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Abstract 

 

The encapsulation and delivery of drugs using polymeric and inorganic 

materials is the focus of the work described in this thesis. An introduction to the 

candidate drugs (non-steroidal anti-inflammatory drugs and others) and drug 

delivery systems is given in Chapter 1.  

 

In the first approach, electrospinning was used to make drug loaded fibres 

made of polyvinylpyrrolidone (PVP) or poly(ethylene oxide) (PEO), important 

synthetic polymers known to be safe for human use. They were blended with 

sodium alginate (SA), a pH-sensitive naturally occurring polymer, to develop 

targeted drug delivery systems, as reported in Chapter 2. Polymer variation 

permits a range of drug release profiles to be achieved. 

 

In Chapter 3, the drugs were intercalated into various hydroxy double salts 

(HDSs). Initially, known HDSs were used to prove the concept that HDSs can 

comprise useful delivery systems for these active ingredients. Information about 

the mechanisms and kinetics of intercalation of the drugs was obtained using 

non-invasive in situ techniques and ex situ techniques used to characterise the 

products. The HDSs reported in the literature have the potential risk of toxicity, 

however, and so once their utility was established novel biocompatible HDSs 

were synthesised and loaded with the drugs in Chapter 4. Tablets of these 

systems were also prepared, and drug release in milieu mimicking the human 

gastrointestinal tract studied.  

 

In Chapter 5, the intercalation and release of phosphonoacetic acid and related 

species from Li/Al based layered double hydroxides was investigated. The 

mechanisms and kinetics of the intercalation reactions were investigated, using 

a combination of in situ and MD techniques. 

 

The experimental details and characterising techniques utilised in this work are 

detailed in Chapter 6. Additional data are provided in the Appendices. 
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Chapter 1: Introduction 

 

 

1.1. Non-steroidal anti-inflammatory drugs  

1.1.1. History 

 

Historically, the discovery of the anti-inflammatory drugs goes back to the 19th 

century when the first compound (salicin) was extracted from the Willow bark 

tree, then isolated and identified.1,2 Its identification led to its chemical synthesis 

and enabled the development of other non-steroidal anti-inflammatory drugs 

(NSAIDs), most of which are initially organic acids.3,4 

 

It has been more than half century since ibuprofen was developed by Dr. 

Stewart Adams.5,6 The aim of this work was to find a drug that would be better 

tolerated than aspirin and possess comparable properties to ease pain and 

inflammation. Ibuprofen was commercialised in 1969 and in 1983 an over-the-

counter (OTC) form became available. A few years later diclofenac was 

developed by Dr. Alfred Sallmann and Dr. Rudolf Pfister in late 1960s, while 

working at Ciba-Geigy (now Novartis).7–9 Diclofenac was first introduced to the 

market in 1973. A decade after the discovery of diclofenac, Syntex introduced 

naproxen to the market in 1976.10 The compound was synthesised in 1970 by 

Dr. Harrison and his team.11 The clinical trial carried out by Lussier and co-

workers showed its effectiveness.12
 

 

 

1.1.2. Candidate drugs 

 

The NSAIDs are commonly used in the treatment of temporary pains (eg: 

headache, muscle inflammation) or permanent pains (eg: arthritis, 

rheumatoid).13–19 They possess an analgesia ability,20 hence they are among 

frequent pain relief medicines used.21 New formulations are required, due to the 

safety and tolerability concerns related with actual commercial NSAIDs.22
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1.1.2.1. Ibuprofen 

 

Ibuprofen ((RS)-2-(4-(2-methylpropyl)phenyl) propanoic acid) is depicted in 

Figure 1.1. It has a chiral centre, and only the S(+)-isomer is active,23 although 

some R(-)-ibuprofen will be transformed to S(+)-Ibuprofen in the human body.24–

27 Its physicochemical properties are summarised in Table 1.1. 

 

 

Table 1.1: Summary of the main characteristic of ibuprofen and its sodium salt. 

 Ibuprofen  Ibuprofen sodium 

Colour Colourless White 

Water solubility Barely soluble Slightly soluble 

Physical form Solid Solid 

Odour Characteristic  odour Characteristic  odour 

Log P 3.97 0.31 

pKa 4.91 4.91 

 

Ibuprofen is sold as three therapeutic forms: the acid itself, as salts and as a 

mixture of both acid and salt forms. Ibuprofen is rapidly absorbed in the 

gastrointestinal tract with a peak plasma concentration (Tmax) of around 90 min 

after tablet ingestion for the acid form and 35 min for sodium ibuprofen.28 The 

latter can be deferred when coated or slow-release formulations are used.29 The 

drug is present in the plasma (blood) in the ionised form, and has a biological 

half-life of around 2.3 h.30 Ibuprofen undergoes extensive amounts of plasma 

protein binding (more than 90 % is bound),31 and is mainly metabolised in the 

liver and the kidney.32  

 

Figure 1.1: The chemical structure of ibuprofen. 



Chapter 1 

3 
 

1.1.2.2. Diclofenac 

 

Diclofenac (2-[2-(2,6-dichloroanilino)phenyl]acetic acid) is shown in Figure 1.2, 

and its physicochemical properties are summarised in Table 1.2. Diclofenac is 

primarily available as the sodium salt.33,34 It is quickly absorbed in the 

gastrointestinal tract with a Tmax of 0.5-2 h after tablet ingestion,35 or 11 min 

after ingestion of liquid form.36 The Tmax can be delayed by preparing coated or 

slow-release formulations.37,38 The drug is present in the plasma in its ionised 

form. It has a biological half-life between 1 to 2 hours,35,39 is mainly bound to 

plasma proteins (more than 98 %),40 and is primarily metabolised in the liver. 

41,42 

 

 

Figure 1.2: The chemical structure of diclofenac. 

 

Table 1.2: Summary of main characteristic of diclofenac and its sodium salt. 

 Diclofenac  Diclofenac sodium 

Water solubility non soluble Barely soluble 

Physical form Solid Solid 

Odour Odourless Odourless 

Log P 4.51 0.73 

pKa 4.15 4.15 
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1.1.2.3. Naproxen 

 

Naproxen ((+)-(S)-2-(6-methoxynaphthalen-2-yl) propanoic acid) (Figure 1.3) is 

the only NSAID marketed exclusively in an enatiomerically pure form,10 and its 

physicochemical properties are summarised in Table 1.3. Naproxen is sold as 

two therapeutic forms: the acid itself and salts. It is rapidly absorbed in the 

gastrointestinal tract with a Tmax 2-4 h after tablet ingestion.43 The drug is 

present in the plasma in its ionised form. It has a biological half-life around 18 

hours,44 is mainly plasma protein bound during circulation (more than 98 %),45 

and is primarily metabolised in the kidneys.46–48 

 

 

Table 1.3: Summary of the main characteristics of naproxen and its sodium salt. 

 Naproxen acid Naproxen sodium 

Colour White to creamy white White  

Water solubility Non soluble Slightly soluble 

Physical form Solid Solid 

Odour Odourless Odourless 

Log P 3.18 -0.54 

pKa 4.15 4.15 

 

 

 

Figure 1.3: The chemical structure of naproxen. 
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1.1.3. Mechanism of action and therapeutic effects 

 

When injury arises in the human body, it usually triggers a signal to the nervous 

system, which is translated into the sensation of pain.49 Nociceptors are 

specialised sensory receptors, which are responsible for the detection of 

noxious stimuli; when they do so, they transform the stimuli into electrical 

signals and this signal is then transferred to the central nervous system.50,51 

Nociceptors are spread all over the body (skin, muscles, joints) and are 

stimulated by various factors including mechanical, thermal or chemical 

events.52 When tissue is inflamed, injured or damaged it release inflammatory  

mediators (for instance serotonin, prostaglandins and cytokines), which 

stimulate the nociceptors.53 Prostaglandins are considered one of the most 

important inflammatory mediators, and cause excessive sensitivity to pain 

(hyperalgesia) through these receptors.54 The reduction or inhibition of 

prostaglandin biosynthesis may therefore explain the analgesic effect of the 

NSAIDs.55 NSAIDs such as diclofenac, ibuprofen and naproxen, play important 

roles as anti-inflammatory, analgesic, and antipyretic agents.56–58 

 

Their mechanism of action has been mainly explained on the basis of their 

inhibition of the enzymes that synthesise prostaglandins (PGs) from arachidonic 

acid, known as the cyclo-oxygenase (COX) enzymes.59 There are two isoforms 

of the enzyme (COX-1 and COX-2).60 COX-1 produces PGs and thromboxane 

(TxA2) that regulates gastrointestinal, renal, vascular and other physiological 

functions. The PGs produced by COX-1 protect the stomach wall from damage 

by its highly acidic HCl contents.60 COX-2 is induced in inflammatory cells and 

produces proinflammatory PGs.61 Diclofenac, ibuprofen and naproxen are not 

selective and inhibit both COX-1 and COX-2.62 While COX-2 inhibition is 

desired, the inhibition of COX-1 causes side effects in the gastrointestinal 

system. These side effects include bleeding,63–65 perforation,66–68 an upset 

stomach and abdominal pain.69,70 They can also affect the hepatic,71,72 renal,73 

and cardiovascular systems.74,75 
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It has been suggested that the NSAIDs can additionally exert their effects 

through a variety of other peripheral and central mechanisms such as: inhibition 

of the lipoxygenase pathway or interference with G-protein-mediated signals.76  

It has been demonstrated that they can be used to reduce risk of or prevent 

cancer,77–80 or as an adjuvant in the treatment of the hepatitis virus.81 

 

 

1.2. Other drugs 

1.2.1. Valproic acid 

 

Valproic acid was first synthesised in 1882, by Burton.82 It had been used as an 

organic solvent in research laboratories for eight decades,83 before its 

antiepileptic activity was discovered by Meunier and coworkers in France in 

1962.84 The first clinical trials were reported in 1964.85 Three years later, it 

became commercially available in France as an antiepileptic drug, and was sold 

worldwide by 1979. Its utilisation has widened since to also cover bipolar 

disorders and migraine.86 

 

Valproic acid (di-N-propylacetic acid, 2-propylpentanoic acid, 2-propylvaleric 

acid) is a C-8 branched-chain fatty acid (Figure 1.4). Its physicochemical 

properties are summarised in Table 1.4. 

 

 

 

 

Figure 1.4: The chemical structure of valproic acid. 
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Table 1.4: Summary of the main characteristic of valproic acid and its sodium salt. 

 Valproic acid Valproate sodium 

Colour Clear colourless White 

Water solubility Barely soluble Very soluble 

Physical form Liquid Solid 

Odour Characteristic odour Odourless 

Log P 2.75 -0.73 

pKa 4.8 4.8 

 

Valproic acid is sold as three commercially therapeutic forms: the acid itself, 

salts and mixtures of acid and salt. There are minor pharmacokinetic 

differences between the various formulations on the market.87 Valproic acid is 

rapidly absorbed in the gastrointestinal tract with a Tmax of 1-4 h after tablet 

ingestion,88 or 15-60 min after ingestion of a liquid form.89 This peak can be 

delayed by the use of coated or slow-release formulations.90–93 The drug is 

present in the plasma (blood) as the valproate ion,94 and its biological half-life is 

between 10 to 16 hours.95 It is heavily bound to plasma proteins (more than 

90 %),96 and is primarily metabolised in the liver.95 

 

Initially,itwassuggestedthatvalproicacid’smechanismofactionisthroughthe

gamma-aminobutyric acid (GABA) system, which is a major inhibitory 

neurotransmitter in nervous system, since has been shown to be able to inhibit 

major transmitters.97–99 However, the therapeutic concentrations at which is 

used are not high enough to inhibit GABA transmitters.100,101 Winterer and 

Hermann have suggested that it is unlikely that GABAergic transmission is 

involved in the action of valproate.102 There is evidence to show that the 

valproic acid may act via multiple mechanisms,103–106 and its mechanism of 

action remains mysterious.107 

 

Valproic acid is indicated in the treatment of mania, social anxiety disorder, 

panic disorder and mood instability, sleep bruxism (teeth grinding while 

sleeping),108 bipolar disorder,109110 migraines,111–113 and epilepsy.114–116 Recent 

trials hint that valproic acid may be a future candidate in the treatment of 

cancer,117–122 viral infections,123–125 retina diseases,126–128 Alzheimer’s,129,130 and 

Parkinson’sdiseases.131–133 
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The most common side-effects are gastrointestinal disturbances (nausea, 

vomiting diarrhoea and hepatic dysfunction), hematological disorders (anaemia) 

and neurologic disorders (tremor, somnolence, dizziness, headache, confusion 

and sedation).134,135 In addition to transient hair loss, menstrual disorders, 

weight gain, lethargy and rashes.136 Valproic acid also has rare adverse effects 

such as pancreatitis, hyperammonemia and encephalopathy.137–140 

 

 

1.2.2. Phosphonoacetic acid  

 

Phosphonoacetic acid was first synthesised in 1924, by Nylen.141 It was 

subsequently reported to have antiviral activity by Shipkowitz et al.142 but to 

date only preclinical tests have been carried out.143–145 

 

Phosphonoacetic acid (2-phoshonoacetic acid) is depicted in Figure 1.5. Its 

physicochemical properties are summarised in Table 1.5. 

 

 

Figure 1.5: The chemical structure of phosphonoacetic acid. 

Table 1.5: Summary of main the characteristic of phosphonoacetic acid. 

 Phosphonoacetic acid 

Colour Greenish 

Water solubility Very soluble 

Physical form Solid 

Odour Odourless 

Log P -1.6 

pKa1,2,3 1.7/4.2/8.5 
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The preclinical studies showed that disodium phosphonoacetate (the acid form 

was too irritative) can be used locally or by an intravenous route.146,147 The drug 

is present in the plasma (blood) as the phosphonoacetate ion, and its biological 

half-life is estimated to be less than 60 min. It is primarily eliminated in the 

kidneys.148  

 

Phosphonoacetic acid’smechanismof action is by blockingDNApolymerase

activity in the infected cell,149 which blocks virus replication and leads to its 

death. The reported data showed that the drug was active against a range of 

viruses (eg: vaccinia virus, African swine fever virus and herpes), with negligible 

side-effects on the animals themselves.146,150,151 

 

 

1.3. Drug delivery  

 

Rapid progress in drug discovery science over recent years has resulted in a 

large number of novel molecules with the potential to revolutionise the treatment 

and/or prevention of disease.152,153 Nevertheless, their clinical effectiveness is 

commonly compromised by hurdles to delivering these drugs in vivo (e.g. low 

solubility).154,155 When an active pharmaceutical ingredient is encapsulated 

within, or attached to, a carrier, its safety and efficacy can be significantly 

improved and new therapies are possible.156 This has led to large numbers of 

investigations into the design of degradable materials, intelligent delivery 

systems and new approaches for delivery through diverse portals in the body.157 

The concept of drug delivery to specific sites, which aims to deliver drugs at 

predetermined rates over predefined periods of time, was enunciated at the 

beginning of the 20th century by Ehrlich.158–160 Its goal is to transport appropriate 

amounts of drug to the targeted sites (such as tumours, inflamed tissues etc.) 

while minimizing unwanted side effects on other tissues.161 Systems permitting 

drug delivery to specific sites were conceptualised in the 1960s,162 but only in 

the last few years has the development of such systems become realistic. New 

drug-delivery systems have had an influence on virtually every field of medicine 

including cardiology, ophthalmology and pain management.157 
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Development of active pharmaceutical ingredient (API) carriers is an 

interdisciplinary area of science that requires collaboration between diverse 

groups of scientists (materials scientists, chemical engineers, pharmaceutical 

scientists, chemists, biologists, mathematicians, and clinicians) to create novel 

devices and delivery systems with fundamentally new properties and 

functions.163 There exist many type of carrier, including inorganic materials and 

polymeric vehicles.164 

 

Inorganic materials (e.g: layered inorganic solids) are highly promising 

candidates for drug delivery systems. They can provide scaffolds for the 

presentation and encapsulation of drugs, biomolecules, and imaging agents.165–

168 Inorganic materials have much to offer in biomedical applications. While 

there are clearly obstacles to be surmounted in implementing these systems as 

delivery carriers, several of their attributes (eg: positively charged layers, 

anionic species may be intercalated, sustained release, biocompatibility and 

toxicity) and ease of production could make these systems essential additions 

to the present-day toolkit.169,170 

 

Polymer matrices are also deemed good host systems and have been explored 

extensively.171–173 In addition to acting as a stabilising environment, polymers 

are suitable for multifunctional applications for the reason that they can be 

designed to have diverse structures and functions.172 Therefore, polymers 

represent a class of tremendously useful materials for many biomedical and 

pharmaceutical applications. For any polymer, before being selected for any 

biomedical application, their interaction and compatibility with the human body 

must be investigated carefully.174  

 

Scientists have been exploring how to get drugs selectively to every part of the 

body, with the objective of either local delivery to a particular site or non-

invasive systemic delivery of drugs utilising that part of the body as a route to 

the systemic circulation.157 For many drugs, the route of administration is 

determined by the therapeutic nature of the drug. For example, for 

gastrointestinal diseases the most reasonable choice might be oral drug 
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delivery. Generally the choice of the route depends on the physicochemical and 

therapeutic properties of the drug. To be therapeutically active, a drug’s

concentration must be sustained in a precise concentration range (therapeutic 

window, Figure 1.6).  

 

 
Figure 1.6: A schematic illustrating the different types of drug delivery systems and the plasma 
concentrations which result  

 

 

If the drug’s solubility is lower than the required concentration, relief of

symptoms will be sub-optimal and special efforts must be taken to increase the 

concentration to the therapeutically active level.175 The aim of drug delivery is to 

sustain the drug concentration in the desired therapeutic range for a specific 

period of time. To achieve this objective there are many possible solutions, 

depending on the nature of the particular disease being treated. For an acute 

condition (sudden in onset and disappear with time, ex: Inflammation due to an 

infection or a physical exercise), this is likely to be by the administration of a 

single dose that liberates the drug instantly at the site of action. For a chronic 

disease (a long-developing condition that remains with patients all their life, ex: 

arthritis), multiple-dose administration is one possible method for providing 

sustained therapy.176 
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1.4. Electrospun nanofibres 

 

One approach to prepare polymer-based drug delivery systems (DDS) is using 

electrospinning, where the drug is physically entrapped inside a solid nanofibres 

that can then be orally administrated or implanted in the body. 

 

 

1.4.1. Theory and mechanism of electrospinnig 

 

Electrospinning is an effective technique for the generation of polymer fibres 

with a diameter in the range of 1 – 10-3 µm.177 This technique has attracted 

much research due to its potential in such areas as tissue engineering and drug 

delivery.178 The electrospinning apparatus includes four major components: a 

high voltage power supply, an electrically conducting spinneret (a metallic 

needle), a syringe pump and a collector placed at a defined distance from the 

needle (Figure 1.7). A solution of a polymer in a volatile solvent is loaded into a 

syringe, and the syringe pump supplies this solution to the spinneret at a 

constant and controllable rate. The positive electrode from the power supply is 

connected to the needle to charge the polymer solution and the collector is 

typically grounded (Figure 1.7).178  

 

Figure 1.7: The basic electrospinning setup. 
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A high voltage typically in the range of 1–30 kV is used.179,180 This causes the 

surface of the polymer solution at the nozzle of the spinneret to become 

electrostatically charged. As a result, the droplet comes under the influence of 

two types of electrostatic forces: the electrostatic repulsion between the surface 

charges and the Coulombic force applied by the external electric field. These 

must also compete with the surface tension of the droplet.181,182 Because of the 

electrostatic interactions, the liquid drop will be deformed into a conical object 

known as the Taylor cone (Figure 1.7). 

 

Once the intensity of the electric field reaches a certain level, the electrostatic 

forces outweigh the surface tension of the polymer solution and force the 

expulsion of a liquid jet from the nozzle. The liquid jet elongates and the solvent 

evaporates, so its diameter decreases from hundreds of micrometers to as little 

as tens of nanometres. The jet is attracted by the grounded collector, resulting 

in the formation of a randomly oriented, nonwoven mat of thin fibres on the 

collector.178,183,184  

 

Initially, the jet follows a straight trajectory. The width of the jet here diminishes 

monotonically with distance from the spinneret orifice.185 However, the jet starts 

to whip radially outward at particular distance from the tip, which is known as 

the bending instability (Figure 1.8).185 This instability is due to electrical forces 

from the charge carried with the jet causing the jet to follow a diverging helical 

path, almost perpendicular to its own axis, in such a way that every time the jet 

intertwines its diameter decreases.185 Usually, three or more turns (loops) are 

formed before the jet solidifies.185 
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a 

 
b 

Figure 1.8: Diagrams illustrating the bending instability. (a) A depiction of how the bending 
instability occurs (FDO represents the downward and outward force, and FUO the upward and 
outward force; FR is the overall result of these forces). (b) A schematic of an electrospinning jet 
and bending instabilities (redrawn based on diagram reported by Reneker et al.)

185
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1.4.2. Applications 

 

It is known that polymers can reduce the crystallisation tendency of APIs, 

through various mechanisms: forming secondary interactions (van der Waals, 

H-bonding, etc) with the API molecules, reducing their mobility, and disrupting 

interactions between the individual API molecules.186 These effects depend on 

many factors suchas thepolymer’s chemical structure,molecularweight and

glass transition temperature.187 For instance, it has been reported that blending 

ibuprofen with alginate, poly(ethylene) oxide (PEO) or polyvinylpyrrolidone 

(PVP) led to the inhibition of ibuprofen re-crystallisation.188–191 

 

The effects of electric current on crystals and crystallisation processes have 

previously been studied. It was found that electrical forces can accelerate and 

improve the crystallisation of various materials.192,193 They have direct influence 

on the nucleation site, thus influencing the crystal growth.193 Amorphous 

materials can also be affected.194,195 The question that arises is, when polymers 

and electric current are used simultaneously to generate electrospun 

nanofibres, what the net effect on crystallisation will be; this will be discussed in 

the Chapter 2. 

 

Electrospun nanofibres have been explored for a wide variety of purposes, for 

instance as a storage device for alternative energy sources such as 

hydrogen,196,197 or for ecological purposes,198,199 where nano-sized 

photocatalysts have been synthesised to improve photocatalytic capacity.200,201 

The biomedical utilisation of nanofibres is a particularly promising research field. 

Nanofibres are able to contribute to various medical areas such as drug 

delivery,202–204 organogenesis,205 genomic medicine,206 scaffolds for tissue 

engineering207,208 and wound dressings.209–212 

 

Usually wounds are covered with bandages and plaster, which are required to 

be changed quite often till wounds get healed. This procedure sometimes is not 

convenient for patients and certain wounds. Electrospun nanofibres mat has 

porous features, where pore sizes are often small and do not allow the bacteria 
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to pass through while maintaining good ventilation. This process is very 

important while treating burned skin. Smart dressing mats were developed, 

which showed better healing, no mats bandage were required, no infections 

appeared and change colour when an infection occurs or a wound heals.213–215 

 

A large number of studies have reported the use of electrospinning to produce 

drug-loaded fibres for use as engineered drug delivery systems.216–219 Gatti et 

al220 have used electrospun PEO nanofibres to improve the retention time of 

bacteriolytic antibiotics, and found that the fibres were capable of delivering the 

antimicrobial peptide LL-37 at a constant rate while still maintaining its 

antimicrobial abilities.220 Karthikeyan’s team have employed electrospun

zein/Eudragit, Eudragit is a pH sensitive polymer, nanofibres to generate a dual 

drug delivery system for the simultaneous delivery of aceclofenac and 

pantoprazole.221 The fibres showed efficient sustained release for both drugs, 

and reduced the gastro-intestinal toxicity induced by these non-steroidal anti-

inflammatory drugs.221 Shen and co-workers have utilised electrospun Eudragit 

fibres loaded with diclofenac sodium for colon-targeted drug delivery, and 

observed pH-dependent drug release profiles.216  

 

The majority of these studies use one-fluid electrospinning, but even in this 

simple system it is found that variation of the polymer and processing 

parameters can result in a wide range of drug release behaviours. More 

recently, more advanced approaches have been employed to develop bespoke 

drug delivery profiles; these include coaxial electrospinning (using two 

concentric needles, one nested inside another) and a process combining 

electrospinning and spraying.222,223  

 

Recent results have also demonstrated that the release of drug from 

electrospun fibres can be manipulated by surface treatment. For instance, 

sustained drug release was achieved by using a fluorination treatment to control 

the swelling rate of poly(vinyl alcohol) nanofibres with drug incorporated.224 

Electrospun nanofiber mats have also extensively been explored for tissue 

engineering.225  
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1.5. Layered solids 

 

Layered solids are group of materials containing strong bonding connecting 

atoms in two dimensions, with much weaker bonding in the third dimension.226 

There are many types of layered solids; those which will be used in this work 

are layered double hydroxides (LDHs), and hydroxy double salts (HDSs). These 

materials have positively charged layers with charge-balancing anions located 

between these layers, and exhibit properties such as ion exchange 

intercalation.227 These materials may be used to incorporate and deliver drug 

anions, and being basic have the potential to ameliorate the problems of gastric 

irritation which frequently arise with NSAIDs. A schematic diagram showing the 

generic structure of an LDH or HDS is illustrated in Figure 1.9.  
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Figure 1.9: A schematic diagram showing the key structural features of LDHs and HDSs. 
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1.5.1. Layered double hydroxides  

 

Layered double hydroxides (LDHs) were discovered in 1842 in Sweden and 

synthesised for the first time in the 1940s by Feitknecht.228 Their main structural 

features were determined by Allmann and Taylor in the late 1960s.229,230 

 

LDHs consist of positively charged metal hydroxide sheets and charge 

balancing anions in the interlayer region. The general formula of LDHs is    

[Mz+
(1-x)M

3+
x(OH)2]

q+(Xn−)q/n・yH2O. Generally z=2, and M2+ is a divalent metal 

ion such as Mg2+, Co2+, Ni2+, Cu2+, Zn2+ or Ca2+; M3+ is a trivalent metal ion such 

as Al3+; if q = x, x is usually between 0.25 and 0.33.231 There is a unique family 

of LDHs for which z = 1, where M+ = Li+ and in this case q = 2x − 1. The 

common formula for this family of materials is [LiAl2(OH)6]X·yH2O, where y lies 

in the approximate range 0.5 – 4 and X is a generic anion (e.g. Cl, Br, and 

NO3).
232 The schematic structure of a LDH is illustrated in Figure 1.10.  

 

 

1.5.1.1. Structural properties of layered double hydroxides 

 

The simplest way to comprehend the structure of LDHs is to begin from the 

structure of brucite, Mg(OH)2, where edges are shared by Mg(OH)6 octahedra 

to form infinite sheets. These sheets are stacked on top of each other and are 

held together by hydrogen bonding. A positive charge is generated in the 

hydroxyl sheet once Mg2+ ions are substituted by a trivalent ion such as Al3+ in 

an LDH. The positive charge generated is balanced by anions, which are 

located in the interlayer region. In the free space of this interlayer, water is also 

commonly found. Both the anion and water are usually randomly loaded in the 

interlayer region, being free to move by breaking their bonds and forming new 

ones.228  
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Generally the metals in LDHs are randomly distributed.233–237 Gibbsite (-

Al(OH)3) is a naturally occurring mineral (Figure 1.10), where Al atoms fill two 

thirds of the octahedral sites in the layers in an ordered fashion.238,239 Gibbsite 

can be used as a precursor to prepare Li/Al LDH,240 where Li cations occupy all 

the octahedral vacancies sites of the gibbsite The structure of the Li/Al LDH, 

typical of these materials, is depicted in Figure 1.10. The usefulness of uniform 

metals’distributioninLi/AlLDHisdiscussedinSection1.7. 

 

 

a 

  

b 

Figure 1.10: The structures of. (a) gibbsite (H atoms are omitted for clarity). and (b) 
[LiAl2(OH)6]X·yH2O. Al(OH)6 octahedra are marked in blue, and Li(OH)6 octahedra in 
magenta. Cl anions are green. 
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1.5.1.2. Applications 

 

The LDH interlayer anions can be replaced through ion exchange by other 

functional ions to yield functional systems (see schematic in Figure 1.13). LDHs 

have high versatility, easily tailored properties and low cost, which make them 

attractive for the fulfilment of many requirements. LDHs are promising as flame 

retardants,241 catalysts and catalyst precursors,242–244 water and air purifying 

agents,245–247 adsorbents,248–250 as electrical and optical functional materials,251 

and for the separation of organic isomers.252,253 They have also been shown to 

have potential as a controlled drug delivery systems,254,255 and for the 

stabilisation of APIs. 256 

 

Del Arco et al.257 have intercalated indomethacin into LDH through two routes 

(reconstruction and coprecipitation, Section 1.5.3). Intercalation of the drug was 

accomplished by both routes; however, the amount of drug intercalated, as well 

as the height of the gallery, were larger by the coprecipitation than by the 

reconstruction route. Analysis of the animals (Swiss mice) extracted stomachs 

revealed that oral supply of indomethacin caused gastric hemorrhagic damage. 

In contrast, the same intercalated dose had less side-effects.257 In another 

example Qin and co-workers intercalated an antitumor drug (etoposide VP16), 

and found that the intercalated product possessed a sustained release profile 

and exhibited better antitumor efficiency than the drug alone.258 

 

In regard to diagnostic imaging applications, several fluorescent compounds 

have been employed with LDHs for numerous applications such as optical 

imaging, X-ray computed tomography (CT), magnetic resonance imaging (MRI) 

and positron emission tomography (PET).259–261 Xu and co-workers have 

intercalated Gd–DTPA (gadolinium(III)/di-ethylene triamine pentaacetate) 

complex into an Mg/Al LDH.262 They found that the LDH/Gd–DTPA composite 

enhanced by four times the longitudinal (T1) and 12 times the transverse (T2) 

relaxation compared to Gd–DTPA on its own, which led to signal improvement 

in MRI.262 Wang el.al intercalated iobitridol (a contrast agent in X-ray imaging) 

into a LDH-Gd/Au nanocomposite and injected it to mice.263 The in vivo CT 
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results obtained showed the organs and their periphery clearly, the images 

were bright and remained so for a considerable period  compared with the free 

iobitridol.263 The in vivo bio-distribution of a LDH/contrast agent intercalate can 

be controlled and their accumulation in specific organ or various organs can be 

efficiently regulated.264 This property is very desirable in vivo imaging for 

reasons of cost effectiveness, enhancing the MRI signal and the ability to work 

in a non-invasive manner.265 

 

In addition to their ability to deliver APIs and contrast agents, LDHs have 

another remarkable feature towards the human being immune system. It was 

shown that they are able to boost the immune response to a vaccine antigen, 

and the effect observed can be correlated with their physical and chemical 

properties.266 It was revealed that the LDHs have the ability to skew T helper 

cell polarisation to Th1 cells (required for infections by intracellular bacteria and 

some viruses).267–270 For example, the LDH systems could be used to enhance 

the efficacy of vaccination against common diseases, both infectious (e.g: 

hepatitis B virus) and non-infectious (e.g: cancer).268–270  

 

 

1.5.2. Layered hydroxy double salts 

 

Layered hydroxy double salts (HDSs) occur as natural minerals known as 

simonkolleite, which is a rare secondary mineral form.271 HDSs naturally occur 

from the weathering of zinc-bearing slag that contains native zinc, zincite and 

hydrozincite.271,272 Their crystal structure was firstly characterised by Nowacki 

and Silverman in 1961,273 and a few years later they were categorised as a new 

type of mineral.271 

 

Layered hydroxy double salts (HDSs) are functionally and structurally similar to 

LDHs, with the generic formula [(M2+
x-1Me2+

x)(OH)3(1-y)]X
n_

(1+3y)/n·zH2O in which 

M2+ and Me2+ correspond to divalent metals ions such as Cu2+, Co2+, Ni2+, or 

Zn2+ and Xn- is an exchangeable interlayer anion.274,275  
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The radii difference between the divalent metals plays an important role in the 

formation of HDSs, unlike LDHs where a difference is more tolerable. According 

to the literature, for a mixture of divalent metals to form successful layer 

structures, the radii difference between M2+ and Me2+ should be 0.05 Å or 

less.227 However, this not the case all the time, and more details are given the 

Chapter 4. The divalent metals that were successfully incorporated into HDSs 

layers structure are illustrated in Table 1.6. There was an attempt by Stahlin 

and Oswald to synthesise Mn/Zn HDS, but the reaction was not successful.276 

 

Table 1.6: Ionic Radii of Metal Ions in HDSs. 

HDSs Radii (Å) Difference (Å) Reference 

Zn 0.74 0 277 

Cu 0.73 0 277 

Ni 0.69 0 278 

Co 0.745 0 279 

Zn/Co 0.74/0.745 0.005 227 

Zn/Cu 0.74/0.73 0.01 227 

Cu/Co 0.73/0.745 0.015 227 

Ni/Cu 0.69/0.73 0.04 227 

Zn/Ni 0.74/0.69 0.05 227 

 

 

1.5.2.1. Structural properties of hydroxy double salts 

 

The HDS structure comprises a brucite-like lattice with some vacant octahedral 

sites. The surface of the HDS layers is not flat because some metal ions are 

situated above and below the vacant sites of the hydroxide layer to create 

tetrahedra. An example of an HDS is the zinc basic salt (ZBS), which has the 

formula [Zn5(OH)8](NO3)2·2H2O.280,281 The ZBS can be formulated as [Zn3octaZn2 

tetra(OH)8](NO3)2.2H2O, and its structure is illustrated in Figure 1.11. 
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Figure 1.11:The structure of [Zn5(OH)8](NO3)2·2H2O. 

 

The ZBS materials are known to exist as various polytypes, which differ in their 

layer stacking sequences: for instance, with NO3 as the interlayer anion they 

have a two-layer repeat aba stacking sequence.281 On the other hand, with Cl 

as the anion they possess a three-layer abca repeat.271,273,282 The layers stack 

in either the a or c–direction for NO3 and Cl, respectively, and the 

[Zn5(OH)8]](NO3)2·2H2O unit cell contains two layers while that of 

[Zn5(OH)8]](Cl)2·2H2O has three (Figure 1.12). 

 

 

 
a b 

Figure 1.12: Schematics showing two types of ZBS polytypes with different interlayer anions; 
(a) NO3 and (b) Cl. 
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1.5.2.2. Applications of hydroxy double salts 

 

HDSs are generally stable, inert, and biocompatible enough to be employed as 

drug carriers, as biomolecule reservoirs, and as advanced green materials.280 

They can also used also as antimicrobial agents,283 antifungal agents,284 water 

treatment,285 anticorrosion agent 286 and photocatalysis agents.287  

 

HDSs have also been used as a precursor to synthesise metal–organic 

frameworks (MOFs); it was found that the transformation reaction was fast even 

at room-temperature,288 while common methods to prepare MOFs are slow and 

require solvothermal conditions.289 This makes HDSs highly desired for 

industrial implementation and commercialisation.  

 

There are several examples of commercial systems based on HDSs. The 

exposure of human skin to sunlight is unavoidable, and has advantages to the 

human being such as vitamin D activation.290 However, long exposure is 

undesirable since it can cause melanoma and other skin cancers.291–293 

Sunscreen is one of the protection options against UV radiation. However, the 

UV absorber present in sunscreen products can photo-degrade easily, which 

requires application of sunscreen each few hours, and this is inconvenient for 

the users. In addition the degraded products can become toxic. When UV 

absorbers were loaded into HDSs, they showed an increase in their stability, 

broadening of their absorption wavelength range and an enhancement in the 

UV absorption.294,295 For that reason, the HDSs are considered to be good 

candidate in the cosmetic area. For example, Choy el.al have various HDS-

based commercial cosmetics products.296 

 

In addition to their use in the cosmetic, the HDSs represent good candidates in 

various domains. They can be utilised for the selective intercalation of certain 

anions over others, for instance 1,4- over 1,2-benzenedicarboxylate and for 2,6- 

over 1,5-napthalanedisulfonate.274 Arulraj et al. have intercalated maleate and 

fumarate into HDS and found that maleate enters as a monoanion, while 

fumarate enters as a dianion.297 The HDSs have as well the recognition ability 
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towards certain carboxylate compounds.298 Their applications have also been 

demonstrated in drug delivery: for instance, mefenamic acid and 4-

biphenylacetic acid were intercalated into the ZBS and sustained drug release 

was achieved for both drugs in representative in vitro conditions.299  

 

HDSs have showed utility in cancer treatment, improving the uptake of loaded 

drugs compared to the pure drugs, and resulting in enhanced effects.300–304 For 

instance, protocatechuic acid loaded into a ZBS showed better results than the 

free drug towards HeLa, HepG2 and HT29 cell lines. The half maximal inhibitory 

concentration (IC50) of the protocatechuic acid/ZBS was 50 % lower than the 

free drug.300 Hussein Al Ali and co-workers showed that hippuric acid loaded 

into ZBS also increased its efficacy. When it was combined with other 

anticancer drugs (doxorubicin, oxaliplatin, cytarabine or tamoxifen) their 

synergic effects were enhanced toward various cancerous cell lines.301–303 

 

 

1.5.3. Intercalation 

 

Intercalation from chemical sense may be described as the placement of a 

guest into the interlayer region of a crystal lattice or other structure. The process 

is usually topotactic, with the preservation of the layered structure during the 

reaction.305 Intercalation can be accomplished by a range of different methods 

such as reconstruction, co-precipitation and ion exchange.228 

 

In reconstruction, the layered solid systems are first dehydrated during a 

calcination process, which results in a mixed metal oxide. Then the mixed metal 

oxide is stirred in an aqueous solution of a guest, which leads to the 

reconstruction of layers with the guest in the interlayer region.306 This 

phenomenonisknownasthe‘memoryeffect’.307 

 

In coprecipitation, two metal salt solutions are added dropwise to a basic 

solution of the desired guest under vigorous stirring. Generally, the pH and 
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temperature are kept constant during this process. The preparation is then 

allowed to age.308 

 

Ion exchange, in the context of LDHs and HDSs, involves electrostatic 

interactions between ions in the boundary layer of the solution and the particle 

surface, and results in the replacement of an initial interlayer anion with a 

different species. It is generally rapid and reversible.309 The process of ion 

exchange is illustrated in Figure 1.13. 

 

The intercalation of a guest species into the interlayer regions is a 

heterogeneous process, and for that reason both the kinetics and 

thermodynamics of the reaction must be taken into account. This means that 

the activation energy of the process is important, and metastable kinetic 

products frequently are formed. Intercalation into a layered material passes 

through three principal steps that require energy. First, the guest must diffuse 

through the reaction solvent to reach the host. In water, the barrier to diffusion is 

around 15 kJ mol−1.232,310 After the guest has reached its destination (the host), 

the layers must be prised apart to permit the guest entry into the interlayer 

regions. Finally, the guests must travel all the way through the particles to 

entirely fill the interlayer regions.232 

 

The interlayer anions present in LDHs can be exchanged by other anions, both 

organic and inorganic. The order of preference for some common inorganic 

anions is as follows: I-<NO3
-< Br- < Cl- < F- < OH- < SO4

2- < CO3
2- (for Mg/Al 

LDH).311 NO3
- is an anion which can be easily replaced by a more strongly held 

one like CO3
2-. 231 

 

Figure 1.13: Schematic representation of an ion exchange intercalation reaction. 
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1.6. In situ studies  

 

The intercalation process of a guest molecule into a host lattice is a 

heterogenous process. While the intercalation process is taking place, the 

standard characterisation techniques are not useful since they cannot penetrate 

bulky reaction vessels. Thus, little is known about the dynamics and kinetics of 

intercalation reactions. It is possible tomonitor the intercalationprocess “live”

using a non-invasive technique called synchrotron radiation, which allows the 

extraction of both qualitative and quantitative information. 

 

 

1.6.1. Introduction to synchrotron radiation  

 

A synchrotron is particular category of cyclic particle accelerator, in which 

electric and magnetic fields play key roles.312,313 A synchrotron facility consists 

of five main components: an electron gun, a linac, a booster, a storage ring and  

beamlines (Figure 1.14). 

