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ABSTRACT 

 

 

Pulmonary drug delivery has historically been used as a route for delivery of therapeutics for 

respiratory disease management. However, while there are many advantages, there are also 

some serious limitations, arising mostly from the physical aspects of the inhaler devices. This is 

more profound when the devices are the driving force for controlling particle size generation, 

which results in non-uniform particles that end up being swallowed/wasted/expelled.  

One promising solution to overcome this limitation is to pre-formulate nano/microscale particles 

with a high degree of manufacturing control.  Nanomedicine has advanced such that there are 

already several nanoparticle formulations commercially available. 

In the case of tuberculosis treatment, there is an opportunity not only to examine the use of 

nanoparticles for inhalation therapy, but to take advantage of the fact that the physiochemical 

environment of diseased tissue is significantly different to health lung tissue (lower pH and 

increased enzyme concentrations). We formulated two series of nanoparticles, whose design 

included moieties that could respond to pH and enzymes. 

To address variability, a Box-Behnken statistical approach was followed to construct mesoporous 

silica nanoparticles. These “hard nanoparticles” can entrap both lipophilic and hydrophilic drugs 

and were coated with a pH-sensitive hydrazone linker. 

It was observed that pH, calcination temperature and ratio of water to silica source played the 

greatest role, not only in controlling the physicochemical properties of the nanoparticles but also 

the drug release rate. 

A second series of nanoparticles were synthesized based on gelatin.  This was done partly to add 

support the comparison of hard (inorganic silica) versus soft, organic particles, but also to enable 

enzymatic degradation and drug release. Again, diseased lung tissue expresses increased 

concentrations of gelatinase enzymes that could be used to stimulate drug release at the site of 

the disease. In addition, it was observed that the non-ionic surfactant C12E10 could interact with 

the protein via hydrophobic interactions thus affecting the gelatin folding. The folding states 

affected crosslinking with the pH responsive linker, which in turn affected the rate of drug release.  

To support the synthetic work, we sought to develop a unique 3D lung model directly from MRI 

data of tuberculosis infected lungs.  This would not only permit the evaluation of our nanoparticles 

but could be used as a proxy for in-vivo studies in future to predict lung deposition in diseased 

lung. 
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Thus, this study shows that it is possible to synthesize pH and enzyme sensitive nanoparticles for 

pulmonary drug delivery in the treatment and management of pulmonary tuberculosis. These 

particles could be loaded with either hydrophobic or hydrophilic drugs and their distribution in the 

airway modelled using an in-silico 3D model based on real data. Further development and 

verification of these results should improve treatment for pulmonary diseases and conditions such 

as tuberculosis.  This is especially urgent in the face of multi-drug resistance and poor side effects 

profiles for current treatment. 
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CHAPTER 1 : INTRODUCTION AND BACKGROUND TO STUDY 

 

 

1.1. Background to the study 

The respiratory tract is stated to constitute of a large surface area (70-140m2), which has been 

utilized for delivery of both non-peptide and peptidomimetic drugs (Table 1.1) [1]. However, the 

lung constitutes of barriers that allow filtration of large particles from reaching the deep lung. 

Administration to the lungs can be via the nasal or oral inhalation. The nasal route however is 

limited by the narrow airway lumen (5µm particles inhalation, 80% lost), thus warranting inhalation 

via oral route (5µm particles inhalation, 20% lost). Due to particle size, the mode of pulmonary 

deposition is governed by inertial impaction, sedimentation, diffusion, interception, and 

electrostatic effects [2]. The inertial impaction occurs in regions where there is high air velocity 

and turbulent airflow. For particles, within a range of 0.5-5µm, sedimentation by gravitational force 

occurs in smaller airways (low velocity-smaller bronchi and bronchioles) and can be facilitated 

further by breath-holding and hygroscopic growth of the particles as they pass through the warm, 

humid airway passages. From a range below 0.5µm, particles are deposited by diffusion which is 

based on the Brownian motion [3]. Interception is more pronounced with fibres where particle 

physical shape or size plays a factor when particle encounter the airway wall [4]. For electrostatic 

effect, the charges that particles accumulate during dispersion leads to interaction with the 

airways by inducing an opposite charge to the airways [5] 

 

Table 1.1: Various therapeutics delivered via pulmonary drug delivery route [6-9]. 

 Topical treatment of pulmonary diseases 

Class Drugs Localized diseases 

Antimicrobial Tobramycin, Amikacin 
(Arikace™), Aztreonam, Colistin 
(polypeptide), Ciprofloxacin 
(Lipoquin® and Pulmaquin), 
Levofloxacin 

Cystic fibrosis, Pneumonia 
 

Antiviral Zanamivir (Relenza®, 
GlaxoSmithKline, Middlesex, UK), 
Laninamivir (Inavir®, Daiichi 
Sankyo Company Ltd, Tokyo, 
Japan and Biota Pharmaceuticals, 
Alpharetta, USA) 

Influenza 

Antifungal Amphotericin B, Itraconazole and 
Voriconazole 

Broad spectrum antifungal 

Vaccines Flumist (MedImmune, 
Gaithersburg, MD, USA) 

Influenza 
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Immunosuppressive Tacrolimus, corticosteroids Asthma, Lung Transplant 
Peptides/Nucleic 
acids 

mRNA, siRNA 
 

Cystic Fibrosis 

 Systemic diseases 

Peptides Insulin, Heparin, Ergotamine, 
Calcitonin 

Miscellaneous 

Other Zaleplon, Morphine/fentanyl, 
Levodopa, Loxapine, 
Dihydroergotamine 

Miscellaneous 

 

The most commonly used inhalation device is the metered dose inhaler (MDI). As illustrated in 

figure 1.1, this depiction of the MDI inhaler indicates that most of the inhaled drug is lost in through 

swallowing. Depending on the physicochemical properties of the drug, most the swallowed drug 

can be recovered in the gastrointestinal (GI) tract, whilst most of the dose can be subjected to 

hepatic first-pass metabolism (e.g. corticosteroid budesonide). The use of spacers can also lead 

to reduction in the administered dose reaching the deep lungs. Thus, the current aerosolizing 

technique of using the device mechanics to control particle size is not ideal for treatment of 

respiratory tract infections like Tuberculosis (TB). Thus warrants the need for nanotechnology to 

generate predefined particle physicochemical properties.  

 

 

Figure 1.1: Drug deposition fraction using metered dose inhaler (MDI) (Adapted from [10]). 
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The application of nanotechnology in medical application led to the field of nanomedicine. As 

briefly discussed, it’s clear that particle size plays a major role in deposition and drug diffusion 

across the epithelial barrier (Figure 1.2). Phagocytosis is sensitive to particle size, whereby 

macrophages are able to engulf particles of 0.5-3μm in diameter, whilst particles of less than 

0.26μm can escape from phagocytosis process [11]. Although large particles are known to be 

taken up by macrophages, recent studies have shown that particles less than 0.5µm can be 

rapidly internalized by pulmonary epithelial cells, 10 times more than 1µm particles and 100 times 

more than 2 or 3µm particles[12]. For nanoparticles, the decrease in particle size can lead to an 

increase in surface area which enhances dissolution rate, whilst also creating relatively uniform 

distributed drug dose in the alveoli regions [13]. Nanoparticles can provide the advantage of 

sustained-release in the lung tissue, resulting in reduced dosing frequency and improved patient 

compliance. Once the inhaled particles are inside the peripheral lung, particles are supposed to 

dissolve and allow drug to diffuse through the epithelial barrier and into the blood stream [14]. 

However, large particles dissolve slowly which makes them to be subjected to phagocytosis by 

alveolar macrophages. The use of penetration enhancers can be incorporated into pulmonary 

formulations to enhance systemic bioavailability [15]. 

 

 

Figure 1.2: Image depicting particle deposition in the respiratory tract based on particle size 

(Adapted from [16]). 
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Based on the characteristics of particle required to reach the deep lung and improve drug 

bioavailability, it indicates that particle size engineering is crucial. The particle size (Mass median 

aerodynamic diameter (MMAD)) and morphology has been shown to have a pronounced effect 

on all aspects of drug delivery to the lungs which include deposition, dissolution and clearance 

mechanism [17]. For smaller particles (≤0.5µm), slow deep breathing and breath holding can aid 

in particle deposition instead of particles being exhaled. Unlike microparticles, nanoparticles have 

been shown to be deposited in a greater concentration throughout the lung. Their small size also 

enhances the delay in phagocytic uptake, thus they have increased interaction/binding with 

certain proteins and enhanced translocation from the epithelium into circulation [18]. Thus 

particles that deposit within the human bronchi region will be exposed to the mucociliary escalator 

that removes microparticles deposited in the mucus blanket; whilst the alveoli and terminal 

bronchioles are ideal regions for pulmonary drug delivery deposition due to small diffusion barriers 

(Figure 1.3). This indicates that the nanoparticles can offer a more immediate release as they 

become in contact with the surfactant layer, the underlying epithelial lining fluid (ELF) and proteins 

(enzymes) more rapidly than microparticles. Due to nanoparticles having a good polydispersity, 

these make them ideal for targeting deposition of particles within a specific airway region. 

Furthermore, in patients with constricted airways, the nanoparticles can evade regions of high 

turbulence and laminar flow and deposit through Brownian diffusion across the airways. Thus, 

nanoparticles are ideal for both normal and diseased lungs in overcoming complex aerodynamics 

caused by lung anatomical changes. 
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Figure 1.3: Schematic depicting the size of the of the airways and cell type (Adapted from [19]). 
 

1.2. Rationale and motivation of the study 

Tuberculosis (TB) is stated to be second leading cause of death after HIV/AIDS [20]. Based on 

the WHO report, in 2017, 9.0-11.1 million people fell ill with TB, whereby 1.2-1.4 million patients 

who died from the disease were HIV-negative (266 000-335 000) [21]. Over 95% of TB deaths 

occur in low- and middle-income countries. India, Indonesia, China, Nigeria, Pakistan, and South 

Africa accounted to the 64% new TB cases [22]. Tuberculosis is spread by airborne droplet nuclei, 

which are particles of 1-5μm in diameter that contain Mycobacterium tuberculosis [23]. Upon 

inhalation of the bacilli, M tuberculosis is then taken up by alveolar macrophages, initiating a 

cascade of events that result in either successful containment of the infection or progression to 

active disease (primary progressive tuberculosis). The goals of treatment are to ensure cure 

without relapse, to prevent death, to stop transmission, and to prevent the emergence of drug 

resistance. It is stated that treatment of active tuberculosis should never be attempted to be 

treated with a single, and a single drug should never be added to a failing regimen [24]. However 

due to side effects profile of TB drugs, this can lead to poor adherence. Nanoparticle-based 

antitubercular drug delivery systems can be utilized to delivery various TB drug listed in table 1.2. 

Literature has shown that application of nanoparticles for antituberculotic treatment has various 

advantages such as: high constancy/longer time, high capacity by being able to encapsulate 

multiple drugs in the matrix, produce side effects compared to conventional drug delivery 
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administration, improve bioavailability through slow, sustained, and/or controlled drug release, 

offer various routes of administration such as oral and pulmonary delivery and improved 

compliance [25].  

 

Table 1.2: Common antituberculotic drug mechanisms of action and side effect profiles (Adapted 

from [24, 26-28]) 

Drug Mechanism of action Side Effects 

Isoniazid  
(0.02-0.20μg/mL) 
 
 

Inhibits the formation of mycolic acids of 
the bacterial cell wall, causing DNA 
damage and, subsequently, the death of 
the bacillus. 

Peripheral neuritis, Hepatitis, 
convulsions, muscle 
twitching, toxic 
encephalopathy, fever, rash. 

Rifampicin  
(0.05-0.50μg/mL) 
 
 
 

Inhibits the gene transcription of 
mycobacteria by blocking the DNA-
dependent RNA polymerase. 

Orange urine, flu-like 
syndrome, hepatitis, renal 
failure, haemolysis and 
thrombocytopenia. 

Pyrazinamide 
(6.25-50.0μg/mL) 
 
 
 
 

Impairment of mycolic acid biosynthesis. acute gout, hepatotoxicity, 
nausea, anorexia, causing 
difficulty in diabetes 
management. 

Ethambutol 
(1-5μg/mL) 

Interferes with the biosynthesis of 
arabinogalactan, the principal 
polysaccharide on the mycobacterial cell 
wall. 

Optic neuritis and skin rash. 

 

1.3. Mechanism of action of pH responsive aerosol carriers 

The study focuses on the development of two forms of particles for pulmonary drug delivery. The 

mesoporous silica nanoparticles are of tuneable physicochemical properties (Chapter 6), whereby 

drug loading content and surface chemistry play a major role in release profile. The study also 

considers the synthesis of hydrazones responsive to acidic pH (Chapter 4). This is incorporated 

into the particles to facilitate in responsive drug delivery. The second particles are made of gelatin, 

whereby the synthetic path considers protein conformational changes for directed particle 

physicochemical properties attenuation via use of non-ionic surfactant (Chapter 7). The purpose 

of the study is for the delivery of anti-tuberculosis drug to the lungs via pulmonary route. Due to 

the lung constituting of various deposition sections based on the particle size, care is taken into 

the directing of the particle size during synthesis. The upper respiratory tract is known to trap 

particle larger than 5µm, whereas particles smaller than 1µm are susceptible to be exhaled whilst 

they also could cross cellular membranes by non-phagocytic mechanisms [29]. Breath-holding 

technique or hygroscopic growth can assist in ensuring deposition of nanoparticles in the deep 
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lungs. As illustrated in figure 1.4, upon deposition (Figure 1.4 (A)), these will then be taken up by 

macrophages (Figure 1.4 (B)) or diffuse into the blood stream (Figure 1.4 (A)-insert). 

 

 

 

Figure 1.4: Mechanism for delivery of nanoparticles to the deep lung and uptake by macrophages 

leading to intracellular drug release. 

 

 



8 
 

1.4. Novelty of the study 

Pulmonary drug delivery is a well-established field. Various stimuli responsive and targeted 

delivery systems have been well researched. In our study, these well-established features are 

used to direct the design of novel pH responsive linkers. These linkers have tuneable hydrolysis 

rate based on the synthetic routes used. The use of mesoporous silica nanoparticles is well 

studied. However, our study considers novel synthetic procedure that aid in improving the 

physiochemical properties of the nanoparticle. These tuneable properties allow improvements in 

drug loading. By focusing on both targeting the macrophages based on the particle size and 

surface chemistry, the nanoparticles can be ideal for tuberculosis targeting and systemic drug 

delivery via pulmonary route. Furthermore, the use of biocompatible gelatin indicates that the 

particles can also be enzyme responsive in inflamed regions which produce collagen degradation 

enzymes (Matrix metalloproteinase). Thus, the nanoparticles can be dual responsive to changes 

in pH and enzyme concentration. 

 

1.5. Possible therapeutic applications of the study 

Pulmonary disease continues to be a burden whereby the airflow is altered which can lead to 

exertion and death. Although many inhalation devices (nebulizers, metered dose inhaler and dry 

powder inhalers) have been designed, each have their own limitation in generated particle size 

and manoeuvres used. The designed nanoparticles would allow a predetermined particle size 

which can be used in any inhalation device with less manoeuvres. 

Inhalation of peptides, peptidomimetics and nucleotides drugs can be an alternative mode of 

administration of sensitive drugs. Due to low degradation physicochemical features in the lung, 

the pulmonary delivery of this therapeutics can improve bioavailability and patient compliance 

(alternative to intravenous delivery). Furthermore, pulmonary administration of these therapeutics 

can also lead to rapid response. 

Targeted and responsive drug delivery indicates that irritation associated with inhaled 

therapeutics can be reduced as the nanoparticles would only release therapeutics at targeted 

site. Thus, reducing side effects profile. 

Nanoparticles are also able to translocate into the circulation system upon inhalation, which can 

make the system an alternative to intravenous delivery due to the lung large surface area and 

high capillary system. 

The pH responsive hydrazine linkers can be utilized in various conditions that affect changes in 

physiological pH such as: inflamed lung regions, intracellular compartments and tumour regions. 

The use of gelatin allows a highly biocompatible and biodegradable system. 
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1.6. Aim and objectives of the study 

The aim of this study is to design two types of particles which are applicable for pulmonary drug 

delivery (Figure 1.5). The mesoporous silica nanoparticles are designed with controlled 

physicochemical properties that would allow high drug loading content. The gelatin spheres are 

designed in a manner that does not lead to damage of the protein structure during synthesis. All 

the particles are then linked to a pH responsive linker to release therapeutics at an acidic pH. 

For pragmatic fulfilment of the aim, the following objectives will be undertaken: 

• Synthesis of mesoporous silica nanoparticles by taking pH, polar and nonpolar solvent 

ratio and calcination temperature as parameter for changing the physicochemical 

properties of the particles. The Box-Behnken design will be used for formulation studies.  

• Preliminary screening using chitosan as a pH responsive linker for assessing drug release 

profile. 

• Synthesis of hydrazone linker from di-aldehydes. Incorporation of latent acids on the di-

aldehydes for tuning the hydrolytic rate of the hydrazine linkers. 

• Linkers of various functional groups will be synthesized for future possible coupling with 

various polymers/surfaces.  

• Assessment of the rate of hydrolysis of the hydrazones using kinetics study on the 600Hz 

NMR. 

• Synthesis of gelatin based particles with the incorporation of a selected non-ionic 

surfactant identified from the critical micelle concentration studies (UV), protein NMR and 

circular dichroism studies (protein conformational changes).  

• Selection of the non-ionic surfactant and assessment of the synthetic parameters such as 

surfactant concentration, sonication time and crosslinking time using the Box-Behnken 

Design. 

• Optimization of the mesoporous silica nanoparticles and incorporation of the synthesized 

hydrazone linker. Characterization and drug release profile studies. 

• Assessment and optimization of the gelatin nanoparticles. 

• Synthesis of glucose moiety for possible hygroscopic growth layer and macrophages 

uptake stimulation 

• Design on the lung model using MRI scans of TB infected lungs 

• In silico simulation of the particles deposition inside the lung models 
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Figure 1.5: Overview of the experimental plan for synthesis of pH responsive drug delivery carrier 

systems. 

 

1.7. Overview of the thesis 

A brief overview of the thesis layout is illustrated in flow diagram (Figure 1.6). Briefly, rationale of 

the study and background of pulmonary drug delivery are covered in the Chapter 1 & 2. This is 

then followed by design of the components that would make up responsive drug delivery 

nanoparticles (Chapter 4 – hydrazones and Chapter 5 – hygroscopic layer). Two types of 

nanoparticles were designed in this study. Inorganic particles were made from silica (Chapter 6) 

and their formulation was optimized (Chapter 8), whilst organic particles were made from gelatin 

(Chapter 7). Both were evaluated for their possible applications in delivery of anti-TB drugs 

directly to the lungs. Lastly, a 3D model for lung deposition was also designed for prediction of 

aerosol deposition in TB infected lungs (Chapter 9). Due to the use of many formulation, a rapid 

chemometric UV analysis model was designed for rapid drug multiple analysis (Chapter 3). 

Chapter 10 focuses on the conclusion and recommendations as various limitations were identified 

from the novel study. 
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Figure 1.6: Flow diagram depicting thesis overview. 
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CHAPTER 2 : LITERATURE REVIEW ON PULMONARY DRUG DELIVERY 

 

 

2.1. Chronological overview 

The development of aerosol devices for pulmonary drug delivery dates back as far as 1554 BC 

Egypt, whereby fumes from the burned black henbane (contain anticholinergic alkaloid atropine) 

were smoked (Figure 2.1). Smoking has been considered a form of pulmonary drug delivery 

whereby opium was recorded to have been used in China since 1100BC [1]. It is of note that 

smoking cigarettes (e.g. asthma cigarettes) for therapeutic delivery were also used dating back 

to 600BC till the 20th century. This can be supported by delivery of nicotine via smoking, despite 

cause of cancer due inhalation of carcinogens. The oldest known illustration of the therapeutic 

inhaler was developed by Christopher Bennet in 1654 [2]. As fumes are known to carry lung 

irritants that can cause respiratory irritation, thus inhalation of medicated vapour becomes a 

favourable option. John Mudge invented the Mudge inhaler (1778) whereby opium is mixed with 

water which was then heated for aerosolization [3]. This was the first introduction to nebulizer 

technology. By 1899, Helbing and Pertch developed a propellant based liquid aerosol generator 

to atomize drug liquid suspension [4]. This is considered the precursor of the pressured metered 

dose inhaler. This led to the developed of the first successful  dry powder inhaler (DPI) Aerohaler 

by Mack Fields of Abbort Laboratories [5]. Since 1956, the introduction of the metered-dose 

inhaler (MDI) aided in management of asthma [6]. 

 

Figure 2.1: Chronological view of pulmonary drug delivery (adapted from [1]). 
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However, it is known historically that MDI used propellants that were classified environmentally 

unfriendly. Even though the development of the breath actuated Autohaler which offered better 

delivery, the use of CFC (chlorofluorocarbons) was “outlawed” and replaced with HFA 

(hydrofluoroalkane) due to the Montreal Protocol [7]. This transition however, promoted the 

development and favour of DPI as alternative devices (Spinhaler, Rotahaler). The introduction of 

the DPI originates from Ira Warren's invention in 1852 of glass inhaler [1].  From the nebulizer 

and pressure metered dose inhaler, the droplet size and flow rate from the device where seen as 

problem that caused low deposition fraction (low therapeutic benefit). In terms of DPI, the problem 

is a combination of powder cohesive forces and particle size. From these problems, it occurs that 

particle physicochemical properties formulation is vital in ensuring good therapeutic response. As 

discussed, pulmonary drug delivery has historically been used for treatment of known respiratory 

diseases. The pulmonary drug delivery application can extend to systemic therapeutic delivery 

via pulmonary route. Furthermore, with improvements in computational power, the fate of particles 

in the respiratory tract can now be studied in silico using various lung models through 

computational fluid dynamics. The particle size and various surface chemical properties (charge 

and hydrophilicity) can be used to predict the deposition characteristics of the particles [8]. This 

is constituted by understanding of the lung anatomical features which are known to play a role in 

deposition. Therefore, understanding of the anatomical features of the respiratory tract is vital in 

targeted and improving drug delivery.  

 

2.2. Lung anatomical features 

2.2.1. Nasal and oral cavity 

Starting from the nasal route of administration, the nose is used as the primary mode of respiration 

whereby inspired is cleaned and conditioned before reaching the deep lung. From the nostrils, 

which are guarded with vibrissae (hairs), the large particles are filtered off whilst the temperature 

and humidity of the inhaled air is adjusted. Within the nasal cavity lies a bony projection (turbinate) 

whereby air currents pass during inhalation (Fig 2.2, Insert A). The nasal cavity is covered by 

mucosa with a surface area of 160cm2, whereby the olfactory region only covers 5cm2 [9]. The 

olfactory region offers a deposition site for central nervous system targeting [10]. Inspired air 

passes through the turbinate region which is covered by respiratory 2mm thick pseudostraided 

and ciliated mucosa (0.1mm), whereby air resistance and turbulence occur [11]. Thus, the 

geometry of the nasal cavity can affect nasal drug delivery. The mucosa has a major role in 

cleaning (particle entrapment), warming (37°C) and humidification (up to 90% relative humidity) 

of inspired air. The entrapped particles are then moved towards the pharynx region by means of 
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cilia beat at an average rate of 8mm/min taking 15-20 minutes [12]. Various cells are located 

within the nasal cavity: basal cells, columnar cells: ciliated and non-ciliated, goblet cells (Figure 

2.2, Insert B) and inflammatory cells [13]. The airstream then bends toward the pharynx and 

continues into the larynx and trachea. Contrary to the nasal cavity, the oral cavity provides 

maximum entry of airborne particles. During elevated respiratory rates or during nasal congestion, 

the oral route aids as an alternative respiratory route. After nasal and oral cavity mix at the pharynx 

region, the larynx region follows, whereby the epiglottis prevents food from entering the 

respiratory tract (Figure 2.2 Insert C). The glottis is used to prevent penetration of the foreign 

particles into the airways and for rapid repulsion (coughing) of foreign matter [14]. Once particles 

pass the epiglottis they reach the trachea region. 

 

 

Figure 2.2: Diagram depicting the route of entry for pulmonary drug delivery. 
 

2.2.2. Upper and lower respiratory tract 

The trachea contains a ciliated surface (0.25µm diameter, 5-50µm length) coated with a thick 

mucus layer (Figure 2.3). The trachea then divides into the two bronchi. As the diameter of the 

airways decreases towards 1mm in diameter, the bronchioles region begins. In this region, the 

goblet cells, mousers’ glands and cartilage disappear. Clara cells become the dominant mucus 

producing cells (found to give rise to surfactant producing cells). Ciliated cells are found in large 

branches whilst small branches have no ciliated cells. At the terminal end of the bronchioles lies 

the alveoli region whereby gas exchange takes place. The air-blood barrier in the alveoli region 
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is only 0.2µm thick [15]. The region surface is populated with as much as 2.3x1011 cells. This 

consist of 93% alveolar type I epithelial cells and 7% surfactant producing type II cells, even 

though the surfactant cells are more abundant in number. Macrophages are also located in the 

lung as much as 2x107 cells making 7% of the lung parenchyma [16]. The amount of macrophages 

varies depending on the lung disease state and smoking habit (macrophages stimuli). The 

connective tissue surrounding the lungs is also of vital importance for retention of particles. The 

fate of the inhaled particles depends on the immune strength of the host and the physiochemical 

properties of the particle. These particles can either enter the interstitial space or be engulfed by 

the surface macrophages. Permanent “detainment” of particles is discussed in the disease section 

of the literature review. Some of the particles enter the lymph node system as seen with 

tuberculosis. Variations in anatomical features due to disease state or genetics can cause 

changes to deposition pattern and particle clearance. 

 

 

Figure 2.3: Diagram representing the respiratory tract wall structure (adapted from [17]). 

 

2.2.3. Variations in anatomical features 

There are number of variation in the respiratory tract based on the gender of the patient. Males 

have larger lungs than females. These variations are also evident in various ethnic groups based 

on dimensional sizes respective to body size. Age also plays an important factor in the 

morphometric characteristics of the airways. As the lung lose its elasticity with age, the clearance 
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mechanism is also affected [18]. Thus, understanding of variations caused by these factors can 

aid in patient specific drug delivery system and for improving delivery/efficiency to each specific 

patient group.  Apart from physical factors that are inherited to change, other factors such as 

disease and life style habits can affect the remodelling of the lung features. The major determining 

way of evaluating of changes is the lung function test. It is known that the extrathoracic region is 

characterized with high airflow resistance [19]. This airflow resistance plays a major role in the 

deposition of inhaled foreign particles. Understanding of the anatomical features (cell types, 

airway dimensions and clearance mechanism) and relation to airflow dynamics can aid prediction 

studies for the fate of inhaled therapeutic aerosols.  This can be used to correlate with the 

computational fluid dynamics mathematical models in assessing the delivery of inhaled 

therapeutics for treatment of various respiratory diseases due to obstruction/restriction and 

breathing patterns. These variations affect inspiratory and expiratory flow phases and wall shear 

stresses, thus impairing deposition [20]. Apart from lung anatomical features, drug absorption is 

determined by the physiological features of the lung surface (clearance versus absorption).  

 

2.3. Lung barriers (deposition, dissolution, absorption and clearance) 

2.3.1. Targeting or overcoming mucus clearance 

For aerosolized drug to reach target cells within the airways or for systemic delivery, the 

therapeutic should bypass various barriers (lung surfactant, surface lining fluid, epithelium, 

interstitial and basement membrane and the endothelium). As illustrated with the various cells 

types that make up the airway, the first contact point is with the secreted mucus/surfactant. The 

mucus is stated to be a viscoelastic gel that consisting of 95% water (humidifier), 2% mucin, 1% 

salts, 1% albumin, immunoglobins and enzymes and <1% lipids [21]. The complex gel-aqueous 

layer lines the entire conducting air-ways and becomes progressively thinner from the trachea (up 

to 100µm) to the bronchi (around 8µm), and then to terminal bronchioles (about 3µm) [22]. The 

insoluble particles are trapped by the gel and they are moved toward the pharyngolaryngeal 

region by the movements of the ciliated epithelium, where it is either coughed up or swallowed. 

The soluble particles are eliminated by absorptive mechanisms. The lipophilic molecules can 

cross the respiratory epithelium by passive transport; whilst the hydrophilic molecules can cross 

the epithelial barrier either through the intercellular spaces or by active transport (by mechanisms 

of endocytosis and exocytosis) [23]. Once in the submucosal region, the particles can enter the 

systemic circulation, bronchial circulation or lymphatic system [24]. Mucoadhesive particles (MAP) 

have been made to deliver drugs, but are removed rapidly by the mucociliary escalator and 

expiratory clearance. For overcoming the mucus layer, mucus-penetrating particles (MPP) 
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engineered to diffuse through mucus can avoid rapid mucociliary clearance (MCC) in vivo and 

persist in the lung longer [25]. Mucus clearance provides the mechanical clearance that removes 

bacteria from the airways in less than 6h under normal conditions antimicrobial activities, provided 

by lactoferrin and lysozyme, to suppress bacterial growth over these time frames [26]. 

 

2.3.2. Macrophage defence and surfactant  

In the alveolar region, the gel-aqueous layer is replaced by a thin liquid layer (<0.1µm), which is 

composed of a pulmonary surfactant film and an aqueous subphase. The surfactant consists of 

80% phospholipids, 5-10% neutral lipids and 8-10% proteins, playing a role in avoiding the 

alveolar collapse by reducing surface tension within the alveoli [27]. The proteins making up the 

surfactant are surfactant protein (SP) A-D, which belongs to a collectins family. SP-A and SP-D 

have been linked to absorbing to the surface of the foreign particulate to facilitate clearance by 

alveolar macrophages. These are involved in innate immune response. The alveolar 

macrophages are known to make up 90% of the lung immune cells. The dendritic cells play a role 

in innate and adaptive response, whilst the mast cells are linked to allergy response, inflammation, 

fibrotic site [28]. The insoluble particles that are deposited (1-5µm) in the alveoli can be devoured 

and eliminated by the alveolar macrophages; whilst soluble particles can be absorbed into the 

systemic circulation. To overcome these barriers, surface chemistry has been applied to carriers 

to aid in evading or targeting the clearance mechanism system. The particles that can evade 

macrophage clearance can immediately be displaced to the hypophase and put in close contact 

with the alveolar epithelium or might be internalized by type II pneumocytes via receptor mediated 

recycling of pulmonary surfactant components [29]. The particulates internalized by epithelial cells 

by means of endocytic routes might penetrate the capillaries and be suitable for therapeutic 

systemic delivery. This shows measures are required to avoid protein adsorption (surfactant 

proteins) to nanoparticles to allow increased residence time in the deep lung (evading 

macrophages) or promote adsorption to facilitate immediate engulfment (targeting macrophages). 

 

2.3.3. Particle transport and absorption 

As depicted in figure 2.4, there are several mechanisms that facilitate absorption from the lung 

into the blood, lymph or cells. Passive diffusion is an important one. It has been reported that 

hydrophilic compounds tend to be absorbed (over an hour) via paracellular diffusion and 

intercellular junction pores while the absorption of hydrophobic compounds occurs through 

transcellular diffusion (within minutes) [30]. If the aerosol particles are not immediately dissolved 

in the pulmonary lining fluid, they might be able to transport across the airway and alveolar 
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epithelial cells as intact particles. Additionally, the high viscosity of mucus can trap the particles 

and subject them to mucociliary clearance. Insoluble particles deposited in the airways having a 

geometric size larger than < 6µm are preferably cleared by MCC within 24 hours [31]. Whereas, 

smaller/disintegrating particles deposited in the upper airway tend to penetrate the mucus layer, 

and are taken up by epithelial cells; thereby escaping from MCC. MCC can be impaired by various 

diseases that affect the ciliated cells and mucus viscosity. In the alveolar region, the thin layer of 

lining fluid and alveolar type I cells provides very little resistance to particle transport; hence 

particle transport across the epithelial layer is mostly enhanced in this region [32]. The mechanism 

of particle transport across the epithelial cells is transcytosis, which can be mediated by protein-

binding or receptor-mediated caveolae [33]. Lung diseases that reduce the surface area and 

mucus hypersecretion impair the amount of drug adsorption. Targeted and responsive delivery 

can aid in disease lungs. Molecular biology knowledge is important in design of tuneable, targeted 

and/or responsive carriers.  

