, the effect of salt formation on the permeability of CIP was determined using the 

PAMPA model. 

 

4.2 Experimental Section 

4.2.1 Materials  

Succinic acid was obtained from Aldrich, Milwaukee, USA. The details of all other materials 

and solvents used in this study are listed in Chapter 3. 

 

4.2.2 Methods 

4.2.2.1 Sample Preparation 

4.2.2.1.1 Ball Milling 

Ball milling was conducted using the same apparatus and procedure described in Chapter 2. 

Amorphous ciprofloxacin hemisuccinate (CS 1:1) and ciprofloxacin succinate (CS 2:1) salts 

were produced by milling CIP and succinic acid in a 1:1 and 2:1 molar ratio, respectively, 

for a total of 6 hours at RT. Polymer/salt ASDs were produced by adding 40% (w/w) PVP 

or Soluplus to either of these salts, and milling for a further 60 min in total. 

4.2.2.1.2 Spray Drying 

Ternary ASDs were produced using the same apparatus and procedure described in Chapter 

2. 2% (w/v) solutions of a 1:1 molar ratio of CIP and succinic acid, plus 20–60% (w/w) PVP 
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were prepared in water. This was also repeated using 40% (w/w) Soluplus. The solutions 

were then spray dried with an inlet temperature of 150 oC. 

4.2.2.2 Solid-State Characterization 

4.2.2.2.1 Powder X-ray Diffraction 

PXRD was performed as described in Chapter 2. 

4.2.2.2.2 Solid-State Fourier Transform Infrared Spectroscopy 

FTIR was performed as described in Chapter 2. 

4.2.2.2.3 Differential Scanning Calorimetry 

DSC was performed as described in Chapter 3. All measurements were carried out in 

triplicate. 

4.2.2.2.4 Thermogravimetric Analysis 

TGA was performed as described in Chapter 2. 

4.2.2.3 Determination of Solubility Parameters Using Inverse Gas Chromatography 

(IGC) 

IGC was carried out on the CS 1:1 and CS 2:1 amorphous salts using a Surface Measurement 

Systems (SMS) iGC 2000 (London, UK) equipped with a flame ionization detector (FID). 

Samples were sieved through a 180 µm mesh and packed into a glass column. The carrier 

gas used was helium, with a flow rate of 5 ml/min. The column was held at a temperature of 

30 oC (303 K). Methane was used as a non-interacting internal standard for dead time 

correction. Nine different solvents were used in this study. These were classified according 

to the type of interactions they can form with the stationary phase. Nonane, octane and 

heptane (the n-alkanes) may form dispersion interactions; acetone, dichloromethane, 

chloroform and ethyl acetate form polar bonds; and ethanol and 2-propanol participate in 

hydrogen bonding. The retention time of each solvent was determined by measuring the peak 

maximum. The solubility parameters of the salts were calculated using the method described 

by Kitak et al:72 
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 is the interaction parameter, R is the gas constant, T is the temperature, P1
0 is the saturated 

vapor pressure of the solvent, Vg is the specific retention volume, Mr,1 is the molecular mass 

of the solvent, B11 is the second virial coefficient, V1 and V2 are the molar volumes of the 

solvent and solute respectively, and ρ1 and ρ2 are their respective densities. The molar 

volumes of CS 1:1 and 2:1 were estimated by dividing their molecular weight by their 

density. 
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∞  is linearly correlated to δ1i as follows:72 
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δ2 is the solubility parameter of the solute, which can be found from the intersection of the 

straight line with the y-axis (equal to the term in brackets in equation 4.2). 

Partial solubility parameters may be calculated using the following equations:72 

𝛿𝑑 =  
𝑚𝑎𝑙𝑘𝑎𝑛𝑒𝑠𝑅𝑇

2
                (4.3) 

𝛿𝑝 =  
(𝑚𝑝𝑜𝑙𝑎𝑟− 𝑚𝑎𝑙𝑘𝑎𝑛𝑒𝑠)𝑅𝑇

2
               (4.4) 

𝛿ℎ =  
(𝑚ℎ−𝑏𝑜𝑛𝑑− 𝑚𝑎𝑙𝑘𝑎𝑛𝑒𝑠)𝑅𝑇

2
               (4.5) 

malkanes, mpolar, and mh-bond are the slopes obtained from the group of alkane solvents, polar 

solvents, and the solvents that form hydrogen bonds, respectively. R is the gas constant, and 

T is temperature. 

Following IGC analysis CS 1:1 and CS 2:1 were analyzed by PXRD. 

4.2.2.4 Dynamic Vapor Sorption 

DVS was carried out using the same apparatus and procedure described in Chapter 2. 

Following DVS analysis the samples were analyzed by PXRD. 
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4.2.2.5 Long-term Stability Study 

The ASDs and amorphous CS 1:1 and 2:1 salts were stored at RT (22–25 oC) under dry 

storage conditions in a desiccator (silica gel). Samples of each powder were taken at regular 

intervals for a period of 12 months. PXRD was used to determine whether crystallization had 

occurred in any of the samples. 

4.2.2.6 Dynamic Solubility Studies 

Solubility studies were performed as described in Chapter 3. 

4.2.2.7 UV Spectrophotometry 

UV analysis was carried out as described in Chapter 3. 

4.2.2.8 Parallel Artificial Membrane Permeability Assay 

PAMPA was carried out as described in Chapter 3. The samples were dissolved in PBS pH 

7.4, at concentrations of 70–200 µg/ml. 

4.2.2.9 High-Performance Liquid Chromatography 

HPLC was carried out as described in Chapter 3. 

4.2.2.10 Statistical Analysis 

Statistical analysis was carried out as described in Chapter 2. 

 

4.3 Results and Discussion 

4.3.1 Production of Polymer/Amorphous Salt Solid Dispersions 

Amorphous CS 1:1 and CS 2:1 were previously produced by Paluch et al via spray drying 

and ball milling respectively,125 whereas in this study ball milling was used to prepare both 

amorphous salts. Six hours of high intensity milling (600 rpm) was required to obtain fully 

X-ray amorphous powders. Like the polymeric ASDs discussed in the previous chapter, both 

of these amorphous salts were yellow in color. PVP was chosen as the primary polymer to 
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include in the CIP/succinic acid ASDs as it is hydrophilic and amorphous, and is commonly 

used to produce ASDs of poorly soluble drugs.51 However, when a 1:1 molar ratio of CIP 

and succinic acid, plus 20–60% (w/w) PVP, were ball milled (BM) together for 4 hours, a 

partially crystalline product was obtained, with PXRD peaks primarily matching those of 

CIP, along with one small peak of the CS 1:1 salt at approximately 5.5 2θ degrees (Figure 

A.3.1). The sample containing 20% (w/w) PVP possessed the lowest degree of crystallinity 

following milling, as detected by PXRD, whereas more crystalline products were obtained 

when the proportion of PVP was increased to 40 or 60% (w/w). The polymer therefore 

appears to have hindered the formation and amorphization of the salt, although the degree of 

crystallinity (by PXRD) of the components did decrease over time during milling. Similarly, 

as described in Chapter 3, binary ASDs of CIP could not be formed with neutral polymers 

such as PVP and Soluplus, as the interactions between the drug and excipient were too weak 

to yield a fully amorphous solid dispersion. 

As initial milling of all three individual starting materials was unsuccessful, CIP and succinic 

acid were then pre-milled, in order to form the amorphous 1:1 or 2:1 salt. These salts were 

subsequently milled with 40% (w/w) PVP for a further 60 min (BM CS 1:1/40% PVP and 

BM CS 2:1/40% PVP). The CS 1:1 salt was also milled with Soluplus for one hour (BM CS 

1:1/40% Soluplus). Like PVP, this polymer is amorphous, and has been used successfully to 

form ASDs of other poorly soluble drugs by ball milling 219. As can be seen in Figure 4.1, 

the use of pre-milling resulted in an X-ray amorphous product for each of these systems. 

Spray drying was also used to produce ASDs containing CS 1:1. The required amount of 

succinic acid was first dissolved in warm water, followed by CIP, and then various quantities 

of PVP. Due to the poor solubility of CIP, solutions of CS 2:1 could not be prepared, and 

thus milling was the only suitable method of production for this salt. CS 1:1 with 20–60% 

(w/w) PVP resulted in fully X-ray amorphous ASDs (labelled as SDD CS 1:1/20% PVP, 

40% PVP and 60% PVP, Figure 4.1). However, when a solution of CS 1:1 with 40% (w/w) 

Soluplus was spray dried (SDD), a partially crystalline product was obtained, as shown by 

PXRD and DSC (Figure A.3.2). The PXRD diffractogram of this sample contained a number 

of peaks corresponding to the CS 1:1 salt, as well as the most intense peak of CIP and succinic 
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acid at approximately 25–26 2θ degrees. Therefore, the process used to form the ASDs, as 

well as the type and proportion of polymer, affects the solid state of the product. 

 

 

Figure 4.1. PXRD analysis of (a) CS 1:1 (b) CS 2:1 (c) BM CS 1:1/40% Soluplus (d) BM 

CS 2:1/40% PVP (e) BM CS 1:1/40% PVP (f) SDD CS 1:1/20% PVP (g) SDD CS 1:1/40% 

PVP and (h) SDD CS 1:1/60% PVP. 

 

4.3.2 Solid-State Characterization of Polymer/Amorphous Salt Solid Dispersions 

4.3.2.1 Solid-State Fourier Transform Infrared Spectroscopy 

The FTIR spectra of the ASDs, CS 1:1, CS 2:1 and the starting materials are shown in Figure 

4.2. As was the case with the binary ASDs of Chapter 3, the peaks corresponding to the 

asymmetric and symmetric vibrations of the carboxylate ion of CIP are absent from the 

spectra of these polymer/salt ASDs. Instead, a peak can be seen at 1721–1727 cm-1. 

Therefore, the carboxylic acid of CIP is protonated in these ASDs, which was also found to 

be the case for the CS 1:1 and CS 2:1 salts.125 The fact that the peak corresponding to the 
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C=O stretch of CIP’s ketone group shifted from 1618 cm-1 to 1627–1629 cm-1 in the spectra 

of the ASDs provides further confirmation of the protonated state of the carboxylic acid of 

CIP, as previously discussed. Regarding the ionization state of the piperazine amino group 

of CIP, the spectra of the ASDs contain a broad peak at approximately 2490 cm-1, which can 

be assigned to the NH2
+ stretching vibrations of this group.168 This positively charged group 

forms an ionic bond with the carboxylate groups of succinic acid within the salts.125 
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Figure 4.2. FTIR spectra of CIP ASDs. I. Containing PVP: (a) SDD CS 1:1/60% PVP (b) 

SDD CS 1:1/40% PVP (c) SDD CS 1:1/20% PVP (d) BM CS 2:1/40% PVP (e) BM CS 

1:1/40% PVP (f) CS 2:1 (g) CS 1:1 (h) PVP (i) succinic acid and (j) CIP. II. Containing 

Soluplus: (a) BM CS 1:1/40% Soluplus (b) CS 1:1/40% Soluplus PM (c) CS 1:1 (d) Soluplus 

(e) succinic acid and (f) CIP. 

The spectrum of PVP shows a broad peak from about 1600–1750 cm-1, with a maximum at 

1659 cm-1, due to the C=O stretch of the pyrrolidone carbonyl group. This is the most likely 

functional group of PVP to participate in hydrogen bonding, and the formation of such 

interactions is usually associated with a shift in the corresponding peak to lower 

wavenumbers.40 Chen et al observed a peak at 1657 cm-1 in the FTIR spectrum of PVP, even 

after it was dried under vacuum at 40 oC for 24 hours, due to the participation of this group 

in hydrogen bonding with absorbed water. When the polymer was more thoroughly dried 

this peak shifted to 1667 cm-1.220 The carbonyl stretch of PVP also shifted to 1663–1667 cm-

1 in the spectra of the ASDs (Figure 4.2.I), which may be due to a reduction in the hydrogen 

bonding of PVP’s carbonyl group with water molecules in the ASDs. Similarly, the carbonyl 

peak of the polymer was found to shift to higher wavenumbers in nimesulide/PVP ASDs, as 

the more hydrophobic environment of the ASD resulted in a decrease in PVP-water hydrogen 
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bonds.56 The fact that the carbonyl peak of PVP did not shift to lower wavenumbers in the 

spectra of the ASDs suggests that this polymer did not form hydrogen bonds with the CS 1:1 

and 2:1 salts. 

The peaks at 1637 cm-1 and 1741 cm-1 in the spectrum of Soluplus correspond to the C=O 

stretch of the caprolactam carbonyl and ester carbonyl, respectively. These bands are 

overlapped with those of the ketone and COOH carbonyl stretches of CIP in the spectrum of 

BM CS 1:1/40% Soluplus, with the combined peaks appearing at 1634 and 1721 cm-1, 

respectively (Figure 4.2.II). This makes it difficult to say with any certainty whether the 

carbonyl peaks of Soluplus are shifted in this ASD. However, as the caprolactam peaks of 

the ASD and pure polymer differed by only 3 cm-1, this shift may simply be due to 

experimental error. Regarding the peak at 1721 cm-1 in the spectrum of the ASD, a slight 

shoulder was visible at ~ 1738 cm-1, which may be assigned to the ester carbonyl stretch of 

the polymer. Therefore, neither carbonyl peak of Soluplus underwent significant shifts upon 

ASD formation. In addition, upon comparison of the FTIR spectra of the ASD and a physical 

mixture, containing the CS 1:1 amorphous salt and Soluplus in the same ratio as in the ASD, 

no significant differences were seen. Therefore, like PVP, no evidence of hydrogen bonding 

between CS 1:1 and Soluplus could be detected in this ASD. 

4.3.2.2 Thermal Analysis and Estimation of Component Miscibility 

DSC thermograms of the ASDs are shown in Figure 4.3, and a summary of their thermal 

properties is given in Table 4.1. The Tg of CS 1:1 was detected at 86.7 ± 0.5 oC, which is 

identical to the Tg of pure amorphous CIP. The Tg of CS 2:1 on the other hand was only 69.3 

± 1.0 oC. The low Tg of the CS 1:1 and 2:1 salts may be partially attributed to the presence 

of succinic acid, whose Tg is believed to be less than 30 oC.221 
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Figure 4.3. DSC thermograms of (a) CIP (b) succinic acid (c) CS 1:1 (d) CS 2:1 (e)  BM CS 

1:1/40% PVP (f) BM CS 2:1/40% PVP (g) BM CS 1:1/40% Soluplus (h) SDD CS 1:1/20% 

PVP (i) SDD CS 1:1/40% PVP and (j) SDD CS 1:1/60% PVP. 

Table 4.1. Thermal Properties of CIP Amorphous Salts and ASDs 

Sample Tg (oC) Crystallization 

onset (oC) 

Crystallization 

peak (oC) 

CS 1:1 86.7 ± 0.5 105.3 ± 1.2 110.3 ± 1.0 

CS 2:1 69.3 ± 1.0 103.8 ± 0.5/ 

115.3 ± 0.4 

107.6 ± 0.2/ 

121.8 ± 0.1 

BM CS 1:1/40% PVP 91.2 ± 0.8 129.1 ± 0.2 136.9 ± 0.2 

BM CS 2:1/40% PVP 98.4 ± 0.9 125.2 ± 0.8 132.3 ± 0.7 

BM CS 1:1/40% 

Soluplus 

81.7 ± 0.8 112.6 ± 0.4 117.5 ± 0.4 

SDD CS 1:1/20% PVP 90.2 ± 0.1 111.3 ± 1.2 116.7 ± 1.4 

SDD CS 1:1/40% PVP 93.0 ± 0.8 130.6 ± 0.0 140.8 ± 0.1 

SDD CS 1:1/60% PVP 122.4 ± 1.6 145.0 ± 0.3 159.2 ± 1.0 
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DSC is commonly used to determine whether the components of an ASD are miscible or not. 

A single Tg was seen in the thermograms of all of the ASDs. This suggests that the amorphous 

salts are miscible with PVP and Soluplus, and that phase separation does not occur in the 

ASDs.41 The Tg’s of PVP K17 and Soluplus have been reported as 125.2 and 72 oC, 

respectively.219,222 If the two components of an ASD are miscible, its Tg should be located in 

between the Tg of the pure drug (or salt in this case) and the polymer,41 and this was found 

to be the case for all of the ASDs. With the ASDs containing PVP this resulted in an increase 

in Tg relative to the relevant pure amorphous salt, whereas the Tg of BM CS 1:1/40% Soluplus 

was approximately 5 oC lower than CS 1:1, due to the comparatively low Tg of the polymer. 

An additional indication of miscibility in the spray dried samples is that as the proportion of 

PVP increased, so did the Tg. 

Another common approach for determining the miscibility of the components in an ASD is 

to calculate their solubility parameters. As mentioned in Chapter 1, the group contribution 

method may be used to find the solubility parameters of drugs and polymers, however it will 

not give accurate results for salts.72 The total solubility parameters (δt) of the amorphous CS 

1:1 and 2:1 salts were therefore determined by IGC, while those of the polymers were 

obtained from literature. The δt values were 19.9, 20.3, 22.7 and 19.4 MPa0.5 for CS 1:1, CS 

2:1, PVP72 and Soluplus,223 respectively. According to Greenhalgh et al, a difference of less 

than 7 MPa0.5 between the solubility parameters of two components indicates that they are 

miscible, whereas if they differ by more than 10 MPa0.5 they are expected to be immiscible.71 

These results therefore confirm the miscibility of the amorphous salts and the polymers, with 

a δt difference of ≤ 2.8 MPa0.5 being obtained in each case. 

The DSC thermograms of all of the ASDs contained exothermic peaks due to cold 

crystallization of their amorphous content. It is clear from Figure 4.3 that the CS 2:1 

amorphous salt differs from the other samples by the presence of two crystallization 

exotherms, peaking at 107.6 oC and 121.8 oC. PXRD analysis was carried out on the sample 

immediately following each crystallization event. Identical PXRD peaks were obtained in 

both cases, matching those of crystalline anhydrous CS 2:1;125 however, they became more 

intense after the second crystallization event. Similar double exothermic peaks have been 

reported for a number of drugs following milling. Trasi et al attributed the first peak in the 
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thermogram of milled griseofulvin to the surface crystallization of particles that had nuclei 

on their surfaces, while the second peak was due to crystallization of the bulk of these 

particles, as well as particles that were not nucleated.103 Therefore, the occurrence of two 

crystallization peaks in the thermogram of CS 2:1 indicates that the particles may have 

contained a number of surface crystal nuclei following milling, which were too small to be 

detected by PXRD. 

All of the ASDs crystallized at higher temperatures than the corresponding salt, which can 

be attributed to the presence of polymer. The long chains of polymers can delay 

crystallization by sterically hindering the diffusion of drug molecules and formation of a 

crystal lattice, and the higher the proportion of polymer in an ASD, the more stable it should 

be to crystallization.52 Indeed, as the ratio of PVP in the SDD dispersions increased, a linear 

increase in their crystallization temperature was observed. The high Tg of PVP should help 

to stabilize the ASDs, by reducing the molecular mobility and thus crystallization tendency 

of the salt.56 The ASD containing Soluplus crystallized at a slightly lower temperature than 

those containing 40% (w/w) PVP; however, this is expected considering the significantly 

lower Tg of this polymer. 

The method of production had a small but significant effect on the crystallization temperature 

of the ASDs containing CS 1:1 and 40% (w/w) PVP, with that of the SDD sample being 

almost 4 oC higher than BM CS 1:1/40% PVP (p-value = 0.001). In contrast, no significant 

difference in the Tg values of BM CS 1:1/40% PVP and SDD CS 1:1/40% PVP was found 

(p-value for t test = 0.06). A reduction in crystallization temperature is expected for milled 

samples, as they contain a lot of exposed surfaces. Molecules located at the surface of 

particles possess more molecular mobility and are less confined than those in the bulk, which 

allows them to crystallize more easily.103 Ball milled solids generally possess higher surface 

energy than ASDs produced by other methods, which reduces the activation energy for 

nucleation and crystal growth, resulting in a lower crystallization temperature.103 

PMs consisting of the amorphous CS 1:1 and CS 2:1 salts and appropriate ratios of polymers 

were also analyzed by DSC, and their thermograms and thermal properties are shown in 

Figure A.3.3 and Table A.3.1. Individual two-sample t tests were used to compare the results 
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obtained with the ASDs and corresponding PMs. In each case, the ASDs showed a 

statistically significantly higher Tg and lower melting endotherm than the corresponding PMs 

(p-value < 0.05). A statistically significantly higher crystallization temperature was also 

obtained for all the ASDs compared to the PMs, except for SDD CS 1:1/20% PVP, which 

was almost statistically significant (p = 0.07). Unlike the ASDs, the PMs did not offer an 

increase in Tg relative to the pure amorphous salts, and only the PM containing CS 2:1 and 

40% (w/w) PVP demonstrated a statistically significant increase in crystallization 

temperature. These results indicate that simply mixing the amorphous salts with polymer 

offers negligible benefits in terms of thermal stability. Formulation as an ASD on the other 

hand significantly increases the Tg and crystallization temperature of CS 1:1 and CS 2:1, as 

it allows more intimate mixing of the components. The ASDs would therefore be expected 

to have higher physical stability during storage than the corresponding amorphous salts. 

The water content and thermal degradation of the ASDs was investigated using TGA (Figure 

4.4). Between 25 and 120 oC, all of the samples underwent mass loss due to water 

evaporation. The greatest water loss was obtained with BM CS 2:1/40% PVP and BM CS 

1:1/40% PVP, equal to 4.5 and 4.4%, respectively. As the proportion of PVP increased in 

the SDD samples, so did the degree of water loss, due to the high hygroscopicity of this 

polymer. A smaller mass loss of 2.1% occurred between 25–120 oC with the ASD containing 

Soluplus, suggesting that this polymer is less hygroscopic than PVP. Although they did not 

contain any polymer, the amorphous CS 1:1 and CS 2:1 salts were found to have a water 

content of 4.25 and 4.1%, respectively. In addition to water loss, TGA analysis also showed 

that all of the samples undergo significant thermal degradation above ~200 oC, as seen with 

the binary polymeric CIP ASDs discussed in Chapter 3. The thermograms of each of the 

amorphous samples contained broad endotherms above 180 oC due to melting accompanied 

by decomposition (Figure 4.3). 
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Figure 4.4. TGA analysis of (a) CS 1:1 (b) CS 2:1 (c) BM CS 1:1/40% Soluplus (d) BM CS 

2:1/40% PVP (e) BM CS 1:1/40% PVP (f) SDD CS 1:1/20% PVP (g) SDD CS 1:1/40% PVP 

and (h) SDD CS 1:1/60% PVP. The total mass loss obtained at 300 oC for each sample is 

also listed. 