 

Electrons are usually generated by thermionic emission (electron gun) and then 

injected into the linac (linear accelerator), where they are accelerated to about 

100 MeV. Electrons enter the booster (second particle accelerator) where they 

are accelerated further to the magnitude of GeV, before they are transferred 

into the storage ring. Once there, they are maintained in a closed loop by the 

utilisation of straight sections joined by array of magnets (there are various 

types).314–317 The electrons inside the ring are moving so quickly that their 

speed is almost equal to the speed of light. They are maintained under an 

ultrahigh vacuum (10-9 - 10-10
 Torr) in order to minimise their interactions with air 

or other molecules. This is essential to provide a long-lasting beam lifetime. As 

the electrons follow orbit they generate synchrotron radiation (electromagnetic 

radiation), which leaves the ring through tangential ports called beamlines that 

permit the radiations to pass to experimental stations located outside the 

ring.314–317
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This radiation covers a broad range of wavelengths extending from the infrared 

through the visible and ultraviolet range, to the soft and hard X-ray parts of the 

electromagnetic spectrum. This makes synchrotron radiation a powerful tool in 

biology, chemistry, medicine and physics science investigation. 

 

 

Figure 1.14: A diagram of a synchrotron  facility showing the main components (1) injection 
system and linac; (2) booster synchrotron; (3) storage Ring; (4) beamline; (5) front end; (6) 
optics hutch; (7) experimental hutch; (8) control cabin and (9) radiofrequency (RF) cavity. 
(Taken from Diamond light source website)

318
 

 

 

1.6.2. Time-resolved X-ray diffraction 

 

Synchrotron radiation has been used for years to explain the kinetics and 

mechanisms of solid-state and heterogeneous liquid/solid or gas/solid reaction 

processes.319–326 It comprises a significant non-invasive probe which may be 

used to monitor solid state reactions, and its use has started to redress the 

deficit in the comprehension of reactions occurring in the solid state. The high-

energy of the synchrotron X-ray beam permits it to traverse large reaction 

vessels and diffraction patterns can be collected quickly. Therefore, Bragg 

reflections corresponding to the various materials (host material, any 

intermediate phases, and the product) present during a reaction can be 
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recorded simultaneously and the diffraction data can be collected under realistic 

reaction conditions.  

 

The technique has been widely utilised to investigate a range of solid-state and 

heterogeneous solid/liquid reaction processes.327–335 Among these, the 

intercalation reactions of LDHs and HDSs have been explored.336–341 The 

intercalation into HDSs were observed generally to be one step reactions,336,339 

but with lower concentration of guest anions an intermediate phase was 

detected.336 For intercalation into LDHs, some reactions were observed to be 

direct intercalation process (one step reactions) and some went through 

intermediate phases.232,337,338,342,343 

 

 

1.7. Computer simulation 

 

Computer simulation is considered as a third approach in science, lying 

between the theoretical and experimental approaches.344 It has become an 

indispensable tool for the investigation and prediction of physical and chemical 

processes. It provides information about structure, dynamic and 

thermodynamics properties.345,346 Simulations have been carried out on many 

systems, for instance: zeolites,347–350 LDHs,351–353, HDSs.354,355 and other 

porous structures.356–358 

 

In order to enhance the understanding of the physical and chemical properties 

of HDS or LDH/guest combinations, molecular dynamics (MD) computer 

simulations are seen as a valuable tool for complementing experiments (ex situ 

and in situ) and aiding their interpretation. Basically, MD allows the simulation of 

materials on an atomic scale. The movements and the trajectories of the atoms 

and molecules (which regulate microscopic and macroscopic behaviours of 

physical systems) are determined using the Newton's equations of motion.359 In 

MD the motion of electrons are not taken in consideration (as opposed to 

Quantum Mechanics simulations), which results in fast simulation times but 
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some inaccuracies.360–363 Those inaccuracies are corrected by the 

parameterisation of force fields (FFs), which regulate interactions between 

particles.364,365  

 

Very few studies have combined in situ time-resolved experiments and MD,366 

but MD has been widely used to probe the interlayer properties of LDHs.367 It 

permits the chronological evolution of a model system under near laboratory 

conditions to be followed as well as providing details regarding the coordinates 

of all atoms within the model at any moment during the simulation. Therefore, 

the interlayer arrangement and dynamics of organic and water molecules can 

be evaluated.367  

 

 

1.7.1. Force fields 

 

The force-field is used to predict the energy of a molecule based on its 

conformation. This allows predictions of equilibrium geometries and transition 

states, and relative energies between conformers or between different 

molecules. The total energy is the sum of bonding and non-bonding 

interactions.368,369 

E = Ebonding + Enon-bonding (1) 

The bonding term covers stretching, bending and torsional energy.368,369  

Ebonding = Estretching + Ebending + Etorsional (2) 

The non-bonding term includes van der Waals (VDW), electrostatics (elect) 

(Coulombic) and polarisation (polar) forces.368,369
 

Enon-bonding = EVDW + Eelect + Epolar (3) 
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1.7.1.1. Bonding terms 

1.7.1.1.1. Stretching 

 

Estretching is the energy function for stretching a bond between two atoms A and 

B (Figure 1.15). Estretching is described by the harmonic bond stretching equation 

(4), where r is the bond length, r0 is the equilibrium bond length, and ks is the 

force constant.370,371 

Estretching = ½ ks (r-r0)
2 (4) 

 

 

Figure 1.15: The harmonic bond stretching energy term. 

 

 

1.7.1.1.2. Bending 

 

Ebending is the energy required for changing the angle between two bonds 

formed by three atoms A - B - C, where there is a bond between A and B, and 

between B and C (Figure 1.16). The Ebending  is described by a harmonic angle 

equation (5), where  is the bond angle, 0 is the equilibrium bond angle, and kb 

is the force constant.372,373 

E bending = ½ kb (-0)
2 (5) 
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Figure 1.16: The harmonic bond bending energy term. 

 

 

1.7.1.1.3. Torsion 

 

The third type of bonding term is the term that describes how the energy of a 

molecule changes as it undergoes a rotation about one of its bonds, i.e. the 

dihedral or torsion energy for the system. In contrast to the bond and angle 

terms a harmonic form for the dihedral energy is not usually appropriate. This is 

because, for many dihedral angles in molecules, the whole range of angles from 

0 to 360 can be accessible with relatively small differences in energy. Such 

effects can be reproduced with a periodic function that is continuous throughout 

the complete range of possible angles (see Figure 1.17).374,375 The dihedral 

energy can then be written as: 

Etorsional = ½ Vn[1+cos(n-)] (6) 
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Figure1.17: A torsion angle energy term with a periodicity of 2. 

 

 

1.7.1.2. Non-bonding terms  

 

By separating out the van der Waals and electrostatic terms, molecular 

mechanics attempts to make the remaining constants more transferrable 

between molecules than they would be in a spectroscopic force field.376 

 

 

1.7.1.2.1. Van Der Waals energy interactions  

 

The van der Waals (VDW) energy arises from the interactions between electron 

clouds around two non-bonded atoms and has correlation with the distance 

between the two atoms. For instance, if the distance is short the forces become 

strongly repulsive, while in the intermediate range they become attractive and in 

the long range they go to zero.377–380 The VDW general equation is given as 

follows:  

EVDW = -α(1/rij)
6 (7) 
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The VDW interaction of a force-field computation is often time consuming, and 

thus usually it is approximated by the Lennard-Jones (LJ) potential as shown in 

equation (8).377–380 

EVDW =  [(r0/rij)
12- 2(r0/rij)

6] (8) 

 describes the depth of the potential. rij is the separation distance between the 

two atoms i and j, and r0 is the equilibrium separation distance between the two 

atoms i and j (Figure 1.18).377–380 

 

 

Figure1.18: The Lennard-Jones energy for a pair of atoms. 

 

 

1.7.1.2.2. Electrostatic interactions  

 

An electrostatic interaction arises due to the unequal distribution of charge in a 

molecule. A simple example is the water molecule, where the hydrogen atom is 

slightly positive and the oxygen slightly negative. The common model used is 

simple, adequately accurate and allows a quick calculation of the electrostatic 

energy. In this, fractional charges are assigned to each atom, and due to charge 
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conservation for a neutral molecule these sum to zero: in the previous example 

qH = -½ qO.368,381 The electrostatic energy is calculated as 

 

Eelect = 1/40 (qiqj/rij) (9) 

 

where qi and qj are the fractional charges on atoms i and j and rij is the distance 

between the two atoms (Figure 1.19). The pre-factor 1/40 is the standard term 

used when calculating electrostatic interactions in the MKSA (metre, kilogram, 

second, ampere) system of units, and  is the dielectric constant. The latter is 

equal to 1 when the system is in vacuum.368 

 

 

Figure 1.19: A schematic illustrating electrostatic interactions. 

 

Based on the equations 8 and 9 to run the interactions between all possible 

pairs of atoms in bigger system tends to be challenging and time consuming. 

Thus, cutoff or truncation methods are usually used to accelerate the 

calculation, for instance the atom pairs in the system whose distances are 

greater than a certain distance (rc) the VDW interaction energy is zero.382 There 

are different cutoff methods (e.g: shift and switch) and an example of a switch 

cutoff method is depicted in Figure 1.20.368 
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Figure1.20: A switch cutoff for non-bonded interactions. 

 

 

1.7.1.2.3. Other interactions 

 

There are some interactions that arise from the electrostatic and the VDW 

interactions simultaneously such as: hydrogen bonding, hydrophilic and 

hydrophobic effects.383,384 There are many molecules that generate these effect 

and the common one is water. Most of the intercalations into LDHs and HDSs 

were carried out in water, experimental data and MD have shown that water 

molecules have effects on both the distribution of guests in the interlayer 

regions and on their interactions with the framework.385 The NSAIDs and 

valproic acid cited above have hydrophobic and hydrophilic regions their 

structures, whereas phosphonoacetic acid does not have hydrophobic region. 

The hydrophobic effect and hydrogen bonding generated by the water will have 

effects on these guests orientations, LDHs and HDSs frameworks. Therefore; 

the presence of water molecules in simulations are important and their number 

should be closer to the experimental data, the water molecules should not be 

neglected even if they slowdown the simulation.386–388 
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1.7.2. Other parameters 

 

There exist other parameters that can influence the simulation such as: duration 

of the simulation, temperature, pressure and thermodynamic ensembles.389–391 

 

 

1.7.2.1. Duration of the simulation 

 

There is a limit to the length of run with MD simulations. In practical, the MD 

simulations cannot be run for months or years on a supercomputer, because 

this makes MD simulations useless, costly, more numerical error accumulation 

and impracticable to analyse the huge data. Any MD simulation run should 

reach equilibrium first before it can be stopped. The simulation time required to 

equilibrate a system depends on many factors such as: system size and 

structure.392,393 Commonly simulation runs are short, with magnitude of a few 

nanoseconds of real time,394–398 and exceptionally to a microsecond in special 

cases.398–402 

 

 

1.7.2.2. Temperature 

 

As it has been mentioned above, the MD simulation relies on integration of 

Newton's equations of motion to simulate the trajectories of particles. Thus, the 

temperature can influences bond length, particle movements and other 

physicochemical properties in MD simulations.403 The effect of varying 

temperature was investigated to mimic the experimental conditions, several 

physicochemical properties were obtained such as: the activation energy, 

vibrational frequencies, excitation energies, transition dipole moments, glass 

transition, defects, atomistic stress, density, volume, bonds length and angle, 

vaporisation process, guest intercalation/ deintercalation and geometry 

changes.358,402,404–407 
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Alexiadis and Mavrantzas studied temperature (from 225 to 600 K). effects on 

regioregular poly-3-hexylthiophene (Rr-P3HT).408 They investigated the 

distribution of dihedral angles, radial distribution functions, conformational and 

configurational properties. They found the transition state of the Rr-P3HT 

occurs from amorphous to a semicrystalline phase, at 300 k.408 

 

 

1.7.2.3. Pressure 

 

Similar to the temperature, the pressure can have an effect on physicochemical 

properties of simulated systems. It can affect water molecules movements, 

hydrophobic interactions, terahertz infrared absorption spectra, crystallization 

behaviour of amorphous alloys, frequency, structure shape and dynamical 

properties.409–413 

 

Maurin and co-workers simulated the adsorption properties of CH4 in faujasites 

at a wide range of pressure and constant temperature, their data were in 

agreement with the experimental results.414 It was reported that MD simulations 

showed correlations between hydrogen bonding, hydrogen bond angle 

distribution and pressure,415 which is in harmony with experimental data 

reported earlier.416 Hydrogen bonding is a form of dipole-dipole intermolecular 

force, which can affect the physical properties of a molecule.417 Zhang el.al 

performed MD simulations of BeO melting point at various pressure series(0≤

p≤100GPa).418 Zhang el.al observed numerous transition phases within the 

pressure interval and found that BeO melt at 2696.05 K. when p = 0.418 Zhang 

el.al 418 simulations data were in agreement with experimental data reported.419–

431 
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1.7.2.4. Thermodynamic ensembles 

 

An ensemble is defined as a collection of a large number of identical systems 

that imitates the macroscopic thermodynamic system being studied.432 The 

common thermodynamic ensembles are : Microcanonical ensemble (NVE), 

Canonical ensemble (NVT) and Isothermal-isobaric ensemble (NPT).433–435 

 

 

1.7.2.4.1. Microcanonical ensemble (NVE) 

 

Microcanonical ensemble describes a system with constant number of particles 

(N), constant volume (V), and constant total energy (E), also called the NVE 

ensemble. The system is isolated with no energy transfer in any form (as heat, 

as work, with matter, or as radiation) and the thermodynamic driving force in 

this ensemble is entropy, which attains its maximum in an equilibrated 

system.436,437 

 

 

1.7.2.4.2. Canonical ensemble (NVT)  

 

Canonical ensemble describes a system with constant number of particles (N), 

constant volume (V), and constant temperature (T), commonly named the NVT 

ensemble. It is a closed isothermal isochoric system, where energy transfer is 

allowed as form of heat only. The thermodynamic driving force in this ensemble 

is Helmholtz free energy, which attains its minimum in an equilibrated 

system.438,439 
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1.7.2.4.3. Isothermal-isobaric ensemble (NPT) 

 

Isothermal-isobaric ensemble describes a system with constant number of 

particles (N), constant pressure (P), and constant temperature (T), also often 

termed the NPT ensemble. It is a closed isothermal isobaric system, where 

energy transfer is allowed as heat and work only (no matter, no radiation). The 

thermodynamic driving force in the NPT ensemble is Gibbs free energy, where 

it reaches its minimum in an equilibrated system.440,441 

 

 

1.7.3. Setting up a simulation 

 

There have been several MD simulation studies of the interlayer behaviour and 

arrangement of LDH/guest combinations. MD accuracy depends on many 

factors, importantly including the quality of the FF used. The common FFs 

utilised are the modified Dreiding force field and ClayFF force field.442–444 

Regrettably most FFs have limits or obstacles.367,445 For instance, one of the 

drawbacks of modified Dreiding force field is a distortion of simulated structure 

and of ClayFF that central metal atoms may escape from a coordination centre 

in long time simulation.367,445 Fruitfully, Zhang and co-workers have developed a 

new FF denoted LDHFF that could overcome most of those limits and 

obstacles.446 

 

A Li/Al LDH is a good candidate for MD simulations, since the position of all 

elements are known, in addition the metals (Li/Al) are homogenously distributed 

(see Section 1.5.1.1). Beside the force field selection, there are certain 

parameters that should be set before starting MD simulations and these should 

be preferably close to experimental data. For instance, guests intercalation are 

usually carried out at constant temperature and pressure, so NPT ensemble 

should be suitable. Many LDHs MD simulations used NPT ensemble,447–450 

since it allows volume and interlayer spacing to fluctuate.367 Water content 

should be as well taken in consideration, because water molecules can have 

influence on guests orientation and metal hydroxide sheets.451–453  
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1.8. Aims 

 

In this study, both layered solids and electrospinning have been used to 

develop advanced drug delivery systems. The aims of this work were as 

follows: 

 

 To prepare electrospun fibres containing ibuprofen, diclofenac, naproxen 

and valproate sodium salts from blends of sodium alginate, 

polyvinylpyrrolidone or poly(ethylene oxide), important synthetic 

polymers known to be safe for human use.   

 To characterise the resultant materials and study the drug release from 

them.  

 To investigate the intercalation of selected NSAIDs (diclofenac and 

naproxen), and an anticonvulsant (valproic acid) into different types of 

HDS, and study the effect of temperature and other parameters on the 

reaction processes. 

 To synthesise novel biocompatible HDSs and characterise them. 

 To load the four NSAIDs and valproate into the novel biocompatible 

HDSs, characterise the products, and investigate drug release in milieu 

mimicking the human gastrointestinal tract.  

 To prepare tablets from the new biocompatible products and explore the 

drug release from these.  

 To incorporation an antiviral agent (phosphonoacetic acid) drug into a 

model LDH.  

 To undertake a detailed characterisation of the LDH/drug composite 

materials, including evaluating drug release from the system in 

representative in vitro conditions. 
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Chapter 2: Electrospun Nanofibres 
 

 

 

 

2.1. Introduction 

 

Electrospinning is a facile top-down technique permitting the fabrication of a 

wide variety of functional nanocomposites. A solution of a polymer and a 

functional component is prepared, usually in a volatile solvent, and expelled 

from a needle (spinneret) towards a metal collector at a controlled rate. A high 

potential difference is applied between the two and this electrical energy causes 

rapid evaporation of the solvent, resulting in polymer-based one-dimensional 

objects with diameters on the nm scale.1–4 These fibres have a number of 

desirable properties (e.g. high surface area) which may be tuned by controlling 

the processing parameters (voltage applied, needle-to-collector distance, flow 

rate, solution concentration, etc).2  

 

A large number of studies have reported the use of electrospinning to produce 

drug-loaded fibres for use as engineered drug delivery systems.2,5–9 The 

majority of these studies use one-fluid electrospinning, but even in this simple 

system it is found that variation of the polymer and processing parameters can 

result in a wide range of drug release behaviours. More recently, more 

advanced approaches have been employed to develop bespoke drug delivery 

profiles; these include coaxial electrospinning (using two concentric needles, 

one nested inside another) and a combination with other technique.10,11  
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The electrospinning of polymer blends has been explored reasonably widely, 

and has been applied to drug delivery to deliver modulated release profiles.12–14 

Electrospun materials have successfully been used to modify the rate of drug 

release,13 to target release to a particular part of the body such as the 

gastrointestinal tract,6 or to deliver biphasic or dual-stage drug release.10,11 

While such release profiles can be very useful in the development of advanced 

pharmaceutics, they are inappropriate if a drug has a high first-pass effect or to 

be effective requires very time- and site-specific delivery.15 Time-controlled 

pulsatile release, in which the drug is released after a predefined time period, is 

more appropriate for such applications.  

 

A number of disease states follow biological rhythms.16 For instance, asthma 

attacks tend to happen mainly late at night, following the body's natural 

circadian cycle, and pain from rheumatoid arthritis is most intense in the 

morning. Epilepsy also oscillates in its implications for patients, in response to 

melatonin secretion. To effectively treat these conditions, precise time-

controlled release profiles are required. Pulsatile delivery systems of drugs such 

as sodium valproate (indicated for the treatment of epilepsy) or diltiazem 

(angina) are hence much sought after to enhance patient compliance and 

improve clinical outcomes. To date, there are no reports of time-resolved 

pulsatile release from electrospun nanofibres. 

 

The formation of a system comprising two polymers mixed, with a drug 

component loaded, offers the potential to deliver novel drug release profiles 

even from a single fluid electrospinning process. If one of these polymers has 

pH-sensitive characteristics, then targeted drug release should be possible. 

One such polymer is alginic acid, commonly available as its sodium salt, which 

dissolves only at elevated pHs. In order to incorporate sodium alginate (SA) into 

nanofibres, it is necessary to blend it with a carrier polymer.17 A number of 

researchers have developed electrospun fibres containing SA blended with 

poly(ethylene oxide) (PEO).18–21 Alborzi et al. have used SA-pectin-PEO fibres 

to stabilise folic acid,22 and Lee’s team have coated poly(vinyl alcohol) fibres

with alginate for pH sensitive release.23 In 2012, two sets of researchers 
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independently reported the formation of electrospun fibres comprising PEO and 

sodium alginate (SA).24,25 Although both teams used the same building blocks 

and similar synthetic processes, very different results were obtained: Ma et al. 

created core-shell nanofibres with a PEO shell and a SA core,25 while Bonino 

and co-workers noted the formation of a “mountain” of fibres on the collector

plate instead of the flat mat normally seen, which they attributed to the 

aggregation of SA on the exterior of the fibres.24  

 

It is clear therefore that blended PEO/SA fibres have interesting properties from 

an academic viewpoint; in addition, PEO is a highly suitable polymer for drug 

deliverysystemsbecauseitisclassifiedbytheFDAasa“generally regarded as 

safe” excipient, and since it is hydrophilic can aid the solubilisation of poorly

water soluble drugs. Variation in the molecular weight of the polymer can result 

in tuning of the drug release properties from PEO composites.26 Furthermore, 

SA has been exploited for many years as a pH-responsive drug release 

system.27–29  

 

Another commonly used FDA-approved polymer is poly(vinyl pyrrolidone) 

(PVP). PVP has many favourable properties such as its capacity to interact with 

a large range of hydrophilic and hydrophobic materials. It has minimal 

immunogenicity, and is used in the drug and food fields as a chelating agent.30 

PVP nanofibres have been used to prepare a number of immediate release / 

fast dissolving drug delivery systems by electrospinning.31–34 

 

In this work, these properties were exploited to develop drug delivery systems 

based on PEO/SA blend fibres; systems based on PVP and PVP/SA were also 

explored. A series of fibres loaded with the non-steroidal anti-inflammatory 

drugs ibuprofen sodium (SI), diclofenac sodium (Dic), naproxen sodium (Nap) 

and sodium valproate (Val) were generated and their drug delivery properties 

explored. 
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2.2. Results and discussion 

 

Solutions were prepared by co-dissolving PEO and SA in deionised water to 

give final concentrations of 5 % and 1.5 % w/v respectively. In the same way, 

solutions of PVP and SA were prepared with final concentrations of 20 % and 2 

% w/v, respectively (again by dissolving both in water). 10 mL of each solution 

was then combined with certain amounts of SI, Nap, Val and Dic. In addition, a 

pure PVP solution at 10 % w/v was also prepared by dissolving it in ethanol. 

Details of the solutions prepared are given in Table 2.1. 

 

Table 2.1: The compositions of the fibres prepared in this study. 

Fiber ID Drug % SA in  
solution (w/v) 

% PEO in solution 
(w/v) 

% Drug in 
solution (w/v) 

F0 - 1.5 5.0 0 

Fi10 SI 1.5 5.0 10.0 

Fi2 SI 1.5 5.0 2.0 

Fi1 SI 1.5 5.0 1.0 

Fn10 Nap 1.5 5.0 10.0 

Fn5 Nap 1.5 5.0 5.0 

Fn1 Nap 1.5 5.0 1.0 

Fv10 Val 1.5 5.0 10.0 

Fv5 Val 1.5 5.0 5.0 

Fv2 Val 1.5 5.0 2.0 

Fv1 Val 1.5 5.0 1.0 

Fd1 Dic 1.5 5.0 1.0 

 

Fiber ID Drug % SA in  
solution (w/v) 

% PVP in solution 
(w/v) 

% SI in solution 
(w/v) 

FP - 0 10.0 0 

FPi1 SI 0 10.0 1.0 

FPS - 2.0 20.0 0 

FPSi1 SI 2.0 20.0 1.0 
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2.2.1. Effect of processing parameters on fibre morphology 

 

The effect of voltage, polymer concentration, the distance between the needle 

and collector, and the solution flow rate on the fibre morphology were 

investigated in previous studies.35–38 Based on these, a series of optimisation 

experiments were undertaken to select the most appropriate processing 

parameters before fibre manufacture commenced. These are detailed in 

Chapter 6, Section 6.2. 

 

 

2.2.2. Characterisation of drug-free fibres  

2.2.2.1. Fibre morphology 

 

A photograph of the F0 (PEO/SA) fibres is given in Figure 2.1. It is immediately 

clear that the fibres form a three-dimensional“mountain”structureratherthana

flat mat on the collector plate: our results thus agree with those of Bonino et 

al.24 Scanning electron microscopy (SEM) images were recorded on samples 

taken from different points of the 3D fibre structure (base and tip); data for the 

base and tip are included in Figure 2.1. The SEM data show the fibres 

throughout the 3D structure to have smooth and uniform structures. There is no 

obvious “bead-on-string”morphology visible in any of the images. Each fibre

appears to have a constant diameter, although there seems to be a difference 

in size between the top and bottom of the structure (221.3 ± 48.2 nm and 197.3 

± 20.3 nm, respectively).  

 

The observation of core-shell structure by Ma25 led us to record scanning 

transmission electron microscopy (STEM) images of the fibres (Figure 2.1). No 

core-shell structure is visible in any of the fibres, but there are regions of high- 

and low-density present throughout them. 
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a b 

  

c d 

Figure 2.1: Images of the F0 (PEO/SA) fibres. (a) Digital photograph; (b) SEM images of the 
base of the 3D structure; (d) SEM images of the tip of the 3D fibre network and (b) STEM 
data for a sample collected on a lacey C coated Cu grid. 

 
 

 

The PVP (FP) and PVP/SA (FPS) systems resulted in flat mats of fibres being 

obtained on the collector. The nanofibres have smooth surfaces and almost 

uniform structures (see Figure 2.2). The average fiber diameter was around 405 

nm ± 166 nm and 477 ± 95 nm, respectively.  
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a b 
Figure 2.2: Images of the FP fibres (a) Digital photograph and (b) SEM image. 

 

 

2.2.2.2. Contact angle study 

 

The contact angle (CA) is a helpful measure to determine the hydrophobic or 

hydrophilic characteristics of a surface. The most wettable surfaces have low 

values (Ѳ <20º) and hydrophobic surfaces have high values (Ѳ >70º) of the

contact angle.39 The wettability of a surface depends on the nature of the 

surface, and is influenced by the pH of the solution interacting with.39–41 

 

The pure PVP nanofibres (FP) transferred water faster than PVP/SA (FPS) and 

PEO/SA (F0) (Table 2.2), and a water droplet on their surface exhibited a 

contact angle below 20º. The FP nanofibres are more hydrophilic than FPS and 

F0(bothCA˃45º),asaresultofFP having more polar groups in its structure 

(Appendix I).42,43 However, F0 fibres are seen to be more hydrophilic than FPS. 

This could potentially be explained by the presence of both SA and PVP at the 

surface of the FPS nanofibres, while the PEO fibres might have only PEO at 

their surfaces (this has been suggested before in the literature).44–46 

Measurements were recorded both at the top and bottom of the “mountain”

structure, and the CA values observed to be approximately the same, indicating 

that the fibre mountain has a consistent fibre morphology and composition 
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throughout. Similar water CA data have previously been reported for PVP/SA 

blended films .42,46 

 

For the first droplet added to F0, the CA was below 50º (Table 2.2). If SA was 

on the surface, the contact angle would be expected to be higher.45 The CA of 

water and ethylene glycol on the F0 fibres were similar to data reported by 

Çaykara et al for 100 % PEO layers.45 Small differences arising may be due to 

different PEO molecular weights, the shape of the surface, and the porous 

structure of the nanofibre mat. From the data presented, it appears that both 

PVP and SA are present on the surface of the FPS nanofibres. On the other 

hand, the surface of F0 seems to be mainly composed of PEO, with the SA 

present inside the fibres.  

 

Table 2.2:Contact angle results of F0, FP and FPS nanofibres. 

 

 

The CA values of the liquids used were evaluated to determine the surface free 

energy (SFP) components of the nanofibres (Table 2.3). The CA values 

observed with FPS were different from those of FP only. The FP nanofibres 

showed a basic (Lewis Acid-Base indices above 50) character but FPS had 

acidic character (Lewis Acid-Base indices below 50).47,48 This means that the 

surfaces of the two sets of nanofibres were composed of different materials, 

which is due to the presence of acidic SA on the surface of the blend fibres 

(FPS).45 The data in Table 2.3 show that the surface of F0 also has a basic 

character, suggesting that no SA was present.  

 

 Water Methanol Ethylene glycol Acidic water 

FP 12.39 ± 3.5 10.42 ± 4.2 11.49 ± 2.5 - 

FPS 51.25 ± 2.3 7.84 ± 3.7 40.05 ± 3.4 - 

F0 Bottom 1st drop 47.85 ± 2.5 11.97 ± 3.2 35.17 ± 2.6 - 

F0 Top 1st drop 47.93 ± 2.1 13.20 ± 2.8 35.2 ± 3.1 - 

F0 Top 2nd drop 
after drying 

79.29 ± 1.8 21.16 ± 2.0 47.47 ± 2.1 99.0 ± 1.9 
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The CA for the F0 fibres is very different when the first droplet added is allowed 

to dry and a second is placed on the surface in the same location (Table 2.2). 

Furthermore, the data in Table 2.3 demonstrate that the surface of the F0 

nanofibres changes from basic to acidic after the first droplet was allowed to 

dry. This is thought to be because the first droplet caused the dissolution of 

some PEO, exposing some SA at the surface. The CA results thus all indicate 

that SA is encapsulated by PEO in the F0 fibres . 

 

Table 2.3: Surface free energy components of F0, FP and FPS nanofibres. 

 F0 Bottom F0 Top 1
st

 
drop 

F0 Top 2
nd

 
drop after 

drying 

FPS FP 

Method γ
tot

 [mN/m] γ
tot

[mN/m] γ
tot

[mN/m] γ
tot

 [mN/m] γ
tot

 [mN/m] 

Acid-Base 50.95 51.01 25.86 46.51 77.56 

 

 

A simple visual experiment was carried out to confirm this hypothesis: the as-

formed material is white in colour (as is PEO), but when a drop of an acidic 

solution is placed upon its surface, the PEO dissolves revealing brown SA 

within (see Figure 2.3). 

 

 

Figure 2.3: Digital photograph of F0 after adding an acidic droplet. 
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In a further experiment to confirm that SA is encapsulated by PEO, F0 was 

placed in an oven for a few hours at 70 ºC, to let the PEO melt. The PEO 

meltingpointisaround69ºCwhileSAmeltsat˃300ºC(see Section 2.2.3.3). 

The digital photograph before heating (Figure 2.4a) showed a white colour while 

after heating the sample is brown in colour (Figure 2.4b,c). Pure PEO does not 

caramelise after such heating (Figure 2.4d,e). Thus, these visual observations 

confirm that SA is enclosed by PEO. 

 

  

a b 

  

c d           e 

Figure 2.4: Digital photographs of F0 (a) before heating; after heating at 70 ºC for (b) 3 hours 
and (c) 3 days; PEO before (d) and (e) after heating for 3 h at 70 ºC. 
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2.2.2.3. X-ray photoelectron spectroscopy  

 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique, which 

measures the binding energy of electrons in atoms. It is used to analyse the 

surface of materials and obtain their chemical composition. Its penetration limit 

is between 5-10 nm.47 XPS analyses were used to investigate the F0 fibres, and 

the results are given in Table 2.4. 

 

The XPS data show that SA has two C peaks and PEO one C peak. The data 

additionally show that there is only one C peak for F0, and almost no Na is 

present on the surface of these fibres. This suggests that SA was completely 

enveloped by PEO, and the thickness of the PEO layer is at least beyond the 

detection depth of XPS.  

 

Table 2.4: The ratios of C, O, and Na at the surface of raw materials (PEO and SA) 
and the F0 fibres, calculated from XPS data. Samples were taken from the top of the 
3D fibre structure 

 C  O  Na  

PEO 
(Peak position) 

42.5 ± 0.3 % 
(286.3 ± 0.2 (eV)) 

57.5 ± 0.3 % 
(532.6 ± 0.2 (eV)) 

- 

SA 
(Peak positions) 

70.3 ± 1.3 % 
(284.9 ± 0.4 (eV) 
286.5 ± 0.3 (eV)) 

27.9 ± 1.5 % 
(532.8 ± 0.3 (eV)) 

1.8 ± 0.2 % 
(1071.6 ± 0.3 (eV)) 

F0 
(Peak position) 

68.8 ± 0.2 % 
(286.5±0.4 (eV)) 

31.0 ± 0.2 % 
(532.0 ± 0.6 (eV)) 

0.2 ± 0.0 % 
(1071.6 ± 0.3 (eV)) 

 

 

The data obtained in this work are similar to those recorded by Ma et al., and in 

distinct disagreement with the data reported Bonino et al.24,50 Bonino and co-

workers used PEO with a higher molecular weight (600 kDa, while 400 kDa was 

used in this work), SA with a lower molecular weight (37 kDa cf. 120 kDa here) 

and the ratio between PEO/SA was different to the one used in this study.24 

This presumably affected the surface composition and hence changed the 

chemical interactions and binding properties.  
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The sputter depth profile (Figure 2.5) of the top of the 3D F0 fibre structure 

shows an increase in the concentration of Na moving from the surface to the 

interior of the fibres, which confirms that SA is enrobed by the PEO. 

 

 

Figure 2.5: The Na depth profile of the top of the F0 fibre structure . 

 

 

2.2.2.4. Detailed SEM analysis 

 

A sample of the F0 (PEO/SA) fibres was broken, and SEM used to investigate 

the cross sections of the individual samples. The SEM cross sections 

(Figure 2.6) shows that the fibres appear to consist of bundles of very small 

sub-fibres. The latter are estimated to be around 17.5 ± 2.0 nm in size. These 

small fibres could be SA or blends of PEO/SA. 

Increasing depth 
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Figure 2.6: SEM images of the cross sections of F0. 

 

 

There are two simple models which can be conceived to understand how the 

SA is contained inside the PEO; these are depicted in Figure 2.7. The PEO is 

white in colour, and as demonstrated in the sections above is essentially the 

only material present at the surface of the fibres. The SA is brown in colour, and 

it is not visible at the surface to the eye, or to surface analysis techniques. On 

the basis of the SEM data, model B in Figure 2.7 is more likely than model A. 

 

  

a b 
Figure 2.7 : Schematic structures illustrating the possible locations of SA (orange) and PEO 
(white) in the F0 fibres. 
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2.2.3. Drug-loaded fibre characterisation 

2.2.3.1. Morphology 

2.2.3.1.1. Sodium ibuprofen fibres 

 

The SI-loaded fibres Fi10  retained the 3D structure of the drug-free analogue 

(Figure 2.8a). Each Fi10 fibre appears to have a constant diameter, although 

there seems to be a difference in size between the top and bottom of the 

structure (318 ± 53 nm and 233 ± 44 nm respectively). Looking at the outside of 

the structure, there are no visible particles; however, bisection through the 

centre reveals a number of small particles inside the structure at its apex (see 

Figure 2.8C). ThediametersofthePEO/SA/SIfibreslieintheorderFi10˃Fi2

˃ Fi1, there thus appears to be a decline in fibre diameter as the SI content is 

reduced. 

 

To find out the chemical composition of the crystallites observed at the top of 

the 3D structure with Fi10, these crystallites were investigated by energy-

dispersive X-ray spectroscopy (EDX). The resultant data show that those 

crystallites are SI particles (see Figure 2.9).The weight ratio of carbon and 

sodium were close to that calculated for SI (Table 2.5).  

 

The crystallite size is found to be ca. 1.3 ± 0.2 μm. Prior to dissolution and

electrospinning, the SI particles had sizes of approximately 3.0 ± 1.5 μm

(Appendix I) and hence there has been a significant reduction in particle size as 

a result of the processing.  
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a b 

  

c d 

 

e 
Figure 2.8 : Images of the Fi10 fibres. (a) a digital photograph; SEM images of (b) the exterior 
of the tip of the 3D fibre network; (c) the interior of the tip of the 3D fibre network; (d) the base 
of the 3D structure and (e) STEM data for a sample of Fi2 collected on a lacey C coated Cu 

grid. 
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Table 2.5: Elements theoretical atomic weight ratio of the SI, SA and PEO. 

 C O Na 

SI 73.93 15.17 10.90 

SA 37.70 50.26 12.04 

PEO 60.00 40.00 - 

 

 

2.2.3.1.2. Naproxen sodium fibres 

 

As for the SI fibres, the Nap/SA/PEO materials again formed a 3D mountain 

structure. The individual fibres had a constant diameter, although as before 

there seems to be a difference in size between the top and bottom of the 

structure (432.0 ± 106.7 nm and 351.0 ± 114.4 nm for Fn10) (Figure 2.10). A 

bisection through the centre of the 3D structure reveals a number of small 

particles inside (see Figure 2.10a,b). No visible particles could be seen when 

the concentration of Nap was decreased (Fn1 and Fn2). 

 
Element Weight % Atomic % 

        

C  K 67.02 74.41 

O K 25.48 21.23 

Na  K 7.50 4.35 

   

Totals 100.00  

 

Figure 2.9: EDX data on the crystallites observed in the top of the Fi10 fibres.  
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The crystallites have rectangular shape with width around 0.4 ± 0.1 μm and

thickness of 77.4 ± 24.7 nm (the length could not be measured, since part of the 

Nap crystallite was inside the fibres). Prior to dissolution and electrospinning, 

the Nap particles formed agglomerates, as shown in Figure 2.10d. 

 

  
a b 

  
c d 

Figure 2.10: SEM images of Fn10 (a) the interior of the tip of the 3D fibre network;(b) with 
higher magnefication; (c) the exterior of the tip of the 3D fibre network of Fn2 and (d) Nap. 
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2.2.3.1.3. Diclofenac sodium fibres 

 

PEO/SA fibres with Dic also appear individually to have a constant diameter 

(Figure 2.11), again with a difference in size between the top and bottom of the 

structure (318 ± 53 nm and 233 ± 44 nm, Fd1). The bisection through the centre 

of Fd1 reveals the presence of some crystallites (these were difficult to find, 

however, and many sections were mapped to find them; see Figure 2.11). 

These have hexagonal shapes with 471.0 ± 164.9 nm  diameter and 66.8 ± 5.7 

nm width. Increasing the concentration of Dic to obtain higher loading fibres was 

not possible because this took the drug beyond its solubility limit and led to the 

spinning solution being less viscous and non-spinnable. Prior to dissolution and 

electrospinning, the Dic particles formed agglomerates, as shown in Figure 

2.11d. 

  
a b 

  
c d 

Figure 2.11: SEM images of Fd1 (a, b) the interior of the tip of the 3D fibre network; (c) the 
base of the 3D structure and (d) Dic. 
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2.2.3.1.4. Valproate sodium fibres 

 

As for the other samples, the PEO/SA/Val fibres show a small difference in size 

between the top and bottom of the 3D structure which forms after 

electrospinning. The bisection through the centre of fibres Fv1, with low 

concentration, reveals the presence of plain fibres (no crystallites were seen, 

see Figure 2.12). Higher concentrations of Val (Fv5 and Fv10) led to the 

disappearance of the 3D structure and only flat mats were obtained.  

 

  

Figure 2.12: SEM images of the interior of the tip of the 3D fibre network the Fv1. 

 

 

2.2.3.1.5. PVP based fibres 

 

The FPi1 and FPSi1 nanofibres resulted in flat mats of fibres being obtained on 

the collector. The nanofibres have smooth surfaces and almost uniform 

structures (Figure2.13). The average fibre diameter was around 400 ± 65 nm 

and 530 ± 80 nm, respectively. Larger PVP/ibuprofen fibres were previously 

reported by Yu et al.51; these differences are ascribed to the previous authors 

using a higher flow rate and lower voltage.  
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a b 

Figure2.13: SEM images of (a) FPi1 and (b) FPSi1 

 

 

2.2.3.1.6. Discussion of SEM data  

 

Crystallites were visible only with higher concentrations of drug, and were seen 

only inside the“mountain”andnotoutsideoron thebaseof the3Dstructure. 