 

 

Figure 2.4: Barriers against drugs and carriers (adapted from [34]). 

 

2.4. Molecular biology for responsive and target delivery 

2.4.1. Immune cell targeting  

The two main approaches for the targeted drug delivery are active and passive strategies. Passive 

targeting can occur due to extravasation of the nanoparticles at the diseased site where the 

microvasculature has leakage (tumour and inflamed regions) [35]. These regions also 

overexpress receptors which can be targeted via ligands. Within these region, various immune 
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cells, enzymes, reactive oxygen species, reactive nitrogen species, lipid mediators pH changes 

and cytokines are present which can be used for targeted/stimuli-responsive drug delivery (Table 

2.1). The targeting of macrophages (pro-inflammatory (M1-phagocytotic), and ii) anti-

inflammatory (M2-wound healing, tissue repair, and turn-off immune system activation) can have 

benefits as they are found in high numbers in rheumatoid arthritis, Acquired Immune Deficiency 

Syndrome (AIDS), leishmaniasis, tuberculosis, gaucher disease and cancer [36]. By using 

carbohydrate based surface chemistry, macrophages uptake can be done with low inflammatory 

induction by the carriers [37, 38]. Mast cells (MCs) have also been shown to be good target 

candidates for inflammatory diseases (central role in allergies, defence against some pathogens, 

resistance to venoms, and development or exacerbation of certain autoimmune diseases). 

Rheumatoid arthritis and Multiple sclerosis are some of the autoimmune diseases linked with MCs 

activity. Like macrophages, they MCs can be classified into two: MCT, which express high levels 

of the MC-specific protease tryptase but not of chymase, and MCTC, which express both tryptase 

and chymase can be targeted [39].  

 

Neutrophil and eosinophil recruitment to the site of injury is the first line of host defence, but 

excessive neutrophil infiltration and activation at the airway walls is also the primary cause of 

inflammation and tissue damage [40]. Recently, the use of antibody conjugated PEGylated PLGA 

nanoparticle have been shown to be able to target neutrophils that are present in both acute and 

chronic inflammatory response phases of CF and COPD [41]. Various stimuli responsive 

polymers are reported in various research and review papers that go beyond the scope of this 

paper [42, 43]. Briefly, current enzyme responsive pulmonary delivery has been focusing on 

overexpressed matrix metalloproteinase which are found in various disease (lung cancer, 

tuberculosis and COPD) [44]. In terms of ROS, Saravanakumar (2016) reviewed various ROS 

drug delivery systems advantages and challenges [45]. For pH responsive, the endosomal pH is 

known to be acidic, thus allowing responsive stimuli in cancer tumours and macrophages [46, 47]. 

For ROS responsive system, Yue and colleagues (2016) evaluated targeting mitochondria for 

lung cancer  chemo- and photodynamic synergistic therapy [48]. This shows that the mitochondria 

can be a target for both ROS and RNS responsive drug delivery system [49]. Once targeted 

regions/response stimuli have identified, particles engineering can be conducted to features of 

interest. 
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Table 2.1: Lung immune cells (adapted from [50]) 

Product Macrophages[51] Mast Cells [52] Neutrophil [53] Eosinophil [54] 

Protein 
(Enzyme) 

Neutral proteases, 
Lipases, 
Glucosaminidase, 
Lysosomal acid 
hydrolases & 
Deaminase: 

Lysosomal 
Enzymes, 
Proteases, 
Caspase, 
Cyclooxygenas
es, 
Kinogenases & 
Heparanase 

Proteases, 
Oxidase, 
Peroxidase & 
Elastase, 

Oxidase, 
Protease & 
Phosphatase 

Receptors Fibronectin, 
Gelatin-binding 
protein of 95 kD, 
Thrombospondin, 
& Proteoglycans, 

Proteoglycans 
& IgG 

IgG, 
Proteoglycans 
& C3 

Costimulatory 
molecules & 
Integrin 

ROS H2O2,O2
−,OH−,  

HOX 

HOX, O2,  H2O2, HOX O2, H2O2, HOX, OH, SCN− 

RNS NO.,ONOO− NO. NO. ONOO− 

 

2.5. Engineering carriers for pulmonary delivery 

The use of carrier based delivery allows protection of sensitive therapeutics from enzymatic 

degradation, sustained/controlled drug release (slow adsorption and reduced localized irritation), 

prolonged residence time (evade clearance and reducing dosing frequency) and targeted drug 

delivery (reduce side effects whilst increasing bioavailability to site of action) [55]. Carrier 

properties such as size and shape play an important role in the aerosolization, whilst surface 

chemistry plays a role in the interaction of the particulate with the biological system. Various 

developments have been conducted to improve various aspects of delivery and targeting. In terms 

of aerodynamic diameter (optimal 1-5µm), the well-known advancement is Pulmospheres™ 

(MMAD ≥5µm, density≤0.1g/L) and Technospheres™ (MMAD 2-3µm) where large porous are 

used offering improved flow and dispersion for various device application [56, 57]. These particles 

show that by reducing the density of particles, large particles (decreased tendency to aggregate 

and improved evasion of clearance by alveolar macrophages offering long residence time for drug 

release) can still reach the deep lung [58]. Furthermore, the carriers allow control of the ionization 

state of the drug, thus controlling dissolution and residence time [59].  

 

It has also been reported that aerosol particles with aerodynamic diameter less than 1µm can be 

exhaled up to 80% without deposition due to their low inertia [36]. This indicates that decreasing 

the size does not guarantee increase in deposition in the deep lungs. However, breath-holding 

technique can improve deposition of such small particles. Therefore, other properties should be 
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added to these particles such as induced surface charge and hygroscopic behaviour. The 

reduction in density has also been shown to improve deposition; whist particle size is large enough 

to promote inertial impaction and/or gravitational sedimentation. The use of hygroscopic growth 

can aid in ensuring their sedimentation as they gain mass during humidification [60]. In terms of 

shape, asbestos lung deposition mechanism and uptake by macrophages indicates that various 

shaped particulates can also offer an alternative deposition mechanism. Furthermore, it has been 

shown that macrophages have reduced phagocytosis activity on irregular shaped particles, thus 

enabling them to have increased residence time for sustained drug release [61]. For engineered 

particles, various deposition mechanism can be favoured as illustrated in figure 2.5. In airways, 

there are five possible deposition mechanisms: inertial impaction, sedimentation, diffusion, 

interception and electrostatic. Each is discussed based on the innovative technology to overcome 

or support the deposition mechanism.  

 

 

Figure 2.5: Deposition mechanism (adapted from [32]). 

 

2.5.1. Inertial impaction 

Inertial impaction occurs when particles of large size are unable to follow the fluid flow path due 

to diameter and mass (≥5µm).  When the airflow changes direction due to bifurcation, particles 

will encounter the surrounding wall and be deposited. This occurs within the first ten generations 

(region of high air velocities). Factors that lead to increase in impaction deposition is the increase 
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in the aerodynamic size of the particles (hygroscopic, aggregation), increase in airflow rate and 

reduced airway dimensions due to disease state. Hyper-mucus secretion and reduction of 

diameter due to inflammation change the airway to favour inertial impaction [38]. This is seen with 

patients suffering from obstructed airways such as asthma and COPD whereby particles locally 

deposit with the central region of the airway. This leads to low deposition fraction in the deep lung, 

which will affect targeted delivery. 

 

Drug–drug cohesive force and drug-excipient adhesive forces (van der Waals forces and surface 

energy) are features that are linked to reduction of dispensability of the powders [62]. Large 

particles do not to exhibit these forces. However large particles particle size and inertia lead to 

deposition in the upper respiratory tract. To overcome this, porous particles can be synthesized 

to have the same particle size but low density. Pulmospheres™ technology is one of the examples 

of overcoming inertial impaction limitation of large particles. Currently the TOBI® Podhaler™ 

(Novartis; Basel, Switzerland) uses the Pulmospheres™ technology for the treatment of chronic 

Pseudomonas aeruginosa infections in cystic fibrosis (CF) patients [56]. Various methods can be 

utilized for the synthesis of porous particles such as gas formed particles using CO2 and NH3 from 

salts, inorganic salts like sodium chloride, hydrocarbon waxes, linear polymers, carbohydrates, 

gelatin, ice, sugar and synthesis procedure such as spray drying [63-65].  

 

2.5.2. Sedimentation  

Sedimentation describes particle deposition due to the influence of gravity (1-8µm). The important 

forces in sedimentation are gravitational force, drag force and buoyancy (density). When the air 

velocity is reduced such as in the small airways and alveoli cavities, sedimentation is favoured. 

Similar factor as impaction can promote sedimentation, with the exception that air velocity is 

reduced, and residence time is increase. The promotion of gravitational sedimentation is 

supported by the inhalation device manoeuvres of breath holding. However, if the manoeuvre is 

not done properly due to psychological/physical factors during the use of rescue inhaler can lead 

to reduced deposition. As the particles that deposit via sedimentation have a fixed particle size, 

the use of enhanced excipient growth (EEG) can aid in increasing the impact of gravitation 

sedimentation. Evaluation of sedimentation at altered gravity indicated that even of 5µm diameter 

would have lower depiction in lower airways [66]. The condensation of water due to hygroscopic 

carrier properties can aid in increasing the density of the particle. The rate of growth is a function 

of the initial diameter of the particle, with the potential for the diameter of fine particles <1µm to 

increase five-fold compared with two-to-three-fold for particles >2µm. In vivo studies have 
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confirmed that particles 0.02-5μm can have increase deposition due to hygroscopic growth [67]. 

The rate of growth is also deepened on the kind of functional groups that play a role on the degree 

of hygroscopic growth as seen with organic aerosols in the environment (Figure 2.6).  

 

The lung has a relative humidity of approximately 99.5%. The addition and removal of water can 

significantly affect the particle size of a hygroscopic aerosol and thus deposition the particles of 

aerosolized drugs can be hygroscopic to a greater or lesser extent. The phase transition of dry 

particle material into a saturated aqueous solution is called deliquescence and occurs when a 

substance-specific RH threshold value (deliquescence relative humidity, DRH) is exceeded. The 

reverse transition and its RH threshold value are called efflorescence and efflorescence relative 

humidity (ERH), respectively [45]. In general, it is considered that hygroscopic growth does not 

have much of an effect in particles with MMAD less than 0.1µm; whereas it is very intense in 

particles with MMAD larger than 0.5µm. It is of note that hygroscopic properties can have a 

negative impact on storage of carriers. Exposure to moisture as seen with DPI can lead to 

increase in size and particle interaction, thus leading to inertial impaction in the upper respiratory 

tract.  

 

 

Figure 2.6: Hygroscopic growth based on functional groups (adapted from [68]). 
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In this regard, hygroscopic growth inhibitors (HGI, e.g. leucine) can be used for DPI as they are 

known to be sensitive to hygroscopic growth whilst in storage. Thus, particles increase in size/ 

agglomerate before being aerosolized for delivery. This will therefore promote impaction. Fine 

particle deposition (FDP) of budesonide was shown to be decreased for Turbuhaler, Spiromax 

and Easyhaler by 18%, 10% and 68% respectively, at 40 °C/75% RH [45]. Hygroscopic growth is 

shown not to be favourable for protein aerosol also. HGIs with their low moisture absorptivity 

properties will reduce the rate at which the formulation absorbs moisture and so reduce the 

structural changes that normally occur in their absence. Hygroscopic is only vital during deposition 

as indicated by reduction of mouth-throat (MT) deposition to 2.6% with HandiHaler DPI [69]. The 

utilization of excipient enhanced growth (EEG e.g. sodium chloride, citric acid and mannitol) has 

been shown to be able to reduce MT deposition ≤1% in comparison to the conventional deposition 

of Respimat inhaler loss of 34.6-55.1% in the MT and inhaler mouth piece or 69.8% of Diskus 

DP[70]. Studies have shown that hygroscopic growth can also aid in evading macrophages due 

to large size [71]. Therefore, despite sensitivity of DPI to hygroscopic growth during storage, 

growth enhancement can contrarily improve deposition. For respirable particles, the incorporation 

of EEG allows enhanced deposition in the deep lung through increase of particle mass, which 

increases the sedimentation velocity [72]. Evaluation of Flovent HFA MDI, Diskus DPI  and 5-μm 

Respimat aerosol by Tian and colleagues (2013), it indicated that EEG aerosol are highly effective 

for alveolar delivery with an increase in deposition by 90% [34]. 

 

2.5.3. Interception 

For particles with irregular shape such as those consisting of fibres, interception occurs whereby 

shape and size prevent particles from going deeper into the narrowing airway generations. The 

narrowed region could be due to inflammation or due to mucus hyper-secretion. The shape factor 

can play a significant role in transport mechanism as the non-spherical shape particles will 

experience different drag force to spherical ones. This feature is the cause of computational 

difficulties in predicting the deposition mechanism of non-spherical particles. In relation to 

asbestos and pollen, the shape factor can affect targeting of macrophages. The orientation of the 

particle during uptake will affect internalization. As indicated in barriers that carriers have to 

overcome, internalization of particles by macrophages can impair drug delivery to required tissues 

if macrophages are not the intended targets [73]. Therefore, the non-spherical (depend on 

flexibility and stiffness) geometrical symmetry of the carriers can be used to aid in evading 

phagocytosis in combination to deposition mechanism. 
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Carbon nanotubes represent one of the known non-spherical well used drug delivery carriers. 

Their use in pulmonary drug delivery has generated concern over toxicological features similar 

asbestos been observed [69]. Longs fibres deposit in the lungs can cause oxidative stress and 

inflammation. These can also be retained in the pleural tissues where more oxidative stress and 

inflammation can occur as seen with silicosis and asbestos [74]. The solubility of the carrier plays 

an important role in overcoming induction of inflammatory and oxidative stress. The ideal fibres 

must be non-biopersistent. After deposition, they must not release toxic ions or other components 

while undergoing dissolution and they break leading to shortening in length. These features will 

then allow effective phagocytosis and macrophage clearance [69]. As depicted in the lung 

immune cells enzyme products, biodegradation of these tubes can be applied to aid clearance. 

Peroxidase-driven biodegradation has been shown possible [75]. However, this still requires 

evaluation in vivo as this follows oxidative degradation. In vitro indicates that neutrophil 

myeloperoxidase can degrade carbon nanotubes with less pulmonary inflammation [76].  

 

2.5.4. Diffusion 

Random bombardment occurs on the particles of diameter less than 1µm, where airflow velocity 

is low leads to diffusion deposition. As particles decrease in size, Brownian motion is favoured. 

Particles below 1µm are known to be exhaled during pulmonary delivery. For nanoparticles, a 

combination of electrostatic surface charge is required for deep lung delivery, whilst sedimentation 

by means of hydroscopic growth occurs to be an alternative route to ensure particles get enough 

inertia for deposition. However, nanoparticles are known to have rapid absorption in the 

epithelium cells and can avoid the mucociliary clearance [77]. Thus nanoparticles are ideal for 

both localized and systemic drug delivery. 

 

2.5.5. Electrostatic 

Electrically charged particles close to airways surfaces induce image force charges on the surface 

or force charge effect [78]. Charged particles are then electrostatically attracted to the airway 

walls, and as a consequence this leads to increased deposition of charged particles in comparison 

to neutral particles [79]. In the absence of applied field, both liquid droplets (nebulizer and MDI) 

and solid particles (DPI) can get charged. The charge in liquid droplets occurs when a liquid 

surface is disrupted (atomization) or when liquid flows against a solid surface (valve). With solids 

this is due to contact charging (frictional force due to rubbing, sliding, rolling or impaction) [80]. 

However, these charges are known to cause deposition in the upper respiratory tract, thus 

requiring spacers to aid in removing charged particles [81]. In terms of DPI, the charges lead to 
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agglomeration and adhesion of particles causing inertial impaction to be favoured [82]. This can 

further cause inconsistent dosing, jamming of devices, uneven mixing and impaired aerodynamic 

behaviour. Despite these known devices based limitations in relation to charged particles, 

Experimental work carried out showing that charged aerosols deposited better than uncharged 

particles [83, 84]. 

 

Triboelectrification (contact charge) is stated as complex event that can be affected by many 

factors such as relative humidity, temperature, surface impurities, surface roughness, contact 

area, and other physicochemical factors, thus making it difficult to control [85]. The airways are 

neutral due to the humidity which has been also linked to reduction of charge on the surface of 

particles. The impact of electrostatic charge is more favoured in the lower respiratory tract due to 

small airway diameter. This is due to Coulomb’s law stating that electrostatic force is inversely 

proportional to the square of the distance between two charges [85].  Based on Balachandran et 

al. (1997) it was found that image force is more predominant in the lower airways, whilst space 

force is favoured in the upper airways space [86]. This applied to particles with a diameter of 

≤2.5µm. A high surface charge leads to deposition in the upper respiratory tract, which is why 

spacers are used to reduce the number of charged particles. This allows particles with a negligible 

degree of charge to be delivered into the lower respiratory tract. The electrostatic deposition can 

be beneficial in targeting upper respiratory tract drug delivery when charged particles are used. 

This is supported by a study that shows that even particle that do not deposit via impaction (small 

particles) get deposited in the upper region [87]. As discussed that charge is induced during 

aerosolizing process, the selection of the inhalation device is also crucial in successful pulmonary 

drug delivery. 

 

2.6. Inhaler device selection 

The selection of the inhaler plays a significant role in therapeutic management as the device ease 

of use affects patient compliance and disease management. The choice depends of the capability 

of the patient to conduct the necessary manoeuvres to deliver optimum dose to reach the deep 

lungs. Each category of device has advantages and limitations. The nebulizers are limited by size 

but ensure high deposition, whilst MDI and DPI require manoeuvres for efficient delivery. Based 

on Laube et al. (2011), healthcare providers are required ensure that their patients can and will 

use these devices correctly. This requires that the clinician be aware of the devices that are 

currently available to deliver the prescribed drugs. Be able to educate the patient of the various 
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techniques that are appropriate for each device for proper use [88]. Here within, is discussed 

briefly various innovation that aid in improving delivery and ease of use for various patients.  

2.6.1. Nebulizers 

The nebulizers offer various advantages such as that they do not require specific inhalation 

technique or co-ordination, can deliver a variety of drug solutions at various doses and they are 

suitable for infants and immobile people. Disadvantages include that some of them are time 

consuming to use, bulky and non-portable, and the contents can be easily contaminated [89]. 

There are two different categories of nebulisers based on the mode of aerosol dispersion 

mechanism. The jet nebulizer that uses a compression mechanism has various advantages and 

disadvantages. These can be used by patients of different ages, does not require complex 

techniques to use and can deliver large doses in various diseases (complex medications) despite 

the severity. The setback like all nebulizers is the sensitivity to contamination thus requires 

disinfection and proper cleaning. In terms of jet nebulizer, their bulk size means they require power 

supply and cannot be carried around.  

 

The other category is the ultrasonic nebulizer which offers added benefits such as faster aerosol 

output and portability. However, due to its hardware features, its more expensive than the jet 

nebulizer and the sonic waves generate heat can damage heat sensitive therapeutics [90]. The 

mesh nebulizer was designed to overcome this problem, as the mesh vibrates on top of the liquid 

suspension to generate small droplets (Aeroneb® and Aerogen®). This improved treatment time 

and less wastage of the drug. Respimat® Soft Mist™ inhaler represent innovative handheld 

nebulizer with a 40% whole lung deposition [91]. This uses mechanical energy from spring to 

produce fine-particle fraction (≤5.8µm). The Aradigm’s AERx® system utilizes a single-use laser-

micromachined polymer nozzle that is integrated with the single-use dosage form. This leads to 

53.3% deposition [92]. Breath actuated AeroEclipse® and SideStream has deposition of 38.7% 

and 15.8%, respectively [93]. The I-neb AAD System which is used for treating CF patients has a 

63-73% lung deposition [94]. Other innovative nebulizers of note are AeroEclipse® II BAN, 

AKITA2 APIXNEB, CompAIR™ NE-C801, Micro Air® NE-U22, PARI LC® Plus and PARI eFlow® 

rapid [95]. These represent vibrating mesh nebulizer with metering chambers and adaptive 

aerosol. The designs indicate that the mechanism of controlling particle size plays a major role in 

deposition fractions. 
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2.6.2. Metered dose Inhaler 

The current MDI retain the same features such as metering valve, canister, and actuator 

mouthpiece as the predeceasing inhaler (MediHaler). The introduction of the MDI allowed 

portability with rapid delivery time. In terms of improving deposition, several hardware 

modifications or add-ons have been used. For more depth information of MDI technology readers 

are encouraged to read Stein et al review [96]. The change from chlorofluorocarbon (CFC) to 

hydrofluoroalkane (HFA) lead to improvement in deposition dose from 10-20% in CFC devices to 

40-60% with HFA [93]. Metered dose inhalers require good coordination between actuation and 

inhalation. This leads to only a small fraction of aerosols reaching the deep lung due to high 

particle velocity on exit from the device. The metered valve design plays a role ensuring that there 

is a consistent amount of therapeutic formulation being released from the canister each time the 

patient actuates the device. As the valve design relates to the performance of the pMDI, each 

design will have advantages and disadvantages. QVAR® and Modulite® are examples of 

incorporation of valve design with formulation strategies.  The canister design is also important 

as the size must relate to the size of valve to be used. In canister design, the inner coat is 

important to ensure formulations do not interact with the canister surface. Thus, avoid formation 

of charged particles. 

 

The actuator plays a role in the atomization of the liquid suspension, thus pay a role in the aerosol 

characteristics of the therapeutic solution. Conventional mode of actuation mechanism plays 

independently on the patient’s inhalation, thus leading to most of the therapeutic being deposited 

on the throat. The introduction of the breath-actuated MDI (synchronized inhalation and dosing), 

was to aid in overcoming coordination problems, thus making them useful to children (over 5 

years). However, compression still requires some manoeuvre, thus led to development of the 

valve holding chamber (VHC) [97]. SmartMist® System is one of the add-on that offer breach-

actuation control and dosing feedback during use. However, high deposition in the upper 

respiratory tract persists due to impaction and sedimentation. Various other add-on devices have 

been used to try to overcome the high deposition in the upper respiratory tract which causes side 

effects/irritation. This is one of the contributing factors to poor compliance. The add-ons allow 

people of various ages to be able to use the inhalers. They however still require some techniques 

to use and technical requirement after use (cleaning and replacement) and the spacers can 

reduce the drug output that reaches the lung. This also indicates that formulation strategies are 

required to improve pulmonary drug delivery. The incorporation of PulmoSpheres™ technology 

has led to improvement of suspension stability and dose uniformity [98]. Drug-drug interaction is 
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known to cause hetero-flocculation and increase aerosol particle size thus affecting the 

aerosolization efficiency. The use of carrier particles occurs as the viable option for improving 

delivery. 

 

2.6.3. Dry powder inhalers 

The DPI consist of an active pharmaceutical ingredient (API) with aerodynamic size (1-5µm) 

favourable to allow high deposition fraction [99]. The limitation of aerosolization of API is the 

interaction of particles due to cohesive/adhesive forces. This leads to reduced flowability and 

aerosolization is impaired as most of the drug remains retained in the device. The other major 

concerns are that most of the API are highly potent, the use of patient own inspiratory force has 

been used to encourage aerosolization. Various formulation strategies such as micronization 

(milling), spray drying, spray freeze drying and supercritical fluid technology are used for powder 

development [100]. Therefore, there should be a balance between formulation and choice of 

device. This can lead to variation in dosing and deposition fraction depending on the inspiratory 

force used during inhalation. To improve the performance of DPI, the use of carriers can aid in 

improving the aerosolization of the particles by improving deagglomeration of the particles 

(improved flowability and dispersion). Furthermore, these can aid in controlling the dose. 

Dispersion of powder from a DPI device is stated to require energy, which can come from 

pneumatic, vibrational or mechanical means. The forces that are responsible for dispersion of the 

powder in DPI include aerodynamic forces (drag and lift), inertial forces [101] (vibrational, 

rotational, centrifugal and collision), and shear and frictional forces [102].  

 

As stated, patient inspiratory effort is required to overcome device resistance force (kPa0.5 min/L) 

to generate turbulence that promotes dispersion. The device with lowest intrinsic resistance (e.g. 

Breezhaler ® Neohaler™) is stated to be able to generate the highest inspiratory flow rate during 

patients’ inspiratory effort. Contrary, the high intrinsic resistance (e.g. TwinCaps®) would 

generate low inspiratory flow rate [103, 104]. Thus, the amount of work (product of pressure drop, 

flow rate, and inhalation time) exerted by patients during maximal inhalation efforts decreases 

with increasing inhaler resistance [105]. Some technological advancements have been made to 

allow device generated force (Inhance™, Aspirair™) and motor driven dispersion (Spiros® - 

development stopped) [106].  The sensitivity to humidity is also seen as a drawback to use of DPI, 

as this change the size of the aerosols thus favouring deposition in the upper respiratory tract. 

Listed in table 2.2 are marketed DPI inhalers that offer various technological advancements to 

overcome limitations and improve deposition.  
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 Table 2.2: List novel approved dry powder inhalers 

Dry Powder Inhalers Features Deposition Fraction 

3M Taper™  Utilizes a reverse cyclone 
120 doses on a 
microstructured carrier tape 

N/A 

Staccato® Loxapine (Adasuve®) 
Drug vaporized upon breath 
actuation 
0.025 kPa0.5 min/L 

N/A [107] 

Genuair® (Almirall Sofotec 
GmbH, Bad Homburg v.d. 
Höhe, Germany) 

Aclidinium bromide 
Visual and acoustic 
feedback 
0.031 kPa0.5 min/L 

30%[107] 

NEXThaler® (Chiesi 
Farmaceutici, Parma, Italy) 

Formoterol fumarate and 
beclomethasone 
dipropionate 
Humidity protection, breath 
actuated and dose counter 
0.036 kPa0.5 min/L 

42% [108] 

Ellipta (GSK, Middlesex, 
UK) 

fluticasone furoate and 
vilanterol 
once-daily (asthma and 
COPD) 
0.027 kPa0.5 min/L 

52% [109] 

Breezhaler ® Neohaler™ Indacaterol and 
glycopyrronium bromide 
Audible feedback 
0.02 kPa0.5 min/L 

31% [110] 

Dreamboat inhaler Insulin (Technospheres™) 
No user feedback 
0.093 kPa0.5 min/L 

60%[101, 107] 

TwinCaps® (Hovione, 
Loures, Portugal) 

Laninamivir (Inavir®) 
Humidity protection,  
0.057 kPa0.5 min/L 

N/A [107] 

TOBI® Podhaler (Novartis, 
Basel, Switzer- 
land) 

Tobramycin 
PulmoSphere™ 
0.025 kPa0.5 min/L 

34% [111] 

*N/A- data not available 
 

2.7. Disease states and therapeutic innovations 

Although there have been a number of improvements in inhaler devices for lung deposition, it is 

clear that the disease state can still hamper the performance of the inhaler. This is due to disease 

state affecting the aerodynamics flow and behaviour of the patient. As discussed briefly in Chapter 

1 and section 2.2. Lung anatomical features, besides aerodynamic diameter, the site of aerosol 

deposition in the respiratory tract are also affected by the anatomy of the airway, breathing 
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pattern, flow rate and tidal volume of the patients. Pavia and colleagues have shown a correlation 

between changed FEV1 and depth of aerosol deposition. It was shown that patients with COPD 

had a significantly lower aerosol penetration than healthy volunteers [112]. Various animal models 

have been used to illustrate various disease states which can play a role in affecting the deposition 

of aerosol therapeutics [17]. Deposition patterns can be changed due to alteration of the lung 

anatomy.  The reduction of the airways due to obstruction, inflammation and infection can lead to 

localized deposition in the tracheobronchial region in cystic fibrosis [113]. The work was supported 

by computational fluid and particle dynamics model whereby surface abnormalities and tubular 

constrictions have been shown to significantly alter the airstreams and the related local aerosol 

deposition distributions [114]. This indicates that anatomical changes must also be considered in 

particle engineering and prediction studies. Among various diseases breathing pattern is not 

linked to changes in the deposition fractions. In studies of aerosol deposition in COPD patients, 

correlation between deposition fraction and lung function parameter was shown [115]. Various 

diseases are known to lead to impaired lung function which will have impact on effective 

pulmonary drug delivery. 

 

2.7.1. Tuberculosis 

Tuberculosis (TB) is an infectious disease caused by the bacillus Mycobacterium tuberculosis (M. 

tuberculosis). It typically affects the lungs (pulmonary TB), but can affect other sites as well 

(extrapulmonary TB-15% of the patients) [116]. The TB bacilli is inhaled and then engulfed by the 

macrophages to be destroyed in the lysosome. The bacterium that evades degradation is then 

entrapped in a granuloma (macrophages and T lymphocytes aggregation). The currently 

recommended treatment for patients with pulmonary TB is a six-month regimen of four first-line 

drugs: namely isoniazid, rifampicin, ethambutol and pyrazinamide. The treatment success rate is 

at least 85% (67% in South Africa due to HIV co-infection) [117]. Treatment failure is mostly 

related to lack of patient adherence to the drug regimen (multiple drugs, side effects and up to 36 

months’ treatment plan (kidneys and liver drug metabolism overload)) and HIV-AIDS co-infection 

[118]. The introduction of fixed dose regiment was to improve compliance due to the number of 

drugs used. However, interaction between drugs has been shown to affect bioavailability and 

degree of absorption. HIV is also known to cause some changes in the level of bioavailability of 

these drugs when taken orally [119]. Due to lung lesion being poorly vascularized and fortified 

with thick fibrous tissue, oral and parental delivery have been shown to have sub-therapeutic 

levels of one or more antibiotics. Thus, leading to MDR-TB occurrence. This combination of 

pharmacokinetic variability and non-adherence can lead to resistance [120]. 
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Pulmonary drug delivery avoids bioavailability filters (first pass metabolism and adsorption 

barriers) by directly delivering the therapeutics to site of action. Therefore, local delivery may lead 

to high drug concentration localized in the lung. Thereby reducing the duration of treatment and 

preventing multi-drug resistance (MDR). Nebulization of aminoglycosides solution has been to 

remove bacteria from the alveoli and prevent transmission [121]. However, this did not affect the 

bacteria within the macrophages. Due to instability of liquid formulation, various DPI formulations 

have been made from liposomes (non-immunogenic, can be phagocytosed by immune cells, high 

encapsulation efficacy, controlled drug release over a prolonged period); niosome; microparticles 

(MMAD of 1-5µm reach deep lung); nanoparticles (high drug loading, mucosal cell adherence, 

improved alveolar macrophages uptake, limitation from being exhaled [122]. Capreomycin 

inhalation via Cyclohaler is still under trials [123, 124]. In respect to microparticles, large porous 

particles have also been utilized which improved FPF percentage to the whole lung. For further 

reading on TB carrier design readers can read review [125, 126].  To target macrophages, the 

particles have been developed for this task should dissolve more slowly, making them susceptible 

to internalization by phagocytosis [124]. Surface features such as mannitol has been shown to 

increase stimulation of phagocytosis. However, severe cases of TB in the lungs exhibit large 

numbers of granulomas and tubercles, the latter exhibiting caseation and necrosis at their centre. 

Thus, drugs need to penetrate these barriers to access the pathogen in the intracellular or 

extracellular environment. It was proposed by Ekins (2014) that the use of antibody conjugation 

can help in entering the granuloma as seen with cancer research. However, no feasible evidence 

is available for this hypothesis [127].  

 

2.7.2. Asthma and chronic obstructive pulmonary disease 

Asthma and chronic obstructive pulmonary disease (COPD) are complex chronic lung 

inflammations that are characterized by airway obstruction which leads to many clinical 

complications like coughing, wheezing, and/or uneasiness in breathing. A brief pathogenesis of 

asthma involves the recruitment of eosinophils and neutrophils due to inflammatory response 

[128]. Apart from allergens, pathogens such as viruses can also induce asthmatic responsive in 

asthma patients. The pathogenesis of COPD has similar features to asthma due to abnormal 

inflammatory response in the lungs to the inhalation of toxic particles and gases, derived from 

tobacco smoke, air pollution, or occupational exposures [129]. This displays similar features to 

asthma. Hyper mucus secretion is associated with shortness of breath due to reduction of 

airways, in association with inflamed airways. There is currently no cure for asthma, but 
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management of the disease severity. Anti-inflammatory corticosteroids have been used since the 

1980s to aid in suppression of the lung inflammatory response. Inflammation is present 

throughout the airways, including peripheral ones or small airways <2mm in diameter [130]. 