 

4.3.3 Stability Studies 

The irregular arrangement of molecules in amorphous solids enables the absorption of large 

quantities of water, which was shown to be the case with all of the ASDs during DVS analysis 

(Figure 4.5). SDD CS 1:1/60% PVP absorbed the highest amount of water (37.8%), followed 

by BM CS 2:1/40% PVP (29.1%). The smallest change in mass was obtained with SDD 

1:1/20% PVP (15.4%) and BM CS 1:1/40% Soluplus (15.9%). SDD and BM CS 1:1/40% 

PVP had similar mass changes of 28.0 % and 26.1% (w/w) respectively; therefore the method 

of production did not have a major effect on the water uptake behavior of these samples. In 

comparison to the ASDs, the mass of the amorphous CS 1:1 and CS 2:1 salts increased by 

approximately 10% during DVS analysis.125 Therefore, the significantly larger water uptake 

of the ASDs can be attributed to the presence of hygroscopic polymer. A large degree of 

water absorption is expected in samples containing a molar excess of PVP monomer,40 which 

was the case in all of the ASDs studied here. 
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Figure 4.5. DVS analysis of polymer/salt ASDs produced by (a) ball milling and (b) spray 

drying. 
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The isotherm of BM CS 1:1/40% Soluplus shows a large degree of hysteresis. This indicates 

that water absorbs into the bulk of the particles, and that the diffusion of water from the 

surface to the interior is faster than diffusion in the opposite direction.224 In contrast, only a 

small amount of hysteresis was seen with the PVP-containing ASDs, suggesting that water 

is mainly adsorbed to the surface of particles in these samples. 

PXRD analysis of the samples following a full DVS cycle (at 0–90–0% RH) revealed that 

all the ASDs containing CIP and succinic acid in a 1:1 molar ratio crystallized as anhydrous 

CS 1:1, while BM 2:1/40% PVP formed anhydrous crystalline CS 2:1 (Figure 4.6). DVS 

analysis of the pure amorphous CS 1:1 and CS 2:1 salts resulted in the crystallization of CS 

1:1 trihydrate and CS 2:1 tetrahydrate, respectively, at 40–50% RH. The latter salt then 

converted to the respective anhydrate during the dehydration cycle.125 All of the ASDs 

studied here also appear to crystallize during the sorption stage at 40–50% RH. Therefore, it 

can be concluded that the presence of polymer did not improve the physical stability of the 

amorphous salts in high humidity conditions. 
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Figure 4.6. PXRD following DVS analysis of (a) BM CS 1:1/40% Soluplus (b) BM CS 

2:1/40% PVP (c) BM CS 1:1/40% PVP (d) SDD CS 1:1/60% PVP (e) SDD CS 1:1/40% 

PVP and (f) SDD CS 1:1/20% PVP. The arrows point to the most prominent peaks of 

anhydrous CS 1:1 and CS 2:1. 

Long-term stability studies were also carried out on the ASDs at RT (22–25 oC) under dry 

conditions. All of the ASDs containing PVP remained X-ray amorphous for at least 12 

months, while a small peak appeared at 25.0 2θ degrees in the PXRD pattern of BM CS 

1:1/40% Soluplus after 10 months, corresponding to the most prominent peak of crystalline 

anhydrous CS 1:1. This ASD therefore appears to be somewhat less stable than those 

containing PVP, which could be expected given its correspondingly lower Tg. In contrast, a 

small peak appeared in the PXRD pattern of CS 1:1 after only one month, and after two 

months both amorphous salts were partially crystalline, with peaks matching those of the 

corresponding anhydrous CIP succinate salts.125 These peaks then grew in intensity over time 

due to increasing crystalline content (Figure 4.7). 
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Figure 4.7. PXRD analysis of ASDs after storage at RT for (i) two months (ii) four months 

and (iii) twelve months: (a) SDD CS 1:1/60% PVP (b) SDD CS 1:1/40% PVP (c) SDD CS 

1:1/20% PVP (d) BM CS 2:1/40% PVP (e) BM CS 1:1/40% Soluplus (f) BM CS 1:1/40% 

PVP (g) CS 2:1 and (h) CS 1:1. 

The presence of PVP and Soluplus in the ASDs prevented the crystallization of CS 1:1 and 

CS 2:1 during long-term storage, allowing them to remain amorphous for an extended period 

of time. Similarly, as described in the previous section, the crystallization temperatures of all 

of the ASDs were significantly higher than the polymer-free salts in DSC studies. Polymers 

with high glass transition temperatures such as PVP are often used to stabilize ASDs, as they 

will help to reduce the molecular mobility and crystallization tendency of the drug.56 

However, as the Tg of Soluplus is relatively low, this is clearly not the only explanation for 

the improved stability of the ASD containing this polymer. The free energy of an amorphous 

formulation may be decreased by the presence of polymers, as their high molecular weight 

and flexibility will increase the configurational entropy of the system, and thus reduce the 

driving force for crystallization.51 In addition, polymers can provide a physical barrier to 

crystallization by hindering the movement of drug molecules and blocking their access to 

crystal growth sites.52 For instance, ASDs containing nimesulide and PVP were shown to 
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greatly increase the resistance of the drug to crystallization, despite having lower than 

predicted Tg’s and lacking specific interactions between the components. The improved 

stability of the ASDs was attributed to the steric hindrance and antiplasticization effect of 

the polymer. This resulted in a reduction in the molecular mobility of the drug, as shown by 

broadband dielectric spectroscopy.56 A combination of these factors most likely resulted in 

the improved stability of these ASDs. 

 

4.3.4 Dynamic Solubility Studies 

Due to the generation of a viscous gel when BM CS 1:1/40% Soluplus was added to the 

media, it was not possible to accurately carry out solubility tests on this sample. Similar 

issues have been encountered with this polymer by other researchers, and significant 

decreases in drug release from ASDs containing Soluplus have been reported due to hydrogel 

formation.225 In contrast, the ASDs containing PVP demonstrated superior dispersion and 

wettability behavior, and full solubility tests were successfully carried out on all of these 

samples. 

As can be seen in Figure 4.8a, a substantial improvement in the solubility of CIP was 

obtained with CS 1:1 and the ASDs containing this salt in water. An average maximum 

concentration of 30–34 mg/ml was achieved for all of these samples, however the differences 

between them were not statistically significant, as shown by ANOVA (p = 0.27). Similarly, 

Patel et al found that the solubility of tenoxicam doubled when formulated as an amorphous 

1:2 salt with arginine, however the formation of an ASD with PVP did not provide any 

additional improvement.218 With each of the ASDs, the concentration of CIP increased 

sharply within the first 60 sec of the study and did not fall substantially over the remainder 

of the experiment, although there was some fluctuation. CS 2:1 offered less of a solubility 

advantage in water than the 1:1 salt, with a maximum CIP concentration of 21.2 mg/ml. 

Therefore, a drug-acid ratio of 1:1 enables more of the drug to enter solution in water. This 

may be due to a greater reduction in the pH due to the higher proportion of succinic acid. In 

contrast to CS 1:1, the formulation of CS 2:1 as an ASD with PVP decreased its aqueous 

solubility significantly to 2.10 mg/ml, suggesting that the presence of polymer impeded the 

dissolution of the drug in this case. The aqueous solubility of CS 1:1, CS 2:1 and all of the 
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ASDs is significantly higher than that of the binary polymeric ASDs described in Chapter 3. 

This is most likely due to the presence of succinic acid in the former samples, which is more 

acidic and soluble than these polymers. 

BM CS 2:1/40% PVP showed a similar profile to CIP in FaSSIF, reaching a peak 

concentration of 1.5 mg/ml after 30 sec, then quickly falling to approximately 0.5 mg/ml 

(Figure 4.8b). As in water, a significantly higher concentration was obtained with CS 1:1 

and the other ASDs in FaSSIF. After 1 min, concentrations in excess of 39 mg/ml were 

obtained with all of these samples, which remained at this level for the remainder of the 

study. Again, the differences in the maximum concentration of these samples was not 

statistically significant, as shown by ANOVA (p = 0.93). 

In contrast to water and FaSSIF, in FaSSGF BM CS 2:1/40% PVP had a comparable 

solubility to the other ASDs. Similarly, the CS 2:1 amorphous salt demonstrated superior 

solubility in this medium, achieving a concentration of 54.5 mg/ml at the end of the study. 

A maximum concentration of 38.9–43.9 mg/ml was obtained with all of the other ASDs in 

FaSSGF (Figure 4.8c). Again, the presence of polymer in BM CS 2:1/40% PVP reduced the 

solubility of the drug relative to the 2:1 salt, as it did in water and FaSSIF. ANOVA with 

Tukey’s multiple comparison test revealed that the maximum solubility of SDD CS 1:1/60% 

PVP was significantly higher than that of BM CS 1:1/40% PVP in FaSSGF, however none 

of the other ASDs differed significantly. Therefore, it can be concluded that the processing 

method (dry ball milling vs. spray drying) did not affect the solubility of CS 1:1/40% PVP. 

Similarly, the proportion (w/w) of PVP in the ASDs prepared by spray drying did not have 

a significant effect on their solubility. 

The pH of the solutions at the end of the solubility studies was measured and is listed in 

Table A.3.2. As expected, very similar values were obtained with CS 1:1 and the ASDs 

containing this salt. In water and FaSSIF the pH decreased to 4.6 ± 0.1 and 4.7 ± 0.1 

respectively with these samples, and in FaSSGF it increased to 4.1 ± 0.1. CS 2:1 gave slightly 

higher values of 4.7–4.9 in the three media, while the pH was higher again with BM CS 

2:1/40% PVP (final pH 5.4, 6.0 and 4.9 in water, FaSSIF and FaSSGF, respectively) due to 

the lower quantity of salt entering solution with these samples. 
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PXRD analysis of the excess powder left at the end of the experiments revealed that all of 

the amorphous solids crystallized (Figure A.3.4). The same crystal form was obtained for 

all of the samples containing CS 1:1 in the three different media, which was identified as CS 

1:1 trihydrate.125 In contrast, CS 2:1 and BM CS 2:1/40% PVP did not crystallize to the 

corresponding salt, but instead formed CIP hydrate. In FaSSIF the PXRD patterns of the 

precipitates matched that of the CIP 3.1 hydrate, while in water the CIP 3.7 hydrate158 was 

obtained.. In FaSSGF, CS 2:1 crystallized to a mixture of the 3.1 and 3.7 hydrates. Unlike 

the other samples, the precipitate recovered from solubility studies with BM CS 2:1/40% 

PVP in this medium was only slightly crystalline, with low intensity peaks matching those 

of the CIP 3.7 hydrate. The significantly improved solubility observed for this sample in 

FaSSGF compared to the other media may therefore be partly due to a delay in 

crystallization. The crystallization behavior of the samples may also explain the superior 

solubility of those containing CS 1:1 compared to CS 2:1. Crystalline CS 1:1 has been shown 

to have a solubility of approximately 30 mg/ml in water,125 and therefore its formation during 

solubility studies would still result in a large amount of CIP entering solution. CIP hydrate 

on the other hand is significantly less soluble than CS 1:1 trihydrate,198 and its formation 

may have limited the solubility of  CS 2:1 in water and FaSSIF. 
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Figure 4.8. Solubility studies in (a) water (b) FaSSIF and (c) FaSSGF at 37 oC. The average 

of at least 3 experiments is plotted, ± the standard deviation. 
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4.3.5 PAMPA Permeability Study 

The results of the PAMPA study on CS 1:1, CS 2:1 and the ASDs containing PVP are shown 

in Table 4.2. As the effective permeability of CIP and the ASDs described in Chapter 3 did 

not differ significantly under iso-pH and pH gradient conditions, a pH of 7.4 was used in 

both the donor and acceptor compartments for this assay. All of the samples demonstrated 

low effective permeability (Pe) of less than 1 × 10−6 cm/s, and therefore would be expected 

to be poorly absorbed in vivo. Although the differences in Pe between the amorphous samples 

were not significant, they all had a significantly lower permeability than crystalline CIP, as 

shown by ANOVA and Tukey’s multiple comparison test. Similarly, as described in the 

previous chapter, crystalline CIP HCl was also significantly less permeable than pure CIP. 

This may be due to the fact that the proportion of CIP bearing a net positive charge is 

increased by these salts, making it more hydrophilic, and less likely to diffuse across the lipid 

membrane. In contrast, no decrease in the permeability of the drug was seen with the ASDs 

containing Eudragit L100, HPMCAS-LG and HPMCAS-MG, as these excipients are 

unlikely to have a significant effect on the ionization state of the drug in solution. 

Table 4.2. PAMPA Permeability Values of CIP 

Sample Pe x 106 (cm/s) 

CIP 0.56 ± 0.06 

CS 1:1 0.13 ± 0.02 

CS 2:1 0.11 ± 0.01 

BM CS 1:1/40% PVP 0.12 ± 0.01 

BM CS 2:1/40% PVP 0.12 ± 0.02 

SDD CS 1:1/20% PVP 0.12 ± 0.03 

SDD CS 1:1/40% PVP 0.12 ± 0.02 

SDD CS 1:1/60% PVP 0.12 ± 0.00 
 

As discussed in Chapter 3, as PAMPA only provides an estimate of passive transcellular 

transport, it is possible that the in vivo absorption of these formulations was underestimated 

by this study. Although there is some evidence that CIP is a substrate for active transporters 
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and efflux proteins in the intestine,208 it is believed to be largely absorbed passively, which 

includes the transmembrane and paracellular pathways.207 As CIP can be transported via the 

paracellular route in the both the zwitterionic and cationic form,118 at least a portion of the 

ionized drug should be absorbed by passing through the aqueous channels in between 

intestinal cells. Therefore, the in vivo permeability of CIP from these samples is likely to be 

higher than that obtained in this PAMPA study. 

 

4.4 Conclusions 

ASDs containing amorphous CS 1:1 and 2:1 salts dispersed in PVP or Soluplus were 

successfully produced via ball milling and spray drying. Although no clear evidence of 

specific interactions between the salts and polymers were found via FTIR analysis, DSC and 

IGC indicated that the salts and polymers form a miscible mixture in each case. All of the 

ASDs were superior to the corresponding salts in terms of thermal stability, with higher Tg’s 

and crystallization temperatures, and these were positively correlated with the weight ratio 

of PVP. In addition, the ASDs remained fully X-ray amorphous for at least 10 months during 

long-term stability studies, whereas the amorphous salts began to crystallize after 1–2 

months. However, all of the ASDs took up a large amount of water during DVS studies due 

to their polymer content, and crystallization occurred in each case at 40–50% RH. All of the 

ASDs containing CS 1:1 were over 300 times more soluble than pure CIP in water and 

FaSSIF, however no significant improvement was seen compared to the pure amorphous salt. 

CS 2:1 and the ASD containing this salt offered less of a solubility advantage, although they 

were still superior to crystalline CIP in all media. No decrease in the effective permeability 

of CIP was seen with the ASDs containing PVP compared to amorphous CS 1:1 and CS 2:1. 

However, all samples were significantly less permeable than pure crystalline CIP. 

In conclusion, the formulation of CS 1:1 and CS 2:1 amorphous salts as ASDs with PVP or 

Soluplus improved their thermal and long-term stability, but did not significantly increase 

their stability in humid conditions, solubility or permeability. Although the amorphous salts 

and ASDs offered a significant advantage over pure crystalline CIP in terms of solubility, 

this was offset by a decrease in permeability. 
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Chapter 5: Preparation and Characterization of Amorphous 

Ciprofloxacin-Amino Acid Salts 
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5.1 Introduction 

As demonstrated in Chapter 3 and 4, the solubility and stability of CIP may be increased by 

the production of ASDs containing suitable polymers and/or small molecules. A number of 

studies have recently focused on ASDs consisting of poorly soluble drugs and amino acids. 

Amino acids are attractive stabilizers for such formulations as they are inexpensive GRAS 

(generally recognized as safe) compounds,226 that have been shown to improve the physical 

stability of many amorphous drugs.62,86,227,228 The α-carboxylate, α-amino group or side 

chains of amino acids can all potentially form bonds with drugs, providing many possibilities 

in terms of intermolecular interactions. Amino acids may stabilize amorphous drugs via 

hydrogen bonding, hydrophobic and/or ionic interactions,226 however amorphous 

formulations that lack specific drug-amino acid interactions have also been produced.227 A 

number of amorphous salts have also been prepared with the basic amino acids, in particular 

arginine (ARG), via ball milling and spray drying.86,218,229 In each of these salts an ionic 

interaction between the positively charged side chain guanidyl group of ARG and a 

carboxylate group of the drug was detected.218,227,229 

From the results of the previous chapters, it could be predicted that successful amorphization 

of CIP would be most likely with the acidic amino acids, i.e. aspartic acid (ASP) and glutamic 

acid (GLU). A study by ElShaer et al supports this hypothesis. The authors found that CIP 

formed salts with ASP and GLU when freeze dried in a 1:1 molar ratio.230 In both cases the 

positively charged piperazine amino group of CIP was found to form an ionic interaction 

with the carboxylate groups of ASP and GLU. In contrast, the authors were unable to form 

salts with the basic amino acids arginine, lysine and histidine.230 Similarly, as described in 

Chapter 3, when CIP was milled with neutral polymers, such as PVP and Soluplus, a semi-

crystalline product was obtained. However, since all amino acids contain an α-carboxyl 

group, they would be more likely to interact with the amino group of CIP, and potentially 

form an amorphous salt, than such polymers. 

The major goal of this study was to explore the possibility of forming CIP ASDs with amino 

acids. Seven amino acids with differing side chain properties were chosen for analysis: 

glycine (GLY), alanine (ALA), serine (SER), arginine (ARG), cysteine (CYS), glutamic acid 
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(GLU) and aspartic acid (ASP). Their chemical structures are shown in Figure 5.1. Their 

side chains, or R groups, may be classified as nonpolar and aliphatic (GLY and ALA); polar 

and uncharged (SER and CYS); basic (ARG); and acidic (ASP and GLU). Solid dispersions 

were produced by ball milling CIP with the amino acids in a 1:1 molar ratio. PXRD, DSC, 

TGA, FTIR and solid-state nuclear magnetic resonance (SSNMR) were used to investigate 

the physical form and thermal behavior of the preparations, and the interactions between the 

components. The long-term stability of the successful CIP/amino acid ASDs, as well as the 

effect of water sorption on their physical state, was then examined. The solubility and 

dissolution rate of a range of poorly soluble drugs have been found to increase via the 

production of amino acid ASDs,62,227,231 while the CIP aspartate and glutamate salts were 

significantly more soluble in water than crystalline CIP.230 It was therefore of interest to 

determine whether this is also the case with the amorphous samples prepared in this study. 

Lastly, the passive permeability of the amino acid ASDs was compared to that of pure 

crystalline CIP using the PAMPA model. 
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Figure 5.1. Chemical structures, pKa values and molecular weights of the amino acids used 

in this study. 

 

5.2 Experimental Section 

5.2.1 Materials 

The following amino acids were used to form solid dispersions with CIP: glycine (GLY: 

Sigma-Aldrich, St. Louis), L-alanine (ALA: Acros Organics, New Jersey), L-cysteine (CYS: 

SAFC, Sigma-Aldrich, St. Louis), L-serine (SER: Acros Organics, New Jersey), L-arginine 

(ARG: Sigma-Aldrich, St. Louis), L-glutamic acid (GLU: Acros Organics, New Jersey) and 

L-aspartic acid (ASP: Sigma-Aldrich, Dorset). The PXRD patterns of the starting materials 

are shown in Figure A.4.1. The details of all other materials and solvents used in this study 

are listed in Chapter 2 and 3. 
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5.2.2 Methods 

5.2.2.1 Sample Preparation 

Ball milling was carried out as described in Chapter 2. CIP was co-milled with the amino 

acids in a 1:1 molar ratio for 4–6 hours in total. PMs were prepared by mixing 1:1 molar 

quantities of CIP and the amino acid powders in a pestle and mortar for a few minutes. The 

amino acids were also milled individually for 4 hours by Ms. Daryl Conroy in TCD. 

5.2.2.2 Solid-State Characterization 

5.2.2.2.1 Powder X-ray Diffraction 

PXRD was performed as described in Chapter 2. 

5.2.2.2.2 Solid-State Fourier Transform Infrared Spectroscopy 

FTIR was performed as described in Chapter 2. 

5.2.2.2.3 Solid-State Nuclear Magnetic Resonance (SSNMR) 

SSNMR analysis was carried out by Dr. Sarah Hudson in the University of Limerick. 

Carbon-13 NMR spectra were acquired on a Bruker Avance III HD NMR spectrometer 

operating at B0 = 9.4 T, with corresponding 1H and 13C resonance frequencies of ν0(
1H) = 

400.1 MHz and ν0(
13C) = 100.6 MHz.  Samples were packed in 4 mm o.d. zirconia rotors 

with Kel-F caps under ambient atmosphere, and experimental 13C NMR spectra were 

acquired at natural abundance using a 4 mm triple channel (H/X/Y) Bruker MAS probe 

operating in double resonance mode. The magic angle was optimized using a rotor packed 

with KBr and spun at 5 kHz. NMR spectra were referenced to TMS at δiso = 0 ppm by setting 

the high frequency 13C resonance in adamantane to 38.48 ppm.232  The 13C CP/MAS NMR 

spectra were acquired in a single spectral window using the cross-polarization pulse 

sequence, with a magic angle spinning (MAS) rotor frequency of 10 kHz, a 1H 90° pulse 

width of 2.5 μsec, and 50 kHz 1H decoupling during acquisition.  Proton decoupling was 

carried out with the SPINAL64233 decoupling sequence at 100%.  A contact time of 2.5 msec 

was optimized using a crystalline sample of CIP, and was used for the acquisition of all 13C 

CP/MAS NMR spectra.  Recycle delays were varied from 5 sec (more amorphous samples) 

to 20 sec (more crystalline samples), depending on the measured 1H T1 relaxation time for 
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each sample. For each sample, the 1H T1 relaxation time(s) were checked using the saturation 

recovery pulse sequence to ensure that the recycle delay allowed for adequate relaxation 

between the collection of subsequent transients.  The NMR spectra varied from 128 to 4k 

transients, with more transients being collected for the amorphous samples to get a suitable 

signal to noise ratio. Samples were dried overnight in an oven at 50 C prior to SSNMR 

analysis. 

5.2.2.2.4 Differential Scanning Calorimetry 

DSC was carried out as described in Chapter 3. All measurements were carried out in 

triplicate. 

5.2.2.2.5 High-Speed Differential Scanning Calorimetry 

HSDSC was carried out using the equipment and procedure described in Chapter 2. The 

samples were first heated from 25–80 oC and cooled to 5 oC to allow for water evaporation. 

They were then heated from 5–300 oC with a heating rate of 50–300 oC/min. 

5.2.2.2.6 Thermogravimetric Analysis 

TGA was performed as described in Chapter 2. 

5.2.2.3 Ciprofloxacin Aspartate and Glutamate Crystallization 

1:2 molar ratio solutions of CIP and ASP or GLU were prepared in a mixture of ethanol and 

water (approximately 3:1 volume ratio) at a concentration of 1% (w/v). These solutions were 

allowed to evaporate slowly at RT. When dry, the crystals were analyzed by PXRD. A 

portion of the ball milled CIP/ASP and CIP/GLU ASDs were also left exposed at RT (22–

25 oC) for a number of months to encourage their crystallization. The samples were analyzed 

regularly by PXRD. 