The SI, Dic and Nap crystallites formed after electrospinning show significant 

differences in crystal habit and size from the starting materials (Figure 2.8, 

Figure 2.10 and Figure 2.11). These factors both influence the flowability and 

solubility of drugs, and thus this processing method could potentially be used to 

enhance the performance of these active ingredients.52,53  

 

 

2.2.3.1.7. Arrangement of SA and PEO  

 

To confirm the SA and PEO arrangement, a set of fibres were slightly stretched 

and then examined by TEM and SEM. The SEM images show that there are 

small fibres inside the nanofibres (Figure 2.14). Their size was hard to measure, 

since they are very tiny. The estimated Fi10 and Fi2 diameters are around 

100.0 ± 13.5 nm and 79.5 ± 12.1 nm, respectively. The TEM additionally 
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showed small fibres inside the nanofibres, the small fibres has lighter colour 

than the main nanofibres. This suggests that these small fibres could not be 

PEO, they might be SA or mixture PEO/SA. 

 

  

a b 

  

c d 

Figure 2.14: Images of nanofibres after stretching (a) SEM image of Fi2; (b) SEM image of  
Fi10; (c) TEM image of Fi10 and (d) SEM image of Fn10 

 

 

2.2.3.2. X-ray diffraction 

 

X-ray diffraction (XRD) patterns for samples taken from various set of fibres 

prepared are given in Figure 2.15, together with patterns for the starting 

materials. PEO is a crystalline polymer, and hence shows two distinct 
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reflections at 19º and 23º. The four drugs are also crystalline, and exhibit 

numerous reflections. SA is amorphous (see Appendix I). Both the top and base 

of the Fi10 structure show the presence of a number of Bragg reflections (see 

Figure 2.15a). These appear to occur at approximately the same positions as 

the SI and PEO reflections, although the reflection positions are considerably 

broadened and also shifted to higher angle. The increased broadness of the SI 

reflections is consistent with the presence of SI crystallites with reduced size (cf. 

the pure drug) in the fibre structure. The position of the reflections implies that 

crystallites could be in hydrated form,54–56 as opposed to the anhydrous starting 

material.  

 

The Fn10 XRD pattern for the top of the structure (Figure 2.15b) shows a shift 

of the first reflections from 4.24º to 3.96º and the presence of two new 

reflections at 7.82º and 11.94º. The base shows same similarity with little bit 

higher angles. Di Martino et al. and Kim et al. have reported similar patterns for 

dihydrated naproxen sodium,.57,58 while different patterns are seen for the 

mono-and tetrahydrated forms.57,59 

 

The top of the Fd1 structure (Figure 2.15c) shows a small broad reflection at 

9.42º and another at 22.00º, merging with a PEO reflection. There is no sign of 

the intense reflection of anhydrous Dic at 6.56º. By comparing these data to 

those reported for various hydrated forms, it is thought that Dic could be in the 

hydrated form.60–64 The Fv2 (3D structure) shows three broad reflections at 

9.55º, 15.17º and 26.43º (Figure 2.15d), which disappear with the 3D structure 

when the concentration of Val was increased (Fv10). Similar values were 

reported for hydrated Val crystals,65 also suggesting that Val might exist in a 

hydrated form in the 3D structure. The reflections of Fv10 peaks were 

comparable to those of pure Val.  

 

The XRD patterns of FPi1 (PVP/SI) and FPSi1 (PVP/SA-SI) (Figure 2.15e) are 

characterised by the complete disappearance of SI peaks. This means that the 

drug is present in its amorphous form in these systems. 
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a b 

  

c d 

 

e 

Figure 2.15: XRD patterns of of (a) Fi10,PEO and SI;(b) Fn10, PEO and Nap; (c) Fd1 PEO 
and Dic; (d) Fv2 and Fv10 with PEO and Val and (e) FPi1 and FPSi1. 
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2.2.3.3. Differential scanning calorimetry 

 

Differential scanning calorimetry (DSC) traces of the raw PEO reveals a melting 

endotherm peak at 69.3 ºC (Figure 2.16). The data in Figure 2.16 show the 

presence of crystalline PEO in the F0 fibres, with a decrease in the melting 

point. The decrease in the melting point is related to the ratio of PEO/SA, with 

an increasing SA concentration causing a lower melting point. It has previously 

been reported that the PEO melting point goes down as the SA concentration 

increases in PEO/SA fibres.66 The broad endothermic peak at around 80 ºC 

corresponds to the loss of water (incomplete evaporation of the water solvent 

used for electrospinning will result in some being incorporated into the 

nanofibres). The nature of the last peak around 144 ºC remains unclear, but it 

could be related to another dehydration of the SA.67 SA melts at T > 300 ºC, 

and hence is not seen in the DSC traces.  

 

 

  

a b 

Figure 2.16: DSC curves of (a) the top and base of the F0 fibres and  PEO and (b) pure Val, 
Dic, Nap and SI.  
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The DSC data for Fi10 and Fi2 can be found in Figure 2.17. The data confirm 

the presence of crystalline SI and PEO in the nanofibres. The traces exhibit a 

sharp endotherm at 62–63 ºC, attributed to the melting of PEO. It is thus clear 

that the PEO retains its crystalline nature even after the incorporation of SI into 

nanofibres. A second sharp endotherm is visible at 92.5–93.5 ºC; this latter 

feature is superimposed on a broad endotherm with an apex at ca. 105–110 ºC. 

These two features are respectively believed to correspond to the SI melting 

peak and the loss of water. The nature of the last peak around 190 ºC (Fi10 top 

188.0 ºC and Fi10 base 189.3 ºC) remains unclear; it might correspond to the 

melting of SI hydrate (this is reported to melt at 105 and 208 ºC).68 The decline 

in SI melting point could be attributed as well to the diminishing of particles size 

from3.0±1.5μm to1.3±0.2μm, since it is known that the melting point is 

correlated with particles shape and size.69–73 Alternatively, the presence of 

polymers (PEO and SA) could cause this effect. There is a small exothermic 

peak around 230 ºC, which is discussed in more detail below. 

 

  

a b 

Figure 2.17: DSC thermograms of (a) Fi10 top and base and (b) Fi2 top and base.  

 

 

DSC thermograms of the Nap system Fn1 showed melting of PEO at 62.2 ºC, 

followed by water loss (Figure 2.18). No Nap melting point could be seen and 

only a broad exothermic peak is detected around 226.2 ºC. On the other hand, 

the higher drug-loaded Fn5 showed endotherms centred at 134.6 and 224.1 ºC, 
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which could be due to water evaporation and Nap melting, respectively. DSC 

traces of the raw material reveal that Nap melts at 257.8 ºC (Figure 2.16). The 

decline in Nap melting point could be attributed to the diminishing of the particle 

size, shape uniformity and hydrated form. Nap crystallites showed even lower 

melting point than hydrate Nap crystals reported in literature, which have 

melting point around 244-255 ºC.57,58  

 

The DSC data for Fd1 is depicted in Figure 2.18. Again a clear PEO melting 

endotherm is visible at 60.8 ºC. The exothermic peak around 226.0 ºC could be 

a polymorphic transition or decomposition.74,75  

 

 
Figure 2.18 : DSC thermograms of Fn5, Fn1 and Fd1  

 

 

The DSC Data for Fv10 and Fv2 can be found in Figure 2.19. Fv2 shows similar 

patterns to Fn1 and Fd1. Fv10 formed a flat mat, and showed different thermal 

behaviour compared to Fv2 (3D structure). The traces exhibit a sharp 

endotherm at 61.0 ºC, attributed to the melting of PEO, in addition to small 

endothermic peaks located at 70.3, 99.1, 116.7, 132.5 and 229 ºC.DSC traces 

of the raw material reveal melting endotherms for Val at 107.9, 130.5, 142.2 and 

241.4 ºC. The peak at 70.3 ºC could be attributed to water loss and the rest to 

the drug. All the Val peaks in Fv10 have shifted to lower temperature compared 
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to the pure drug. The Val crystallites in Fv2 and Fv10 are completely different in 

their DSC signals, which is in agreement with XRD data. Fv2 and Fv10 show 

different thermal behaviour compared to the reported literature.76 

 

DSC thermograms of the FPi1 and FPSi1 nanofibres (Figure 2.19b) showed 

broad endothermic peaks ranging from 30 to 130 °C, with no clear melting 

endotherms present. This suggested that the drug is no longer present in its 

crystalline form and was converted into an amorphous state.51 The DSC data 

hence confirm the XRD and SEM analysis. 

 

 

 

 

a b 

Figure 2.19: DSC thermograms of (a) Fv2 and FV10; (b) FPi1 and FPSi1.  

 

 

2.2.3.4. FTIR spectroscopy 

2.2.3.4.1. PEO/SA system 

 

FTIR spectra for Fi10, PEO, SA and SI are included in Figure 2.20. The 

spectrum of SI contains distinct peaks around 3000–3500 cm-1 (H-bonded OH 

stretches, arising from the presence of some water in the material), 3000–2850 

cm-1 (alkane C-H stretches), and characteristic peaks at 1545 and 1408 cm-1 

(respectively asymmetric and symmetric carboxylate stretches). The SA 

spectrum also shows a broad band from ca. 3700–2850 cm-1, corresponding to 
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H-bonded OH groups and C-H stretches. Carboxylate peaks can be seen at 

1589 and 1403 cm-1, and C-O vibrations are at 1020 cm-1. The PEO spectrum 

has a distinct peak at ca. 2875 cm-1 arising from C-H stretches, and the C-O 

stretch is centred around 1095 cm-1. The spectra recorded from the top and 

bottom of Fi10 are essentially identical, and contain features from each of the 

component molecules. A broad feature from 3500–3000 cm-1 arises from H-

bonded OH groups, and peaks at 2950 and 2875 cm-1 from the SI and SA alkyl 

C-H peaks. The SI carboxylate groups are visible at 1549 and 1408 cm-1. 

Although the latter has not moved, the asymmetric stretch has shifted in 

wavenumber, indicating the existence of interactions between SI and the other 

components of the fibres. The PEO C-O stretch is seen at 1095 cm-1. 

 

 

Figure 2.20: IR spectra of the Fi10 fibres and associated starting materials. 

 

Overall, therefore, the IR data indicate the successful incorporation of all three 

components into the fibres, and suggest that SI is interacting with the other 

components, most likely through the formation of H-bonds. The IR spectra of 

the other PEO/SA/SI materials show largely analogous features, confirming the 

successful formulation of fibres containing all three components intact.The IR 

spectra for the other drugs also display analogous features: all the characteristic 

peaks of the drug ions are present after electrospinning, and demonstrate that 

the intact drugs are successfully loaded into the nanofibres.  
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2.2.3.4.2. PVP and PVP/SA systems 

 

The spectra of the PVP-based nanofibres (Figure 2.21) showed bands at 2950 

cm−1 (C–H stretch) and 1640 cm−1 (C=O). A very broad peak centred at 3407 

cm−1 corresponds to the presence of H-bonded OH groups of water. These 

results are similar to the findings reported by Yu et al. 51 The comparison 

between the spectra of the drug, PVP, and PVP/SI showed shifts in the peaks 

of the carboxylate anions to higher wave numbers. The carboxymethyl groups 

appearing at 1327 cm−1 for SI and 1330 cm−1 for PVP were fused together in a 

band at intermediate wavenumber for the composite fibres. These peaks also 

diminished in intensity, which suggests that there hydrogen bonds formed 

between the C=O of PVP and the OH groups of SI.51 The characteristic peaks 

of SA are –COO− (1553 cm−1 and 1412 cm−1) and –C–OH (O–H stretching 

vibration at 3450 cm−1, C–O stretching vibration of secondary alcohol at 

1023 cm−1, C–O stretching vibration of tertiary alcohol is 1082 cm−1).77 A 

comparison between the spectra of the FPi1 and FPSi1 (Figure 2.21) showed 

similar features except that the PVP/SA-SI system showed two extra peaks, at 

1548 and 1418 cm-1, which are assigned to asymmetric and symmetric 

stretching peaks of SA carboxylate groups. The SI peaks diminished in 

intensity, again suggesting that hydrogen bonds form between C=O and OH 

groups in the three-component systems.  The spectra of raw materials PVP and 

SA are shown in Appendix I. 

 

 

Figure 2.21: The IR spectra of SI, FPi1 fibres and FPSi1 fibres. 
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2.2.3.5. X-ray photoelectron spectroscopy  

 

XPS spectra of selected fibre materials were recorded. The C 1s spectra of the 

fibres were then peak fitted using the C 1s spectra of the starting materials as 

reference spectra to determine the relative amounts of SI at the fibre surfaces. 

The results of this analysis are given in Table 2.6. The fractions of the surface 

comprising SI are, within the error of the measurements, identical to those 

calculated from the weight ratios of the components. The XPS spectra were 

recorded for Fd1 and Fv1 also (Appendix I). 

 

Table 2.6: The ratio of SI at the surface of the fibres, calculated from XPS data.. Samples 
were taken from the top of the 3D fibre structure 

Fibre ID % SI in fibre (w/w) Drug Surface composition (%) 

F0 0 0 

Fi1 13.3 12.0 ± 2.5 

Fi2 23.5 24.3 ± 1.5 

Fi10 60.6 60.3 ± 3.0 

 

 

2.2.3.6. High-performance liquid chromatography 

 

The drug loading into the fibres was verified by high-performance liquid 

chromatography (HPLC), and found to be 100 % within the error of the 

measurement. For Fi10, the values observed were 101 ± 2.1 % for the top of 

the fibre structure and 99 ± 1.7 % for the base (Figure 2.22). The chromatogram 

of the top of Fi10 showed an extract peak at 1.76 min, however. This fraction 

was isolated and investigated by NMR; the details of the study are below. 
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a b 

Figure 2.22: Chromatograms of Fi10 (a) top and (b) base. 

 

 

2.2.3.7. NMR spectroscopy  

 

NMR spectroscopy was performed on samples of the fibre mats dissolved in 

D2O. The 1H NMR spectrum of SI exhibited the following resonances: at 0.9 

ppm corresponding to the methyl protons of the isobutyl group; at 1.39 ppm, 

ascribed to theα-methyl protons; at 2.47 ppm, originating from the methylene 

adjacent to the phenyl group; at 1.83 ppm, arising from the methine proton of 

theisobutylmoiety;at3.62ppm,duetotheα-methine proton; and at 7.24 ppm, 

resulting from the four benzene protons (Figure 2.23). The spectra after 

dissolution of the fibres are observed to contain all the features of the SI starting 

material, confirming that the structural integrity of SI molecule is retained after 

electrospinning (Figure 2.23). The resonances from 3.57 to 3.72 ppm 

correspond to PEO and SA. The spectra after dissolution of the fibres are 

observed to contain all the features of the Dic, Nap and Val starting materials, 

confirming that the structural integrity of drugs molecule is retained after 

electrospinning. 

 

The 13C NMR spectrum of 1.76 min fraction isolated from HPLC reveals that 

contains carbonate. The origin of the carbonate is not certain, but it is expected 

to arise from the water used for the experiments or the air. 

Time (min) Time (min) 
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Figure 2.23: 
1
H NMR spectrum of SI (a), chemical structure with details of the resonances (b) 

and 
1
H NMR spectrum of Fi10 (c). 
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2.2.4. Drug release 

 

Since the four drugs remain intact after spinning, the fibre structures may have 

utility as drug delivery systems. Dissolution tests for the formulations have been 

carried out under experimental conditions as close as possible to the 

gastrointestinal tract and following pharmacopeia requirements.78 The fibres 

were placed in 750 mL of 0.1 N hydrochloric acid in a vessel held at 37 ± 0.5 ºC 

and stirred at 50 r.p.m. After 2 hours, the pH of the medium was adjusted to 6.8 

± 0.1 by adding 250 mL of 0.20 M tribasic sodium phosphate. Experiments were 

carried out for 22 h at this pH. All the experiments were carried out in darkness 

(except for Val, because manual sampling was required). Dissolution tests were 

carried out in triplicate from the various sets of fibres in an automated apparatus 

(equipped with autosampler and inline UV spectrometer) to monitor release 

from the formulations which had a UV chromophore. A different protocol for Val 

was required: since it does not have a distinct UV chromophore, manual 

sampling was required, and HPLC used to measure the amount of Val released. 

 

At pH 1.0, which mimics the stomach, there is a very rapid burst release of SI 

within the first 5–60 min after the fibres are added to the release medium. The 

amount of drug released in this stage is dependent on the SI content of the 

fibres, with a greater burst release being seen as the SI loading increases. 

There is then a plateau in which no further drug is released, and after the 

adjustment of pH to 6.8 (mimicking the pH of the intestine), the rest of the SI is 

freed rapidly from the fibres at an almost linear rate (Figure 2.24a). The Fi1, Fi2 

and Fi10 fibres thus comprise time-controlled drug delivery systems, where 

there is an “on/off”patternofdrugrelease(burstsof releasewitha lagperiod

between them). 

 

In contrast, in the pH 6.8 buffer, fast SI release over ca. 15 min is seen 

(Figure 2.24b), with essentially identical release profiles regardless of the SI 

loading in the fibres. By appropriate selection of the fibre composition it would 

be possible to deliver a desired loading dose of drug in the stomach, with the 

remainder retained in the fibres for longer than the typical stomach transit time 
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(2 h), permitting release in the intestinal tract. The percentage of SI released in 

the first stage is approximately the same as the w/w percentage of SI in the 

fibres, meaning it would be facile to design materials to release a given amount 

of SI in the stomach. Colon-targeted delivery of SI is hence possible with these 

systems. 

 

 

 

The drug release from Fd1 and Fv1 nanofibres showed similar patterns to the Fi 

nanofibres (Figure 2.25), although with different amounts of release in the low 

pH conditions. A summary of the results is given in Table 2.7. Once the pH was 

adjusted, the Fv1 and Fd1 released their remaining loading. The XPS data 

(Appendix I) show that the surfaces of Fd1 and Fv1 contain 10 % Dic and 46.3 

% Val, respectively. All the XPS data (Fi10, Fi2, Fi1, Fd1 and Fv1) are in 

agreement with drug release, where approximately these amounts of drug 

release are seen at pH 1. It seems that the amount released during the first 

stage is influenced by the amount of the drug on the surface of the nanofibres. 

The latter appears to have a close relationwithsolubility(Val˃SI˃Dic).79–81 

 

  
a b 

Figure 2.24: SI release at (a) pH 1.0 and 6.8 and (b) pH 6.8 from the Fi10, Fi2 and Fi1 
nanofibres; these contain respectively 60.6, 23.5, and 13.3 % w/w SI. Three independent 
experiments were performed (each with a separate fibre mat), and results are reported as 
mean ± S.D. 
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Table 2.7: Summary of drug release from Fd1, Fi1 and Fv1. 

Time Drug release % 

Fd1 Fi1 Fv1 

After 15 min 5.1 9.4 40.0 

After 120 min 9.1 12.2 60.4 

After 180 min 85.8 100 100 

 

 

  
a b 

Figure 2.25: Drug release at pH 1.0 and 6.8 from (a) Fd1 and (b) Fv1 nanofibres. Three 
independent experiments were performed (each with a separate fibre mat), and results are 
reported as mean ± S.D. (There are error bar (blue) on Dic release black line but they are too 
small (< 1%) and thus cannot clearly be seen). 

 

 

A dissolution study showed that the release rate of the SI from the FPi1 

nanofibres was very fast, reaching 100% in less than 10 seconds. Release from 

the FPSi1 fibres was slightly slower (100% release was reached in less than 60 

seconds).  
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2.2.5. Drug release mechanism 

 

The drug release trends identified above for the PEO/SA systems can be 

explained by a simple model. The STEM data indicate that there are regions of 

the fibres which are relatively high density, and others where less contrast is 

present. This suggests that there are some areas of the fibres which are more 

SA rich than others; the presence of fine structure within the fibres was also 

confirmed with SEM images of their cross sections. SI particles are also seen to 

be present at the fibre surfaces by SEM. PEO is freely soluble at this pH, while 

SA is not. It is hypothesised that SI particles on the surface, and also SI ion 

pairs at the fibre edges are freed into solution very rapidly at this low pH, and at 

the same time the PEO molecules will disentangle and begin to dissolve, 

freeing the SI linked to PEO through an erosion mechanism. The greater the SI 

content, the more SI we expect to exist as particles or near the surface, and 

hence the larger the percentage of drug released in the initial burst phase.  

 

The SA will be insoluble, and so its strands might be expected to cluster 

together while the other components of the fibre dissolve. Similar results have 

been reported in the literature: SA is known to aggregate at low pH (ca. 3) into 

core-shell micelle-like structures.82 The different residues in SA have different 

pKa values (3.38 and 3.64 respectively for the β-D-mannuronic and α-L-

guluronic acids83), which results in some portions of its polymer chain becoming 

hydrophobic and others hydrophilic at this low pH. It is hypothesised that such 

effects might also be involved in the fibre systems. To explore this, Fi10 fibres 

were exposed to the pH 1.0 medium for 60 minutes, sufficient time for the first 

release stage to be complete, recovered by filtration, and assessed by SEM. 

The results are given in Figure 2.26. A similar experiment was carried out at pH 

3.0 and the resultant SEM image is shown in Appendix I. 
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The images shows that upon addition of the pH 1.0 medium (Figure 2.26), the 

fibres swell and begin to dissolve and disentangle as the PEO absorbs water. In 

the centre of the image in Figure 2.26, where individual fibres can be resolved, 

the average fibre diameter is of the order of 88.6 nm, somewhat smaller than 

the initial material and close to the diameter of the fine structure features 

observed in Figure 2.14. The initial 3D structure of Fi10 and Fd1 was white, but 

it changes colour to brown shortly after immersion in the acidic media pH 1.0 

(Figure 2.26b,c). The SEM image and colour change suggest that the PEO is 

dissolving, and the SA-rich parts of the fibres remain. This could be SA fibres 

identified in the PEO/SA system, as their diameter is almost similar to the sub-

fibres visible in Fi10 (Figure 2.14). The insolubility of SA at pH 1.0 means that 

the drug in SA-rich areas of the fibres is hindered in dissolution.  

 

 
a 

  
b c 

Figure 2.26: SEM images of Fi10 fibres after suspension in 1 L of medium pH 1.0 for 60 
minutes(a) and digital photographs of Fi10 (b) and Fd1 (c) after immersion in milieu pH 1.0  
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This model is consistent with the observed results, and is depicted in 

Figure 2.27. At pH 6.8 both PEO and SA are freely soluble, and so the fibre mat 

dissolves completely, releasing all the embedded SI very rapidly. 

 

 

Figure 2.27: A schematic illustrating the proposed mechanism responsible for two-stage drug 

release at pH 1.0. 
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2.3. Conclusion 

 

This chapter reports for the first time blended fibres containing PEO, SA and SI, 

Dic, Nap and Val. The PEO/SA/drug fibre aggregates in general exhibit novel 

3D network structures, although elevated concentrations of Val led to the 

generation of a flat mat. The fibres were uniform and had cylindrical shape with 

a smooth surface. Electron microscopy data indicated the presence of regions 

of high and low SA density in the fibres. It seems that the SA is present as tiny 

fibres enrobed inside larger PEO nanofibres. SI, Nap and Dic were present as 

crystallite materials in the fibres, with their particles smaller than the pure drug 

materials. In contrast, the FPi1 and FPSi1 fibre systems formed flat mats on the 

collector, and SI was present in the amorphous form in these materials.  

 

At low pH, there is a very rapid burst release of drug within the first 5–60 min. 

The amount of drug released in this stage is dependent on the drug content of 

the fibres, with a greater burst release being seen as the drug loading 

increases. There is then a plateau in which no further drug is released, and after 

the adjustment of pH to 6.8, the rest of the drug is freed from the fibres at an 

almost constant rate. The PEO/SA/drug fibres thus comprise time-controlled 

drug deliverysystems,wherethereisan“on/off”patternofdrugrelease(bursts

of release with a lag period between them). The release profile may be 

precisely tuned by varying the drug contents of the fibres. The materials may 

hence be used for colon-targeted drug delivery, and/or to deliver a desired 

amount of drug into the stomach in the fed state. 
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Chapter 3: The intercalation of valporate, naproxen and 

diclofenac sodium into hydroxy double salts. 

 

 

 

 

3.1. Introduction 

3.1.1 General overview 

 

Both hydroxy double salts (HDSs) and layered double hydroxides (LDHs) 

belong to the layered solids family, but HDSs have received much less attention 

than LDHs. Both have the same key structural features of positively charged 

layers and charge-balancing anions located in the interlayer region, but they 

differ in their layer compositions. LDHs contain a mixture of trivalent and mono 

or divalent metal cations.1–4 In contrast, HDSs contain only divalent metal 

cations; they are usually called layered hydroxide (or basic) salts (LHS or LBS) 

when they contain only one type of divalent metal.5–7 The generic formula of an 

HDS is [(M2+
x-1Me2+

x)(OH)3(1-y)] Xn-
(1+3y)/n·zH2O. M and Me are divalent metal 

ions such Zn, Cu, Ni, or Co.8,9 The interlayer anions can be either monovalent 

(e.g. Cl-, NO3
-) or divalent, such as CO3

2-.9,10 The interlayer anions can be 

replaced, through an ion exchange route, with a variety of anions (inorganic and 

organic anions).11–14 

 

LDHs have drawn the interest of many researchers for their potential as drug 

delivery systems. They have been widely explored in vitro and in vivo for drug 

delivery and have the resultant nanocomposites have shown much improved 

properties over the free drugs in terms of solubility, absorption, bioavailability 

and cells uptake.15–22 Much less attention has been paid to HDSs in general and 

specifically to their potential as delivery system.  
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The charge-balancing anions located in the interlayer region of HDSs can easily 

be replaced, and since a number of well known anti-epileptic, anti-inflammatory 

and analgesic agents are either carboxylic acids or carboxylic derivatives they 

comprise good candidates to be intercalated into the HDS host matrix.  

 

Non-steroidal anti-inflammatory drugs (NSAIDs), such as Diclofenac (Dic) and 

Naproxen (Nap), play important roles as anti-inflammatory, analgesic, and 

antipyretic agents.23,24 Valproic acid (Val) (otherwise known as 2-propylvaleric 

acid, 2-propylpentanoic acid or n-dipropylacetic acid) is used as an 

anticonvulsant and mood stabilizing drug.25,26 The chemical structures of these 

drugs are given in Figures 1.2,1.3 and 1.4. 

 

 

3.1.2 Scope of this chapter 

 

In this chapter, the intercalation of Dic, Nap and Val into HDSs is explored for 

the first time. These guests have been incorporated into a range of Zn-

containing HDSs, and the resulting products were characterized by X-ray 

diffraction, IR spectroscopy and elemental analysis. An in situ X-ray diffraction 

study was performed to investigate the intercalation mechanisms and kinetics. 

Molecular dynamics simulations were undertaken to aid interpretation of the in 

situ data, in addition gain more insight into the interactions between the layer 

and the guest ions. The release of the drugs from the HDSs system was studied 

in representative physiological conditions. 
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3.2 Results and Discussion 

3.2.1. Intercalation into Co1.2Zn3.8(OH)8(NO3)2·2H2O 

 

It proved easy to intercalate the organic species Dic, Nap and Val into                

Co1.2Zn3.8(OH)8(NO3)2·2H2O (CoZn-NO3) through an anion exchange method. 

Successful intercalation was confirmed by X-ray diffraction (XRD) and IR 

spectroscopy. Both before and after intercalation the materials are found to 

consist of roughly hexagonal platelets. An SEM image of the Dic intercalate 

(CoZn-Dic) is shown in Figure 3.1. 

 

 

 

Figure 3.1: An SEM image of CoZn-Dic. 
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3.2.1.1. X-ray diffraction 

 

XRD patterns of the drug intercalates of CoZn-NO3 are given in Figure 3.2. The 

reaction products show no characteristic basal reflections of the starting 

material, and a shift of the h00 basal reflections to lower angles; this 

corresponds to an increase in interlayer distance, which is indicative of the 

intercalation of a larger anion (Dic, Nap and Val) into the interlayer galleries of 

the HDS by anion exchange for NO3
-. The interlayer spacing increases from 9.7 

Å with CoZn-NO3 to 19.4 Å, 22.3 Å and 24.1Å for the Val, Dic and Nap 

intercalates, respectively. These are in good agreement with previous results for 

LDHs: Khan et al. recorded d-spacings of 22.3 Å for Dic, 21.5 Å for Nap and 

18.7 Å for Val. 27 All the diffraction patterns illustrate peak broadening, indicative 

of stacking defects. Full data are included in Table 3.1.  

 

 

Figure 3.2: XRD patterns of CoZn–NO3; CoZn-Dic; CoZn-Nap and CoZn-Val. 
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3.2.1.2. IR spectroscopy 

 

The intercalated compounds were also characterised by IR spectroscopy. 

Spectra of the CoZn-NO3, Dic, and the reaction product of CoZn-NO3 and Dic 

are shown in Figure 3.3. The spectrum of CoZn-NO3 shows typical features of 

an HDS. A broad peak centred at around 3250 cm-1 corresponds to H-bonded 

OHgroupsoftheHDSlayers.Theδ-vibration of the interlayer water molecules 

is located at 1636 cm-1, the NO3
- vibrations at ca. 1373 cm-1, and Zn–O 

vibrations from the HDS layers are visible below 1000 cm-1.  

 

The spectrum of Dic (Figure 3.3a) displays distinctive symmetric and 

asymmetric carboxylate bands at 1397 and 1572 cm-1 respectively. An 

additional peak at 746 cm-1 corresponds to the C-Cl group. The IR spectrum 

from the intercalation compound is a combination of those from the HDS and 

Dic. The spectrum of CoZn-NO3, provided in Figure 3.3a, contains a broad OH 

absorption band at around 3400 cm-1, and distinctive carboxylate vibrations at 

1572 and 1397 cm-1 as well as a C-Cl vibration at 746 cm-1. This indicates that 

the intercalation of Dic anion was successful. There is no visible peak at 1373 

cm-1 for the intercalate, implying that the nitrate ions have been displaced from 

the structure. The shift in the position of the asymmetric carboxylate band from 

1572 cm-1 in Dic to 1580 cm-1 in CoZn-Dic may be attributed to the electrostatic 

interactions between the COO- groups of Dic anions and the hydroxide layers. 

The IR spectra for the other HDS intercalates also show the disappearance of 

the nitrate absorption and the presence of characteristic bands from the guest 

ions (Figure 3.3b). Thus, all three drug ions are stable after intercalation into 

CoZn-NO3.  

 

 



Chapter 3 

126 
 

 

a 

 

b 

Figure 3.3: IR spectra of (a) CoZn-NO3, CoZn-Dic and Dic; (b) CoZn-Nap, CoZn-Val, Val and 
Nap. 
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3.2.2. Intercalation into other hydroxy double salts 

 

The influence of the initial interlayer anion and the layer composition on 

intercalation was explored with Val, Dic and Nap and three further HDSs: 

[Zn5(OH)8]Cl2.yH2O (Zn-Cl), [Zn5(OH)8](NO3)2.yH2O (Zn-NO3) and 

[Ni2Zn3(OH)8](NO3)2.yH2O (NiZn-NO3). The XRD data (Table 3.1) show that the 

intercalation compounds are largely analogous to those prepared from CoZn-

NO3. The exception to this was Val, where intercalation into Zn-Cl and Zn-NO3 

was not successful and only ZnO powder was recovered. XRD and IR 

spectroscopy (see Appendix II) demonstrated successful intercalation of the Dic 

and Nap anions into all the HDSs.   

 

Table 3.1: The interlayer spacings and chemical formulae of the various HDS-drug 
composites prepared. 

ID d200 

 (Å) 

Formula
a 

Elemental 
analysis/% Obsd 

(calcd) 

CoZn-NO3 9.7 Co1.2Zn3.8(OH)8(NO3)2·2H2O - 

 

CoZn-Val 

 

19.4 

 

Co1.2Zn3.8(OH)8(C8H15O2)2·2.5H2O 

C 24.46 (24.43) 

H 5.55 (5.51) 

N 0.0 (0.0) 

 

CoZn-Dic 

 

22.3 

 

Co1.2Zn3.8(OH)8(C14H10Cl2NO2)1.6(CO3)0.2· 

2H2O 

C 28.25 (28.83) 

H 2.77 (2.89) 

N 1.44 (2.30) 

 

CoZn-Nap 

 

24.1 

 

Co1.2Zn3.8(OH)8(C14H13O3)1.8(CO3)0.1· 

3.4H2O 

C 32.21 (32.50) 

H 4.12 (4.12) 

N 0.0 (0.0) 

NiZn-NO3 9.7 Ni2Zn3(OH)8(NO3)2·2H2O - 

 

NiZn-Dic 

 

21.2 

 

Ni2Zn3(OH)8(C14H10Cl2NO2)1.65(NO3)0.35 

2H2O 

C 27.91 (27.9) 

H 2.42 (2.89) 

N 3.31 (2.82) 

 

NiZn-Nap 

 

24.2 

 

Ni2Zn3(OH)8(C14H13O3)1.72 (CO3)0.14·2.7H2O 

C 32.21 (32.29) 

H 4.03 (4.00) 

N 0.0 (0.0) 

Zn-NO3 9.7 Zn5(OH)8(NO3)2·2H2O - 

 

Zn-Nap 

 

24.6 

 

Zn5(OH)8(C14H13O3)2·2H2O 

C 34.87 (35.12) 

H 3.90 (4.00) 

N 0.0 (0.0) 

 

Zn-Dic 

 

22.3 

 

Zn5(OH)8(C14H10Cl2NO2)2.4.2H2O 

C 33.68 (33.43) 

H 1.67 (3.01) 

N 3.05 (2.78) 
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3.2.3. Guest recovery 

 

The CoZn-Dic, CoZn-Nap and CoZn-Val intercalates were reacted with Na2CO3 

in D2O, and NMR spectra recorded of the filtrate from these reactions. The 

spectra after deintercalation are observed to be identical to those of the Dic, 

Nap and Val starting materials, confirming that the structural integrity of these 

drug molecules is retained. 

 

The 1H NMR spectrum of Val, shown in Figure 3.4, contains resonances at 0.83, 

1.22, 1.32 and 1.41 ppm, which are characteristic of an aliphatic n-propyl chain 

(CH3CH2CH2); their assignment is displayed in Figure 3.5c. The fourth signal at 

2.19 ppm is attributed to CH.  Similar findings (using CDCl3 as the solvent) were 

reported by Badawi et al.28 

 

  
a b 

Na+

O O-

0.83

0.83

1.22
1.22 2.19

1.32

1.32 1.41

1.41

 

c 
Figure 3.4: 

1
H NMR of Val (a) pure drug, (b) after intercalation and deintercalation from 

CoZn-NO3 and (c) the chemical structure with chemical shifts (calculated in ChemDraw). 
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3.2.4. Guest orientation 

 

The layer thickness of the HDS is around 8.5 Å (from end to end of tetrahedral 

sites). The lengths of the guest ions are calculated (using the Marvin software 

29) to be 7.09 Å (Val); 11.76 Å (Dic); and 12.88 Å (Nap). Comparing the lengths 

of the guests with the gallery height (the interlayer spacing minus the HDS layer 

thickness) suggests that the gallery height is between 1.5 and 2 times the 

length of the intercalated ions. This indicates that the guests adopt intertwined 

bilayer or bilayer arrangements. For Val, the gallery height is around twice the 

size of the ions, suggesting a perpendicular bilayer arrangement. A schematic 

of the guest orientation adopted with Val is provided in Figure 3.5. For Dic and 

Nap, the gallery height is greater than the size of one molecule and less than 

the length of two, indicating an intertwined bilayer arrangement. There are 

various possibilities of intertwined bilayer guest arrangements, and common 

ones that have been published are illustrated in Figure 3.5b (I, II).7,9,10  

 

  

a b 

Figure 3.5: Schematics showing the arrangement of Val in CoZn-Val (a) and (b) the various 
possible intertwined bilayer guest arrangements. The carboxylate group of the guest is 
highlighted in red and the layer tetrahedral in green. 
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To understand more about the intercalation process, a series of molecular 

dynamics (MD) simulations were undertaken (Figure 3.6). The simulation was 

allowed to run until the energy of the system was minimised. This resulted in a 

bilayer of drugs ions model given in Figure 3.6a. The Val ions can be seen to 

form a bilayer, resulting in an interlayer spacing of 19.1 ± 0.1 Å. This result is in 

good agreement with the experimental value (19.4 Å), with the small difference 

between experimental and simulation being well within the range of deviations 

reported in previous LDH modelling studies (very little modelling work has been 

done using HDSs).30–34 The Val ions adopt a perpendicular position in the 

interlayer regions, with their carboxylates facing the HDS layer and the aliphatic 

chains towards the centre. The simulation shows that H-bonding occurs 

between the COO- group of Val, water and the HDS layer. 

 

As for Val, MD simulations were used to acquire more insight into the 

intercalation processes, and the results are presented in Figure 3.6. When the 

simulations for Dic and Nap were allowed to run until an energy minimum was 

reached, the result is the Nap ions forming a bilayer arrangement between the 

HDS layers, with a d-spacing of 24.0 ± 0.1 Å (Figure 3.6b). This is in good 

agreement with the experimental value of 24.1 Å. The Nap ions form an “X”

shape in three dimensions (Figure 3.6b), in which the hydrophobic regions are 

close to each other in the centre and the hydrophilic regions (carboxylate) are 

close to the tetrahedral Zn and facing the positively charged layers. Demel.et al. 

reported the MD simulation of dodecyl sulphate intercalated into an HDS (Zn-

NO3) using the Dreiding force field (different from that utilised in this work), and 

found that the ions formed a bilayer arrangement similar to that in               

Figure 3.5b(I).35  

 

MDsimulationshowsthatDicionsforman“X”shape in 3D (Figure 3.6c), very 

similar to Nap, leading to an interlayer spacing of 22.0 ± 0.3 Å.  
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a 

  

b c 

Figure 3.6: MD results for the intercalates of Val, Nap and Dic into Zn-NO3 in the energy 
minimised structure. (a) Val with H-Bonds in blue;(b) Nap and (c) Dic.  
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3.2.5. In situ diffraction 

 

The intercalation of Dic, Nap, and Val into the HDSs was studied using in situ 

diffraction. The reactions were observed to be too slow for effective monitoring 

at 60 ºC. At 70 ºC and above, the reactions were faster, and thus kinetic and 

mechanistic parameters could be extracted.  

 

 

3.2.5.1. Intercalation of Val into CoZn-NO3 

 

At all temperatures, the intercalation of Val was seen to be a one stage process, 

proceeding directly from the CoZn-NO3 starting material to the CoZn-Val 

product. No crystalline intermediate phases were visible in the diffraction data 

(Figure 3.7a). 

 

A comparison of the datasets for Val reveals that the intercalate exhibits 

virtually the same d-spacing in situ and ex situ (19.8 and 19.4 Å respectively). 

The intensities of the 200 reflections of the CoZn-NO3 and CoZn-Val materials 

wereintegrated,andconvertedintoextentofreactionvs.time,α: 

 

α = Ihkl(t)/Ihkl(max)                                                    (1) 

 

where Ihkl(t) is the intensity of a reflection hkl at time t, and Ihkl (max) is the 

maximum intensity of that reflection. A plot illustrating the change in intensity of 

the 200 reflections for the intercalation of Val into CoZn-NO3 is illustrated in 

Figure 3.7b. 

 

TheαvstcurvesinFigure3.7bcrossatα≈0.45whichindicatesaonestage

transformation. This crossing point reveals that the diffracted intensity lost from 

the starting material is matched by the diffracted intensity gained by the product, 

and therefore the intercalation reaction has not passed through an intermediate 
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phases (NB: there is an overlap between the 200 reflection of CoZn-NO3 with 

the 400 of CoZn-Val; therefore, the change in intensity of the starting material 

reflection was not plotted after 10 min). If there is an intermediate stage, the 

startingmaterialandproductcurvesshouldcrossclosetoα≈0. 