However, the repeated long-term use of corticosteroids has recently been shown to lead to drug 

resistance to the chronic and low responsiveness in COPD patients due to increase oxidative 

stress [131]. Thus, require new modes of inflammation management. As alveolar macrophages 

play a critical role in orchestrating the chronic inflammation in COPD to attract neutrophils into the 

airways [132]. 

 

Asthma is considered a chronic disease whereby respiratory tract cellular component (mast cells, 

eosinophils, T lymphocytes, macrophages, neutrophils, and epithelial cells) play a role [133]. 

These cells play a role in inflammatory response which leads to reversible airway obstruction. The 

obstruction can lead to tissue remodelling. These changes are discussed are they are linked to 

the effect on deposition mechanism of the therapeutic intervention. The changes in the mucosa 

and sub-mucosa due to epithelial hyperplasia and metaplasia of the goblet cells lead to increased 

mucus secretion. In the sub-mucosa, smooth muscle hypertrophy, collagen deposition, and larger 

mucous production occur [134]. The combination of these features leads to narrowing of the 

airways during asthma attacks. The modification of the airway diameter can alter the 

aerodynamics and airflow behaviour. This leads to patients not obtaining the required therapeutic 

effect during episodes. This impairs patient compliance to asthma inhalers. The use of spacers 

has been shown to bring some improvement in the delivery of aerosol in asthma and COPD 

patients. However, the size of the droplets will still be affected by the narrowing of the airways 

impairing the device optimized delivery condition. Thus, the changes in the airways brought by 

the asthma/COPD episodes affect the predetermined aerosol delivery to the lower airways. Thus, 

this warrants the need for alternative control of particle size during aerosolization step. 

Furthermore, localized delivery can be efficient in treatment of asthma as receptors are localized 

in various regions of the airways. 

 

2.7.3. Cystic Fibrosis 

Cystic fibrosis (CF) is a disease distinguished by electrolyte and water content imbalances. This 

develops because of mutations in the CF transmembrane conductance regulator (CFTR) gene. 

This encodes a membrane-bound cAMP-regulated chloride channel, whereby diminished chloride 

and water secretion leads to viscous secretions in the affected airways. In the airways, the mucus 

becomes thick with altered electrolyte composition and dehydration. The thick mucus due to 
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depletion of the periciliary liquid (PCL) impairs mucociliary clearance (cilia cannot extend 

normally) which leads facilitation chronic bacterial infections. It is hypothesized that the mucus 

interacts with the cell surface glycocalyx that effectively " glue" the mucus layer to airway surfaces 

[135]. The adhesive interactions between these two layers may be further strengthened by the 

low pH that appears to characterise CF airway epithelial airway surface liquid (ASL) [136]. These 

variations are caused by defective ion transport mechanism which has been shown to also lead 

to changes in bio-electrical properties. The epithelial is stated to behave like a ohmic resistor, 

whereby the potential difference reflects the relation between the magnitude of the ion current 

and the passive ion conductance [137].  In healthy individuals, the epithelial was found to conduct 

19-21mV whilst in patients with cystic fibrosis the potential ranged from 38-41mV [138].  There is 

a correlation with the potential difference and the rate of sodium absorption. Various inhaled 

antibiotics, mucolytic/mucous mobilizers, anti-inflammatory and bronchodilators are used for 

management of cystic fibrosis [90].                                                                                                                    .                                                        

 

Designing aerosol therapies for CF is particularly challenging, since the disease affects a wide 

age range, from new-borns to adults, and the spectrum of disease severity from normal lung 

function to severe airway obstruction [139]. Alternative approach to CF management is through 

gene therapy. However, clinical trials of gene therapy for cystic fibrosis suggest that current levels 

of gene transfer efficiency are probably too low to result in clinical benefit, largely because of the 

barriers faced by gene transfer vectors within the airways [140]. Adeno-associated virus (AAV) 

and cationic lipids have been used for gene transfer. The mucus negatively charged components 

are hypothesized to bind to lipoplexes thus changing surface properties promoting mucus 

transport and cellular uptake [141]. In term of AAV use, the immune system is designed to remove 

viruses. This also impairs the efficiency of AAV use as carriers. Once inside the cells, the genetic 

part is susceptible to degradation thus requiring system of evading lysozyme degradation. pH-

sensitive liposomes and polyethylenimine as gene transfer agents can be used due to high 

buffering capacity and the flexibility to swell when protonated.  This will cause large increase in 

the ionic concentration inside the endosome, thus changing the osmotic gradient exchange cause 

the endosome to rupture [140]. There are various FDA approved and clinical trials for CF 

pulmonary drug delivery [142]. 

 

2.7.4. Cancer 

Cancer is one of the leading cause of death that has various forms from lung, breast, colorectal 

and stomach cancers that account to 40% of cancers diagnosed [143].  Various treatment 
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measures are used such as surgery; chemotherapy and radiation are used depending on the 

stage of malignancy. Chemotherapy (paclitaxel, docetaxel, cisplatin, gemcitabine, and 

vinorelbine) is one of the used methods of cancer treatment whereby toxic compounds are used 

to inhibit cells proliferation. Chemotherapy is known to have various adverse side effects such as 

bone marrow suppression, pain, nerve damage, skin allergic reactions, gastrointestinal problems 

(nausea, vomiting, diarrhoea), and alopecia [144]. These drugs are unable to differentiate 

between killing tumour cells and normal cells. Pulmonary drug delivery does not only benefit 

localised management of lung cancer (improved bioavailability), but can also be used as 

alternative route for systemic delivery. The main feature of cancer is the presence of tumours, 

whereby various cells such as myeloid-derived suppressor cells (MDSC), macrophages, and 

dendritic cells (DC) act as regulatory cells in the tumour microenvironment [145]. These cells 

express various molecules (enzymes) and surface receptors and ROS which can be targeted and 

responsive drug delivery. 

 

There are currently various stimuli (endogenous or exogenous) responsive polymers that are 

being explored for carrying anti-cancer drugs. This system offers reduction in side effects profile 

and improved efficacy for cancer treatment. Both endogenous stimuli- including redox-/pH-

/enzyme-responsive polymers and exogenous stimuli- including thermo-/photo- and ultrasound-

responsive polymers for delivery of anti-cancer drugs are reviewed by Cheng et al. (2014) [146]. 

Due the lung barriers against pulmonary drug delivery, Garbuzenko et al (2014) studied the 

impact of carrier composition, size and shape on their lung accumulation and retention. It was 

found that lipid-based nanoparticles had considerably higher accumulation and longer retention 

time in the lungs when compared with non-lipid-based carriers after the inhalation delivery [147]. 

In combination with polyethylene glycol (PEG), lipid based carriers can have enhance the 

sustained-release properties and provide a “stealth” shield to bypass macrophage clearance 

[148]. The overexpression of epidermal growth factor and folic acid on cancer cells also offer an 

opportunity for targeted delivery. Macrophages also offer the opportunity to carry drug into the 

lymphatic system. Various clinical trials have been reported [149]. This shows that pulmonary 

drug delivery offers an advantage to enhance the efficacy of treatment of lung diseases and limit 

adverse side effects on healthy tissues. By designing particles that evade macrophage uptake, 

systemic delivery can become possible. 
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2.8. Systemic delivery, gene delivery and vaccination 

Various therapeutics such as antiprotease, opioids, dihydroergotamine, parathyroid hormone, 

growth hormone releasing factor, interferon β, leuprolide acetate immunoglobulin G, peptide YY 

(an endogenous anorectic gut-secreted peptide), salmon calcitonin, albumin and insulin have 

been utilized for pulmonary drug delivery clinical trials [150-152]. Molecules such as insulin are 

formulated either as liquids or in highly water-soluble aerosol particles that dissolve rapidly in the 

lungs and thereby largely avoid macrophage degradation. Protein therapeutics that are taken up 

by macrophages can be rapidly destroyed in the lysosomal ‘guts’ of the phagocytic cells. The 

effect of pulmonary function was seen with Exubera® inhaled insulin, whereby insulin binding 

antibodies were found in combination with reduction in lung function parameters [153]. In 

combination to costs and size of the inhaler, the product was discontinued. AFREZZA® pocket 

sized insulin using Technospheres® (MannKind Corparation, CA, USA) has been FDA approved 

in 2014 (USA), whilst Adagio™ (Dance Biopharm, Brisbane, CA, USA) a liquid formulation insulin 

is still undergoing trials [154]. The technology allows rapid solubility, thus allowing systemic 

delivery.  Many pathogens are known to be able to evade the immune responsive such as evasion 

of phagosome once taken up by the macrophages. This can also be applied in protein 

macrophage delivery. Proteins are known to have weak physical interactions such as electrostatic 

interactions, hydrogen bonding, van der Waals forces and hydrophobic interactions. Due to these 

weak interactions, proteins can easily undergo conformational changes, which can lead to a 

reduction of their biological activity during formulation. The use of formulation strategies such as 

Technospheres™, Pulmospheres® would allow improved bioavailability and tolerance during 

peptide delivery [155].   

 

In relation to gene delivery, cystic fibrosis is one of the diseases that has multiple clinical trials for 

gene delivery utilizing various delivery carriers. This comes with challenges as CF is known to 

have hyper mucus secretion which acts as a barrier for carriers to pass through. This is followed 

navigation of the carrier in the cytoplasm to deliver the gene to the nucleus for expression. By 

using viral vectors improvement of genetic integrations has been shown to be possible. 

Alternatively, the use of cell-penetrating peptides (CPPs - cationic peptides (HIV-1 Tat or 

oligoarginine) and amphiphilic peptides (penetratin)) has shown successful delivery of insulin 

[156]. With the combination of mucus penetrating agents (Pulmozyme®, a recombinant human 

DNase (rhDNase) or Mucinex® (N-acetyl-L-cysteine; NAC)) or surface chemistry (hydrophilic) 

that allows hydrogen bonding with the mucus (hydroxyl (PEG) or carboxyl or amine groups), Suk 

et al. (2011) indicated that a combination of NAC + rhDNase could increase average effective 
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diffusivities 13-fold whilst utilizing DNA nanoparticles [157, 158]. Vaccination by inhalation has 

many benefits such as localized vaccination for various respiratory diseases such as influenza. 

The PuffHaler® and Solovent® are some of the inhalers that are being developed for delivering 

measles vaccines in children and infants in developing countries [159]. The use of DPI allows 

mass immunisation without concern of concern of disease transmission and 

contamination/disposal as seen with intravenous vaccination. This also offers product stability 

when therapeutic is in a dry state. There are various techniques that can be utilized for stability 

characterization and effectiveness of the designed pulmonary drug delivery systems. 

 

2.9. Characterization of effectiveness the pulmonary drug delivery system 

For assessment of pulmonary deposition, various equipment can be used for characterization of 

factors that can contribute to mode of deposition. Size characterization is vital in correlating the 

size of the aerosol to the deposition mechanism discussed. The surface properties are also of 

importance in assessing interaction between particles that can affect deposition such as cohesion 

in DPI and charges in droplets. Various analytical steps are illustrated in figure 2.7 which can be 

used in the optimization of the aerosol deposition in various stages of the study. Fröhlich and 

Sharareh Salar-Behzadi (2014) reviewed various in vivo, ex vivo and in silico techniques that can 

be used for assessment of inhaled nanoparticles toxicology [160]. The techniques used can aid 

in assessing the toxic effect of the inhaled aerosol in relation to lung clearance mechanism. Cell, 

tissue and animal models test can correlate to simulated computational models (reviewed CFD 

models by Longest and Holbrook (2012) [161]) in predicting the deposition of the aerosolized 

particles. However, each technique used has its own limitation, thus requiring various methods to 

support the required information to conclude. 
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Figure 2.7:  Modes of assessing and optimizing carriers for pulmonary drug delivery. 

 

2.10. Concluding remarks 

The use of nanoparticle based drug delivery is shown to be vital in improving lung deposition in 

combination to various inhalation devices. The particles enable predetermined aerodynamic 

properties that can be tailored by understanding pulmonary factors such as humidity, airflow 

patterns and defensive barriers. Other features such as surface chemistry and morphology play 

a vital role in improving the region of deposition. The success of TOBI® Podhaler™ using 

Pulmospheres™ technology has improved lung deposition whereby particle size and density play 

a major role. These nanoparticles can be used for various drugs as drug delivery can encapsulate 

both hydrophilic and hydrophobic drugs. In relation to devices, each device has its own limitations 

and benefits. However, DPI indicates to be the currently favoured inhalation devices that 
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overcome various stability features such as storage. As long-term effects of some nanoparticles 

are unknown, more work is required in avoiding causing changes to lung function whilst 

administrating drug via pulmonary route. Furthermore, improving costs of production for chronic 

systemic therapeutic in relation to affordability. The failure of Exebura indicates the need for 

balance between formulation strategies and patient use. The choice of the inhaler (resistance) in 

relation to disease severity (lung function) can aid in improving deposition. Pulmonary drug 

delivery particle engineering indicates to be the alternative option of ensuring improved deposition 

for various drugs. This also has benefits for sustained release for once-daily use, thus improving 

patient compliance.  
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CHAPTER 3 : SIMULTANEOUS ANALYSIS OF ANTI-TUBERCULOSIS DRUGS THROUGH 

UV-VIS SPECTROMETRY USING CHEMOMETRIC TECHNIQUE 

 

 

3.1. Introduction 

In pharmaceutical formulation, fixed-dose combination (FDC) are known to be vital in treatment 

and management of HIV/AIDS (Truvada® and Atripla®) [1], malaria (Eurartesim®) and 

tuberculosis (Rimactazid® , Rimcure Paed 3FDC®,Rifafour® and Rimstar 4FDC®) [2]. Multiple 

diseases can also be treated using FDC formulations e.g. Juvisync™ for the treatment of type 2 

diabetes and high cholesterol [3]. In FDC, two or more drugs are formulated together and dosed 

as a single tablet to target a single disease [4]. In tuberculosis FDC, there are several challenges 

which have been shown to affect the treatment efficiency of TB. It has been shown that there is a 

loss of bioavailability of rifampicin upon administration and occurrence of instability of drugs within 

the formulation environment. This was ascribed to the decomposition of rifampicin in the presence 

of isoniazid to isonicotinyl hydrazone (HYD) in the stomach [5]. In the pH range of 1.2-2.1 (fasted 

stated), rifampicin has been shown to degrade in the presence of isoniazid to HYD. Thus, the 

bioavailability of rifampicin is reduced due to the formation of the insoluble HYD product [6]. It has 

been shown that even in pH 7.4 it is oxidized to rifampicin quinone in phosphate buffer, whilst at 

pH 8.2, it forms 25-desacetyl rifampicin, which is insoluble in the alkaline medium [7]. 

 

In South Africa, TB management becomes more complicated. This is due to TB-HIV coinfection. 

Rifampicin is known as a very potent enzyme inducer which can lead to subtherapeutic 

antiretroviral drug concentrations [8]. The other issue associated with anti-TB drug is 

hepatotoxicity [9]. To prevent hepatotoxicity, monotherapy of either isoniazid or rifampicin is a 

preferable means of treatment of latent TB in patients who have a higher risk of hepatotoxicity 

[10]. A recent study has shown that vitamin C (ascorbic Acid) was able to offer hepatotoxicity 

protection against hepatotoxicity induced by drugs, heavy metals, organophosphate insecticides 

and some chemical agents [11]. Figure 3.1 shows the characteristics of rifampicin, isoniazid and 

ascorbic acid which can be beneficial in TB treatment and its antituberculotic hepatotoxicity side 

effects. This drug combination is novel for tuberculosis treatment and would require novel 

quantification method. Due to use of a large number of formulations in drug delivery design, a 

rapid method is more favourable. 
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Figure 3.1: Images of Rifampicin, Isoniazid and Ascorbic acid and characteristics based on Drug 

Bank database.  

 

There are various formulation designs and processes development for FDC oral products [12]. 

Analytical technique for FDC usually required high/ultra-performance liquid chromatography 

(HPLC/UPLC) systems. The preparation procedures are laborious and good analysis requires 

gradient elution techniques which take long periods of time. Furthermore, HPLC grade solvents 

are expensive. The use of spectroscopy can reduce the costs. Since World Health Organization 

(WHO) and International Union against Tuberculosis and Lung Disease (IUATLD) have 

recommended the use of FDCs of anti-TB drugs for TB treatment since 1994, the most frequently 

used FDC is rifampicin and isoniazid (4-6 month continuation phase) [13]. Recent work has shown 

that it is possible to quantify RIF and INH in combination in pharmaceutical preparations without 

the necessity of sample pre-treatment using derivative spectrophotometry. Derivative 

spectrophotometry is used as a useful technique for the suppression of additive interference, and 

it has been used extensively for the simultaneous determination of substances in mixtures [14]. 

Ultra-violent spectrometry is an analytical technique that can be utilized in pharmaceutical 

analysis. It is stated that “Spectrophotometry is the quantitative measurement of the reflection or 

transmission properties of a material as a function of wavelength” [15]. The advantage of the use 

of ultra-violet (UV) spectrometry is reduced analytical time and less laborious work (preparation 

and analysis). The precision and accuracy are also excellent, conditioned that the sample 

concentration lies with the linear range for Beer’s law. 

 

Ascorbic Acid 
Action: helps with increase in 
ferrous ion concentration 
leading to ROS production 
Water Solubility: E+005mg/L 
(at 40 °C) 
Protein Binding:    25% 
Half-Life: 16 days or 3.4 hours 
(if in excess) 
Toxicity: N/A 
 

Isoniazid 
Action: inhibits the synthesis of 
mycoloic acids (cell wall synthesis) 
Water Solubility: 1.4E+005mg/L 
(at 25 °C) 
Protein Binding: 0-10% 
Half-Life: Fast acetylators: 0.5 to 
1.6 hours. Slow acetylators: 2 to 5 
hours 
Toxicity: LD50 100mg/kg 
 

Rifampicin 
Action: inhibits DNA-dependent 
RNA polymerase (cell replication) 
Water Solubility: 1400mg/L (at 
25 °C) 
Protein Binding: 89% 
Half-Life:    3.35 (+/- 0.66) hours 
Toxicity: 0.19 +/- 0.06L/hr/kg 
[300mg IV] 
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As it has been discussed that rifampicin interacts with isoniazid. Apart from indicated 

hepatotoxicity protection, it has been shown that addition of ascorbic acid (ASC) to the dissolution 

medium and plasma sample as anti-oxidant can protect degradation of RIF in the presence of 

INH [16]. Furthermore, it has been shown that ASC sterilizes cultures of drug-susceptible and 

drug-resistant Mycobacterium tuberculosis due to pro-oxidant activity [17]. In our work, it was 

observed that ASC peak of maximum absorbance occurs within the same region as INH (Figure 

3.2). Due to issues of samples spectra overlapping, partial least squares (PLS) was utilized. PLS 

is beneficial as it builds a linear relationship between x and y that is then used for prediction of y 

for new data x [18]. It is stated that “designing a calibration set is the most crucial first step in 

developing a multivariate spectroscopic calibration method for quantitative analysis” [19]. Due to 

the success of model development depending on the suitability of the calibration data, a 3-factor 

central composite design was used for this study. Each component concentration lies within the 

linear range (Beer’s Law). Each design was conducted in triplicate.  

 

Figure 3.2: UV spectra of ASC, INH, RIF and Drug combination. 

 

3.2. Materials and methods 

3.2.1. Materials 
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Rifampicin, isoniazid and ascorbic acid were purchased from Sigma-Aldrich. Methanol (analytical 

grade) was purchased from Fluka. The chemicals were used without further purification. 

 

3.2.2. Standard solutions 

Stock solutions of RIF, INH and ASC of concentrations of 1.82, 7.29 and 56.78mM were prepared, 

respectively. The solutions were prepared by dissolving appropriate amount of drug in methanol. 

Working solutions for UV spectra absorbance analysis of RIF, INH and ASC of concentration 

0.182, 0.729 and 5.678mM were prepared, respectively from the stock solution.   

 

3.2.3. Central composite design 

Central composite design was selected for design of calibration set. The selected upper and lower 

limits were selected based on the range of linearity (Beer’s law) for each respective drug. 

Concentrations of three drugs for the calibration set are presented in table 3.1, laying within known 

linear absorbance–concentration range of each drug. The concentration ranges of 0.0567-

0.8517mM (ASC), 0.00182-0.0273mM (RIF) and 0.00725-0.1088mM (INH). Standard solutions 

of calibration and validation sets were prepared in 10mL volumetric flasks by addition of 

appropriate amounts of each stock solution and diluted by methanol to the mark. 

 

Table 3.1: Calibration and validation formulations using central composite design 

Formulation Ascorbic Acid (mM) Isoniazid (mM) Rifampicin (mM) 

 Calibration Set 

C1 0.4542 0.0581 0.0146 
C2 0.4542 0.0000 0.0146 
C3 0.8517 0.0073 0.0018 
C4 1.1227 0.0581 0.0146 
C5 0.4542 0.0581 0.0360 
C6 0.4542 0.0581 0.0146 
C7 0.0567 0.0073 0.0273 
C8 0.0567 0.1088 0.0018 
C9 0.4542 0.0581 0.0146 
C10 0.0000 0.0581 0.0146 
C11 0.8517 0.0073 0.0273 
C12 0.4542 0.0581 0.0146 
C13 0.8517 0.1088 0.0273 
C14 0.4542 0.0581 0.0146 
C15 0.4542 0.0581 0.0000 
C16 0.0567 0.0073 0.0018 
C17 0.4542 0.05805 0.0146 
C18 0.0567 0.1088 0.0273 
C19 0.8517 0.1088 0.0018 
C20 0.4542 0.1434 0.0146 
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 Test Validation Set 

V1 0.3372 0.0827 0.0160 
V2 0.1148 0.0147 0.0212 
V3 0.4345 0.0230 0.0034 
V4 0.8072 0.0748 0.0132 
V5 0.5741 0.0518 0.0183 
V6 0.7298 0.0330 0.0083 
V7 0.6579 0.0624 0.0258 
V8 0.2634 0.0446 0.0112 
V9 0.1789 0.0932 0.0058 
V10 0.4907 0.1025 0.0232 

 

3.2.4. Spectral design 

Electronic absorption measurements were carried out on UV on PerkinElmer Lambda 25, utilizing 

PerkinElmer UV Winlab software (Version 6) (Waltham, Massachusetts, USA). The scanning rate 

utilized was 120 scans/min at a 1nm data interval. 1.00cm quartz cuvettes were used. The 

experiment was conducted in duplicate. All spectra were saved in *.sp* file format, imported into 

Unscrambler® X (CAMO Software AS, Norway). 

 

3.2.5. Partial least square analysis 

A calibration and validation set of 16 and 10 samples, respectively were prepared. The 

concentration range for each component was lying within the linear absorbance-concentration 

range. The imported data was analysed using the Unscrambler® X software for selecting the 

optimum spectral region for each component. The calibration spectra were then converted into 

second derivative. The PLS model was adjusted by recalculation after adjustments of outliers or 

variables caused near the UV-C (200-280 nm range). Instead of the Non-linear Iterative Partial 

Least Squares (NIPALS) validation method, Kernel Partial Least Squares (KPLS) was used. Due 

to PLS regression model being based on linear transformation, this can lead to an over fitted 

model that is too sensitive to the noise in the modelling data [20, 21]. Therefore, KPLS does not 

require any nonlinear optimizations (table 3.2). Through the adaptation of the Orthogonal signal 

correction (OSC) algorithm, the sequence starts by (1) centering and scaling the data to give the 

raw matrices X and Y, (2) calculation of the first principal component (PC1) from a PCA of X and 

letting 𝒕⊥ be the PC1, (3) Orthogonalizing 𝒕⊥ to Y : 𝒕𝑛𝑒𝑤 = (1 − 𝒀(𝒀𝑻𝒀)
−1

𝒀𝑻) 𝒕⊥, (4) calculation of 

the PLS weight vector, w, that satisfies 𝑿𝑾 = 𝒕𝑛𝑒𝑤, (5) calculation of the new score vector 𝒕⊥ from 

X and w: 𝒕⊥ = 𝑿𝒘, (6) repetition of steps 3, 4, and 5 until 𝒕⊥ has converged, (7) Computation of 

the loading vector , and finally (8) subtracting the ‘correction’ from X to obtain the residuals [22]. 
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The difference between conventional PLS method and KPLS are illustrated in table 3.2. Cross 

validation method was also used. 

 

Table 3.2: Comparison between the PLS and KPLS algorithms (adapted from [23])  

PLS Kernel PLS 

1. Randomly initialize u Randomly initialize u 

2. 𝒘 = 𝑿𝑻𝒖 𝒕 = 𝜱𝜱𝑻𝒖 = 𝑲𝒖  
𝒕⃪ 𝒕 ‖𝒕‖⁄   

3.𝒕 = 𝑿𝒘 
𝒕 ⃪𝒕 ‖𝒕‖⁄   

 

4. 𝒄 = 𝒀𝑻𝒕 𝒄 = 𝒀𝑻𝒕  
5. 𝒖 = 𝒀𝒄 
𝒖 ⃪𝒖 ‖𝒖‖⁄   

𝒖 = 𝒀𝒄  
𝒖 ⃪𝒖 ‖𝒖‖⁄   

6. Repeats steps 2,3,4, and 5, until 
convergence 

Repeats steps 2,3,4, and 5, until convergence 

7. Deflate X, Y matrices: 𝑿⃪𝑿 − 𝒕𝒕𝑻𝑿 

𝒀⃪𝒀 − 𝒕𝒕𝑻𝒀  

 

𝒀⃪𝒀 − 𝒕𝒕𝑻𝒀  

 

3.2.6. Prediction accuracy 

The determination of figures of merit (FOM) is stated as an important requisite for the validation 

of chemometric acceptability [24]. FOM, such as accuracy, linearity and bias were estimated in 

this study. Rimactane® 150 (150mg rifampicin) and Winthrop Isoniazid 100 (100mg isoniazid) 

were sonicated for 1 hour in 100mL methanol. A 100mL solution of 1000mg of ascorbic acid was 

also made from 100mL methanol. The samples were then diluted into acceptable linear range 

concentration of 0.561, 0.0725 and 0.0182mM for ASC, INH and RIF, respectively. The samples 

were scanned on UV instrument using the same setup parameters as the calibration and 

validation. Spectra were imported into Unscrambler® X software without modification. To help 

define the ability of a calibration, the estimations of the standard variation of the chemometric 

calibrations in the case of the investigated mixtures were calculated. The standard error of 

calibration (SEC) and prediction (SEP) are given by the following expression. 

 

𝑆𝐸𝐶(𝑆𝐸𝑃) = √∑ (𝐶𝑖
𝐴𝑑𝑑𝑒𝑑 − 𝐶𝑖

𝐹𝑜𝑢𝑛𝑑)
2𝑁

𝑖=1 𝑛 − 1⁄        (3.1) 

 

Where, 𝐶𝑖𝐴𝑑𝑑𝑒𝑑 represents the added concentration, 𝐶𝑖𝐹𝑜𝑢𝑛𝑑 denotes the determined 

concentration, and n is the total number of samples. 

 



47 
 

The prediction for the residual error sum-of-squares (PRESS) of the calibration step was also 

calculated as using the equation: 

 

𝑃𝑅𝐸𝑆𝑆 = ∑ (𝐶𝑖
𝐴𝑑𝑑𝑒𝑑 − 𝐶𝑖

𝐹𝑜𝑢𝑛𝑑)
2𝑁

𝑖         (3.2) 

 

The root mean squares error of cross validation (RMSECV) was also calculated: 

 

𝑅𝑀𝑆𝐸𝐶𝑉 = √𝑃𝑅𝐸𝑆𝑆 𝑛⁄          

 (3.3) 

 

Where n=number of predicted samples. 

 

For measuring of the model fit to the training data, the R2 defined as 

 

𝑅2 = 1 − 𝑆𝑆𝑅 𝑆𝑆𝑌⁄           (3.4) 

 

Whereby SSR is the sum of squares of the residual, and SSY is the sum of squares of the 

response variable corrected for the mean. It is stated that a value of R2 = 1 denotes that the model 

fits the data perfectly, a value of R2 = 0.5 shows that only half of the total sum of squares in the 

training set is explained by the model, and that the other half is in the residuals. And a model with 

an R2 value of 0.7 can be considered a useful representation of the calibration data and a model 

R2 > 0.9 is considered the best fit [22].  

 

3.2.7. High performance liquid chromatography method 

Analysis of ASC, INH and RIF mixture was evaluated using HPLC method. The working solution 

were mixed together to design a HPLC method for analysis of the three-drug mixture. The setup 

parameters are illustrated in table 3.3. 

 

Table 3.3: Analysis of RIF, INH and ASC using HPLC method 

 HPLC parameters 

Parameter Condition 

Column C18 
Particle size 5µm 
Mobile Phase Buffer: 0.1M 𝑁𝑎𝐻2𝑃𝑂4 & 0.1M 𝑁𝑎2𝐻𝑃𝑂4 (pH 6.8) 

Solution A: 96% Buffer: 4% Acetonitrile 



48 
 

Solution B: 45% Buffer: 55% Acetonitrile 
Flow rate 1.5mL/min 
Detection wavelength 238nm 
Column temperature 25°C 
Injection volume 20µl 

 Gradient Program 

Time (min) Solution A (%) Solution B (%) 
0.00 100 0 
5.00 100 0 
6.00 15 85 
15.00 15 85 
15.01 100 0 

 

3.3. Results and discussion 

3.3.1. Derivative spectra 

The use of derivative spectrophotometry is stated to have greatly improve the value in eliminating 

the interference from excipients and co-formulated drugs [25]. An overlap of ASC and INH on the 

UV spectra was observed. Prior to PSL analysis, first derivative spectra were calculated from the 

raw spectra (Figure 3.2). The Savitzky-Golay method was used. At the beginning and the end of 

the UV spectra, the analysis can be interrupted by the recorded noise within these regions. By 

means of smoothing the spectra using the Savitzky-Golay smoothing method, this can enable the 

reduction of the level of noise whilst keeping spectrum details. In a spectrum that is supposedly 

have equally spaced values,  

 

𝑓𝑖 = ∑ 𝑐𝑛𝑠𝑖+𝑛
𝑛𝑟𝑖𝑔ℎ𝑡

𝑛𝑙𝑒𝑓𝑡
          (3.5) 

 

Whereby  𝑛𝑙𝑒𝑓𝑡 and 𝑛𝑟𝑖𝑔ℎ𝑡 represent the number of points to the left and right of a current point, 

respectively. And 𝑐𝑛 represents the weight coefficients. By using the polynomial order, Least-

squares fitting is then utilized to fit the polynomial to the data inside the moving window. The 

analysis indicates that isoniazid overlaps with ascorbic acid (Figure 3.3). To improve detection 

sensitivity, the second derivative was finally used. Recent literatures indicate the use of ascorbic 

acid as an anti-oxidant in isoniazid-rifampicin mixtures. However, in our studies, the ascorbic acid 

indicated to additive behaviour to the drug at regions of maximum absorbance. Therefore, the 

analysis of rifampicin and isoniazid mixture in combination with ascorbic acid should be evaluated 

with caution of UV analysis.  
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Figure 3.3: First (A) and second derivative (B) of ASC, INH and RIF drug individual and drug 

mixture.  
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3.3.2. High-performance liquid chromatography evaluation 

HPLC method was designed to show successful separation of the drug combination. Figure 3.4 

illustrate the HPLC chromatogram of combined working solution of ASC, INH and RIF indicating 

respective retention times, 1.603, 8.097 and 10.115 min. There are currently no formulations on 

the market that uses a combination of ASC, INH and RIF. The developed method indicates that 

the drug combination ca be successfully separated within 12 min followed by allowing cleaning 

time of 8 minutes. In comparison to UV analysis, the HPLC method has an advantage of clear 

isolation of the distinct peaks of each respective drug. However, the preparations for the analysis 

in HPLC are laborious and require the use of expensive HPLC grade solvents for analysis. On 

the contrary, the UV method could be run under 2 min 45 sec. This method is inexpensive. After 

method development, one can analyse all the samples simultaneously within the selected 

software put importing the UV spectra.   

 

 

Figure 3.4: HPLC chromatogram of RIF, INH and ASC. 