5.2.2.4 Dynamic Vapor Sorption 

DVS studies were carried out using the same equipment and procedure described in Chapter 

2. The samples were analyzed by PXRD following completion of the desorption cycle. DVS 

was repeated on fresh samples under the same conditions, however they were removed for 

PXRD analysis upon crystallization during the sorption cycle. 
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5.2.2.5 Long-term Stability Study 

A long-term stability study was conducted on the CIP/amino acid ASDs as described in 

Chapter 4. 

5.2.2.6 Dynamic Solubility Studies 

Solubility studies were performed as described in Chapter 3. 

5.2.2.7 Parallel Artificial Membrane Permeability Assay 

PAMPA was carried out as described in Chapter 3. The samples were dissolved in PBS pH 

7.4 at concentrations of 50–100 µg/ml. 

5.2.2.8 High-Performance Liquid Chromatography 

HPLC was carried out as described in Chapter 3. 

5.2.2.9 Statistical Analysis 

Statistical analysis was carried out as described in Chapter 2. 

 

5.3 Results and Discussion 

5.3.1 Sample Preparation 

5.3.1.1 Ball Milling of Pure Amino Acids 

 Ball milling was first carried out on the amino acids themselves. This proved ineffective at 

amorphizing the amino acids, with only slight decreases in the intensity of their PXRD 

patterns noted after 4 hours of milling (Figure 5.2). Similarly, when CIP was ball milled on 

its own it became more disordered, but remained partially crystalline. Löbmann et al were 

also unable to produce amorphous amino acids via ball milling.227 Like CIP, amino acids 

have a rigid structure and strong crystal lattice, making them difficult to amorphize on their 

own.62 They are also relatively small and simple molecules, and can therefore recrystallize 

quickly.26 In addition to ball milling, spray drying, vacuum drying and cryomilling have all 

proven unsuccessful at amorphizing amino acids, while quench cooling results in their 
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degradation.86,227,228 Pure amorphous ARG has been generated via freeze drying, however 

this production method was unsuccessful for other amino acids.86 

 

Figure 5.2. PXRD analysis of ball milled amino acids. 

5.3.1.2 Production of Ciprofloxacin/Amino Acid Solid Dispersions 

Similar to CIP, the α-carboxylate and amino groups, as well as the side chains of relevant 

amino acids, are involved in a number of intermolecular hydrogen bonds in the crystal lattice 

of these compounds. The formation of CIP/amino acid salts should therefore facilitate 

amorphization of both moieties, by disrupting this bonding network and preventing 

nucleation during processing.234 This was attempted by ball milling CIP with the seven 

amino acids mentioned above in a 1:1 molar ratio. This ratio has been used for most 

amorphous drug-amino acid formulations described in the literature to date, and has been 

shown to result in the most stable ball milled preparations.235 

Following the successful production of CIP aspartate and glutamate salts reported by ElShaer 

et al,230 it was predicted that CIP would also form an ASD with these amino acids via ball 

milling. After four hours of milling, a few small peaks remained in the PXRD diffractograms 

of CIP/ASP and CIP/GLU. However, when milled for a further two hours they became fully 
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X-ray amorphous (Figure 5.3). Surprisingly, when CIP was milled with CYS and ARG, fully 

X-ray amorphous formulations were obtained after only four hours of milling. This was 

particularly unexpected for ARG, as ElShaer et al were unable to produce CIP salts with any 

of the basic amino acids.230 Similarly, when the twenty essential amino acids were screened 

by Kasten et al for their suitability as amorphous co-formers for several drugs, it was 

discovered that ARG could only amorphize acidic compounds. In addition, the authors 

concluded that ASP and GLU were poor stabilizers for all drugs included in their study, 

while CYS was only successful for the acidic drug furosemide. The amino acids SER, ALA 

and GLY were also unsuccessful co-formers for all of the drugs included in Kasten et al’s 

study.236 Likewise, when CIP was milled with these amino acids for four hours, semi-

crystalline solid dispersions (SDs) were obtained, with PXRD patterns matching the most 

intense peaks of the starting materials (Figure 5.3). 

 

Figure 5.3. PXRD analysis of CIP/amino acid ASDs and SDs. The arrows identify the most 

prominent peaks of CIP, SER, ALA and GLY. 
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There are a number of possible explanations as to why some amino acids formed ASDs with 

CIP, while others did not. It is possible that the size of the amino acids had an influence on 

their ability to interact with CIP. It could be hypothesized that the smaller size of GLY, ALA 

and SER would facilitate their interaction with the drug. However, these simple amino acids 

all resulted in partially crystalline SDs when ball milled with CIP. On the other hand, the 

bulkier side chains and higher molecular weight of ASP, GLU, CYS and ARG may have 

increased the configurational entropy of the ASDs containing these amino acids, and thus 

hindered their crystallization.26 

The reason why only some of the amino acids were successful co-formers for the 

amorphization of CIP may be due to pKa differences. As previously mentioned, the pKa 

values of CIP have been reported as 6.16 and 8.62 for the carboxylic acid and piperazine 

secondary amine, respectively.109 The pKa values of the α-carboxylic acid groups, α-amino 

groups and relevant side chains of the amino acids have been reported by Berg et al, and are 

shown in Figure 5.1.237 All of the CIP ASDs discussed in the previous chapters have 

involved the interaction of the piperazine amino group of CIP with carboxylate groups of the 

excipients, and a similar interaction is believed to occur in the amino acid ASDs studied here 

(see Section 5.3.2). From Figure 5.1 it can be seen that the amino acids with the lowest α-

COOH pKa values (thereby providing the greatest difference in pKa from that of the 

piperazine amino group of CIP) are ARG and CYS. These amino acids formed ASDs most 

readily with the drug, requiring only four hours of milling. ASP and GLU have slightly 

higher pKa values for their α-COOH groups, and required a further two hours of milling with 

CIP to become fully X-ray amorphous. Due to their higher pKa values, the side chain 

carboxylic acid groups of ASP and GLU are less likely to form an ionic interaction with CIP 

than their α-carboxylate groups. Although the equivalent pKa difference of SER is on par 

with than that of ASP and GLU, it was unable to form an ASD with CIP via ball milling. 

This suggests that a combination of factors influences the successful amorphization of CIP 

with an amino acid, such as the pKa of the α-carboxylic acid group and its molecular weight. 
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5.3.2 Analysis of Drug-Amino Acid Interactions 

5.3.2.1 Solid-State Fourier Transform Infrared Spectroscopy 

The FTIR spectra of crystalline CIP, the amino acids, ASDs and PMs are shown in Figure 

5.4. The characteristic peaks corresponding to the asymmetric and symmetric stretching 

vibrations of the carboxylate carbonyl of CIP, at 1590 cm-1 and 1375 cm-1 respectively,165 are 

either absent from the spectra of the ASDs, or greatly decreased in intensity and shifted to 

lower wavenumbers. Therefore, like the ASDs of Chapter 3 and 4, the carboxylic acid of CIP 

appears to be protonated in these preparations. In contrast, this group is ionized in the SDs 

containing SER, ALA and GLY, as evidenced by the presence of peaks at 1590 cm-1 and 

1375 cm-1. NH2
+ stretching vibrations are present as weak bands at 2400–2600 cm-1 in the 

FTIR spectrum of CIP,125 and small bands may also be seen in this region in the spectra of 

all of the ASDs and semi-crystalline SDs. Therefore, it appears that CIP is in the same 

ionization state in these amorphous formulations as in CIP salts and CIP/polymer ASDs, i.e. 

with an unionized carboxylic acid group and a protonated secondary amine. 
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Figure 5.4. FTIR spectra of (a) starting materials (b) ASDs and corresponding PMs and (c) 

semi-crystalline SDs and corresponding PMs. Peaks corresponding to the C=O stretch of 

carboxylic acid groups are highlighted in blue. 
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Amino acids usually exist in the zwitterionic form at neutral pH and in the solid state,238 and 

FTIR analysis of the starting materials was used to confirm their ionization state. The FTIR 

spectra of most of the amino acids are missing the characteristic peak of the unionized 

carboxylic acid C=O stretch above 1700 cm-1, indicating that their α-carboxylic acid groups 

are ionized (Figure 5.4a). Peaks at 1600–1560 cm-1 and 1400–1422 cm-1 in each of the 

spectra may be assigned to the asymmetric and symmetric stretch of the α-carboxylate 

carbonyl, respectively. In contrast to the other amino acids, the spectra of ASP and GLU 

contain peaks around 1670–1730 cm-1 due to the C=O stretch of the protonated side chain 

carboxylic acid group.238 The FTIR spectra of all of the amino acids, except ARG, contain a 

peak at 2120–2040 cm-1, due to the symmetric stretch of the NH3
+ group. They also contain 

a broad medium intensity band around 3200–3000 cm-1 due to the asymmetric stretch of this 

group,239 while peaks at 1650–1610 cm-1 and 1530–1500 cm-1 can be assigned to the 

asymmetric and symmetric bending vibrations, respectively, of NH3
+.238 This indicates that 

the amino acid starting materials are in the zwitterionic form. These peaks are absent from 

the spectra of the ASDs. Instead, a medium intensity peak is present from 3415–3330 cm-1, 

which can be assigned to the N-H stretch of the unionized primary amine group.240 Therefore, 

the α-amino groups of the amino acids appear to be unionized in the ASDs. 

Unlike the other amino acids used in this study, a small peak is present at 1721 cm-1 in the 

spectrum of crystalline ARG, suggesting the presence of the unionized form of this amino 

acid. The PXRD pattern of the ARG starting material (Figure A.4.1) matches that reported 

by Patel et al. The authors claimed that the crystalline ARG used in their study was a mixture 

of phases, consisting of the zwitterionic dihydrate plus unionized ARG.218 Therefore, 

although the zwitterion has been shown to be the most stable form of ARG,241 the raw 

material used in this study appears to be a mixture of the unionized and zwitterionic form. 

The FTIR spectrum of ARG is also somewhat more complicated than the other amino acids 

due to its larger and more complex side chain. The α-amino group of zwitterionic ARG is 

unionized, while the side chain guanidyl group is positively charged. The peaks at 1679 cm-

1 and 1620 cm-1 in the spectrum of ARG may therefore be attributed to the asymmetric and 

symmetric stretch, respectively, of the guanidyl (CN3H5
+) group.242 Like the other amino 

acids, the α-carboxylic acid of zwitterionic ARG is deprotonated. Although the asymmetric 
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stretch of the carboxylate C=O group could not be detected due to overlap with the guanidyl 

peaks, the symmetric stretch of this group is located at around 1421 cm-1.243  

As can be seen in Figure 5.4b, the spectra of all of the CIP/amino acid ASDs contain a peak 

at 1720–1725 cm-1, although in the case of CIP/ARG this appears as a broad shoulder due to 

significant overlap with the neighboring guanidyl peak. A peak was also found in this region 

of the FTIR spectra of the polymeric ASDs discussed in the previous chapters. Therefore, 

CIP appears to be in the same ionization state in these amino acid ASDs, i.e. with an 

unionized carboxylic acid group and positively charged piperazine amino group. Similarly, 

ElShaer et al observed a peak at around 1720 cm-1 in the FTIR spectra of the CIP aspartate 

and glutamate salts. The authors concluded that an ionic interaction exists between the 

secondary amine of CIP’s piperazine group and the carboxylate group of the amino acids in 

these salts.230 CIP most likely interacts with the α-carboxylate groups of the amino acids used 

in this study in a similar manner, thereby forming amorphous salts. Interestingly, a small 

peak is also present at 1720–1725 cm-1 in the spectra of the three semi-crystalline SDs 

(Figure 5.4c). This suggests that a portion of CIP underwent proton transfer when milled 

with SER, ALA and GLY, however the drug-amino acid interactions were apparently not of 

sufficient strength to amorphize these samples completely. 

The ketone carbonyl stretch of CIP appears at approximately 1618 cm-1 in  the spectrum of 

the zwitterion,165 but is shifted to 1627–1628 cm-1 in the spectra of the amino acid ASDs. As 

previously discussed, this shift also occurs with unionized CIP and CIP polymeric ASDs, 

and may be attributed to changes in the hydrogen bonding of the ketone upon protonation of 

the drug. The partial conversion of the carboxylate group of CIP to the protonated form in 

the CIP/SER and CIP/ALA SDs was verified by the location of the ketone carbonyl stretch 

at 1627 cm-1 and 1623 cm-1, respectively. With CIP/GLY on the other hand, no such shift 

was detected. 

5.3.2.2 Solid-State Nuclear Magnetic Resonance 

The 13C CP/MAS NMR spectra of crystalline CIP, the ball milled amino acids, and the ASDs 

and corresponding PMs are shown in Figure 5.5. As the side chains of the acidic amino acids 

differ by only one CH2 group, SSNMR was not carried out on the samples containing ASP. 
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The 13C spectrum of crystalline CIP matches that obtained by Mafra et al for the zwitterionic 

form of the drug.158 Full peak assignment has been carried out by this group, and this was 

used to identify the peaks in the spectra of the CIP-amino acid ASDs. The 13C spectra of the 

ball milled pure amino acids match those of crystalline GLU,244 CYS245 and ARG,246 which 

have previously been described. The peaks present in these spectra are sharp in appearance, 

confirming that ball milling did not alter the crystallinity, ionization state or intermolecular 

interactions of the amino acids. Similarly, no significant differences were seen in their FTIR 

spectra following ball milling (data not shown). In contrast, the 13C NMR spectra of the 

ASDs contain broad and overlapped peaks, which is typical of disordered solids and confirms 

their amorphous nature.247 The spectra of the PMs consist of a direct combination of those 

of crystalline CIP and the ball milled amino acids, and no changes in peak chemical shift 

were detected. 
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Figure 5.5. 13C CP/MAS NMR spectra of samples containing (a) GLU (b) CYS and (c) ARG. 

BM: ball milled. 

Of particular interest in this study was the location of the peaks corresponding to the carbonyl 

groups of CIP. If the hypothesis concerning the ionization state of CIP in the ASDs is correct, 

these peaks should undergo certain shifts due to protonation of the carboxylate group of the 
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drug. Therefore, the carbonyl region of the spectra (~160–190 ppm) will be focused on here. 

The relevant peak shifts for the samples are listed in Table 5.1. 

Table 5.1. SSNMR 1H T1 Spin-Lattice Relaxation Times and Carbonyl Peak Assignment 

Sample 1H T1 (s) Chemical Shift (ppm) Assignment 

CIP 12 173.0 C=OO- 

173.7 CKET=Oa 

BM GLU 7.2 178.2 CSC=OOHb 

180.2 Cα=OO- 

BM CYS 3.3 173.5 Cα=OO- 

BM ARG 13.5 179.4 Cα=OOH 

180.6 Cα=OO- 

CIP/GLU ASD 2.0 166.7 CCIP=OOHc 

175.5 CKET=O 

178.2 CSC=OOH 

180.2 & 181.2 Cα=OO- 

CIP/CYS ASD 1.9 166.2 CCIP=OOH 

173.5 Cα=OO- 

175.4 CKET=O 

CIP/ARG ASD 1.2 166.4 CCIP=OOH 

175.1 CKET=O 

180.7 Cα=OO- 

aCKET=O: ketone carbonyl of CIP; bCSC=OOH: side chain carboxylic acid carbonyl of GLU; 

cCCIP=OOH: carboxylic acid carbonyl of CIP. 

The peak corresponding to the carboxylate carbonyl carbon of zwitterionic CIP appears at 

173.0 ppm.158 In the spectra of the ASDs this peak is shifted to 166.2–166.7 ppm. In the 

zwitterion, this carbonyl is part of an electronegative carboxylate group, resulting in greater 

deshielding than in the unionized form of the drug, and thus a higher chemical shift. A similar 

shift was seen with the equivalent peak in the 13C spectrum of sparfloxacin. The carboxylate 

carbonyl peak of zwitterionic sparfloxacin trihydrate appears at 169 ppm, whereas that of the 
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unionized form of the drug is located at 164.5 ppm.248 The 13C SSNMR spectrum of the CIP 

saccharinate salt, in which the carboxylic acid of CIP is unionized, was also found to contain 

a peak at 166.5 ppm, whereas this peak was absent from the spectra of the raw materials.249 

In contrast to the carboxylic acid carbonyl of CIP, the ketone carbonyl, which appears at 

173.7 ppm in the spectrum of the crystalline drug, is shifted slightly downfield in the ASDs, 

to 175.1–175.5 ppm (Table 5.1). Similarly, the equivalent carbonyl group demonstrated a 

higher chemical shift in the 13C NMR spectrum of unionized sparfloxacin compared to the 

zwitterion.248 As discussed in the previous section, the peak corresponding to the ketone 

carbonyl stretch also shifted to higher wavenumbers in the FTIR spectra of the ASDs. The 

participation of this group in intramolecular hydrogen bonding with the neighboring 

unionized carboxylic acid results in the formation of a constrained six-membered ring, which 

appears to have a deshielding effect on the ketone carbon. The results of the SSNMR studies 

therefore reinforce the hypothesis that the carboxylic acid of CIP is unionized in these ASDs, 

and it can be concluded that proton transfer to the carboxylate group of the drug occurred 

during the milling process. This is unlikely to be due to the conversion of zwitterionic CIP 

to the unionized form, as ball milling has been proven to be ineffective at bringing about this 

transformation, as described in Chapter 2. Therefore, the piperazine amino group of CIP is 

most likely ionized in the ASDs, as suggested by the results of FTIR analysis. The interaction 

of this positively charged group with the anionic α-carboxylate groups of the amino acids 

would result in proton transfer from the amino acid to the drug, and the formation of a salt. 

No significant changes in the chemical shifts of the carbonyl groups of the amino acids were 

seen in the 13C NMR spectra of the ASDs compared to the pure ball milled amino acids, and 

therefore their α-carboxylate groups appear to remain ionized in the ASDs. As previously 

mentioned, CIP is more likely to form ionic bonds with the α-carboxylate groups of ASP and 

GLU rather than the side chain carboxylic acids due to their lower pKa values.  

Another indicator that proton transfer occurs from the amino acids to CIP upon milling is 

that the four ASDs were an intense yellow color, whereas the starting materials are white or 

off-white. A similar change in color was also observed with the polymeric CIP ASDs and 

amorphous CS 1:1 and 2:1 salts, as described in Chapter 3 and 4. This supports the 

assumption that CIP is forming a salt with the amino acids in these ASDs. In contrast, the 
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semi-crystalline SDs were pale yellow following milling, due to the smaller degree of proton 

transfer that occurred in these samples. 

As previously discussed, the crystalline ARG raw material used in this study appears to be a 

mixture of the unionized and zwitterionic form of the amino acid. This would explain the 

presence of two peaks in the carbonyl region of ARG’s 13C SSNMR spectrum (Figure 5.5c 

and Table 5.1). The peak corresponding to the α-carboxylate carbonyl of ARG appears 

upfield when it is protonated, due to the increased shielding effect of the unionized 

carboxylic acid group.218 Therefore, the peaks at 180.6 ppm and 179.4 ppm in the 13C 

spectrum of ball milled ARG may be attributed to the zwitterionic and unionized form of the 

amino acid, respectively. 

In addition to the determination of intermolecular interactions, SSNMR can also provide 

information on the mobility and miscibility of an ASD, via measurement of the spin-lattice 

relaxation time (1H T1). The 1H T1 of a solid decreases upon amorphization due to an increase 

in molecular mobility, which enables energy transfer.247 The 1H T1 values of all of the ASDs 

were significantly lower than those of crystalline CIP and the amino acids, which confirms 

their amorphous nature (Table 5.1). If the two components of a mixture are molecularly 

mixed they will have a common T1.
247 This was the case with the CIP/amino acid ASDs, 

which suggests that they consist of a single amorphous salt phase. 

 

5.3.3 Thermal Analysis 

The DSC thermograms of the amino acid ASDs and SDs obtained with a heating rate of 10 

oC/min are shown in Figure 5.6, and a summary of their thermal properties is given in Table 

5.2. DSC thermograms of the amino acid starting materials and CIP/amino acid PMs are 

shown in Figure A.4.2. 
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Figure 5.6. DSC thermograms of CIP/amino acid ASDs and SDs. 

Table 5.2. Thermal Properties of CIP/Amino Acid ASDs and SDs Heated at 10 oC/min 

Sample Tg (oC) Crystallization 

onset (oC) 

Crystallization 

peak (oC) 

CIP/ASP 135.8 ± 0.6 168.4 ± 0.5 171.3 ± 0.3 

CIP/GLU 121.7 ± 0.9 149.2 ± 0.3 154.5 ± 0.1 

CIP/CYS 104.0 ± 0.1 157.8 ± 0.0 161.1 ± 0.1 

CIP/ARG 136.9 ± 0.5 153.7 ± 0.7/ 

166.4 ± 1.7 

158.8 ± 0.9/ 

169.7 ± 0.2 

CIP/SER N.D. 111.3 ± 0.6 113.8 ± 0.5 

CIP/ALA N.D. 102.8 ± 0.2 108.1 ± 0.2 

CIP/GLY N.D. 98.2 ± 0.8 104.3 ± 0.8 

 

5.3.3.1 Glass Transition 

With each of the ASDs, a Tg was detected above that of pure amorphous CIP (86.7 oC).  Due 

to the inherent difficulty in producing amorphous amino acids, there is little information in 
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the literature concerning the glass transition of pure amino acids. However, the Tg of freeze 

dried amorphous ARG has been independently reported as 55 oC250 and 18.4 oC,62 while the 

Tg’s of freeze dried solutions containing 5% gelatin plus 10% ALA or SER in water were 

found to be -21.55 and -18.75 oC, respectively.251 The Tg’s of GLY and GLU have also been 

reported as approximately 7 oC252 and -17 oC,253 respectively. Unfortunately, the Tg’s of ASP 

and CYS could not be found in the literature. However, based on the published Tg values of 

other amino acids, it is reasonable to assume that they are significantly lower than those of 

the ASDs. Therefore, the measured Tg’s of the CIP/amino acid ASDs are much higher than 

what would be expected if the two components were simply mixed intimately together. This 

provides further evidence of amorphous salt formation. The presence of a single Tg in the 

thermograms of each of the ASDs indicates that the components are mixed on a molecular 

level and form a single amorphous phase,41 as suggested by the results of SSNMR analysis. 

Due to their low amorphous content, a Tg could not be detected for the three semi-crystalline 

SDs. High-speed DSC (HSDSC) was therefore carried out on the samples. When a higher 

heating rate is used for DSC, the same heat flow will occur over a shorter length of time. 

This causes signals to become larger, enabling low-energy transitions to be detected and 

measured.254 As the heating rate was increased, the glass transitions of the ASDs appeared 

as larger step changes in the thermograms (Figure A.4.3). However, despite the use of 

heating rates of up to 300 oC/min, the Tg’s of the SDs could not be detected. 