 

  

a b 

 

c 

Figure 3.7: In situ data for the intercalation of Val into CoZn-NO3 at 80 ºC. (a) A contour plot 
of the raw data; (b) Extent of reaction vs time data showing the changes in intensity of the 
host(■)andproduct(●) 200 reflections; and (c) a Sharp–Hancock plot of the product 200 

reflection.  
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The study of the kinetics of solid-state reactions is helpful, because it enables 

us to obtain quantitative information (such as half-lives, rate constants, etc) 

about the reactions and the factors affecting them. Moreover, it allows the 

deduction of mechanistic information about the reactions investigated.36 

Generally, kinetic analysis can be obtained by fitting the experimental data to a 

theoreticalexpressionrelatingtheextentofreaction(α)andtime.Itispossible

to derive specific forms of f(α)forarangeofpossiblemechanisticscenarios,by

making assumptions about the nucleation as well as growth processes (such as 

the number of dimensions in which growth takes place and the relative 

importance of nucleation and diffusion as the reaction progresses). Kinetic 

analysis generally involves comparison of the experimental data with the 

theoretical models.36 In solid-state kinetics, one of the most commonly used 

kinetic expressions is the Avrami-Erofe’ev expression.37–39,40 This expression 

divides the reaction into separate stages of product nucleation and nuclei 

growth. An automated Gaussian fitting routine is usually utilised to calculate the 

peak areas of the Bragg reflections. These values are then converted to the 

extentofreactionattimet,α(t), defined as  

 

The Avrami–Erofe’evmodelhasthegeneralfunctionalform: 

 

α = 1 – e -[k(t-t0)]n                                                                                              (2) 

 

whereαistheextentofreaction, t0 is the induction time, k is the rate, and n (the 

reaction exponent) encloses information on the reaction mechanism.10 This 

expression can conveniently be rearranged to give: 

 

ln(-ln(1 - α)) = n ln k + n ln(t - t0)                                      (3) 

 

t0 is an optional term used to take into account any induction time or zero error 

and is found to be zero for these systems. 
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Thisexpressionismostlyapplicableintherange0.15<α<0.8.41 The exponent 

n can be exploited to infer information about the rate of nucleation and the 

mechanism of nuclei growth,42 k is the rate of reaction. The value of n can most 

easily be obtained using a Sharp-Hancock plot,43 which is a plot of ln[-ln(1 - α)]

vs ln(t) and gives a straight line of gradient n and intercept n ln k if the Avrami 

method is valid. Therefore, testing the linearity of a Sharp-Hancock plot is a 

good way of determining if a reaction proceeds via a consistent mechanism, 

and since each of the theoretical models has a characteristic value of the 

exponent, n, the values of n extracted from such plots can be used to infer 

information about the mechanism of crystallization (Table 3.2). 

 

Table 3.2: Functional forms of the common rate equations used to model solid-state 
reactions.

42
 

Dimension of 
growth 

Nucleation rate Exponent value (n) 

  Phase boundary 
controlled 

Diffusion 
controlled 

 

1 

Zero 
(instantaneous) 

Deceleratory 

Constant 

1 

 

1-2 

2 

0.5 

 

0.5-1.5 

1.5 

 

2 

Zero 
(instantaneous) 

Deceleratory 

Constant 

2 

 

2-3 

3 

1 

 

1-2 

2 

 

3 

Zero 
(instantaneous) 

Deceleratory 

Constant 

3 

 

3-4 

4 

1.5 

 

1.5-2.5 

2.5 
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A Sharp–Hancock plot was generated for Val intercalation at 80 ºC, and is given 

in Figure 3.7c. The plot is linear, indicating that the reaction proceeds via a 

consistent mechanism over almost the entire course of the reaction, and that 

the Avrami–Erofe’evmodelissuitableforthissystem.Thereactionexponentn

can be calculated from the gradient, and the rate constant k from the intercept 

of the graph. The reaction exponent n is observed to be ca. 1 at 80 ºC (Table 

3.3). This means that the reaction mechanism is a nucleation–growth type, with 

instantaneous nucleation and two dimensional diffusion control thereafter. The 

layer edges are the nucleation sites, and ‘‘instantaneous’’ nucleation is

observed since all these are present at the beginning of the reaction. Two-

dimensional diffusion control indicates that, when a pair of layers has been 

prised apart (‘‘nucleation’’), the diffusion of the new guestmolecules into the 

interlayer space is easy: thus, diffusion control operates thereafter.10 

 

The intercalation of Val into NiZn-NO3 gave similar results to the CoZn-NO3 

reaction, with a one stage reaction observed and reflections arising at 

essentially the same d-spacings as for CoZn-NO3 (see Appendix II). The 

reaction with Zn-NO3 could not be explored due to the limited availability of 

synchrotron time. 

 

Table 3.3: Summary of the kinetic data for Val. 

 Temperature (ºC) n k (10-3.s-1) 

NiZn-NO3 80 1.043 2.955 

CoZn-NO3 80 0.971 1.525 
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3.2.5.2.  Intercalation of Dic 

3.2.5.2.1.  Intercalation into CoZn-NO3 

 

In situ data for Dic intercalation at 80 ºC into CoZn-NO3 are given in Figure 3.8. 

No intermediates are observed: the starting material is converted directly to the 

product. However, there is a peak (9.2 Å) which appeared after the product 200 

reflection began to grow in. The latter peak moves to lower d-spacing with time. 

The identity of this reflection is uncertain, and it is thought it might be an artefact 

in the beginning and is discussed below. Plots of α vs. time are depicted in 

Figure 3.8b. The α vs. t curves of the starting material and final product cross 

close to α ≈0.45,whichconfirmsa one-step transformation. There is very large 

difference between the intercalate interlayer spacing observed in situ and ex 

situ (16.5 Å vs 22.3 Å). The reasons behind this are not completely clear, but 

this may be a result of the guests reorienting on drying.  

 

  

a b 

Figure 3.8: In situ data for the intercalation of Dic into CoZn-NO3 at 80 ºC. (a) a contour plot 
of the raw data; and, (b) an extent of reaction vs time plot showing the changes in intensity of 
thehost(■),andproduct(●) 200 reflections.  
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A Sharp–Hancock plot for the product 200 reflection is given in Figure 3.9. The 

plot is not linear, and shows that there are at least two distinctive segments in 

the reaction with a change in reaction mechanism part way through the 

intercalation process. The values of n and k are given in Table 3.4. The values 

for n calculated here do not appear consistent with any of the likely mechanisms 

for intercalation into a layered material, and so no conclusions may be drawn 

here. 

 

 

Figure 3.9: A Sharp–Hancock plot of the product 200 reflection for the intercalation of Dic 

into CoZn-NO3 
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3.2.5.2.2. Intercalation into Zn-NO3  

 

In situ diffraction data for the intercalation of Dic into Zn-NO3 are shown in 

Figure 3.10. The product 200 reflection in situ is located at 16.3 Å, a much 

smaller interlayer spacing than observed ex situ (22.3 Å). In addition to the 

starting material and product reflections, another (low intensity) reflection can 

be seen at around 9.2 Å. This is believed to be some sort of reaction 

intermediate rather than an artefact, since it appeared in all the reactions 

studied. Intermediate phases have previously been observed during the 

intercalation of guests into LDHs and HDSs.44–47 Plots of α vs. time for 

intercalation are depicted in Figure 3.10b. The α vs. t curves of the starting 

material and final product cross close to α ≈0.4,andtheintermediateandfinal

product curves also intersect at α ≈ 0.4. From these data, it is thus hard to

confirm whether the reaction occurs in one step, with an artefact present in the 

data, or if this is a true two-step transformation.  

 

All the in situ work described thus far was performed on Beamline F3 of the 

DORIS facility at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg. 

To explore the intercalation of Dic into Zn-NO3 in more detail and to determine 

whether a one or two step process is operational we undertook additional 

experiments on Beamline I12 of the Diamond facility. This has a much higher 

resolution area detector, with a wider angular detection range, than the Ge 

detector present on F3. The raw data (see Figure 3.10) show the product peak 

200 reflection to arise at around 16.3 Å, similar to the DESY data. In addition, 

further peaks can be observed, including the 400 at 8.2 Å and 600 at 5.4 Å.  
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a b 

    

c d 

Figure 3.10: In situ data for the intercalation of Dic into Zn-NO3. (a) Raw data obtained at 
DESY at 80 ºC; (b) an extent of reaction vs. time plot showing the changes in intensity of the 
host, intermediate and product 200 reflections from the DESY data, and data obtained using 
Diamond (c) at 80 ºC, and (d) at 70 ºC. 
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Both in situ experiments hence show the Zn-Dic product to have a 200 

reflection with a lower d-spacing than that observed ex situ, which led us to 

carry out a quenching reaction under the same conditions. In this we halted the 

reaction after 80 min. The XRD pattern of the quenched product (Figure 3.11) 

shows a virtually identical interlayer spacing to that observed in situ (15.6 Å), 

with an intense 200 reflection and weak 400 & 600 reflections. Afterwards, the 

quenched product was returned to the Dic solution and left to stir for 12 h at 80 

ºC. The XRD pattern of the material recovered shows a very intense reflection 

at 20.5 Å, while the phase at 15.6 Å has almost vanished. Based on this data, 

the in situ phase seen at 16.3 Å appears to be a long-lived intermediate. The 

CHN analysis data of the quenched material shows that only 65 % of the nitrate 

ions (NO3
-) were replaced by Dic ions. However, for the final product (Table 3.1) 

the data demonstrate that all the initial nitrate ions were replaced by Dic.  

 

The intercalation of Dic into Zn-NO3 showed a strange phenomenon: a drop in 

the intensity of the host 200 reflection, followed by a subsequent increase. This 

was initially assumed to be the result of a stirring problem. However, comparing 

the Diamond data (at 70 ºC and 80 ºC, see Figure 3.10c, d) with DESY data 

(Figure 3.10a) shows that this occurred at roughly the same time in all 

experiments. This led us to re-examine the previously studied intercalation into 

CoZn and it shows a similar trend (Figure 3.8). Since this phenomenon is 

observed in a number of experiments, it is highly unlikely to be related to a 

stirring problem. It is unlikely to be some sort of phenomenon involving the 

layers coming into better register and thus giving greater intensity, since the 

intercalation of Nap into Zn-NO3 (below) does not show this phenomenon and 

no one has reported this phenomena previously, even though there have been 

a number of in situ studies of intercalation into Zn-NO3 and Zn-Cl.10 Hence, it is 

proposed that some sort of an intermediate phase with the same d-spacing as 

the starting material may be forming.  
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To confirm this suggestion, experiments were performed with Zn-Cl, since it has 

a different initial interlayer spacing (7.8 Å) to that of Zn-NO3. If the phenomenon 

seen with Zn-NO3 is not related to an intermediate, no peak should be seen 

around 9.8 Å. Quenching reactions were conducted in the same conditions as 

were deployed in situ, with the reaction halted after a range of different times. 

The XRD patterns shown in Figure 3.11 demonstrate that the in situ 

phenomenon seen during the intercalation of Dic into Zn-NO3 is caused by an 

intermediate that has a d-spacing of 9.8 Å. In addition, the peak seen at 9.2 Å is 

a genuine reflection and not an artefact. 

 

  

I II 

 

III 

Figure 3.11: The intercalation of Dic into all-Zn HDS systems. XRD patterns of the quenched 
products obtained for  intercalation into the (I) Zn-NO3 system for (a) 0 min, (b) 80 min and (c) 
12 h; (II) Zn-Cl system after (a) 0 min; (b) 120 min and (c) 24 h. (III) depicts an extent of 
reaction vs time plot showing the changes in intensity of the host, intermediate and product 
200 reflections, in addition to lines illustrating where an intermediate is suspected to be 
overlapping with the host 200 reflection. 
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It is not immediately obvious from the d-spacings observed exactly what the 

nature of the intermediate is; it does not appear to be a classical staging 

intermediate as has been observed previously for LDHs. Molecular dynamics 

simulations were performed to investigate this in more detail, and the results are 

presented in Section 3.2.7. 

Plots of α vs. time for Dic intercalation into Zn-NO3, which illustrates the 

suspected trends, are depicted in Figure 3.11. The reaction process for Dic 

intercalation can thus be summarised as follows: 

Zn-NO3 (9.80 Å)  Intermediate 1 (9.80 Å)  Intermediate 2 (9.20 Å)  

Intermediate 3 (16.33 Å)  Product (22.30 Å).                                                                              

The intercalation reaction is 4-steps transformation, which has gone via three 

intermediates phases. 

A Sharp–Hancock plot for the Zn-NO3 and Zn-Dic 200 reflections is given in 

Figure 3.12. Both plots are non-linear, and show that there are at least two 

distinctive phases during the reaction. This indicates that the reaction proceeds 

via a changing mechanism, in agreement with the above analysis. The n values 

calculated indicate that the mechanism which takes place as the starting 

material 200 reflection approaches zero (Figure 3.12a) is the same as that 

when the product begins to grow in (see Figure 3.12b). It seems that the first 

stage in the plot given in Figure 3.12a is related to the starting material (Zn-

NO3) and the second to an intermediate phase. The values of n and k 

calculated are summarised in Table 3.4.  

  

a b 
Figure 3.12: Sharp–Hancock plots of the (a) host and (b) product 200 reflections for the 

intercalation of Dic into Zn-NO3. 
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3.2.5.2.3. Intercalation into NiZn-NO3  

 

 

The intercalation of Dic into NiZn-NO3 appears more straightforward process 

than its reactions with the other HDSs studied. The raw data (Figure 3.13a) 

show the product peak 200 reflection to arise at around 24.3 Å (400: 12.2 Å, 

600: 8.2 Å). The d-spacing in situ is similar to that observed ex situ (21.2 Å). 

The starting material 200 reflection shifts from 9.8 Å to 9.5 Å during the 

reaction, which was not seen with the intercalation of Val into NiZn-NO3. Plots of 

α vs. time for intercalation are depicted in Figure 3.13b. The α vs. t curves of the 

starting material and final product cross close to α = 0.5, confirming a one-step 

transformation. 

 

A Sharp–Hancock plot for the product 200 reflection of NiZn-Dic is given in 

Figure 3.13c. The plot is linear, indicating that the reaction proceeds via a 

consistent mechanism over the entire course of the reaction. The reaction 

exponent n is observed to be ca. 1 at 80 ºC. This means that the reaction 

mechanism is of nucleation–growth type, with instantaneous nucleation and two 

dimensional diffusion control thereafter, as seen for the intercalation of Val into 

CoZn-NO3 and NiZn-NO3.  

 

 

Table 3.4: Summary of the kinetic data for Dic intercalation. 

 Temperature 
(ºC) 

n k (10-3.s-1) 

Zn-NO3 80 3.503 (a) 0.766 

1.068 (b) 0.701 

CoZn-NO3 80 6.105 (a) 1.053 

3.829 (b) 1.121 

NiZn-NO3 80     1.004 1.183 
(a) The first stage of reaction 
(b) The second stage of reaction 
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a b 

 

c 

Figure 3.13: In situ data for the intercalation of Dic into NiZn-NO3 .(a) Raw data collected at 
80 ºC (b) an extent of reaction vs time plot showing the changes in intensity of the host and 
product 200 reflections, (c) a Sharp–Hancock plot of the product 200 reflection. 
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3.2.5.3. Intercalation of Nap 

3.2.5.3.1. Intercalation into CoZn-NO3 

 

In situ diffraction data for the intercalation of Nap are given in Figure 3.14. 

Experiments were performed both at Diamond and DESY to ensure the 

reproducibility of the results obtained. The intercalation of Nap into CoZn-NO3 at 

80 ºC shows that the intercalate has essentially the same interlayer spacing in 

situ and ex situ (24.3 Å vs. 24.1 Å). A clear crystalline intermediate phase was 

observed in the diffraction data, with two distinctive reflections that appear and 

disappear virtually at the same time (the 400 and 600 reflections were clearly 

observed but the 200 was beyond the detection window). The intermediate 

possesses a higher d-spacing than the final CoZn-Nap product.  

 

The intensities of the CoZn-NO3 200, CoZn-Nap 400 and the intermediate 400 

reflections were integrated and are plotted as α vs t curves in Figure 3.14c. The 

reflections from CoZn-NO3 and CoZn-Nap cross at α ≈ 0, consistentwith the

observation of an intermediate. The starting material vs intermediate curves 

crossatα≈0.5,asdotheintermediatevs product curves. This indicates a two 

stage transformation, since the diffracted intensity lost from the starting material 

is matched by diffraction intensity gained by the intermediate, and that lost from 

the intermediate is gained by the product; hence the intercalation reaction has 

gone via an intermediate phase. It should be noted that there is an overlap of 

the 200 reflection from CoZn-NO3 with the 600 of the intermediate. Therefore, 

the change in the intensity of the host reflection was not plotted after 4 min.  

 

The Sharp–Hancock plot for CoZn-Nap is given in Figure 3.14d. The plot is not 

linear (it shows that there are two distinctive phases), indicating that the 

intercalation process proceeds via an inconsistent mechanism. The n and k 

values are summarised in Table 3.5. The values for n calculated here do not 

appear consistent with any of the likely mechanisms for intercalation into a 

layered material, and so no conclusions may be drawn here. Molecular 

dynamics simulations were performed to investigate this in more detail the 

intermediate phase, and the results are presented in Section 3.2.7. 
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a b 

  
c d 

Figure 3.14: In situ data for the intercalation of Nap into CoZn-NO3 at 80 ºC. Raw data 
obtained at (a) DESY and (b) Diamond; (c) an extent of reaction vs time plot showing the 
changes in intensity of the host 200,intermediate and product 400 reflections; (d) a Sharp–
Hancock plot for the product 400 reflection.  

 

 

 

 

 

 

 

 



Chapter 3 

148 
 

3.2.5.3.2. Intercalation into Zn-NO3 

 

The intercalation of Nap into Zn-NO3 (Figure 3.15a, b) also seems to proceed 

via a crystalline intermediate phase. In Figure 3.15b, a small peak can be seen 

at 21.5 Å in the data (400: 10.7 Å, 600: 7.1 Å). This was not observed when the 

experiment was performed at DESY, probably due to the poorer resolution of 

the latter detector. A further intermediate peak is located at 9.2 Å; this appears 

after the first intermediate. It seems that there are two product phases, one at 

24.0 Å (product 1) and a second around 20.8 Å (product 2). This could be 

correlated with the existence of two different arrangements of Nap ions inside 

the Zn-Nap system here. The product 1 reflection appeared after the 

disappearance of both intermediates. It seems that there is a direct relationship 

between this product and the intermediates, but no connection between the 

other product and the intermediates, since they emerge practically at same 

time. After drying the product, the XRD pattern (Appendix II) contains a very 

intense reflection at around 24.0 Å, while the peak around 20.8 Å had virtually 

vanished. This is in agreement with the data observed ex situ, where the Zn-

Nap system show an interlayer spacing of 24.6 Å. 

 

The Sharp–Hancock plot for the two product (Zn-Nap) 200 reflections are given 

in Figure 3.15d,e. The plot for the product 2 peak shows linearity, so the 

reaction proceeds via a consistent mechanism over its entire course. The plot 

for the product 1 peak is not linear (it shows that there are two distinctive 

phases), indicating that the reaction proceeds via an inconsistent mechanism. 

The n and k values are summarised in Table 3.5. The values for n calculated 

here do not appear consistent with any of the likely mechanisms for 

intercalation into a layered material, and so no conclusions may be drawn here. 
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a b 

 

c 

  

d e 

Figure 3.15: In situ data for the intercalation of Nap into Zn-NO3 at 80 ºC (a) raw data obtained 
at DESY, (b) the raw dataset from Diamond, (c) Extent of reaction vs time data showing the 
changes in intensity of the host, intermediate and product 200 reflections, Sharp–Hancock plot 
for the 200 reflections of the two product phases observed (d) product 2 (20.8 Å) and (e) 
product 1 (24.0 Å) 
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3.2.5.3.3. Intercalation into NiZn-NO3 

 

In situ data for Nap intercalation into NiZn-NO3 at 80 ºC are given in Figure 

3.16a.No intermediates are observed, and theα vs t curves inFigure 3.16b 

cross at α ≈ 0.5 which indicates a one step process, as seen for the 

intercalation of Val and Dic into this system. The raw data show the product 200 

reflection to arise at around 24.6 Å (400: 12.4 Å, 600: 8.3 Å). The d-spacing in 

situ is very similar to that observed ex situ (24.2 Å).  

 

A Sharp–Hancock plot for the product 200 reflection is given in Figure 3.16c. 

The plot is not linear, and shows that there are at least two distinctive phases. 

The reaction was also studied at lower temperatures (60, 70 and 75 ºC). Below 

80 ºC, all the Sharp-Hancock plots are linear, indicating that at these 

temperatures a consistent mechanism over the entire course of the reaction. 

The reaction exponent n is observed to be ca. 1 when temperature is lower than 

80 ºC (see Table 3.5). Williams and co-workers saw similar results when they 

intercalated 1,2 benzenedicarboxylate into Zn-NO3 at 90 ºC: non-linear Sharp–

Hancock plots were obtained with two distinctive phases, and the exponent 

values of 0.65 and 1.28. At 80 ºC, the Sharp–Hancock plot was linear and n ≈ 

1.10  

 

The activation energy (Ea) for the intercalation of Nap into NiZn-NO3 is 

estimated to be around 45 kJ mol-1 from the k values (Table 3.5). Based on the 

reaction exponent n (Table 3.5), the intercalation of Nap is a complex process, 

with a number of different mechanisms being operational depending on the 

HDS (Zn-NO3, NiZn-NO3 and CoZn-NO3) and the reaction temperature.  
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Table 3.5: Summary of the kinetic data for Nap.  

HDS Temperature 
(ºC) 

n k (10-3.s-1) Activation energy (Ea) 
(kJ mol-1) 

CoZn-NO3 80 2.777(a) 1.610  

0.838(b) 1.315  
 
 

NiZn-NO3 
 
 

60 0.978 1.222  
44.673 70 0.978 1.630 

75 1.185 2.089 

80 
 

2.979(a) 4.623  

0.789(b) 5.905  
Zn-NO3 

 
 

80 
3.425(2) 2.538  

2.891(1)(a) 1.607 

0.833(1)(b) 1.410 
(1) product 1, (2) product 2. 
(a) The first stage of reaction,(b) The second stage of reaction 
 

  

a b 

 

c 

Figure 3.16: In situ data for the intercalation of Nap into NiZn-NO3 at 80 ºC (a) the raw data 
obtained at DESY, (b) an extent of reaction vs time plot showing the changes in intensity of 
the host and product 200 reflections and (c) a Sharp–Hancock plot for the product 200 
reflection. 
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3.2.6. Comparison of in situ datasets 

 

The reaction exponent values for all the intercalation reactions are collated in 

Table 3.6. The reaction exponent n for the intercalation of Dic, Nap and Val into 

NiZn-NO3 is observed to be ca. 1 at the different temperatures studied. This 

means that the reaction mechanism is a nucleation–growth type, with 

instantaneous nucleation and two dimensional diffusion control thereafter. It 

seems the intercalation process into NiZn-NO3 goes via this same mechanism 

for all the guests studied and is rapid process. The intercalation of Val into both 

CoZn-NO3 and NiZn-NO3 occurs by the same mechanism.  The majority of the 

one step intercalation reactions show linear Sharp–Hancock plots (the 

exception being NiZn-Nap at 80 ºC), while the more complex multi-step 

processes have distinctly non-linear Sharp–Hancock plots.   

 

Table 3.6: A summary of reaction exponent data for Dic, Nap and Val intercalation. 

HDS Guest Temperature 
(ºC) 

n Sharp–
Hancock plot 

linearity 

Presence of 
intermediate 

CoZn-NO3 Val 80 0.971 linear - 

NiZn-NO3 Val 80 1.043 linear - 

      

Zn-NO3 Dic 80 3.503(a) non-linear yes 
1.068(b) 

CoZn-NO3 Dic 80 3.829(a) non-linear yes 
6.105(b) 

NiZn-NO3 Dic 80 1.004 linear - 

      

 

Zn-NO3 

 

Nap 

70 1.026 linear - 

 

80 

3.425(2) linear - 

2.891(1)(a) non-linear yes 
0.833(1)(b) 

 

CoZn-NO3 

 

Nap 

70 2.866 linear - 

80 2.777(a) Non-linear yes 

0.838(b) 

 

 

NiZn-NO3 

 

 

Nap 

60 0.978 linear - 

70 0.978 linear - 

75 1.185 linear - 

80 2.979(a) non-linear - 
0.789(b) 

(1) product 1, (2) product 2. 
(a) The first stage of reaction,(b) The second stage of reaction. 
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3.2.7. Molecular dynamics for the in situ data 

 

As was revealed in Section 3.2.5, a number of the reactions studied proceeded 

via crystalline intermediate phases. To obtain more insight into the precise 

nature of these, molecular dynamics (MD) simulations were undertaken. 

Modelling of the CoZn and NiZn mixed systems was not undertaken because of 

uncertainty as to the precise arrangement of metal ions in the systems. XPS 

data revealed that the Co2+ and Ni2+ both occupy octahedral sites in the HDS, 

Since no crystal structure is known here it would have been very difficult to 

establish an acceptable model. Thus, MD was performed for the all-Zn HDS. 

 

The intercalation of Nap into Zn-NO3 showed there to be intermediate phases at 

27.0 and 28.8 Å. MD simulation of the higher d-spacing intermediate phase 

shows that the Nap ions are arranged in a perpendicular bilayer arrangement 

(Figure 3.17a). This yields a d-spacing of 28.0 Å. This arrangement is unstable, 

and thus the Nap ions rearrange themselves in an intertwined bilayer to give a 

phase with an interlayer spacing of 24.3 Å as discussed in Section 3.2.5.3.1.  

 

The MD of the Dic intermediate phase shows that the guest ions are arranged 

in a perpendicular monolayer arrangement (Figure 3.17b) with a d-spacing of 

16.0 Å. The carboxylate groups of Dic and NO3 ions are close to Zntetra. This 

arrangement becomes unstable when number of Dic ions in the interlayer 

region increases and the amount of NO3 ions declines. As a result, at a critical 

Dic content the ions rearrange themselves in an intertwined bilayer 

arrangement to give a phase with an interlayer spacing of 22 Å.  
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a b 

Figure 3.17: MD results for the orientation in the intermediate phase of (a) Nap at 28.0 Å and 
(b) Dic at 16.0 Å.   

 

 

3.2.8. Drug release 

 

A drug release study was carried out on selected samples in a phosphate buffer 

saline (PBS) (pH 7.4) to explore the potential of the HDS systems for drug 

delivery. Dic release (see Figure 3.18a) was faster from the all Zn HDS (Zn-

NO3) than from those containing a mixture of divalent metals (CoZn-NO3 and 

NiZn-NO3). Dic was released fully within 6 h from Zn-Dic (Figure 3.18a). Dic 

release from CoZn-Dic was slightly faster than from NiZn-Dic and the full 

loading was released within 24 h. However, a maximum of around 75 % release 

was observed from NiZn-Dic after 6 h, after which the release rate decreased 

and only 85 % release was reached after 24 h (Figure 3.18). The Dic release 

from the different HDSs shows a fast release rate in the beginning, followed by 

a more moderate rate. This two-stage release behaviour has previously been 

reported from LDH and HDS systems for various drugs, including NSAIDs.48–52  
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The Nap release profile from CoZn-Nap is given in Figure 3.19b; the full drug 

loading was released within 5 h. Nap release thus occurred faster than Dic from 

the CoZn system. This could be explained by its higher solubility than Dic.53,54 

As a result of these preliminary experiments, it is clear that the intercalates 

seem to have promise for sustained release. 

 

  

a b 

Figure 3.18: Drug release in a PBS buffer. (a) Dic from Zn-Dic, NiZn-Dic and CoZn-Dic; (b) 

Nap from CoZn-Nap.   

 

 

In the second step, a trial drug release was carried out in conditions that mimic 

passage through the human gastrointestinal tract (see Appendix II). The carrier 

Zn-Dic released only 2 % of its drug loading in acidic media (2 h). The release 

rate was faster once the pH was increased to 6.8, and Zn-Dic released most of 

its loading within 9 h. The drug release from CoZn-Dic was slower, as seen at 

pH 7.4 (in PBS), and was complete after around 21 h. Dic release from both Zn-

Dic and CoZn-Dic shows a slower rate at pH 6.8 than 7.4; the correlation 

between the rate of release from layered systems and pH has been reported 

previously.55,56 On the basis of the data obtained to date, HDSs seem to have 

promise for sustained release and the release profiles observed comply with the 

pharmacopeia requirements for intestinal drug targeting.57–59  
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3.2.9. Drug delivery potential of HDSs 

 

The release data obtained above show that the CoZn, NiZn and Zn-based 

HDSs have great potential as sustained release drug delivery systems. There 

has been a small amount of work using HDSs for drug delivery prior to this.60,61 

Much more attention has been paid to LDHs, however. For instance, Mg/Al 

based layered double hydroxides loaded with omeprazole have been used in 

the treatment of ulcers and showed better therapeutic effects than omeprazole 

on its own.62 LDHs intercalated with drug molecules can reduce the side-effects 

of NSAIDs significantly, owing to their basic nature.63,64 Zinc and aluminium 

have almost the same LD50 (lethal dose, 50 %),
65–70 and in experiments looking 

into Mg/Al-NSAID intercalates no animals died prior to sacrifice.62,63 Both the 

LDH and HDS materials are basic, and so it is hoped that HDSs will reduce the 

side-effects of NSAIDs in a similar manner to LDHs. 

 

However, free metals can be absorbed during their passage through gastro-

intestinal tract,71 and since it has been reported that metals can leach from 

HDSs it is important to consider the possible uptake of metals into the body and 

their concentration. Zinc is an essential trace element in humans and animals, 

because it is crucial for the function of a large number of metalloenzymes.65–67,69 

Therefore, oral uptake of small amounts of zinc is indispensable for endurance. 

The recommended dietary allowance (RDA) for zinc is 11 mg/day for men, 8 

mg/day for women, and lower for infants (2–3 mg/day) and children (5–9 

mg/day) because of their lower average body weights.72 This is significantly 

below the LD50 value, which has been estimated to be 27 g/day for humans, 

based on comparison with equivalent studies in rats and mice.67  

 

Usually, the daily maximum dose of diclofenac is around 200 mg (the required 

dose depends on many factors such as the nature of a diseased being treated, 

age of the patient, etc). The chemical formulae of the intercalates are Zn5(OH)8-

(Dic)2 .(H2O)2 (for 200 mg diclofenac, there is 110 mg of zinc). The HDS are 

unlikely to be absorbed in the intestine due to their size, charge and insolubility 

in aqueous media.73,74 In any event, even if they were fully absorbed, the 
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amount of zinc would be far below the LD50 (27g) for an adult (Table 3.8). Thus, 

the Zn-based systems are expected to be safe as drug delivery systems. 

 

Acute oral lethality investigations imply that soluble nickel compounds are more 

toxic than its less-soluble compounds. LD50 values are between 39-139 mg/kg. 

In rats the oral LD50 values for the less soluble nickel compounds such as nickel 

oxide and subsulphide were >3,930 and >3,665 mg / kg, respectively.75–79 

Cobalt is another essential mineral required, in the composition of vitamin B12, 

in very small amounts:  the daily required dose is 1.5 µg for adults.80 The LD50 

for Cobalt ranges from 42.4 - 418 mg cobalt/kg. An LD50 of 3,672 mg cobalt/kg 

was determined for tricobalt tetraoxide, a highly insoluble cobalt compound.81–84  

 

HDSs remain stable after intercalation and deintercalation. In addition, the in 

vitro tests show that HDSs are unlikely to break down during gastro-intestinal 

transit, and only small amounts of metal ions are observed to leach from the 

systems. If the HDS structure was fully disintegrated during gastro-intestinal 

transit, and all the metals were absorbed then drug delivery systems based on 

all three HDSs would in many cases remain non-toxic: calculated exposure 

values are summarised in Table 3.7. 
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Table 3.7: The amounts of Zn, Co, and Ni required per day to deliver a therapeutic 
dose of Dic, Nap, or Val, together with LD50 values for the metals.  

 

HDS Drug Daily 
dose of 

drug (mg) 

Amount of 
metals (mg) 
required for 
daily dose 

LD50(Zn) 

mg/Kg/day 

LD50(Ni) 

mg/Kg/day 

LD50(Co) 

mg/Kg/day 

 

Zn-NO3 

Dic 25 - 200 Zn:14-111 186-623 - - 

Nap 250-1500 Zn:178-1069 186-623 - - 

Val 200-2500 Zn:228-2853 186-623 - - 

 

 

 

NiZn-NO3 

Dic 25-200 
Zn:8-66 

Ni:5-40 
186-623 39-139 

- 

Nap 250-1500 
Zn:107-856 

Ni:64/512 
186-623 39-139 

- 

Val 200-2500 
Zn:137-1712 

Ni:82-1025 
186-623 39-139 

- 

 

 

 

CoZn-NO3 

Dic 25-200 Zn:10-80 

Co:3-27 

 

186-623 

-  

42.4-418 

Nap 250-1500 
Zn:135-813 

Co:39-231 
186-623 - 42.4-418 

Val 200-2500 
Zn:174-2169 

Co:49-617 

 

186-623 

-  

42.4-418 
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3.3. Conclusion 

 

Dic and Nap were intercalated into several Zn-based HDSs. The intercalation of 

Val into Zn-NO3 and Zn-Cl could not be achieved successfully, and led to the 

destruction of the HDS layers to yield ZnO. In contrast, the presence of Co2+ or 

Ni2+ in the HDS appears to stabilise the layers and resulted in the successful 

intercalation of Val into CoZn-NO3 and NiZn-NO3. In situ time resolved X-ray 

diffraction experiments showed that the intercalation of Dic and Nap into CoZn-

NO3 and Zn-NO3 proceeds by distinct intermediates, while the intercalation of 

the three drugs into NiZn-NO3 is a simple one step reaction proceeding directly 

from the starting material to product. Sharp–Hancock plots were linear for all the 

one step intercalation reactions but non-linear for the intercalation reactions that 

proceed via intermediate(s) phase.  

 

Molecular dynamics (MD) simulations were employed to gain more insight into 

the arrangement of ions in the interlayer space, and it was found that the Dic 

andNapionswerearrangedinan“X”shape,forming a bilayer arrangement in 

the HDS interlayer space. Val was determined to adopt a position with its 

aliphatic groups parallel to the HDS layer, and again form a bilayer. The drug 

release from Zn-Dic, CoZn-Dic and NiZn-Dic showed a sustained release 

profile; the HDSs thus seem to have promise for sustained release and comply 

with pharmacopeia requirements.  
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Chapter 4: New biocompatible inorganic drug delivery 

systems 

 

4.1. Introduction 

 

Drug delivery can take many forms, such as ingestion, inhalation and injection. 

To achieve the ingestion of medicines, tablet, capsule or liquid formulations are 

commonly used. Tablets are the most frequently used dosage form for oral 

delivery and they occupy two thirds of the global drug market.1 The oral route is 

preferred over other methods of applying medicines because it is the most 

simple and results in high levels of patient compliance.2 We cannot just ask the 

patient to take the drug (active ingredient) alone, however: often it tastes very 

bitter, may be unstable on storage, and/or be difficult to process. Furthermore, it 

is very hard to ensure that the patient gets the correct dose of medicine if they 

were to take a simple drug powder. Thus, when drugs are processed into 

medicines such as tablets a number of additional materials known as 

“excipients”areadded.Excipients are inactive ingredients that are blended with 

the active pharmaceutical ingredient (API) to facilitate the delivery, 

manufacturability and stabilisation of the API in tablets or other pharmaceutical 

dosage forms.3 They are sub-divided into various functional classifications such 

as: diluents (it is added to increase the bulk prior the compression), 

disintegrants (which facilitate tablets break up and their disintegration inside 

gastrointestinal tract), binders (added to boost cohesiveness within powders  

and enhance the flowability) and lubricants (which reduce friction between the 

powder and the tableting equipment).4–7  

 

Tablets are made by compressing the API and the excipients, and there a 

number of techniques including wet and direct compression.8 Direct 

compression (DC) is the simplest method for tablet manufacturing. It is cheap, 

easy and does not require the use of water (unlike wet granulation, with both 

requires water and additional, expensive, processing steps). The tablets are 

manufactured by directly compressing a blend of the API powder and 

excipients.8    
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Tablets have proved to be a remarkably versatile dosage form, and there are 

many types of different drug delivery profile which can be delivered using them. 

Tablets may for instance be immediate release, delayed release, or sustained 

release; in all cases, the excipients play an important role in controlling drug 

release.9 The effect of the different types tablets on bioavailability (the 

availability of the drug in the body) is shown in Figure 4.1.  

 

 

Figure 4.1: The effect of different type tablets on bioavailability. 

 

 

It has been established that a drug’s efficacy can be improved and its side 

effects reduced if it is released in a sustained, manner rather than through 

conventional “burst” (immediate) release.10,11 Moreover, from the 

pharmacoeconomic perspective, sustained release dosage forms are 

meanwhile better than immediate release formulations, since they improve 

efficacy and reduce treatment costs.12 In the consideration of controlled release 

oral drug delivery systems, it is important to consider the human gastrointestinal 

transit time. This can vary from a few hours to around 3 days, and is influenced 

by many factors such as the age, sex, or ethnicity of the patient. It even varies 

significantly in the same person depending on diet, environment, or mood. The 

transit time tends to be faster in the fasting state than the fed state.13–17 In this 

chapter, a fast transit time is taken to mean 12 h or below, a normal transit time 

is taken to mean 24 h and a slow transit time as being 48 h or above. 
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The challenge is to deliver both existing and new drugs in a way that benefits 

patients, healthcare workers and the healthcare system. Most carriers 

employed to modulate drug release are pH sensitive,18,19 allowing release to 

occur only under certain pH conditions. Since these vary from person to person, 

and indeed for the same person depending on whether they have eaten, there 

can be variations in the efficacy of a formulation from person to person. A good 

carrier should deliver its loading depending on the environment composition, 

rather than relying on pH only. Modern controlled release systems are usually 

polymer based;20,21 much less attention has been paid to inorganic delivery 

systems, even though they have a number of promising features. Layered 

double hydroxides (LDHs) are probably the most widely explored inorganic 

systems for the delivery of pharmaceutical active compounds,22,23 but many are 

cytotoxic and often their drug release profile is very rapid.  

 

There are a number of serious concerns regarding the accumulation of 

inorganic materials in the body with repeated applications, and their potential 

systemic toxicity.24 Any potential inorganic drug delivery system must hence be 

composed of metals that are part of the natural composition of the human body. 

In case the component metals are absorbed or accumulated, it is vital that they 

do not have any potential systemic toxicity. Thus, while the HDS systems 

studied in the previous chapter have shown good release profiles, the toxic 

nature of the metals they contain means they are highly unlikely to be 

acceptable in a medical product. 

 

In this chapter, we looked to develop the results from Chapter 3 to produce 

analogous biocompatible hydroxy double salt (HDS) systems to deliver 

commonly used drugs in a tuneable manner. The sodium salts of ibuprofen, 

naproxen, diclofenac and valproic acid were loaded into biocompatible 

analogues of the zinc basic hydroxide salt ([Zn5(OH)8](Cl)2·2H2O) through an 

ion-exchange route. The resulting products were characterized by X-ray 

diffraction, IR spectroscopy, NMR and elemental analysis. The materials 

obtained were formulated into tablets and drug release studies were carried out 

under conditions that mimic the human gastrointestinal tract. The inorganic-

based tablets were compared to tablets currently available on the market. 
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4.2. Results and discussion 

4.2.1. Characterisation of new HDSs 

 

New HDSs made from the biocompatible metal ions Fe2+, Zn2+, and Mg2+ were 

prepared (as detailed in Chapter 6), using FeCl2, MgCl2 and ZnO as starting 

materials. These are henceforth denoted MZn-Cl (M = Mg, Fe) or Zn-Cl. The 

aim was to prepare systems that host Cl- ions rather than NO3
-, since Cl- is 

present in the human body and NO3
- is toxic.25–29 Since it is the first time that 

these new HDSs have been prepared, the new materials have been thoroughly 

characterised to ensure their preparation was successful. FeZn-Cl (Figure 4.2a) 

has a dark green colour. This implies that the Fe2+ has not been oxidised to 

Fe3+
, and remains in the divalent oxidation state. Other tests were carried out to 

check the oxidation state of Fe, and will be discussed further below (section 

4.2.1.6). MgZn-Cl has a white colour similar to Zn-Cl, but it has smoother 

texture and finer particles which make it easy to distinguish from Zn-Cl (Figure 

4.2 b, c). 

 
a 

  
b c 

 

Figure 4.2:Digital photographs of the HDSs: (a) FeZn-Cl; (b) MgZn-Cl and (c) Zn-Cl 
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4.2.1.1. X-ray diffraction 
 

The XRD patterns (Figure 4.3) show that materials prepared are indeed HDSs 

(MgZn-Cl and FeZn-Cl). The MgZn-Cl and FeZn-Cl materials have slightly 

higher d-spacings than Zn-Cl (interlayer spacing data are summarised in Table 

4.1). The MgZn-Cl and Zn-Cl patterns have a flat baseline, in contrast to FeZn-

Cl where the baseline is inclined. This could be caused by Fe fluorescence, 

where Fe2+ is excited at 7.11 keV by Cu Kα-radiation of 8.04 keV in the 

laboratory diffractometer.30–33
 The formulae of the guests were calculated with 

the aid of EDX and TGA data (see Table 4.1 and the discussion below), and 

found to be consistent with HDS systems having formed. 