 

3.3.3. Method accuracy using cross-validation method 

The chemometric PLS method was developed with the calibration dataset and validated set. The 

degree of accuracy and sensitivity were evaluated to assess the limitations of the method (Table 

3.4). The method shows high degree accuracy for the 3-drug combination. The figures of merit 
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indicate high degree of accuracy for rifampicin, followed by isoniazid and then ascorbic acid. This 

is due to rifampicin having multiple distinctive peaks (𝜆1 max 272nm, 𝜆2 max 337nm and 𝜆3 max 

479nm) for identification, whereas INH (𝜆1 max 274nm) and ASC (𝜆1 max 273nm) overlap within 

the same region. 

 

Table 3.4: Analytical data from the calibration for the determination of isoniazid, rifampicin and 

ascorbic acid spectroscopy 

Parameters Ascorbic Acid Isoniazid Rifampicin 

Slope 0.978 0.940 0.988 
Offset 0.0101 0.00306 1.924e-4 
Correlation 0.998 0.989 0.997 
R2 (Pearson) 0.996 0.978 0.995 
R2 0.996 0.980 0.995 
RMSECV 0.0101 0.00404 0.000617 
SECV 0.0105 0.00418 0.000634 
Bias -0.0015 -0.00068 1.919e-5 

 

It is worth noting that recent studies on stability of RIF in various solvents (DMF, DMSO, and 

methanol) have shown that RIF is highly unstable. The use of methanol for RIF preparation 

resulted was shown to result in 22.3% RIF degradation compared with that using DMF and DMSO 

as the solvents [26]. It is recommended that RIF stock solution when stored at either 4°C or -

20°C. This was observed with HPLC analysis and the impact is expected to affect the PLS 

analysis as some of the total percentage may be reduced. Thus, analysis of the samples 

containing the drug combination should not be stored for a long period of time. For the detection 

of RIF, the model indicated it was necessary to remove the interference of the overlap in ASC 

and INH absorbance region. In the analysis of INH, it was necessary to remove outliers using a 

component system. The UV-C region indicated to be problematic for both ASC and INH as the 

noise affected the accuracy of the prediction. This also required the removal of the variables with 

the region 200-250nm. The solvent choice is vital in improving the noise within this region as 

buffers salts are known to also generate high interference within this region. Prior to use of the 

tool in drug delivery system drug quantification, the tool was tested on known drug brands to 

observe if the accuracy lies within the accepted Pharmacopeia range.  

  

3.3.4. Method application using commercial tablet mixture 

The designed method was then evaluated using known drug brands mixture. Rimactane® and 

Winthrop Isoniazid were mixed together. As there is no current brand combination of ASC, INH 

and RIF, ASC was added to the level required for daily dosing of 1000mg. This would allow 
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determination of the accuracy of the tool in quantification drug release from synthesized 

nanoparticles. Table 3.5 shows the results of ASC, INH and RIF predicted values.  

 

Table 3.5: Results of determination of anti-tuberculosis commercial tablets mixture using PLS 

analysis method. 

 Components 

 Ascorbic Acid Isoniazid Rifampicin 

Sample 1 (mg)a 900.33 96.13 148.13 
Sample 2 (mg)a 931.15 100.52 153.07 
Sample 3 (mg)a 926.92 99.014 152.24 
Average of samples (mg) 919.46 98.56 151.15 
Manufactures depicted amount (mg) 1000 100 150 
% of the predicted content 91 (RSD 

1.46%) 
98 (RSD 
1.47%) 

100 (RSD 
0.08%) 

% range accepted by Pharmacopeia1 90-110 90-110 90-130 
aAmount estimated by the PLS method, 

1Reference 

 

3.4. Concluding remarks 

Based on the UV spectra, it shows that the addition of the ascorbic acid as a stabilizer can have 

additive effects on the maximum absorbance peak of isoniazid. Thus, the analysis of the isoniazid 

and rifampicin mixture stabilized by ascorbic acid can generate inaccurate UV readings for 

isoniazid. The model generated in this study, shows applicability in quantification of isoniazid and 

rifampicin despite the ascorbic acid interference. Although there is currently no commercial tablet 

that constitutes these drug combinations, the method can be used for detection of all the drugs 

simultaneously. The multivariate method is cheaper and less laborious in comparison to the 

developed HPLC method.  Due increasing work demonstrating the use of ascorbic acid for 

stabilization of rifampicin and its use as a supplement for TB treatment, this work illustrates an 

alternative rapid analytic method [27, 28]. To obtain accurate data in chromatography separation, 

proper method development is vital which may be time consuming. The incorporation of 

chemometric as an analytic tool in this study has shown that multivariate analysis is vital in 

analysis of ascorbic acid stabilized rifampicin and isoniazid drug combination. The data showed 

that ascorbic acid had additive effects mainly on the peak maxima of isoniazid. The tool allowed 

better noise reduction, handling of the interference and control of the experimental outliers [29]. 

For rapid in-vitro drug release testing, chemometric tool is the key for rapid formulation strategy 

[30]. This tool was utilized in characterization of drug release and drug content (Chapter 6-8) in 

the preceding chapters. 
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CHAPTER 4 : SYNTHESIS AND CHARACTERIZATION OF HYDRAZONES FROM 

DIALDEHYDE FOR PH RESPONSIVE DRUG DELIVERY SYSTEM 

 

 

4.1. Introduction  

As briefly discussed in Chapter 2 section 2.7.1. Tuberculosis, for successful 

treatment/management of TB though nanomedicine is through targeted drug delivery. Targeting 

of macrophages would require a sugar-based moiety (Chapter 5) and pH linkers responsive to 

change in intracellular pH changes. Stimuli drug delivery system offers control on the drug release 

profiles of drug carriers. Stimuli drug release offers various benefits such as sustained drug 

release thus controls frequency of drug administration and reduction of side effects profile. This 

aids in improving patient compliance. The physiochemical changes can be utilized to control the 

drug release profile. Various diseases are known to change physiochemical features of various 

sites in the body. Apart from disease states, the various compartments of the body to cellular level 

have various physicochemical features. pH, ionic strength, proteins (enzyme) and other 

metabolites have been utilized in stimuli responsive drug delivery. pH responsive delivery is a 

widely used. In oral drug delivery, the pH varies in the gastric tract from acidic stomach lumen 

(pH 1-3) to the alkaline duodenum and ileum (pH 6.6-7.5). In tissue targeting, human tumours are 

known to exhibit pH that various from 5.7 to 7.8. At a cellular level, the acid pH changes occur 

rapidly after endocytosis (2−3 min) due to vacuolar proton ATPase-mediated proton influx [1]. In 

the endosome pH of 5.5−6.0 occurs, followed by pH 4.5-5.0 in lysosomes [2]. Figure 4.1 illustrates 

the degradation of pH responsive carrier system as the intracellular pH changes. 

 

 

Figure 4.1: Overview of intracellular pH variations in various compartments. 
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The use of pH-labile cross-linkers can be utilized in controlling pH responsive drug delivery. 

Esters, hydrazones, cis-aconityl, oxime, acetal, silyl ether, imidazole, carbonyl dimethylmaleic 

anhydride, orthoester, imines, dialkyl/diaryl dialkoxysilane, β-thiopropionate, trityl, vinyl ether and 

polyketal and phosphoramidate have been utilized as pH responsive moieties [3, 4]. Hydrazones 

have been widely used pharmaceutical applications. They can be formed by means of 

condensation between hydrazine and ketone/aldehyde, Japp-Klingemann reaction whereby aryl 

diazonium salts couples with β-keto esters/acids or reaction between aryl halides and non-

substituted hydrazones [5, 6]. Through these methods, the formed product precipitates from the 

reaction mixture. This allows easy purification steps with high yields. In vitro studies have shown 

that hydrazones are hydrolysed in the endo/lysosomal compartment at pH 5. 

 

Figure 4.2: Structure of pH-labile hydrazone and hydrolysis products. 

 

In this section, hydrazones were synthesized by condensation of respective hydrazine compound 

with dialdehyde/diketone. Electron donating groups are stated to be able to increase the rate of 

hydrolysis by facilitating protonation, where alkyl > H> phenyl. Furthermore, rate of hydrolysis 

through altering the pKa of the hydrazone with electron donating substituents facilitating 

protonation of the C═N nitrogen. The addition of electron withdrawing groups can also be used 

for increases the destabilizing effect. Based on this evaluation, it can be stated that aromatic 

aldehydes/ketones are too stable to be utilized in pH responsive linker without substituents for 

destabilizing effects hydrazone linker chemistry has been investigated in some detail, it is unlikely 

that the optimal linker has already been identified. It is expected that a thorough study of a wider 

range of linker structures may yet identify improved linkers that can find application as a module 

in a wide variety of drug-carrier conjugates. 

 

4.2. Materials and methods 

4.2.1. General procedures and materials  

The materials were obtained from commercial suppliers and used without further purification. 

Table 4.1 depicts the proposed hydrazones made from pure and modified hydrazines and 

aldehydes. Four groups of compounds were synthesized displaying carboxyl, aldehyde, amine 

and thioamide functional groups which can be used for coupling to drug delivery carriers.  
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Table 4.1: Illustration of aliphatic aldehydes derivatives and hydrazine derivatives used 

# Aliphatic Aldehydes Hydrazine-
Derivative 

Hydrazone 
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4.2.2. Synthesis of Hydrazine Derivatives 

Aminoglycine: Following the method by Raj et al (2013), a solution of chloroacetic acid (1M) was 

made in 200mL ethanol. Hydrazine hydrate (1M) was then added dropwise to the solution [6]. 

The reaction mixture was refluxed for 3 hours with continuous stirring. Excess ethanol was 

evaporated on a rotary vapour. Thick oil resulted during the evaporation process. The compound 

was used without further purification. 1H NMR: (300MHz, D2O) δ 3.59, 2.39, 2.08. 13C NMR 

(75MHz, D2O) δ 170.93, 60.09. 

 

Hydrazinecarboxaldehydeyde: Following a method by Boland et al. (2006), ethyl formate 

(76.5mL, 1 equiv) was mixed carefully with hydrazine monohydrate (49mL, 1.2 equiv) in MeOH 

(200mL). The reaction mixture was then refluxed for 1 hour. The solvent was then removed using 

a rotavapor to give pale-yellow oil, which crystallized on standing. The white crystals were washed 

with PE and dried under high vacuum at 40°C. (78%). 1H NMR (300MHz, D2O) δ 7.86, 7.72, 4.79, 

4.79. 13C NMR (75MHz, D2O) δ 162.18. 

 

 

4.2.3. Synthesis of Aliphatic Aldehyde Derivatives 

Acetylacetone Derivatives: Acetylacetone (4.5mL, 1 equiv) and 𝐾2𝐶𝑂3 (8.45g, 1.3 equiv) were 

mixed in MeCN (55mL). NaI (7.05g, 1 equiv) was then added, followed by addition of methyl 

chloroformate, (1.1 equiv). The mixture was refluxed for at 80°C for 2 hours. The colour changed 

from yellow to white after 1 hour. After the duration of the reaction time, the reaction was cooled 
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to room temperature. It was then washed with EtOAc (2 x 20mL), water (2 x 20mL), 1:1 water: 

brine (2 x 20mL) and brine (2 x 20mL) and dried over 𝑀𝑔𝑆𝑂4 overnight. It was then concentrated 

under reduced pressure forming orange-yellow solution. 

 

4.2.4. Hydrazine Hydrazones (compound 1-4) 

Briefly, a solution of hydrazine (0.01mol) in 50mL EtOH (5% acetic acid) was heated to 50°C. 

Respective di-aldehyde (0.005mol) was added dropwise. The mixture was then stirred to reflux 

until reactants have been used through monitoring with aluminium TLC. The reaction mixture was 

then cooled down in an ice bath. The precipitate was filter on HPLC filter paper, washed with 

10mL water and 20mL EtOH. The compound was dried at 50°C overnight. 

 

4.2.5. Formohydrazide Hydrazone (compound 5) 

Briefly, a solution of formohydrazide hydrazine (0.01mol) in 50mL EtOH (5% acetic acid) was 

heated to 50°C. Glyoxal (0.005mol) was added dropwise. The mixture was then stirred to reflux 

until reactants have been used through monitoring with aluminium TLC. The reaction mixture was 

then cooled down in an ice bath. The precipitate was filter on HPLC filter paper, washed with 

10mL water and 20mL EtOH. The compound was dried at 50°C overnight. 

 

4.2.6. Thiosemicarbazide Hydrazones (compound 10-12) 

Briefly, a solution of thiosemicarbazide (0.01mol) in 50mL EtOH (5% acetic acid) was heated to 

50°C. Respective di-aldehyde (0.005mol) was added dropwise. The mixture was then stirred to 

reflux until reactants have been used through monitoring with aluminium TLC. The reaction 

mixture was then cooled down in an ice bath. The precipitate was filter on HPLC filter paper, 

washed with 10mL water and 20mL EtOH. The compound was dried at 50°C overnight. 

 

4.2.7. Aminoglycine Hydrazones (compound 6-9) 

Briefly, a solution of aminoglycine (0.01mol) in 50mL EtOH (5% acetic acid) was heated to 50°C. 

Respective di-aldehyde (0.005mol) was added dropwise. The mixture was then stirred to reflux 

until reactants have been used through monitoring with aluminium TLC. The reaction mixture was 

then cooled down in an ice bath. The precipitate was filter on HPLC filter paper, washed with 

10mL water and 20mL EtOH. Some of the compounds were recrystallized in acetone. The 

compounds were then dried at 50°C overnight. 

 

4.2.8. Hydrolysis Kinetics at acidic and neutral pH 
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Deuterated sodium acetate buffer was prepared by dissolving anhydrous sodium acetate 

(NaOAc) in D2O to a concentration of 0.15M. Acidity was adjusted by adding acetic acid-d4 to 

pDs 4.5. Hydrolysis was conducted following Kalia and Raines (2008) method with modification 

[7]. An excess of a deuterated aldehyde or ketone can be used to trap the liberated nitrogen base 

and thereby pushing the hydrolysis reaction to completion. However, in this study they deuterated 

aldehyde/ketone was unavailable for this study. The use of deuterated acetone did not push the 

hydrolysis reaction to completion. This was also reported by Kalia and Raines (2008), who 

indicated that deuterated formaldehyde is the ideal aldehyde. Thus, interference from the reverse 

(condensation) reaction due to limitation of allowing the forward (hydrolysis) reaction to be 

monitored was observed in some formulations. The hydrolysis was conducted by running proton 

NMR of each respective hydrazone in prepared buffer. For DMSO-d6 soluble compounds, 0.2mL 

of the buffer was added into the dissolved samples in NMR tube, followed by vortexing the mixture 

to obtain homogeneity. For each test, 10 data points were collected within a 5-minute interval. 

The proton peak representing the N-H of the hydrazone was then integrated for reaction 

monitoring on Mestnerova v11.0 software (MestreLab Research, Minnesota, USA). Baseline and 

phase corrections were conducted on stacked spectra prior analysis. This was followed by 

reference peak labelling. The rate of hydrolysis/decay (k) was then determined.  

 

𝑌 = 𝑌0(1 − 𝑒−𝑘𝑡)                                                                                         (4.1) 

 

Where 𝑌 is the final integral intensity at the time (t), 𝑘 is the first-order rate constant, and 𝑌𝑜 is 

initial integral intensity. The mono-exponential fit (First order kinetics, Exponential Decay) was 

extrapolated and fitted on OriginPro 2017 software for comparison of the obtained data curves 

(OriginLab Corporation, Massachusetts, USA). The outliers were removed from the curve. Half-

life were calculated using equation 4.2. 

 

𝑡1 2⁄ = 0.693 𝑘⁄             (4.2) 

 

4.3. Results and discussion 

Analytical data and physical properties of the synthesized Schiff bases are illustrated in table 4.2. 

A GallenKamp melting point apparatus was used for determination of the melting points. It was 

observed that hydrazones made from glyoxal did not melt but underwent charring (decomposition 

process). This indicates these compounds are decomposing with charring. Aminoglycine also 
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showed charring characteristics. During charring, the oxygen and hydrogen are removed thus 

leaving the carbon.  

 

Table 4.2: Analytical data and physical properties of synthesized compounds 

Compound Number 
& Molecular 
Formula 

Yield (%) Melting Point (°C) Colour 

1: C5H12N4 96 115-119 Lemon Chiffon 
2: C8H18N4O2 26 99-111 Khaki 1 
3: C7H14N4O2 29 128-130 Light Goldenrod 
4: C8N16N4O 16 96-99 Light Goldenrod 
5: C4H6N4O2 93 238-240 Khaki 2 
6: C9H16N4O4 46 180-183 Yellow 
7: C9H16N4O4 88 196-198 White 
8: C6H10N4O4 57 218-220 Orange 3 
9: C12H18N4O7 84 176-180 Ivory 
10: C7H14N6S2 89 152-158 Yellow 
11: C4H4N6S2 95 218-223 Yellow 
12: C9H16N6O2S2 49 196-200 Yellow 

 

4.3.1. Structural chemistry analysis using infrared spectrometry 

The hydrazone compounds are known to show a ν(C═N) stretching frequency in the region of 

1645-1557cm-1, whereby the position varies with the molecular structure[8]. For 

thiosemicarbazone, the stretch is expected to occur in region of 1655-1642cm-1, whilst 

carbonyl/phenyl groups have a stretch in the range of 1630-1610cm-1. The absence of the bands 

characteristic of ν(C═O) aids in confirming the formation of the Schiff base. The spectra in figure 

4.3 also show the CH═N groups stretching vibrations appearance between 3000 and 2800cm-1 

region. Furthermore, the C–N stretching vibration of aliphatic amines can be observed in the 

region 1250-1020cm-1. Based on the evaluation of the hydrazine hydrazones, C01-C04, between 

3400-3300 and 3330-3250cm-1, the primary amine stretch can be observed. This is further 

supported by the 1650-1580cm-1 region due to the N–H bending vibration of primary amines. The 

N–H wag can also be seen from 910-665cm-1. These amine features were also observable in 

thiosemicarbazide hydrazones, although not as evident as those of the pure hydrazine. For the 

aminoglycine hydrazones, the 3000-2500cm-1 (broad, v) representing the O-H Stretch was 

conserved within this group. The 1780-1710cm-1 (s) region represented the C═O stretch and 

1440-1395 cm-1 the OH stretch of the carboxylic acid. For the formohydrazide the strong C═O 

stretch from the aldehyde can be seen 1740-1690cm-1 (s) region.  
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Due to some of the hydrazone designed to consisting of latent acids, the acetal group can be 

identified by the C-H stretching vibration bands within the 2830-2990cm-1, O-CH-O within the  

1360-1396cm-1, O-CH2-O between 1398-1400cm-1 and O-CH2-C within the 1383-1390cm-1 [9]. 

C02 consists of dimethyl acetal group which is depicted by 1376cm-1. C03, C09 and C12 consist 

of esterified carboxylic acid. Other new peaks observed in C02 & C03 not present in C1 are 1217 

and 1738cm-1. The 1738 indicates the presence of the aldehyde (C═O) stretch 1740-1720cm-1, 

whereas the 1217cm-1 indicates the possibility of C-C, C-O and C=O stretching within the 212-

1217cm-1 range [10]. This shows that the latent acid did not react with the hydrazine during 

hydrazone synthesis. The thiosemicarbazide hydrazones all retained the 1288cm-1 and 823cm–1 

which was due to the ν (C═S) and δ (C═S), thus retaining the thione form [11]. 

 

Figure 4.3: FTIR spectra of synthesized hydrazones. 

 

4.3.2. Ultraviolet analysis of π→π* transitions 

The use of UV-visible spectroscopy allows the capability of studying tautomeric equilibrium in 

Schiff bases. UV analysis was conducted to confirm the presence of bands at the 300-350nm 
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range involve which are stated to involve the π→π* transitions of the C=N group [12]. However, 

the band around 286nm was observed among all the compounds which is stated to be attributed 

to azomethine C═N bond (Figure 4.4). The bands within the observed region are distinctive to 

hydrazone synthesized from aliphatic aldehydes [13]. The synthesized hydrazone also show a 

shift due to n→π* transitions and which can be caused by the formation of an intramolecular 

hydrogen bond. The electron donating groups donate a pair of electron to N-H proton. This 

therefore leads to decreased n orbital energy level and increased transition energy which resulted 

in the absorbed photon energy of shorter wavelength.  

 

 

Figure 4.4: UV-Vis analysis of the hydrazones C1-C12 depicts compound 1-12, respectively.  

 

4.3.3. Characterization of hydrazone molecular structure 

The formation of hydrazone through the interaction of hydrazide and aldehyde shifts the aldehydic 

proton (─CHO) from 9.35-9.84 to 8-8.61ppm. In respect to carbon shifting, the aldehydic carbon 

(─CHO to ─N═CH─) changes from 191 to 144.14-148.58ppm Based on the review by Kitaev et 
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al., (1970) the variations in the molecular structures of the hydrazones, is stated to be due to the 

possibilities of intermolecular hydrogen bonding in the presence of C=N and N-H groups in 

monosubstituted and unsubstituted hydrazone [13]. This means that the stability of the resulting 

complexes will depend both on the structure of the hydrazone and on the nature of the solvent 

(formation of dimers). The formation of dimeric together with linear association complexes has 

been   observed in solutions of semicarbazones, monoarylhydrazone, thiosemicarbazones, 

alkylhydrazones, and arylhydrazones of keto-acid. Furthermore, it has been shown that a 

hydrogen bond can be formed in hydrazones also when a hydroxy-group is present and 

appropriately located in the carbonyl or hydrazine portion. The synthesized hydrazones also 

variations based on UV, FTIR and NMR analysis. Some of the hydrazones did not indicate the 

proton shift from 9.35-9.84 to 8-8.61ppm.  

 

4.3.4. Hydrazine monohydrate based hydrazones 

Hydrazine monohydrate hydrazones were evaluated using DMSO-d6 as a solvent. The product 

precipitated from the solution and attempts to further purify the compound via recrystallization 

continued to reduce the initial yields (figure 4.5). The samples were then evaluated as they were. 

They all showed an upfield presence of amine at 12.03. Compound 2 which was conjugated with 

acetal groups showed peak at 3.37 and 5.44ppm. The carboxylic acid ester of compound 3 was 

not seen. However, FTIR showed its presence. 1: 1H NMR (300MHz, DMSO) δ 12.05, 5.73, 3.45, 

2.50, 2.33, 2.12, 1.75. 2: 1H NMR (300MHz, DMSO) δ 12.03, 5.73, 5.44, 3.37, 2.49, 2.32, 2.11, 

1.90. 3: 1H NMR (300MHz, DMSO) δ 12.03, 8.61, 7.68, 5.73, 5.45, 3.40, 2.50, 2.33, 2.12, 1.90. 

and 4: 1H NMR (300MHz, DMSO) δ 8.34, 7.80, 3.48, 2.50, 2.11, 2.08. 
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Figure 4.5: Hydrazones synthesized from hydrazine monohydrate. 

 

4.3.5. Formylhydrazine 

The presence of the hydrazone was more evident in compound 5 which had one of the highest 

yields (figure 4.6). Purification method did not rapidly decrease the quantity of the product. The 

upfield amine is also present in this compound at position 11.91ppm. 1H NMR (300MHz, DMSO) 

δ 11.91, 11.67, 8.69, 8.60, 8.11, 7.86, 7.83, 7.73, 7.67, 3.36, 2.50, 2.50. 
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Figure 4.6: Formylhydrazine hydrazone. 

 

4.3.6. Aminoglycine 

Amino glycine compounds were hard to purify due to loss in quantity for further analysis (figure 

4.7). Formulation 6 and 8 evidently showed the presence of the hydrazone proton with the 

expected range.  6: 1H NMR (300MHz, DMSO) δ 7.25, 7.08, 6.90, 6.21, 4.79, 4.79, 4.14, 3.03, 

2.27, 2.10, 1.96, 1.45. 7: 1H NMR (300MHz, D2O) δ 4.79, 4.79, 3.75, 3.59, 2.16, 1.96, 1.64. 8: 1H 

NMR (300 MHz, D2O) δ 8.95, 4.79, 4.79, 3.15, 2.71, 0.57. 9: 1H NMR (300MHz, DMSO) δ 6.52, 

4.79, 4.79, 3.94, 2.80, 2.54, 2.48, 2.15, 0.18.   
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Figure 4.7: Aminoglycine hydrazones. 

 

4.3.7. Thiosemicarbazide hydrazones  

Hydrazones synthesized from thiosemicarbazide precipitated from the reaction mixture. After 

washing with ethanol and drying, they were then analysed using DMS0-d6 (figure 4.8). 10: 1H 

NMR (300MHz, DMSO) δ 11.08, 7.99, 7.50, 7.40, 7.39, 3.37, 2.50, 2.50, 2.19, 1.67, 1.02. 11: 1H 

NMR (300MHz, DMSO) δ 11.69, 8.33, 7.90, 7.71, 3.35, 2.50, 2.50. and 12: 1H NMR (300MHz, 

DMSO) δ 9.38, 8.08, 7.22, 3.42, 2.50, 2.50, 2.19, 1.89, 1.81, 1.05.  The data shows high field 

displacement of the N-H proton due to the formation of the intramolecular hydrogen bond [14]. 
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Figure 4.8: Proton NMR spectra of synthesized thiosemicarbazide hydrazones. 

 

4.3.8. Hydrolysis kinetics  

Exponential decay was evaluated for near neutral and acidic pH (figure 4.9). It can be observed 

on the data that C3 formulation showed better decay pattern that other hydrazone derivative. This 

supports the hypothesis about using latent acids in order to improve hydrolytic rate. Patel and 

colleagues evaluated the used of latent acids (lactones, anhydrides, lactams and esters) to 

generate a microenvironment for improving hydrolysis [15]. It was hypothesized that the latent 

acid member would hydrolyze into an organic acid in an aqueous environment thus leading to 

improve drug release. Figure 4.9 show decay of hydrazones in near neutral and acidic pH. Based 

on the evaluation C6 shows slow response to hydrolysis. The reduced hydrolysis could be due to 

the presence of the carboxylic acid [15]. These could therefore be more prone to protonation than 

the azomethine region. The carboxylic group is not near the azomethine group to have promoted 

hydrolysis. Full proton transfer is also stated not possible to occur when organic acids (acetic 

acid) with like pKa of amino acids is used [15].  
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Figure 4.9: Hydrolysis kinetics at neutral pH 7.4 and acid pH 4.5. 

 

The decay rate was evaluated to assess the variation between difference hydrazones (table 4.3). 

C1 showed the best results and had the most yield. However, this also showed that degradation 

also occur in near neutral pH. The introduction of the latent acid seems to have had an impact in 

the stabilization of the hydrazone in near neutral pH. The presence of the esterified carboxylic 

acid indicated to have slowed down the decay. During hydrolysis, water forms a tetrahedral 

intermediate with the carboxylic acid ester, which is a slow reaction [16]. This therefore can lead 

to slowing of the hydrolysis of the hydrazone bond due to the presence of the latent acid group. 

Upon decrease in pH to acidic conditions, the hydrolysis of the carboxylic acid is more rapid. This 

further leads to the hydrazone region becoming more acidic thus favoring rapid decay. The glyoxal 

based hydrazones C5 and C11 also showed good hydrolytic features. The intramolecular H-

bonding with other reactive groups can have an impact on the rate of hydrolysis [5]. Future studies 

require the evaluation of the hydrolytic mechanism and intermediates formed during protonation. 
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Table 4.3: Predicted decay rate of the evaluated hydrazones in respective pH 

Compound pH 7.4 pH 4.5 

 k 𝒕𝟏
𝟐⁄ (s) k 𝒕𝟏

𝟐⁄ (s) 

C1 2.35e-05 43.76 9.34e-05 11.01 
C3 0.00011 6300 7.03e-05 14.73 
C5 1.59e-05 64.68 2.69e-05 38.23 
C6 0.00014 4950 0.00020 3465 
C11 0.00014 4950 2.39e-05 43.03 

 

4.4. Concluding remarks 

Various hydrazones were successfully synthesized. It was observed that addition of the latent 

acid does lead to improvement in rate of degradation. However, aminoglycine base hydrazone 

showed to have the lease rate of hydrolysis and low yields. Purity was also of poor quality in some 

formulations. This shows that purification of the initial synthesized hydrazine derivative is essential 

in improving yields. It is recommended that the synthesized hydrazone to undergo bioassay and 

screening for anti-bacterial activity. They can also be utilized in range of other applications such 

as herbicides, insecticides, nematocides, rodenticides, indicators, spot test reagents and plant-

growth regulators [17]. Furthermore, Raman spectrometry is recommended for further analysis in 

combination to NMR data analysis. For further use in this study, formulation C1 was used in 

Chapter 7 for crosslinking to gelatin and Chapter 8 for optimized MSNs. This formulation had the 

highest yield for use in large formulation studies. However, future studies will require new 

synthetic strategies for improving yields of C3 and C11 as they show good half-life variations in 

acidic and near physiological pH. 
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CHAPTER 5 : SYNTHESIS AND CHARACTERIZATION OF GLUCOSE BASED POLYMER 

FOR POSSIBLE USE AS HYGROSCOPIC LAYER AND MACROPHAGE RECRUITING 

SURFACE COAT 

 

 

5.1. Introduction 

As illustrated in Chapter 2, for successful deposition of nanoparticles without the need of breath-

holding maneuver, a hygroscopic growth can be utilized to promote a shift from Brownian 

deposition to gravitational sedimentation mechanism. Pulmonary drug delivery has been used for 

delivery of therapeutics for treatment and management of various respiratory diseases and 

hallucinogenics. Particles aerodynamic diameter (mass median aerodynamic diameter, MMAD) 

plays a major role in the region of deposition of the aerosols. The aerodynamic diameter, dA, is 

defined as the diameter of a sphere of unit density, which reaches the same velocity in the air 

stream as a non-spherical particle of arbitrary density [1]. This diameter defines the mechanism 

of particle deposition in the respiratory system. Large particles (>5µm) have been shown to also 

be effective in aerosol deposition into the deep lung through change in particle density (<0.4 

g/cm3) by means of large pore structure [2]. This was designed based on the view that highly 

porous particles aggregate less and deaggregate more during dispersion (shear forces) than 

small particles [3]. The particles of aerosolized drugs can be hygroscopic to a greater or lesser 

extent.  

 

Hygroscopicity of particles can change the aerodynamic diameter of the particles during 

inhalation, thus lead to change in deposition pattern in the respiratory tract [4]. Sugars are one of 

the well-known natural polymers that are hygroscopic. However, a major problem with the sugar 

alcohols used in pulmonary delivery study especially with the more hygroscopic substances 

sorbitol, maltitol and xylitol, was that they seem to be highly sensitive to humidity [5]. Sugars like 

mannitol can be used in pulmonary drug delivery for prevention of drug-to-carrier adhesion, 

hygroscopic growth and recognition by cell receptors. Macrophages contain a mannose receptor 

which can be a target for polysaccharides surface modified nano-carriers. Macrophages 

recognize, in addition to mannose and L-fucose, molecules and particles bearing galactose, 

glucose, and N-acetylneuraminic acid residue [6]. 

 

 



74 
 

Table 5.1: Strategies to enhance or avoid particle uptake by alveolar macrophages (Adapted from 

[7]). 

Particle characteristics to enhance uptake Particle characteristics to avoid uptake 

Particles of 100-200nm and 1-6μm size. Particle size of <1μm and >6μm. 
Spherical particles. Elongated, rod and filament shape particles. 
High positive or negative surface charge. Particles with relatively neutral surface charge. 
Hard and non-porous particles. Soft and porous particles. 
Insoluble and hydrophobic particles. Soluble and hydrophilic particles. 
Particles’ surface modified with mannose. Particles’ surface modified with PEG, 

poloxamers and poloxamines. 

 

There are various aerosol generation systems for pulmonary drug delivery; nebulizer, metered 

dose inhaler and dry powder inhaler. Dry powder inhalers have many advantages such as (i) they 

are propellant-free, portable, (ii) easy to operate (less inhalation maneuvers), iii) low-cost devices 

and have (iv) improved stability of the formulation as they are stored and used in dry state [8]. 

However, DPI also has challenges like any inhalation delivery system when it comes to generation 

of particles with an adequate range of particle sizes. In terms of pulmonary drug delivery, is stated 

that “pulmonary drug administration will only result in an effective and safe therapy when the 

inhaler is able to reproducibly deliver a high fine particle dose to the site of action(receptor, 

infection, absorption site) in the respiratory tract” [9]. Furthermore, for an effective therapy, correct 

inhaler techniques and adherence to the therapy is vital. 