5.3.3.2 Crystallization 

All of the ASDs underwent cold crystallization during DSC analysis, with onset temperatures 

approximately 30 oC above the Tg. Small crystallization peaks could also be seen in the 

thermograms of the semi-crystalline SDs, confirming that a small portion of material was 

transformed to the amorphous phase. The onset of crystallization occurred at much higher 

temperatures with the ASDs than the SDs, indicating that they possess superior physical 

stability.228  

In order to determine the species that crystallized from the ASDs and SDs during DSC 

analysis, PXRD and FTIR were carried out on all of the samples following the endset of 

crystallization. In the case of the semi-crystalline SDs containing GLY, ALA and SER, the 
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PXRD patterns matched those obtained after ball milling, i.e. with low intensity peaks 

matching those of zwitterionic CIP and the amino acid starting materials (Figure 5.7a). The 

PXRD pattern of CIP/SER contained an additional peak at 9.2 2θ degrees, which corresponds 

to the unionized form of CIP. Despite the fact that CYS appears to form a salt with CIP 

following four hours of ball milling, the ASD containing this amino acid also crystallized to 

zwitterionic CIP during DSC analysis. This suggests that the interactions between the drug 

and CYS were not of a sufficient strength to maintain the salt structure upon heating. 
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Figure 5.7. (a) PXRD analysis of ASDs and SDs following DSC crystallization. The arrows 

identify the principal peaks of the phases (see Figure 5.8 for identification of phases with 

CIP/GLU and CIP/ASP). UI_CIP: unionized CIP. (b) FTIR analysis of ASDs and SDs 

following DSC crystallization. Peaks corresponding to the C=O stretch of carboxylic acid 

groups are highlighted in blue. 

The DSC thermogram of the CIP/ARG ASD differs from the other samples by the presence 

of two exotherms. Double exothermic peaks are not unheard of for ball milled solids, as 

discussed in relation to the amorphous CIP/succinic acid 2:1 salt in Chapter 4. If crystal 

nuclei remain following ball milling, an initial exotherm will appear during DSC analysis 

due to surface crystallization, while a second peak will develop due to bulk crystallization.103 

In order to determine whether these peaks correspond to a two stage crystallization process, 

or to the formation of an intermediate phase, CIP/ARG was analyzed by PXRD immediately 

after both crystallization events. The diffraction patterns obtained in both instances were 

almost identical, but grew in intensity following the second crystallization exotherm. 

Therefore, it can be concluded that the formation of an intermediate phase did not occur.103 

Instead, the appearance of two exothermic peaks suggests that the CIP/ARG particles may 

have contained a number of surface crystal nuclei following milling, which were too small 
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to be detected by PXRD.103 Increasing the heating rate during DSC analysis should reduce 

the rate of surface crystallization of an amorphous solid; however, a double exotherm was 

still observed when the CIP/ARG ASD was heated at 300 oC/min (Figure A.4.3d). This 

indicates that the surface of this sample crystallizes very quickly.26 In contrast to the other 

samples, the major phase identified following the crystallization of CIP/ARG was that of the 

unionized form of CIP, while a peak of ARG was also present at approximately 19.6 2θ 

degrees (Figure 5.7a). The FTIR spectrum of this sample also matched that of the unionized 

form of CIP, with a peak at 1729 cm-1 due to the presence of the protonated carboxylic acid 

of the drug (Figure 5.7b). Therefore, like CIP/CYS, the arginine salt dissociated upon 

heating.  

Unlike the other CIP/amino acid formulations, the PXRD patterns of the solids collected 

after crystallization of the CIP/ASP and CIP/GLU ASDs did not entirely match those of the 

starting materials. However, their FTIR spectra were very similar to those obtained with the 

freshly milled ASDs, although there were differences in peak intensity (Figure 5.7b). This 

indicates that CIP, ASP and GLU are in the same ionization state following crystallization, 

and that their ionic hetermolecular interactions remain intact. It was therefore hypothesized 

that the unidentified PXRD peaks belong to crystalline CIP aspartate and CIP glutamate salts. 

In order to verify this, attempts were made to produce these salts. However, this proved very 

difficult due to the poor solubility of CIP in water and other common solvents. In most cases 

pure CIP hydrate, aspartic acid or glutamic acid crystallized. Only slow crystallization of a 

1:2 molar solution of CIP and amino acid in a water/ethanol mixture resulted in a solid with 

PXRD peaks resembling those obtained following DSC crystallization of these ASDs 

(Figure 5.8). Unfortunately, it was not possible to obtain pure crystals of a sufficient quality 

for single crystal X-ray analysis, and therefore the chemical composition of these samples 

could not be ascertained. 

For comparison, a portion of the CIP/ASP and CIP/GLU ASDs were left exposed at RT to 

enable their slow crystallization. In the case of CIP/ASP, the crystals produced by slow 

solvent evaporation and RT crystallization of the ASD had very similar PXRD patterns 

(Figure 5.8). Additional peaks were present at 21.7, 22.9 and 23.8 2θ degrees in the 

diffractogram of the former sample due to contamination with residual crystalline ASP. The 
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peak at 5.1 2θ degrees in the diffractogram of this sample does not correlate with any of the 

raw materials, and may be due to the formation of a new phase, such as a hydrate of CIP 

aspartate. The PXRD diffractogram of the CIP/ASP ASD that crystallized during DSC 

analysis contained distinctive peaks at approximately 9.3, 9.9, 26.0 and 27.3 2θ degrees, and 

these were also present in the diffractograms of the other CIP/ASP crystals. Additional peaks 

in the diffractogram of the solid obtained following DSC crystallization match those of 

anhydrous zwitterionic CIP. Therefore, this sample crystallizes to a mixture of phases during 

DSC analysis. 

 

Figure 5.8. PXRD analysis of CIP/ASP and CIP/GLU crystals: (a) CIP/ASP ASD post DSC 

crystallization (b) CIP/ASP slow crystallization in ethanol/water (c) CIP/ASP ASD slow RT 

crystallization x 2.5 months (d) CIP/ASP ASD slow RT crystallization x 1 week (e) 

CIP/GLU ASD post DSC crystallization (f) CIP/GLU slow crystallization in ethanol/water 

(g) CIP/GLU ASD slow RT crystallization x 2.5 months (h) CIP/GLU ASD slow RT 

crystallization x 1 week. The arrows identify the principal peaks of the phases. 
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Solvent evaporation of a solution of CIP and GLU was unsuccessful at producing the CIP 

glutamate salt, and instead resulted in the crystallization of CIP 3.7 hydrate and GLU starting 

material. In contrast, when the CIP/GLU ASD was left exposed at RT for one week, its 

PXRD pattern did not correspond to any of the starting materials. However, it was almost 

identical to that of the CIP/ASP ASD that was crystallized in the same manner (Figure 5.8). 

If we are correct in our assumption that the CIP aspartate and glutamate salts are crystallizing 

from the corresponding ASDs, then the similarity of the PXRD patterns of these salts 

suggests that they are isostructural, i.e. they have a similar molecular packing but different 

chemical composition. Similarly, the PXRD patterns of a number of lamotrigine salts were 

found to closely resemble each other, and this was attributed to their isostructural nature. 

Although they were formed using different solvents and contained various dicarboxylic acids 

as counterions, the salts had the same packing arrangements and hydrogen bonding motifs.255 

Following 2.5 months of exposure at RT, the peaks present in the diffractogram of the 

CIP/GLU ASD became more distinct, and a number of additional peaks appeared. Matching 

peaks were identified at approximately 9.8, 10.6, 21.4, 22.1, 25.8 and 26.3 2θ degrees in the 

diffractograms of the CIP/GLU ASDs crystallized at RT and during DSC analysis. The latter 

sample also contained a number of additional peaks, which did not correspond to any of the 

starting materials. Therefore, this ASD also seems to crystallize to a mixture of phases during 

DSC analysis, possibly consisting of the CIP glutamate salt, plus an unidentified phase or 

phases. 

5.3.3.3 Melting 

All of the ASDs and SDs undergo melting accompanied by decomposition at temperatures 

above 200 oC, which is not surprising given the high melting point of crystalline CIP and the 

amino acids (Figure A.4.2a). The crystalline drug and the amino acid starting materials also 

appear to undergo significant decomposition upon melting, resulting in broad melting peaks 

and complex thermograms. TGA was used to quantify this thermal degradation (Figure 5.9). 

An initial decrease in mass occurred from 25–100 oC with the four ASDs, due to the loss of 

sorbed water. This is expected for amorphous formulations due to their hygroscopic nature. 

A substantial total loss in mass of 20–34% was obtained with the ASDs, and they began to 

degrade at lower temperatures than the corresponding PMs. This may be due to the higher 
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molecular mobility of the amorphous samples, which can increase their reactivity and thus 

make them more prone to chemical degradation.247 
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Figure 5.9. TGA analysis of (a) CIP/amino acid ASDs and (b) PMs. 

The higher heating rates used in HSDSC should reduce the degree of degradation of a sample, 

as there will simply be less time for this to occur.164 Although the thermograms of the ASDs 

and SDs were smoother when heated at 300 oC/min, substantial degradation still occurred 

with each sample upon melting, as can be seen from the complexity of the thermograms 

above 200–250 oC (Figure A.4.3). 

 

5.3.4 Stability Studies 

The DVS isotherms of the CIP/amino acid ASDs are shown in Figure 5.10. Like the ASDs 

described in the previous chapters, these samples have a great propensity for water sorption. 

The greatest increase in mass during DVS analysis was obtained with CIP/ASP, reaching 

31.0% at 90% RH, followed by CIP/ARG (23.9%), CIP/CYS (21.1%) and CIP/GLU 

(17.9%). 
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Figure 5.10. DVS analysis of CIP/amino acid ASDs: (a) CIP/ASP and CIP/GLU (b) 

CIP/CYS and CIP/ARG. 
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Unlike the other ASDs, the isotherm of CIP/ASP is convex in shape and shows minimal 

hysteresis. This suggests that water is mainly adsorbed to the surface of particles in this 

sample, and does not enter the interior significantly. In contrast, considerable hysteresis was 

observed with the other ASDs. Hysteresis is commonly encountered with amorphous solids 

due to water absorption into the bulk of the particles.256 Therefore, the water uptake 

mechanism of the ASDs containing GLU, CYS and ARG differs from that of CIP/ASP, 

which may be due to differences in porosity. 

Hysteresis was particularly evident in the isotherm of the CIP/ARG ASD, as the sample mass 

did not return to its original value at the end of the desorption cycle. Hysteresis may occur 

due to the failure of the sample to equilibrate fully during DVS analysis, i.e. if too short an 

equilibration time is used.257 The full sorption-desorption cycle was therefore repeated on 

CIP/ARG using a maximum equilibration time of six hours, rather than the usual time of 

three hours. However, at the end of the study the mass of the sample was still significantly 

larger than its starting value (Figure A.4.4). The plot of change in mass vs. time for this 

sample also showed that it did not remain at any RH stage for longer than 180 min, meaning 

that it had sufficient time to equilibrate fully. Therefore, this hysteresis is not due to 

inadequate equilibration time. A possible alternative explanation may be that the diffusion 

of water from the interior of these particles to the surface is significantly slower than water 

uptake, and therefore a portion of absorbed water remained in the sample at the end of the 

study.224 

PXRD analysis at the end of the desorption cycle showed that all of the ASDs crystallized 

during the DVS study (Figure 5.11a). As previously described, absorbed water can act as a 

plasticizer for amorphous materials, increasing their molecular mobility and decreasing their 

Tg, leading to crystallization.42 The PXRD diffractograms obtained with the CIP/ARG, 

CIP/CYS and CIP/GLU ASDs matched those of the amino acid starting materials plus the 

CIP 3.7 hydrate. In contrast, the PXRD pattern obtained with CIP/ASP at the end of the DVS 

experiment resembled that obtained by slow solvent evaporation of an ethanolic solution of 

CIP and ASP (Figure 5.8b), with matching peaks at approximately 5.2, 26.1 and 27.3 2θ 

degrees. As discussed above, the product obtained from this slow crystallization process is 

believed to contain CIP aspartate, plus an unidentified phase, possibly a hydrate of this salt. 
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Additional unidentified peaks were present at approximately 10.3, 13.8 and 20.0 2θ degrees 

in the diffractogram of CIP/ASP following DVS, which possibly may also correspond to a 

hydrate of CIP aspartate. 
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Figure 5.11. PXRD analysis of CIP/amino acid ASDs following DVS studies (a) at the end 

of desorption stage and (b) at various RH values during the sorption stage. The arrows 

identify the principal peaks of the phases. 

Crystallization during water sorption can usually be identified by weight loss, as the 

crystalline solid cannot retain all of the water absorbed by the amorphous material.91 From 

the change in mass vs. time plots of these samples, it could be seen that the ASD containing 

ARG crystallized at 70% RH during the sorption stage, whereas the other ASDs crystallized 

at 60% RH (data not shown). PXRD was also carried out on the samples following these 

crystallization events to determine whether the phase which initially crystallized differs from 

that obtained at the end of the study (Figure 5.11b). A similar PXRD pattern was obtained 

with the CIP/ARG ASD at both time points, although there were some differences in peak 

intensity. In the case of CIP/CYS, at 60% RH only small peaks corresponding to zwitterionic 

CIP and the CIP 3.7 hydrate could be identified. The drug therefore appears to crystallize at 

a lower RH level than the amino acid in these samples. 
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Although the PXRD patterns of CIP/ASP were quite similar at both time points, the sample 

which crystallized at 60% RH more closely matched that obtained when the ASD was 

allowed to crystallize slowly at RT via exposure to the air (Figure 5.8c). Two crystallization 

events were detected with the CIP/GLU ASD, at 60% and 80% RH. Following the second 

crystallization the PXRD pattern was very similar to that obtained at the end of the desorption 

stage, but the peaks were of a higher intensity. At 60% RH however, the PXRD pattern of 

the sample was almost identical to that of CIP/ASP at the same RH level. The same pattern 

was also obtained when both of these ASDs were left exposed at RT for one week, during 

which time they would have experienced a similar temperature to that used in DVS analysis. 

As discussed above, the fact that very similar X-ray diffractograms were obtained with 

CIP/ASP and CIP/GLU upon RT crystallization of the ASDs may be due to the formation of 

isostructural CIP aspartate and CIP glutamate salts. Therefore, these ASDs appear to initially 

crystallize to their corresponding salts during the water sorption stage of DVS analysis. The 

glutamate salt then dissociates to the raw materials at higher RH levels, whereas CIP 

aspartate forms an additional unidentified phase, perhaps due to hydration of the salt. A 

summary of the major phases identified following crystallization of the ASDs during DSC 

and DVS analysis is presented in Figure A.4.5. 

As all of the ASDs crystallized when exposed to high humidity during DVS analysis, a long-

term stability study was carried out under dry conditions at RT. All of the ASDs remained 

fully X-ray amorphous for 10 months under these storage conditions; however, at the 12 

month time point a small peak was visible at 25.3 2θ degrees in the X-ray diffractogram of 

CIP/CYS, which corresponds to the most prominent PXRD peak of anhydrous zwitterionic 

CIP (Figure A.4.6). This ASD would be expected to have the lowest stability of these 

samples due to its lower Tg. In addition, the fact that CIP/CYS crystallized to zwitterionic 

CIP during DSC and DVS analysis, whereas CIP/ASP and CIP/GLU appear to have formed 

the corresponding crystalline salts, indicates that the interactions between the drug and amino 

acid are somewhat weaker in the former formulation. The higher Tg’s obtained with the other 

ASDs suggests that CIP interacts more extensively with ASP, GLU and ARG. which would 

help to reduce the molecular mobility of the drug and increase the energy barrier to 

crystallization.52,55 
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5.3.5 Dynamic Solubility Studies 

The concentration of CIP obtained during solubility studies in water, FaSSIF and FaSSGF is 

shown in Figure 5.12. Expanded sections of the plots are also shown for clarity. The samples 

behaved very similarly in water and FaSSIF. In each case the highest CIP concentration was 

obtained with the CIP/ASP ASD, which reached a maximum concentration of 49.6 ± 7.1 

mg/ml and 44.5 ± 3.0 mg/ml in each medium, respectively. This was followed by the 

CIP/GLU ASD, which attained 36.6 ± 2.1 mg/ml and 31.3 ± 0.5 mg/ml, respectively, in these 

media. The concentration of CIP increased rapidly with both ASDs in the first few minutes, 

and then remained fairly constant for the duration of the study. 

While the CIP/ASP and CIP/GLU PMs behaved similarly to the equivalent ASDs, a 

significantly higher concentration was obtained with the amorphous samples. This solubility 

advantage can be attributed to their solid state, i.e. formulation as an amorphous salt. 

However, high CIP concentrations of 20.3 ± 0.7 mg/ml and 16.9 ± 2.3 mg/ml were still 

obtained with the CIP/ASP and CIP/GLU PMs, respectively, in water. The ability of these 

PMs to increase the solubility of CIP may be explained by their effect on pH. The pH of 2% 

(w/v) solutions of the pure amino acids in water was therefore measured, which resulted in 

a pH of 2.9, 3.1, 4.7 and 11.6 with ASP, GLU, CYS and ARG, respectively. The solubility 

of CIP is greatly increased at low pH, as it bears a net positive charge. Therefore, a significant 

improvement in drug solubility would be expected for mixtures containing ASP and GLU. 

The pH of the solutions at the end of the solubility studies was also measured, and a 

comparison of these values is shown in Figure A.4.7. Like other pharmaceutical salts, the 

amino acids most likely dissociate rapidly upon addition to solvent, altering the pH of the 

dissolution layer around the drug and increasing its solubility and dissolution rate.217 As 

expected, the lowest final pH was obtained with the samples containing the acidic amino 

acids. Both the PMs and ASDs containing ASP and GLU had a pH of 4.4–4.9 at the end of 

the study, no matter what the original pH of the medium. 

The ASDs containing CYS and ARG offered less of a solubility advantage than the acidic 

amino acids. Crystalline CIP has a low aqueous solubility of 0.09 mg/ml. ANOVA and 

Tukey’s multiple comparison test showed that statistically significantly higher 

concentrations of 1.3 ± 0.3 mg/ml and 1.1 ± 0.04 mg/ml were obtained with the CIP/CYS 
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and CIP/ARG ASDs in water, respectively. While the PM containing ARG was 

approximately 7 times more soluble than the pure drug in water, the CIP/CYS PM did not 

offer a significant advantage. The increased solubility of the former PM is most likely due 

to its effect on pH. At the end of the study the pH was found to be 9.6 with this PM, compared 

to 6.4 for CIP/CYS. This should result in a greater proportion of ionized CIP (in this case 

negatively charged), and thus higher drug solubility. In FaSSIF pure CIP reached a slightly 

higher concentration of approximately 0.14 mg/ml at the end of the study. As in water, a 

significantly higher concentration was obtained with the CIP/ARG and CIP/CYS ASDs, 

however they were substantially less soluble than the ASDs containing ASP and GLU, 

reaching only 0.5 ± 0.0 mg/ml and 0.3 ± 0.0 mg/ml, respectively. In contrast, the CIP/ARG 

PM did not differ significantly from the pure drug, and the CIP/CYS PM also had a low 

solubility of approximately 0.2 mg/ml. Therefore, the improved solubility of these ASDs 

compared to the PMs may be attributed to their amorphous nature. 

A much higher concentration was obtained with all of the samples in FaSSGF compared to 

FaSSIF and water. As discussed in Chapter 3, CIP is positively charged at pH 1.6, and thus 

far more soluble, reaching a concentration of 11.3 ± 0.2 mg/ml at the end of the study. Each 

ASD was more soluble than the equivalent PM at this pH, confirming the solubility 

advantage of the amorphous formulations. Again, the samples containing the acidic amino 

acids had the highest solubility, with the CIP/ASP and CIP/GLU ASDs reaching 

concentrations of 240.1 ± 38.6 mg/ml and 120.4 ± 6.4 mg/ml, respectively. These samples 

are therefore significantly more soluble in FaSSGF than the polymer/CIP succinate salt 

ASDs described in Chapter 4, whereas a similar concentration was obtained with all of these 

ASDs in water and FaSSIF. The solubility of the CIP/ASP and CIP/GLU PMs was 

approximately 15 and 8 times greater than that of the crystalline drug, respectively. The 

CIP/CYS ASD and PM were also significantly more soluble in FaSSGF, reaching 

approximately 17.0 ± 0.4 mg/ml and 15.1 ± 1.6 mg/ml, respectively. In contrast, the 

solubility of the CIP/ARG ASD only increased modestly to 3.7 ± 0.2 mg/ml, while that of 

the CIP/ARG PM decreased compared to water to 0.18 ± 0.0 mg/ml. Again, this may be 

explained by pH effects. While the samples containing ARG produced a basic pH in water 

and FaSSIF, the lower starting pH of FaSSGF resulted in a more neutral overall pH upon 

dissolution of these samples, and thus lower CIP solubility. 
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Figure 5.12. Solubility studies in (a) water (b) FaSSIF and (c) FaSSGF at 37 oC. The average 

of at least 3 experiments is plotted, ± the standard deviation. 

PXRD analysis of the solid residues left at the end of the solubility studies showed that all 

of the samples crystallized in each solvent (Figure A.4.8). In each case, less intense PXRD 

peaks were obtained with the ASDs than the PMs. The CIP 3.7 hydrate crystallized from all 

of the samples containing CYS and ARG, the CIP/GLU and CIP/ASP ASDs and CIP/GLU 

PM in FaSSIF, and the CIP/ASP ASD and PM in water. The PXRD patterns of the remaining 

ASP and GLU ASDs and PMs on the other hand matched that of the CIP 3.1 hydrate. 

In order to confirm that the solubility advantage of the ASDs was not purely due to their 

effect on pH, a theoretical pH-solubility profile was constructed for CIP, as described in 

Chapter 3. CIP HCl was also included for comparison. As can be seen from Figure 5.13, the 

experimental solubility data did not fit the theoretical pH-solubility curve of CIP exactly. 

The experimental data points obtained in water with the ASDs and PMs containing ARG and 

CYS align quite well with the theoretical curve of CIP, whereas in FaSSIF they displayed 

slightly higher than predicted solubilities. This may be due to the presence of surfactants in 

this medium, which should improve the solubility of the drug via solubilization. Both of 
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these ASDs were more soluble than the equivalent PMs in all media. This suggests that the 

solid state changes introduced by ball milling contributed to their improved solubility. Like 

the pure drug, the solubility of these samples was increased in FaSSGF, so that the data points 

lay closer to the CIP HCl curve. The CIP/ASP and CIP/GLU PMs also behaved similarly to 

CIP HCl in water and FaSSIF. In FaSSGF the combination of an acidic counterion and low 

pH medium enabled an even larger amount of drug to enter solution from these samples. 

However, with the corresponding ASDs, a greater divergence from the theoretical pH-

solubility plot was observed. Therefore, while pH certainly plays a part in the solubility 

enhancement of these samples, their disordered nature resulted in an additional increase in 

solubility in each case.  