 

 
Figure 4.3 : XRD patterns of (a) FeZn-Cl; (b) MgZn-Cl and (c) Zn-Cl 

 

Table 4.1: The interlayer spacings, ratio Zn/Fe or Mg and chemical formulae of the 
new biocompatible HDSs prepared. 

 d-spacing  
(Å) 

Zn 
(%) 

Fe 
(%) 

Mg 
(%) 

Formula
a
 

FeZn-Cl 7.8 1.1 1.0 - Fe2.4Zn2.6(OH)8Cl2·2H2O 

MgZn-Cl 8.1 1.4 - 1.0 Mg2Zn3(OH)8Cl2·3.4H2O 

a Metals contents were determined by EDX, and the H2O content from TGA. 
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4.2.1.2. Scanning electron microscopy 

 

The samples consist largely of hexagonal platelets (Figure 4.4). This is as 

expected for HDS systems, and the morphology observed here agrees well with 

the literature.34,35 Their sizes and zeta potentials are summarised in Table 4.2 

(and Appendix III). 

 

  

a b 

Figure 4.4: Scanning electron microscopy images of (a) MgZn-Cl and (b) FeZn-Cl 

 

 

Table 4.2: Size and zeta potential in water of the new HDSs 

 Size (nm) Zeta Potential (mV) 

FeZn-Cl 403.5 ± 238.9 45.1 ± 14.0 

MgZn-Cl 359.9 ± 138.5 43.0 ± 13.9 
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4.2.1.3. Energy dispersive X-ray spectroscopy analysis 

 

Energy dispersive X-ray (EDX) spectroscopy analysis (Figure 4.5) reveals the 

existence of a mixture of divalent metals (Fe/Zn and Mg/Zn) in the samples. The 

elemental composition of MgZn-Cl and FeZn-Cl, and the resultant formulae 

calculated, are given in Table 4.1. 

  

  

a 

  

b 

Figure 4.5: EDX data obtained on (a) MgZn-Cl and (b) FeZn-Cl 
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4.2.1.4. IR spectroscopy 

 

The IR spectra of MgZn-Cl, FeZn-Cl and Zn-Cl (Figure. 4.6) all look similar. 

MgZn-Cl and FeZn-Cl show broadened peaks (two merged peaks) at 3448 cm-1, 

which correspond to stretches of the OH groups in the layers and water. In 

addition, the band around 1635 cm-1 is assigned to the δ-bend of water 

molecules in the interlayer, and physically adsorbed water. Zn-Cl shows a less 

intense and sharper band at 3448 cm-1 (stretching of OH groups in the layers) 

and a small band at 1605 cm-1 arising from water bending motions.  

 

The M–O and O–M–O (M = Mg, Fe and Zn) vibration bands appear in the 

region of 700 cm-1,36 while bands around 1030 and 900 cm-1 correspond to the 

bending of OH groups attached to the divalent metal. Based on the IR spectra 

in Figure 4.6, MgZn-Cl appears to contain the highest amount of water, followed 

by FeZn-Cl, while Zn-Cl incorporates the smallest amount. 

 

 

Figure 4.6: IR spectra of (a) MgZn-Cl, (b) FeZ and (c) Zn-Cl 
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4.2.1.5. Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) was performed to check the amount of water 

contained in the new HDS materials. TGA traces are given in Figure 4.7. Mass 

loss goes through two or three stages, which is common for LDH and HDS 

materials.37–39 For Zn-Cl and FeZn-Cl (Figure 4.7a,b), the initial mass loss of ca. 

4 – 7 % is complete by 160 ºC and this corresponds to the loss of the two water 

molecules binding to tetrahedral metal. For MgZn-Cl (Figure 4.7c), the initial 

mass loss of ca. 5 % commences below 100 ºC, and ends by 150 ºC. This 

related to the loss of interlayer water, to give the dehydrated HDS material. 

After that the two water molecules binding to tetrahedral metal are lost. The 

percentage mass losses observed in the TGA analysis agree very well with the 

FTIR data.  

  
a b 

 

c 

Figure 4.7: TGA traces for (a) FeZn-Cl, (b) Zn-Cl and (c) MgZn-Cl 
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4.2.1.6. X-ray photoelectron spectroscopy 

 

The X-ray photoelectron (XPS) spectra of the Fe 2p region (Figure 4.8) yield 

information about the oxidation state of iron in the FeZn-Cl HDSs. The data in 

Figure 4.8a show the Fe 2p1/2 peak has a shoulder with a satellite peak (SS), 

and thus it was fitted with two peaks positioned at 725.4 and 734.0 eV (Table 

4.3). The other principal peak, Fe 2p3/2, is located at 712.0 eV and similarly is 

associated with a small satellite peak at 718.8 eV. The binding energy (B.E.) 

difference between the Fe 2p3/2 peak and its satellite is 6.8 eV. For Fe2+ and 

Fe3+ the difference should be 6 and 8.5 eV; respectively.40 The literature reports 

a B.E. difference of 8.5 eV for a Ca/Fe LDH containing iron in the Fe3+ oxidation 

state.41 Thus, it appears that Fe in the FeZn-Cl HDS exists in the Fe2+ oxidation 

state with possibly a small amount of oxidation having taken place. The 

chemical shifts in the B.E.s of photoelectrons originating from the same energy 

level can be influenced by a range of factors such as the environment around 

the atom(s).42,43 If there is any shift due to the environment factor, all elements 

peaks should shift simultaneously, and thus the energy difference between the 

main peaks and their satellites is one of the most robust way to verify oxidation 

state. 

 
Another common method for the determination of oxidation states of metals in 

their oxides was employed to confirm the oxidation state of Fe in the HDS 

systems.44,45 This involves calculating  

 

B.E. (Fe 2p3-2) – B.E. (O1s) = 180 eV (Figure 4.8b) 

 

Comparing this value to the calibration curve reported by Hadnadjev and co-

workers verifies that Fe is present in the Fe2+ state,46 agreeing with the analysis 

above and also the initial visual observations made. 

 

There are not any XPS data reported for Fe2+ occupying octahedral and 

tetrahedral sites simultaneously. The only available data are for Fe3+ and by 

comparing the FeZn-Cl XPS data to Fe3+XPS data,47 is thought that Fe2+ 

occupies both octahedral and tetrahedral positions, which is in agreement with 

UV spectroscopy analysis (Appendix III). 
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Table 4.3: Fe binding energies for the specimens analysed. 

 

 
a 

 
b 

Figure 4.8: XPS of FeZn-Cl depicting (a) the Fe 2p region and (b) a section of the survey 

spectrum showing the splitting between the O 1s and Fe 2p3/2 peaks. 

 Fe 2p3/2 SS Fe 2p1/2 SS References 

FeO 710.1 715.1 723.8 730.0 
48,49

 

Fe2O3 710.9 719.3 724.4 733.0 This work 

FeCl2 710.8 716.2 724.5 730.3 This work 

FeZn-Cl 712.0 718.8 725.4 734.0 This work 

LDH-Ca/Fe 710.4 718.8 724.8 332.5 
41
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Figure 4.9 shows the Mg 2p XPS spectra of MgZn-Cl; there are two peaks with 

shoulders, present in the area ratio of 1:1.9. The first is located at around 49.9 

eV, similar to the value recorded for Mg2+ in the MgO structure (Table 4.4).50 It 

corresponds to Mg2+ in an octahedral site, and its position is in agreement with 

values reported for Mg/Al LDHs where Mg is also octahedrally coordinated.51,52 

The second peak, situated at 55.0 eV is linked to Mg2+ in a tetrahedral site. 

Similar B.E.s have been seen for MgAl2O4  (56.0 eV was reported),53 where Mg 

occupies tetrahedral sites.54 Mg 2p XPS spectra thus demonstrate that Mg 

atoms occupy both octahedral and tetrahedral sites in the MgZn-Cl HDS. A 

schematic of the MgZn-Cl structure is depicted in Figure 4.9b. 

 

Table 4.4: Mg binding energies for the specimen analysed 

 Mg 2p (eV) References 

MgO 49.6 
50

 

MgAl2O4 56.0 
53

 

LDH Mg/Al 49.7/49.9 
51,52

 

MgZn-Cl 49.9/55.0 This work 

 

 

 
 

a b 

Figure 4.9: Data for MgZn-Cl (a) The XPS of spectrum of the Mg 2p region and (b) a 

schematic structure.  
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4.2.2. Characterisation of drug intercalates 

 

It proved possible to intercalate the organic species diclofenac sodium (Dic), 

naproxen sodium (Nap), ibuprofen sodium (SI) and valproate sodium (Val) into 

the new HDSs Mg2Zn3(OH)8(Cl)2·3.4H2O (MgZn-Cl) and 

Fe2.4Zn2.6(OH)8(Cl)2·2H2O (FeZn-Cl) through an anion exchange method. 

Successful intercalation was confirmed by X-ray diffraction (XRD) and IR 

spectroscopy.  

 

 

4.2.2.1. Intercalation into Mg2Zn3(OH)8(Cl)2·3.4H2O 

 

XRD patterns of the drug intercalates of MgZn-Cl are given in Figure 4.10. The 

reaction products show no basal reflections characteristic of the starting 

material, and a shift of the h00 basal reflections to lower angles; this 

corresponds to an increase in interlayer distance, which is indicative of the 

intercalation of a larger anion (Dic, SI, Nap and Val) into the interlayer galleries 

of the HDS by anion exchange for Cl. The interlayer spacing increases from 8.1 

Å with MgZn-Cl to 22.8 Å 24.4 Å, 27.0 Å, and 18.8 Å for the Dic, Nap, SI and 

Val intercalates; respectively. These are in good agreement with the results 

detailed in Chapter 3 and the literature on LDH and HDS drug intercalates: d-

spacings have been reported of 22.5 Å for Dic,55 27.0 Å for SI,56 23.5 Å for 

Nap,57 and 18.5 Å for Val.58,59 For SI, most d-spacing  values reported for LDH 

systems are below 23 Å, but a value of 28.5 Å has also been reported.60 All the 

diffraction patterns illustrate peak broadening, indicative of stacking defects, 

except that of MgZn-Dic. Full data are included in Table 4.5. 
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Table 4.5: The interlayer spacings and chemical formulae of the various MgZn-drug 
composites prepared. 

a
C and H contents were determined by quantitative combustion, and the H2O content from TGA 

 

 

 
 

Figure 4.10: XRD patterns for (a) MgZn-Cl, (b) MgZn-Val, (c) MgZn-Dic, (d) MgZn-Nap and 
(e) MgZn-SI  

 

 

 

 

 

ID d-spacing  
(Å) 

Formula
 

Elemental 
analysis  (%) 
Obsd (calcd)

a
 

MgZn-Cl 8.1 Mg2Zn3(OH)8(Cl)2·3.4H2O  

MgZn-Val 18.8 Mg2Zn3(OH)8(C8H15O2)1.1(CO3)0.45·3.4H2O C 17.43 (17.73) 
H 4.02 (5.04) 
 

MgZn-Dic 22.8 Mg2Zn3(OH)8(C14H10Cl2NO2)2.17·2.1H2O C 34.46 (34.45) 
H 2.77 (3.22) 
N 1.44 (2.87) 

MgZn-Nap 24.4 Mg2Zn3(OH)8(C14H13O3)1.7Cl0.3·2.1H2O C 35.41 (35.43) 
H 4.09 (4.45) 
 

MgZn-SI 27.0 Mg2Zn3(OH)8(C13H17O2)1.7(CO3)0.15·3.0H2O C 33.61 (33.71) 
H 4.52 (5.45 ) 
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4.2.2.2. Intercalation into Fe2.4Zn2.6(OH)8(Cl)2·2H2O 

 

The intercalation of the guests into the Fe-containing HDS was challenging, as 

the drug-loaded system tended to oxidise easily when in contact with air. This 

could be overcome by draining water from the preparation quickly after reaction, 

then drying the drug intercalates in a vaccum oven. The process is detailed in 

Chapter 6. The digital photographs of the two FeZn products, (with and without 

rapid drying) are depicted in Figure 4.11. The oxidised form is labelled FeoxZn. 

 

 

Similar to the MgZn-Cl HDS, the basal reflections of the host can no longer be 

seen after intercalation (Figure 4.12), except for the intercalation of Val where 

the presence of the starting material could be seen (reflections of the host are 

marked with *). The interlayer spacing increases from 7.8 Å with FeZn-Cl to 

22.4 Å, 26.6 Å, 24.5 Å, and 18.6 Å for the, Dic, SI, Nap and Val intercalates, 

respectively. These are similar to the results reported above using the MgZn-Cl 

system. No difference in the d-spacing was noticed between FeZn-Dic and 

FeoxZn-Dic. Full data are included in Table 4.6. For the Dic intercalation there 

appear to be two different intercalate phases; it is thought that one contains a 

bilayer of the guest and the other a monolayer. A small reflection believed to 

correspond to the latter is marked #.This finding was also seen in Chapter 3. 

  
a b 

 

Figure 4.11: FeZn-Dic (a) protected and (b) non protected 
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There are broad lumps in the FeZn-Dic pattern indicative of some amorphous 

material, but exactly what it is unknown. 

 

Table 4.6: The interlayer spacings and chemical formulae of the various FeZn-drug 
composites prepared. 

a
 Metals contents were determined by EDX. 

b
C and H contents were determined by quantitative combustion, and the H2O content from 

TGA. 

 
 

Figure 4.12: XRD spectra of (a) FeZn-Cl, (b) FeZn-Val, (c) FeZn-Dic, (d) FeZn-Nap and (e) 
FeZn-SI. 

ID d-spacing  
(Å) 

Formula
a 

Elemental 
analysis  (%) 
Obsd (calcd)

b
 

FeZn-Cl 7.8 Fe2.4Zn2.6(OH)8Cl2·2H2O  

FeZn-Val 18.6 Fe1.6Zn3.4(OH)8(C8H15O2)0.61(Cl)1.39·3.4H2O C  9.12 (9.08) 
H  2.18(3.74) 

FeZn-Dic 22.4 Fe2.4Zn2.6(OH)8(C14H10Cl2NO2)1.62(CO3)0.19 
4.3H2O 

C 27.32 (27.28) 
H  2.72 ( 3.28) 
N  2.34 ( 2.25) 

FeZn-Nap 24.5 Fe2.4Zn2.6(OH)8(C14H13O3)0.8(CO3)0.6·3.6H2O C 19.57 (19.59) 
H  2.47 ( 3.39) 

FeZn-SI 26.6 Fe2.4Zn2.6(OH)8(C13H17O2)0.88(CO3)0.56·4.2H2O C 19.83 (19.74) 
H  3.16 ( 4.33) 
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4.2.2.3. IR spectroscopy  

 

The IR spectrum of Nap in Figure 4.13 shows four main regions. Stretching at 

3059 cm-1 can be assigned to CH groups, and adsorption bands at 2959 and 

2905 cm-1 are generated by stretching vibrations of the CH3 groups. Bands at 

1603, 1584 and 1482 cm-1 are assigned to aromatic ring vibrations. Peaks at 

1573 and 1384 cm-1 are attributed to carboxylate groups. The bands in the 

region 1250-1000 and 900-750 cm-1 are due to CH vibrations in and out of the 

plane, respectively.61   

 

The infrared spectra of the Nap intercalation products (MgZn-Nap and FeZn-

Nap) are given in Figure 4.13b,c. They present a very broad adsorption band 

centred at around 3400 cm-1 that can be assigned to the OH stretching vibration 

of hydroxyl groups, from water molecules and those in the layer. There is a shift 

of the OH band to higher wavenumber compared with pure naproxen (acid 

form), which has a broad and strong adsorption band around 3100-3200 cm-1. 

62,63 This shift could be due to hydrogen bonding between Nap and OH groups 

of the HDS layers.  

 

All the characteristic peaks of Nap remained after intercalation, confirming 

successful intercalation of intact Nap ions. Some of the peaks shifted to slightly 

different wavenumbers due to interactions between guest Nap ions and the host 

layers: the intercalated Nap anions can bind by electrostatic interactions and 

hydrogen bonding to the HDS layers.57,64 

 

The IR spectra for the other intercalation compounds all display analogous 

features: all the characteristic peaks of the drug ions are present after 

intercalation, and demonstrate that the intact guests are successfully 

intercalated into the HDS hosts (MgZn-Cl and FeZn-Cl). 
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Figure 4.13: IR spectra of (a) Nap, (b) FeZn-Nap and (c) MgZn-Nap. 

 

 

4.2.2.4. Thermogravimetric analysis 

 

TGA traces of the intercalates (Figure 4.14) reveal mass loss in three stages, 

except for MgZn-Dic (Figure 4.14f). This is usual for organic guests intercalated 

into HDS materials.65,66 The initial mass loss of ca. 3.5 – 5 % is complete by 150 

ºC, and is expected to correspond to the loss of interlayer water. The second 

mass loss is linked to the two water molecules binding to tetrahedral metal. For 

MgZn-Dic (Figure 4.14f), the first mass loss of ca. 4 % is complete by 90 ºC and 

this corresponds to the loss of the two water molecules binding to tetrahedral 

metal as well as in the interlayer region. MgZn-Dic and MgZn-Val showed more 

rapid decomposition than FeZn-Dic and FeZn-Val.  
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a b 

  

c d 

  
e f 

 

Figure 4.14: TGA traces for (a) MgZn-Val, (b) FeZn-Val, (c) FeZn-Nap, (d) FeZn-SI, (e) 
FeZn-Dic and (f) MgZn-Dic 
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4.2.2.5. Guest Orientation 

 

The layer thickness of the HDS is around 8.5 Å (from end to end of the 

tetrahedral units), while the thickness of octahedral layers is around 5 Å. The 

lengths of the guest ions are calculated (using the Marvin software67) to be 4.48 

Å (Val); 10.02 Å (Dic); and 11.56 Å (Nap), and 10.38 Å (SI). Comparing the 

lengths of the guests with the gallery height (the interlayer spacing minus the 

HDS layer thickness) suggests that the gallery height is between 1.5 and 2 

times the length of the intercalated ions. This suggests that the guests adopt 

intertwined bilayer or bilayer arrangements, with the carboxylic acid groups 

pointing towards the positively charged layers. For SI and Val, the gallery height 

is around twice the size of the molecules, suggesting a perpendicular bilayer 

arrangement of ions. For Dic and Nap, the gallery height is greater than the size 

of one molecule and less than the length of two, indicating an intertwined bilayer 

arrangement. A schematic of the guest orientations in the MgZn system is 

provided in Figure 4.15. The FeZn system has very similar interlayer spacings, 

and thus analogous arrangements are envisaged. 

 

Unfortunately, full molecular dynamics simulations could not be performed with 

these systems since the exact location of Mg2+, Fe2+, and Zn2+ are unknown. 
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c d 

 

Figure 4.15: A schematic showing the arrangement of guests in MgZn (a) MgZn-SI, (b) 
MgZn-Val, (c) MgZn-Dic and (d) MgZn-Nap. 
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4.2.2.6. Guest recovery 

 

The MgZn-Dic, MgZn-Nap, MgZn-SI, MgZn-Val, FeZn-Dic, FeZn-Nap, FeZn-SI 

and FeZn-Val intercalates were each reacted with Na2CO3 in D2O, and NMR 

spectra recorded of the filtrate from these reactions. The spectra after 

deintercalation are observed to be identical to those of the Dic, Nap, SI and Val 

starting materials, confirming that the structural integrity of these drug 

molecules are retained. 

 

The 13C NMR spectrum of de-intercalated Nap, shown in Figure 4.16a, 

illustrates resonances at 18.36, 48.48, 55.47, 106.31, 118.38, 125.30, 126.98, 

127.05, 128.92, 129.44, 132.99, 139.09, 156.71 and 183.88 ppm; their 

assignment is displayed in Figure 4.16b. Because a large excess of Na2CO3 

was used to replace the drug guest, there was residual Na2CO3 in the filtrate 

after the solid HDS was removed; this results in the presence of an additional 

singlet peak (cf. the drug spectrum) at 167.61 ppm.  
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a 

 

b 

 

Figure 4.16: (a) 
13

C NMR spectrum of Nap after deintercalation and (b) chemical structure 

with resonances.  
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4.2.2.7. Scanning Electron Microscopy 

 

SEM was performed on selected samples and data are given in Figures 4.17 

and 18. The FeZn-Val particles can be seen to have remained hexagonal after 

intercalation. On the other hand, the intercalation of Dic and Nap into the MgZn-

Cl and FeZn-Cl led to rod shaped particles, completely different from the initial 

shapes. The width of the FeZn-Nap rods is around 63 ± 12 nm. There are also 

some additional small particles visible on top of certain of the FeZn-Nap rods 

(Figure 4.18b), and their estimated width is around 21.70 ± 4.25 nm. This will be 

discussed further below (Section 4.2.2.9). 

 

  
a b 

Figure 4.17: SEM images of (a) FeZn-Val and (b) MgZn-Dic.  

  
a b 

Figure 4.18: SEM images of (a) FeZn-Nap, (b) an enlargement of a section of the main 

image of FeZn-Nap.  
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4.2.2.8. Energy dispersive X-ray spectroscopy 
 

Because of instrument access constraints, EDX could only be run on  a few 

selected samples. However, the spectra of the intercalated products (Figure 

4.19 and Table 4.7) show that ratios between Mg/Zn and Fe/Zn do not change 

substantially during intercalation, except for the intercalation of Val into FeZn-Cl, 

where the ratio of Fe/Zn dropped, presumably because of some HDS 

dissolution .  

  
a 

  
b 

Figure 4.19: EDX spectra of (a) MgZn-Val and (b) FeZn-Val. 

 

Table 4.7: The ratios of C, Zn, Fe, Mg and Cl from EDX data. 

 C  Zn  Fe  Mg  Cl  

FeZn-Val 9.1 2.1 1.0 - 1.6 

MgZn-Val 1.3 0.9 - 1.0 0.0 

FeZn-Nap 15.2 1.1 1.0 - 0.1 
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4.2.2.9. X-ray photoelectron spectroscopy 
 

The XPS spectrum of the Fe 2p region (Figure 4.20) was used to provide 

information about the oxidation state of iron in the FeZn-Nap material. As for the 

pure HDS, the data show the Fe 2p1/2 main peak has a satellite peak, and thus 

it was fitted with two signals positioned at 725.9 and 731.3 eV. The other 

principal peak, Fe2p3/2, is located at 712.2 eV, and is associated with a small 

satellite peak at 719.2 eV. The B.E. difference between Fe 2p3/2 peak and its 

satellite is 7.0 eV. Thus, as discussed earlier in Section 4.2.2.7, the Fe is 

present in the Fe2+ oxidation state. There is a small peak visible at around 704 

eV as well, which corresponds to Fe (iron metal).68–71 Thus, the small particles 

seen in Figure 4.20 could be Fe particles (Fe0). The mechanism of reduction of 

Fe2+ to Fe remains unclear, however, the redox potential of Nap may have 

contributed.72–76 Peak fitting illustrates that 92 % of the iron present is Fe2+
, and 

8 % is Fe0. 

 

To verify the iron oxidation state, the difference in binding energies was 

calculated: B.E. (Fe 2p3-2) – B.E. (O1s) = 179.32 eV (Figure 4.20b). Comparing 

this value with the calibration curve reported by Hadnadjev and co-workers46 

reveals that there is mixture of Fe and Fe2+ present, but Fe2+ is much more 

abundant(˃90%). This is in harmony with the analysis above. 

 

  
a b 

Figure 4.20: XPS of FeZn-Nap (a) Fe 2p region and (b) Section of the survey XPS spectrum 

showing the splitting between the O 1s and Fe 2p3/2 peaks. 
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4.2.3. Drug release 

 

Dissolution tests for the HDS formulations have been carried out under 

experimental conditions as close as possible to the gastrointestinal tract and 

following pharmacopeia requirements.77
 The tablets were placed in 750 mL of 

0.1 N hydrochloric acid in a vessel held at 37 ± 0.5 ºC and stirred at 50 r.p.m. 

After 2 hours of operation the pH of the medium was adjusted to 6.8 ± 0.05 by 

adding 250 mL of 0.20 M tribasic sodium phosphate. Experiments were carried 

out for 22 h at this pH. All the experiments were carried out in darkness (except 

for Val, where manual sampling was required). Dissolution tests were carried 

out in triplicate from the HDS formulations and 5 times from the commercial 

tablets. Additionally, one set of experiments was carried out in Phosphate-

buffered saline (PBS, pH 7.4). 

 

4.2.3.1. Issues faced with FeZn system 

 

It proved impossible to effectively monitor drug release from the FeZn system 

as there was found to be interference with the UV/vis spectrum, even though 

the aliquots were filtered (filter 0.1 µm diameter) prior to measurement. This 

could be due to the presence of Fe in solution. 78–84 The percentage drug 

release calculated was often above 100 % and the data were normalised to 

permit detailed analysis. 

 

4.2.3.2. Ibuprofen 
 

In vitro dissolution of SI from the MgZn-SI powder and selected commercial 

tablets (Nurofen and Nurofen Express) was first explored; the results are 

depicted in Figure 4.21 and summarized in Table 4.8. Both commercial tablets 

disintegrated quickly but the SI embedded did not completely dissolve in the 

early stages of the experiment due to its low solubility in acidic media. On the 

other hand, some of the MgZn-SI material is thought to have dissolved in the 

acidic media, freeing SI in a gradual manner into the solution. Once the pH was 

adjusted to 6.8, the remaining SI from the commercial tablets dissolved with 5 
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min. However; SI release from MgZn-SI occurred slowly over 2 hours. The final 

concentration of SI in solution was higher than with the commercial tablets in 

the acidic media. It is believed that there are two release mechanisms which 

took place, firstly, weathering (at low pH), followed by ion exchange (atpH≥6.8,

and reliant on the anions in solution). The improvement in SI solubility could be 

related to the presence of the drug as individual ions in the HDS rather than in a 

high-lattice energy salt unit cell. Many release studies have been carried out 

from LDH-SI powder in phosphatebuffer (pH≥7),85–89 but only a few studies 

were carried with LDH powder in acidic media (pH < 3) since it is known that 

LDHs dissolve at lower pH.90 Barkhordari and co-workers reported that more 

than 80 % of an Mg/Al LDH-SI formulation was dissolved within 2 h at pH1.2.91 

Hence, the MgZn-SI HDS system appears to be somewhat more stable than 

Mg/Al LDH-SI in acidic media.  

 

Table 4.8: Summary of drug release from MgZn-SI and commercial tablets (Nurofen). 

 MgZn-SI Nurofen Express Nurofen 

After 2h (%) 19.9 12.6 14.4 

After 24h (%) 100 100 100 

t50/min 125 121 121 

t90/min 175 123 123 

t50/min and t90/min: Time taken for 50 % and 90 % SI release from the MgZn-SI. 

 

 

 
Figure 4.21: SI release from the MgZn-SI and two commercial formulations (Nurofen and 
Nurofen Express) at pH 1 and pH 6.8. 
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The Nurofen  tablets have tmax :35 min and Cmax : 41.47 µg/mL.92 Most excipients 

have no direct pharmacological action but sometimes they can influence the 

diffusion of a drug. Solubility and bioavailability have a positive correlation and 

enhancement in the solubility results in the improvement of bioavailability.93,94 It 

was demonstrated that an antacid such as magnesium hydroxide reduces the 

lag time of Ibuprofen and increases its diffusion rate.95,96 Therefore, it is 

believed that the MgZn-SI would show quicker tmax, higher Cmax and longer 

lasting effects than the commercial formulations. Which would be translated into 

enhancing pain relief with a smaller dose, inducing faster onset of analgesia 

without compromising safety and with longer duration of efficacy. In addition, it 

has a longer stability period, which results in longer shelf life (expiry date). The 

study could not be carried from FeZn-SI because of a lack of instrument 

availability. 

 

 

4.2.3.3. Valproate 
 

In vitro dissolution profiles of Val from MgZn-Val and FeZn-Val are depicted in 

Figure 4.22. After 1h, the FeZn-Val release only 50 % of its loading, versus 100 

% from MgZn-Val (Table 4.9). FeZn-Val appears to be more resistant than 

MgZn-Val in the acidic milieu. Even so, MgZn-Val dissolved much more quickly 

in acidic media than MgZn-SI. This could be due to the higher solubility of Val 

compared to SI. 

 

Table 4.9: Summary of drug release from MgZn-Val and FeZn-Val. 

 MgZn-Val FeZn-Val 

t50/min 19 60 

t90/min 48 131 

After 2h (%) 100 70.8 
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Figure 4.22: Val release from MgZn-Val and FeZn-Val at pH 1 and pH 6.8. 

 

 

4.2.3.4. Diclofenac 

 

In vitro dissolution profiles of Val from MgZn-Dic and FeZn-Dic are given in 

Figure 4.23. The FeZn-Dic and MgZn-Dic tends to be more resistant in acidic 

milieu. Since very little drug release was observed at low pH (Table 4.10), the 

releasemechanism is expected to be ion exchange (at pH ≥ 6.8).MgZn-Val 

was observed to dissolve very quickly in acidic media, followed by MgZn-SI and 

MgZn-Dic which remained intact.Thesolubilityorder isVal˃SI˃Dic,so the

solubility of the guest seems to control the fate of the HDS in acidic media.  

 

Table 4.10: Summary of drug release from MgZn-Dic and FeZn-Dic. 

 MgZn-Dic FeZn-Dic 

After 2h (%) 1.3 2.3 

After 24h (%) 100 100 

t50/min 150 145 

t90/min 300 415 
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Figure 4.23: Dic release from MgZn-Dic and FeZn-Dic at pH 1 and pH 6.8. 

 

 

4.2.3.5. Naproxen 

4.2.3.5.1. pH1 and 6.8 

 

In vitro dissolution of Nap from MgZn-Nap, FeZn-Nap and commercial tablets 

(Naprosyn ®) was investigated; the results are depicted in Figure 4.24. 

Naprosyn tablets disintegrated in a short period of time, but Nap did not 

completely dissolve in the acidic solution. On the other hand, Nap was gradually 

released from FeZn-Nap and MgZn-Nap. Once the pH was adjusted the 

remaining Nap from Naprosyn dissolved within 5 min. While MgZn-Nap 

behaved similarly to Naprosyn, the FeZn-Nap system gave a more sustained 

release profile (Table 4.11). 

 

Table 4.11: Summary of drug release from HDSs and commercial tablet. 
 

 MgZn-Nap FeZn-Nap Naprosyn 

After 2h (%) 23.4 54.9 15 

After 24 h (%) 100 100 100 

t50/min 123 75 122 

t90/min 145 505 130 
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The FeZn-Nap and MgZn-Nap dissolved in acidic media, resulting in the drug 

being released into solution. The concentration of Nap released in the acidic 

solution was higher for both HDSs compared to the Naprosyn tablets. This 

implies that the solubility of Nap in acidic media was enhanced in the presence 

of HDSs; a similar finding was reported by Rojas and coworkers from 

Zn5(OH)8/naproxen sodium (Zn-Nap).97 The improvement could be related to 

the release of the drug in the ionic (rather than in a high-lattice energy salt unit 

cell) form from the dissolved FeZn-Nap and MgZn-Nap.97 The FeZn-Nap 

appeared to be a little more stable than MgZn-Nap in acidic media, and more 

stable than the Zn-Nap reported by Rojas el.al.97 Both weathering at low pH and 

thenionexchange(atpH≥6.8)arebelievedtohavecontributedtorelease. 

 

The Naprosyn tablets have tmax: 2-4 hours and Cmax : 39.3-44.7 µg/mL.98 Since 

HDSs have an antacid property and have increased the Nap solubility in acidic 

milieu, it is believed that the FeZn-Nap and MgZn-Nap should show quicker tmax 

and higher Cmax. The FeZn-Nap and MgZn-Nap should show better effect than 

Naprosyn. Which would be translated into enhancing pain relief with a smaller 

dose, inducing faster onset of analgesia without compromising safety and with 

 
Figure 4.24: Nap release from FeZn-Nap, MgZn-Nap and commercial formulation 
(Naprosyn) at pH 1and pH 6.8.  
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longer duration. In addition, they have a longer stability period, which results in 

longer shelf life (expiry date) compared to the commercial tablets. 

 

 

4.2.3.5.2. pH 7.4 
 

The HDS-Nap release data were additionally compared to data available in the 

literature for controlled release naproxen tablets (Naprelan ®). The release 

study was carried out under the same conditions reported by the authors of the 

previous study (a type 2 dissolution paddle apparatus according to U.S (for a 

digital photograph, see Chapter 6). Pharmacopoeia XXII in PBS buffer pH 7.4 

and at 50 r.p.m).99,100 The results are shown in Figure 4.25. The release of the 

drug from Zn-Nap (prepared in Chapter 3), MgZn-Nap and FeoxZn-Nap are 

within the interval of the drug release reported (Table 4.12).99,100 The difference 

in the drug release from the various HDS is thought to be related to their metal 

compositions, since it is known that metals influence the release properties of 

LDHs.101,102  

 

The drug release from MgZn-Nap showed 90 % of Nap was liberated after 8 h, 

which is slower than an analogous LDH system (Mg/Al-Nap) where 90 % of the 

drug was released after 4 h.103,104 On the other hand, Carriazo et al and Gu et al 

found that 90 % of Nap was released from Mg/Al LDH after 35 min and 8 h; 

respectively.55,105 

 

FeoxZn-Nap and MgZn-Nap are expected to be suitable for patients with a rapid 

transit time, while FeZn-Nap should be appropriate for patients with a normal 

transit time. 
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Table 4.12: Summary of drug release from HDSs and commercial tablet (Naprelan ®). 

Time 
(h) 

Drug Release % 

FeZn-Nap Zn-Nap FeoxZn-Nap MgZn-Nap Naprelan® 91,92 

0.5 14.3 65.2 45.0 37.0 25 to 70 

1 23.8 69.3 53.0 51.2 ˃ 50 

4 60.0 78.6 72.0 80.8 ˃ 75 

 
 

 
Figure 4.25: Nap release from different HDS at PBS pH 7.4. 

 

 

The new HDSs released Nap in a sustained manner in phosphate buffer, which 

makes them good candidates for sustained drug delivery systems. Indeed, they 

appear to perform better than a commercially available naproxen sustained 

release formulation.  
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4.2.4. Tablet preparation 

 

The above data clearly illustrate that new biocompatible HDSs have been 

prepared, and successfully loaded with a range of drugs. The HDS-drug 

intercalates were then formulated into tablets, as detailed in Chapter 6. In order 

to prepare tablets in large batches of 0.5 kg, it was first necessary to scale up 

the HDS preparation process. This was achieved successfully as detailed in 

Chapter 6. The scaled up products show same characteristics as those reported 

in Section 4.2.2. (Appendix III). 

 

The HDS-drug intercalates were blended with excipients for successful tablet 

preparation. The recipe was based initially on a previous report,56 with some 

variations in the excipient blend then introduced to explore the effect this had on 

drug release. The compositions of the various formulations prepared are 

detailed in Table 4.13. The effect of compression pressure on the tablet 

performance was also investigated in selected instances. The role of each 

excipient is shown in Table 4.14. All the tablets manufactured had smooth 

surfaces, and some are depicted in Figure 4.26. 

 
Table 4.13: The HDS tablet formulations. 
 HDS-

Guest(%) 
(Avicel® PH 

101) (%) 
PVP K44 

(%) 

(Pearlitol® 
200) (%) 

Mg 
stearate(%) 

FeZn-Dic-Tab1 22.0 47.9 2.5 27.0 0.6 

FeoxZn-Dic-Tab1 19.3 46.4 4.2 27.2 2.9 

FeZn-Dic-Tab 70.5 17.4 0.9 10.2 1.0 

MgZn-Nap-Tab 60.0 24.1 1.3 14.1 0.5 

FeZn-Nap-Tab 58.1 26.9 1.0 13.2 1.0 

MgZn-SI-Tab 70.7 17.3 0.9 10.2 0.9 

FeZn-SI-Tab 70.7 17.3 0.9 10.2 0.9 

MgZn-Val-Tab 59.3 18.9 - 20.9 0.9 

MgZn-Val-Tab2 59.3 18.9 - 20.9 0.9 

MgZn-Val-Tab3 70.4 17.4 0.9 10.3 1.0 

FeZn-Val-Tab 18.9 49.2 2.1 27.9 1.9 

FeZn-Val-Tab2 18.9 49.2 2.1 27.9 1.9 

FeZn-Val-Tab3 18.9 49.2 2.1 27.9 1.9 
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Table 4.14: List of the excipients used for tablet preparation and their role 

Excipient Role 

Microcrystalline cellulose (Avicel® PH 
101) 

 
Diluent/filler 

Spray dried (SD) mannitol (Pearlitol® 
200) 

Polyvinyl pyrolidone (PVP K44) Binder 

Magnesium stearate Lubricant 

 

 
Figure 4.26: Photographs of the HDS tablets prepared. 

 

 

4.2.5. Pharmacopoeial assessment 

 

The US and British Pharmacopoeias sets strict guidelines for the physical 

properties that a tablet must have.106–108 A summary of the key parameters 

evaluated is given in Table 4.15.  

 

Tablets undergo repeated mechanical shocks or stress during their 

manufacturing, packing and transportation. This can cause attrition, capping or 

breakage of tablets. Thus, tablets are formulated to withstand such stress. To 

find out if the tablets have sufficient mechanical strength to withstand fracture, 

aberration and capping during the manufacture and handling process, two tests 

are usually carried out.109 

 

The first is a hardness test, where the load required to crush a tablet is 

measured. It is important that a tablet is neither too hard nor too soft, because it 
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needs to be hard enough to withstand packaging, transportation, and so forth, 

but if it is too hard it will not break up in the body. A hardness test is performed 

to determine the required pressure parameters on the tableting machine. The 

hardness for oral tablets is usually between 40-100 N for immediate release and 

100-200 N for sustained release tablets.110 

 

The second test is a friability test, it is defined as the percentage (%) of weight 

loss by tablets as they roll and fall inside a set of rotating apparatus (for a digital 

photograph, see Chapter 6). The weight loss should be less than 1%, and after 

the test the tablets should not show any sign of breakage.111 

 

All pharmaceutical preparations are also required to contain a constant dose of 

active ingredient, with small variations permitted within strict pharmacopeial 

limits, in all the tablets. In order to ensure that a patient receives the same 

amount of drug every time they take a tablet, it is vital to ensure that the tablet 

masses are consistent. For each batch of tablets prepared, the uniformity of 

active ingredient content is tested in two separate tests, namely a uniformity of 

weight (mass) study and quantification of the uniformity of active ingredient.112  

 

The HDS tablets had a target mass between 150 - 650 mg, depending on the 

drug, and the observed masses can be seen in Table 4.15. The tablet masses 

were planned to match the amount of drug present in commercial formulations. 

The relative standard deviation (RSD) weight variation of the HDS tablets was 

found to range between 1.6 - 5.2 %, while measurements on commercially 

available tablets showed the RSDs on the masses to lie between 1- 17.4 %. 