 

The correct use is mainly due to the demand for various maneuvers to assist in particle deposition 

in the lungs. The lack of adherence is linked to improper use of the device as therapeutic effect 

is not established or is minimal due to low doses reaching the site of action.  In this section, 

hygroscopic polymers are designed for both. Thus, nanoparticles are known to have a uniform 

size distribution than large particles. Recent developments have shown the marketing of a multi-

dose DPI delivering extra fine particles with MMAD < 1.5μm [10]. This means that ultrafine 

particles enable a better targeting of the central and small airways compared to conventional 

DPIs. Due to small particles (da < 1μm) being driven by diffusion, most of the particles can remain 

suspended and are exhaled.  However is has been shown that nanoparticles can be used for 

delivery of Insulin (255-400nm) and anti-tuberculosis drugs (186-400nm) to the lungs [11]. 

 

5.2. Materials and methods 

5.2.1. Materials 

All chemicals and solvents were purchased from Sigma-Aldrich. Millipore water was also used. 
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5.2.2. Synthesis of dibromopropane  

To a 1-liter round-bottomed flask, fitted with a reflux condenser, 33.8mL of 48% hydrobromic acid 

are placed. 8.2mL of concentrated sulfuric acid are added in portions, with shaking. 10mL of 

propane-1, 3-diol slowly added dropwise, followed by 13mL (or 240g) of concentrated sulfuric 

acid. The reaction mixture is refluxed for 3 hours and when the reaction is complete 1, 3-

dibromopropane is distilled (162-165°C). The crude 1,3-dibromopropane was washed with an 

equal volume of concentrated hydrochloric acid, then with water, a little 5% sodium bicarbonate 

solution, and finally with water. The 1, 3-dibromopropane is dried with anhydrous calcium chloride 

and purified by distillation. The fraction passing over 162-165°C was collected in a receiver cooled 

in ice (46%). 

 

5.2.3. Synthesis of dibromobutane 

A mixture of 170mL of 48% hydrobromic acid and 41mL of concentrated sulfuric acid were added 

to a 500mL flask. 20.5mL freshly distilled tetrahydrofuran are dropwise added. The flask is fitted 

with reflux condenser and the mixture is gently heated for 3 hours, forming two layers. The lower 

layer of 1,4-dibromobutane is separated and purified by distillation. The fraction passing over 83-

84°C was collected (58%).  

 

5.2.4. Synthesis of coat 

5.2.4.1. Hydroxyl protection 

The synthesis of the hygroscopic polymer was conducted following the modified method (Figure 

5.1). Briefly, to a suspension of D-(+)-glucose (10g,) in 2,2 dimethoxypropape (30.5mL) was 

added p-TsOH monohydrate (277mg). The mixture was heated at 50°C under stirring for 1 hour 

to completely dissolve under inert atmosphere. This was then heated to 60°C for 4 hours at which 

a slightly yellowish solution formed. The solution was then cooled to room temperature and 

neutralized using a few drops of saturated K2CO3 solution. The neutralized solution was stirred a 

further during of 20 minutes. The solvent was then evaporated off on a rotary vapor leaving thick 

yellowish gel. This was then used immediately without further purification (89%).  
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Figure 5.1:  Protecting of glucose hydroxyl groups using acetal group. 

 

5.2.4.2. Chain extension 

Compound 2 (5g) was dissolved in THF (50mL), followed by cooling the solution to -75°C (dry 

ice/acetone mixture). NaH (915mg, 60% by weight in mineral oil) was added to the chilled solution. 

Under constant stirring, the temperature was allowed to slowly rise to 0°C (ice) and stirred at this 

temperature for 90minutes. The solution was then added into a chilled solution of respective 

dibromo alkyl derivatives in THF drop wise (Figure 5.2). The mixture was then allowed to be stirred 

at room temperature for 48 hours; the reaction was then quenched with water and extracted using 

EtOAc. The organic phase was then dried over anhydrous NaSO4; the crude yellow product was 

concentrated into thick oil after evaporation of the solvent. The product was then attempted to be 

purified over silica to remove unreacted dibromo linkers. 

 

 

Figure 5.2: Chain length extension via dibromo alkyls. 

 

5.2.4.3. Hydroxyl deprotection 

Compound 3 (1g) was dissolved in MeOH (10mL), followed by addition of 4N HCL (2mL) dropwise 

(Figure 5.3). The reaction was allowed to stir at room temperature for 30 minutes through 

monitoring with TLC. The mixture was then neutralized to pH 7 using 4N NaOH. The solvent was 

then evaporated. The product (4) was analyzed and used without further purification. 
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Figure 5.3: Hydroxyl group deprotection in acidic conditions. 

 

5.3. Results and discussion 

The study on synthesis of hygroscopic layer was abundant due to follow up online literature that 

shows the hypothesis of using hygroscopic growth can have negative features on the final dry 

powder. However, brief results are illustrated on the layer development as they are of great 

interest for future application of designing novel layers that can promote macrophage recognition 

for more rapid cellular uptake. It should however be used in caution as rapid immune response 

could result in inflammation thus creating a problem whilst trying to resolve another.  

 

5.3.1. Pure glucose 

Pure glucose was analysed on NMR to follow the changes that occur during hydroxyl group 

protection and chain length extension (Figure 5.4). The spectra shows the reported pattern [12]. 

The spectra show that there is no aldehyde pattern which can be characterized by 9-10ppm on 

1H spectrum and no signal around 200ppm of 13C. Figure 4 insert shows the structure of glucose. 

The hydroxyl at position 2, 3, 5 and 6 are the ones that can be targeted for cyclization during 

hydroxyl group protection. The data shows a doublet around 5.09ppm which relates to the 

existence of a proton that is bonded to the anomeric carbon, C1 (bonded to two oxygens). The 

shift in this region during chain extension can be utilized as a confirmation of successful chain 

addition. 13C also shows the existence of this carbon at 91.99ppm. (1H NMR (400MHz, D2O) δ 

5.09, 5.08, 4.69, 4.50, 4.48, 3.76, 3.73, 3.70, 3.69, 3.68, 3.60, 3.59, 3.58, 3.56, 3.40, 3.37, 3.36, 

3.34, 3.31, 3.26, 3.25, 3.23, 3.11, 3.09, 3.09, 3.07ppm. 13C NMR (101MHz, D2O) δ 95.80, 91.99, 

75.83, 74.02, 72.66, 71.37, 69.53, 60.65ppm. 
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Figure 5.4: NMR spectra of pure glucose before protection and chain extension. 

 

5.3.2. Acetal protected glucose  

Evaluation of chain extension was conducted using NMR with the use of CDCl3 as a solvent 

(Figure 5.5). Crude compounds were analysed after liquid-liquid extraction and solvent removal 

over the rotary vapour. The proton from the acetal methyl groups (CH3) can be seen around 1.22-

1.33ppm region. The region around 3.38-4.15ppm shows the presence of CH2 groups near the 

oxygen of the acetal functional group. In terms of 13C analysis, the CH3 groups can be seen 25ppm 

region whilst the quaternary carbon of the acetal is located around 100-108ppm region. These 

features are a confirmation of successful protection of the hydroxyl groups in comparison to the 

unprotected glucose NMR analysis. There is also a disappearance of proton cluster from the OH 

(2,3,4 & 6) around 3-4.5ppm. The anomeric carbon (1H 5.02ppm and 13C 99.01ppm) features are 

however still evident in this spectrum.1H NMR (400MHz, CDCl3) δ 7.72, 7.23, 5.85, 5.02, 4.76, 

4.27, 3.99, 3.58, 3.41, 3.39, 3.34, 3.30, 2.83, 2.34, 2.10, 1.41, 1.36, 1.35, 1.29, 1.27ppm. 13C 

NMR (101MHz, CDCl3) δ 207.18, 129.29, 126.42, 111.25, 109.91, 104.27, 102.54, 99.01, 97.83, 

85.13, 83.51, 82.01, 79.89, 77.38, 77.06, 76.74, 67.25, 58.58, 55.22, 50.57, 30.87, 26.73, 

25.31ppm.  
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Figure 5.5: Protection of hydroxyl groups into acetal functional groups. 

 

5.3.3. Chain length extension 

Chain length extension was also evaluated using crude compounds after liquid-liquid extraction 

and removal of the solvent. The confirmation for successful chain length extension can be 

confirmed by the signal shift in the CH attached to the hydroxyl group into features of an ester. 

These can be seen by means of a minor shift from 4.76ppm to down field shift of 4.34ppm. On 

13C, this could result in a minor shift also. The occurrence of CH2 near the nearly formed ester 

can be observed around near 63ppm. In terms of the anomeric C1, the 13C pattern shows the 

complete disappearance. This further shows successful conjugation among all the chain 

extension experiments (Figure 5.6-5.11). Figure 5.6 is an illustration of some of the peaks 

observed in dibromo methane conjugate.  1H NMR (400MHz, CDCl3) δ 0.81, 1.19, 1.35, 1.83, 

2.10, 3.34, 3.59, 4.00, 4.34, 4.81, 5.02, 5.86, 7.22ppm. 13C NMR (101MHz, CDCl3) δ 26.75, 29.67, 

31.85, 33.19, 53.19, 55.23, 66.81, 67.81, 69.98, 75.28, 76.73, 77.05, 77.37, 79.91, 82.03, 85.11, 

97.85, 104.28, 109.91ppm. The carbon near the bromine is seen by 29ppm region.  
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Figure 5.6: Dibromomethane conjugation. 

 

Figure 5.7 illustrate the observed peak from dibromoethane conjugation. It can be seen that 63 

ppm (13C) is present showing the CH2 near the ester bond. This also supported by the high 

intensity of the CH2 near bromine around 29.68ppm. The compound also indicated some 

impurities which has smaller peak intensity that the analysed compound. 1H NMR (400MHz, 

CDCl3) δ 1.43, 2.18, 3.42, 3.66, 4.07, 4.18, 4.32, 4.41, 4.54, 4.88, 5.11, 5.95ppm. 13C NMR 

(101MHz, CDCl3) δ 26.76, 29.68, 55.25, 67.83, 76.71, 77.03, 77.35, 79.93, 81.16, 82.05, 85.10, 

104.29, 109.93ppm. 
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Figure 5.7: NMR spectra of dibromo-ethane modified glucose. 

 

Figure 5.8 shows the conjugation of dibromopropane. However, unlike dibromoethane and 

dibromomethane, the intensity of the new CH2 bond around 63ppm is lower. This could be 

attributed by the quality of the synthesized dibromopropane in comparison to other purchased 

dibromo alkenes. 1H NMR (400MHz, CDCl3) δ 1.36, 2.28, 3.34, 3.35, 3.47, 3.49, 3.50, 4.00, 4.06, 

4.33, 4.34, 4.81, 5.02, 7.22ppm. 13C NMR (101MHz, CDCl3) δ 25.39, 27.06, 31.05, 34.86, 53.18, 

55.69, 58.60, 66.81, 67.81, 69.25, 69.99, 75.27, 77.37, 78.88, 79.91, 82.03, 97.85, 105.12, 

109.26ppm. 
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Figure 5.8: NMR spectra of dibromo-propane modified glucose. 

 

Figure 5.9 shows the spectrum dibromobutane conjugate. This was also in lab synthesized 

dibromoalkene which lead to reduced yield of the conjugate product. 1H NMR (400MHz, CDCl3) 

δ 1.21, 1.31, 1.37, 1.39, 1.68, 1.99, 2.24, 2.27, 3.40, 4.01, 4.08, 4.35, 4.82, 5.05, 7.28ppm. 13C 

NMR (101MHz, CDCl3) δ 25.37, 26.78, 30.91, 53.16, 55.66, 58.56, 66.76, 67.70, 67.75, 69.19, 

69.93, 75.25, 76.82, 77.14, 77.46, 78.88, 79.85, 81.96, 97.80, 105.12, 109.16ppm. 
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Figure 5.9: NMR spectra of dibromo-butane modified glucose. 

 

Figure 5.10 illustrates the synthesis using dibromo-pentane.1H NMR (400MHz, CDCl3) δ 0.80, 

1.34, 1.51, 1.77, 1.79, 1.81, 1.83, 1.85, 2.08, 3.34, 3.54, 3.85, 3.96, 4.30, 4.77, 4.99, 5.82, 

7.28ppm. 13C NMR (101MHz, CDCl3) δ 26.75, 27.24, 31.84, 32.49, 33.32, 33.66, 55.17, 67.68, 

77.01, 77.32, 77.64, 79.76, 81.87, 97.75, 104.20, 109.07ppm. 
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Figure 5.10: NMR spectra of dibromo-pentane modified glucose. 

 

Figure 5.11 illustrate synthesis using dibromo-hexane. 1H NMR (400MHz, CDCl3) δ 0.71, 1.26, 

1.33, 1.40, 1.79, 1.80, 1.82, 3.33, 3.34, 3.36, 3.53, 3.86, 3.97, 4.02, 4.31, 5.00, 5.84, 7.28ppm. 

13C NMR (101MHz, CDCl3) δ 25.22, 26.77, 27.27, 32.73, 33.67, 55.18, 67.70, 77.01, 77.33, 77.65, 

79.79, 81.90, 97.77, 105.17, 109.71ppm. 
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Figure 5.11: NMR spectra of dibromo-hexane modified glucose. 

 

5.4. Concluding remarks 

Glucose has been observed to undergo changes during equilibrium concentrations whereby 

different anomers can exist. Variations vary from 64% for the β anomer and 36% for the α anomer 

[12]. This means interpretation of NMR spectra must consider possible presence of these 

variations. However, this chapter is not focusing on these analytical features, but it is accepted 

that these features may be present. The polymer was removed from the study due to further 

online research on hygroscopic growth disadvantages. It was discovered that moisture may be a 

risk for the chemical stability of the product, and can also influence the dispersibility of the powder 

[9]. The concept of hygroscopic growth looks promising for improving gravitational sedimentation 

of nanoparticles; however this would require design on customized aerosol generator that would 

protect moisture uptake whilst powder is in storage. It has been proposed that re-usable DPIs 

should be kept air tight containers with a desiccant compartment to avoid interference from 

moisture [13]. However, the concept of excipient enhanced growth (EEG) principle remains a 

good whereby 90% delivery to the alveolar airways can be achievable [14]. The use of glucose 

moiety also can create a novel layer that can induce rapid macrophage uptake. Thus, this work 
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requires a balance between inducing macrophage uptake, inducing hygroscopic growth whilst not 

being affected by moisture during storage. Furthermore, the nanoparticles size dimension 

synthesized in Chapter 6-8 are also ideal for translocation into the systemic circulation. The 

preceding chapters focus on the development of the nanoparticles core made or silica or gelatin.  
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CHAPTER 6 : EVALUATION OF SYNTHETIC PARAMETERS OF MESOPOROUS SILICA 

NANOPARTICLE THROUGH BOX–BEHNKEN DESIGN 

 

 

6.1. Introduction 

Tuneable properties of mesoporous silica nanoparticles make them ideal for pharmaceutical 

applications. The control of particle size, internal structure, composition, or physical properties is 

vital in targeted and controlled release. These nanoparticles can be formed by sol-gel technique. 

During the sol-gel technique, the silicon alkoxide undergoes hydrolysis and condensation reaction 

[1]. It is known that the nature of precursors, the molar ratios between the reactants, the nature 

of the solvent, the use of modifying agents, pH and the synthesis temperature can influence the 

chemo-physical properties of the nanoparticles [2]. During hydrolysis, the alkoxide groups (-OR) 

are replaced with hydroxyl groups (-OH) and the release of the corresponding ROH alcohol 

molecules. The quantity of water in the reaction vessel leads to variation in the hydrolysis rate. 

With small quantity of water, this leads to slow hydrolysis due to the reduced reactant 

concentration. Whereas, large quantities of water can also lead to slow hydrolysis due to the 

increased reactant dilution [3]. The use of reverse micelles plays a role in controlling the amount 

of water that leads to hydrolysis. The presence of partially hydrolysed monomers and those 

different types of oligomers can affect the composition and the homogeneity of the final material. 

During condensation reaction, the silanol groups (Si-OH) condense to produce siloxane bonds 

(Si-O-Si). Water and alcohol are produced as by-products.  

 

To facilitate hydrolysis reaction completion, factors such as change in pH, water/silica molar ratio 

and amount of catalyst can be used before condensation reaction take place. The pH is known to 

affect the density of the particles [4]. Thus, in acidic conditions this leads to dense microporous 

networks, whereas in alkaline conditions mesoporous networks are produced. Due to 

Tetraethoxysilane (TEOS) being the mostly used precursor, the use of acidic/alkaline conditions 

can enhance the hydrolysis and condensation reactions. This is due to TEOS being less sensitive 

to hydrolysis. Due to incomplete hydrolysis and condensation in sol-gel reaction, calcination can 

be used to react the silanol groups to form stable bonds. It has been reported that the porosity of 

the xerogel film can reach 78% when the thermal temperature is 350°C [5]. In this study, alkaline 

conditions are used. This is due to TEOS silicate having a highly negatively-charged density which 

can only assemble with the cationic surfactants (CTAB) through strong electrostatic interaction 

[6]. Furthermore, at pH above 7.5 the stable surfactant–silicate composites can exist. Thus, 
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allowing control of the pore structure as the silicate condensation and dissolution are affected by 

the composite. Tuneable chemo-physical properties are ideal for drug delivery.  

 

The study focuses on improving drug content of tuberculosis (TB) drug, rifampicin. TB is known 

as the second leading cause of death globally after HIV/AIDS [7]. Sub-Saharan Africa has high 

known prevalence of TB and combination of HIV/AIDS. Treatment of both diseases comes with 

complication as drug interaction can take place among the TB regiment themselves and with HIV 

regiment. The use of fixed dose (rifampicin, isoniazid, ethambutol and pyrazinamide) TB 

combination has allowed the ease of use and improved patient compliance. However, oral 

delivery remains to still have challenges in the bioavailability. The impaired bioavailability has 

been shown to arise from interaction of isoniazid with rifampicin in acid environment. For 

prolonging drug presence and pH response, mucoadhesive materials biodegradable 

polysaccharide chitosan was used. Due to the use of CTAB in this study, the use of temperatures 

about 350°C would be enough to degrade it from the nanoparticles. Based on the Material Safety 

Data Sheet (MSDS), CTAB is a known respiratory tract irritant that can cause damage to the liver, 

cardiovascular system, central nervous system (CNS). 

 

6.2. Materials and methods 

6.2.1. Materials  

Tetraethoxysilane (TEOS 98%), hexadecyltrimethylammonium bromide (CTAB 95%), (3-

Aminopropyl) triethoxysilane (APTES), 3-glycidoxypropyltrimethoxysilane (GPTMS), Chitosan, 

Lysozyme, Ninhydrin, Sodium Hydroxide, chloroform and ethanol were all purchased from Sigma 

Aldrich. Rifampicin was also purchased from Sigma-Aldrich and used without further purification.  

 

6.2.2. Experimental design 

A three-factor, three-level Box Behnken design was used for experimental deign and optimization 

procedures. This design was selected for the study as it is suitable for exploration of quadratic 

response surfaces and constructs a second order polynomial model, thus helping in optimizing a 

process using a small number of experimental runs. The design consisted of replicated centre 

points and the set of points lying at the midpoints of each edge of the multidimensional cube that 

defines the region of interest [8].  
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6.2.3. Preparation of mesoporous silica nanoparticles 

Tetraethyl orthosilicate (TEOS) was used as silica source, cetyltrimethyl ammonium bromide 

(CTAB) as surfactant. 1g of CTAB was dissolved in 12, 30 and 48mL NaOH buffer (pH 8 

(0.001mM), 10 (0.1mM) and 12 (10mM)) respectively (Table 6.1). From the 10mM NaOH buffer, 

dilute HCl was used to drop the pH 8 and 10. The reaction was conducted in a two-necked round 

bottom flask with a condenser and rubber stopper attached. The surfactant solution was then 

heated for 30 minutes at 60ºC until a clear solution formed. 5mL of TEOS mixed with 48, 30 and 

12mL was injected over 5 minutes to each respective surfactant solution to make up 60mL 

emulsion mixture. The hydrolysis-condensation reaction was allowed to run for 2 hours. The 

solution was then allowed to cool to room temperature, 60mL of ethanol was added to precipitate 

the particles, followed by decanting supernatant. The recovered MSN were then dried for 

overnight at 100ºC. The MSN were then calcinated for 2 hours at 350ºC, 450ºC and 550ºC, 

respectively. The calcined MSN were then stored in vials prior further use. 

 

Table 6.1: Experimental parameters for synthesis of mesoporous nanoparticles 

Formulation Temperature (°C) pH Molar ratio 

F01 550 8 126 
F02 350 12 126 
F03 450 8 76 
F04 450 12 176 
F05 450 12 76 
F06 550 10 176 
F07 550 10 76 
F08 450 10 126 
F09 350 10 76 
F10 450 8 176 
F11 550 12 126 
F12 350 8 126 
F13 450 10 126 
F14 350 10 176 
F15 450 10 126 

 

6.2.4. Determination of the grafting potential using ninhydrin test 

Amino functionalization and quantification of MSNs with amino was conducted following modified 

Lu Hsu-Tung (2013) procedure [9]. Briefly, a round-bottom flask containing a mixture of 500µL (3-

Aminopropyl) triethoxysilane (APTES), 0.5g MSNs and 50mL toluene were connected to a reflux 

condenser. The mixture was refluxed for 24 hours and allowed to cool to room temperature. 

Addition on ethanol allowed the particles to precipitate. The particles were washed with ethanol 

and collected using centrifugation. For the determination of the degree of amine grafting on the 
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surface of MSNs was determined by using the ninhydrin assay. 100mg of MSNs was added to 

the solution containing 1mL of sodium acetate/acetic acid buffer solution and 2mL of 3% ninhydrin 

agent. The mixture was heated at 100°C for 15 minutes and then cooled to room temperature in 

a water bath. The mixture was then diluted with 7mL of 50 vol % ethanol/water. After 

centrifugation, the supernatant volume was designated as V(L) and its absorbance at 570nm was 

measured against a blank reference by using a UV spectrophotometer. By using the calibration 

curve, the corresponding concentration of amine group (M, mol/L) was determined. The molar 

quantity of amine (AL, mol/g) grafting on the surface of MSNs based on the weight of MSNs is 

calculated by the following formula: 

 

𝐴𝐿(𝑚𝑚𝑜𝑙 𝑔⁄ ) = 𝑀𝑉 𝑊𝑠⁄          (6.1) 

 

6.2.5. Functionalization of mesoporous silica nanoparticles with epoxy group 

The grafting of 3-glycidoxypropyl trimethoxysilane on the surface of the synthesized MSNs. The 

determination the amount of coupling agent 3-glycidoxypropyltrimethoxysilane (GPTMS), which 

would be incorporated on the surface silica nanoparticles was done following literature [10]. 

Whereby the equation is defined as 

 

𝑊1 = 𝑚𝑊2 × 𝐴𝑆𝑖𝑂2
𝐴𝐺𝑃𝑇𝑀𝑆⁄          (6.2) 

 

Where W1 is weight of GPTMS, m is the coefficient (multiple, usually equal 1), W2 is the weight of 

MSNs, ASiO2 is the specific surface area of silica (determined from BET) and AGPTMS is the wetting 

area of GPTMS (330m2/g). Respective amount of MSNs was added to round bottom for each 

formulation, in 100mL toluene. The mixture was stirred at 1000rpm for 2 hours at 90°C under 

reflux. Respective amount of GPTMS was added to the round bottom flask and refluxed for 12 

hours. The excess unreacted GPTMS was washed with water and methanol. Particles were then 

allowed to dry overnight in an 80°C oven. 

 

6.2.6. Preparation of chitosan-capped mesoporous silica nanoparticles (CS-MSNs) 

The capping of nanoparticles with chitosan was conducted by following Hu and colleague’s 

procedure with modification. Briley, 2g of chitosan was place in 200mL of acetic acid (5% wt). The 

solution was stirred at room temperature for 24 hours. The formed transparent 1% chitosan 

solution was then used for coating the nanoparticles. 0.1g of MSNs dispersed via sonication in 

10mL EtOH for 15 minutes. 20mL of chitosan solution was then added to the MSNs solution and 
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stirred for 24 hours. The particles were then collected using a centrifuge at 10000rpm and washed 

with and EtOH prior freeze-drying.  

 

6.2.7. Drug loading and in vitro drug release  

Rifampicin was selected for drug entrapment of anti-TB drug. Briefly, 150mg rifampicin was 

dissolved in water (pH 4.3) to give 1.82mM concentration. The pH was then reduced to pH 3 by 

means of 1M aqueous solution of HCl to allow drug entrapment. 100mg of CS-MSNs were 

dispersed in 10mL of drug solution. The solution was then shaking for 24 hours at room 

temperature. After 24 hours, 0.2M NaOH was used to increase the pH to 8.0, followed by allowing 

the mixture to stir for 2 hours. The particles were then collected via centrifugation and washed 

twice with the NaOH (pH 8.0, 0.2M) solution. The in-vitro drug release study was carried out using 

a dialysis bag (cellulose membrane, MW cut-off 12,400, Sigma-Aldrich. About 10mg of the drug-

loaded nanoparticles were suspended in 2mL of respective 10mM buffer solution (pH 4.5 and 7.4) 

inside a dialysis bag. The dialysis bag was then placed in 20mL of the buffer solution (sink 

condition) at 37°C under magnetic stirring. At successive time intervals, aliquots (2.5mL) of the 

release medium was collected and replaced with a fresh buffer solution. The in-vitro drug release 

was carried out for 24 hours. Each experiment was conducted in triplicate. The drug release was 

evaluated using UV on PerkinElmer Lambda 25, utilizing PerkinElmer UV Winlab software 

(Version 6) (Waltham, Massachusetts, USA). Rifampicin was analysed at 337nm. Determination 

of drug content was directly measure by accurately weighing 10mg of drug in 1M methanolic 

solution. This was allowed to stand at 60°C for 30 minutes, followed by UV determination of drug 

mass per milligram of MSN particles. 

 

6.2.8. Enzyme degradation drug release 

10mg of lysozyme was dissolved in 2mL of each pH 6.8 10.0mM buffer solution. Subsequently, 

10mg of CS-MSNs was dispersed in both lysozyme dissolved pH 6.8. Aliquots were taken from 

each suspension at different time intervals and the delivery of rifampicin from the pores of 

nanoparticles in the buffer solutions was observed. This experiment was also revised three times 

and the mean of these results was considered as the result. The drug released was evaluated 

using UV. 

 

6.2.9. Morphological evaluation of mesoporous silica nanoparticles 

The morphologies and dimensions of the samples were revealed with a JEOL transmission 

electron microscope operating at 120kV (Peabody, Massachusetts, USA).  Samples were 
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dispersed in methanol by means of sonication and dried on holey carbon-coated Cu grids prior 

analysis overnight.  

 

6.2.10. Surface chemistry of mesoporous silica nanoparticles 

FTIR spectra were captured on PerkinElmer Spectrum 100, utilizing Spectrum software 

(Waltham, Massachusetts, USA). A total of 100 scans were averaged for each spectrum. The 

scans were evaluated at 650-4000cm-1 range. 

 

6.2.11. Evaluation particle surface area and pore size 

The adsorption-desorption isotherms of nitrogen were measured at 77K using a Micrometrics 

ASAP 2020 Plus Physisorption (Atlanta, Georgia, USA). The pore size distributions were 

calculated from the adsorption branches of adsorption-desorption isotherms based on the BJH 

model.  

 

6.2.12. Evaluation of particle size diameter and size distribution 

Dynamic light scattering (DLS) studies were carried out on a Malvern NanoZS zetasizer (ZEN 

3600, λ = 633nm, θ = 173°) (Worcestershire, UK). The calcinated particles were dissolved in 

deionized water and briefly sonicated for 15 minutes prior to size analysis. The sample was 

analysed in quartz cuvettes, the temperature was set to 25°C and the viscosity and refractive 

index (1.475) values used were that of silica. For each measurement data was acquired during 

40 seconds in three runs. 

 

6.2.13. Solid state analysis (29Si NMR) 

Solid state NMR was evaluated by following Mijatovic and colleague’s procedure. Briefly, 29Si 

CPMAS NMR spectroscopy was measured on a Bruker Avance III HD 400MHz spectrometer 

operating with a 4mm probehead at a frequency of 79.4905MHz (Billerica, Massachusetts, USA). 

The samples were filled into 4mm zirconia rotors, which were spun at 4000 Hertz. The spectra 

were acquired in the cross 3 polarization mode using contact times of 10 milliseconds and high-

power dipolar decoupling to reduce line broadening. The pulse repetition time used was 5 

seconds, with scan of between 10,000 and 30,000 used to achieve sufficient signal to noise ratio. 

  

6.2.14. Dissolution profiling 

This was also utilized in design of experiment and surface response plot. DDSolver an excel add-

in was used for determination of mean dissolution time (MTD), dissolution efficiency (DE) and 
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modelling cumulative drug release percentage [11]. Sigmaplot v14.0 software was utilized for 

plotting the graphs (Systat Software Inc, California, USA). Using the Korsmeyer-Peppas model, 

the release exponent (n) was evaluated by fitting the first 60% drug release data.  

 

𝑀𝑡 𝑀∞ = 𝑘𝑡𝑛⁄            (6.3) 

 

where Mt / M∞ is a fraction of drug released at time t, k is the release rate constant and n is the 

release exponent. 0.45 ≤ n corresponds to a Fickian diffusion mechanism, 0.45 < n <0.89 to non-

Fickian transport, n = 0.89 to Case II (relaxation) transport, and n > 0.89 to super case II 

transport[12]. The non-Fickian indicates a combination of both diffusion and erosion-controlled 

release rate, whereas super-case II shows the erosion of the polymer chain. The mean dissolution 

time (MDT) was also calculated. 

 

𝑀𝐷𝑇 = ∑ 𝐽 = 𝑡̂𝑗∆𝑄𝑗 ∑ 𝑗 = 𝑙𝑛 ∆𝑄𝑗        (6.4) 

 

Where j is the sample number, n the number of time increments considered, 𝑡̂𝑗 the time at midpoint 

between 𝑡𝑗 and 𝑡𝑗−1, and Δ𝑄𝑗 the additional amount of drug dissolved in the period of time 𝑡𝑗 

and 𝑡𝑗−1 [13]. For the determination of dissolution efficiency (DE), equation 6.5 was used. 

 

𝐷𝐸 = (∫ 𝑦. 𝑑𝑡 𝑦100 × (𝑡2 − 𝑡1)⁄
𝑡2

𝑡1
) × 100       (6.5) 

 

Where, y is the percentage of dissolved product. DE. represents the area under the dissolution 

curve between time points 𝑡1 and 𝑡2 expressed as a percentage of the curve at maximum 

dissolution, 𝑦100, over the same time period [14]. 

 

6.2.15. Statistical analysis 

The data is presented as mean ±standard deviation. Significant differences between group means 

were evaluated using one-way Anova, P value < 0.05. The analysis was performed using 

OriginPro (OriginLab Corporation, MA, USA). 

 

 

6.3. Results and discussion 

6.3.1. Particle size and distribution evaluation 
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The zetasizer was used to assess the particle size and size distribution of each formulation prior 

to TEM analysis (Table 6.2). Based on the evaluation, only F01 and F06 had a polydispersity 

index (PDI) of above 0.5. Thus, this shows a very broad distribution of particle sizes. The post-

synthesis grafting was also evaluated using ninhydrin test for determination of the quantity of 

amines on the surface of the MSNs. The data indicates that the size (physical properties) of the 

particles does not play a role in the grafting, but rather chemical features may play a role on the 

amount of amines on the surface. Thus, warranted the used of solid-state NMR for evaluation of 

the silanol groups density on each formulation. The pore size and particle size can be linked to 

the amount of drug each particle can carry. Based on the amount of drug (mg) entrapped per 

milligram of MSN, size and pore structure play a role quantity if drug entrapped. F01 has the 

highest size with every milligram of MSN retaining 2.38mg of drug. F11 evidently has a high pore 

structure based in the observation of the TEM images, thus lead to more drug filling up the cavity. 

F05 and F06 have a size of 209nm and 365nm, respectively. However, based on the porosity 

network, F05 has more pores allowing the more drug to be entrapped within the cavities. Apart 

from the nanoparticle size playing a role in the amount of drug that can be encapsulated. It is 

evident that the cavity size can also improve drug entrapment, despite small size. F02 indicates 

combination of both high porous nanoparticles and large particle size. Zeta potential was also 

evaluated were it was observed that the uncoated nanoparticles had zeta potential of -

41.2±2.2mV, whilst the chitosan coated particles has a zeta potential of 28.3±4.1mV. 