 

Figure 5.13. Theoretical pH-solubility profiles of CIP (black) and CIP HCl (green). The 

symbols represent the average concentrations obtained from solubility studies after two hours 

in water (filled symbols), FaSSIF (empty symbols) and FaSSGF (half-filled symbols). 
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5.3.6 PAMPA Permeability Study 

The results of the PAMPA study on the CIP/amino acid ASDs are shown in Table 5.3. The 

values calculated for CIP and CIP HCl are listed again for comparison. Again, a pH of 7.4 

was used in both the donor and acceptor compartments for these samples. As shown in Table 

5.3, all of the samples had a Pe value less than 1 x 10-6 cm/s, and can therefore be described 

as poorly permeable.204 CIP HCl, CIP/GLU and CIP/ASP had the lowest permeability, 

however they were not statistically significantly different from each other, as shown by 

Tukey’s multiple comparison test. CIP/CYS had the highest permeability, followed by 

CIP/ARG, and then CIP. While the Pe of CIP was significantly lower than that of CIP/CYS, 

CIP/ARG did not differ significantly from either sample. The lower permeability of CIP HCl, 

CIP/ASP and CIP/GLU may be attributed to their acidic counterions. The presence of these 

acidic compounds in solution will increase the proportion of positively charged CIP, making 

the drug more soluble, but decreasing its lipophilicity. Similarly, the amorphous CIP 

succinate salts described in Chapter 4 were also found to be less permeable than the pure 

drug. Such a trade-off between increased solubility and decreased permeability is a common 

issue with solubility-enhancing formulations.31 In contrast, CYS and ARG, like the polymers 

studied in Chapter 3, do not appear to significantly increase the proportion of ionized CIP in 

solution, and therefore the formulation of CIP as an ASD with these amino acids did not 

decrease its permeability. 

Table 5.3. PAMPA Permeability Values of CIP 

Sample Pe x 106 (cm/s) 

CIP 0.56 ± 0.06 

CIP HCl 0.32 ± 0.00 

CIP/ASP 0.38 ± 0.05 

CIP/GLU 0.31 ± 0.01 

CIP/CYS 0.87 ± 0.15 

CIP/ARG  0.73 ± 0.04 
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As previously discussed, due to its simplicity, the PAMPA model only estimates passive 

transcellular drug absorption. As the tight junctions in between epithelial cells are believed 

to be selective for positively charged molecules,258 the cationic form of CIP should be able 

to cross the intestinal barrier relatively easily via the paracellular route. Therefore, the total 

in vivo absorption of these samples, in particular the ASDs containing ASP and GLU, is 

likely to be somewhat higher than that estimated here. However, PAMPA is a convenient 

method for quickly comparing the permeability of the ASDs to that of the pure drug, which 

is why it was carried out in this study. 

 

5.4 Conclusions 

Amino acids have recently emerged as efficient ASD stabilizers for a number of drugs, and 

in this study the ability of a variety of amino acids to fulfill such a function for CIP was 

investigated. While semi-crystalline SDs were obtained with SER, ALA and GLY, dry 

milling with ASP, GLU, CYS and ARG resulted in fully X-ray amorphous solid dispersions. 

In each case, FTIR and SSNMR confirmed the formation of an amorphous salt, with an ionic 

interaction between the positively charged piperazine amino group of CIP and the negatively 

charged α-carboxylate groups of the amino acids. The Tg’s of the ASDs were significantly 

higher than those of the starting materials, which is also indicative of salt formation. 

The ASDs remained fully X-ray amorphous for at least 10 months when stored under dry 

conditions, however after 12 months CIP/CYS showed some evidence of crystallization. This 

indicates that CIP does not interact as strongly with CYS as it does with the other amino 

acids. All of the ASDs also began to crystallize at 60–70% RH during vapor sorption studies. 

Significant improvements in the solubility of CIP were seen with all of the ASDs, in 

particular with those containing ASP and GLU. This can be attributed to the pH-lowering 

effect of the acidic amino acids. In each case, the ASDs were significantly more soluble than 

the corresponding PMs, confirming that their amorphous state offers an additional boost in 

solubility. However, a trade-off between the solubility and permeability of the samples was 

observed. Like the commercial CIP HCl salt, the ASDs containing ASP and GLU were 

significantly less permeable than pure crystalline CIP, as the acidic counterions induce 
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protonation of the drug. In contrast, CIP/CYS showed a small but significant improvement 

in permeability compared to CIP, while CIP/ARG did not differ significantly. However, 

further studies with more representative permeability models would be necessary to 

determine whether any of these samples provide a true benefit in terms of in vivo absorption. 
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Chapter 6: Production of Enrofloxacin Amorphous Solid Dispersions – A 

Comparison with Ciprofloxacin 
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6.1 Introduction 

Enrofloxacin (ENRO), or 1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-4-oxo-1,4-

dihydroquinoline-3-carboxylic acid, is a fluoroquinolone antibiotic which is licensed solely 

for veterinary use. ENRO differs from the more widely known fluoroquinolone CIP by the 

presence of an ethyl substituent in the N3 position (Figure 6.1). Unlike CIP, ENRO is 

unionized in the solid state, and its crystal lattice is stabilized by a number of weak C–H•••O 

and C–H•••N hydrogen bonds,129 in contrast to the extensive intermolecular interactions of 

CIP described in Chapter 2. 

 

Figure 6.1. Chemical structure of enrofloxacin with atom labels. 

Like CIP, ENRO is a poorly water soluble drug, with an intrinsic solubility of approximately 

0.4 mg/ml,130 and minimal solubility around pH 7.4.131 Despite the theoretically higher 

hydrophilicity of CIP due to the absence of an aliphatic group in the N3 position, the strong 

crystal lattice of this drug reduces its aqueous solubility below that of ENRO. The greater 

lipophilicity of ENRO has been demonstrated in octanol/phosphate buffer pH 7.4 distribution 

experiments,132 and it was also found to be more permeable than CIP in rat in situ 

permeability studies.130 However, the permeability of ENRO still falls within the limits of 

poorly permeable,132 and therefore it may be classified as a class 4 BCS drug. 
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In a recent study conducted by Karanam et al, a number of novel crystalline ENRO salts 

were found to be significantly more water soluble than the pure drug.129 Single-crystal X-ray 

diffraction showed that the piperazine N3 nitrogen of ENRO is positively charged in the salts 

containing acidic counterions, such as succinic acid, fumaric acid and maleic acid, and forms 

an ionic bond with the carboxylate groups of the acids. The carboxylic acid of the drug 

remains unionized in these salts. In the ammonium salt on the other hand, ENRO was found 

to be in the anionic state, with a negatively charged carboxylate group and unionized 

piperazine group.129 The solubility of ENRO was also increased significantly via formulation 

as the saccharinate salt by Romañuk et al. Like the equivalent CIP saccharinate salt, an ionic 

interaction between the positively charged N3 amino group of ENRO and negatively charged 

saccharin molecule was detected in this compound.249 

As discussed in previous chapters, the solubility of a drug may be increased by converting it 

to the amorphous form, however suitable excipients are required to prevent its crystallization. 

This stabilization is usually brought about via interactions between the components, such as 

hydrogen or ionic bonds, and/or through steric hindrance, e.g. by polymers with long 

chains.52 Unlike many other poorly soluble drugs, there is very little in the literature 

regarding amorphous solid dispersions of ENRO, and no mention of the pure amorphous 

form of the drug. However, one study by Chun and Choi describes the preparation of an 

enrofloxacin-Carbopol “complex” by mixing a solution of ENRO in 1% acetic acid with that 

of Carbopol in water, filtering and washing the precipitate, and then drying and milling the 

resultant powder.259 The product was found to be X-ray amorphous, but lacked a clear Tg. 

The authors hypothesized that the positively charged tertiary amine of the drug formed an 

ionic bond with the carboxylate anions of Carbopol. Consequently, when the dissolution rate 

of the complex was found to be lower than that of the pure drug, this was attributed to the 

strength of the drug-polymer interactions.  

Due to the absence of research in this area, the main aim of this study was to prepare ASDs 

of ENRO, and to examine their solid-state and pharmaceutical properties. As previously 

mentioned, the chemical structure of ENRO differs from that of CIP by the presence of an 

ethyl group on its N3 piperazine amino group. It was therefore of interest to determine 

whether this has an impact on the ability of the drug to interact with various polymers. The 
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water uptake behavior of the ENRO ASDs was also examined and compared to those of the 

equivalent CIP ASDs described in Chapter 3. In addition, the effect of ASD formation on the 

biopharmaceutical properties of ENRO was investigated via solubility, dissolution and 

bacterial studies. 

 

6.2 Experimental Section 

6.2.1 Materials  

Enrofloxacin (ENRO) was obtained from Glentham Life Sciences (Wiltshire, UK). The 

details of all other materials and solvents used in this study are listed in Chapter 3. 

 

6.2.2 Methods 

6.2.2.1 Sample Preparation 

Solid dispersions were produced by ball milling ENRO at RT with various polymers at a 

concentration of 40–60% (w/w), using the equipment described in Chapter 2. Each mixture 

was milled for 4–6 hours in total, in intervals of 15 min with 10 min breaks in between. 

Amorphous succinate salts were produced by ball milling ENRO and succinic acid in a 1:1 

and 2:1 molar ratio for one hour. Crystalline ENRO was also milled alone for a total of 4 

hours. ENRO was quench cooled by heating the crystalline drug to the endset of melting 

(~235 oC) at 10 oC/min in a DSC machine, and then immediately removing the sample to 

allow it to cool quickly at RT. Physical mixtures (PMs) were prepared by mixing relevant 

concentrations of ENRO and the polymers in a pestle and mortar for a few minutes. 

6.2.2.2 Solid-State Characterization 

6.2.2.2.1 Powder X-ray Diffraction 

PXRD was performed as described in Chapter 2. 
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6.2.2.2.2 Solid-State Fourier Transform Infrared Spectroscopy 

FTIR was performed as described in Chapter 2. Deconvolution of the FTIR spectra was 

conducted to facilitate their comparison. OriginPro 7.5 software was used to subtract the 

baseline and carry out Gaussian peak fitting on the spectra from ~1650–1400 cm-1. In each 

case seven overlapping peaks were detected in this region, whose combined area and shape 

were similar to those of the original bands. 

6.2.2.2.3 Differential Scanning Calorimetry 

DSC was carried out using the same apparatus described in Chapter 2. To allow for water 

evaporation, the ASDs were first heated from 25 to 65 oC. When cool, the samples were 

reheated from 25 to 250 oC at a rate of 10 oC/min. 

6.2.2.2.4 Modulated Temperature Differential Scanning Calorimetry (MTDSC) 

MTDSC was carried out using a Q200 DSC instrument and TA Instruments DSC refrigerated 

cooling system (TA Instruments, New Castle, Delaware). Samples of 3–4 mg were heated in 

aluminum pans with sealed aluminum lids. Nitrogen was used as the purge gas at a flow rate 

of 20 ml/min. Samples were heated from 0 °C to 110–185 °C at 2 °C/min, with an amplitude 

of ± 0.318 °C and a modulation period of 60 sec. Results were analyzed with the Universal 

Analysis 2000 software (TA Instruments). The midpoint of the transition was taken as the 

Tg. Sapphire was used to calibrate the heat capacity, while indium was used for the 

calibration of enthalpy and temperature. All measurements were carried out in triplicate. 

6.2.2.2.5 Calculation of Theoretical Glass Transition Values with Gordon-Taylor 

Equation 

The theoretical Tg’s of the ASDs were calculated using the Gordon-Taylor equation, as 

described in Chapter 3. Like the other polymers, the Tg (105 oC)50 and average density (1.4 

g/cm3)260 of Carbopol were obtained from literature, as was the average density value for 

ENRO (1.385 g/cm3).261 
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6.2.2.2.6 High-Speed Differential Scanning Calorimetry 

HSDSC was carried out using the equipment described in Chapter 2. Samples were heated 

from 25 to 300 oC at a rate of 300–500 oC/min. 

6.2.2.2.7 Thermogravimetric Analysis 

TGA was performed as described in Chapter 2. 

6.2.2.3 Dynamic Vapor Sorption 

DVS studies were carried out as described in Chapter 2. 

6.2.2.4 Mathematical Modelling Using Young-Nelson Equations 

In order to determine how water uptake occurs in the ASDs, the experimental sorption and 

desorption data was fitted to equations using the Young-Nelson model, as described 

previously:262,263 

Ms = A(β + θ) + B(θ)RH               (6.1) 

Md = A(β + θ) + B(θ)RHmax               (6.2) 

Ms and Md are the amount of water sorbed and desorbed, respectively, at each RH value. This 

is expressed as a fraction of the dry mass of the sample. A and B are constants that can be 

defined as follows: 

A =
ρwVolM

Wm
                  (6.3) 

B =
ρwVolA

Wm
                  (6.4) 

ρw is the density of water, Wm is the weight of the dry sample, and VolM and VolA are the 

volume of adsorbed and absorbed water, respectively. In equation 6.1 and 6.2, θ represents 

the fraction of sample surface that is covered by at least one layer of water molecules, and β 

is the mass of absorbed water at 100% RH. B(θ)RH is therefore the mass of absorbed water 

at a particular fraction of monolayer coverage, θ, and level of RH. A(β + θ) is equal to the 

total amount of adsorbed water, while Aθ is the mass of water in an entire adsorbed 
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monolayer, as a fraction of dry mass of the material. Aβ is the mass of water adsorbed in a 

multilayer. θ and β may be further defined as follows:263  

θ =
RH

RH + E(1 − RH)
                 (6.5) 

β = −
ERH

E−(E − 1)RH
 +  

E2

(E−1)
ln ⌊

E−(E − 1)RH

E
⌋ − (E + 1) ln(1 − RH)           (6.6) 

E is an equilibrium constant between water in the monolayer and condensed water adsorbed 

externally to the monolayer: 

E = e
−⌊

q1− qL
kBT

⌋
                  (6.7) 

q1 is the heat of adsorption of water on the solid, and qL is the heat of condensation of water, 

both in Joules/mole, T is the temperature in Kelvin, and kB is Boltzmann’s constant (1.38 x 

10-23 J/K). 

The experimental data obtained from DVS analysis of the ENRO ASDs, as well as the 

equivalent CIP ASDs described in Chapter 3, were fitted to equations 6.1 and 6.2 by iterative 

multiple linear regression. The sum of the squares of the residuals between the experimental 

and calculated values was used as fitting criteria. The multiple correlation coefficient (r) was 

calculated using Microsoft Excel 2007. Using the calculated values of A, B, θ and β, the 

profiles of water adsorbed in monolayer (Aθ) and multilayer (Aβ), and of absorbed water 

(Bθ), were determined.263 

6.2.2.5 FaSSIF Dynamic Solubility Study 

Solubility studies were carried out in FaSSIF as described in Chapter 3. The filtered aliquots 

were diluted with a 2.9 g/L solution of phosphoric acid, previously adjusted to pH 2.3 with 

triethylamine. The concentration of ENRO in each of the diluted samples was determined by 

UV spectrophotometry. 

6.2.2.6 Dissolution Study 

Dissolution studies were carried out as described in Chapter 3. Samples were diluted with a 

2.9 g/L solution of phosphoric acid, previously adjusted to pH 2.3 with triethylamine. The 
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concentration of ENRO in each of the diluted samples was measured by UV 

spectrophotometry. 

6.2.2.7 UV Spectrophotometry 

UV analysis was carried out using the same equipment described in Chapter 3. The 

instrument was first blanked using a 2.9 g/L solution of phosphoric acid, previously adjusted 

to pH 2.3 with triethylamine. This buffer was also used to produce a range of concentrations 

of pure ENRO, in order to construct a calibration curve. The λmax of these solutions was 

found to be 277 nm, therefore UV absorbance was measured at this wavelength. 

6.2.2.8 Bacterial Studies 

Bacterial studies were carried out by Dr. Anita Umerska in Université Angers as described 

in Chapter 3. 

 

6.3 Results and Discussion 

6.3.1 Production of ENRO Amorphous Solid Dispersions 

Ball milling was first carried out on pure crystalline ENRO to determine whether it is 

possible to amorphize the drug in this manner. However, like CIP, following four hours of 

milling at RT, a disordered, semi-crystalline solid was obtained (Figure 6.2a). The most 

intense peaks in the X-ray diffractogram of ENRO may be seen at 7.4, 9.8, 14.9 and 25.8 2θ 

degrees. These peaks are also present in the diffractogram of ball milled ENRO, however 

their intensity is reduced. With quench cooled ENRO on the other hand, only one very small 

peak was visible at approximately 38.5 2θ degrees (Figure 6.2a). 
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Figure 6.2. PXRD analysis of (a) ENRO and semi-crystalline solid dispersions and (b) 

ENRO ASDs. 
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As described in Chapter 3, fully X-ray amorphous solid dispersions were obtained when CIP 

was ball milled with Eudragit L100, Eudragit L100-55, Carbopol, HPMCAS-LG and 

HPMCAS-MG, and these acidic polymers also proved to be suitable co-formers for ENRO, 

with each resulting in a fully X-ray amorphous formulation (Figure 6.2b). In common with 

CIP, an obvious color change was observed following the milling of ENRO with each of 

these polymers, from off-white to various shades of orange and peach. Like CIP, a polymer 

concentration of 60% (w/w) was required to fully amorphize mixtures of CIP and HPMCAS, 

whereas 40% (w/w) was adequate for Eudragit L100, Eudragit L100-55 and Carbopol. 

Although the product obtained with 40% (w/w) HPMCAS-LG was almost X-ray amorphous 

following 4 hours of milling, very small peaks could still be detected by PXRD at 9.8 and 

25.8 2θ degrees, corresponding to the most prominent peaks of anhydrous ENRO (Figure 

A.5.1). A slightly more crystalline product was obtained with HPMCAS-MG under the same 

conditions, which decreased in intensity following a further 2 hours of milling, but did not 

disappear entirely. In contrast to CIP, which required a total of 6 hours of milling and a 

reduced temperature of 2–5 oC to form ASDs with 60% (w/w) HPMCAS, 4 hours of milling 

at room temperature was adequate for the corresponding ENRO ASDs (Figure A.5.1). This 

may be due to the weaker crystal lattice of ENRO, which would facilitate its amorphization. 

These results show that the presence of an extra ethyl group in the structure of ENRO does 

not appear to negatively affect its ability to interact with these acidic polymers. To enable 

closer comparison with the equivalent CIP ASDs, the ENRO/HPMCAS ASDs containing 

60% (w/w) polymer that were milled for 6 hours were used for further studies. 

Succinic acid has been used to produce crystalline salts of both ENRO and CIP,125,129 and, 

as described in Chapter 4, amorphous salts were also prepared by ball milling CIP with this 

acid in a 1:1 and 2:1 molar ratio. Ball milling was also used successfully in this study to 

produce the equivalent amorphous ENRO salts. However, while six hours of milling was 

necessary to obtain fully X-ray amorphous formulations with CIP, only one hour was 

required for ENRO. 

In contrast to the acidic excipients, when CIP was milled with neutral polymers such as PVP 

and PVA at a concentration of 40–60% (w/w), a semi-crystalline product was obtained. This 

was also the case with ENRO (Figure 6.2a). The fact that fully X-ray amorphous solid 
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dispersions were only formed when ENRO was milled with acidic polymers containing 

carboxylic acid groups suggests that the drug is interacting with these substances via ionic 

bonds, as was the case with CIP. Likewise, in all of the ENRO salts produced by Karanam 

et al containing an acidic counterion, proton transfer from the acid to the piperazine tertiary 

amine (N3) of the drug occurred, resulting in an ionic interaction between the two 

moieties.129 A similar reaction may take place between the N3 of ENRO and the polymers 

in these ASDs. 

 

6.3.2 Solid-State Fourier Transform Infrared Spectroscopy 

The results of FTIR analysis of the ASDs, PMs and starting materials are shown in Figure 

6.3. A sharp peak is located at 1737 cm-1 in the spectrum of crystalline ENRO due to the 

carbonyl stretch of its unionized carboxylic acid group. While the process of ball milling 

introduced some disorder to the crystal lattice of ENRO, the FTIR spectrum of the ball milled 

drug was almost identical to the crystalline ENRO starting material. The greater molecular 

disorder of quench cooled ENRO on the other hand is evident in the broader and less intense 

peaks of its spectrum (Figure 6.3d). Slight peak shifts were also seen with this sample, in 

particular the carboxylic acid C=O stretch, which shifted to 1728 cm-1. This can be attributed 

to changes in the drug’s intermolecular interactions upon amorphization, such as hydrogen 

bonding.264 Interestingly, the COOH carbonyl stretch of the drug also shifted to lower 

wavenumbers in the spectrum of the crystalline ENRO saccharinate salt, in which the 

piperazine N3 amino group of the drug is positively charged.249 This carbonyl peak also 

underwent a similar shift with all of the ASDs. Therefore, while the carboxylic acid of ENRO 

remains unionized in the ASDs, changes in the hydrogen bonding of this group clearly occur 

upon amorphization. This shift may also be related to changes in the ionization state of the 

drug. 
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Figure 6.3. FTIR analysis of ENRO ASDs and PMs containing (a) Eudragit L100 and 

Eudragit L100-55 40% (w/w) (b) Carbopol 40% (w/w) and (c) HPMCAS-LG and HPMCAS-
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MG 60% (w/w). (d) FTIR analysis of ball milled, quench cooled and crystalline ENRO. The 

areas of the spectra that undergo significant changes upon amorphization are highlighted in 

blue. 

The main differences between the spectra of ENRO and the ASDs may be seen in the 1650–

1450 cm-1 region. The relevant peaks are highlighted in Figure 6.3. In the case of crystalline 

ENRO, the carbonyl stretch of its ketone group appears as a sharp, strongly absorbing peak 

at 1628 cm-1. The medium intensity shoulder at 1611 cm-1 may be assigned to C=C stretching 

vibrations of the drug’s aromatic ring. While these peaks are not significantly shifted in the 

spectra of the ASDs, differences in their relative absorbance were observed. In crystalline 

ENRO the absorbance of the ketone peak is approximately 1.8 times greater than that of the 

aromatic peak. This ratio decreases to 1.5–1.7 for each of the ASDs. However, a similar 

decrease in the relative absorbance of these peaks was also seen with quench cooled ENRO, 

and is therefore likely due to changes in the interactions of these groups upon amorphization. 

The peaks at 1508 and 1469 cm-1 in the spectrum of ENRO may be attributed to C=C 

stretching of the aromatic ring, and C-C stretching of the drug’s piperazine group, 

respectively.265 The shape of these peaks was altered notably in the ASDs, and the presence 

of multiple overlapping peaks became evident. In order to separate the individual peaks in 

this region, and to quantify their relative absorbance, deconvolution of the spectra, with 

Gaussian peak fitting, was carried out. The resulting spectra are shown in Figure A.5.2. 