The pharmacopoeia limit for percentage deviation of tablets of 80-250 mg is ± 

7.5 % and above 250 mg is ± 5.0 %, and thus the formulation batches were 

found to pass according to the specifications given in the US and British 

pharmacopoeias.106,107 

 

Excellent drug content uniformity was also found in the HDS tablets, with values 

between 92.6 ± 1.7 and 105.0 ± 3.4 % of the target content observed. These 

values lie above the USP and BP requirements of 100 ± 15 %. 106,107 
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The values for hardness were found to be uniform and to range between 43 and 

123.5 N. Friability values for the HDS tablets were found below 0.8 % 

(pharmacopeia requirement < 1 %). No sign of cracking, capping or breaking 

was seen. This implies that HDS tablets had sufficient strength to comply with 

pharmacopeia requirements. 

 

Thus, all the HDS tablets were found to meet the pharmacopeia requirements, 

as is evident from the results shown in Table 4.15. All tablets in Table 4.15 were 

submitted to in vitro release studies in conditions which mimic the 

gastrointestinal tract, and monitored for 24 hours.  

 

Table 4.15: Summary of pharmacopeial tests for HDSs and commercial tablets (the 
cell highlighted in green mean the tablets pass the test, and those in red failed). 

Formulation Drug Weight 
variations (mg) 

(±SD), n=20 

Hardness 
(N) (±SD), 

n=5 

Friability 
(weight 

loss) (%) 

Drug 
content (%) 
(±SD), n=4 

FeZn-Dic-Tab Dic 201.7 ± 3.4 123.5 ± 7.8 0.0 98.8 ± 2.5 

FeZn-Dic-Tab1 Dic 190.1 ± 3.3 79.3 ± 3.7 0.2 92.6 ± 1.7 

FeoxZn-Dic-Tab1 Dic 151.2 ± 3.9 110.3± 4.6 0.3 99.3 ± 2.5 

MgZn-Nap-Tab Nap 200.3 ± 3.0 123.0 ±9.9 0.3 100.9 ± 2.8 

FeZn-Nap-Tab Nap 331.5 ± 5.0 119.2 ± 7.6 0.4 105.0 ± 3.4 

MgZn-SI-Tab SI 203.6 ± 4.3 43.0 ± 4.6 0.7 99.0 ± 1.2 

FeZn-SI-Tab SI 214.3 ± 5.2 53.0 ± 3.5 0.5 97.4 ± 3.3 

MgZn-Val-Tab Val 656.5 ± 4.5 77.0 ± 7.8 0.7 94.5 ±3.0 
MgZn-Val-Tab2 Val 385.6 ± 4.1 93.0 ± 4.5 0.4 98.8 ±2.7 

MgZn-Val-Tab3 Val 440.0 ± 2.5 120.0 ± 5.2 0.4 100.2 ± 3.3 

FeZn-Val-Tab3 Val 645.7 ± 3.9 120.0 ± 6.3 0.5 105 ± 4.5 
Clofenac 100 mg Dic 218.9 ± 2.0 - - 93.5 ± 5.4 
Dicloflex 75mg Dic 233.9 ± 6.0 - - 86.3 ± 3.3 

Rheumatac 
Retard 75 mg 

Dic 251.5 ± 1.6 - - 114.7 ± 1.2 

Naprosyn 250 mg Nap 269.1 ± 1.6 - - 115.9 ± 1.2 
Brufen 800mg SI 1059.3± 17.4 - - 107.8 ± 

13.4 
Nurofen SI 476.2 ± 5.9 - - 97.1 ± 4.9 

Epilim 200mg Val 295.6 ± 1.0 - - 95 ± 1.5 
(-)The hardness and friability of the commercial tablets were not measure. 
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4.2.6. Release study from HDS tablets 

4.2.6.1. Diclofenac 

 

Dissolution tests from samples MgZn-Dic-Tab, FeZn-Dic-Tab, FeZn-Dic-Tab1, 

FeoxZn-Dic-Tab1, and commercial sustained release (SR) Dic tablets 

(Rheumatac Retard, Dicloflex and Clofenac) are included in Figures 4.27 and 

4.28. All the tablets showed only low amounts of Dic release at pH 1, with FeZn-

Dic-Tab1 releasing 9 % of its loading and the other tablets between 0-5 % 

during the first 2 h at this pH (these condition mimic the stomach milieu and 

transit time). The high amounts of release from FeZn-Dic-Tab1 may be caused 

by the destruction of some of the HDS layers; the tablets were observed to 

disintegrate before the pH was raised. The other tablets disintegrated after the 

adjustment of the pH to 6.8.  

 

After 2 h, once the pH was adjusted to 6.8, the release rate from all the tablets 

increased. This is triggered by the anion exchange of the Dic located in the 

interlayer with phosphate anions in solution (see Table 4.16). The FeZn HDS 

remained green after the experiment, as can be seen in Figure 4.29 indicating 

that oxidation of Fe2+ does not occur to any significant extent.  

 

Table 4.16: Summary of Dic release from the different tablets. 

 F
e
Z

n
-D

ic
-T

a
b

 

F
e
Z

n
-D

ic
-

T
a
b

1
 

F
e

o
x Z

n
-D

ic
-

T
a
b

1
 

M
g

Z
n

-D
ic

-T
a
b

 

R
h

e
u

m
a

te
c
 

R
e

ta
rd

 

D
ic

lo
fle

x
 

C
lo

fe
n

a
c
 

After 2h (%) 4.1 9.0 5.3 0.1 2.1 0.1 0.2 

After 24h (%) 100 100 100 100 100 100 100 

t50/min 315 135 455 610 290 480 285 

t90/min 885 360 1170 1205 660 1095 720 
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Figure 4.27: Dic release from the different HDS tablets formulations at pH 1 and  pH 6.8. 

(There are error bar on green line but they are too small (< 1%) to be clearly visible). 

 

 
Figure 4.28: Dic release from 3 different commercial tablets at pH 1 and pH 6.8 

(n=5). 
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The release rate from FeZn-Dic-Tab and MgZn-Dic-Tab was consistent from 

tablet to tablet, with a standard deviation (SD) less than 1.8 % throughout all the 

experiment compared to other with SDs of up to 16 %. FeZn-Dic-Tab and 

MgZn-Dic-Tab should be hypothetically better than the commercial tablets in 

giving the same relief of symptoms on every application, since they have very 

consistent rates.113  

 

The new HDS formulations meet the pharmacopeia requirements for delayed-

release dosage forms as well as sustained release dosage forms: these specify 

that less than 10 % of the incorporated drug should be released in the acidic 

media and the drug is freed at a slow rate over a prolonged duration of time, 

respectively.77,114 In addition, all the drug loading was liberated within 24 h. By 

meeting the pharmacopeia delayed-release dosage forms requirement, the new 

HDS tablets are expected to prevent stomach irritation which can be caused by 

Dic. By meeting the other requirement, the HDS tablets may contribute to 

improved patient compliance. The FeZn-Dic-Tab, FeoxZn-Dic-Tab1 and MgZn-

Dic-Tab showed a similar release profile to the commercial tablets, thus they 

are expected to be suitable for patients with normal transit times. FeZn-Dic-

 
Figure 4.29: A digital photograph of FeZn-Dic-Tab after drug release. 
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Tab1 disintegrated quickly and showed a faster release profile and might be 

suitable for patients with faster transit times (due to a various factors for 

instance: Short bowel syndrome, diet).115,116 If the transit time is rapid and drug 

release too slow, the tablets can be excreted from the human body before 

freeing all their loading, which leads to a decrease in bioavailability.117,118 

Therefore; there is a risk that the drug level does not attain the therapeutic 

window, resulting in no pharmacological effect (in this case no pain relief). 

 

 

4.2.6.2. Naproxen 

 

Dissolution tests from FeZn-Nap-Tab and MgZn-Nap-Tab are depicted in Figure 

4.30. The FeZn-Nap-Tab and MgZn-Nap-Tab showed no release during the first 

2 h at pH 1 (Table 4.17). Once the pH was adjusted, the Nap release started 

from FeZn-Nap-Tab and MgZn-Nap-Tab, which both displayed almost identical 

release profiles. The release from LDH-Nap tablets has been explored in a 

previous study, which used LDH-Nap compressed without additional excipients 

in the same conditions: for that formulation, it was found that there was no 

release in acidic milieu and only 27 % release after 24 h at pH 6.8.119 LDH-Nap 

tablets, FeZn-Nap-Tab and MgZn-Nap-Tab thus behave in same manner in the 

acidic media. However, FeZn-Nap-Tab and MgZn-Nap-Tab show enhanced 

properties over LDH-Nap tablets, since they liberate all the loading within 24 h 

in a neutral environment. 

 

It is believed that the only release mechanisms which took place from the two 

formulations is ionexchange (atpH≥6.8). It appeared that no weathering at 

low pH occurred. Wanwimolruk and co-workers reported that an in vivo study of 

commercial Nap controlled release tablets, and found they released 9 % and 30 

% in a fasted state during the first 1h and 2 h, respectively.98 This can lead to 

stomach irritation, but would not be a problem with the HDS tablet formulations.  
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In vivo studies reported by many scientists showed that Nap sustained release 

tablets have better effect than normal tablets (immediate release).98,120–122 The 

new HDS formulations meet the pharmacopeia requirements for delayed-

release dosage forms as well as sustained release dosage forms. In addition, 

they released all their loading within 24 h. The FeZn-Nap-Tab and MgZn-Nap-

Tab should be suitable for patients with normal transit time.  

  

Table 4.17: Summary of Nap release from the different tablets. 

 MgZn-Nap-Tab FeZn-Nap-Tab 

After 2h (%) 0 1.6 

After 24h (%) 100 100 

t50/min 335 295 

t90/min 980 1040 

 

 

 

Figure 4.30: Nap release from FeZn-Nap-Tab and MgZn-Nap-Tab at pH 1and pH 6.8. 
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4.2.6.3. Ibuprofen 

 

Dissolution tests from HDS tablets FeZn-SI-Tab, MgZn-SI-Tab and a 

commercial tablet (Brufen Retard) are displayed in Figure 4.31. All the tablets 

showed minimal release at low pH, with FeZn-SI-Tab releasing less than 8 %, 

and the other two tablets 3 % during the first 2 h at pH 1.0 (Table 4.18). Once 

the tablets were in a milieu mimicking the intestine (pH 6.8), there was a sharp 

burst of release from the MgZn-SI-Tab and Brufen Retard. In contrast, the SI 

release from FeZn-SI-Tab remained flat for 75 min and then was followed by a 

sharp release. The release rate from all the tablets slows and both HDS 

formulations behave very similarly from 5 h until the end of the experiments; the 

data are summarised in Table 4.18. After the initial burst release, drug was 

freed from the tablets in an almost linear fashion from all three types of tablets. 

In contrast, Rojas and co-workers reported that LDH-SI tablets (compressed 

LDH-SI without additional excipients) did not release at pH 1.2 and only 16.5 % 

was released after 24 h at pH 6.8.119 

 

Table 4.18: Summary of SI release from the different tablets. 

 MgZn-SI-Tab FeZn-SI-Tab Brufen retard 

After 2h (%) 3.2 7.1 2.9 

After 24h (%) 100 100 49.2 

t50/min 255 325 1470 

t90/min 1120 1160 - 
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Figure 4.31: SI release from FeZn-SI-Tab, MgZn-SI-Tab and commercial formulation (Brufen 

Retard) at pH 1and  pH 6.8. 

 

Only 50 % of the SI content was release from the Brufen Retard tablet within 24 

h and (79 % within 48 h, see Appendix III). After 24 h, there is risk that the 

remains of the tablet will have been excreted from the human body or be 

enrobed inside stools. This can halt release, and thus the remaining drug will 

not be freed. This is wasteful, since more drug is being used to make the 

medicine than is used in the body, and in addition the drug concentration may 

not be maintained within the therapeutic window with this type of formulation. 

The MgZn-SI-Tab and FeZn-SI-Tab showed a comparable solution drug 

concentration vs time profile to the commercial Brufen Retard tablet, but the 

HDS tablets free all their loading within 24 h; this is illustrated in Figure 4.32. 

 
Figure 4.32: Normalised SI release from the FeZn-SI-Tab, MgZn-SI-Tab and Brufen retard 
releasing at pH 1and pH 6.8.  
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SI release from Zn-SI tablets (containing the same excipients as the new HDS 

tablets reported in this Chapter) has been reported by Taj el al,56 in similar 

conditions. These authors found that ca. 10 % of the drug was released in an 

acidic media, and following transfer to neutral medium the rest of the drug was 

freed within 10 h. Shiyani and co-workers reported that LDH-SI tablets did not 

release in acidic milieu and all the SI was released after 10 h in the neutral 

medium.123 

 

All data reported here, and previously by others scientists, showed a burst 

release of SI in thephosphatebuffer(pH≥6.8).SinceitisknownthattheSIis

absorbed quickly in the gastrointestinal tract of a healthy human being,92 this 

initial release from the HDS tablets should bring its plasma concentration rapidly 

into the therapeutic window; the second, sustained, part of the release profile 

should maintain it within this window for a prolonged period of time.124,125 

 

The MgZn-SI-Tab and FeZn-SI-Tab formulations meet the pharmacopeia 

requirements for both delayed-release dosage forms and sustained release 

dosage forms. Therefore, they are expected to prevent damage to the stomach 

caused by drug release in this low pH environment, as well as improving patient 

compliance. They showed a similar release profile to a commercial tablet, and 

thus should be suitable for patients with normal transit times. The new 

formulations are less wasteful of drug than the commercial tablets. 

 

 

4.2.6.4. Valproate 

 

Several different tablet formulations were prepared for the Val system. 

Dissolution test results from FeZn-Val-Tab, MgZn-Val-Tab, and commercial 

tablets (Epilim ®) are shown in Figure 4.33. To the best of our knowledge, 

outside the work reported in this thesis no one has studied Val release from 

HDS or LDH formulations. The release of Val from HDS tablets was slower 

compared to its release from the HDS-Val powder (Figure 4.22). In acidic 

media, the drug release was slower from MgZn-Val-Tab2 and Tab3 than MgZn-
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Val-Tab and Epilim (see also Table 4.19). Once the pH was adjusted, the 

release rate slowed down from all 4 formulations. Epilim and MgZn-Val-tab 

released all their loading within 24h, while MgZn-Val-Tab2 and MgZn-Val-Tab3 

released only 74.6% and 68.6%, respectively. MgZn-Val-Tab and Epilim 

showed very similar release profiles. Some trial experiments with the FeZn-Val 

tablet formulations were performed, and it appeared that release was slower 

than MgZn system, but this study could not be done in triplicate because of a 

lack of instrument availability.  

 

The Val release in acidic conditions was much higher than the amount of drug 

release observed from the other HDS tablets, even though MgZn-Val-Tab 

contains the same excipients in the same amounts as MgZn-Dic-Tab, MgZn-SI-

Tab and MgZn-Nap-Tab. This is, however, a positive thing. Val release in acidic 

media is preferable, since in vivo studies showed that Epilim tablets (which 

release in the stomach) are more effective in the long-term treatment of 

epilepsy than enteric-coated sodium valproate tablets (which do not).126 

 
Table 4.19: Summary of Val release from the different tablets. 

 MgZn-Val-Tab MgZn-Val-Tab2 MgZn-Val-Tab3 Epilim® 

After 2h 44.8 25.2 23.4 54.7 

After 24h 100 74.6 68.6 100 

t50/min 125 310 540 110 

t90/min 845 1580 1640 625 

 
 

 
Figure 4.33: Val release from the MgZn-Val tablets and Epilim at pH 1 and  pH 6.8. 



Chapter 4 

214 
 

This greater extent of release can be attributed the higher solubility of Val 

compared to the other drugs. The release rate difference between the three Val-

loaded HDS tablets is thought to be due to porosity, which has an inverse 

correlation with hardness and a positive correlation with the release rate.127–132 

The hardness test showed that MgZn-Val-Tab3 was most resistant to crushing, 

followed by MgZn-Val-Tab2 and finally MgZn-Val-Tab (Table 4.15). The release 

mechanism is believed to be mainly due to weathering in acidic media. Once 

the pH was adjusted, there was a deceleration in the release rate, which 

suggested strongly that a new release mechanism became dominant, the ion 

exchange mechanism (which is highly dependent on the anions present). 

 

The release rate could be tailored just by varying the ratio of excipients or the 

compressional force used to prepare the three tablets formulations (MgZn-Val-

Tab, MgZn-Val-Tab2 and MgZn-Val-Tab3). It is known that antacids can 

increase the bioavailability of valproic acid,133–136 and since HDSs can act in an 

antacid role MgZn-Val-Tab may be able to generate the same effect as Epilim 

with a smaller dose. MgZn-Val-Tab is expected to be suitable for patients with 

normal transit time, while MgZn-Val-Tab2 and MgZn-Val-Tab3 might be useful 

for those with a longer transit time. 

 

 

4.2.7. Stability test 

 

Stability studies were carried out by storing the formulated tablets and HDSs-

drug powders under usual environmental conditions (temperature and humidity 

varied with the seasons). The tablets and HDS-drug intercalates were kept in 

glass vials and stability tests were performed at 0 days and after 1, 3, 6, 12, 15 

18 and 24 months using FTIR, XRD, NMR and HPLC. The tests showed that all 

the drugs remained stable during these periods (FTIR is shown in Appendix III). 
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4.2.8. Kinetic analysis 

 

In order to gain more insight into the mechanism involved in Nap release from 

the biocompatible HDSs (MgZn and FeZn), some widely used mathematical 

models were utilised. These models are summarised in Table 4.20. Mt and M∞ 

are the amount of drug released at time t and the theoretical maximum amount 

of release possible; M0 is the initial amount of drug present in solution (usually, 

M0 = 0). k (the release constant) and n (the release exponent).  

 

Table 4.20: Summary of kinetic equation models. 

Model Equation References 

Zero-order Mt = M0 + k0t 
137 

First-order ln (Mt/ M∞)= -kFt 
138 

Korsmeyer-Peppas Mt / M∞= kKPtn 139 

Higuchi Mt / M∞  = kHt1/2 140–142 

Bhaskar ln(Mt / M∞) = kBt0.65 143 

 

 

The Higuchi and Korsmeyer-Peppas models are applicable only for the first 60 

% of drug release. 144 Thus, the data were fitted up to this limit, and for the other 

models up to 90 % release. 

 

The fitting results are shown in Figure 4.35 and the obtained data are 

summarised in Table 4.21. The Bhaskar and Higuchi models show a good fit to 

the data (R2 ˃ 0.99). Therefore, it is proposed that Nap release is a proactive 

diffusion process taking place via ion exchange and governed by the nature of 

the HDS matrix. Ambrogi and co-workers have observed the same release 

process from Mg/Al LDH-Dic.145  
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Table 4.21: Fitting parameters of different kinetic models for the release of Nap from 
the HDS in PBS (pH 7.4) 

 Bhaskar First order 

 R2 kB (min-0.65) R2 k1 (min-1) 

FeoxZn-Nap 0.9962 0.0232 0.7493 0.0034 

FeZn-Nap 0.9983 0.0319 0.5313 0.0021 

MgZn-Nap 0.9957 0.0434 0.4863 0.0075 

 
 Higuchi Korsmeyer-Peppas 

 R2 kH (min-1/2) R2 n kKP (min-n) 

FeoxZn-Nap 0.9777 3.9721 0.9889 0.2939 0.1561 

FeZn-Nap 0.9971 4.5379 0.9949 0.7814 0.8524 

MgZn-Nap 0.9919 7.1902 0.9688 0.7125 0.0393 

 

  
a b 

  
c d 

Figure 4.34: Kinetic models fitted to the experimental release data for MgZn-Nap. (a) Higuchi 
model, (b) Bhaskar model, (c) Korsmeyer-Peppas model (d) First order model. 



Chapter 4 

217 
 

Two kinds of mechanism were postulated during the investigation of drug 

release from HDS tablets: weathering or dissolution of HSDs layers in the HCl 

solution(pH≥1.0)and an ion-exchangeprocessinphosphatebuffer(pH≥6.8). 

To gain more insights into the mechanism of drug release, the same kinetics 

models (Table 4.20) were exploited.  

 

Fits of the models to Dic and Nap release in pH ≥6.8 are given in Figure 4.36, 

and the results are summarised in Table 4.22. It is clear that the first order 

model does not describe Dic and Nap release, reflected by the fact that data 

clearly do not lie on a straight line.  

 

The Higuchi model is not suitable to explain the release process from the HDS 

tables. They have been utilised inappropriately during last half century to 

analyse drug release kinetics, specially from tablets.144 They were only plotted 

here to see if they can lead to the misinterpretation of the data. Korsmeyer-

Peppas models showed most of the R2 > 0.96, however, all the n values were 

beyond the boundary(˃1).Thisdemonstrate that themodelsarenotsuitable

for those tablets . 

 

Meanwhile, the Bhaskar model fits the release profiles much better (R2 > 0.99), 

except for MgZn-Dic-Tab and FeoxZn-Dic-Tab, indicating that the release 

mechanism from HDS tablets in most cases is controlled by ion exchange. The 

release of Dic from MgZn-Dic-Tab appears to be zero order (R2 > 0.99), with the 

release data lying on a straight line for the first 80 % of release (R2 > 0.998). 

 

Usually, zero-order release formulations are complex, expensive, time 

consuming, and challenging to manufacture.146,147 Zero-order release 

formulations remain the ultimate aim of much research due their ability to 

release drug at a constant rate, leading to good control of plasma 

concentration.148 The MgZn-Dic-Tab are easy, inexpensive and quick to 
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manufacture. This makes the formulation a good candidate for 

commercialisation.  

 

Table 4.22: Fitting parameters for the release of Dic and Nap from the HDS Tablets. 

 Zero order First order Higuchi 

 R2 k0 R2 K1(min-1) R2 kH (min-1/2) 

FeoxZn-Dic-Tab1 0.9590 0.0739 0.8015 0.0015 0.9989 0.0409 

FeZn-Dic-Tab 0.9153 0.0956 0.7662 0.0018 0.9992 5.7102 

FeZn-Dic-Tab1 0.9075 0.1593 0.8421 0.0021 0.9987 13.882 

MgZn-Dic-Tab 0.9919 0.0865 0.7654 0.0026 0.9935 3.8371 

FeZn-Nap-Tab 0.8579 0.0696 0.6903 0.0076 0.9858 7.0196 

MgZn-Nap-Tab 0.8984 0.0863 0.6106 0.0019 0.9825 6.0025 

 

 Bhaskar  Korsmeyer-Peppas 

 R2 Kb(min-0.65) R2 n KKP (min-n) 

FeoxZn-Dic-Tab1 0.9753 0.0284 0.9747 1.1551 0.0345 

FeZn-Dic-Tab 0.9963 0.0385 0.9779 1.2972 0.0003 

FeZn-Dic-Tab1 0.9974 0.0718 0.9979 1.4805 0.0004 

MgZn-Dic-Tab 0.9428 0.0267 0.9860 1.4196 0.0000 

FeZn-Nap-Tab 0.9940 0.0307 0.9618 1.6206 0.0000 

MgZn-Nap-Tab 0.9950 0.0336 0.8404 1.8708 0.0067 
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a b 

  
c d 

 
e 

 

Figure 4.35: Kinetic models fitted to the experimental release data for MgZn-Dic-Tab and 
MgZn-Nap-Tab. (a) Zero order model, (b) First order model, (c) Higuchi model, (d) 
Korsmeyer-Peppas model (e) Bhaskar model. 
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Fits of the models to SI and Val release at pH ≥6.8are given in Figure 4.37, 

and the fitting parameters in Table 4.23. It is clear that the Bhaskar model was 

the only model able to describe the SI release mechanism (0.97 < R2 < 0.99). 

All the models indicate that there are two different segments of the SI release 

process, thus fitting was carried out individually for each segment. The resultant 

analysis suggests that the SI release mechanism from HDS tablets is controlled 

by an ion exchange mechanism. The release of SI showed slightly different 

behaviour from Dic and Nap, which could result from a variety of factors such as 

the interactions of the guests with the layers. 

 

Table 4.23: Fitting parameters for the release of SI and Val from the HDS tablets 

 Zero order First order Higuchi 

 R
2
 K0 R

2
 K1(min

-1
) R

2
 kH (min

-1/2
) 

FeZn-SI-Tab 0.7748 0.0710 0.4816 0.0057 0.9783 11.079 

Segment 1 0.9813 0.3650 0.8721 0.0109 0.9783 11.079 

Segment 2 0.9807 0.0392 0.9816 0.0020 - - 

MgZn-SI-Tab 0.9019 0.0576 0.6433 0.0011 0.8394 4.4824 

Segment 1 0.9820 0.3954 0.9033 0.0150 0.9879 10.590 

Segment 2 0.9821 0.0483 0.9551 0.0007 0.9739 2.8014 

MgZn-Val-Tab 0.9953 0.0622 0.9873 0.0009 - - 

MgZn-Val-Tab2 0.7808 0.0265 0.6439 0.0005 0.9962 2.3432 

MgZn-Val-Tab3 0.9463 0.0225 0.9001 0.0004 0.9931 1.3857 

 

 Bhaskar Korsmeyer-Peppas 

 R
2
 KB(min

-0.65
) R

2
 n KKP (min

-n
) 

FeZn-SI-Tab 0.9766 0.0314 0.9491 3.7402 0.000 

Segment 1 0.9946 0.0646 0.9491 3.7402 0.000 

Segment 2 0.9890 0.0277 - - - 

MgZn-SI-Tab 0.9813 0.0268 0.7602 1.1114 0.0466 

Segment 1 0.9972 0.0550 0.9269 2.6044 0.0016 

Segment 2 0.9886 0.0289 0.9720 0.4788 0.0328 

MgZn-Val-Tab 0.9774 0.0269 - - - 

MgZn-Val-Tab2 0.972 0.0093 0.9562 0.5443 0.0215 

MgZn-Val-Tab3 0.9904 0.0080 0.9971 0.2872 0.0834 
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c d 

 
e 

 

Figure 4.36: Kinetic models fitted to the experimental release data for MgZn-SI-Tab and 
MgZn-Val-Tab: (a) Zero order model, (b) First order model, (c) Higuchi model, (d) 
Korsmeyer-Peppas model and (e) Bhaskar model. 
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4.3. Conclusion 

 

New biocompatible HDSs MgZn-Cl and FeZn-Cl were successfully synthesised. 

They comprise hexagonal platelets, and XPS data suggested that Mg2+ and 

Fe2+ occupy both octahedral and tetrahedral sites. The organic guests Dic, Nap, 

SI and Val have been successfully intercalated into the new HDSs. NMR and 

FTIR showed that the four guest structures remained intact after intercalation. It 

was found that the Dic and Nap ions are intercalated in an intertwined bilayer 

arrangement between the HDS layers, while the SI and Val adopt perpendicular 

bilayer arrangements of ions. Nap release in PBS (pH 7.4) from the various 

HDSs showed a sustained release profile, and as a result of these promising 

results tablets were prepared with the intercalated HDS systems. 

 

The tablets prepared met the standard pharmacopeia requirements (weight 

consistency, hardness, friability and drug content). Drug release from the HDS 

tablets was investigated in conditions that mimic the human gastrointestinal 

tract. NSAID-loaded HDS tablets (containing Dic, Nap or SI) showed minimal 

release in acidic media, but freed all the loaded drug into a neutral medium 

within 24 h. Desirable delayed and sustained release profiles were often 

observed. This is believed to prevent the upset stomach, which is one of the 

commons side effects of the NSAIDs and generates longer duration of pain 

relief. The release profile from some of the HDSs tablets were similar to the 

commercial tablets and some of the HDSs tablets showed better release profile 

than the commercial tablets. The new NSAID-loaded HDS tablets formulations 

met the pharmacopeia delayed-release and sustained release requirements. 

The Val-loaded HDS tablets released significant amounts of drug at pH 1.0, but 

still met the pharmacopeia sustained release dosage form requirements.  
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Chapter 5: Combined in situ and in silico studies of guest 

intercalation into the layered double hydroxide 

[LiAl2(OH)6]X·yH2O 

 

 

5.1. Introduction 

 

Understanding and predicting HDSs tablet behaviour in conditions that mimic 

the human body is important, and should help predict their behaviour in the 

human body. The drug release mechanism is a key factor, and hence its 

comprehension and prediction is crucial. The drug release is related to guest 

deintercalation; to understand this, it is important to understand first the 

intercalation process. Layered double hydroxides (LDHs) have been 

investigated deeply and considerable data have been reported on their 

intercalation processes, and for this reason LDHs were selected to begin this 

work.  

 

LDHs, also known as hydrotalcite-like compounds, are a widely-studied class of 

ion exchange materials. They consist of positively charged metal hydroxide 

sheets and charge balancing anions in the interlayer region. The general 

formula of LDHs is [Mz
1-xM

3+
x(OH)2]

q+(Xn−)q/n·yH2O. Generally z=2, and M2+ is a 

divalent metal such as Mg, Co, Ni, Cu, Zn or Ca; M3+ is a trivalent metal such as 

Al. There is also a unique family of LDHs for which z = 1, where M+ = Li+ and q 

= 2x − 1. The common formula for this family of materials is [LiAl2(OH)6]X·yH2O 

(LiAl-X), where y lies in the approximate range 0.5 – 4 and X is a generic anion 

(e.g. Cl, Br, and NO3). 
1  This family of materials is known to exist in hexagonal 

(2H) and rhombohedral (3R) polytypes; these differ in their layer stacking 

sequences, with 2H materials having a two-layer repeat aba stacking sequence 

and 3R possessing a three-layer abca repeat.2 The layers stack in the c-

direction, which means that a 2H unit cell contains two layers and a 3R cell has 

three. 
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Interest in LDHs has increased in recent years because of their utility as flame 

retardants,3 catalysts and catalyst precursors,4–6 water and air purifying 

agents,7,8 adsorbents,9–11 electrical and optical functional materials,12 and for 

the separation of organic isomers.13,14  They have also been shown to have 

potential as drug delivery systems,15,16 and for the stabilisation of 

pharmaceutical salts of antipyretic, analgesic and anti-inflammatory drugs.17 A 

range of  organic species featuring different functional groups including 

carboxylates,15,18–21 phosphonate,22–26 and sulfonates21,27–29 have been 

intercalated.  

 

Although the intercalation of an enormously wide range of species into LDHs 

has been reported, the precise nanoscopic processes which take place during 

guest uptake remain poorly understood.  This is in part because the most 

accessible method to obtain such insight, quenching the reaction, is invasive 

and known potentially to affect the outcome of the reaction. To gain reliable 

understanding of solid-state reaction processes, a non-invasive probe is 

required. Few such probes exist, but the technique of time-resolved in situ 

diffraction using a synchrotron X-ray source is one which permits us to obtain 

detailed information on solid state or solid/liquid reaction processes without 

affecting the course of the reaction. It has been used to great effect to begin to 

unravel the kinetics and mechanisms of intercalation processes.30  

 

Time resolved X-ray diffraction (XRD) has been used to probe a range of LDH 

intercalation reactions; particularly interesting results have been obtained for the 

incorporation of carboxylate and phosphonate species. The intercalation of such 

species into the LiAl-X family of LDHs has revealed that the reactions in some 

cases proceed via so-called “second stage” intermediates, in which alternate

interlayer spaces are occupied by the starting anion X and the incoming ion. 

24,31,32 Whether the reaction proceeds directly from the host to the product or via 

a second stage intermediate has been shown to be dependent on the incoming 

ion, the layer stacking sequence of the LDH (aba hexagonal, or abca 

rhombohedral),33 the initial interlayer ion,33  the reaction temperature,26 and the 

solvent system.26 It has also been shown that if the second stage phases can 
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be isolated, then they exhibit selective ion exchange properties, with (in)organic 

guests preferentially replaced by other (in)organics.34 

 

In this work, we sought to build on the earlier work exploring phosphonates and 

carboxylates, and investigated the intercalation of three bifunctional ions 

(phosphonoacetic acid, sulfoacetic acid, and diethylphosphonoacetic acid) into 

the hexagonal LiAl-Cl and LiAl-NO3 LDH systems. These systems were 

selected because for organic phosphonates and carboxylates second stage 

intermediates have been reported to occur for the hexagonal form of LiAl-Cl, but 

not for its nitrate analogue. The final products obtained after incorporation of the 

bifunctional anions into the [LiAl2(OH)6]X·H2O system were first synthesised and 

fully characterised. A range of in situ diffraction experiments were then used to 

probe the intercalation mechanisms. We coupled the use of in situ diffraction 

techniques with molecular dynamics (MD) simulations to provide additional 

insight into the phase transformations observed. MD is a valuable tool for 

complementing experimental work in terms of understanding of the interactions 

between the LDH layer and the guest ions. The technique allows the interlayer 

arrangements and dynamics of guest ions and water molecules to be evaluated. 

There have been several MD studies of LDH intercalates, for instance of amino-

acids,35 benzocarbazole,36 lanthanide complexes,37 organic luminescent 

materials,38–40 and even DNA.41,42  

 

Phosphonoacetic acid (PAA) has an antiviral activity by blocking DNA 

polymerase.43 The reported data showed that PAA was active against various 

viruses such as: herpes virus, African swine fever virus and vaccinia virus.43–45 

and had minimal adverse effects on the animals themselves.46 However, direct 

delivery of PAA is generally inefficient and the drug suffers from problems such 

as short half-life and nephrotoxicity. It is known that LDHs can help improve the 

drug efficacy.47 In vitro tests were carried out to see if these disadvantages can 

be overcome by using LDHs as drug carrier.  
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5.2. Results and discussion 

5.2.1. Intercalation 

5.2.1.1. X-ray diffraction  

 

Successful PAA intercalation was clearly evidenced by X-ray diffraction (XRD), 

IR spectroscopy, and elemental microanalysis. The XRD patterns of the 

reaction products (Figure 5.1) do not show any of the characteristic basal 

reflections of the starting material, and the 00l basal reflections are observed to 

shift to lower angle. This corresponds to an increase in interlayer spacing, 

implying the incorporation of a larger anion. The intercalation of the three 

different PAA anions into LDHs thus appears to have been successful.  

 

 

 

Figure 5.1: XRD patterns of (a) LiAl-PAA
-
, (b) LiAl-PAA

2-
, (c) LiAl-PAA

3- 
and

 
(d) the LiAl-Cl 

startingmaterial.Thereflectionmarked*correspondstogibbsite[γ-Al(OH)3].  
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The LiAl-PAA- material shows a slightly higher interlayer spacing (11.1 Å) than 

the PAA2- and PAA3- intercalates (for which d002 is 10.2 Å). There also appears 

to be a small reflection attributable to gibbsite in the pattern of LiAl-PAA- and the 

overall crystallinity is much reduced, with broadened reflections clearly notable. 

We cannot be certain why this arises, but we believe it to be a result of the low 

pH (2.5) of the PAA- solution causing some degradation of the sample. In 

addition, the lower charge density of the monoanionic guest may encourage 

turbostratic disorder in the material. A simple comparison of the interlayer 

spacings of the three PAA intercalates with the length of the molecules 

(calculated with Marvin),48 suggests that the guests are aligned in a monolayer 

with their long axes perpendicular to the LDH layers. A summary of the data 

collected on the intercalates is presented in Chapter 6, Table 6.9. It appears 

that when two and three equivalents of NaOH are used to ionise PAA, a mixture 

of mono- and di- or di- and tri-anionic species are intercalated; this is sensible 

given that there will be an equilibrium between these species existing in 

solution. The materials prepared from LiAl-Cl and LiAl-NO3 are virtually 

identical. 

 

As for the PAA systems, the XRD patterns of LiAl-sulfoacetate (SAA) and LiAl-

diethyl phosphonoacetate (DPA) show (002) reflections at lower angle than the 

starting material, confirming successful intercalation (Appendix IV). The DPA 

intercalate is poorly crystalline, and with the SAA-containing material it appears 

that a small amount of unreacted starting material is present alongside the 

product. On the basis of guest size and interlayer spacing comparisons, it is 

thought that the SAA anions adopt a perpendicular monolayer arrangement 

while the DPA guests are organised in a perpendicular bilayer arrangement in 

the interlayer space, with carboxylate groups facing the positively charged 

layers and diethyl groups in the centre of the interlayer region. Characterising 

data may be found in Table 5.1. 
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Table 5.1: A summary of key characterising data on the intercalated phases of LiAl2-X.  

a 
Determined for the samples prepared from LiAl-Cl. 

b
C and H contents were determined by quantitative combustion, and the H2O content from TGA. 

c
 It proved impossible to analyse the LiAl-SAA material by quantitative combustion. 

 

 

5.2.1.2. IR spectroscopy 

 

Selected IR spectra are given in Figure 5.2. LiAl-Cl shows a broad band due to 

the H-bonded OH groups of the LDH layer (centred at ca. 3400 cm-1), and an 

absorption at around 1640 cm-1 as a result of the δ-bend of interlayer water 

molecules. PAA2- has carboxylate bands between 1380 and 1570 cm-1 and 

phosphate bands at 900 – 1250 cm-1. Its intercalation compound LiAl-PAA2- 

exhibits all of these features, indicating successful intercalation of the intact 

guest. The spectra of the other intercalation compounds similarly exhibit the 

characteristic bands from their guest ions: in all cases successful intercalation is 

confirmed by IR spectroscopy (data for DPA, PAA- and PAA3- may be found in 

Appendix IV).  

 

ID 

d002  (Å) 

Formula
a 

Elemental 

analysis (%) 

Obsd (calcd)
b 

X = 

Cl 

X = 

NO3 

LiAl-X 7.65 8.95 [LiAl2(OH)6]X·yH2O  

LiAl-PAA
-
 11.1 11.0 [Li0.8Al2(OH)6](PO3HCH2CO2H)0.8·1.75H2O 

C 5.73 (6.32) 

H 3.81 (4.21) 

H2O 10.1(10.4) 

LiAl-PAA
2-

 10.2 10.4 
[Li0.95Al2(OH)6](PO3CH2CO2H)0.4(PO3HCH2CO2H)0.15·

2.0H2O 

C 5.02 (4.81) 

H 4.46 (4.22) 

H2O 11.5(13.1) 

LiAl-PAA
3-

 10.2 10.2 
[Li0.96Al2(OH)6](PO3CH2CO2H)0.3(PO3CH2CO2)0.12· 

1.5H2O 

C 4.23 (4.08) 

H 4.28 (4.13) 

H2O 10.5(10.9) 

LiAl-SAA 10.5 10.7 
c c

 

LiAl-DPA 18.6 19.2 [Li0.9Al2(OH)6](PO3(C2H5)2CH2CO2)0.4Cl0.5·2.5H2O 

C 9.00 (9.51) 

H 4.71 (5.25) 

H2O 11.2(14.9) 
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Figure 5.2: The FTIR spectra of (a) PAA
2-

, (b) LiAl-Cl, and (c) LiAl-PAA
2-

.  

 

 

5.2.1.3. Guest recovery 

 

Selected LiAl-PAA intercalates were reacted with Na2CO3 in D2O, and NMR 

spectra recorded of the filtrate from these reactions. The spectra after 

deintercalation are observed to be identical to those of the PAA starting 

material, confirming that the structural integrity of the drug molecule is retained 

(Appendix IV). 

 

 

5.2.2. The intercalation process 

 

The intercalation of phosphonate and dicarboxylate guests has previously been 

shown to be interesting mechanistically, with second stage intermediates having 

been reported.24,26,32–34 Experiments were thus performed to study the reaction 

of the PAA, SAA, and DPA anions with LiAl-Cl and LiAl-NO3, with the intent of 

developing more understanding of the reaction mechanisms.  
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The intercalation of all three PAA anions was found to be very rapid, even at 

room temperature, and thus the reactions could not be followed satisfactorily. 

This has previously been reported by O’Hare and co-workers for similar 

systems.24,32 In order to obtain mechanistic information, solutions of the PAA 

ions were added dropwise to aqueous suspensions of the LDH materials. 