 

Table 6.2: Evaluation physicochemical features that can play a role in drug delivery systems 

Formulation Size (nm) PDI Amine 
(mmol g-1) 

Pore size 
(cm3/g) 

Drug ratio 
(mg/mg) 

F01 609±44.44 0.869 0.034 0.039 2.38 
F02 363.73±2.87 0.326 0.190 0.087 1.80 
F03 151.00±1.40 0.224 0.160 0.066 1.08 
F04 202.67±1.91 0.241 0.020 0.031 1.35 
F05 209.13±1.71 0.195 0.015 0.112 2.74 
F06 365±67.04 0.617 0.039 0.131 0.38 
F07 141.40±3.01 0.313 0.020 0.101 1.09 
F08 168.47±0.82 0.187 0.030 0.170 1.38 
F09 152.33±3.82 0.276 0.100 0.004 1.29 
F10 214.07±1.47 0.211 0.020 0.080 1.12 
F11 115.37±4.17 0.328 0.120 0.329 2.02 
F12 131.27±2.81 0.222 0.190 0.063 1.21 
F13 176.93±4.01 0.198 0.029 0.036 1.38 
F14 172.87±5.61 0.245 0.010 0.057 0.91 
F15 177.13±3.01 0.175 0.030 0.046 0.35 

 

6.3.2. Morphological analysis 
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The TEM images indicate the presence of a cavity network which is beneficial for improved 

encapsulation and controlled release (Figure 6.1). Due to the nature of TEOS hydrophobic 

characteristic, hydrolysed TEOS can only diffuse into the aqueous phase due to increased 

hydrophilicity [15]. This aids in controlling the hydrolysis and condensation rate of the silica 

source. The presence of chloroform may have acted as a pore expanding reagent. Due to the use 

alkali reaction conditions, the decrease in pH value indicates to have an impact on the 

morphology, size and porous structure is changed. This can relate to the rate of hydrolysis and 

condensation as the pH value changes. The amount of OH ions affects the rate of nucleation. 

Wang and colleagues (2016) indicated that the amount of the non-polar solvent can affect the 

size of the pores, whilst the concentration of the catalyst affect the morphology [16]. The 

dispersion correlates to reported data, whereby particles formed at pH>7.0 are stable toward 

gelation due to repulsion effects [17]. It has been reported that CTAB micelles in water-chloroform 

system did not go through any type of phase transition or drastic modification when samples were 

heated from 20 to 70°C.  

 



97 
 

 

Figure 6.1: TEM images of F01-F15 MSNs. 

 

Based on the DLS data correlation to TEM data, it was observed that from microscopic analysis 

that the silica nanoparticles appeared to be well separated, un-aggregated particles, whereas on 

DLS they revealed instability. Thus, warrant the observation of a larger particle size in DLS as 

compared to TEM. DLS functions by reporting the mean particle size along the dispersed particle 
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population size. Thus, aggregates size is also considered during analysis, thus leading to a broad 

size range. DLS is highly sensitive to dynamic aggregation, aggregation, agglomeration; however, 

which can be seen by the PDI value not below 0.1 which a major characteristic of highly 

monodisperse particles.  

 

6.3.3. Evaluation of nanoparticle surface chemistry 

The FTIR spectra (Figure 6.2) of the MSNs show absorption bands similar to literature where by 

asymmetric vibration of Si-O-Si (1050cm–1), asymmetric vibration of Si-OH (966cm–1), and 

symmetric vibration of Si-O (795cm–1) are found in all spectra [18]. Scissor bending vibration of 

molecular water (1632 cm-1) is also observed most formulations, whilst diminished peaks are 

observed in formulation of 550°C calcination. H-bonded silanol OH groups (3400cm-1) are also 

observed in F-F. This region can also represent O-H stretching in H-bonded water. Under thermal 

treatment (calcination), this can remove the surface silanol groups (isolated and terminal hydroxyl 

groups). It has been shown that during a thermally induced dehydroxylation (water elimination) 

process, the silanols are condensed.  This leads to a decrease of the hydrogen-bonded chains 

due to formation of siloxane bridges and an increase of the isolated species [19]. The absorption 

band 2980cm-1 and 2930cm–1 cannot be identified or is superimposed in the spectra by the 

3400cm-1 region.  The region is stated to represent the presence of unreacted TEOS in the silica 

particles. However, 2161cm-1 indicates the presence of Si-H. 
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Figure 6.2: FTIR spectra of MSNs formulations after calcination. 

 

Solid-state 29Si NMR was used to characterize the chemistry of the silica surface (observation of 

connectivity and degree of condensation). 29Si SS-NMR spectra (Figure 6.3) of the uncoated  

MSNs showed typical peaks assignable to a Si–O bond: signals at −94.04ppm, −102.14ppm 

(surface site) and −110.77ppm (core sites) that correspond to  shifts [20]. The signal peak at -

67.87ppm indicates a Si-C bond site. Silane functionalization leads to the formation of the site, 

during post synthesis crafting/co-condensation. It has been reported that during co-condensation, 

the silane’s alkoxy groups could hydrolyse and self-condense to form the Si–O–Si. However, due 

to use of non-polar solvent during grafting, the self-condensation of organoalkoxysilane molecules 

has been shown to be unfavourable due to the absence of water. This leads to these molecules 

having to ‘quest’ for the surface hydroxyl groups by diffusing throughout the MSN surface [21]. 

Based on the observations, it has been reported that the bare silica surface is largely dominated 

by the mono-silanol groups, whereas the intensity of the region presence on the surface of another 

bonded moiety that is attached directly to the surface by a stable Si-C bond. 
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Figure 6.3: Solid state NMR of MSNs formulations evaluating the different silanol groups. 

 

6.3.4. In vitro drug release profiles of rifampicin  

In vitro drug release was evaluated to assess the impact of the synthetic parameters on the 

release kinetics of the rifampicin from the MSNs (Figure 6.4-6.6). The use of chitosan was used 

to serve as a pH responsive gate. Due to its biocompatibility and known pH responsiveness, this 

was used as a coating model for the nanoparticles to assess drug release prior use of novel pH 

responsive linkers. The degree of retaining the drug within the particles is linked to the degree of 

the interaction of the chitosan carboxylic group to the MSNs amine surface. It was observed that 

at an acidic pH of 4.5, some of the formulation indicated controlled release, whilst F03, F7, F10 

and F15. Based on the DOE, F03 had the amine concentration of 0.160mmol/g, whilst F07, F10 
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and F15 had the lowest amine concentration of 0.020, 0.020 and 0.030mmol/g respectively (Table 

6.2). Thus, this directly links to the amount of chitosan that can “gate” the drug within the particles. 

In relation to F03 which had the highest amine concentration respective to the mentioned 

formulations, this had the lowest density of Q4 based on Solid-state NMR evaluation. The release 

from lysozyme degradation of chitosan, the particles gave a burst release at the maximum time 

of 6 hours. However, F11 and F15 indicated a more sustained release. This can be attributed by 

the deep pore cavity/network structure reducing diffusion the enzyme from degradation of deep 

embedded chitosan. Analysis of drug release within the first hour, both pH 4.5 and 7.4 did not 

contain lysozyme. Using univariate ANOVA analysis, the F value was determined at 30.03 whilst 

the p value was 7.48E-06. The data shows burst release from an acidic pH of 4.5 due to 

solubilization of chitosan as this pH. In relation of pH 6.8 to 4.5, it was observed that F value was 

4.55 and the p value 0.042. Thus, enzymatic activity had more burst release than acidic release.  
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Figure 6.4: Cumulative drug release at acid pH 4.5 (Acetic Acid-Sodium Acetate). 
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Figure 6.5: Cumulative drug release under enzymatic degradation by lysozyme (pH 6.8). 
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Figure 6.6: Cumulative drug release as near neutral pH 7.4 (PBS). 

 

During development, in vitro dissolution results are used as a guide to formulation optimisation 

and to compare different formulations (Table 6.3). Dissolution efficiency (DE) is then the area 

under the dissolution curve between time points  and  expressed as a percentage of the curve at 

maximum dissolution, over the same time period [22]. DE is utilized in this study due to 

disintegration of the chitosan layer during hydrolysis and enzymatic degradation. Thus, the rate 

the rate of disintegration of chitosan will affect the dissolution and afterward the therapeutic 

efficacy of the therapeutic. In this study, the comparison between each formulation was conducted 

to assess the equivalence of each formulation. If the differences of the mean dissolution 

efficiencies as well as the 95% confidence intervals are within appropriate limits (±10%), one can 

conclude that the reference and test dissolution profiles are equivalent [14]. In pH 4.5 system, 

F05 (38%) and F13 (42%) had the lowest value below the 50-100%. Whilst in lysozyme system 

(pH 6.8), F15 had the lowest value of 47%. In pH 7.4, only F06 had the highest value of 78%. 
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Based on the DOE, these are the formulation had had low amine surface. F06 had the lowest 

drug content, which explains the high concentration in all systems.  

 

Contrary to F15, which also had low drug content, in enzymatic media the dissolution efficiency 

was the lowest. However, this had high drug leaching at pH 7.4. This can correlate to the slow 

drug diffusion out of the particle. Evaluation of release exponent shows Fickian diffusion in pH 7.4 

for all formulations due to drug leaking. In pH 6.8, F03, F06 and F07 had high values indicating 

super Case II. Whereas, in pH 4.5 formulations F07 showed super case transport, whilst F03 

showed non-Fickian transport. For MDT, the large values indicate a higher drug retarding ability 

of the formulation, whereas high DE aids in comparison of the efficiency of the formulations. 

Furthermore, the closer the DE value is to 1, this can be theoretically related to in vivo data in 

delivery efficiency, if it is assumed that the degree of drug absorption in vivo is proportional to the 

concentration of the drug in solution and the time the solution is in contact with absorptive layers. 

[23].MD in pH 7.4 was not evaluated as 60% was not release within the in vitro release studies 

duration. However low DE values shown better retaining of the drug, whereby F15 and F06 had 

the worst profile in drug retaining properties, which can relate to low surface amine in correlation 

to the pore size, thus leading to instable chitosan gating effects. F02 and F12 showed best results 

in correlation to surface amine. 

 

Table 6.3: Mean Dissolution Time (MDT), Dissolution Efficiency (DE) and Release Exponent (n) 

Formulation pH 4.5 pH 6.8 pH 7.4 
n MDT DE n MDT DE n MDT DE 

F01 0.202 0.459 0.790 0.306 0.434 0.965 0.127 - 0.136 
F02 0.212 1.602 0.513 0.793 0.419 0.961 0.065 - 0.172 
F03 0.716 0.268 0.978 0.871 0.228 0.986 0.123 - 0.232 
F04 0.197 1.564 0.552 0.682 0.419 0.975 0.048 - 0.233 
F05 0.221 3.032 0.375 0.627 0.730 0.913 0.130 - 0.104 
F06 0.355 0.207 0.976 0.984 0.248 0.987 0.146 - 0.829 
F07 0.931 0.476 0.476 1.837 0.305 0.982 0.181 - 0.276 
F08 0.237 0.691 0.820 0.190 0.125 0.988 0.191 - 0.223 
F09 0.208 0.977 0.674 0.469 0.194 0.985 0.208 - 0.175 
F10 0.375 0.396 0.963 0.459 0.193 0.986 0.170 - 0.234 
F11 0.242 1.212 0.662 0.698 1.739 0.687 0.269 - 0.107 
F12 0.206 0.956 0.702 0.367 0.325 0.960 0.125 - 0.084 
F13 0.181 0.683 0.417 0.354 0.547 0.931 0.122 - 0.124 
F14 0.261 0.956 0.728 0.659 0.216 0.988 0.167 - 0.198 
F15 0.424 0.228 0.987 0.290 6.218 0.466 0.258 - 0.435 
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6.3.5. Effect of synthetic parameters (Box-Behnken design) 

In figure 6.7, there is a clear observation that molar ratio of TEOS to water plays a significant role 

in the size of the nanoparticles. Large amounts of water results in higher degree of polymerization. 

High alkali pH’s were chosen in this study as it is known that high pH (more porous structures 

form) affects the dissolution of silica more than at low pH (fine pore networks and dense structure 

are obtained) [24]. Thus, at high pH values, nucleation and growth are the favoured mechanisms. 

Due to TEOS less sensitivity to hydrolysis due to Si being less electronegative, the rate of 

hydrolysis and condensation can be changed by changing the pH [3]. Apart from impact of pH, 

the selected emulsion solvent chloroform enabled reduction of particle-to-particle distance 

reduction due to solvent evaporation. F11 is an indicator of the impact of pH on the pore structure. 

It is known that the surfactant can be removed at calcination temperature of 350°C. The selection 

of 550°C as the maximum calcination temperature was based on literature, that indicates that an 

increase in hydrophilicity can occur up to temperature of 550°C where progressive loss of the 

hydrophobic effects of the alkyl chains occurs[25]. The 450°C was selected as it has been 

reported that many of the Si-O-Si bonds are not stable at temperature below 450°C [26]. 

 

Figure 6.7: Surface plots showing the response of each parameter role on critical physiochemical 

properties of the MSNs. 
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6.4. Concluding remarks 

The purpose of the experiment was to evaluate the synthetic parameter impact on MSNs 

application in drug delivery system. DOE evaluation indicates that post-synthesis grafting, and 

large drug ratio encapsulation and particle size can be controlled via the mentioned parameters. 

During synthesis of MSNs, the control of the rates of hydrolysis, condensation, re-esterification, 

and dissolution are essential in generating tuneable MSNs physiochemical properties is required. 

The calcination temperature does not only play a role in surfactant removal, but also removal of 

hydroxyl groups. This makes the silica surface more hydrophobic. Further evaluation of the 

surface chemistry is warranted for assessment of the post-grafting condensation reaction kinetics. 

With combination of computational model, the degree of post-grafting synthesis can aid in 

generating well capped MSNs (prevent drug leaching). The control of the synthetic parameters 

has allowed the evaluation of the impact of pH on pore structure that ultimately affects drug 

entrapment and release kinetics. Evaluation has also shown calcination temperature on the 

impact of surface hydrophilicity in post-synthesis grafting. And ultimately control of particle size 

due to the ratio of TEOS to water. Furthermore, the DOE has allowed showing the variations in 

MDT and DE between different formulation and pH levels. Thus, the bioavailability of rifampicin 

can be controlled through the change in nanoparticles pore size and volume. Conventional MSNs 

can load a dose of therapeutic drug with 200-300mg (maximally about 600mg) drug/1g silica [27]. 

In this study, the amount of drug loaded was drastically increase by 3 folds in highly porous 

formulations. Chapter 8 discusses the optimized MSNs based the observed synthetic parameters. 
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7. : EVALUATION OF SYNTHETIC PARAMETERS OF GELATIN SPHERES THROUGH 

BOX–BEHNKEN DESIGN 

 

 

7.1. Introduction 

Gelatin remains one of the commonly used natural biopolymer in drug delivery[1]. Its use range 

from use in gelatin capsules to utilization of gelatin-based nanoparticles. The biopolymer is readily 

affordable and offers biocompatibility and biodegradability. The various active groups due to 

various amino acids, offers the possibility of conjugation of various molecules[2]. Due to its 

biodegradability and biocompatibility, gelatin occurs to be a good option for pulmonary drug 

delivery. In pulmonary drug delivery, the carrier must not bear any surface physiochemical 

properties that could induce inflammatory response.  It is known that the pulmonary system bears 

various defense mechanisms against various foreign particulates[3, 4]. The activation of the 

defense system can lead to particles being removed before delivering the cargo. In drug delivery, 

the rapid pulmonary cleanse of the carriers can lead to sub-optimal dose reaching the delivery 

zone[5]. One of the main clearance mechanisms is rapid removal of particles of 5m in size 

trapped in the upper respiratory tract. The particles of 1-5m are known to be able to reach the 

deep lung where clearance is slower and involving innate immune response[6].  

 

Innate immune response involves the removal of particles by means of macrophages. In drug 

delivery, the macrophages can be targeted for treatment of tuberculosis. Tuberculosis infects 

macrophages, which engulf inhaled bacteria bacilli. This leads to bacteria rapidly growing in the 

macrophages, which eventually lead to formation of granuloma. More macrophages will be 

recruited into this region in a defense mechanism to contain the biological threat. Various 

enzymes are also secreted during the defense process such as matrixmetallo proteinase, which 

breaks down the collagen for tissue remodeling. It is known that the enzyme is secreted in 

inflammatory disease. Due to collagen being the parent macromolecule of gelatin, the enzyme 

reach environment offers a region of degradation of the gelatin carriers in targeted delivery. Due 

to macrophages being the target for delivery anti-TB drugs, the intracellular drug release of the 

drugs is essential in ensuring that a high dose of drugs is release at targeted site. It has been 

shown that inflammatory site and intracellular environment have are more acidic environment.  

 

In this study, a synthesized hydrazone is used as a crosslinker for pH stimuli response. Prior to 

crosslinking with a pH responsive linker, the particles are synthesized by emulsion and 
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coacervation technique. Briefly, due to hydrophilic nature of gelatin, this makes it able to interact 

with hydrophobic molecules. Thus, allowing the hydrophobic interaction leading to micelle-like 

spheres due to conformation changes. Two non-ionic surfactants are assessed on the degree of 

interaction with gelatin (Table 7.1). Brij® 52, (Polyethylene glycol hexadecyl ether) has a 

Hydrophile-Lipophile Balance (HLB) of 5, whereas C12E10 has an HLB of 12.8. Thus, the 

surfactants have different modes of formation of micelles. These are utilized to induce control of 

micelle formation during hydrophobic interaction with gelatin molecules.  Gelatin, the biopolymer, 

is a polypeptide with representation, (Gly-X-Y) n-, where X is amino acid residue. It is made up of 

18 amino acids with glycine (32-35%), proline (11-13%), alanine (10-11%), hydroxyproline (9-

19%), glutamic acid (7-8%), aspartic acid (4–5%) and arginine (5%) predominant[7].   

 

Table 7.1: Table illustrating the properties of the surfactants used for protein-surfactant interaction  

Properties Brij 52 C12E10 

Molecular weight Mn~330 626.86 g/mol 

HLB 5.3 12.8 

density 0.978g/mL 0.99g/mL 

Solubility Oil soluble (Oil-in-Water) Water soluble (Water-in-Oil) 

State Semi-solid Wax 

 
Structure 

 

  

 

7.2. Material and methods 

7.2.1. Materials 

Brij 52 (SP Brij® C2 MBAL-SO-(SG)), C12E10, fluorescein, chloroform and gelatin were purchased 

from Sigma-Aldrich. The samples were prepared using Millipore water. The samples containing 

gelatin and surfactants were prepared afresh using 10mM phosphate buffer. 

 

7.2.2. Experimental design 

A three-factor, three-level Box Behnken design was used for experimental deign and optimization 

procedures. This design was selected for the study as it is suitable for exploration of quadratic 

response surfaces and constructs a second order polynomial model, thus helping in optimizing a 

process using a small number of experimental runs. The design consisted of replicated centre 
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points and the set of points lying at the midpoints of each edge of the multidimensional cube that 

defines the region of interest [8].  

 

7.2.3. Critical micelle and critical association concentration 

Ultra Violet (UV) spectrometry was used for the assessment of critical micelle concentration 

(CMC) and critical association concentration (CAC). The UV spectra were measured using high 

transparency quartz curettes of 1cm path length. Following Ledbetter & Bowen method (1969), 

fluorescein was used for spectrophotometric determination of the CMC of Brij 52 and C12E10[9]. 

Briefly; dye stock solutions of 5.00X10-6M and 1.00X10-5M were prepared using fluorescein 

disodium salt. Solutions of the surfactants were then prepared using each of the dye stock 

solutions (Table 7.2). These solutions were then allowed to stand for 2 hours and then analyzed 

using UV-analysis (PerkinElmer). The quant scan was used to change in absorption intensity and 

to also confirm absorption shift to due micellization. The wavelength at 515nm was identified and 

used as the maximum absorption peak of fluorescein. 

 

Table 7.2: formulations for critical micelles concentration determination 

Formulation Brij 52 (mM) C12E10 (mM) 

1 0.0000 0.0000 

2 3.0300e-7 1.7700e-7 

3 3.0300e-6 1.7740e-6 

4 3.0300e-5 1.7749e-5 

5 3.0300e-4 1.7749e-4 

6 3.0300e-3 1.7749e-3 

7 0.0303 0.0177 

8 0.303 0.1775 

9 3.03 1.7749 

10 30.3 17.749 

11 303.0 177.49 

 

7.2.4. Dynamic light scattering study of gelatin-surfactant interaction 

Dynamic light scattering analyses were conducted on Zetasizer Malvern instrument (Zetasizer 

Nano Series,). The gelatin solution (0.5%) was prepared by dissolving gelatin powder in 10mM 

PBS and heated at 55°C for 1 hour under stirring. The respective surfactant concentrations 
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ranging from 0-100mM (C12E10) and 0-50mM (Brij 52) were made using the gelatin solution. As 

illustrated by Chodankar and colleagues (2017), The signal generated by the light scattering from 

diffusing particles can be analyzed by its intensity autocorrelation function [10] 

 

𝐺𝐼(𝜏) = 〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉          (7.1) 

 

Where I(t) is the scattered light intensity at time t and I(t+) is the scattered light intensity at some 

later time (t+τ). The normalized intensity autocorrelation function is  

 

𝑔𝐼(𝜏) = 𝐺𝐼(𝜏) 〈𝐼(𝑡)〉2⁄           (7.2) 

 

The electric field autocorrelation function is related to the normalized intensity autocorrelation 

function by 

 

𝑔𝐼(𝜏) = 1 + 𝐵[𝑔𝐸(𝜏)]2          (7.3) 

 

For a mono-disperse system of particles follows a simple exponential decay with decay constant 

γ 

 

𝑔𝐸(𝜏) = 𝑒𝑥𝑝[−𝛾𝜏]          (7.4) 

 

The average decay rate (γ) of has been estimated using the method of cumulants. The apparent 

diffusion coefficient (𝐷𝑎), which represents an average diffusion coefficient of the protein 

macromolecules, is obtained from the relation 𝑦 = 𝐷𝑎𝑄2 and the corresponding effective 

hydrodynamic size is calculated using Stoke-Einstein relationship. For the determination of the 

conformational changes of gelatin, the Perrin’s factor can be used. For non-spherical particles, 

the Perrin or shape factor (F) can be used to estimate particle shape. The Perrin factor is defined 

as the ratio of the frictional coefficient for a sphere with the same volume as the particle being 

measured to the frictional coefficient for a sphere with the same mass as the particle being 

measured. The Perrin factor (F) is: 

 

𝐹 = 𝑓𝑣𝑜𝑙 𝑓𝑚𝑎𝑠𝑠⁄ = 6𝜋𝐷𝑣𝑜𝑙 6𝜋𝐷𝑚𝑎𝑠𝑠 = 𝐷𝑣𝑜𝑙 𝐷𝑚𝑎𝑠𝑠 = 𝐷𝐻 𝐷𝑚𝑎𝑠𝑠⁄⁄⁄      (7.5) 
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Where the hydrodynamic diameter is measured, is the diameter by mass calculated from the 

known molecular weight and the specific volume of the particle and is the particle frictional 

coefficient. 

 

7.2.5. Gelatin conformational changes through circular dichroism 

The evaluation of the gelatin conformational changes was evaluated using circular dichroism 

instrument. It is expected that the interaction of gelatin with surfactant will induce conformational 

changes as observed in figure 7.1. These changes are hypothesized to affect degree of 

crosslinking, swelling and drug release rate. A gelatin solution (0.5mg/mL) was created using 

10mM PBS (pH 7.2). To each gelatin solution, respective amount of non-ionic surfactant was 

added to make a final solution of surfactant (0-0.8mg/mL). Each test was conducted in triplicate, 

with samples filtered using 0.22µm membrane filter prior analysis. Applied-Photophysics MCD 

was used in this experiment (Applied Photophysics, Leatherhead, UK).  The machine was purged 

with nitrogen for an hour prior to analysis. Chira scan software was used for data acquisition, 

followed by use of deconvolution using CDNN for secondary structure analysis. Wavelength of 

between 185-300nm was used with 0.5nm step. The monochromator bandwidth was set to 1.5nm; 

with a sampling rate of 1 sec. smoothing of curves was done using 20 points. All CD spectra are 

represented as the mean residue ellipticity, in deg cm2/dmol. The α-helical content was 

determined from the mean residue ellipticities at 222nm, as illustrated in equation  

 

%𝐻𝑒𝑙𝑖𝑥 = ([𝜃]𝑜𝑏𝑠 × 100) {[𝜃]ℎ𝑒𝑙𝑖𝑥 × (1 − 2.57 𝑙⁄ )}⁄       (7.6) 

 

Where [𝜃]𝑜𝑏𝑠 is the mean-residue ellipticity observed experimentally at 222nm, [𝜃]ℎ𝑒𝑙𝑖𝑥 is the 

ellipticity of gelatin[11] 
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Figure 7.1: Standard CD spectra of the three basic secondary structures of a polypeptide chain 

(α-helix, β-sheet and random coil (Adapted from [12]) 

 

7.2.6. Synthesis of pH responsive hydrazone linker 

A solution consisting of 50mL ethanol and 14.8mL 99% hydrazine hydrate (0.30mol) was placed 

in the flask reactor (Figure 7.2). 15mL 2,4-pentandione (0.15mol) dissolved in 20mL ethanol was 

added dropwise while stirring at the room temperature for one hour. Then the solution was heated 

to reflux for 5 hours. The solution was concentrated at reduced pressure, and then the residue 

solid was washed with petroleum ether, filtered and dried at 60°C to give white solid. NMR: 1H 

NMR (300MHz, DMSO) δ 12.07, 5.73, 3.52, 2.13ppm. 

 

 

 

Figure 7.2: Schematic for the synthesis of hydrazone. 
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7.2.7. Synthesis of gelatin nanoparticles 

A solution (20mL) of 20% gelatin, respective amount of surfactant concentration could equilibrate 

at 60°C overnight (Table 7.3).  

 

Table 7.3: Formulation strategies for the impact of non-ionic surfactant (Box–Behnken design) 

Formulation Surfactant (mM) Sonication (min) Crosslink (min) 

G01 192 45 60 

G02 32 45 60 

G03 112 45 90 

G04 112 30 120 

G05 32 60 90 

G06 192 45 120 

G07 112 45 90 

G08 112 30 60 

G09 112 60 60 

G10 32 45 120 

G11 32 30 90 

G12 192 60 90 

G13 112 60 120 

G14 192 30 90 

G15 112 45 90 

 

The solution was then mixed with 40mL chloroform and allowed for micellization at 60°C under 

the sonicator bath for respective time (Digital Ultrasonic Cleaner, PS-10A, Hilsonic, UK). The hot 

solution was then injected into the atomizer probe of the bench top ultrasonic atomizer nozzle 

generator at a constant rate (Ultrasonic Atomizer, Sonaer Inc., New York, USA). The generated 

atomized mist was at 30%, 60KHz frequency and power of 5-7 watts. The mist was dispersed into 

a flask of ice-chilled acetone under constant stirring for solidification of the dispersed gelatin 

spheres. The gelatin solidified spheres where then sonicated briefly to remove particles adhered 

to the glassware prior paper filtration (F1001 grade, 55mm Ø). Gelatin contains various amino 

acids whereby one-third are glycine residues, then proline and 4-hydroxyproline residues. A 

typical structure is -Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro-. This allows conjugation of the pH 

sensitive crosslinker as illustrated in Figure 7.3.  
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Figure 7.3: Synthesis of pH sensitive gelatin spheres via hydrazone linkage 

 

7.2.8. X-ray powder diffraction (XRD) 

Bruker D8 Discover (Billerica, Massachusetts, USA) was used for analysis of uncoated MSN and 

coated MSN crystallinity. Data were collected in the range of 2θ = 10° to 100°, scanning at 

1.5° min−1 with a filter time-constant of 0.38 s per step and a slit width of 6.0mm. The MSN samples 

were placed on a silicon wafer slide. The X-ray diffraction data patterns were treated using the 

Eva (evaluation curve fitting) software. Baseline correction was performed by subtracting a spline 

function fitted to the curved background on each diffraction pattern [13]. 

 

7.2.9. Swelling studies 

The swelling behavior of drug loaded gelatin nanoparticles was evaluated using two different pH 

buffer systems (pH 4.5 and 7.4) for over a 1-hour period. As illustrated by Sarmah and colleagues 

(2016) dry nanoparticles were weighed and were place onto watch glasses and immersed with 

two buffer solutions of either pH 4.5 or 7.4 [14]. At predetermined time interval, the buffer medium 

was removed followed by blotting the particles with filter paper to eliminate the excess swelling 

medium from the surface. The weight of the swollen nanoparticles after definite time was taken. 

The swelling experiment was performed in duplicate and presented as mean value. The swelling 

percentages were calculated as:  

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 (%) = [(𝑊1 − 𝑊2) 𝑊2⁄ ] × 100       (7.7) 
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Where 𝑊1 is the weight of the particle after swelling and 𝑊2 is the weight of the dry particles before 

swelling.  

 

7.2.10. Structural molecular analysis using infrared  

FTIR was used to confirm the conjugation of the hydrazone onto the gelatin spheres. The analysis 

was conducted on a PerkinElmer AT-IR within 100 scans over a range of 550-4000cm-1. 

 

7.2.11. Drug loading and drug content (rifampicin) 

For drug loading of rifampicin, 100mg of nanoparticles were immersed in a solution of rifampicin 

to allow swelling in the solution until equilibrium (3 hours) was reached. The particles were then 

washed and lyophilized prior further use.  Drug content was assessed through weighing 10mg of 

drug loaded nanoparticles and hydrolyzed for 30 minutes. The drug content was analyzed using 

UV and the entrapped amount obtained from equation following Chen and Hu (2011) method [15]. 

 

𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑀𝑈𝑉 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒⁄       

 (7.8) 

 

𝐸𝐸(%) = (𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑜𝑎𝑑⁄ ) × 100       (7.9) 

 

7.2.12. In vitro drug release 

For in vitro drug release studies, phosphate buffer pH 7.4 and acetate buffer pH 4.5 were used. 

20mL volume of dissolution media was used for studying diffusion through a dialysis tubing. To 

each dialysis tube 10mg drug loaded nanoparticles were added, followed by addition of 1mL of 

the respective buffer. The study was evaluated in duplicate, at 37°C±0.5 on a Carousel Reaction 

Station™. The study was evaluated over 24 hours, with 2mL buffer sampling volume with 

replacement with fresh buffer. The supernatant fluid was collected for UV/Vis spectrophotometer. 

For analysis of  drug release mechanism, literature method was used [16] 

 

𝑊𝑡 𝑊∞ = 𝑘𝑡𝑛⁄            (7.10) 

 

Where 𝑊𝑡 𝑊∞⁄  the fractional release at the time t and k is is rate constant. The exponent n, called 

as diffusional exponent is used as an indicator of the mechanism of drug transport. The value is 

between 0.5 and 1.0. When n=0.5, the release is Fickian, when=1 is considered zero order (Case 
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II transport). Within the range of 0.5<n<1, the release is described as anomalous. When, t is the 

half-life. For the calculation of the diffusion coefficient, where the diffusion of the drug across the 

nanoparticle surface is assumed as one-dimensional, the early time equation can be used (0 ≤

𝑊𝑡 𝑊∞ ≤ 0.6⁄ ), where L is the diameter of the dry nanoparticle. 

 

𝑊𝑡 𝑊∞ = 4(𝐷𝑡 𝜋𝐿2⁄ )0.5⁄           (7.11) 

 

The mean dissolution time (MDT) was also evaluated in this study for comparison between 

different formulations. This can be estimated from equation 7.12. 

 

𝑀𝐷𝑇 = ∫ 𝑡. 𝑑𝑊(𝑡)
𝑊∞

0 ∫ 𝑑𝑊(𝑡)
𝑊∞

0
⁄         (7.12) 

 

Where W(t) is the cumulative amount of drug dissolved at time, t. This equation is however 

application for in vitro and in vivo MDT correlation[17]. In terms of analysis of dissolution data, 

equation 7.13 was used 

 

𝑀𝐷𝑇 = 𝐴𝐵𝐶 𝑎𝑡𝑚𝑎𝑥⁄           (7.13) 

 

Where 𝑎𝑡𝑚𝑎𝑥 the maximum amount of the dissolved drug and ABC is the area between the 

cumulative dissolution curve. 