Deconvolution allowed the detection of a further peak at approximately 1453 cm-1 in the 

spectrum of ENRO, which may be tentatively assigned to the C-H bending vibrations of the 

ethyl group. This peak is also present in the spectra of ball milled and quench cooled ENRO, 

and all of the ASDs, along with an additional peak at approximately 1494 cm-1. Although a 

slight broadening is visible at this wavenumber in the spectrum of crystalline ENRO, it is 

not as distinct as with the other samples. Clear differences in the relative absorbance of these 

peaks may also be seen between the pure drug and ASDs. For instance, in crystalline ENRO 

the area of the peak at 1508 cm-1 is approximately two times smaller than the combined area 

of the peaks at 1469–1453 cm-1. While a similar ratio was obtained with the equivalent peaks 

in ball milled ENRO, with the quench cooled form of the drug it decreased to 1.9. With the 

ASDs on the other hand, this ratio decreased further to 1.3–1.55. Similarly, in the spectra of 
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crystalline and ball milled ENRO the absorbance of the peak at 1469 cm-1 is clearly greater 

than that at 1453 cm-1. In contrast, in each of the ASDs, as well as quench cooled ENRO, the 

maximum absorbance of these peaks did not differ greatly. Similar changes in this region 

were seen in the spectra of the amorphous enrofloxacin succinate salts, as well as the partially 

crystalline ENRO/PVA solid dispersion, whereas the less disordered ENRO/PVP more 

closely resembled the crystalline ENRO starting material (Figure A.5.3 and Figure A.5.4). 

As previously mentioned, the N3 tertiary amine of ENRO may be protonated in these ASDs, 

forming ionic bonds with the carboxylate groups of the polymers. If this is the case, the main 

differences in the FTIR spectra of the ASDs compared to the starting materials or PMs can 

be attributed to the change in ionization state of the drug, and the presence of an additional 

+N-H bond. Unfortunately, the +N-H stretch is difficult to assign with certainty, as it will 

produce a weak band in the 3000–2600 cm-1 region that possibly overlaps with others, such 

as that of the C-H stretch of the neighbouring aliphatic group.265 Similarly, the +N-H bend of 

a tertiary amine salt generally appears as a very weak band in the 1610–1500 cm-1 region,266 

and therefore is likely to be obscured by more intense peaks in the spectra of the ASDs. 

However, as described above, a number of differences in the 1450–1550 cm-1 region of the 

spectra of ENRO and the ASDs were observed. Therefore, it is possible that the presence of 

a peak corresponding to the +N-H bend contributed to the variations in this area of the spectra. 

In addition, as the peaks in this region correspond to groups surrounding the terminal amino 

group of ENRO, it is likely that they would be altered upon the protonation of N3. 

The theory that ENRO is protonated in these ASDs is supported by the FTIR analysis of 

ENRO salts conducted by Karanam et al.129 In the spectra of each of the salts containing an 

acidic counterion, a decrease in the absorbance of the peak around 1469 cm-1 relative to that 

at 1508 cm-1 can be seen, in common with the ENRO ASDs. Single crystal X-ray diffraction 

confirmed that the N3 of the drug is protonated in these salts, and forms an ionic bond with 

the carboxylate groups of the acids. Therefore, it is likely that ENRO is in the same cationic 

state in these ASDs, and interacts with the acidic groups of the polymers to form amorphous 

salts. 
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6.3.3 Thermal Analysis 

The conventional DSC thermograms of ENRO and the ASDs are shown in Figure 6.4. The 

melting point onset of crystalline ENRO, as well as the ball milled and quench cooled drug, 

was approximately 225 oC. Its lower melting point in comparison to CIP (approximately 272 

oC) can be explained by the less extensive intermolecular bonds in ENRO. In contrast to the 

pure drug, the thermograms of the ENRO ASDs were missing a clear melting point. 

Similarly, the ASDs did not show distinct crystallization exotherms during DSC analysis, 

although the small, broad peaks visible at approximately 157 oC and 148 oC in the 

thermograms of ENRO/HPMCAS-LG and ENRO/HPMCAS-MG, respectively, may be due 

to some crystallization. The indistinct nature of the thermograms can be attributed to the 

amorphous nature of these formulations, and their stability upon heating.267 In contrast, ball 

milled and quench cooled ENRO had clear crystallization peaks at approximately 73 oC and 

106 oC respectively, confirming their lower resistance to crystallization. The particularly low 

crystallization temperature of ball milled ENRO is to be expected, as the residual crystallinity 

present in this sample would enable crystal growth to occur more quickly upon heating. 
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Figure 6.4. DSC thermograms of (a) crystalline ENRO (b) ball milled ENRO (c) quench 

cooled ENRO (d) ENRO/HPMCAS-MG (e) ENRO/HPMCAS-LG (f) ENRO/Carbopol (g) 

ENRO/Eudragit L100-55 and (h) ENRO/Eudragit L100. The thermograms of the ASDs are 

those obtained from the second heating cycle, following initial heating to 65 oC to allow for 

water evaporation. 

The Tg of quench cooled ENRO was detected at 58.9 oC, which is significantly lower than 

that of CIP (86.7 oC). Again, this may be attributed to the weaker intermolecular interactions 

present in ENRO. As a distinct Tg could not be found for all of the ENRO ASDs using 

conventional DSC, they were therefore analyzed by MTDSC. The resultant Tg’s are listed in 

Table 6.1. In each case, a single Tg was detected. This suggests that the drug is miscible with 

each of these polymers, and that they form a single homogeneous phase.41 Due to its low 

amorphous content and high crystallization rate, no Tg could be determined for ball milled 

ENRO with either DSC technique. 

The G-T equation was used to calculate the expected Tg’s of the ASDs, given their weight 

percentage of drug and polymer. Similar to CIP, the experimental Tg’s of the ASDs 
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containing Eudragit L100, Eudragit L100-55 and Carbopol were substantially higher than 

the theoretically derived values (Table 6.1). Such large positive deviations from the 

predicted Tg’s indicates that strong interactions exist between the components, and is 

particularly indicative of salt formation.62 Also in common with CIP, a much smaller 

divergence was observed between the experimental and G-T Tg’s of the HPMCAS-

containing ASDs, which differed by only a few degrees. This suggests that these polymers 

are fully miscible with ENRO, but do not form specific interactions with the drug.60 

Alternatively, the heteromolecular drug-polymer interactions may be of a similar strength to 

the homomolecular interactions present in the individual raw materials.53 Both drugs appear 

to be unable to interact with HPMCAS to the same extent as the other polymers, perhaps due 

to its bulkier structure and lower carboxylic acid content. 

Table 6.1. Glass Transition Temperatures of ENRO and ENRO ASDs 

Sample Experimental Tg (oC) G-T Tg (oC) 

ENRO 58.9 N/A 

ENRO/Eudragit L100 109.9 ± 1.6 82.5 

ENRO/Eudragit L100-55 103.2 ± 0.2 74.0 

ENRO/Carbopol 155.6 ± 0.2 71.4 

ENRO/HPMCAS-LG 86.8 ± 0.4 85.6 

ENRO/HPMCAS-MG 83.3 ± 0.4 85.9 

 

The amorphous ENRO succinate salts have much lower Tg’s than the ASDs, of only 50.0 ± 

0.7 oC and 55.0 ± 0.5 oC for the 1:1 and 2:1 salts, respectively. This was soon followed by 

crystallization during DSC analysis, with a peak at 86.9 ± 0.2 oC for the 1:1 salt, and at 89.7 

± 0.2 oC for the 2:1 salt. A second, much broader exotherm was also visible in the 

thermograms of both salts at approximately 123 and 127 oC, respectively (Figure A.5.5). 

This is similar to the double exothermic peaks that were observed in the thermogram of the 

amorphous CS 2:1 salt, as described in Chapter 4, and may be due to the presence of residual 

crystal nuclei in the samples.103 With each salt, the same crystal phases were identified by 

PXRD after both crystallization events, however an increase in their crystallinity was 

observed. The PXRD pattern of the 1:1 salt was found to match that of the enrofloxacin 
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hemisuccinate salt, while that of the 2:1 salt consisted of a combination of enrofloxacin 

hemisuccinate and anhydrous ENRO.129 This suggests that ENRO may not have formed a 

separate salt when milled with succinic acid in a 2:1 ratio, but instead formed the 

enrofloxacin hemisuccinate salt, with excess drug present in the amorphous form. This is in 

contrast to CIP, which when milled with succinic acid in the same ratio forms the succinate 

salt, consisting of two drug molecules interacting with a single succinic acid molecule.125 

The low glass transition and crystallization temperatures of the ENRO/succinic acid salts 

indicate that they have high molecular mobility and poor stability. Indeed, during storage at 

2–5 oC, the salts began to crystallize after approximately 2 months. In contrast, the polymeric 

ASDs remained fully X-ray amorphous under the same storage conditions for at least 16 

months (longer term stability studies have not been carried out). Therefore, the remainder of 

this study will focus on the more stable polymeric ASDs. 

As described in Chapter 2, the conversion of zwitterionic CIP to the unionized form upon 

melting was visualized as a small endothermic peak in the HSDSC thermogram of the drug, 

just prior to the melting endotherm. However, this low energy event was only visible when 

CIP was heated at 500 oC/min. HSDSC analysis was therefore carried out on crystalline 

ENRO in order to determine if it also undergoes proton transfer at high temperatures, in this 

case from the unionized form to the zwitterion. Even when heated at the maximum heating 

rate of 500 oC/min, the drug did not show any evidence of solid state transformation (Figure 

A.5.6). As described in Chapter 2, the transformation of CIP from the zwitterionic to the 

unionized form was more obvious with cryomilled CIP, and could be clearly detected with a 

heating rate of 10 oC/min. HSDSC was therefore also carried out on quench cooled ENRO. 

However, like the pure drug, no transition could be detected with this disordered sample, 

even when heated at 500 oC/min. 

While crystalline ENRO is pale yellow, quench cooled ENRO is a golden color, and when 

heated to 250 oC the drug becomes dark orange/rusty. CIP also turns from off-white to a 

yellow color prior to melting, however when heated past its melting point it becomes brown 

due to substantial degradation. From the TGA curves obtained with ENRO and the ASDs 

(Figure 6.5), crystalline and ball milled ENRO do not appear to undergo substantial thermal 
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degradation, decreasing in mass by only 3.4% over the course of the TGA study. CIP on the 

other hand is much more prone to thermal degradation, with a total mass loss of 12.8% and 

17.3% being obtained with the crystalline and cryomilled forms of the drug, respectively, as 

mentioned in Chapter 2. An initial mass loss was observed below 70 oC with all of the ENRO 

ASDs due to water evaporation. The amorphous samples also degraded to a greater degree 

than the pure drug, in particular the Carbopol ASD. This is most likely due to their polymer 

content, as the polymers undergo significant thermal degradation themselves at high 

temperatures (Figure A.5.7). 

 

Figure 6.5. TGA analysis of (a) crystalline ENRO (b) ball milled ENRO (c) ENRO/Eudragit 

L100 (d) ENRO/Eudragit L100-55 (e) ENRO/Carbopol (f) ENRO/HPMCAS-LG and (g) 

ENRO/HPMCAS-MG. 

 

6.3.4 Water Sorption Studies 

The stability of the ASDs when exposed to various humidity levels was examined by DVS. 

At the end of the sorption cycle, at 90% RH, ENRO absorbed only 0.13% (w/w) water. This 

increased to 2.9% for the ball milled drug, due to the increase in disordered material (Figure 

6.6a). CIP also absorbed low levels of water during DVS analysis, increasing in mass by 
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only 0.6 % (w/w).125 PXRD analysis of the drugs at the end of the sorption studies revealed 

that the solid state of both ENRO and CIP was unchanged, with PXRD patterns matching 

those of the starting materials (Figure 6.7).125 In contrast to the crystalline drug, the ENRO 

ASDs were far more hygroscopic, absorbing 16–19% of their mass in water. Very similar 

levels of water uptake were observed with the equivalent CIP ASDs. The higher 

hygroscopicity of the amorphous formulations can be explained by the random orientation 

of their molecules. This leads to a larger free volume, and enables the penetration of water 

into the samples.42 In addition, polymers are often more hygroscopic than the amorphous 

form of a drug, which increases the tendency of an ASD to take up moisture.48 
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Figure 6.6. DVS analysis of (a) crystalline and ball milled ENRO (b) ENRO ASDs 

containing 40% (w/w) Eudragit L100, Eudragit L100-55 and Carbopol and (c) ENRO ASDs 

containing 60% (w/w) HPMCAS-LG and HPMCAS-MG. 
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Figure 6.7. PXRD analysis of ENRO and ENRO ASDs following DVS studies. 

As can be seen in Figure 6.6b, the isotherms obtained with the ASDs containing Eudragit 

L100, Eudragit L100-55 and Carbopol were very similar in shape, with significant hysteresis. 

Hysteresis is commonly encountered with amorphous or porous solids, as water can absorb 

into the interior of the material.257 If water diffuses into the sample bulk more quickly than 

it can return to the surface, then, at the same RH level, a greater amount of moisture will be 

present during desorption than sorption, resulting in the appearance of hysteresis. This may 

occur with polymers that swell upon water exposure, as this increases the area available for 

water absorption. During desorption, such polymers will dehydrate and shrink, potentially 

blocking the sites of moisture absorption, and preventing the loss of water from these areas 

until a lower RH level is reached.268 

Unlike the other ASDs, the isotherms of both ENRO/HPMCAS ASDs were convex in shape 

with a small amount of hysteresis, suggesting that water was mainly adsorbed to the outer 

surfaces of these samples (Figure 6.6c). Therefore, the water uptake behavior of the ENRO 

ASDs differs depending on the polymer used. This was further examined by fitting the 

sorption and desorption data to the Young-Nelson equations. According to the Young-
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Nelson model, water can be taken up by a sample in three different ways: adsorbed as a 

monomolecular layer, adsorbed as a multilayer, or absorbed into the interior of the solid.262 

The parameters calculated using the Young-Nelson equations are listed in Table A.5.1, and 

the isotherms obtained using this approach are shown in Figure 6.8 and Figure A.5.8. The 

corresponding CIP ASDs were also examined for comparison (Figure A.5.9). 
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Figure 6.8. Water distribution patterns according to the Young-Nelson model in ENRO 

ASDs containing (a) Eudragit L100 40% (w/w) (b) Carbopol 40% (w/w) and (c) HPMCAS-

LG 60% (w/w). 

As predicted from the DVS isotherms, the major water uptake mechanism of the ENRO 

ASDs containing Eudragit L100, Carbopol and Eudragit L100-55 was water absorption 

(Figure 6.8a, 6.8b and Figure A.5.8a). The small degree of absorption that occurred with 

the ENRO/HPMCAS ASDs confirms that they are somewhat porous, but less so than the 

other ASDs, as suggested by the minor hysteresis in their DVS isotherms. Unlike the other 

samples, the majority of water taken up by the ENRO/HPMCAS ASDs was bound to their 

exterior surfaces as a multilayer. Multilayer formation begins at low RH levels, and appears 

to occur simultaneously with monolayer adsorption (Figure 6.8c and Figure A.5.8b). In 

contrast, the major water uptake mechanism for the CIP ASDs containing HPMCAS was 

absorption (Figure A.5.9). This suggests that the CIP/HPMCAS ASDs are more porous than 

the corresponding ENRO ASDs, or the polymers may be capable of swelling to a greater 

degree in the former formulations. As with the ENRO ASDs, water is primarily absorbed 

into the interior of the CIP ASDs containing Eudragit L100, Eudragit L100-55 and Carbopol. 

However, the water distribution patterns obtained with the ENRO and CIP ASDs containing 

Carbopol differed somewhat from those containing Eudragit, due to more extensive 
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monolayer adsorption. This may be due to the presence of more hydrophilic groups that can 

interact with water molecules on the surface of the Carbopol ASDs.263 

With both sets of ASDs, the highest value of the Young-Nelson equilibrium constant E was 

obtained with the samples containing HPMCAS-LG, followed by HPMCAS-MG (Table 

A.5.1). However, this constant was more than 10 times larger for the ENRO/HPMCAS 

samples than the equivalent CIP ASDs. This indicates that water molecules form stronger 

and more extensive interactions with the surface of these samples,269 which would explain 

why water appears to be mainly adsorbed to the surface of these ASDs in a multilayer. 

The value of the correlation coefficient, r, was  0.98 for all of the ASDs, showing that there 

was a good fit between the experimental and estimated values of the different parameters 

(Table A.5.1). Therefore, application of the Young-Nelson model is a suitable approach for 

comparing the water uptake of these samples. 

The permeation of water molecules into the interior of an amorphous solid can increase its 

free volume, resulting in a decrease in Tg.
256 Water sorption is also known to increase the 

molecular mobility and thus crystallization rate of amorphous substances, and to decrease 

the crystallization onset temperature.42,49 However, despite the plasticizing effects of sorbed 

water, all five of the ENRO ASDs remained fully X-ray amorphous following DVS analysis 

(Figure 6.7). This was also the case for the corresponding CIP polymeric ASDs described 

in Chapter 3. The high stability of these ASDs may be due to stabilizing drug-polymer 

interactions, the presence of which was suggested by the results of FTIR and DSC analysis. 

As previously discussed, polymers are also known to have anti-plasticizing effects and to 

reduce the molecular mobility of amorphous formulations, while steric hindrance from the 

polymer chains can prevent the nucleation and crystal growth of drug molecules.52,56 

 

6.3.5 Solubility and Dissolution Studies 

Due to issues with clumping and viscosity, solubility studies could not be carried out 

accurately on the ASDs containing Eudragit L100-55 and Carbopol, and these samples were 

therefore excluded from further studies. The superior solubility of the remaining ASDs in 
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FaSSIF in comparison to crystalline ENRO is clear from Figure 6.9a. With the pure drug, a 

peak in concentration was seen at 30–60 sec, which then quickly fell to a constant level of 

approximately 0.7 mg/ml. A steep initial increase in drug concentration was also seen with 

the ASDs containing HPMCAS-LG and HPMCAS-MG, which peaked after 5 and 2 min, 

respectively. While this supersaturation then fell after 10–15 min, the concentration was still 

significantly higher than that obtained with crystalline ENRO. This solubility enhancement 

was sustained for the remainder of the study, with final concentrations of 12.2 mg/ml and 

5.6 mg/ml being obtained with ENRO/HPMCAS-LG and ENRO/HPMCAS-MG, 

respectively. In contrast to the other samples, a more gradual increase in drug concentration 

was seen with ENRO/Eudragit L100, followed by a plateau after 20 min. This sample was 

also less soluble than those containing HPMCAS, reaching a concentration of 4.6 mg/ml 

after 2 hours. 

The dissolution behavior observed with these ASDs is similar to that described by the 

“spring” and “parachute” model discussed previously.76 The high energy of amorphous 

solids and their lack of a crystal lattice enables such rapid drug dissolution and 

supersaturation to occur, while the polymers present in ASDs can inhibit or delay the 

precipitation of dissolved drug.76 Although the concentration obtained with the 

ENRO/HPMCAS ASDs did decrease somewhat over the course of the study, the polymers 

present in these ASDs most likely prevented extensive crystallization of the drug in solution, 

enabling supersaturation to be maintained for at least 2 hours. By avoiding the rapid 

generation of supersaturation, less nucleation and crystallization would be expected to occur 

with the ENRO/Eudragit L100 ASD. This was confirmed by PXRD analysis of the excess 

solid recovered at the end of the solubility studies. In each case enrofloxacin hexahydrate129 

was detected; however, with ENRO/Eudragit L100 the sample was far less crystalline 

(Figure A.5.10). 
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Figure 6.9. (a) Solubility and (b) dissolution studies in FaSSIF at 37 oC. The average of three 

experiments is plotted, ± the standard deviation. 
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Similarly enhanced concentrations were obtained with the ENRO ASDs in dissolution 

studies in comparison to crystalline ENRO. After 2 hours, the highest concentration was 

achieved with ENRO/HPMCAS-LG, at 1.45 ± 0.03 mg/ml, followed by ENRO/HPMCAS-

MG (0.70 ± 0.01 mg/ml) and ENRO/Eudragit L100 (0.55 ± 0.02 mg/ml). Crystalline ENRO 

on the other hand only attained 0.09 ± 0.00 mg/ml over the course of the study (Figure 6.9b). 

Apart from concentration, the ASDs also differed in the shape of their dissolution profiles. 

With ENRO/HPMCAS-LG, the drug concentration increased quite rapidly at the start of the 

study and then remained fairly constant for the remainder. While a similar profile was 

obtained with ENRO/HPMCAS-MG, the initial drug release was more gradual than with the 

LG grade of polymer. As was the case in the solubility study, the final concentration obtained 

with ENRO/HPMCAS-MG was approximately half that of ENRO/HPMCAS-LG. However, 

ASDs containing different grades of HPMCAS are known to demonstrate different rates and 

extents of drug release, due to differences in their succinoyl and acetyl content.197 This may 

affect the pH of the diffusion layer surrounding the ASD particles, or the strength of drug-

polymer interactions.  

In contrast to the other ASDs, a steady, linear increase in drug concentration was observed 

with ENRO/Eudragit L100 during dissolution studies. As no levelling off occurred during 

the study, it is possible that the drug concentration would continue to rise during longer term 

studies, similar to an extended release formulation. The gradual dissolution of ENRO from 

this ASD may be due to strong drug-polymer interactions, which could delay the dissociation 

and dissolution of the drug.200 Such interactions would also explain the higher than predicted 

Tg of this formulation, and the absence of crystallization during DSC analysis, unlike the 

ASDs containing HPMCAS. Alternatively, this polymer may be less soluble than HPMCAS, 

which would reduce the diffusion of water into the ASD and thus its dissolution rate. The 

CIP/Eudragit L100 ASD also resulted in lower drug release during solubility studies 

compared to CIP/HPMCAS-LG and CIP/HPMCAS-MG, likely for the same reasons. 

Visible differences in the behavior of the ENRO ASD powders were also evident during 

dissolution studies. Both ENRO/Eudragit L100 and ENRO/HPMCAS-MG formed clumps 

when added to the dissolution vessels. While these eventually dissolved in the case of 

ENRO/HPMCAS-MG, with ENRO/Eudragit L100 they remained largely intact for the 



193 

 

duration of the study. This would have hindered the release of the drug and reduced the 

surface area exposed to the dissolution medium. In contrast, no clumping was observed with 

ENRO/HPMCAS-LG, which enabled faster dissolution and higher concentrations of ENRO 

to be achieved. 

From the results of this study and those described in Chapter 3, it can be concluded that 

ENRO is more soluble than CIP in FaSSIF. CIP was found to have a solubility of only 0.14 

mg/ml in this medium, which is five times lower than that of ENRO. Higher drug 

concentrations were also obtained with the ENRO ASDs than the equivalent CIP ASDs. 

These results are in agreement with those of Blokhina et al, who found ENRO to be the more 

soluble of the two fluoroquinolones in pH 7.4 phosphate buffer.132 As previously mentioned, 

the greater solubility of ENRO may be explained by its weaker crystal lattice, which would 

facilitate the release of drug molecules into solution.  