Intercalation was studied at room temperature, and in some cases also with the 

LDH suspension heated to 70 °C.   

 

 

5.2.2.1. Intercalation of PAA3- 

 

In situ diffraction data for the intercalation of PAA3- are given in Figure 5.3. At 

both RT and 70 °C, a crystalline intermediate phase was observed in the 

diffraction data. This possesses a higher d-spacing than the final LiAl-PAA3- 

product. It is clear from the raw experimental data given in Figure 5.3a and b 

that the intermediate and product appear at the same d-spacing regardless of 

which LDH starting material (LiAl-Cl or LiAl-NO3) is used. The intensities of the 

LiAl-Cl and LiAl-PAA3- (002) reflections and the intermediate reflection were 

integrated for eachreaction,andconvertedtotheextentofreaction,α: 

 

α=Ihkl(t)/Ihkl(max)                                               (1) 

 

where Ihkl(t) is the intensity of a reflection hkl at time t, and Ihkl(max) is the 

maximum intensity of that reflection. Plots of α vs. time for intercalation into LiAl-

Cl and LiAl-NO3 are depicted in Figure 5.3c and d. The α vs. t curves of the 

starting material and final product cross close to α = 0, which confirms the 

presence of an intermediate phase. This crossing point indicates that the loss of 

diffracted intensity from the starting material is complete before any product 

reflections grow into the system. If there was not an intermediate phase, the 

curves should cross near α = 0.5. The LiAl-Cl/intermediate and 

intermediate/LiAl-PAA3- curves both cross at α = 0.5, however, indicating that 

there are no additional phases present on the reaction coordinate. 
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a b 

  

c d 

Figure 5.3: In situ XRD data for the intercalation of PAA
3-

 into LiAl-Cl and LiAl-NO3. 3D 
stacked plots of the raw data obtained at Diamond are given for (a) LiAl-Cl and (b) LiAl-NO3, 
togetherwithαvs. time plots for (c) LiAl-Cl and (d) LiAl-NO3.  

 

 

Experiments were performed both at Diamond and DESY to ensure the 

reproducibility of the results obtained (data from DESY are not shown in the 

interests of brevity). In Figure 5.3a, a small reflection can be seen at 9.24 Å in 

the data for LiAl-Cl. This was not observed when the same experiment was 

performed at DESY, but a quenching experiment suggested that this is likely to 

be a real phase rather than an artefact, and thus we believe that this reflection 

may correspond to an additional, very transient, intermediate phase (see 

Appendix IV). The reflection at 9.24 Å is rather broad, typical of the very early 
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stages of intercalation where some galleries contain PAA3- ions and others do 

not. It is uncertain why this is not observed with the nitrate system, but this 

could be a result of overlap with the LiAl-NO3 starting material (002) reflection. 

 

SecondstageintermediateshavepreviouslybeenobservedbyO’Hareandco-

workers for the intercalation of both organic phosphonates and carboxylates 

into LiAl-Cl,24,32,33 but in this case it does not appear that the intermediates 

correspond to staged systems. The d002 value expected for a second stage 

intermediate of PAA3- and LiAl-Cl would be [d002(LiAl-Cl) + d002(LiAl-PAA3-)] = 

17.9 Å (probably too high to be observed using the experimental configuration 

used), giving d004 of 8.97 Å. For a third stage system d002 should be 25.7 Å, and 

d004 = 12.8 Å. For LiAl-NO3, the equivalent d004 spacings would be 9.58 and 

14.1 Å respectively. The major intermediate observed experimentally has a 

reflection at 10.71 Å, very different to those expected for a staged system. 

Staging is further ruled out when quenching studies were undertaken: no very 

low-angle reflections indicating the presence of a supercell were observed (see 

Appendix IV). Finally, use of both the chloride and nitrate starting materials 

results in the same intermediate, and thus staging cannot be operational (if it 

was, the intermediate should have different reflection positions). 

 

To understand more about the intercalation process, a series of molecular 

dynamics (MD) simulations were undertaken (Figure 5.4) on the Cl-derived 

systems. The model was set-up using one water molecule per Li+ ion and the 

interlayer spacing determined experimentally (Table 5.2).  
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c 

a 

 

b 

Figure 5.4: MD results for the intercalation of PAA
3-

 into LiAl-Cl. (a) the orientation of PAA
3-

 in 
the interlayer space of the energy minimised structure; (b) the orientation of PAA

3-
 in the 

intermediate phase; (c) the change in the unit cell c-parameter with optimisation step. 

 

 

First, we allowed the simulation to run until the energy of the system was 

minimised. This resulted in the model given in Figure 5.4a. The PAA3- ions can 

be seen to form a monolayer, resulting in an interlayer spacing of 10.45 ± 0.04 

Å (the PAA3- atomic positions are reported in Appendix IV). This result is in 

good agreement with the experimental values both ex situ and in situ (10.2 and 

10.3 Å), with the small difference between experimental and simulation being 

well within the range of deviations reported in previous LDH modelling 

studies.35,49–52 The PAA3- ions adopt an almost perpendicular position, lying 

across the interlayer region to interact with two adjacent layers through H-

bonding. We also modelled the orientation of the ions in the major intermediate 

phase, feeding the d002 value observed for this into the model. The arrangement 
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of molecules here is similar to the final product (see Figure 5.4b), but there are 

subtle differences in the orientation of the PAA3- ions. 

 

Next, we explored the simulation process in more detail, and plotted the change 

in cell c-parameter as a function of the optimisation cycle number (Figure 5.4c). 

This experiment was undertaken by reading the known structure for 

[LiAl2(OH)6]Cl·H2O into Materials Studio, deleting the Cl ions, and manually 

inserting PAA3- between the layers. The PAA3- ions were inserted in the 

configuration which gave the lowest energy when the c-parameter was fixed at 

15.3 Å. This model (“theunconstrainedmodel”)was thenallowed tooptimise

without constraints. Remarkably, it can be seen that the changes in c-parameter 

observed track very closely what is observed in situ: the c-parameter increases 

from 15.3 Å (d002 = 7.65 Å) in the first optimisation step to 21.6 Å (d002 = 10.8 Å), 

where it remains at a plateau for a number of optimisation cycles (presumably 

the system is in a local energy minimum at this point in time). There is then a 

decrease in c-parameter to 20.0 Å (d002 = 10.0 Å), after which the system 

reaches an energy minimum. Furthermore, close inspection of the optimisation 

process suggests there is a brief point of inflection after around 100 optimisation 

cycles (Appendix IV), with a c-parameter of 17.1 Å, possibly corresponding to 

the very short-lived intermediate noted in Figure 5.3a. 

 

It should be noted that there are small differences in the d-spacings observed 

experimentally and those calculated during the optimisation cycle. These can be 

attributed to differences in the amount of water in the model and in the interlayer 

in the real system (it is not possible to know the latter for all stages of the 

reaction), and also the fact that in the model we assumed the ions to comprise 

equal mixture, whereas in reality the mixture ratio of divalent and trivalent 

anions is different. However, these results strongly suggest that the 

intermediate observed is a result of the PAA ions first intercalating in a higher-

energy orientation, before reorienting themselves to the most energetically 

favourable configuration. The sharp correlation between the MD and in situ 

results is striking, and to the best of our knowledge this is the first time that such 

observations have been reported. Our results suggest that MD simulations may 

be used not only to model the final product, but that the energy minimisations 
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which they use correspond closely to the molecular movements which take 

place in real reaction systems.  

 

 

5.2.2.2. Intercalation of PAA- 

 

Data for the intercalation of PAA- into LiAl-Cl and LiAl-NO3 are depicted in 

Figure 5.5. With both host materials, crystalline intermediate phases with lower 

d-spacings than the final product are observed in the diffraction data.  

 

  

a b 

  

c d 

Figure 5.5: In situ XRD data obtained on DESY for the intercalation of PAA
-
. Contour plots of 

the raw data obtained at RT for (a) LiAl-Cl and (b) LiAl-NO3; (c) raw data and (d) the extent of 
reaction vs. time plot for intercalation into LiAl-NO3 at 70 °C. The blue line across the centre of 
the image in (c) arises owing to a temporary loss of the X-raybeam.Anαvstimeplotcould
not be constructed satisfactorily for intercalation into LiAl-Cl, owing to poor crystallinity of the 
phases, and thus is not included. 
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The intercalation of PAA- into LiAl-Cl proceeds via two intermediate phases: 

initially the starting material at 7.74 Å can be seen, before a material with a 

reflection at 9.19 Å emerges, followed by a second at 10.74 Å, and then the 

final product at 13.17 Å. It should be noted that the latter is a significantly higher 

d-spacing than that observed ex situ for the final product. Complete conversion 

of the 10.74 Å phase to the 13.17 Å material is not observed during the 

timescale over which the reaction was observed. The reaction product was 

recovered, filtered, and dried; XRD analysis of the resultant material showed it 

to have a d002 of ca. 11 Å. Therefore, the 13.17 Å phase observed in situ must 

be a highly hydrated material, which is converted to a material with an 11 Å 

interlayer spacing by drying. 

 

In the case of LiAl-NO3, in the room temperature reaction an initial reflection 

grows in at 11.32 Å, followed by the emergence of another reflection at around 

13.4 Å. As in the LiAl-Cl case, both the 11.32 and 13.35 Å phases persist until 

reaction monitoring was ceased. To determine if the species around 11 Å is an 

intermediate or not, the reaction was repeated at 70 °C. At this elevated 

temperature, the 11 Å phase is clearly seen to grow in and then decline, leaving 

only a material with a d-spacingof13.1Å.Theαvs. time curves for LiAl-NO3 

and the final product cross very close to zero, consistent with the presence of 

an intermediate. In contrast, the LiAl-NO3/intermediate and intermediate/product 

sets of curves both cross at α = 0.5, showing that there are direct solid/solid 

transformations between these phases. The 70 °C reaction suspension was 

stored at RT for 24 h after monitoring ceased, and upon reanalysis d002 was 

shown to be 13.5 Å, The small increase in d-spacing over that observed during 

continuous monitoring can be ascribed to some additional hydration. As for LiAl-

Cl, the final d-spacing observed in situ is higher than that observed ex situ. If 

the products are filtered and dried, then XRD shows the d-spacings of the dry 

products to be essentially the same as those prepared in the laboratory, 

indicating that the higher d-spacing phases are highly hydrated systems which 

are not stable to drying. 
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The reaction process for PAA- intercalation can thus be summarised as follows: 

LiAl-Cl (7.74 Å)  Intermediate 1 (9.19 Å)  Intermediate 2 (10.74 Å)  

Product (13.17 Å). 

LiAl-NO3 (9.15 Å)  Intermediate 2 (11.1 – 11.3 Å)  Product (13.1 – 13.35 Å). 

 

The similarity of d-spacings for the 11 Å phase from both LiAl-Cl and LiAl-NO3 

indicates that they are probably the same material, with small differences in 

hydration. Given the fact that the first intermediate seen during PAA 

intercalation into LiAl-Cl has the same d-spacing as LiAl2-NO3, it might be the 

case that this 9.19 Å phase also forms with the nitrate starting material, but 

cannot clearly be seen because the reflections overlap. As was the case with 

PAA3-, the intermediates seen are not the result of staging (for LiAl-Cl, second 

and third stage intercalates with PAA- would have d004 of 9.4 and 13.3 Å; for 

LiAl-NO3 9.98 and 14.5 Å). 

 

As for PAA3-, MD simulations were performed for the LiAl-Cl starting material, 

and are presented in Figure 5.6. First, simulations for PAA- were set up with one 

water molecule per Li+ ion and the interlayer spacing observed for the dried ex 

situ product, and allowed to run until an energy minimum was reached. This 

reveals that in the final product observed ex situ the PAA- ions form a 

monolayer between the LDH layers, with a d-spacing of 10.91 ± 0.01 Å (Figure 

5.6a). This is in good agreement with the ex situ experimental value of 11.1 Å, 

and the 10.74 Å observed in situ. The PAA- ions lie perpendicular across the 

interlayer regions (the detailed locations of the PAA- ions are given in Appendix 

IV).  
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a b 

  

c d 

Figure 5.6: MD simulations for the intercalation of PAA
-
 into LiAl-Cl. (a) the energy minimised 

final product; (b) the orientation of PAA
-
 in the 9.2 Å intermediate phase; (c) the results of 

adding more water to the simulations; and, (d) the variation in cell c-parameter with 

optimisation cycle. 

 

 

In the same way, we modelled the intermediate phase observed in situ at ca. 

9.2 Å for LiAl-Cl (Figure 5.6b). This suggests that the PAA- ions are intercalated 

in a horizontal manner in this system; they presumably re-orient later to give the 

final product. Additionally, further simulations were performed in which we 

increased the amount of water in the system, in order to model the final, highly 

hydrated, material observed in situ at around 13 Å (see Figure 5.6c). When the 

simulations were rerun with six water molecules per unit cell, d002 is calculated 

to be 12.99 Å, in excellent agreement with the observed experimental value. 
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The PAA- ions are vertically oriented here, but the interlayer space is expanded 

because of the large amount of water present. 

 

To understand in more detail the interlayer spacing evolution during the 

intercalation of PAA-, we again took the known structure for [LiAl2(OH)6]Cl·H2O, 

deleted the Cl ions and manually inserted PAA- between the layers (in the 

lowest energy orientation possible), and permitted the model to optimise without 

constraints. A plot of c-parameter vs. optimisation step is given in Figure 5.6b; 

the c-parameter first increases rapidly to ca. 17.7 Å (d002 = 8.85 Å) before there 

is a plateau where despite further optimisation cycles running, no increase in c 

is seen. After around 125 cycles, the c-parameter again rises to 20.8 Å (d002 = 

10.4 Å).   

 

The d002 values calculated are a little different to those observed in situ (9.19 Å 

and 10.74 Å), for the same reasons as discussed above. However, the trend 

calculated by MD mirrors precisely what happens in the first stage of PAA- 

intercalation in situ, with a lower d-spacing intermediate first forming and the d-

spacing and then expanding. Re-running the model with varied amounts of 

water present (data not shown) led to changes in the absolute values of the d-

spacings observed, but the variation of c-parameter with optimisation cycle 

follows the same trend in all cases there is an initial rapid increase in c, followed 

by a plateau, and a second region of expansion before the model reaches an 

optimal configuration. The final product observed in situ at around 13 Å is not 

accounted for in the unconstrained model when the amount of water included is 

restricted to the amounts determined experimentally (see Table 5.2), but can be 

simulated when very large amounts of water are added to the unit cell in the 

model. 

 

As for the intercalation of PAA3-, it is clear that MD simulations may be used not 

only to model the guest orientations in the final product, but also to understand 

the nanoscopic processes occurring along the reaction coordinate. 

 

 



Chapter 5 

252 
 

5.2.2.3. Intercalation of SAA 

 

In situ data for the intercalation of SAA are given in Figure 5.7. Intercalation into 

both LiAl-Cl and LiAl-NO3 proceed in an essentially identical fashion: the 

starting material declines in intensity before a phase grows in with d-spacing a 

little over 11 Å. There is then a distinct shift in the position of the latter reflection, 

to ca. 10.8 Å.  

 

 

 

As was the case with PAA, the d-spacings of the phases observed are not 

consistent with staging, and MD simulations were performed to model the 

intercalation process into LiAl-Cl. The final energy minimised structure 

(calculated with constraints) showed SAA to form a monolayer in the interlayer 

space, with a d-spacing of 10.98 ± 0.01Å (Figure 5.8a). This is in good 

agreement with the ex situ experimental value of 10.5 Å, and the 10.78 Å seen 

in situ. The SAA ions lie perpendicular across the interlayer regions. 

 

  

a b 

Figure 5.7: In situ XRD data for the intercalation of SAA into (a) LiAl-Cl and (b) LiAl-NO3. 
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The orientation of the SAA in the initial product with higher d-spacing was also 

modelled with constraints (Figure 5.8b), and looking at the guest orientations 

(see Figure 5.8a and b), the simulation study indicates that the SAA reorients 

itself after initial intercalation, presumably in order to maximise bonding 

interactions, and thus the initial d-spacing is higher than that observed at the 

end of the reaction.  

 

 

 

c 

a 

 

b 

Figure 5.8: MD results for the intercalation of SAA into LiAl-Cl. (a) the proposed orientation of 
SAA in the interlayer space in the energy minimised system; (b) the orientation of SAA in the 
intermediate; and, (c) the change in the unit cell c-parameter with optimisation step. 
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Looking at the MD process run without constraints (Figure 5.8c), as increasing 

numbers of optimisation cycles are run, the simulation shows the c-parameter to 

rapidly increase to ca. 21.9 Å (d002 = 10.95 Å), which is very similar to the 

interlayer spacing of the initial material seen to form in situ. This subsequently 

declines to c = 21.1 Å (d002 = 10.6 Å) upon further optimisation cycles, again in 

excellent agreement with the reflection shift observed in situ. Beyond what is 

observed experimentally, the plot of cell length vs. optimisation cycle in Figure 

5.8b includes a point of inflection at around 19 Å. This indicates that a very 

transient intermediate may exist, but the limitations of the in situ experiments do 

not allow this to be observed.  

 

 

5.2.2.4 Intercalation of DPA 

 

In situ data for DPA intercalation into LiAl-NO3 are given in Figure 5.9. In these 

experiments, the pH of the DPA solution was adjusted to either 4.55 or 6.10 

prior to the LDH being added. 
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a b 

 

c 

Figure 5.9: In situ XRD data collected on DESY for the intercalation of DPA into LiAl-NO3 at 
(a) pH 4.55, and (b) pH 6.10; (c) the extend of reaction vs. time plot at pH 6.1 The reflections 
marked * in (a) and (b) are escape reflections from the detector. 

 

 

No intermediates are observed for DPA intercalation: the starting material is 

converted directly to the product at both pH 4.55 and pH 6.10 (see Figure 5.9a 

andb).Thisisconfirmedbytheαvs. time curves in Figure 5.9c; these cross at 

α=0.5,confirmingthatthereisnointermediatephasepresenthere.However,

there is a gradual increase in d002 with time, from an initial 17.6 – 17.8 Å to 19.1 

Å (pH 4.55) or 20.05 Å (pH 6.1). Similar shifts in position are seen in d004. 

 

Constrained MD simulations for DPA suggest the minimum energy structure is a 

bilayer arrangement with a d-spacing of 19.17 ± 0.02 Å (see Figure 5.10a). This 
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is in reasonable agreement with the ex situ value of 18.6 Å, and a little lower 

that the final in situ d-spacings of 19 – 20 Å. The DPA anions are oriented in a 

perpendicular fashion across the interlayer regions, with their carboxylates 

facing the LDH layer and the ethylene chains towards the centre. The 

simulation shows that H-bonding occurs between the COO- group of DPA and 

the LDH layer. The variation in cell length with optimisation step (Figure 5.10b), 

simulated using the unconstrained model, shows a very rapid increase in c-

parameter to around 30.0 Å (d002 = 15.0 Å). This is followed by a more gradual 

increase in c, with the final c-value levelling off at ca. 36 Å (d002 = 18 Å). As for 

the previous systems studied, the unconstrained model mirrors very closely 

what is observed in situ, albeit with some differences between the interlayer 

spacings between the calculations and experimental observations. These may 

be ascribed to differences in hydration state.  

 

 
 

a b 

Figure 5.10: (a) the energy minimised structure of LiAl-DPA; and, (b) the variation of cell 

length with optimisation step. 
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5.2.3. Drug release 

 

Dissolution tests were performed under experimental conditions close to the 

human blood plasma, with the media composition being slightly modified from 

the one reported by Marques et al.53 The drug release study was carried out 

from the PAA2-  and PAA3- systems (0.1g in 1L of 2 M sodium carbonate 

solution in a vessel held at 37 ± 0.5 ºC and stirred at 50 r.p.m), since the pH of 

solutions of these ions are closer to physiological pH than the very acidic PAA-, 

and thus less likely to cause irritation. PAA2- release was very rapid, within the 

first 5 min almost all was released (Figure 5.11). However, this initial burst of 

release was followed by a strange phenomenon: the concentration of PAA2- in 

the media was subsequently observed to decrease very quickly and only 5 % 

remained free in solution after 3h. PAA3- behaves in the same manner as PAA2- 

(Figure 5.12). It was postulated that PAA anions might have been adsorbed to 

the surface of the LDH or the glass wall of the conical flask in which the release 

experiment was undertaken. Alternatively, it may have been re-intercalated.  

 

 

 Figure 5.11: Drug release from LiAl-PAA
2-

. 
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Figure 5.12: Drug release from LiAl-PAA
3-

. 

 

 

The solid material was recovered after the end of the LiAl-PAA2- release 

experiment and explored by IR, XRD and XPS. The XRD and IR show that 

some PAA2- ions remained intercalated (Figures 5.13 and 5.14). XPS can reveal 

if elements of interests are on the surface of the sample. PAA, LiAl-PAA2- and 

LiAl-PAA2- after release all show different background spectra. In this case, the 

spectrum of LiAl-PAA2- after release suggests there is no P at the top layers of 

the LDH, suggesting that maybe some remains intercalated in the centres of the 

platelets (Figure 5.15), while the background spectra of the others (samples 

PAA and LiAl-PAA2-) are similar; suggesting that PAA2- is occupying the top 

layers (Appendix IV). This may arise as a result of the affinity of phosphorus for 

aluminium.54–57  
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Figure 5.13: XRD patterns of (a) LiAl-PAA
2-

 after release, (b) LiAl-Cl and (c) LiAl-PAA
2-

.  

 

Figure 5.14: The FTIR spectra of (a) LiAl-PAA
2- 

after release and (b) LiAl-PAA
2-

. 
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a 

 

b 

 

c 

Figure 5.15: XPS of P spectra of (a) LiAl-PAA
2- 

after release; (b) LiAl-PAA
2-

 and (c) PAA. 
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PAA has antiviral activity, and can block the DNA polymerase.46 However, direct 

delivery of PAA is generally inefficient and suffers from problems such as 

nephrotoxicity and a short half-life,58,59 which can be translated to its 

unlikelihood to cross cell membrane. These disadvantages can be overcome by 

using LDH carriers that can improve bioavailability as well as reducing 

undesirable effects. Their positive surface charge facilitates cellular uptake and 

reduces renal clearance, which translates into a longer circulation time and 

increases their chance of crossing the cell membrane. In vivo tests have shown 

that the LDH–acetylsalicylic acid system improves the bioavailability and 

decreases the elimination rate of the drug, with the potential to increase its 

efficacy and reduce its adverse effects.60 LiAl-PAA does not seem to be a good 

as drug delivery systems. 

 

 

5.3 Conclusions 

 

A systematic study into the intercalation of the ions of phosphonoacetic acid 

(PAA), sulfoacetic acid (SAA) and diethylphosphonoacetic acid (DPA) into the 

[LiAl2(OH)6]X·yH2O (LiAl-X; X = Cl, NO3) is reported. Three different anions of 

PAA, SAA2- and DPA- could easily be incorporated into the LDH. In situ time 

resolved X-ray diffraction experiments showed that the intercalation of PAA 

proceeds by very distinct intermediates, while reflection shifts were observed in 

the interlayer spacing of the SAA and DPA products. The intermediate phases 

observed were distinct from simple staged systems. In silico molecular 

dynamics (MD) simulations were employed to gain more insight into the 

arrangement of ions in the interlayer space, and it was found that the different 

phases observed in situ correspond closely to local energy minima in the MD 

results. The results presented here demonstrate that MD simulations can be 

used not only to probe the orientation and interaction of guest species in host 

lattices, but also can unravel details of the intimate steps along the reaction 

coordinate. The LiAl LDH does not seem to be a carrier for PAA.  
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Chapter 6: Experimental details 

 

 

6.1. Analytical techniques 

6.1.1. X-ray Diffraction 

 

Powder X-ray diffraction (XRD) patterns were recorded using either a Philips 

PW 1830 (Philips, Amsterdam, Netherlands) or a MiniFlex 600 diffractometer 

(Rigaku, Tokyo,Japan)usingCuKαradiationat40kVand25mA(PW1830)or

40 kV and 15 mA (MiniFlex). 

 

 

6.1.2. Solution NMR spectroscopy 

 

NMR experiments were carried out on AV-400 or 500 NMR Spectrometers 

(Bruker, Billerica, USA) operating at 1H frequencies of 400.13 or 500.13 MHz. 

Samples were dissolved in D2O for NMR analysis. 

 

 

6.1.3. Infrared spectroscopy 

 

Infrared spectra were recorded using a Spectrum 100 FTIR spectrometer, 

(Perkin Elmer, Waltham, MA, USA) over the range 650–4000 cm-1 with a 

resolution of 2 cm-1. 
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6.1.4. Differential scanning calorimetry 

 

The differential scanning calorimetry (DSC) apparatus used was a Q2000 

instrument (TA Instruments Co., New Castle, DE, USA). Temperature 

calibration was performed using the melting point of indium at a heating rate of 

10 ºC/min. A nitrogen purge of 50 mL/min was utilised for all measurements. 

Samples were loaded into T Zero pans and heated from 40–300 ºC at 10 

ºC/min 

 

 

6.1.5. Thermogravimetric analysis 

 

Thermogravimetric analysis was carried out on a Discovery TGA instrument (TA 

Instruments Co., New Castle, DE, USA). The sample (ca. 5-10 mg) was 

mounted in an aluminium pan and heated at a rate of 10 ºC min-1 between 30 

ºC and 400 ºC under a flow of nitrogen (10 ml/min). 

 

 

6.1.6. Elemental microanalysis 

 

Elemental microanalysis measurements were carried out by Stephen Boyer at 

London Metropolitan University. C, H and N contents were calculated using the 

quantitative combustion technique on a Carlo Erba CE1108 elemental analyser. 

 

 

6.1.7. Scanning electron microscopy 

 

Most scanning electron microscopy (SEM) was performed by Dr. Urszula 

Stachewicz at the SEM facility at the Nanovision Centre (QMUL), UK, on a 

JSM-5600LV instrument (JEOL, Tokyo, Japan), or by Mr. David McCarthy on a 

Quanta 200 FEG ESEM microscope (FEI, Hillsborough, OR, USA) at the UCL 
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School of Pharmacy. Samples were placed onto aluminium SEM stubs with 

carbon tape before being sputter coated with gold. Some further measurements 

were obtained on an EVO 18 microscope (Carl Zeiss AG, Oberkochen, 

Germany) at the Beijing University of Chemical Technology, China. These  

samples were mounted on silica and sputtered with platinum prior to 

measurement. Both the JSM-5600LV and EVO 18 microscopes are fitted with 

energy dispersive X-ray spectroscopy (EDX) detectors. 

 

The images obtained were analysed using the ImageJ software (National 

Institutes of Health, Bethesda, MD,USA).1 

 

 

6.1.8. Transmission electron microscopy (TEM) 

 

Transmission electron micrographs were collected by Dr. Neil Young at the 

Department of Materials, University of Oxford, on a JEM-3000F HR (S)TEM 

microscope (JEOL, Tokyo, Japan) operating at 300 kV, or by Mr. David 

McCarthy at the UCL School of Pharmacy using a FEI CM120 Bio Twin 

microscope (Philips, Amsterdam, Netherlands) operating at 120kV. Samples 

were mounted onto lacey carbon coated copper grids for measurment.  

 

 

6.1.9. X-ray photoelectron spectroscopy 

 

X-ray photoelectron spectroscopy was performed by Dr. Naoko Sano at the 

NEXUS facility (Newcastle University). A K-alpha instrument (Thermo Scientific, 

EastGrinsted,UK)equippedwith amonochromatedAlKαX-ray source was 

used with a pass energy of 40 eV and step size of 0.1 eV. Spectra were 

processed using the CasaXPS software (Casa Software Ltd., Teignmouth, UK). 
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6.1.10. Drug release 

 

Dissolution tests from various formulations have been carried out under 

experimental conditions as close as possible to the gastrointestinal tract and 

following pharmacopeia requirements.2 Tablets were initially placed in 750 ml of 

0.1 N hydrochloric acid in a vessel held at 37 ± 0.5 ºC, and stirred at 50 r.p.m. 

After 2 hours of operation, the pH of the medium was adjusted to 6.8 ± 0.05 by 

adding 250 ml of 0.20 M tribasic sodium phosphate. Experiments were carried 

out for 22 h at this pH. Dissolution tests were carried out in darkness (in 

triplicate with the new formulations prepared, and 5 times with the commercial 

tablets) from the various formulations in an automated apparatus (equipped with 

autosampler and inline UV spectrometer) to monitor release from the 

formulations which had a UV chromophore. A different protocol for Val was 

required: since it does not have a distinct UV chromophore, manual sampling 

was required, and HPLC used to measure the amount of Val released. 

 

Some experiments were additionally carried out solely in PBS buffer 

(phosphate-buffered saline) at  pH 7.4 and 37 ± 0.5 ºC, with stirring at 50 r.p.m. 

All the experiments were carried out on USP Apparatus 2 (paddle apparatus) 

(Figure 6.1). 
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a 

 

b 

Figure 6.1: Photographs of the dissolution apparatus used for drug release :(a) automated 
dissolution apparatus ((1) a dissolution apparatus, (2) a temperature controller, (3) a pump 

(4)an UV spectroscopy)and (b) manual dissolution apparatus. 
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6.1.11. High-performance liquid chromatography 

 

High-performance liquid chromatography (HPLC) was performed on an Agilent 

Technologies system (1260 Infinity, 1260 Quat Pump VL, Agilent Technologies, 

Santa Clara, CA, USA). The stationary phase was a Supelco® Discovery® HS 

F5-5HPLCColumn(5μmparticlesize,L×I.D.15cm×4.6mm).Thedetailsof

the experiments are summarised in Table 6.1. 

 

The nanofibres’ drug loading was evaluated by dissolving precisely weighed 

quantities in a known amount of deionised water and sonicating for about 10 

min. The resulting solution was then filtered through a 0.22-μm filter and

assayed by HPLC. For the drug release aliquots (1mL) were removed at regular 

intervals and filtered through a 0.1-μmfilter.Allexperimentswereperformedin

triplicate. 

 

Table 6.1: Details of HPLC experiments. 

Drug Wavelength 
(nm) 

Volume 
(µL) 

Flow rate 

(mL/min) 

T 
(ºC) 

Mobile phase 

 

Sodium ibuprofen 

 

264 

 

10 

 

1.0 

 

RT 

Acetonitrile/ 
Trifluoroacetic acid 

(TFA) (0.1 %) in water 
(74/26) 

Valproic acid 210 100 0.9 40 Acetonitrile/Phosphate 
buffer (pH 3.0) (60/40) 

Phosphonoacetic 
acid 

210 10 0.8 40 Methanol/Phosphate 
buffer (pH 7.0) (90/10) 
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6.1.12. In situ X-ray diffraction 

 

The first series of in situ energy-dispersive X-ray diffraction (EDXRD) 

measurements was performed on Beamline F3 of the DORIS synchrotron at the 

Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany. The beamline 

was supplied with a white-beam of X-rays over the energy range 13.5 to 65 

keV. Reactions were performed in borosilicate glass vessels using a purpose 

built furnace system; details of the apparatus used are given elsewhere.3 The 

experimental set-up is depicted in Figure 6.2. 

 

 

Figure 6.2: A photograph of the apparatus used on DESY beamline F3:(1) the syringe pump, 
(2) the borosilicate reaction tube mounted in a temperature-controlled furnace, (3) the 
temperature controller, (4) entrance of the X-ray beam, and (5) the detector. 

 

 

In situ XRD was also undertaken at the Diamond Light Source, using Beamline 

I12. For these experiments, the X-ray beam was monochromated to ca. 53 keV, 

and data collected with a Thales Pixium RF4343 detector positioned 2 m from 

the reaction vessel. Experiments on I12 were conducted in glassy carbon tubes 

with the aid of the Oxford-Diamond in Situ Cell (ODISC).4 The apparatus used 

is shown in Figure 6.3. 
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a b c 

 

d 

Figure 6.3: Photographs of the apparatus used on beamline I12 of Diamond: (a) the detector, 
(b) entrance of the X-ray beam, (c) the glassy C tube mounted in a temperature-controlling 
furnace  (d) the overall assembly of the detector ,furnace and X-ray source assembly. 

 

 

 

 

 



Chapter 6 

275 
 

Diffraction patterns were recorded every 60 seconds (DESY) or 4 seconds 

(Diamond) until no further changes in these were observed. Data analysis was 

performed by integrating reflections of interest using the F3Tool software 

(DESY), or by employing Fit2D5 to convert the as-collected images into one-

dimensional patterns, subtracting the background, and applying in-house tools 

to integrate the reflections of interest (Diamond). Integrated data were 

subsequently probed using the Avrami–Erofe’ev model;6–9 more details are 

given Sections 6.3.5 and 6.5.6.  

 

 

6.1.13. Modelling 

 

All MD simulations were performed adopting the LDHFF force field developed 

by Zhang et al. in an isothermal-isobaric (NPT) ensemble.10 Temperature and 

pressure control were performed using the Andersen method and the 

Berendsen method, respectively.11,12
 The temperature was kept at 298 K, and 

the pressure was 0.1 MPa. Long-range Coulombic interactions were computed 

by the Ewald summation technique and van der Waals interactions using a 

“spline-cutoff”method.13 The time-step was set to be 1 fs, which is suitable for 

the characterisation of thermal motion,14 and the simulation time was 5 ns. All 

models could reach equilibrium within 1 ns based on the observed temperature 

and pressure of each model. All MD simulations were carried out using the 

Forcite module in the Materials Studio v5.5 software package (Accelrys 

Software Inc, San Diego, CA, USA).15  
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6.2. Experimental details for Chapter 2 

6.2.1. Materials 

 

Materials were procured as follows: poly(ethylene oxide) (PEO) (Sigma; MW 

ca.400 000, St Louis, MO, USA); polyvinylpyrrolidone (PVP) (Sigma; MW ca. 

360 000, St Louis, MO, USA); sodium alginate (SA) (Fisher; MW 120 000–190 

000, Waltham, MA, USA); sodium ibuprofen (SI) (Sigma-Aldrich; 98%, St Louis, 

MO, USA); diclofenac sodium (Dic) (Cambridge Bioscience; 98 %, Cambridge, 

UK); naproxen sodium (Nap) (Sigma-Aldrich; 98-102 %, St Louis, MO, USA); 

and,valproatesodium(Val)(Sigma;≥98%, St Louis, MO, USA). All chemicals 

were of analytical grade and used without further purification. 

 

 

6.2.2. Preparation of spinning solutions 

 

Solutions were prepared by dissolving PEO and SA in deionised water to give 

final concentrations of 5 % and 1.5 % w/v respectively. In the same way, 

solutions of PVP and SA were prepared with final concentrations of 20 % and 2 

% w/v, respectively (again by dissolving both in water). 10 mL of each solution 

was then combined with certain amounts of SI, Nap, Val and Dic. In addition, a 

pure PVP solution at 10 % w/v was also prepared by dissolving it in ethanol. 

Details of the solutions prepared are given in Tables 6.2 and 6.3. 
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Table 6.2: The compositions of the PEO/SA solutions prepared in this study. 

Fiber ID Drug % SA in 
solution  (w/v) 

% PEO in  

solution (w/v) 

% Drug in 
solution (w/v) 

F0 - 1.5 5.0 0 

Fi10 SI 1.5 5.0 10.0 

Fi2 SI 1.5 5.0 2.0 

Fi1 SI 1.5 5.0 1.0 

Fn10 Nap 1.5 5.0 10.0 

Fn5 Nap 1.5 5.0 5.0 

Fn1 Nap 1.5 5.0 1.0 

Fv1 Val 1.5 5.0 1.0 

Fv2 Val 1.5 5.0 2.0 

Fv5 Val 1.5 5.0 5.0 

Fv10 Val 1.5 5.0 10.0 

Fd1 Dic 1.5 5.0 1.0 

 

 

Table 6.3: The compositions of the PVP and PVP/SA solutions prepared in this study. 

Fiber ID Drug % SA in 
solution  (w/v) 

% PVP in 
solution(w/v) 

% SI solution 
(w/v) 

FP - 0 10.0 0 

FPi1 SI 0 10.0 1.0 

FPS - 2.0 20.0 0 

FPSi1 SI 2.0 20.0 1.0 
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6.2.3. Electrospinning 

 

The electrospinning equipment includes a high voltage power supply (HCP 35-

65000, Fug Elektronik, Rosenheim, Germany), a syringe pump (KDS100, Cole-

Parmer, Vernon Hills, IL, USA), and a metal collector plate. The spinneret and 

collector plate were enclosed in a perspex box to minimise the effect of air 

currents on the trajectory of the electrospun jet and to ensure safe operation.16 

In the first experiments, electrospinning was carried out using a range of 

voltages, spinneret-to-collector distances, flow rates and polymer 

concentrations to study the effect of these parameters on the materials 

produced. Each solution was loaded into a 5 ml syringe fitted with a metal 

needle (0.5 mm diameter) and an electrode was attached to the needle (Figure 

6.4).  

 

Optimal parameters were found to be as follows. The PVP-SI solution was 

placed into a 5 mL syringe and all air bubbles purged prior to electrospinning. 

The needle tip was maintained at 13 cm above the metal collector. The pump 

pressure was set at 1 mL/h and a voltage of +20 kV was applied to the needle 

to initiate the jet. Experiments were performed under ambient conditions 

(Temperature between 20-25 ºC and humidity between 30-40 %). PVP/SA-SI 

and PEO/SA-drug (SI, Nap, Dic and Val) nanofibres were prepared similarly, 

but with a reduced feed rate of 0.5 mL/h, the humidity maintained below 20 % 

and the temperature kept at 37 ± 2 ºC. 

 

 
 
Figure 6.4: A digital photograph of the electrospinning step. 

Pump 

Power supply Collector 

Spinneret 

Syringe 
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6.3. Experimental details for Chapter 3 

6.3.1. Materials 

 

Materials were procured as follows: Zinc oxide (ZnO) (Fisher Scientific; 99 %, 

Waltham, MA, USA), zinc chloride (ZnCl2) (Fisher Scientific; 98 %, Waltham, 

MA, USA), zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (Fisher Scientific; 98 %, 

Waltham, MA, USA), cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O) (Fisher 

Scientific; 99 %, Waltham, MA, USA), nickel (II) nitrate hexahydrate 

(Ni(NO3)2·6H2O) (Fisher Scientific; 99 %, Waltham, MA, USA), diclofenac 

sodium (Dic) (Cambridge Bioscience; 98 %, Cambridge, UK), naproxen sodium 

(Nap) (Sigma-Aldrich; 98-102 %, St Louis, MO, USA) and valproate sodium 

(Val)(Sigma;≥98%, St Louis, MO, USA).  

 

 

6.3.2. Hydroxy double salt synthesis 

 

The hydroxy double salts (HDSs) were synthesised using methods reported 

previously.17 The reaction mixtures detailed in Table 6.4 were stirred for 7 days 

at room temperature. The solid products (white Zn-NO3 and Zn-Cl, green NiZn-

NO3 and pink CoZn-NO3) were isolated by vacuum filtration, washed with 

copious amounts of deionised water and a tiny amount of acetone, then dried in 

an oven for 4 hours at 40 ºC.  

 

Table 6.4: Summary of the HDS preparation methods 

HDS Starting materials Solvent Volume 
(mL) 

Zn5(OH)8(NO3)2.yH2O  

[Zn-NO3] 

ZnO (4.2 g) + Zn(NO3)2·6H2O (24.1 g) water 60 

Zn5(OH)8(Cl)2.yH2O 

 [Zn-Cl] 

ZnO (3.0 g) and ZnCl2 (7.26 g) water 18 

Zn3Ni2(OH)8(NO3)2.yH2O  

[NiZn-NO3] 

ZnO (3.0 g) + Ni(NO3)2·6H2O (8.73 g) water 18 

Zn3.8Co1.2(OH)8(NO3)2.y
H2O 

[CoZn-NO3] 

ZnO (3.0 g) + Co(NO3)2·6H2O (8.73 g) water 18 
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6.3.3. Intercalation 

 

Intercalation of the organic anions was achieved by combining 0.4 mmol of an 

HDS with a 4-fold excess of the guest anions. 10 ml of deionised water was 

added to the solid materials, and the mixture stirred at 60 ºC for 3 days. The 

solid products were filtered under vacuum, washed with deionised water, and 

dried. 