 

DE, dissolution efficiency was also evaluated, whereby the area under the dissolution curve up to 

a specific time, t, is expressed as a percentage of the area of the rectangle described by 100% 

dissolution in the same time [18]. 

 

𝐷𝐸 = (∫ 𝑦. 𝑑𝑡 𝑦100. 𝑡⁄
𝑡

0
) × 100         (7.14) 

 

Where 𝑦 is the percentage of drug dissolved at time 𝑡 and 𝑦100  maximum percentage of drug 

dissolved over the time 0 − 𝑡.  

 

7.2.13. Statistical analysis 



119 
 

The data is presented as mean ±standard deviation. Significant differences between group means 

were evaluated using one-way Anova, P value < 0.05. The analysis was performed using 

OriginPro (OriginLab Corporation, MA, USA). 

 

7.3. Results and discussions 

A nonionic surfactant can influence the physicochemical properties of a protein-stabilized 

emulsion be means of specific protein−surfactant interactions depletion flocculation. For a 

nonionic surfactant, specific interactions usually occur between the nonpolar tail of the surfactant 

molecule and any exposed hydrophobic patches on the protein molecule. Whereas, depletion 

flocculation occurs when the concentration of excess surfactant micelles in the aqueous phase 

exceeds a critical level and is the result of the osmotic pressure that arises because of the 

exclusion of micelles from a narrow region surrounding the droplet. 

 

7.3.1. Determination of critical micelle concentration 

In the spectral dye method when the dye-micelle complex is formed, the spectral characteristics 

of the dye are changed. This may result visually in a pronounced change in the colour or 

fluorescence of the solution. In the case of fluorescein above the solution exhibits a green 

fluorescence and a very slight pink coloration. However, below the CMC the fluorescence is 

quenched, and the solution is a light greenish-yellow. The absorption spectra in the visible region 

of the dye and the dye-micelle complex were determined. When the complex is formed the overall 

spectrum shifts bathochromically and a new maximum occurs. This represents a maximum 

difference in absorbance between the dye and the dye-micelle complex [9]. Figure 7.4 and 7.5 

represents the CMC of Brij 52 and C12E10, respectively. 
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Figure 7.4: Determination of CMC of Brij 52 in water (3.2X10-4 mM). 

 

Due to the difference in the HLB values of the surfactants, the micelles show a variation in CMC 

formation. Literature indicates that the HLB values for water-in-oil (W/O) emulsifiers lie within a 

range of 3.5-6, whilst those belonging to oil-in-water (O/W) are in the range 8-18 [19]. These 

characterized as wetting agents have HLB values in the range 7-9. Based on Brij 52 which is 

lipophilic, (HLB = 5.3), it shows that it is a W/O emulsifier, whilst C12E10 is hydrophilic (HLB=12.8) 

is an O/W emulsifier. To form kinetically stable emulsions, the surfactant type and shear forces 

for droplet formation play a major role in emulsions stability.  Surfactants are required to for 

stabilization of emulsion against flocculation (cause by attractive versus repulsive forces), 

coalescence (caused by instability of the liquid film between the droplets), Ostwald ripening 

(caused by the solubility of the disperse droplets and the particle size distribution) and phase 

inversion (O/W emulsion inverts to W/O). Other issues are sedimentation and creaming, whereby 

gravitational or centrifugal forces exceed the thermal motion of the droplets (Brownian motion) 
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leading to aggregation [20]. Therefore, selection of appropriate surfactant concentration is vital in 

evading emulsion breakdown processes mentioned.  
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Figure 7.5: Determination of C12E10 CMC in water (1.58X10-6 mM). 

 

7.3.2. Dynamic light scattering for critical micelle concentration 

The change in aggregation number as well as hydrodynamic radius indicates that gelatin affects 

the micellar growth of the surfactants[21]. The axial ratio and Perrin's factor were also obtained 

from the light scattering analysis (Table 7.4). Due to gelatin being known to be have a typical helix 

length ≈200nm, the existence of gelatin molecules in mixed conformation state (random coil or 

helix) can be assessed by the Perrin factor[22]. Gelatin starts off as random coils. But when the 

concentration of the surfactant increases, the hydrophobic interaction with surfactants promotes 

relaxation of the coils into strands/rod-like conformation. This is supported by the CD data 

analysis.  
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Table 7.4: Evaluation of C12E10 and Brij 52 

Concentration (mM) Size (nm) Aggregation Index Perrin's factor 

C12E10 

0.0 68.93 4.94 29.298 

0.05 66.36 5.24 28.206 

0.1 64.65 5.57 27.479 

0.2 62.74 5.71 26.667 

0.4 61.76 5.91 26.251 

0.8 61.6 6.35 26.183 

5.0 38.88 14.8 16.526 

10.0 31.67 18.1 13.461 

50.0 12.08 48.2 5.135 

100.0 8.48 74.4 3.604 

Brij 52 

0.0 56.47 9.90 24.002 

0.05 59.83 8.79 25.430 

0.1 59.58 7.05 25.328 

0.2 65.43 5.17 27.811 

0.4 88.67 4.29 37.689 

0.8 147.7 1.24 62.779 

1 466.1 1.45 198.112 

8 56.47 9.90 24.002 

 

Most biological polymers, such as proteins and nucleic acids and some synthetic polymers, have 

relatively inflexible chains. For rigid particles, the size is no longer of predominant importance, 

because the polymer chain is no longer in the form of a flexible random coil; instead, shape 

becomes an important parameter. Following are some theoretical proposals for the estimation of 

the shape factor p from the viscosity measurement. The term f/f0 is sometimes denoted as p, 

Perrin constant. Gelatin is a low charge density polyampholyte, in the presence of a strong 

polyelectrolyte the charge distribution on gelatin can get polarized which enables it to assume an 

extended rod-like shape. However, in this study, non-ionic surfactants were used. The change in 

Perrin’s factor indicate reduction in the molecular shape asymmetry due to inter and 
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intramolecular interactions. This information strongly correlates with circular dichroism data that 

shows that the surfactants can generate conformational changes. Thus, the determined critical 

association concentrations were determined by both DLS and UV to be 1.26X10-4 mM for Brij 52 

and 3.16X10-5 mM for C12E10.  

 

7.3.3. Fourier-transform spectroscopy analysis 

Based on FTIR, it is also possible to attribute various conformation states, whereby 1645-

1657cm−1 is stated to related to random coils and the 1660cm−1 band to triple helix, with 

contribution from α-helix and β-turns (Figure 7.6). Thus, the amide I component, at 1690 cm−1, 

cab be attributed to helices of aggregated gelatin. Peptides can be characterized by distinguishing 

feature of amide A, B, I, II, III, VII. The amide A band (about 3500cm-1) and amide B (about 

3100cm-1) originate from a Fermi resonance between the first overtone of amide II and the N-H 

stretching vibration. Amide I and amide II bands are known as the two major bands of the protein 

infrared spectrum. The amide I band (1600-1700cm-1) is mainly associated with the C=O 

stretching vibration and is directly related to the backbone conformation. Amide II results from the 

N-H bending vibration and from the C-N stretching vibration. This band is conformational 

sensitive. Whereas, Amide III and IV are stated as very complex bands resulting from a mixture 

of several coordinate displacements[23].  
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Figure 7.6: FTIR spectra of crosslinked gelatin spheres. 

 

7.3.4. Conformational changes of gelatin in different surfactant concentrations 

Circular dichroism is a tool used for assessing conformational (unfolding) changes (Figure 7.7). 

Protein–surfactant interactions can occur by means of hydrophobic and electrostatic interactions. 

It has been shown that there is significant dependence on polymer/surfactant type, its structure, 

molecular weight or other common variables such as pH and ionic strength on the degree on 

protein-surfactant [7]. Recent studies have shown that non-ionic surfactants do not have a 

significant impact on the protein structure [24]. The study shown that’s there is accelerated coil-

helix transition, due to hydrophobic interaction. It has been reported that gelatin has a relatively 

high content of apolar amino acids such as leucine and proline. When the CMC is reached and 

the viscosity of the solution increases, there is a non-cooperative hydrophobic binding of a small 

content of the nonionic surfactants to the polymer. Thus, the surfactants can cause a shielding of 

the apolar regions against the polar environment and promote the unfolding of the polymer. 

Through this interaction can also lead to renaturation[25].  
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Table 7.5: Depiction of surfactant concentration in figure 7.7 

Formulation Brij 52 (mM) C12E10 (mM) 

A 0.0000 0.0000 

B 3.0300e-7 1.7700e-7 

C 3.0300e-6 1.7740e-6 

D 3.0300e-5 1.7749e-5 

E 3.0300e-4 1.7749e-4 

F 3.0300e-3 1.7749e-3 

G 0.0303 0.0177 

H 0.303 0.1775 

I 3.03 1.7749 
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Figure 7.7: Circular dichroism data illustrating the folding of gelatin with various surfactant 

concentrations (A)-Brij 52 and (B)-C12E10 

 

7.3.5. Degree of crystallinity analysis 

XRD analysis was conducted to evaluate changes of gelatin crystallinity after crosslinking. A 

sharp peak that may represent the crystalline structure was observed at around 20° (Figure 7.8). 

This is a reported diffraction pattern of gelatin, which verifies the random coiled conformation of 

the macromolecules [26]. The intensity of the peak dropped after crosslinking with the hydrazone. 

The introduction of hydrazone bonds into the gelatin structure could have cause modification on 

the un-crosslinked gelatin texture (distortion of the coiled conformation and possibly the formation 

of the triple helix structure) thus leading to reduction in peak intensity. Although not all formulations 

were evaluated, it is expected that the crosslinking time can cause a variation in crystalline 

structure which will ultimately have an impact on the rate of gelatin swelling due to change in 

dissolution/solubility rate.  
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Figure 7.8: X-Ray Diffraction of crosslinked and un-crosslinked gelatin nanoparticles. 

 

7.3.6. Morphological analysis of gelatin nanoparticles 

SEM was used to characterize the size and morphology of the nanoparticles (Figure 7.9). The 

figure in that some of the formulations had high aggregation, whilst others showed some stable 

nanoparticles. G02 indicated the presence of fibers., whilst others show strong aggregation.  

Some of the formulation show breakdown processes. The coacervation process could have led 

to observed high aggregation due to use of magnetic stirring as a mode of dispersion during 

nanoparticle solidification process. This therefore shows that stirring speed during coacervation 

process could aid in improving gelatin nanoparticles dispersity and reduce aggregation.  
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Figure 7.9: SEM images of gelatin nanoparticles. 

 

7.3.7. Particle size, distribution characterization and entrapment efficacy 

The particle size was characterized by DLS (Table 7.6). This was utilized to assess the stability 

and dispersion of the particles in relation for the SEM images. Based on SEM, the particles have 

a size range of 209-90.22nm particle size, whereby formulation G04 had the biggest size and 

formalization G12 had the smallest size. In comparison to TEM and SEM, the DLS data shows 

that those particles had a broad range of hydrodynamic size due to issues of aggregation.  Due 

to re-suspending of particles in water, this induced intermolecular electrostatic interactions 

between the gelatin molecules which can result in formation of aggregates that can impact the 

DLS hydrodynamic size. The drug content was determined thorough direct drug content analysis. 

The analysis of the zeta potential was conducted using deionized water to re-suspend the gelatin 

spheres. The results indicate that there is variation in the amount of free amino acids that can 

affect the zeta potential. This can be influenced by both the crosslinker and the conformational 

changes of the protein during synthesis. Formulation G11, G12 and G13 showed the lowest zeta 

potential.  In terms of G12 and G13, the formulation difference was due to crosslinking time, whilst 

other factors were constant. In relation to G11, surfactant concentration can be correlated to CD 

studies which showed that low concentration can lead to refolding of the gelatin structure, whilst 

an increase leads to renaturation. The stability of the particle seems to relate to the sonication 

time, whereby long sonication time led to high particle size which could be attributed to 

aggregation. Based on EE (%) G06 had the highest entrapment, whilst G11 has the lowest. Based 

on the zeta potential drift, these formulations could have folding variations. These variations could 

attribute to the low entrapment content.  
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Table 7.6: Evaluation of gelatin spheres size, dispersity, and stability.  

Formulation Size (d. nm) PDI Zeta Potential 
(mV) 

TEM EE (%) 

G01 626.5 0.958 16.1 145.81±10.
33 

41.62 

G02 72.95 0.822 4.24 99.54±15.7
2 

94.04 

G03 535.1 0.736 9.31 164.21±59.
83 

52.05 

G04 410.2 0.502 6.76 209.92±32.
57 

50.72 

G05 602.1 0.712 12.5 134.87±42.
72 

45.89 

G06 564.1 0.802 10.4 115.36±40.
23 

97.92 

G07 1763 0.594 2.36 107.82±33.
02 

73.22 

G08 1313 0.802 14.4 152.45±44.
19 

64.18 

G09 1204 0.728 5.96 159.38±54.
3 

54.38 

G10 3024 0.647 10.8 110.54±10.
36 

54.49 

G11 2046 0.760 -0.06 140.57±33.
86 

11.16 

G12 929.2 0.760 1.07 90.22±21.8
9 

51.26 

G13 1683 0.967 -0.07 113.90±18.
39 

23.53 

G14 7185 0.421 18.2 101.33±23.
37 

43.60 

G15 2651 0.910 8.55 156.38±46.
94 

33.39 

 

7.3.8. Swelling studies 

Swelling studies on gelatin were studied to evaluate the impact of the crosslinker on the swelling 

ratio (Figure 7.10). Formulation G01 occurred to have the smallest swelling which was crosslinked 

for 60 minutes and had the highest surfactant amount. G10 had the highest swelling which had 

the longest crosslinking time of 120 min but lowest surfactant concentration. This can relate to 

the impact of gelatin structural folding thus leading to change in accessible functional groups that 

play a role in crosslinking i.e. carboxylic groups interaction with hydrazine.  
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Figure 7.10: Swelling ratio of gelatin nanoparticles in water at room temperature. 

 

7.3.9. Drug release profile 

Drug release studies were used to assess the drug leaking effect and the pH responsiveness of 

the hydrazone linker. Based on recent gelatin studies it is stated that there are several 

mechanisms by which the release of therapeutic agents from the delivery systems to the 

surrounding can be controlled: i) diffusion; ii) swelling followed by diffusion (mostly in hydrogels); 

iii) diffusion and degradation (erodible systems); iv) hydrolysis of the covalent bond in case the 

drug is covalently bound to the biodegradable polymer (pendant chain systems); v) osmotic 

pressure; and vi) externally or self-regulated systems[27]. Based on figure 7.11, formulations G02, 

G06 and G11 indicate the least drug leaking. However, in figure 7.12, F06 still indicates drug the 

same release profile. Due to incorporation of hydrazone bond, is expected for release mechanism 

to follow hydrolysis mechanism. However, there is evidence of swelling and diffusion as both pH 

7.4 and 4.5 release therapeutic agents at slightly similar levels. This can relate to the impact of 
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crosslinking density and the packaging of the gelatin in formation of the nanoparticles influenced 

by the surfactant concentration.  
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Figure 7.11: Cumulative drug release profile of rifampicin at pH 7.4. 
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Figure 7.12: Cumulative drug release profile rifampicin at pH 4.5. 

 

In pH 4.5, the hydrazone is expected to rapidly undergo hydrolysis which can lead to burst 

responsive release of rifampicin. There are three main forces that drive solute transport in 

hydrogel systems which include a penetrant concentration gradient, a polymer stress gradient 

and osmotic forces. Fickian diffusion plays a role in systems where polymer relation rate is slow, 

thus non-swelling controlled delivery systems. Due to the variation in the degree of crosslinking 

and that gelatin is swellable in water. The MDT and DE values were also determined (Table 7.7). 

The MDT was evaluated as it can characterize the drug release rate from the dosage form and 

the retarding efficacy of the polymer[28]. The large values indicate that there is high retarding 

ability. G01 had the best release rate whilst G08 had the lowest. In terms of DE, it shows that G06 

had the lowest release rate in both pH values. This correlates well with swelling studies which 

shows it was the second lowest degree of swelling.  
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Table 7.7: Evaluation of the mode of drug release, mean dissolution time and dissolution 

efficiency.  

Formulation n value MDT (minutes) DE 

pH 4.5 pH 7.4 pH 4.5 pH 7.4 pH 4.5 pH 7.4 

G01 0.324 0.874 
262.23 570.00 0.544 0.174 

G02 0.317 0.688 
302.18 571.22 0.224 0.0978 

G03 0.599 0.420 
414.44 366.01 0.242 0.202 

G04 0.592 0.358 
507.71 336.10 0.433 0.184 

G05 0.707 0.418 
621.86 505.42 0.354 0.214 

G06 0.516 0.432 
419.73 408.39 0.0763 0.0673 

G07 0.427 0.853 
436.32 598.63 0.468 0.0991 

G08 0.774 0.503 
607.51 435.97 0.185 0.192 

G09 0.701 0.407 
519.81 464.68 0.273 0.174 

G10 0.555 0.495 
544.54 508.22 0.204 0.228 

G11 0.555 0.448 
544.54 393.68 0.264 0.0642 

G12 0.563 0.358 
449.55 344.57 0.256 0.266 

G13 0.380 0.466 
401.92 399.35 0.293 0.153 

G14 0.430 0.509 
457.20 426.28 0.306 0.133 

G15 0.519 0.809 
468.75 598.36 0.320 0.194 

 

7.3.10. Analysis of response surface design 

Surface plots can aid in assessment of the how the parameter changes can affect the evaluated 

response. Based on the particle size, the increase in surfactant led to a decrease in particle size 

(Figure 7.13). Whereas increase in sonication time, led to increase in particle size. The evaluation 

of the drug release was conducted using the n value as the response at pH 4.5. This release 

mechanism serves as the indication of how well particles can respond to the change in pH (Figure 

7.14). Increase in crosslinking time leads decrease in drug release rate.  
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Figure 7.13: Evaluation of particle size in relation to surfactant concentration and sonication time. 
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Figure 7.14: Evaluation of drug release mechanism in relation to crosslinking time and sonication 

time. 

 

7.4. Concluding remarks 

The comparison between Brij 52 and C12E10 clearly indicates that have different behaviour in 

suspension. Brij 52. Based on FTIR, it has been shown on literature that Beta sheet structures 

can be characterized by the amide I absorption which is primarily determined by the backbone 

conformation and is independent of the amino acid sequence[29]. For antiparallel, the average 

frequency of the main component is about 1629cm-1 with a minimum of 1615cm-1 and a maximum 

of 1637cm-1. Whilst The average value for the second frequency is 1696 cm-1 (lowest value 

1685cm-1). For beta strands, amide I absorption near 1640cm-1. For alpha-helical structures the 

mean frequency was found to be 1652cm-1 for the amide I and 1548cm-1 for the amid II 

absorptions. For beta turns, However, an absorption near 1680cm-1 is now clearly assigned to 

beta turns. These observations correlate well with the CD data and DLS data. Based on CDNN 

evaluation (180-260nm), gelatin without surfactant showed abundance of random coils and 

antiparallel sheets. With initial addition of Brij 52, helix structure became prevalent then shifted 
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back to random coils with more surfactant. For C12E10, similar initial changes of helix conformation 

were observed.  

 

Unlike Brij 52, the beta turn and helix were slightly sustained through the increase in surfactant 

concentration.  This then reversed back into antiparallel but with a sustained beta turn than 

random coil, the finally random coils and antiparallel at maximum surfactant levels. This shows 

that non-ionic surfactant has reversible effect on the gelatin structure as the increase in surfactant 

level (above CMC), the interference of the surfactant gets diminished. In terms of drug delivery 

application, C12E10 seem to be have better impact in structure refolding of peptide, which can be 

useful and peptide drug delivery systems.  The surfactant can play a role in drug release profile 

as the interaction with the gelatin as it may create a folding that can retard drug release. The 

retardation in the structure correlates well with CD, FTIR and zeta potential values variations. 

Based on these studies G02,06,08,10,14 and F15 had the best dispersion in terms of TEM. These 

formulations indicate that the force of dispersion and surfactant concentration during formulation 

is vital in generation of more disperse formulation. Future studies warrant the use of homogenizer 

to improve particle formation. Due to gelatin been shown to be susceptible to degradation by 

gelatinase (Matrix Metalloproteinase) in diseases regions, gelatin was utilized in the optimized 

MSNs as gatekeeping layer for control of drug release (Chapter 8). The pH responsive linker was 

also used for formation of a pH responsive gate. 
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8. : OPTIMIZED MESOPOROUS SILICA NANOPARTICLES: USE OF NATURAL 

POLYMERS GATE-KEEPERS: CYCLODEXTRIN AND GELATIN CONJUGATED TO 

SYNTHESIZED HYDRAZONE LINKER 

 

 

8.1. Introduction 

The employment of pH responsive drug delivery has allowed control of localized drug delivery. 

Tumors and inflammatory tissues (pH ~ 6.8 versus normal pH of 7.4), endosomes (pH ~ 5.5-6), 

and lysosomes (pH ~ 4.5-5.0) are known to have variations in pH[1]. Literature indicates that pH-

sensitive linkers, such as acetal bond, imine bond, hydrazone bond, and ester bond can be 

cleaved under acidic condition[2]. Mesoporous silica nanoparticles have been well studied for 

application in drug delivery. The particles over control of physicochemical properties through the 

control of the Stöber process. Through this process, the silica matrix produced is non-crystalline 

and also contains surface silanol groups in abundance, thus allowing further post-synthetic 

transformation of the silica surface[3]. Due to the ability for tunable physicochemical properties, 

MSNs allow ability to load diverse cargoes such as small molecule drugs, short peptides, and 

large proteins. Due to these physiochemical properties, Yu and colleagues (2012) showed that 

the MSNs can be cleared within 24 hours post-injection [4]. The biodistribution was linked to the 

surface chemistry and porosity of the nanoparticles appears than the particles geometry 

(sphere/rod). In terms of excretion, MSNs hydrolyze under physiological conditions. This can lead 

to the body to either absorb dissolved silica or excrete it through the urine in the form of silicic 

acid or oligomeric silica species [5]. 

 

In pulmonary drug delivery (alveolar surface area - 160m2), the airway epithelium leads to various 

barriers whereby nanoparticles have to cross overcome the pulmonary epithelia, ciliated epithelial 

cells, type I and type II pneumocytes[6]. A recent review has shown that mesoporous silica 

nanoparticles can be functionalized with stimuli responsive groups and polymers that function as 

caps and gatekeepers in controlling drug release [7]. It is known that tuberculosis bacilli recite 

inside macrophages. Therefore, the uptake of antituberculotic nanoparticles by macrophages can 

aid in target specific and stimuli release drug delivery. By releasing therapeutics only in the 

cytoplasm of macrophages allows reaching pharmacologically effective dosing where it is 

required whilst avoiding/reducing side effects. It has been shown that cellular uptake by 

macrophages for particles less than 200-300nm can be taken up via endocytosis. Various 

mechanisms such as clathrin dependent, caveolin-dependent, receptor-mediated and clathrin 
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and caveolin-independent endocytosis play a role in endocytosis [8]. In this section, cyclodextrin 

is one of gatekeeper used as it has been shown that it can enhance drug delivery through 

biological barriers without affecting their barrier function. Thus it will not interfere with mucociliary 

functions, will not show ciliostatic effect, and will be non-irritating and non-allergenic [9]. 

 

Cyclodextrins (CD) are widely used natural cyclic oligosaccharides derived from starch and used 

as excipients in marketed pharmaceutical products. As stated CD can utilized as penetration 

enhancers by increasing drug availability at the surface of the biological barrier [10]. Furthermore, 

CD are said to have a direct disruption effect on alveolar epithelial membrane. Dimethyl-β-

cyclodextrin > α-cyclodextrin > β-cyclodextrin > γ-cyclodextrin > hydroxypropyl-β-cyclodextrin are 

ranked in enhanced trans-mucosal protein transport of calcitonin via pulmonary absorption [11]. 

Gelatin can also be used in drug delivery as it is highly biocompatible and biodegradable in a 

physiological environment [12]. It has been reported that gelatin nanoparticles have higher 

intracellular uptake and are more suited for intravenous delivery or for targeted drug delivery to 

the brain [13]. Furthermore, they have exhibit a high ability to absorb water. Recent study has 

shown that overexpression of matrix metalloproteinase-2 (MMP-2) can digest gelatin. This would 

allow dual response of drug release [14]. Both MMP-2 (gelatinase A) and MMP-9 (gelatinase B) 

are released by Lymphocytes, macrophages and neutrophils [15].  

 

8.2. Materials and methods 

8.2.1. Materials 

Tetraethyl orthosilicate (TEOS), glycidyloxypropyl trimethoxysilane, cetyltrimethylammonium 

bromide (CTAB), gelatin, α-cyclodextrin, monochloroacetic acid, sodium hydroxide, acetylacetone 

and hydrazine were purchased from Sigma-Aldrich (Sigma-Aldrich, Sigma-Aldrich). All solvents 

were used without further purification.  

 

8.2.2. Preparation of carboxymethyl-α-CD (CM-β-CD) 

CM-β-CD was prepared following online literature [16]. Briefly a mixture of β-CD (10g, 8.8mmol) 

and NaOH (9.3g, 232.5mmol) in water (37mL) was treated with a 16.3% monochloroacetic acid 

solution (27mL) at 50 °C for 5 hours. Then the reaction mixture was cooled to room temperature, 

and pH was adjusted (6.5) using hydrochloric acid. The obtained neutral solution was then poured 

to superfluous methanol solvent which produced white precipitation. The solid precipitation was 

filtered and dried under vacuum to give carboxymethylated β-CD (89.3%). NMR: 1H NMR 

(400MHz, D2O) δ 5.17, 4.97, 4.97, 4.69, 4.09, 4.03, 4.01, 3.99, 3.91, 3.89, 3.86, 3.84, 3.82, 3.78, 
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3.77, 3.75, 3.56, 3.53, 3.51, 3.50, 3.27ppm.  13C NMR (101MHz, D2O) δ 177.41, 101.37, 81.20, 

73.27, 71.96, 60.39, 49.01ppm. 

 

8.2.3. Synthesis of pentane-2,4-diylidenebis(hydrazine) 

Acetylacetone (2mL, 1 equiv.) was mixed with EtOH (50mL), followed by addition of hydrazine (2 

equiv.) in EtOH (20mL) dropwise (Figure 8.1). The mixture was stirred for an hour at room 

temperature and then refluxed for 5 hours and cooled to room temperature. The solution was then 

concentrated under reduced pressure. NMR: 1H NMR (300MHz, DMSO) δ 12.05, 9.01, 5.73, 3.45, 

2.50, 2.50, 2.12ppm. 13C NMR (75MHz, DMSO) δ 139.01, 103.62, 39.89, 13.30ppm. 

 

 

Figure 8.1: Synthesis of pentane-2, 4-diylidenebis (hydrazine). 

 

8.2.4. Synthesis of epoxy functionalized mesoporous silica nanoparticle 

0.1M solution of NaOH was freshly prepared. Following the predicted optimum conditions in 

Chapter 6, the solution (82.5mL) was added into a round bottom flask, followed by addition of 

CTAB (3.0g). This was allowed to dissolve followed by addition of chloroform (97.5mL). The 

emulsion was allowed to reflux for 30 minutes, followed by addition of TEOS (15mL) dropwise. 

The solution was refluxed for 3 hours. It was then cooled to room temperature followed by 

evaporation of the solvent under high air current (fume-hood). This was then stored overnight in 

an oven. The particles where then calcined for 3 hours at 550°C. Approximately 1g of MSNs were 

then added into 100mL toluene solution. Glycidyloxypropyl trimethoxysilane (15mL) was then 

added. The reaction was allowed to reflux for 24 hours. The particles were then washed 3 times 

with ethanol. 

 

8.2.5. Natural polymer gate keeping 

8.2.5.1. Cyclodextrin gate-keeping 

Cyclodextrin was used as gate keeper (Figure 8.2). A solution of pentane-2,4-

diylidenebis(hydrazine) was added to a dispersed solution of epoxy functionalized MSNs. The 

reaction was allowed to stir at 50°C for 5 hours. The conjugated particles where then centrifuge 

and washed with ethanol-DMSO mixture to remove excess pentane-2,4-diylidenebis(hydrazine). 
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The particles where then allowed to coat with a suspension of carboxymethyl-α-CD overnight. 

The particles where then centrifuged and washed to remove excess carboxymethyl-α-CD. The 

particles were then washed with water and lyophilized prior further use. 

 

 

Figure 8.2: Conjugation of hydrazones to MSNs and CD. 

 

8.2.5.2. Gelatin gate-keeping 

MSNs were gently shaken with an aqueous gelatin solution (1%) at 50 °C for 6 hours to achieve 

pore saturation (Figure 8.3). This was followed by addition of a 1% pentane-2,4-

diylidenebis(hydrazine) solution was added to cross-link the gelatin. The reaction was allowed to 

stir overnight. Then, the samples were centrifuged, rinsed by water three times. The particles 

were then lyophilized prior further use. 
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Figure 8.3: Conjugation of gelatin pH responsive gate. 
 

8.2.6. Analysis of molecular binding using NMR 

Synthesized linker and functionalized cyclodextrin were analyzed with Bruker AMX 400 NMR 

spectrometer (Bruker Corporation, Massachusetts, United States) using DMSO-d6.  

 

8.2.7. Analysis of molecular structural groups using infrared 

The lyophilized mesoporous silica nanoparticles were analyzed on a Perkin Elmer 2000 FTIR 

spectrometer (PerkinElmer, Massachusetts, United States) using 100 scans over a range of 550-

4000cm-1 at resolution 4cm−1. 

 

8.2.8. Morphological analysis using transmission microscopy 

Particles were suspended in methanol followed by sonication for 10 minutes for dispersion. The 

particle suspension was then coated on a copper grid. These were allowed to dry overnight. The 

particles were then analyzed on a Zeiss Libra 120 TEM operating at operating voltage of 100kV 

(Carl Zeiss, Oberkochen, Germany).  

 

8.2.9. X-ray diffraction patterns analysis 

Bruker D8 Discover (Billerica, Massachusetts, USA) was used for analysis of uncoated MSN and 

coated MSN crystallinity. Data were collected in the range of 2θ = 10° to 100°, scanning at 
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1.5° min−1 with a filter time-constant of 0.38 s per step and a slit width of 6.0mm. The MSN samples 

were placed on a silicon wafer slide. The X-ray diffraction data patterns were treated using the 

Eva (evaluation curve fitting) software. Baseline correction was performed by subtracting a spline 

function fitted to the curved background on each diffraction pattern [17]. 

 

8.2.10. Thermostability studies  

TGA analysis was performed using a PerkinElmer TGA 4000 (PerkinElmer, Massachusetts, 

United States) at a heating rate of 10°C/min under a nitrogen purge of 20mL/min in a 25-600°C 

range. Pure MSNs, Drug loaded gelatin coated and cyclodextrin coated nanoparticles were 

analyzed. 

 

8.2.11. Mean size, particle distribution and stability  

Particles mean particle size, polydispersity and zeta potential were determined by dynamic light 

scattering (DLS) using a Zetasizer Nano Instrument (Malvern Instruments, Worcestershire, UK). 

A suitable amount of nanoparticles was dispersed in ddH2O to create a total concentration of 1%. 

All measurements were then performed in triplicates at a scattering angle of 173° and the results 

were reported in terms of mean diameter ± SD. 

 

8.2.12. Direct drug content analysis 

The lyophilized 1g of respective coated nanoparticles was dispersed in drug solutions (MeOH) 

containing 150mg rifampicin, 100mg isoniazid and 1g ascorbic acid as the stabilizer [18, 19]. The 

immersed particles were allowed to stir for 48 hours to allow drug to diffuse into the pore cavities. 

The particles were then centrifuged and briefly washed and lyophilized. 10mg of drug loaded 

nanoparticles were then suspended in 1M HCl solution and sonicated for 2 hours to break the 

hydrazone bond and allow drug to diffuse. The supernatant was then analyzed on a PerkinElmer 

Lamda 25 UV-VIS (PerkinElmer, Massachusetts, United States). The scan range of 200-450nm 

was used for simultaneous analysis of the drugs.  