 

6.3.6 Bacterial Studies 

The minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations 

(MBCs) of ENRO and the ASDs are listed in Table 6.2. Values that differ significantly from 

those of ENRO are shown in bold. As previously mentioned, if the ratio of MBC to MIC is 

≤ 4, this indicates that a drug is bactericidal,214 which was the case for ENRO and the ASDs 

in all species of bacteria in this study. A MIC of ≤ 0.5 µg/mL may be considered as 

susceptible to ENRO, while  2 µg/mL indicates bacterial resistance, and 1 µg/mL is 

intermediate.270 Therefore, from the results of this study it can be concluded that E. coli, S. 

aureus and K. pneumoniae are susceptible to ENRO, while P.aeruginosa is not. As was the 

case with CIP, E. coli was found to be the most susceptible of these bacteria to ENRO, having 

a MIC of 0.004–0.0016 µg/ml. Quite low MIC levels were also obtained in K. pneumoniae 

(0.032–0.125 µg/ml), followed by S. aureus (MIC 0.125–0.25 µg/ml). In contrast, much 

higher MIC and MBC values of 4–8 µg/ml were obtained with P. aeruginosa. However, the 

outer membrane of this bacteria is known to be far less permeable than that of E. coli, while 

fluoroquinolones are also believed to be substrates for an active efflux system within P. 
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aeruginosa.271 In each case, the MIC values obtained for ENRO in these four species agree 

well with those reported previously.270 

As can be seen from Table 6.2, the formulation of ENRO as an ASD did not significantly 

affect its antibacterial activity in any species of bacteria, while the MIC and MBC obtained 

with ENRO/HPMCAS-MG was significantly lower in E. coli and K. pneumoniae than the 

pure drug. These results are similar to those obtained with the CIP ASDs of Chapter 3, 

whereby the MIC and MBC of CIP/HPMCAS-MG was significantly lower than crystalline 

CIP in all four of these species, while the MIC of CIP/HPMCAS-LG was also significantly 

reduced in E. coli, and its MBC was lower in both E. coli and S. aureus. These ASDs were 

also found to increase the passive transmembrane permeability of CIP. Therefore, it is 

possible that the formulation of ENRO as an ASD with HPMCAS-MG also improved its 

permeability, enabling more of the drug to be transported through the bacterial cell 

membranes via passive diffusion. 

Table 6.2. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of 

Enrofloxacin and ASDs in Various Bacteriaa 

Sample S. aureus E. coli P. aeruginosa K. pneumoniae 

Minimum Inhibitory Concentration (µg/ml) 

ENRO 0.25 0.016 4 0.125 

ENRO/Eudragit L100 0.125-0.25 0.008-0.016 4 0.063-0.125 

ENRO/HPMCAS-LG 0.125-0.25 0.008-0.016 4-8 0.063-0.125 

ENRO/HPMCAS-MG 0.125 0.004-0.008 4 0.032-0.063 

Minimum Bactericidal Concentration (µg/ml) 

ENRO 0.25 0.032 4 0.25 

ENRO/Eudragit L100 0.25 0.016 8 0.125 

ENRO/HPMCAS-LG 0.125 0.016 8 0.125 

ENRO/HPMCAS-MG 0.125 0.008 4 0.063 

aThe values shown in bold differ significantly from those of pure crystalline ENRO. 
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6.4 Conclusions 

In this study ball milling was successfully used to produce several ASDs of ENRO. Despite 

its extra ethyl group, ENRO behaved very similarly to CIP in terms of polymer compatibility, 

with each drug only forming fully X-ray amorphous ASDs with acidic polymers. FTIR 

analysis indicated that the N3 tertiary amine of ENRO may be protonated in these ASDs, 

forming an ionic bond with the carboxylate groups of the polymers. The relatively high Tg’s 

of the ASDs and their resistance to crystallization during DSC analysis reinforces the 

suggestion that strong interactions exist between the components. In contrast to the 

polymeric samples, amorphous ENRO/succinic acid salts possessed very low stability, and 

therefore were not suitable for further study. Although the ASDs were hygroscopic, they 

remained fully X-ray amorphous during water sorption studies, due to the stabilizing effects 

of the polymers. The ASDs also generated significantly higher drug concentrations than 

crystalline ENRO during solubility and dissolution testing, and these levels were sustained 

for the duration of the studies. As the prolongation of supersaturation is believed to increase 

drug absorption, the in vivo absorption of these formulations is likely to be superior to that 

of the pure drug. In addition, the antimicrobial activity of ENRO was not decreased by ASD 

formation, while it was improved by ENRO/HPMCAS-MG in E. coli and S. aureus. This 

study has therefore demonstrated that the formulation of ENRO as a polymeric ASD can 

improve a number of the drug’s biopharmaceutical properties. 
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Chapter 7: General Discussion and Conclusions 
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7.1 General Discussion and Conclusions 

As previously mentioned, the primary aim of this project was to prepare various amorphous 

formulations of CIP, and thereby improve the physicochemical and biopharmaceutical 

properties of the drug. Some of the more specific goals of the project were to find a method 

of amorphizing CIP, to discover which polymers or small organic molecules make suitable 

stabilizers for CIP ASDs, to produce ASDs of the closely related drug ENRO, to examine 

the stability of the successful formulations, and to establish whether they can improve the 

solubility of CIP without affecting its permeability. From the material covered in the 

previous chapters it can be seen that all of these objectives were achieved, at least to some 

degree. While this project may be of most interest to other researchers working with CIP, it 

also serves as an example of the steps that may be taken to amorphize a drug with poor glass-

forming ability. 

Although the main focus of this project was on multicomponent CIP systems, it was also 

important to gain a greater understanding of the drug itself. Therefore, Chapter 2 was 

dedicated to filling some of the gaps in the literature concerning CIP. The crystal structures 

of unionized and zwitterionic CIP have been described by Mahapatra et al138 and Fabbiani et 

al,139 respectively, and it is well known that CIP equilibrates between both ionization states 

in aqueous solutions.112 However, until now, no study has examined the ability of anhydrous 

CIP to transform from one form to the other in the solid state. Although Mahapatra et al 

observed the PXRD pattern of CIP change to that of the unionized form at 250 oC, the authors 

misinterpreted the data.138 They believed that the drug existed as a hydrate below this 

temperature, whereas the PXRD pattern actually matched that of anhydrous zwitterionic CIP. 

Their study served as a starting point for the investigation of proton transfer described in 

Chapter 2, which confirmed that zwitterionic CIP converts to the unionized form just prior 

to melting. Chapter 2 also contains a comprehensive comparison of the molecular properties 

of zwitterionic and unionized CIP, which enables greater understanding of the behavior of 

this drug. For example, the more extensive intermolecular interactions, greater packing 

energy and lower reactivity of the zwitterion confirmed that it is the more stable of the two 

structures. This explains why CIP usually exists in this form in the solid state, and why the 

drug is so difficult to amorphize. 
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It has been claimed that the amorphization of pure CIP is not possible via milling, melt 

quenching or spray drying,125 and the inadequacy of the former methods was confirmed by 

this project. Although quench cooling did produce the amorphous form of the drug, it also 

resulted in its partial decomposition, and was therefore only useful for reference purposes. 

In contrast, this study disproved the belief that spray drying could not be used to amorphize 

CIP. However, as mentioned in Chapter 2, a large volume of dilute solution was required to 

produce a few milligrams of amorphous CIP via spray drying, due to the poor solubility of 

the drug. As the yield was so low, this was a time consuming and inefficient process. For 

this reason, the experiments described in later chapters that required a large quantity of 

sample, such as solubility studies, were carried out on crystalline CIP rather than the 

amorphous spray dried form of the drug. 

In order to improve the stability and solubility of an amorphous drug, it can be formulated 

as an ASD. This requires the selection of suitable excipients, and Chapters 3–6 explored 

some of the possible stabilizers that may be used with CIP and ENRO. It was discovered that 

fully X-ray amorphous solid dispersions were only produced with compounds with which 

the drugs could form a salt. In all other cases a semi-crystalline product was obtained. All of 

the successful additives had the common feature of containing a carboxylic acid group, 

which formed an ionic bond with the protonated piperazine amino group of the drugs. With 

each ASD, proton transfer from the stabilizer to the carboxylate group of the drug was 

identified by FTIR. This transfer could also be observed visually, as all of the amorphous 

composite formulations became dark yellow or orange in color following milling. In contrast, 

the semi-crystalline solid dispersions were either off-white or pale yellow, due to a small 

degree of proton transfer. As mentioned in Chapter 2, CIP also becomes yellow upon 

conversion to the unionized form; however, it is far less vibrant in color than the ASDs. 

From the results of this project it can be concluded that the ability of a compound to form an 

ASD with CIP or ENRO depends not only on the functional groups of the co-former, but 

also on the proportion of each ingredient included in the formulation, as well as the method 

of preparation. For example, as discussed in Chapter 3, longer milling times, lower 

temperatures and a larger percentage of polymer were required to amorphize a mixture of 

CIP and HPMCAS, compared to Carbopol, Eudragit L100 or Eudragit L100-55. The fact 
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that semi-crystalline solid dispersions were obtained with neutral polymers such as PVP and 

PVA for all attempted combinations of polymer content and milling conditions, indicates 

that the one uncompromising factor needed to form an ASD with these fluoroquinolones is 

the presence of a carboxylic acid in the co-former. However, this does not always guarantee 

success. For instance, as mentioned in Chapter 4, when CIP, succinic acid and PVP were ball 

milled without any pre-milling, a semi-crystalline product was obtained, with PXRD peaks 

largely matching those of zwitterionic CIP. In this case the polymer appears to have 

prevented the formation of ionic interactions between the drug and acid. Some of the amino 

acids studied in Chapter 5 were also unable to fully amorphize CIP, despite the fact that they 

all contain α-carboxylate groups. Therefore, other features of the molecules influenced their 

ability to interact to a sufficient degree with CIP, perhaps related to their size, shape and pKa. 

However, further studies will be required to determine what these important molecular 

properties are. 

While the ASDs prepared in this project are very similar in terms of drug-co-former 

interactions, many of their solid state and pharmaceutical properties differ, in particular their 

stability, solubility and permeability. When comparing the physical stability of the 

amorphous samples, the binary polymeric ASDs of Chapter 3 and 6 appear to be superior. 

The thermograms of these ASDs lacked clear crystallization peaks, indicating that they have 

good thermal stability. These samples were also found to remain X-ray amorphous following 

DVS analysis, although they sorbed large quantities of water due to the hygroscopicity of the 

polymers. In contrast, all of the samples described in Chapter 4 and 5, which contain small 

molecules as stabilizers, crystallized during DSC and water sorption studies. Despite the 

presence of 20–60% (w/w) polymer in the ternary ASDs, the CS 1:1 and CS 2:1 salts still 

underwent crystallization during these processes. However, these ASDs, as well as those 

containing the amino acids, remained X-ray amorphous when stored for at least 10 months 

under dry conditions at RT. Equivalent studies were not carried out with the binary polymeric 

ASDs, however it can be assumed that they would also remain amorphous under the same 

conditions. In contrast, the polymer-free amorphous CIP succinate salts crystallized during 

this study after only 1–2 months, indicating that the amino acids are capable of stabilizing 

CIP for longer periods than succinic acid. Similarly, the Tg’s of the amino acid ASDs were 

also far higher than those of CS 1:1 and CS 2:1 (equal to 86.7 oC and 69.3 oC, respectively). 
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Although the addition of polymer increased the Tg’s of the latter samples, only the ASD 

containing 60% (w/w) PVP had a Tg above 100 oC, whereas this was the case with all four 

of the amino acid ASDs. The binary polymeric CIP ASDs also had Tg’s above 100 oC, with 

CIP/Eudragit L100 having the highest, at 154.1 oC. 

The greater stability of the binary polymeric ASDs may be attributed to the fact that the 

polymers are amorphous themselves, with high Tg’s and molecular weights. This enables 

them to delay or prevent the crystallization of an amorphous drug in a mixture by reducing 

the molecular mobility of the system and providing steric hindrance, as previously discussed. 

In contrast, succinic acid and the amino acids are poor glass-forming, low molecular weight, 

crystalline molecules, with very low Tg’s. They are therefore prone to crystallization 

themselves, which would reduce their ability to stabilize an amorphous drug compared to the 

polymers. 

All of the ASDs prepared in this study displayed superior solubility compared to the pure 

crystalline drugs, and this enhancement was sustained for at least 2 hours. However, when 

ranking the CIP ASDs by solubility, it is clear that the most soluble preparations are those 

containing the most acidic counterions, i.e. succinic acid, aspartic acid and glutamic acid. 

While a comparable CIP concentration was obtained with these ASDs in FaSSIF, the ASDs 

containing the latter acids offered a greater solubility advantage in water and FaSSGF. In 

FaSSGF in particular, the CIP/ASP and CIP/GLU ASDs achieved very high concentrations 

of 240 mg/ml and 120 mg/ml, respectively, at the end of the study, whereas the CIP succinate 

ASDs reached 39–57 mg/ml in this medium. Based on the results of this study and that of 

Olivera et al,121 the amino acid and CIP succinate ASDs are likely to have a similar solubility 

to the commercially available salt, CIP HCl, in water, whereas their solubility in FaSSIF 

should be significantly higher. Although the ASDs containing CYS, ARG or a polymer were 

also significantly more soluble than the pure drug in water and FaSSIF, this increase was far 

more modest than that offered by the other ASDs, with concentrations of less than 2 mg/ml 

being achieved, compared to 29–48 mg/ml for the ASDs containing the more acidic 

counterions. In addition, as described in Chapter 3, a higher drug concentration was obtained 

with crystalline CIP in FaSSGF than with the binary polymeric ASDs. While the solubility 
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of the drug increases at low pH due to its ionization, the reduced solubility of the polymers 

in this medium most likely hindered the release of the drug from these ASDs. 

The results of this project corroborate the studies of Miller et al, Dahan et al and Beig et al30–

32 discussed in Chapter 1, which found a negative association between solubility and 

permeability for a number of formulation types. The CIP/ASP, CIP/GLU and CIP succinate 

ASDs, which had the highest solubility, were also significantly less permeable than pure 

crystalline CIP, as was CIP HCl. This may be due to an increase in the proportion of drug 

bearing a net positive charge, which would reduce its lipophilicity. In contrast, the other 

ASDs that were tested either had no effect on the permeability of CIP or slightly increased 

it. Therefore, ASDs that have a more moderate effect on solubility, such as those analyzed 

in Chapter 3 and 6, may result in greater oral bioavailability overall. However, in order to 

determine unequivocally whether this is the case, in vivo studies would be required. 

As discussed in Chapter 6, the CIP and ENRO ASDs behaved quite similarly in most regards, 

however the small difference in their chemical structures did result in some variation in their 

solid state properties. A summary of these differences is given in Table 7.1. For instance, 

HPMCAS appeared to form ASDs more easily with ENRO than CIP, as this process was 

successful when conducted for 4 hours at RT with the former drug, whereas low temperatures 

of 2–5 oC and an additional 2 hours of milling were required for the latter. Clearly, the 

presence of an ethyl substituent on the N3 of the piperazine group did not hinder the ability 

of the drug to interact with these polymers. The Tg’s of the ENRO ASDs were 23–44 oC 

lower than the equivalent CIP ASDs; however, a similar divergence exists between the Tg’s 

of the pure drugs (58.9 oC vs. 86.7 oC for ENRO and CIP, respectively). Therefore, although 

ENRO may form ASDs more readily than CIP, these are likely to have a lower physical 

stability. This was indeed found to be the case for the amorphous succinate salts. When 

ENRO was milled with succinic acid in a 1:1 or 2:1 ratio, an X-ray amorphous formulation 

was obtained after only 1 hour of ball milling. However, these salts were very unstable, and 

began to crystallize after approximately 2 months when stored at 2–5 oC. In contrast, 6 hours 

of milling was required to amorphize the CS 1:1 and 2:1 salts, but they then remained 

amorphous for approximately 6 months under the same storage conditions. While all of the 

polymeric ENRO and CIP ASDs have remained stable when stored in the fridge for at least 
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16 months, as well as during DVS analysis, no long-term studies comparing the stability of 

the ENRO and CIP ASDs at higher temperatures have been carried out. 

Table 7.1. Comparison of Solid State and Pharmaceutical Properties of CIP and ENRO 

Property ENRO CIP 

Crystalline Anhydrous Drugs 

Ionization state Unionized Zwitterionic 

Melting point 225 oC 272 oC 

Tg  58.9 oC 86.7 oC 

TGA mass loss 3.4% 12.8% 

FaSSIF solubility 0.67 mg/ml 0.14 mg/ml 

ASDs 

Amorphization conditions: 

    Eudragit L100, Eudragit     

    L100-55 and Carbopol 

 

40% (w/w) polymer BM x 4 

hours at RT 

 

40% (w/w) polymer BM x 4 

hours at RT 

    HPMCAS 60% (w/w) polymer BM x 4 

hours at RT 

60% (w/w) polymer BM x 6 

hours at 2–5 oC 

    Succinic acid 1 hour at RT 6 hours at RT 

Primary water uptake 

mechanism 

Absorption (Eudragit 

L100, Eudragit L100-55 

and Carbopol), multilayer 

adsorption (HPMCAS) 

Absorption 

 

The biopharmaceutical properties of CIP and ENRO, and the corresponding ASDs, would 

be expected to vary somewhat due to differences in the structure and lipophilicity of the 

APIs. This was found to be the case in this study in relation to the solubility, dissolution and 

antibacterial activity of the samples. ENRO has a solubility of 0.67 mg/ml in FaSSIF, 

compared to 0.14 mg/ml for CIP. The final drug concentrations achieved with the ENRO 

ASDs in solubility studies were also approximately 2.4–9.4 times greater than those 

containing CIP, perhaps due to weaker intermolecular interactions within the former 

samples. Although their solubility differed, similar profiles were obtained with both sets of 

ASDs during dissolution studies. The ASDs containing Eudragit L100 both formed slowly 

dissolving clumps when added to the dissolution vessel, resulting in a gradual increase in 
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drug concentration. The strong drug-polymer interactions present in these ASDs, as indicated 

by their particularly high Tg’s, may have also contributed to the slow release of the drug. The 

ENRO and CIP ASDs containing HPMCAS on the other hand dispersed more readily in 

FaSSIF. With all four of these samples, the drug concentration increased quite rapidly within 

the first 20 min of the study and then began to level off.  

The CIP and ENRO ASDs also behaved similarly in bacterial studies, in that they did not 

decrease the antimicrobial activity of the drug, while those containing HPMCAS-MG 

demonstrated a significant improvement. As discussed in Chapter 3, this may be due to an 

increase in the permeability of these samples. However, differences in the MIC and MBC 

values of the drugs were seen. While ENRO and CIP, and the equivalent ASDs, showed 

similar MIC values in K. pneumoniae, lower MIC values were obtained with ENRO in E. 

coli and S. aureus, whereas CIP was found to be the more potent antibiotic in P. aeruginosa. 

Differences in the susceptibility of bacteria to different fluoroquinolones may be due to 

differences in the affinity of the drugs for the target enzymes, outer membrane porins, or 

efflux pumps.272 Due to its greater lipophilicity, ENRO would be expected to be taken up by 

bacteria via the passive transmembrane diffusion route more readily than CIP, which would 

account for its greater activity in E. coli and S. aureus. As the DNA gyrase of different 

species of bacteria is not expected to differ significantly in terms of fluoroquinolone 

affinity,119 the greater potency of CIP in P. aeruginosa compared to ENRO is unlikely to be 

due to greater binding to the target enzyme. Instead, it may be due to increased uptake of the 

more hydrophilic CIP molecules via water-filled porins in the outer membrane of P. 

aeruginosa. In addition, more hydrophobic fluoroquinolones such as ENRO have been found 

to have a higher affinity for bacterial efflux pumps than CIP,272 which would reduce the 

concentration of the drug in the cytoplasm of P. aeruginosa cells. 

Based on the available literature concerning ASDs, the samples prepared in this project are 

somewhat unusual. In addition to containing drugs that are poor glass-formers, the ASDs 

examined in Chapter 3 and 6 are examples of amorphous polymeric salts, of which there are 

few examples in the literature. Although studies by Weuts et al,61 Song et al87 and 

Maniruzzaman et al192 involve the production of amorphous drug-polymer salts, they are 

exceptions to the norm. The majority of ASDs described in the literature are stabilized by 
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nonionic interactions between the components, such as hydrogen bonds, and do not involve 

proton transfer between the drug and polymer. The polymer/salt formulations discussed in 

Chapter 4 are also quite unusual. While a number of ternary ASDs containing a drug plus 

two polymers or two small molecules have been reported in the literature,145,227,273 few 

consist of a salt dispersed in a polymer, with the exception of those prepared by Patel et al218 

and Telang et al.274 Similarly, in the majority of published studies concerning drug/amino 

acid ASDs, the components were found to interact via hydrogen bonds or π-π interactions.243 

A number of amorphous amino acid salts have also been produced by various researchers, 

however in each case an ionic interaction was formed between an acidic drug and the basic 

amino acids arginine, lysine or histidine.62,86 No examples of amorphous salt formation 

between basic drugs and the α-carboxylate of amino acids could be found, making the 

CIP/amino acid ASDs of Chapter 5 relatively unique. Considering the fact that a recent 

screening study by Kasten et al concluded that ASP, GLU and CYS are poor co-formers for 

ASDs, whereas ARG is only suitable for acidic drugs,236 the work outlined in Chapter 5 

contributes to the literature surrounding this subcategory of ASD, as it contradicts these 

findings. 

As with any research project, there were limitations to the work described in this thesis, in 

particular due to equipment and time restrictions. For instance, as the detection limit of 

PXRD for crystalline content is about 1–5% (w/w),275 it is not possible to say with absolute 

certainty that the amorphous samples produced in this project were 100% amorphous. 

Therefore, in each case they were described as “X-ray amorphous” to take account of the 

possibility that they may have contained a small amount of residual crystallinity. As 

previously discussed, this is more likely to be true for the ball milled ASDs, and the presence 

of two crystallization peaks in the DSC thermograms of a few of the samples indicated that 

they may in fact contain a small amount of crystal nuclei.26 Similarly, it is possible that some 

of the ASDs had small areas of inhomogeneity. As discussed in Chapter 1, separated 

amorphous domains of less than approximately 30 nm will not be detected by DSC, and such 

formulations will appear as homogeneous, single-phase systems.65 In order to determine 

whether an X-ray amorphous material is truly amorphous, or if an ASD is phase separated, 

more complex techniques are required. SSNMR and PXRD with pair distribution function 

analysis have been recommended for this purpose.65 SSNMR analysis is also a very useful 
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method for determining the nature of drug-stabilizer interactions present in an ASD. While 

SSNMR confirmed the amorphous state of the ASDs described in Chapter 5, as well as the 

nature of the drug-amino acid interactions, it was unfortunately not possible to carry out this 

analysis on all of the samples in this project due to the unavailability of the instrument. 

However, as PXRD, DSC and FTIR are used to characterize amorphous solids in the vast 

majority of published studies, they were therefore deemed sufficient for the purposes of this 

project. 