 

 

6.3.4. Guest recovery 

 

The ability to recover the guest ions intact after intercalation was investigated in 

selected cases by reacting ca. 50 mg of the intercalate with approximately 100 

mg of Na2CO3 in D2O overnight at 80 °C. The resultant suspension was filtered 

and the filtrate analysed by 1H NMR. 

 

 

6.3.5. In situ X-ray diffraction 

 

In situ experiments were performed using the apparatus described in Section 

6.1.12. Both at DESY and on I12, 0.4 mmol of the desired HDS was mixed with 

1.6 mmol of the guest ion in 10 ml of deionised water and heated at 

temperatures between 60-90 ºC. 

 

 

6.3.6. Modelling 

 

Models of the Zn HDS systems were built in the space group C2/m, using the 

structure previously reported by Stahlin and Oswald.18 In this symmetry, β =

93.28°, a = 19.48 Å, b = 6.238 Å and c = 5.517 Å. 
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6.4. Experimental details for Chapter 4 

6.4.1. Materials 

 

Materials were obtained as follows: Zinc oxide (ZnO) (Fisher Scientific; 99 %, 

Waltham, MA, USA), iron chloride (FeCl2) (Sigma; 98 %, St Louis, MO, USA), 

magnesium chloride (MgCl2·6H2O) (Fisher Scientific; 98 %, Waltham, MA, 

USA), potassium iodide (KI) (Sigma; ≥ 99%, St Louis, MO, USA), diclofenac 

sodium (Dic) (Cambridge Bioscience; 98 %, Cambridge, UK), naproxen sodium 

(Nap) (Sigma-Aldrich; 98-102 %, St Louis, MO, USA), and valproate sodium 

(Val) (Sigma; ≥ 98%, St Louis, MO, USA), microcrystalline cellulose (Avicel® 

PH 101, Sigma, St Louis, MO, USA), spray dried mannitol (Pearlitol® 200) (a 

kind gift from Roquette-Pharma, Lestrem, France), Mg stearate (Sigma, St 

Louis, MO, USA) and polyvinylpyrrolidone (PVP) (Sigma; MW ca.44 000, St 

Louis, MO, USA). All chemicals were used without further purification. 

Commercial tablets as follow: Dicloflex 75 mg (Almus, Chessington, UK), 

Brufen® Retard 800 mg (Abbott, Chicago, IL, USA), Nurofen (Reckitt Benckiser, 

Slough, UK), Nurofen Express 200 mg (Reckitt Benckiser, Slough, UK) 

Rheumatac Retard 75 mg (Amdipharm Mercury, Oakville, Canada), Clofenac 

100 mg (Squarepharma, Dhaka, Bangladesh) and Epilim 200 mg (Sanofi, Paris, 

France). 

 

 

6.4.2. Biocompatible HDS synthesis 

 

These HDSs were synthesised for the first time in this work. The reaction 

mixtures detailed in Table 6.5 were stirred for 3 days at room temperature in a 

sealed conical flask. The solid products were isolated by vacuum filtration, 

washed with copious amounts of deionised water, then dried in an oven at      

40 ºC. The FeZn-Cl system tended to oxidise easily when in contact with air. It 

was hence handled with extra care to overcome this oxidation: during product 

recovery, the water was drained from the preparation rapidly quickly using a 

large filter funnel, and the HDS was then dried in a vacuum oven in the 

presence of silica gel at 40 ºC and 0 % humidity. 
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Table 6.5: Summary of biocompatible HDS preparation methods 

HDSs Starting materials solvent Volume 
(ml) 

Fe2.4Zn2.6(OH)8(Cl)2.yH2O  

[FeZn-Cl] 

ZnO (0.5 g) + FeCl2 (1.18 g) +KI 
(0.5 g) 

water 15 

Mg2Zn3(OH)8(Cl)2.yH2O 

[MgZn-Cl] 

ZnO (0.5 g) + MgCl2·6H2O (2.5 g) water 5 

 

 

6.4.3. Particle size and charge  

 

The particle size and zeta potential of the MgZN-Cl and FeZn-Cl were recorded 

on a Zetasizer (Malvern Nano ZS, Malvern Instruments Ltd, Worcestershire, 

UK) 

 

 

6.4.4. Intercalation  

 

Intercalation of the organic anions was achieved by combining 0.4 mmol of an 

HDS with a 4-fold excess of the guest anions. 10 ml of deionised water was 

added to the solid materials, and the mixture stirred at 60 ºC for 4 days in a 

sealed glass vial. KI (0.2 mmol) was added to the mixture of FeZn-Cl and the 

organic guest anions to reduce the HDS oxidation. The solid products were 

filtered under vacuum, washed with deionised water and dried. The intercalates 

of the FeZn-Cl HDS were treated with extra care as described above in Section 

6.4.2. 
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6.4.5. Guest recovery 

 

The ability to recover the guest ions intact after intercalation was investigated in 

selected cases by reacting ca. 50 mg of the intercalate with approximately 100 

mg of Na2CO3 in D2O overnight at 80 ºC. The resultant suspension was filtered 

and the filtrate analysed by 1H NMR. 

 

 

6.4.6. Scale up 

 

The large production of the new HDSs and their intercalation products was 

undertaken as detailed in Table 6.6. Reactions were performed in sealed 

Schlenk flasks fitted with an external rotator. The solid products were recovered 

as described in Section 6.4.2. To investigate the oxidation of the FeZn-Dic 

compound, some was left to dry in a normal oven and denoted FeoxZn-Dic. 

 

Table 6.6: Summary of large-scale biocompatible HDS preparation 

HDSs Starting materials Solvent Volume 
(ml) 

Temperature Time 
(day) 

Fe2Zn3(OH)8(Cl)2.yH2O  

[FeZn-Cl] 

ZnO (100.0 g) + 
FeCl2 (240.0 g) + KI 

(166.0 g) 
water 2500 RT 3 

Mg2Zn3(OH)8(Cl)2.yH2O 

[MgZn-Cl] 

ZnO (200.0 g) + 
MgCl2·6H2O(700g) 

water 1000 RT 3 

FeZn-Drug 
FeZn-Cl (0.5 mol) 
+Drug (2 mol) + KI 

(0.2 mol) 

water 500 60 ºC 3 

MgZn-Drug 
MgZn-Cl (0.5 mol) 

+ Drug (2 mol) 
water 500 60 ºC 3 
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6.4.7. Tablet preparation 

 

The HDS-drug intercalates were blended with excipients for tablet preparation. 

The recipe was based initially on a previous report by Taj and coworkers,19 with 

some variations in the excipient blend then introduced to explore the effect this 

had on drug release. The compositions of the various formulations prepared are 

detailed in Table 6.7 and the role of each excipient is shown in Table 6.8. All the 

tablets formulation were compressed using a F3 tableting machine (Manestry, 

Liverpool, UK) (Figure 6.5). The effect of compression pressure on the tablet 

performance was also investigated in selected instances. 

 

Table 6.7: The HDS tablet formulations 

Formulations HDS-Guest 
(%) 

Avicel® 
(%) 

PVP K44 

(%) 

SD mannitol 
(%) 

Mg stearate 
(%) 

FeZn-Dic-Tab1 22.0 47.9 2.5 27.0 0.6 

FeZn-Dic-Tab 70.5 17.4 0.9 10.2 1.0 

FeoxZn-Dic-Tab1 19.3 46.4 4.2 27.2 2.9 

MgZn-Nap-Tab 60.0 24.1 1.3 14.1 0.5 

FeZn-Nap-Tab 58.1 26.9 1.0 13.2 1.0 

MgZn-SI-Tab 70.7 17.3 0.9 10.2 0.9 

FeZn-SI-Tab 70.7 17.3 0.9 10.2 0.9 

MgZn-Val-Tab 59.3 18.9 - 20.9 0.9 

MgZn-Val-Tab2 59.3 18.9 - 20.9 0.9 

MgZn-Val-Tab3 70.4 17.4 0.9 10.3 1.0 

FeZn-Val-Tab 18.9 49.2 2.1 27.9 1.9 

FeZn-Val-Tab2 18.9 49.2 2.1 27.9 1.9 

FeZn-Val-Tab3 18.9 49.2 2.1 27.9 1.9 
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Table 6.8: List of the excipients used for tablet preparation and their role 

Excipient Role 

Microcrystalline cellulose  

(Avicel® PH 101) 

 

Diluent/filler 

Spray dried (SD) mannitol  

(Pearlitol® 200) 

Polyvinyl pyrolidone (PVP K44) Binder 

Magnesium stearate Lubricant 

 

 

 

Figure 6.5: A photograph of the tableting machine used in this work. 
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6.4.7.1. Friability 

 

20 tablets were pre-weighed and placed in a friability tester (TBH 200, Copley 

Scientific, Nottingham, UK) (Figure 6.6). They were rotated 100 times, after 

which the tablets were recovered, any dust attached to them removed, and they 

were reweighed.  

 

  
a b 

Figure 6.6: The friability tester used in this work. 

 

 

6.4.7.2. Hardness 

 

The hardness of five tablets of each formulation was determined using a 

hardness tester (FR1000, Copley Scientific, Nottingham, UK) (Figure 6.7). 

 

Figure 6.7: A tablet hardness tester. 
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6.4.7.3. Weight variation 

 

20 tablets were weighted individually and the mean mass and standard 

deviation were calculated.  

 

 

6.4.7.4. Drug content 

 

Three tablets of each formulation were finely ground using a mortar and pestle. 

The powder was transferred into a volumetric flask containing an acidic solution 

(HCl), was shaken for 2 h at room temperature, then the pH was neutralised 

with NaOH and the final volume adjusted to 250ml with deionised water. The 

solution was filtered, suitable dilutions were made and UV absorbance were 

recorded using a U.V. spectrophotometer (UV 1800, Shimadzu, Kyoto, Japan) 

 

 

6.4.7.5. Stability studies 

 

Stability studies were carried out by storing the formulated tablets and  HDSs-

drug powders under usual environmental conditions (temperature and humidity 

varied with the seasons). The tablets and HDSs-drug intercalates were kept in 

glass vials and the stability was assessed at 0 day and after 3, 6, 12 and 18 

months using FTIR, XRD, NMR and HPLC. 
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6.5. Experimental details for Chapter 5 

6.5.1. Materials 

 

Lithium chloride; lithium nitrate, phosphonoacetic acid (PAA), sulfoacetic acid 

(SAA), and diethyl phosphonoacetic acid (DPA) were purchased from Sigma 

Aldrich (St Louis, MO, USA). Gibbsite (-Al(OH)3) was a kind gift from Prof 

DermotO’HareofOxfordUniversity. All chemicals were of analytical grade and 

used without further purification.  

 

 

6.5.2. Layered double hydroxide synthesis 

 

The hexagonal polymorph of [LiAl2(OH)6]Cl·yH2O (LiAl-Cl) was synthesised 

using methods reported previously.20 In a standard experiment, 1g of -Al(OH)3 

was combined with a 6-fold molar excess of LiCl in 10mL deionised water. The 

reaction mixture was stirred and heated at 90 ºC for ca. 48 h in a sealed 

ampoule. The solid product was recovered by vacuum filtration, washed with 

copious amounts of deionised water, a small amount of acetone, and then 

allowed to dry under vacuum. The hexagonal form of [LiAl2(OH)6]NO3·yH2O 

(LiAl-NO3) was prepared using analogous procedures but with LiNO3 in place of 

LiCl. 

 

 

6.5.3. Intercalation reactions 

 

Three different PAA species were prepared by reacting one equivalent of PAA 

with 1, 2 or 3 equivalents of NaOH; these are respectively denoted PAA-, PAA2- 

and PAA3-. Intercalation was achieved by combining 1 mmol of LiAl-Cl (or LiAl-

NO3) with a 2-fold excess of the guest. The LDH was added to 10 mm of a 40 

mM guest solution, and the mixture stirred at room temperature for a pre-

determined period of time (1h – 24h). The solid products were recovered by 

vacuum filtration, washed, and dried. SAA and DPA were intercalated in an 
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analogous manner: DPA was combined with 1 equivalent of NaOH and SAA 

with 2 equivalents of NaOH, before a two-fold excess of the ions was reacted 

with the LDH. The final products are denoted LiAl-X, where X = PAA3-, PAA2-, 

PAA-, SAA or DPA. 

 

 

6.5.4. Guest recovery 

 

The ability to recover the guest ions intact after intercalation was investigated in 

selected cases by reacting ca. 50 mg of the intercalate with approximately 100 

mg of Na2CO3 in D2O overnight at 80 ºC. The resultant suspension was filtered 

and the filtrate analysed by 1H NMR. 

 

 

6.5.5. Modelling 

 

Models of the LiAl LDH systems were built in the space group P63/, using the 

structurepreviouslyreportedbyO’Hareet. al.19 Inthissymmetry,α=β=90°,γ

= 120°. The molar ratio of Li+ to Al3+ is 1:2. The formulae of these five models 

are listed in Table 6.3. 

 

Table 6.9: The formulae of the LiAl LDH models used for molecular dynamics work. 

Material Formula for constrained model Formula for unconstrained model 

LiAl-PAA
3-

 [LiAl2(OH)6]12(C2PO5H2)4·12H2O [LiAl2(OH)6]10(C2PO5H2)2(C2PO5H3)2·12H2O 

LiAl-PAA
- 

[LiAl2(OH)6]12(C2PO5H4)12·12H2O [LiAl2(OH)6]6(C2PO5H4)6·9H2O 

LiAl-SAA [LiAl2(OH)6]8(C2SO5H2)4·8H2O [LiAl2(OH)6]4(C2SO5H2)2·4H2O 

LiAl-DPA [LiAl2(OH)6]8(C6PO5H12)8·16H2O [LiAl2(OH)6]4(C6PO5H12)4·8H2O 
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6.5.6. In situ X-ray diffraction 

 

In situ experiments were performed using the apparatus described in Section 

6.1.12. Both at DESY and on I12, 2 mmol of the desired LDH was suspended 

under stirring in 5 mL of deionised water, and 10 ml of a solution containing 4 

mmol of the guest ion was added dropwise using a syringe pump (KDS100, 

Cole-Parmer, Vernon Hills, IL, USA). 
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Chapter 7: Conclusions and Future work 

 

 

7.1. Conclusions 

 

This work project explored two matrices for drug delivery: inorganic (hydroxy 

double salts (HDSs) and layered double hydroxide(LDH)) and polymeric 

(electrospun nanofibres). The knowledge and understanding gained by studying 

these matrices laid the foundation for the development of a novel drug delivery 

systems that combined both biocompatibility and sustained release. 

 

 

7.1.1. Electrospun nanofibres (Chapter 2) 

 

First; poly(ethylene oxide) (PEO)/ sodium alginate (SA), poly(vinyl pyrrolidone) 

(PVP)/ SA and PVP nanofibres were prepared using the electrospinnig 

technique. The PVP/SA and PVP fibres formed flat mats, however PEO/SA 

formed 3-dimensional“mountain”structuresTheanalysisofPEO/SAnanofibres

by electron microscopy indicated the presence of regions of high and low SA 

density in the fibres. It seems that the SA was present as very small strands 

(less than 20 nm in diameter) enrobed inside PEO nanofibres. 

 

PEO/SA fibres could be loaded with the non-steroidal anti-inflammatory drugs 

diclofenac sodium (Dic), naproxen sodium (Nap) and sodium ibuprofen (SI). 

The fibres formed 3-dimensional “mountain” structures rather than the more

typical flat mats, and crystals of the drugs could clearly be seen embedded in 

these structures. Valproate sodium (Val) loaded fibres could also be prepared; 

here, a flat mat of fibres was seen with higher concentrations of drug and 

crystallites could not been seen by scanning electron microscopy (SEM). 

However, X-ray diffraction (XRD) and differential scanning calorimetry (DSC) 

showed that Val is still present in the fibres in a crystalline form. Flat mats were  
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obtained from SI loaded PVP/SA and PVP fibres. No crystallites could be seen 

by SEM, XRD and DSC showed that SI is in amorphous form. The PVP and 

PVP/SA dissolved very quickly in aqueous media regardless of the pH. The 

PEO/SA nanofibres proved to be pH responsive delivery systems able to retard 

drug release in low pH conditions. The PEO dissolves first in acidic media and 

frees its drug loading, once the pH is adjusted to neutral, the SA dissolves, 

releasing the remaining drug. The PEO/SA/drug fibres thus comprise time-

controlled drug delivery systems, where there is an “on/off” pattern of drug

release (bursts of release with a lag period between them). The release profile 

may be precisely tuned by varying the drug contents of the fibres. The materials 

may hence be used for colon-targeted drug delivery, and/or to deliver a desired 

amount of drug into the stomach in the fed state. 

 

 

7.1.2. Hydroxy double salts (Chapters 3 and 4) 

 

Dic and Nap were intercalated into several Zn-based HDSs (Zn5(OH)8-(NO3)2 

2H2O (Zn-NO3), Zn5(OH)8-Cl2 2H2O (Zn-Cl), Ni2Zn3(OH)8-(NO3)2 2H2O (NiZn-

NO3) and Co1.2Zn3.8(OH)8-(NO3)2 2H2O (CoZn-NO3)) in Chapter 3. The 

intercalation of Val into Zn-NO3 and Zn-Cl could not be achieved successfully, 

however, and led to the destruction of the HDS layers to yield ZnO. In contrast, 

the presence of Co2+ or Ni2+ in the HDS appears to stabilise the layers and 

resulted in the successful intercalation of Val into CoZn-NO3 and NiZn-NO3. In 

situ time resolved X-ray diffraction experiments showed that the intercalation of 

Dic and Nap into CoZn-NO3 and Zn-NO3 proceeds by distinct intermediates, 

while the intercalation of the three drugs into NiZn-NO3 are simple one step 

reactions proceeding directly from the starting material to the product. Molecular 

Dynamics (MD) simulations found that the Dic and Nap ions were arranged in 

an“X”shape, formingabilayerarrangement in theHDS interlayerspace.Val

was determined to adopt a position with its aliphatic groups parallel to the HDS 

layer, and again form a bilayer. Nap and Dic were released from the various 

HDSs in sustained manner in phosphate buffer saline at pH 7.4  
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Although it is not believed that the HDS intercalates reported in Chapter 3 would 

be toxic in the doses necessary to treat common conditions, in order to make 

the most patient friendly medicines possible it was decided to prepare new 

HDSs using more biocompatible metals (Mg2+ and Fe2+) for further development 

of these formulations. New biocompatible HDSs (Mg2Zn3(OH)8(Cl)2·3.4H2O 

(MgZn-Cl) and Fe2.4Zn2.6(OH)8(Cl)2·2H2O (FeZn-Cl)) were successfully 

synthesised. The organic guests Dic, Nap, SI and Val  successfully intercalated 

into the new HDSs. These intercalates were formulated into tablets and 

compared to commercial tablets. It was found that the tablets prepared met the 

strict US and British Pharmacopoeias guidelines for their physical properties. 

Drug release was investigated in conditions that mimic the human 

gastrointestinal tract. The HDS tablets containing Dic, Nap, showed negligible 

release in acidic media (and SI around 7%), but freed all the loaded drug into a 

neutral medium within 24 h. Desirable delayed and sustained release profiles 

were often observed. Such drug delivery patterns are believed to prevent the 

stomach irritation, one of the common side effects of the NSAIDs, and lead to a 

longer duration of pain relief. The release profile from some of the HDSs tablets 

were similar to the commercial tablets, while some showed better releases 

profile than their commercial analogues. The Val-loaded HDS tablets released 

significant amounts of drug at pH 1.0, in a similar manner to commercial Val 

tablets, but still met the pharmacopeia sustained release dosage form 

requirements. 

 

 

7.1.3. Layered double hydroxides 

 

Understanding and predicting HDSs tablet behaviour in conditions that mimic 

the human body is important, and should help predict their behaviour in the 

human body. The drug release mechanism is a key factor, and hence its 

comprehension and prediction is crucial. The drug release is related to guest 

deintercalation; to understand this, it is important to understand first the 

intercalation process. Layered double hydroxides (LDHs) have been 

investigated deeply and considerable data have been reported on their 
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intercalation processes, for this reason LDH were selected. A systematic study 

into the intercalation of the ions of phosphonoacetic acid (PAA), sulfoacetic acid 

(SAA) and diethylphosphonoacetic acid (DPA) into the [LiAl2(OH)6]X·yH2O (LiAl-

X; X = Cl, NO3) was performed. In situ time resolved X-ray diffraction 

experiments showed that the intercalation of PAA proceeds by very distinct 

intermediates, while reflection shifts were observed in the interlayer spacing of 

the SAA and DPA products. In silico MD simulations were employed to gain 

more insight into the arrangement of ions in the interlayer space, and it was 

found that the different phases observed in situ correspond closely to local 

energy minima in the MD results. The results presented demonstrate that MD 

simulations can be used not only to probe the orientation and interaction of 

guest species in host lattices, but also can unravel details of the intimate steps 

along the reaction coordinate. The release of PAA – a potential potent anti-viral 

medicine – was explored, but found to be too rapid for practical application. 

 

 

7.2.  Future work 

 

With the demand for novel drug delivery systems increasing and, with it, the 

complexity of bringing a new active pharmaceutical ingredient to market (which 

requires more than 12 years of in vitro, in vivo and clinical trials), it is easier to 

develop a new drug delivery system or modify existing ones to improve the 

effectiveness and reduce side-effects. Electrospun nanofibres and HDSs show 

great promise in this regard as has been demonstrated in this work. However, 

there remains much additional work to do to fully demonstrate their potential as 

future drug delivery systems, as follows: 

 

 

7.2.1. Electrospun nanofibres 

 

In future it will be interesting to perform Nap release from PEO/SA and compare 

the data with XPS, since it was shown that it can predicted the amount of the 
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drug in the first phase of drug release. The worked carried out in Chapter 2 was 

done using high positive voltage; negative voltages can be used as well, and in 

preliminary trials results with a negative voltage were completely different from 

those obtained with positive voltage. Further experiments would be helpful to 

understand the effect of the voltage on the 3D structure formation, crystallites 

shapes and geometries , and drug release properties. The next step would be 

the scale up of the nanofibre production and the preparation of pharmaceutical 

formulations from the scale up products. Beyond this, in vivo tests of the 

nanofibres formulations could be performed and if they show promise, they 

could be followed by clinical trials. 

 

 

7.2.2. Hydroxy double salts 

 

The HDSs tablets prepared in Chapter 4 showed good release profiles in vitro. 

The MgZn-Dic tablets showed zero order release, and experiments could 

usefully be performed to achieve zero order from the other HDS-drug systems 

by preparing further batches of tablets with varying excipients ratio and/or 

compression forces. More release studies on the FeZn-Val tablets, which trials 

showed have slower release than MgZn-Val tablets would be valuable to fully 

characterise this system. Additional stability tests are required to determine 

whether the intercalated drugs remain stable for long periods of time; 

accelerated aging studies would be beneficial here. The best performing tablets 

could be tested in vivo. If the in vivo results have promise, the next step would 

be clinical trials. Other types of biocompatible HDSs were synthesised as well 

including Mg5(OH)8.Cl2·and different Fe/Zn HDS (FeZn-Clm) (their preparation 

require extra steps). FeZn-Clm was highly magnetic and almost has nil zeta 

potential. Both Mg5(OH)8.Cl2 and FeZn-Clm could be good carriers for targeted 

delivery of anti-cancer drugs (some preliminary work was done on this as part of 

this thesis). In vitro and in vivo tests would then be required to verify their 

potential as selective targeted delivery systems. 
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7.2.3. Layered double hydroxide 

 

MD could successfully be used to predict the intercalation mechanism of PAA, 

DPA and SAA, and in future it could be interesting to apply this technique to 

other in situ intercalation reactions with new guests in order to establish the 

wider applicability of this approach. The prediction of the drug release 

mechanism from HDSs formulations and comparison of MD and in situ 

diffraction results would also be interesting. 

 

 

7.2.4. Combination of inorganic and organic matrices 

 

Combination of LDH or HDS and nanofibres could also be explored These 

combinations might be used as local drug delivery systems, which could 

generate a cost effective and efficient drug delivery systems for instance 

delivery of antibiotic to an infected wound. The system can be used as well in 

the prevention or protection in many cases. 
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Appendix I:  Additional data for Chapter 2 
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Chemical Structures 
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Figure AI-2.1: Polymers chemical structures of (a) PVP, (b) PEO and (c) SA 

 

XRD 

 

Figure AI-2.2: The XRD pattern of sodium alginate (SA). 
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Figure AI-2.3: The XRD pattern of Fi10 top and base, SI and PEO. 

 

SEM 

 

  
(a) (b) 

Figure AI-2.4. SEM images of F1 fibres exposed to a pH 3 environment for 10 – 20 minutes. (a) 
The fibre mat after immersion in a few drops of acidic medium; (b) the mat after suspension in 1 
L of medium. The inset in (b) is an enlargement of a section of the main image, and the scale 
bar represents 500 nm. 
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Figure AI-2.5: SEM image of SI raw material. 

TEM 

 

  

 
Figure AI-2.6 : Elements mapping of F0 
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FTIR 
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Figure AI-2.7: IR spectra of PVP and SA. 
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NMR 

 

 

a 

 

b 

Figure AI-2.8: 
13

C NMR spectra of (a) F0 base and (b) F0 top 
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a 

 

b 

Figure AI-2.9: 
1
H NMR spectra of (a) FPi1 and (b) FPSi1. 

 

XPS 

 

Table AI-2.1: The content of Dic and Val at the surface of the fibres, calculated from 
XPS data. Samples were taken from the top of the 3D fibre structure 

 

Fibre ID 
 

Drug Surface composition (%) 

Fd1 10.0 ± 1.5 

Fv1 46.3 ± 2.0 
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Appendix II: Additional data for Chapter 3. 
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XRD 

 

 

a 

  

b c 

  
d e 

Figure AI-3.1: XRD patterns of (a) NiZn-Nap; (b) Zn-Dic; (c) NiZn-Dic; Zn-Val from (d) Zn-

NO3 and (e) Zn-Cl. 
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FTIR 

 

 

a 

 

b 

Figure AI-3.2: IR spectra of (a) Zn-NO3, Zn-Dic and Dic; (b) NiZn-NO3, NiZn-Dic and Dic 
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In Situ 

 

 
Figure AI-3.3: XRD pattern of Zn-Nap  in situ product after drying. 

 
Figure AI-3.4: In situ data for the intercalation of Val into NiZn-NO3 at 80 ºC. 
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XPS 

 

The visual characterisation of CoZn-NO3 shows it has a pink colour. Hydroxides 

ofcobaltαandβCo(OH)2 are similar systems to CoZn-NO3,intheβformCo
2+ 

is located in octahedral sites and has a characteristic pink. In the other form 

Co2+ is located in octahedral and tetrahedral sites, it has a characteristic green 

to green blue colour.1,2 

 

The XPS data are shown in Table AI-3.1 and Figure AI-3.5. The data show 

peaks at binding energies (B.Es) 781.0 ± 0.02 eV and 796.6 ± 0.16 eV are 

attributed to core level transitions arising from the spin-orbit doublet of the Co 

2p, with strong satellite (SS) features at 5.0 ± 0.05 eV and 6.4 ± 0.31 eV. The 

shape of Co 2p lines (2p1/2 and 2p3/2) and the satellites structure on the high 

binding energy side of the principal 2p1/2 and 2p3/2 lines can reveal the oxidation 

state of the Co atoms, they are a typical characteristic of high spin Co2+. The 

data of Co atoms in octahedral and tetrahedral sites are summarised in Table 

3.7. The Co+2 has been suggested to be located in the octahedral position as 

well,3,4 it is known that Co2+ is in octahedral positions in LDH Co/Al. Similar B.Es 

and SS values were reported for LDH Co/Al.5,6 Therefore; the cobalt in the 

CoZn-NO3 sample exists in one oxidation state and in octahedral coordination 

geometry.  

 

The Ni 2p XPS spectrum shows two major peaks with binding energies at 873.9 

and 856.1 eV, corresponding to Ni 2p1/2 and Ni 2p3/2, respectively, with a spin-

energy separation of 17.8 eV. The corresponding satellite peaks are observed 

at 862.3 and 880.0 eV, respectively. This is typical characteristic of Ni2+ in 

octahedral sites.7 This is in agreement with previous experiment by Choy and 

co-workers on Ni1-xZn2x (OH)2(CH3COO)2x.nH2O by X-ray absorption 

spectroscopic.8 NiZn-NO3 shows green colour similar to Ni(OH)2.  

 

It is believed that the metal composition of the HDS (from the experimental 

data) might be important in determining the reaction mechanism. 
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HDSs that contain mixture of divalent metal have different stability than those 

with a single divalent metal.9 It is clear from the raw experimental data of the 

intercalation of Dic, Nap and Val in various types of HDSs, that the presence of 

Co2+ or Ni2+ inside the system and their absence has lead to different 

intercalation process. The Ni2+ is in octahedral position (in the main layer 

structure) and this has stabilised the system. Resulting in the successful 

intercalation of Val (the layers system remained intact) and one step reaction for 

Dic and Nap. The presence of Co2+ may have contributed to the stability of 

CoZn system and resulted as well in the successful intercalation of Val. It 

seems that the presence of only one atom of Co2+ in the CoZn-NO3 system has 

not generated enough stability, since the intercalation of Dic and Nap was two 

steps reaction.  

 

The XPS and EDX data show that there are very tiny metals leach after the 

intercalation of Dic into CoZn-NO3 and NiZn-NO3. The data show that the drug 

loading is slightly higher compared to the CHN analysis. 

 

Table AI-3.1: XPS Binding Energies (B.E) (All values in eV). 

 
 

 

Samples 2p3/2 2p1/2 ΔBE 
(2p3/2-2p1/2) 

References. 

B.E S.S B.E. S.S 

CoZn-NO3 781.0 5.0 796.6 6.4 15.6 This work 

NiZn-NO3 856.1 6.2 873.9 6.1 17.8 This work 

CoO 780.1 6.3 796 - 15.9 
10,11

 

CoOOH 780.1 - 795.1 - 15.0 
12

 

Co(OH)2 781 5.8 797 - 16.0 
11

 

CoAl2O4 780.9 4.7 796.7 6.3 15.7 
13

 

Ni(OH)2 855.9 5.0 873.5 6.8 17.6 
14,15

 

LDH Co/Al 781.3 6.1 797.3 6.0 16.0 
5,6
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a 

 
b 

Figure AI-3.5: XPS spectra (a) Co
2+

 of CoZn-NO3 and (b) Ni
2+ 

of NiZn-NO3. 
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Drug release 

 

 

Figure AI-3.6:  The results of an experiment to monitor Dic release from Zn-Dic and CoZn-
Dic in pH=1.0 and 6.8 in under pharmacopoeial conditions (n=1). 
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Appendix III: Additional data for Chapter 4 
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UV measurement 

 

 
Wavelength (nm) 

Figure AI-4.1: The UV spectra of FeZn-Cl dispersed in ethanol at (a) low (b) high 

concentration. 
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Size and zeta potential 

  

 
a 

 
b 

Figure AI-4.2: MgZn-Cl (a) size and (b) zeta potential distribution. 
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a 

 

b 

Figure AI-4.3: FeZn-Cl (a) size and (b) zeta potential distribution. 
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X-ray diffraction 

 

 

Figure AI-4.4: XRD patterns of FeZn-Val (a) small scale and (b) large scale up. 

 

 

Figure AI-4.5: XRD patterns of FeZn-Nap (a) small scale and (b) large scale up. 
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Drug release 

 

 

Figure AI-4.6: SI release from a commercial formulation (Brufen Retard) at pH 1 and  pH 6.8. 

 

 

Figure AI-4.7: IR spectra of (a) Dic; MgZn-Dic after (b) 1 month, and (c) 15 months. 
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Appendix IV: Additional data for Chapter 5 
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XRD 

 

 
Figure AI-5.1: XRD patterns of (a) LiAl-SAA

2-
, and (b) LiAl-DPA.  
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FTIR 
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Figure AI-5.2: IR spectra of (a) DPA, and (b) LiAl–DPA. 
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Figure AI-5.3: FT-IR spectra of (a) LiAl-PAA
-
 (a) and (b) LiAl–PAA

3-
. 
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Quenching reactions 

 

 

Figure AI-5.4: XRD patterns obtained from quenching the RT reaction between PAA
-3

 and 

LiAl-Cl after (a) 0 min, (b) 1 min, (c) 2 min, (d) 4 min, (e) 6 min, (f) 8 min and (g) 12 min.  

 

 

Figure AI-5.5: XRD patterns obtained from quenching the RT reaction between PAA
-3

 and 

LiAl-NO3 after (a) 1 min, (b) 2 min, (c) 4 min, (d) 6 min, (e) 8 min and (f) 12 min. 
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XPS 

 

The ratio between Al/P in LiAl-PAA2- was around 73.27/26.73 and for LiAl-PAA2- 

after release around 82.37/17.63 

 
a 

 
b 

Figure AI-5.6: XPS spectra showing the P peak (a) LiAl-PAA
2-

 after release and (b) LiAl-

PAA
2-

. 
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b 

 

Figure AI-5.7: XPS spectra showing the P peak PAA. 
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Figure AI-5.8: 

1
H-NMR of PAA. 
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Figure AI-5.9: 
1
H-NMR of PAA

-1
, PAA

-2
 and PAA

-3
. 
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MD 

 

 
Figure AI-5.10:  In situ XRD data for the intercalation of PAA

3-
 into LiAl-Cl (a,c) and LiAl-NO3 

(b,d) at DESY (a,b) and Diamond (c,d). 
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Figure AI-5.11: The change in the unit cell c-parameter with optimisation step for the 

intercalation of PAA
3-

 into LiAl-Cl. 

 

 
 

Figure AI-5.12: Time comparison between in situ and MD. 

 

 

Considering the d-spacing of the system as observed in the in situ and MD data gives 
the following: 

 

d-
spacing 

In situ max intensity seen at time of 
(min) 

MD (step) 

10.71 13.2 230 

10.45 15.4 470 

10.30 20.0 950 
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If we now look at the time taken for the system to go from 10.71  10.45 and 10.45  
10.30 Å we get: 

 

# Transition Time taken for change in 
situ (min) 

Time taken for change in MD 
(steps) 

1 
10.71  10.45 

2.2 240 

2 
10.45  10.30 

4.5 480 

1/2 Ratio 0.49 0.5 

 

Table AI-5.1: A summary of the C and P atom positions of PAA
3- 

at the average guest location 

the interlayer region of LiAl-PAA
3-

.  

x(C) y(C) z(C) x(P) y(P) z(P) 

5.671 3.4 5.755 4.508 0.96 5.35 

6.412 3.091 5.577 4.85 0.759 5.186 

6.472 2.864 5.48 4.831 0.665 5.236 

6.484 2.922 5.497 4.764 0.786 5.245 

6.251 3.321 5.619 4.491 1.131 5.476 

6.296 3.378 5.843 4.859 1.031 5.502 

6.317 3.367 5.599 4.759 0.97 5.292 

6.568 2.758 5.588 4.472 0.88 5.428 

6.033 3.203 5.709 4.543 0.91 5.432 

5.79 3.091 5.557 4.717 0.7 5.257 

      
14.104 -1.811 4.935 12.473 -4.027 4.665 

14.254 -1.567 5.087 12.421 -3.652 4.702 

14.498 -1.678 5.11 12.886 -3.817 4.746 

14.322 -1.013 5.112 12.923 -3.462 4.736 

14.481 -3.806 4.383 11.861 -4.844 4.396 

14.592 -1.112 4.851 12.918 -3.271 4.567 

14.035 -1.471 4.909 12.631 -3.888 4.599 

13.789 -0.904 5.051 12.541 -3.517 4.702 

13.784 -0.994 5.022 12.725 -3.58 4.657 

14.171 -1.659 5.205 12.544 -3.775 4.716 

The normal of the matrix is (1, 4.681, -19.364). 
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Table AI-5.2: A summary of the C and P atom positions of PAA
- 
at the average guest location 

the interlayer region of LiAl-PAA
-
. 

x(C) y(C) z(C) x(P) y(P) z(P) 

0.93 0.163 6.867 0.177 0.458 4.63 

0.94 0.416 6.883 0.163 0.727 4.483 

0.979 0.139 6.731 0.182 0.654 4.521 

0.415 0.221 6.749 0.684 0.653 4.46 

0.075 0.004 6.8 0.404 0.4 4.63 

0.935 0.094 6.649 0.568 0.504 4.549 

0.959 0.136 6.85 0.254 0.673 4.548 

0.943 0.134 6.664 0.323 0.396 4.503 

0.184 0.282 6.845 0.384 0.668 4.618 

0.985 -0.316 6.689 0.096 0.467 4.532 

      
3.612 3.664 7.149 4.392 6.05 6.946 

3.705 3.526 7.015 4.556 6.039 6.879 

4.06 3.628 7.161 4.462 6.202 6.845 

3.591 3.54 7.077 4.585 5.988 6.911 

3.814 3.743 7.035 4.558 6.044 6.944 

3.873 3.661 6.872 4.569 6.046 6.912 

3.53 3.203 7.134 4.284 5.94 6.859 

3.648 3.468 7.184 4.515 5.873 6.786 

3.923 3.349 7.143 4.358 5.953 6.891 

3.683 3.127 7.177 4.431 5.773 6.935 

      
6.459 0.13 6.812 7.108 1.821 4.884 

6.723 0.077 6.948 6.933 1.776 4.863 

6.466 0.072 6.797 6.807 1.878 4.77 

6.366 0.06 6.894 6.877 1.786 4.899 

6.453 0.136 6.943 6.712 1.915 4.896 

6.565 0.339 6.854 6.845 2.045 4.788 

6.606 -0.38 6.586 7.071 1.43 4.777 

6.602 0.029 6.919 7.141 1.722 4.819 

6.274 -0.106 6.693 7.241 1.575 4.723 

6.537 -0.059 6.943 7.098 1.456 4.719 

      
10.281 -2.206 7.487 9.934 -3.232 5.113 

10.096 -2.501 7.797 9.741 -3.21 5.227 

10.292 -2.386 7.634 10.026 -3.287 5.204 

10.311 -2.082 7.791 9.714 -2.715 5.376 

10.369 -2.142 7.637 9.66 -2.905 5.202 

10.273 -2.391 7.863 10.006 -2.997 5.283 

10.04 -2.31 7.679 9.932 -3.571 5.382 

10.119 -2.228 7.637 9.566 -2.953 5.15 

10 -2.335 7.699 9.792 -3.329 5.202 

10.092 -2.303 7.75 9.588 -3.032 5.239 

      
10.563 2.134 7.442 12.607 0.562 7.636 

10.459 1.854 7.411 12.7 0.261 7.706 

10.13 2.03 7.59 12.452 0.548 7.774 
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10.517 2.286 7.259 12.62 0.846 7.686 

10.417 1.987 7.183 12.624 0.644 7.582 

10.572 1.852 7.483 12.696 0.433 7.72 

10.564 2.107 7.496 12.564 0.419 7.593 

10.438 2.156 7.533 12.642 0.504 7.806 

10.242 1.757 7.4 12.559 0.698 7.749 

10.202 1.902 7.418 12.572 0.557 7.615 

      
14.142 -5.33 6.003 16.422 -4.123 5.515 

14.19 -5.476 5.81 16.499 -4.327 5.502 

14.048 -5.308 5.898 16.477 -4.242 5.584 

13.915 -5.093 5.64 16.377 -4.239 5.56 

14.082 -5.14 5.862 16.538 -4.226 5.491 

13.972 -5.203 5.847 16.321 -4.274 5.564 

14.073 -5.432 5.769 16.458 -4.444 5.52 

14.128 -5.161 6.056 16.467 -4.155 5.58 

14.058 -5.242 5.836 16.463 -4.315 5.628 

13.931 -5.216 5.599 16.314 -4.208 5.52 

The normal of the matrix is (1, -9.34, 15.97). 

 

 