 

𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑀𝑈𝑉 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑉𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒⁄       (8.1)  

 

𝐸𝐸(%) = (𝑀𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑜𝑎𝑑⁄ ) × 100       (8.2) 
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8.2.13. In vitro drug release models 

Drug release was evaluated in duplicate. 0.1M sodium acetate buffer of pH 4.5 and 5.5 were 

made from acetic acid and anhydrous sodium acetate in ddH2O. 0.1M of pH 7.4 phosphate buffer 

was made from monobasic sodium phosphate and dibasic sodium phosphate. NaOH and HCl 

were used to adjust the pH to required levels using a pH meter. 10mg of each formulation was 

then added into a dialysis tube (cut-off 20kDa) and filled with 1mL of respective buffer before 

sealing the tube. The tubes were then suspended into 20mL of media at 37±0.5°C. 2mL of the 

media was taken out for analysis at respective time intervals and replaced with 2mL fresh medium 

to maintained sink conditions. The study was conducted over a period of 24 hours. The withdraw 

medium was analyzed over on a PerkinElmer Lamda 25 UV-VIS (PerkinElmer, Massachusetts, 

United States) using a scan range of 200-400nm, followed by chemometric extraction of the 

release drug concentration. Cumulative drug release for each drug was then plotted against time 

after analysis with DDSolver excel add-in with volume replacement. The software was also used 

for modeling different mathematical functions (model dependent functions), which describe the 

dissolution profile. The model dependent approaches included zero order, first order, Higuchi, 

Hixson-Crowell and Korsmeyer-Peppas regression models [20]. 

 

Zero-order 

This model evaluates drug dissolution from dosage forms which do not disaggregate and have a 

slow drug release profile. This is the ideal model for drug delivery whereby the system releases 

the drug at a constant rate. This can be represented by the equation:  

 

𝑄𝑡 = 𝑄0 + 𝐾0𝑡           (8.3) 

 

Where Qt is the amount of drug dissolved in time t, Q0 is the initial amount of drug in the solution 

and K0 represents the zero-order release constant expressed in units of concentration/time. This 

is plotted as cumulative % drug released vs. time 

 

First order 

This model focuses on the water-soluble drug release that is proportional to the amount of drug 

that still remains inside the a porous matrix, whereby the amount of drug released by unit of time 

diminishes [21]. The drug release profile which follows the first order kinetics can be expressed 

by the equation: 
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𝑙𝑜𝑔 𝐶 = 𝑙𝑜𝑔 𝐶0 − 𝐾𝑡 2.303⁄          (8.4) 

 

Where C0 is the initial concentration of drug, k is the first order rate constant, and t is the time. 

This is plotted as log cumulative of % drug remaining vs. time. 

 

Higuchi 

The Higuchi model is used to describe the release of a drug from an insoluble matrix as the square 

root of a time-dependent process based on Fickian diffusion. Thus, during drug release there are 

simultaneous processes such as penetration of the surrounding liquid into the matrix, dissolution 

of the drug, and leaching out of the drug through interstitial channels or pores from the matrix.  

 

𝑄𝑡 = 𝐾𝐻(𝑡)0.5           (8.5) 

 

Where KH is the release rate constant for the Higuchi model. This is plotted as cumulative % drug 

released vs. square root of time. 

 

Hixson-Crowell 

This model describes drug release from a where there is a change in surface area and diameter 

of the release matrix.  

 

√𝑄0
3 − √𝑄𝑡

3 = 𝐾𝐻𝐶𝑡          (8.6) 

 

Where, Qt is the amount of drug released in time t, Q0 is the initial amount of the drug in the matrix 

and KHC is the rate constant for Hixson-Crowell rate equation. This is plotted as cube root of drug 

% remaining in matrix vs. time.  

 

Korsmeyer-Peppas 

This model drug release from a polymeric system whereby various several simultaneous 

processes considered to be occurring in the model: diffusion of water into the matrix, swelling of 

the matrix as water enters, gelation, drug diffusion and then dissolution of the polymer matrix.  

 

𝑀𝑡 𝑀∞ = 𝐾𝑡𝑛⁄            (8.7) 
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where Mt/ M∞ is a fraction of drug released at time t, K is the release rate constant and n is the 

release exponent. This is plotted as log cumulative % drug released vs. log time.  In order to find 

out the mechanism of drug release, the first 60% drug release data were fitted in Korsmeyer-

Peppas model. The n value as illustrated in table 8.1 can then be used for understanding of the 

release mechanism.  

 

Table 8.1: Interpretation of diffusional release mechanisms  

Release exponent (n) Drug transport mechanism 

0.5 Fickian diffusion 
0.5 < n = 1 Non-Fickian diffusion 
1 Case II Transport 
>1 Super Case II Transport 

 

8.2.14. Statistical analysis 

The data is presented as mean ±standard deviation. Significant differences between group means 

were evaluated using one-way Anova, P value < 0.05. The analysis was performed using 

OriginPro (OriginLab Corporation, MA, USA). 

 

8.3. Results and discussion 

8.3.1. Microscopic analysis of coated mesoporous silica nanoparticles 

The TEM micrographs of the prepared mesoporous silica nanoparticles revealed that the particles 

have spherical shape (Figure 8.4). The particle core transparence indicates the mesoporous 

structure. Literature on TEM images indicates that the colorization can indicate the degree of 

crystallinity of the particles. Dark regions on the particles are stated to be indication of the 

presence of a crystalline region. Whilst on the contrary, a bright region should correspond to an 

amorphous phase. This can be seen with both uncoated and coated nanoparticles which depict 

an amorphous phase [22]. The abundant dark region in the cluster can be attributed to the 

shadow/lack of light diffusion through the particles due to particles aggregation during analysis 

within the chamber. The particles were shown to have variation in size. For uncoated MSN, the 

particles had a size of 83.09±14.06nm. For epoxy functionalized nanoparticles, the observed size 

was 73.62±11.14nm. Cyclodextrin coated nanoparticles had a size of 74.43±1.57nm. Gelatin 

coated had a size of 111.55±14.46nm.  
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Figure 8.4: TEM images of mesoporous silica nanoparticles a) MSNs b) epoxy-MSNs c) Gelatin-

MSNs d) CD-MSNs 

 

8.3.2. Dynamic light scattering analysis 

Dynamic light scattering technique was used to assess the hydrodynamic radius and 

polydispersity index (PDI) which will enable the determination of the presence of agglomeration. 

The comparison between DLS and TEM particle radiuses show different particle size distribution. 

DLS allows the evaluation of particle size and distribution within suspension. This also accounts 

also to agglomerating particles which shows deviation in size to TEM data. Zeta potential was 

also evaluated as it is an important parameter for explaining the stability of colloid against the 

agglomeration. The study showed that the uncoated MSN were highly stable as they have a zeta 

potential of -41.5mV (Figure 8.5 and table 8.2). The size seemed to occur within a similar range 

of between 0.5-1μm. This size also accounts agglomerating particles. Gelatin indicates to have 

even high particle size which could be due to gelation of the MSN coat and rapid agglomeration 
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(Figure 8.6). The shifts in zeta potential amongst the formulations indicate that the particles have 

different surface charge which could be attributed to the surface functional groups. The particles 

started with a negative charge which then shifted to positive region (Figure 8.5). Gelatin and 

cyclodextrin shielding of the inert silica negative charge. SiO2 is stated to be inherently an acidic 

oxide, whereby the pH of an aqueous suspension of silica will be slightly acidic due to the water 

pH being above silica isoelectric point (IEP) [23]. This can be deduced as a confirmation of 

successful coating.  

 

 

Figure 8.5: Zeta potential drifts of mesoporous silica nanoparticles  

 

Figure 8.6: Size drifts of mesoporous silica nanoparticles 
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Table 8.2: Summary of observed DLS data 

Formulation Size (nm) PDI ζ-potential (mV) 

MSN-Pure 542.7±22 0.923 -41.5 
MSN-Epoxy 667.4±12 0.742 -21.3 
MSN-Hydrazone 996.1±45 0.644 14.5 
MSN-Cyclodextrin 581.6±33 0.371 2.81 
MSN-Gelatin 444.4±22 0.497 10.7 

 

8.3.3. Analysis of functional groups  

FTIR was used to for evaluation of various vibration modes of different groups of the MSN before 

and after coating with cyclodextrin or gelatin (Figure 8.7). Peaks around 1096.5 and 807.3cm-1 

were observed on all the spectra, which are the characteristic peak of the antisymmetric and 

symmetric stretching vibrational mode of the Si–O–Si siloxane bridges [24]. Inspection of the 

calcined nanoparticles indicates the presence of is O–H vibrational mode free silanol as well as 

adsorbed water at 3300–3700cm–1 region. The presence of water is also supported by peak at 

∼1634cm–1. For the epoxy functionalized nanoparticle, C–H stretching vibration bands around 

2927–2944cm–1 are characteristic of epoxides [25]. For the cyclodextrin coated MSN, under 

normally circumstances the characteristic absorption bands of cyclodextrin are stated to appear 

at ∼1030, 1080 and 1155 cm−1 for C─C and C─O stretching vibrations and the asymmetric 

stretching of C─O─C glycosidic bonds [26]. In our study, the bands between 1050 and 1200cm−1 

which relate to the various C─O stretching vibrations of the cyclodextrins were also overlapped 

with a strong and broad Si─O─Si asymmetric stretching vibration of the MSNs appeared at 

∼1100cm−1. Both ζ-potential and XRD support successful adsorption. For gelatin coated MSN, 

this indicated the presence of amide I (1650cm−1) and amide II (1545cm−1) indication of gelatin 

adsorption [27].  
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Figure 8.7: FTIR spectra overlay of MSN coated with gelatin and cyclodextrin gates 

 

8.3.4. Crystallinity of modified mesoporous silica nanoparticle 

XRD confirmed the surface modification of the mesoporous silica nanoparticles (Figure 8.8). All 

the diffractograms indicated a conserved pattern of the mesoporous silica nanoparticles [28]. 

Surface modification of the particles led to some degree of variation in the conserved pattern. For 

cyclodextrin functionalized MSN, the observed shift to lower diffraction angles and the decrease 

in reflection intensity was observed. This is stated to be attributed by the incorporation of 

cyclodextrin molecule into the mesostructured silica pore channels indicating successful gate-

keeping [29]. The addition of epoxy and gelatin shows the presence of amorphous state.  
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Figure 8.8: XRD diffraction patterns of MSN before and after coating 

 

8.3.5. Analysis of particles thermostability and degradation temperature 

It is stated that TGA can also aid in quantification of the overall amount of loaded drug [30]. This 

is however not possible with these systems are some of the degradation points of the drugs are 

near each other or those of the coat. Due to the MSN being un-degradable within the used range, 

the degradation of the coating layer and drug can be able to estimate the amount of drug within 

the carrier system. The multiple degradation patterns illustrated in figure 8.9 shows the 

degradation of coating layers in comparison to the uncoated MSNs. The patterns show adsorbed 

and bound water loss up to 200°C. The uneven observed big drop in temperature could be to 

equipment error or due to adsorbed water affecting the protein-protein interaction by decreasing 

the thermal stability (degradation associated with hydrolysis) of the gelatin system [31]. For gelatin 

it is reported range of around 250-291°C shows a transition that is associated with protein thermal 

degradation or decomposition. For cyclodextrin major pyrolysis of cyclodextrins was observed 

above 300 °C with primary loss of adsorbed water similar to gelatin [26].  
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Figure 8.9: TGA graphs of MSN before and after coating 

 

8.3.6. Evaluation of drug content 

The chemometric tool designed in Chapter 3 was utilized for simultaneous drug analysis. Table 

8.3 shows the drug entrapment efficiency. The data indicates that gelatin-based carriers were 

able to encapsulate more drug than cyclodextrin coated MSN. The increased load in gelatin is 

due to swelling of gelatin allowing more drug to diffuse into the pore cavities. In terms of 

cyclodextrin, this was hampered due to slow diffusion of the drug into the pores. The low loading 

is also attributed by the drug-drug interaction and drug interaction with the coat thus leading to 

reduce diffusion of drug into the core. This phenomenon is well reported in MSN drug uptake 

whereby the MSN pore size has been shown to affect drug loading. The determination of ascorbic 

acid was inaccurate due to interference from the gelatin leaching from the surface. This affected 

the accuracy of the drug. 
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Table 8.3: Drug entrapment efficiency 

Formulation Isoniazid Rifampicin Ascorbic Acid 

 Entrapment Efficiency (%) 

Gelatin-MSN 35.45% 57.38% - 
α-CD-MSN 25.47% 24.04% 44.52% 

 

8.3.7. Drug release profiles 

Various model dependent methods were utilized to assess the drug release kinetics from each 

media and drug, respectively.  Cumulative drug release was initially evaluated for each drug, 

followed by fitting the release profile to fit the models. Drug release was evaluated under varying 

pHs. Figure 8.10 depicts drug release of RIF and figure 8.11 depicts release of INH. However, 

the evaluation of ascorbic acid release was not plotted as the analysis showed inaccurate values 

from the analysis overtime. This is hypothesized to be caused by strong inclusion complex of 

ascorbic acid with cyclodextrin which could have had a stronger association constant than the 

other used drugs [32]. This is also observable with RIF as release does not reach 100%. Based 

on the drug release, the standard deviation occurs to increase as the media becomes acidic. This 

could be associated with drug-drug interaction previous discussed between isoniazid and 

rifampicin. This increase is only overserved as the duration of the study increases. This shows 

the hypothesis that ascorbic acid does have some protective function on prevent rifampicin 

decomposition in acidic conditions. Overall, the drug release occurred to be more profound as the 

acidity increases. Thus, showing the hydrazone linker is hydrolyzed as the pH drops. The release 

in pH 7.4 could be attributed by drug leaching or unstable hydrazone at this near neutral pH. 
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Figure 8.10: Cumulative drug release of RIF from cyclodextrin coated nanoparticles 

 

Figure 8.10 indicates the drug release using various profile release models. Table 8.4 illustrates 

the observed adjusted R2 values, the release rate constants, and the release mechanism (n 

value). Based on the model it shows that the n value lies within the range for non-Fickian release 

mechanism. This was obtained by the first 60% drug release data into Korsmeyer-Peppas model. 

The non-Fickian release mechanism indicates that multiple processes play a role in drug release. 

Surface erosion, swelling and dissolution are possible processes that could be occurring [33]. 

This shows that the carrier system follows Hixson-Crowell in pH 4.5 based on the adjusted R2 

value. This supports the Hixon-Crowell model well, due to the correlation of drug release from 

system due to polymer erosion and/or dissolution which resulted in a change in surface area and 

diameter of particles. The surface area can be changed by swelling or removal of the coat due to 

breakage of the hydrazone bonds. This model was then followed by first order and then 

Korsmeyer-Peppas models. Due to various in rate of gelatin swelling and water diffusion into the 

matrix, the rate of gelatin relaxation affected the drug release that supported first order and 
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Korsmeyer-Peppas [34]. Evaluation of the mean dissolution time (MDT) had values of 218.47 for 

pH 4.5, 282.78 for pH 5.5 and 381.33 for pH 7.4. 
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Figure 8.11: Cumulative drug release of INH from cyclodextrin coated nanoparticles 

 

Table 8.4: Drug release kinetic models 

 pH 4.5 pH 5.5 pH 7.4 

 Zero Order 

Adjusted R2 0.4637 0.4689 0.7704 
k 0.110 0.101 0.094 

 First Order 

Adjusted R2 0.9656 0.9512 0.9401 
K1 0.004 0.003 0.002 

 Higuchi 

AdjustedR2 0.8708 0.9299 0.8984 
kH 3.443 3.160 2.788 

 Hixson-Crowell 

Adjusted R2 0.9666 0.9571 0.9333 
kHC 0.001 0.001 0.001 
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 Korsmeyer-Peppas 

Adjusted R2 0.9371 0.9032 0.9262 
KkP 0.809 0.780 2.677 
n 0.774 0.671 0.548 
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Figure 8.12: Drug release kinetics of rifampicin release from gelatin coated MSNs 
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8.4. Concluding remarks 

Based on the study, gelatin occurs to be the ideal gate-keeper for mesoporous silica nanoparticles 

at it was able to entrap most of the drug and it is susceptible to degradation by proteinase in the 

inflamed lungs. However, the amount entrapment is not of satisfactory amount in comparisons to 

formulation studies whereby drug loading was increased 3-fold. This can however be 

hypothesized that drug loading prior coating is the ideal is warranted to increase drug capacity. 

This would allow the drug to diffuse easier into the pores without major strain caused by the gate. 

The pH response was found to agree with hydrolysis studies whereby hydrolysis is more rapid in 

acidic media than near neutral. However due to gelatin layer swelling inside the drug release 

medium, this led to increasing drug diffusion overtime. This therefore wants a requirement to 

improve control of drug diffusion through increase in crosslinker concentration or crosslinking 

time. The rate of hydrazine hydrolysis correlates well with Chapter 4, which shows that rate of 

hydrolysis at the observed pH’s 7.4 and 4.5 are nearly similar. This linker was chosen as it had 

highest yield for application in dissolution studies. The study however shows possible application 

of MSNs are pH responsive carriers for pulmonary drug delivery through coating with gelatin. 

Gelatin is more favorable than cyclodextrin in pulmonary drug delivery in delivery therapeutics in 

diseased lungs due to expression of gelatinases (matrix metalloproteinases) overexpression [33, 

34]. Gelatin coated nanoparticles have also been shown to be taken up by macrophages with 

reduced inflammation responses compared to bare MSNs [35]. Future will require improving the 

yield of latent acid hydrazine for dissolution studies. 
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9. : DEVELOPMENT OF COMPUTATIONAL FLUID DYNAMICS MODEL OF 

TUBERCULOSIS INFECTED LUNGS 

 

 

9.1. Introduction  

For successful pulmonary drug delivery it has been shown that various factors can affect aerosol 

particle deposition in the airways, such as the physical and hydrodynamic characteristics of the 

particles, the inhalation flowrate, the health state of the individual and the geometrical and 

morphological details of the airways [1]. The profound changes in the airways are caused by the 

disease state of the lungs. Lung disease states such as bronchoconstriction, inflammation and 

airway narrowing can alter lung deposition. Due to changes the architecture of the lung through 

alterations in bifurcation angles and obstruction of the airways caused mostly by mucus 

accumulation, this affects aerodynamics thus modifying the deposition and distribution patterns 

of aerosols [2]. Tuberculosis is an infectious disease cause by bacillus Mycobacterium 

tuberculosis (M. tuberculosis) which affects the lungs. This is ranked the second leading cause of 

death after the human immunodeficiency virus (HIV) [3]. During pulmonary TB infection lung 

remodelling occurs such as cavitation, fibrosis (facilitate latency and selection of drug resistance), 

and distorted architecture thus leading to volume loss (airway restriction), and tuberculous 

bronchiectasis and bronchostenosis [4]. matrix metalloproteinases (MMPs) such as MMP-9 is one 

of the enzymes that has been shown to cause lung remodelling during granuloma formation and 

macrophage recruitment [5]. 

 

In terms of particles physical and hydrodynamic characteristics, Literature reviews indicate that 

1-5µm size is essential in pulmonary drug delivery [6]. However, other literature show that 

inhalable nanoparticles have a more profound advantage to microparticles as they can achieve a 

high drug loading and have a better mucosal cell adherence (can enhance net drug delivery to 

the lungs) [7]. it also shows that nanoparticles are also efficiently taken up by alveolar 

macrophages [8]. In order to facilitate nanoparticle deposition and uptake with an aerodynamic 

diameter of < 0.5μm, which are known to be susceptible to be exhaled, if they are not aggregated 

and/or if insufficient time is available for their deposition [9]. Their deposition can therefore be 

promoted by slow deep breathing and breath holding[10]. A large number of studies have 

developed various formulations for pulmonary drug delivery via dry powder inhalers. These 

powder formulations carrying antitubercular drugs (anti-TB drugs) such as isoniazid, rifampicin, 

ethambutol and pyrazinamide can be delivered directly to the lung. Upon inhalation, they are 
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taken up by alveolar macrophages where the bacteria develop. Thus, this form of local delivery 

can lead to high drug concentration localized in the lung which can lead to reducing of the duration 

of treatment (conventional treatment-6–9 months) and preventing multi-drug resistance (MDR). 

 

There are limitations in studying aerosol deposition in vivo using animals or humans due to ethical 

and safety concerns with studying aerosol deposition. The use in silico models based on 

Computational Fluid Dynamics (CFD) can help in filling this gap by providing an unprecedented 

level of information that would allow rapid evaluation of formulations strategies. Within the airways 

unsteady turbulent flows are observed due to airways bifurcation. The use of whole-lung models 

can be used to estimate particle deposition efficiencies in various respiratory tract regions (Figure 

9.1) utilizing specific flow conditions for deposition mechanisms (diffusion, impaction, interception, 

and gravitation). CFD has widely been used for analysis of fluid flows, which focused on solving 

of dynamic equations governing fluid motion numerically over a physical region of interest. 

Currently, there are there are three techniques for solving turbulent flow equations using a 

computer: direct numerical simulations (DNS), Reynolds averaged Navier–Stokes (RANS) and 

large eddy simulations (LES).  
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Figure 9.1: Diagram depicting various airway generations used in CFD modelling (Adapted from 

[11]) 

 

For tracking of particle trajectories and prediction of regions of particle interception with the airway 

wall surface, Lagrangian methods have proven useful. For particles that intercept with these 

surfaces can be considered to have deposited, allowing for a quantification of deposition efficiency 

for a given airway geometry [12]. Due to the disease state affecting the geometry of the airways, 

recent study has been conducted on in silico modelling of asthma whereby  MRI and SPECT 

images were used for building the model [13]. The results indicated that the in silico model was 

able to provide a crucial information for addressing effects of disease on the administration of 

aerosolized drugs. This suggested that modelling should be used in a complementary manner 

with future inhalation therapy protocols. In this section, MRI data is used to model the TB diseased 

lung and evaluate the deposition of nanoparticles within the diseased lung. 
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9.2. Methods  

9.2.1. Design of the airway geometry 

The use of MRI has allowed detailed visualization of various anatomical features in profound 

details (Figure 9.2). The MRI scans were obtained from the Lung Image Database Consortium 

(LIDC) of a patient with tuberculosis. The MRI scans in DICM format (125 images) were then 

imported into 3D slicer v4.3. Volume rendering was then utilized. The lung pre-sets were selected 

during volume rendering to assist in cropping region of interest. The ROI was generated, followed 

by creation of label map by selecting the region of interest. This was then followed by building of 

the lung model and saving it in an STL format for mesh design.  

 

 

Figure 9.2: MRI scans of tuberculosis infected lung (A) axial view) and (B) coronal view 

 

The developed segmented lung region was then imported into 3D metrics medical in an STL 

format. This was then used to remove layers of skin that were segmented with the lung. Figure 

9.3 illustrate the obtained lung model after refining out some of the unwanted layers. The model 

indicates that the pulmonary region is present within the model.  
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Figure 9.3: Images of the segmented lungs   

 

9.2.2. Drug deposition prediction using OpenFoam 

For the assessment of nanoparticles deposition, table 9.1 indicates the parameters that can be 

used for CFD prediction. Nanoparticles are known to deposit via Brownian motion, thus wants the 

use of gravity and drag force as the forces driving deposition. pimpleDyM is a transient solver that 

can be used on a moving mesh for solving incompressible, turbulent flow of Newtonian fluids. For 

particles tracking, icoUncoupledKinematicParcel is also an OpenFoam transient solver used for 

the analysis of passive transport of a single kinematic particle cloud. 

 

Table 9.1: Proposed OpenFoam parameters (Adapted from [14]) 

OpenFOAM V1661 

Mesh snappyHexMesh 

Solver pimpleDyM & icoUncoupledKinematicParcel 

Spatial Discretisation Linear/Upwind 

Temporal Discretisation Fully Implicit 
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Mesh Motion Kinetic, self-similar & sinusvidal 

Fluid-Particle Coupling One way coupled 

Particle Forces Standard gravity & Drag 

 

9.3. Results and discussion 

A CFD model was developed to aid in studying the deposition of synthesized nanoparticles in the 

airway remodelled by TB (Figure 9.4). A mesh file was designed to be imported into OpenFoam 

software and analysed with the aforementioned parameters in table 9.1. The mesh was designed 

using snappyHexMesh utility. The mesh retained the morphology and dimensions of the 

segmented lung from the MRI scans. It was found the synthesized particles had some degree of 

polydispersity. Further analysis using cascade impaction and particle aerosol particle mass 

analyser (APM) could aid in accurately characterization of the particles aerodynamic features 

prior CFD analysis. Due to aforementioned polydisperse/aggregation features, aerosol modelling 

will require to discretize the PSD into sections followed by solving transport equation for each 

particle size [15]. This would therefore become computationally expensive for the numerical 

techniques to follow.  

 

 

Figure 9.4: Generated mesh of the whole lung model. 
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9.4. Concluding remarks 

A realistic lung model was successfully developed for the deposition of particles in a disease 

remodelled lungs. CFD studies were not conducted as accuracy of the prediction depends on a 

number of aerodynamic properties which were not evaluated in the whole study. Various 

instruments were required to accurately assess the prediction of the synthesized particles. The 

differential mobility analyser (DMA) was required for the assessment of the particle electrical 

mobility which is crucial for DPI as particles are known to accumulate a charge after dispersion. 

This charge can affect final deposition as illustrated in literature review section. For accurate 

assessment various parameters such as effective density, mass–mobility exponent, aerodynamic 

diameter, and dynamic shape factors are required for CFD modelling. These can be measured 

with tandem systems of a DMA and a mass classifier (aerosol particle mass analyser (APM) or 

centrifugal particle mass analyser (CPMA), and a DMA and an impactor. Tandem evaluation of 

the particles was limited in this study to be complete, resource availability [16]. Despite these 

limitations, a good model depicting to alveolar ducts has been successfully developed for future 

implementation of CFD works for study in TB drug delivery carrier systems. The emitted particle 

dose from a DPI can also be evaluated for this model in the future once the dispersed particle 

aerodynamic features have been characterized.  
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10. : CONCLUDING REMARKS, RECOMMENDATIONS AND OUTLOOK 

 

 

10.1. Concluding remarks 

Pulmonary Tuberculosis remains one of the second leading cause of death after HIV AIDS. One 

in five people who have HIV infection can be found in South Africa [1]. These numbers also 

constitute TB-HIV co-infection. Current method for TB treatment depends of the use of rifampicin, 

isoniazid, ethambutol and pyrazinamide (six months regimen). In 2001–2002, a surveillance on 

TB drug resistance found that 1.8% of new TB patients and 6.7% of previously treated TB patients 

had developed multidrug resistant (MDR)-TB [2]. These showed resistances to isoniazid, 

rifampicin, ethambutol, and streptomycin. Resistance has been linked to low rates of treatment 

completion, irregular and inadequate treatment plan (non-compliance) [3, 4]. The introduction of 

the directly observed therapy (DOT) was designed to improve inadequate treatment plan due to 

patient non-compliance. The DOT program centers around a surrogate/nurse to aid observe that 

the patient takes their medication when required to do so. The used of fixed dose combination 

has also been able to improve compliance. However, in South Africa where patients may have 

both TB and HIV, this leads to some patients failing to absorb the antituberculotic drugs and 

occurrence of drug-drug interaction [5]. Rifampicin and ethambutol are the drugs that have the 

most pronounced reduction in intestinal absorption [6]. This increases the risk of treatment failure, 

relapse and acquisition, toxicity of drug-resistant strains. Thus, warrants an alternative mode of 

delivery that would not be affected by gastrointestinal malabsorption.  

 

Drug delivery can be used as a tool to improve drug solubility, stability and bioavailability issues, 

enhance compliance and adherence and enable targeted delivery to alveolar macrophages which 

are a reservoirs for TB infection [7]. Thus, local administration of antituberculotic drugs can aid in 

improving TB treatment plan. Two types of carrier systems were synthesized in this project. This 

started by evaluation of features that could improve drug loading capacity in mesoporous silica 

nanoparticles. The study was a success as drug loading was improved by more than threefold in 

comparison to recent literature studies. The gelatin nanoparticles were also synthesized as an 

alternative carrier to inorganic MSNs. The surfactant concertation occurred to play a major role in 

the folding of gelatin during synthesis which ultimately affected drug release rate and degree of 

swelling ratio. They also indicated high drug encapsulation. Due to these nanoparticles possible 

applicability in targeting of macrophages and releasing drug within the cells, pH responsive linkers 

were also synthesized. It was observed that through the addition of latent acids into the 
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hydrazones, degree of hydrolysis and stability in neutral and acidic pH could be controlled. The 

attempt to incorporate a hygroscopic layer was removed from this study as further research in dry 

powder delivery showed that stability was a concern when carriers where hygroscopic. The 

evaluation of deposition mechanism in silico was also halted due to concern of data accuracy as 

several aerodynamic properties still had to be evaluated. However, a model for studying drug 

delivery into TB infected lungs has been designed for future applications.  

 

10.2. Recommendations 

The thesis has shown that physicochemical properties of MSNs can be attenuated to support 

loading of drug combination. The drug release from using chitosan was successful as it is a natural 

pH responsive polymer.  The use of our novel linker showed promise and a good linker for using 

with various gate keepers. It is therefore recommended that for future studies, the latent acid 

carrying hydrazone be used for drug release studies after yields of the compound have been 

improved. It further shows that online literatures that encourage drug loading via diffusion after 

polymer coating can hamper the attenuated properties of improving drug loading. It is therefore 

proposed that drugs be loading first then followed by coating with the gate keeping polymers. In 

terms of gelatin-based nanoparticles, the use of a homogenizer instead of the use still magnetic 

stirrer during coacervation process. It further showed that protein nanoparticles can also be 

synthesized using our newly developed novel method with the use of nonionic surfactants not 

used before. Due to the use of nanoparticles in this study, long term exposure may have 

unforeseen potential toxicity. For evaluation of possible toxicity, the Calu-3 which is one of the 

commonly used for tracheobronchial epithelial cell studies can be utilized. An MTT assay can be 

utilized for this study [8]. To study the uptake of nanoparticles, internalization of nanoparticles by 

macrophage cells can be assessed using confocal microscopy and flow cytometry studies. Any 

morphological changes would be able to confirm macrophage activation [9]. Apart from long term 

exposure to the body, the stability the drug loaded nanoparticles can also be evaluated. TGA 

decomposition kinetics can be utilized to determine lifetime stability. 

 

Overall, the thesis represented several novel techniques for developing nanocarrier systems that 

are capable of encapsulating various drugs. This shows that the carrier systems can be utilized 

for drug delivery treatment of more than TB. Systemic drug delivery via pulmonary drug delivery 

is of great interest and requires animal studies to assess the distribution of the nanoparticles after 

inhalation. This would then provide more realistic information on the possible long-term effect of 

the carrier system. Under dosing of antituberculotic drugs is of great concern. Pulmonary drug 
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delivery technologies have focused initially on the device features. Current studies have 

considered particles characteristics for aerosolization. This work has designed particles with the 

expected range to reach the deep lung and cellular uptake by macrophages. The use of 

equipment like cascade impactor is vital in determination of the emitted dose to assess the amount 

of drug that the DPI can release. This is of great importance to avoid under-dosing. The infected 

lung also can affect lung deposition as seen in literature review section. Our CFD model has been 

designed for TB infected drugs for future studies.  

 

10.3. Outlook 

The current work has shown that current MSN can be greatly improved for incorporation of 

multiple drugs in comparison to conventional synthetic method. The work shows great promise 

after the development of novel pH linkers which can be conjugated to various carrier systems. 

Novel method for the design of gelatin nanoparticles was also developed which showed that the 

drug release kinetics can be improved by affecting the folding states of the protein. This 

information is vital development of protein based nanocarrier systems. The application of our 

carrier systems in South African TB treatment plan can help reduce TB treatment related issues 

during simultaneous TB and AIDS treatment. The malabsorption of some of the antituberculotic 

drug can be evaded by delivering them directly to the lungs. The technology also helps reduce 

side effects profile thus help with improving patient compliance. The long treatment plan occurs 

to of major concern to adherence to TB as incomplete treatment is one of the risk factors of drug 

resistance. Recent studies in nanoparticle carrier systems for TB have that nebulization of 

nanoparticles to guinea pigs infected TB with at every 10th day resulted with no tubercle bacilli 

being detected in the lung after only five doses of treatment. This was of great improvement in 

comparison to 46 daily doses of orally administration in order to obtain an equivalent therapeutic 

benefit [10].  
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11. Appendix  

10.1. 11.1 Research Presentations 
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