In conclusion, the primary aim of this project was achieved with the production of a number 

of amorphous formulations of CIP. Due to the lack of comprehensive studies examining CIP 

or ENRO ASDs, this work is a substantial addition to the body of knowledge concerning the 

amorphous form of these drugs. While all of the ASDs significantly increased the solubility 

of CIP, the polymeric ASDs of Chapter 3 and 6 offered a more favorable solubility-

permeability balance, and were also more stable than the amorphous salts of Chapter 4 and 

5. The amorphous CIP succinate salts and corresponding polymer/salt ASDs appear to be the 

least stable of all of the ASDs produced in this study, and also had the lowest effective 

permeability. Considering the fact that the crystalline CS 1:1 and CS 2:1 salts prepared by 

Paluch et al are reported to have an aqueous solubility in water very similar to that of these 

ASDs (~ 30 mg/ml),125 there does not seem to be any benefit in amorphizing these salts, and 

therefore no further studies shall be conducted on these ASDs. The binary polymeric ASDs 

are perhaps the most promising of the amorphous formulations produced in this project, and 

should be the subject of further research. However, the particularly high solubility and Tg’s 

of the ASDs containing ASP and GLU may help to offset their lower stability and 

permeability, and therefore further studies with these samples may also be warranted. 

 

7.2 Main Findings 

 The production of pure amorphous CIP was achieved for the first time by spray drying a 

solution of the drug in water. 

 Zwitterionic CIP undergoes intramolecular proton transfer and converts to the unionized 

form when heated to its melting point. This transformation was visualized using HSDSC. 
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 Fully X-ray amorphous ASDs were produced by ball milling CIP with acidic polymers, 

whereas neutral polymers were unsuccessful in this regard. In each ASD the positively 

charged secondary amino group of the drug was found to interact with the carboxylate 

groups of the polymers. Therefore, they may be considered as amorphous polymeric drug 

salts. 

 The binary CIP ASDs had higher than expected Tg’s, were stable when exposed to high 

humidity, and significantly improved the solubility of CIP. 

 The CIP/HPMCAS ASDs increased the effective permeability of the drug as well as its 

antibacterial efficacy, whereas CIP/Eudragit L100 had no significant effect on these 

properties. 

 ASDs consisting of the amorphous CIP/succinic acid 1:1 or 2:1 salt dispersed in various 

quantities of PVP or Soluplus were produced by spray drying and ball milling. The results 

of DSC and IGC analysis indicated that these salts and polymers are miscible. 

 The ternary ASDs had higher Tg’s and crystallization temperatures than the 

corresponding amorphous succinate salts, and displayed greater resistance to 

crystallization during long-term stability studies. 

 All of the ternary ASDs significantly enhanced the solubility of CIP, in particular those 

containing CS 1:1. However, the ASDs did not offer any additional benefit over the 

amorphous succinate salts in terms of solubility.  

 The addition of polymer did not improve the stability of the CS 1:1 or 2:1 salts during 

water sorption studies, nor did it affect their permeability. 

 The amorphous succinate salts were significantly less permeable than pure crystalline 

CIP. This is most likely due to ionization of the drug. 

 The milling of CIP with ASP, GLU, CYS and ARG resulted in fully X-ray amorphous 

solid dispersions. An ionic interaction between the positively charged piperazine amino 

group of CIP and the negatively charged α-carboxylate groups of the amino acids was 

detected by FTIR and SSNMR. 

 The amino acid ASDs demonstrated high Tg’s and crystallization temperatures, and 

remained X-ray amorphous for at least 10 months when stored under dry conditions at 

RT. However, they all crystallized during DVS and solubility studies. 
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 The enhanced solubility of the amino acid ASDs is related to the pH effect of the 

counterion. However, the fact that each ASD was more soluble than the corresponding 

PM proves that the disordered state of the drug had a significant positive effect on its 

solubility. 

 Although the chemical structure, ionization state and intermolecular interactions of 

crystalline ENRO differ from those of CIP, the drugs behaved very similarly in terms of 

ASD formation and drug-polymer interactions. 

 The Tg’s of ENRO and its ASDs were significantly lower than those of CIP, however the 

samples remained X-ray amorphous during DVS analysis. 

 Higher concentrations were obtained with the ENRO ASDs in solubility and dissolution 

studies relative to the pure drug. The solubility of ENRO in FaSSIF was also higher than 

that of CIP. 

 Like CIP, the antimicrobial efficacy of ENRO was not decreased by ASD formation, 

while it was improved further by ENRO/HPMCAS-MG in E. coli and S. aureus. 

 

7.3 Future Work 

As previously discussed, PAMPA is not the most representative model of the human 

intestinal barrier. However, as the main aim of the permeability studies performed in this 

project was to determine whether ASD formation affected the permeability of CIP, PAMPA 

was suitable for this comparative analysis. In order to obtain a more accurate quantitative 

estimate of the permeability of the drug and ASDs, permeability studies should be conducted 

with more representative models. Human colon adenocarcinoma (Caco-2) cell culture studies 

are often used in early stage drug development, as they take account of both passive and 

active transport. However, there are a number of limitations to this method. In particular, the 

permeability of many drugs is underestimated by Caco-2 assays due to the less permeable 

tight junctions, lower surface area, and altered transporter expression of the cell monolayer 

compared to the intestinal epithelium.276 In vivo animal studies, such as rat in situ perfusion 

assays, should more closely mimic the environment in the human GIT. Therefore, it would 

be interesting to see if the results of such studies are in line with those obtained by PAMPA 

for the samples analyzed in this project. 
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Further investigations into the amino acid ASDs could also be carried out. As discussed in 

Chapter 5, CIP appears to be more likely to form amorphous salts with amino acids of higher 

molecular weights, with more complex side chains, and lower α-carboxylate pKa values. In 

order to strengthen this theory, CIP should be milled with other amino acids. A screening 

study by Kasten et al found non-polar amino acids to be successful co-formers for most 

drugs.236 Therefore, future attempts to amorphize CIP could involve the amino acids 

isoleucine, leucine, methionine, phenylalanine, tryptophan or valine.  

In relation to the CIP/amino acid samples, it would also be useful to develop a method of 

producing good quality crystals of the pure salts. This would allow single crystal X-ray 

analysis to be conducted, and thus the accurate determination of the interactions present 

between the drug and amino acids. It would also provide a definite PXRD pattern of the salts, 

to which those of the corresponding crystallized ASDs could be compared. As described in 

Chapter 5, all attempts to crystallize the CIP aspartate and glutamate salts thus far appear to 

have resulted in a mixture of phases. Although these salts were reportedly produced by 

ElShaer et al, their XRD analysis was unfortunately not published.230 The authors used freeze 

drying to prepare these salts, and it may be worthwhile to explore this technique in 

subsequent studies. 

A comparatively small amount of research was performed on ENRO in this project. The 

work of Chapter 6 could be continued with further analysis of the ENRO ASDs, such as 

permeability and long-term and/or accelerated stability studies. In order to confirm the nature 

of the drug-polymer interactions in the ASDs, SSNMR analysis would be useful. It would 

also be interesting to determine whether ENRO forms ASDs with the same amino acids as 

CIP, and if the components interact in the same manner. 

Finally, the formulations produced in this project were very simple, consisting of only 2–3 

ingredients in powder form. The development of more complex formulations may improve 

the biopharmaceutical properties of the ASDs further. For example, the addition of a 

surfactant can increase the solubility and stability of polymeric solid dispersions.75 It would 

also be compelling to manufacture oral solid dosage forms, such as tablets or capsules, from 
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the most promising ASDs. Their bioavailability could then be compared to commercial CIP 

HCl tablets to discern if they offer any benefit over what is already on the market. 
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Appendix 1 

Table A.1.1. Hydrogen Bonding Geometry of Unionized and Zwitterionic CIPa 

Unionized CIP 

Donor --- H…Acceptor D - H H…A D…A D - H...A 

O2 ---H2...O3      0.82 1.79 2.548(7)         154 

N3 ---H3...N3      0.86 2.29 3.076(9)         153 

C10 ---H10...O1      0.93 2.48 2.814(9)         102 

C14 ---H14A...F1 0.97 2.15 2.842(8)         127 

C14 ---H14B...O1       0.97 2.56 3.252(10)         128 

C16 ---H16A...O1 0.97 2.52 3.486(9)         175 

C17 ---H17B...O2      0.97 2.48 3.451(9)         175 

Zwitterionic CIP 

Donor --- H…Acceptor D - H H…A D…A D - H...A 

N3 ---H3A...O1    0.856(9) 2.186(9)    3.010(4)    161.4(9) 

N3 ---H3B...O2    0.870(9) 1.713(10)    2.541(6)   158.1(10) 

C5 ---H5...O3 0.953(10)   2.580(10)    3.450(4)    152.0(8) 

C15 ---H15A...O2 0.991(10)   2.503(10)    3.410(5)    152.1(7) 

C15 ---H15A...O3 0.991(10)   2.516(10)    3.285(4)    134.3(7) 

C14 ---H14A...F1 0.990(10)   2.196(10)    2.883(4)    125.2(7) 

aCalculated using PLATON software. The molecular structures of both forms of CIP, with 

atom labels, are presented in Figure 2.1. 

Intermolecular interactions and packing arrangements in the crystal structures of unionized 

and zwitterionic CIP, calculated using unified pair-potentials (UNI) force-field calculations, 

as implemented in Mercury CSD 3.5.1, are shown below: 
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(a) Unionized CIP 

 

 

Calculated intermolecular potentials: 

mol1 mol2 distance energy (kJ/mol) 

0 1 6.17013 -90.8467 

0 2 4.68753 -86.9062 

0 3 6.87957 -22.0323 

 

Hydrogen normalization: On 

 

Packing energy: 

PE = -126.53 kJ/mol 40 interactions 

PE = -129.32 kJ/mol 120 interactions 

PE = -129.64 kJ/mol 160 interactions 

PE = -129.74 kJ/mol 180 interactions 

PE = -129.78 kJ/mol 190 interactions 

PE = -129.82 kJ/mol 200 interactions 

 

Potential = A*exp(-Br) - Cr(-6) 
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Unified (UNI) pair-potential parameters: 

atom1 code1 atom2 code2 A B C 

F1 6 F1 6 170916.4 4.22 564.8 

F1 6 O1 17 182706.1 3.98 868.3 

F1 6 O2 18 182706.1 3.98 868.3 

F1 6 N1 23 249858.9 3.93 1277.9 

F1 6 N3 19 249858.9 3.93 1277.9 

F1 6 C1 3 196600.9 3.84 1168.8 

F1 6 H2AA 26 64257.8 4.11 248.4 

F1 6 H5AA 1 64257.8 4.11 248.4 

F1 6 H3AA 27 64257.8 4.11 248.4 

O1 17 O1 17 195309.1 3.74 1335 

O1 17 O2 18 195309.1 3.74 1335 

O1 17 N1 23 268571 3.86 1523 

O1 17 N3 19 268571 3.86 1523 

O1 17 C1 3 393086.8 3.74 2682 

O1 17 H2AA 26 26416400 8.75 857.7 

O1 17 H5AA 1 295432.3 4.82 439.3 

O1 17 H3AA 27 15095080 7.78 995.8 

O2 18 O2 18 195309 3.74 1335 

O2 18 N1 23 268571 3.86 1523 

O2 18 N3 19 268571 3.86 1523 

O2 18 C1 3 393086.8 3.74 2682 

O2 18 H2AA 26 295432 4.82 439.3 

O2 18 H5AA 1 295432.3 4.82 439.3 

O2 18 H3AA 27 18868790 7.78 1246.8 

N1 23 N1 23 365263 3.65 2891 

N1 23 N3 19 365263.2 3.65 2891 

N1 23 C1 3 491494 3.86 2791 

N1 23 H2AA 26 23867340 7.78 1577 

N1 23 H5AA 1 228279 4.52 502.1 

N1 23 H3AA 27 30190070 7.78 1992 

N3 19 N3 19 365263.2 3.65 2891 

N3 19 C1 3 491494 3.86 2791 

N3 19 H2AA 26 23867340 7.78 1577.4 

N3 19 H5AA 1 228279 4.52 502.1 

N3 19 H3AA 27 228279 4.52 502.1 

C1 3 C1 3 226145.2 3.47 2418 

C1 3 H2AA 26 120792.1 4.1 472.8 

C1 3 H5AA 1 120792.1 4.1 472.8 
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C1 3 H3AA 27 120792.1 4.1 472.8 

H2AA 26 H2AA 26 24158 4.01 109.2 

H2AA 26 H5AA 1 24158 4.01 109.2 

H2AA 26 H3AA 27 24158 4.01 109.2 

H5AA 1 H5AA 1 24158 4.01 109.2 

H5AA 1 H3AA 27 24158 4.01 109.2 

H3AA 27 H3AA 27 24158 4.01 109.2 

 

 

 

 (b) Zwitterionic CIP 

 
 

Calculated intermolecular potentials: 

mol1 mol2 distance energy (kJ/mol) 

0 1 4.87307 -83.9764 

0 2 4.51027 -78.2713 

0 3 7.9606    -27.2428 

 

Hydrogen normalization: On 

 

Packing energy: 

PE = -165.88 kJ/mol 40 interactions 

PE = -168.94 kJ/mol 120 interactions 

PE = -169.27 kJ/mol 160 interactions 

PE = -169.36 kJ/mol 180 interactions 

PE = -169.40 kJ/mol 190 interactions 

PE = -169.44 kJ/mol 200 interactions 
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Potential = A*exp(-Br) - Cr(-6) 

 

Unified (UNI) pair-potential parameters: 

atom1 code1 atom2 code2 A B C 

F1 6 F1 6 170916.4 4.22 564.8 

F1 6 O1 17 182706.1 3.98 868.3 

F1 6 N1 23 249858.9 3.93 1277.9 

F1 6 N3 4 249858.9 3.93 1277.9 

F1 6 C1 3 196600.9 3.84 1168.8 

F1 6 H11 1 64257.8 4.11 248.4 

F1 6 H311 28 64257.8 4.11 248.4 

O1 17 O1 17 195309.1 3.74 1335 

O1 17 N1 23 268571 3.86 1523 

O1 17 N3 4 268571 3.86 1523 

O1 17 C1 3 393086.8 3.74 2682 

O1 17 H11 1 295432.3 4.82 439.3 

O1 17 H311 28 15095080 7.78 995.8 

N1 23 N1 23 365263 3.65 2891 

N1 23 N3 4 365263.2 3.65 2891 

N1 23 C1 3 491494 3.86 2791 

N1 23 H11 1 228279 4.52 502.1 

N1 23 H311 28 7547602 7.37 690.4 

N3 4 N3 4 365263.2 3.65 2891 

N3 4 C1 3 491494 3.86 2791 

N3 4 H11 1 228279 4.52 502.1 

N3 4 H311 28 7547602 7.37 690.4 

C1 3 C1 3 226145.2 3.47 2418 

C1 3 H11 1 120792.1 4.1 472.8 

C1 3 H311 28 120792.1 4.1 472.8 

H11 1 H11 1 24158 4.01 109.2 

H11 1 H311 28 24158 4.01 109.2 

H311 28 H311 28 24158 4.01 109.2 
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Appendix 2 

 

 

Figure A.2.1. PXRD analysis of partially crystalline CIP solid dispersions containing 

various (w/w) concentrations of PVP. 
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Figure A.2.2. PXRD analysis of solid dispersions formed by milling CIP with 40–60% 

(w/w) HPMCAS-LG and HPMCAS-MG for 4 or 6 hours at RT. 

 

 

Figure A.2.3. FTIR analysis of partially crystalline solid dispersions formed by milling CIP 

with 40% (w/w) PVP, Soluplus or PVA. 
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Figure A.2.4. PXRD analysis following solubility studies of (a) CIP/Eudragit L100 (b) 

CIP/HPMCAS-LG (c) CIP/HPMCAS-MG and (d) CIP. 
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Appendix 3 

 

 

Figure A.3.1. PXRD analysis of CIP and succinic acid 1:1 plus 20–60% (w/w) PVP milled 

for 4 hours, without pre-milling. The arrows identify the most prominent peaks, 

corresponding to CIP and the CS 1:1 salt. 
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Figure A.3.2. (a) PXRD analysis of SDD CS 1:1/40% Soluplus. The arrows identify the 

most prominent peaks, corresponding to CS 1:1, CIP and succinic acid (SA). (b) DSC 

analysis of SDD CS 1:1/40% Soluplus. 
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Figure A.3.3. DSC analysis of PMs containing the CS 1:1 or CS 2:1 amorphous salt plus 

PVP or Soluplus. 

 

Table A.3.1. Thermal Properties of CS 1:1 and CS 2:1 Amorphous Salt/Polymer Physical 

Mixtures 

Sample Tg (oC) Crystallization 

onset (oC) 

Crystallization 

peak (oC) 

CS 1:1/20% PVP 86.0 ± 0.1 103.4 ± 0.1 107.6 ± 0.2 

CS 1:1/40% PVP 83.7 ± 0.5 97.7 ± 0.2 104.9 ± 2.1 

CS 1:1/60% PVP N.D. 94.3 ± 0.7 101.4 ± 0.2 

CS 2:1/40% PVP N.D. 114.9 ± 0.4 121.8 ± 0.1 

CS 1:1/40% 

Soluplus 

N.D. 95.2 ± 0.4 101.9 ± 0.2 
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Table A.3.2. pH of Solutions at the End of Solubility Studies 

Sample Media pH Sample Media pH 

CIP Water 6.34 ± 0.12 CS 1:1 Water 4.64 ± 0.01 

FaSSIF 6.57 ± 0.02 FaSSIF 4.69 ± 0.02 

FaSSGF 4.71 ± 0.06 FaSSGF 4.07 ± 0.09 

CS 2:1 Water 4.69 ± 0.02 SDD CS 

1:1/20 % 

PVP 

Water 4.61 ± 0.06 

FaSSIF 4.86 ± 0.04 FaSSIF 4.73 ± 0.01 

FaSSGF 4.69 ± 0.10 FaSSGF 4.10 ± 0.02 

SDD CS 

1:1/40 % 

PVP 

Water 4.74 ± 0.01 SDD CS 

1:1/60 % 

PVP 

Water 4.57 ± 0.08 

FaSSIF 4.76 ± 0.01 FaSSIF 4.72 ± 0.03 

FaSSGF 4.15 ± 0.04 FaSSGF 4.27 ± 0.02 

BM CS 

1:1/40 % 

PVP 

Water 4.59 ± 0.01 BM CS 

2:1/40 % 

PVP 

Water 5.36 ± 0.01 

FaSSIF 4.69 ± 0.00 FaSSIF 6.04 ± 0.03 

FaSSGF 4.13 ± 0.04 FaSSGF 4.89 ± 0.02 
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Figure A.3.4. PXRD analysis following solubility studies in (i) water (ii) FaSSIF and (iii) 

FaSSGF: (a) SDD CS 1:1/60% PVP (b) SDD CS 1:1/40% PVP (c) SDD CS 1:1/20% PVP 

(d) BM CS 1:1/40% PVP (e) BM CS 2:1/40% PVP (f) CS 2:1 (g) CS 1:1 and (h) CIP. 
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Appendix 4 

 

Figure A.4.1. PXRD analysis of crystalline amino acids. 
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Figure A.4.2. DSC analysis of (a) crystalline amino acids and (b) CIP/amino acid PMs. 
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Figure A.4.3. HSDSC analysis of CIP/amino acid ASDs and SDs heated at different rates: 

(a) CIP/ASP (b) CIP/GLU (c) CIP/CYS (d) CIP/ARG (e) CIP/SER (f) CIP/ALA and (g) 

CIP/GLY. Black: 50 oC/min; red: 100 oC/min; blue: 200 oC/min; and green: 300 oC/min. 

 

 

 

Figure A.4.4. DVS isotherm of the CIP/ARG ASD analyzed with six hour maximum 

equilibration time. 
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Fig. A.4.5. Summary of major phases present following crystallization of CIP/amino acid 

ASDs during DSC and DVS analysis. 

 

Figure A.4.6. PXRD analysis of CIP/amino acid ASDs following 12 months of storage at 

RT. 
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Figure A.4.7. Concentration and pH of solutions at end of solubility studies with CIP/amino 

acid ASDs and PMs. 
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Figure A.4.8. PXRD analysis following solubility studies of (a) CIP/ASP (b) CIP/GLU (c) 

CIP/CYS and (d) CIP/ARG. 
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Appendix 5 

 

 

 

Figure A.5.1. PXRD analysis of solid dispersions formed by milling ENRO with 40–60% 

(w/w) HPMCAS-LG and HPMCAS-MG for 4 hours at room temperature. 
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Figure A.5.2. FTIR peak deconvolution of (a) crystalline ENRO (b) ball milled ENRO (c) 

quench cooled ENRO (d) ENRO/Eudragit L100 (e) ENRO/Eudragit L100-55 (f) 

ENRO/Carbopol (g) ENRO/HPMCAS-LG and (h) ENRO/HPMCAS-MG. Dotted black 

line: recorded spectrum; solid blue lines: deconvoluted individual Gauss peaks; and solid red 

line: sum of the component peaks. 

 

Figure A.5.3. FTIR analysis of ENRO/succinic acid (ES) 1:1 and 2:1 amorphous salts and 

PMs. 
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Figure A.5.4. FTIR spectra of ENRO semi-crystalline solid dispersions (SD) and PMs 

containing (a) 50% (w/w) PVP and (b) 40% (w/w) PVA. 
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Figure A.5.5. DSC analysis of ENRO/succinic acid 1:1 and 2:1 amorphous salts. 

 

 

Figure A.5.6. HSDSC analysis of crystalline ENRO using various heating rates. 
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Figure A.5.7. TGA analysis of polymer starting materials. 

Table A.5.1. Parameters Estimated from Young-Nelson Model for the ENRO and CIP ASDs 

 ASD Aa Bb Ec rd 

ENRO/Eudragit L100 0.007 0.151 0.990 0.981 

ENRO/Eudragit L100-55 0.009 0.117 0.990 0.978 

ENRO/Carbopol 0.022 0.083 0.209 0.998 

ENRO/HPMCAS-LG 0.012 0.101 6.330 0.991 

ENRO/HPMCAS-MG 0.011 0.100 6.281 0.989 

CIP/Eudragit L100 0.009 0.160 0.471 0.997 

CIP/Eudragit L100-55 0.017 0.115 0.447 0.991 

CIP/Carbopol 0.019 0.094 0.203 0.999 

CIP/HPMCAS-LG 0.014 0.105 0.597 0.995 

CIP/HPMCAS-MG 0.011 0.117 0.507 0.996 

aA: fraction of adsorbed water; bB: fraction of absorbed water; cE: equilibrium constant; and 

dr: correlation coefficient. 
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Figure A.5.8. Water distribution patterns according to the Young-Nelson model in ENRO 

ASDs containing (a) Eudragit L100-55 40% (w/w) and (b) HPMCAS-MG 60% (w/w). 
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Figure A.5.9. Water distribution patterns according to the Young-Nelson model in CIP 

ASDs containing (a) Eudragit L100 40% (w/w) (b) Eudragit L100-55 40% (w/w) (c) 

Carbopol 40% (w/w) (d) HPMCAS-LG 60% (w/w) and (e) HPMCAS-MG 60% (w/w). 

 

 

Figure A.5.10. PXRD analysis following solubility studies of ENRO and ENRO ASDs in 

FaSSIF. 


