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ABSTRACT
Inhaled drug delivery is ideal for treatment of asthma and chronic obstructive pulmonary
disease (COPD) as it allows a local action of the medication at the disease site.
Biodegradable polymeric nanoparticles which might allow extended/sustained release of
inhaled drugs are synthesized using various methods however; these do not permit high
encapsulation efficiency for hydrophilic drugs. The aim of the project was to test the
hypothesis that it was possible to develop an efficient method for the co-encapsulation of a
hydrophilic and lipophilic drug (theophylline and budesonide respectively) into
nanoparticles.
In order to improve the loading efficiency of both hydrophilic and hydrophobic drugs, a
modified double emulsification solvent diffusion (DESD) method was developed and both
co-encapsulated and mono-encapsulated nanoparticles (containing either drug) were
synthesized. Improved loading efficiency, studied using high performance liquid
chromatography (HPLC), for both drugs was obtained. Dynamic light scattering (DLS) and
scanning electron microscopy (SEM) showed that particles were in the sub-micron range
(150-400 nm). Measurement of zeta potential showed that the particles had a negative
surface charge and additionally Fourier-transform infra-red (FT-IR) spectroscopy confirmed
that this was due to the polymer and no drug was adsorbed on the external surface of the
nanoparticles. Resemblance of nanoparticles thermograms, obtained using differential
scanning calorimetry (DSC), to those of the polymer alone suggested successful
encapsulation of the drugs. Stability studies of the drug encapsulated nanoparticles
conducted at different temperatures indicated that storage conditions of 2-8°C over a period
of 6 months showed minimal changes in the particle size, zeta potential and morphological
characteristics of the nanoparticles. Storage (of the nanoparticles) at 40°C over the course of
6 months resulted in larger variations on the particle size and zeta potential but also loss of
morphological features of the nanoparticles, suggestive of changes in the polymer state at
this temperature.
Franz diffusion cells were used to study the release of drugs from the nanoparticles over 24
hours at room temperature and at 37oC. The results showed that release of theophylline and
budesonide from nanoparticles was biphasic and sustained compared to release of drug from
solutions containing an equivalent concentration of drug.
The effect of the nanoparticles on the viability of airway epithelial cells was studied using a
human bronchial epithelial cell line (16HBE14o-) using a 3-(4, 5-dimethyl-2-thiazolyl)-2, 5diphenyl-2H-tetrazolium bromide (MTT) assay. The nanoparticles had no significant effect
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on cell viability except at the highest concentration of the suspension studied (5 mg/mL)
(P<0.05). The permeability of 16HBE14o- cells, cultured at an air-liquid interface, to
theophylline and budesonide applied in solution and as mono-encapsulated and coencapsulated nanoparticles was studied. The nanoparticles and drug solutions did not affect
the tight junctions of the cells and similar to the results obtained in the Franz diffusion cells,
both drugs crossed the cells more slowly when applied as nanoparticles in comparison to the
solutions.
To study deposition of the nanoparticles; nebulized suspensions of the nanoparticles in deionized water and dry powder formulations using different grades of lactose were compared.
The prepared formulations were studied using a multi-stage liquid impinger (MSLI). The
results indicated that drug deposition was greatest in stages 1 and 2 of the MSLI where
particle size was greater than 6.8µm from the dry powder formulations in contrast to
deposition throughout the five stages of the MSLI from the nebulized suspension.
Morphological assessment of the dry powder formulations using SEM showed nanoparticles
adhered to the lactose but also included nanoparticles in the absence of lactose and vice
versa.
In conclusion, theophylline and budesonide nanoparticles were successfully formulated
using PLA by application of the DESD method. Nanoparticles possessed desired
physicochemical properties including submicron size range and negatively charged surface;
however a higher loading efficiency of the hydrophobic drug was obtained despite
modifications to the DESD method. Low toxicity of the nanoparticles to human bronchial
epithelial cells and sustained release over a period of 24 hours was achieved. Nanoparticles
were delivered successfully in the target site at a desired particle size range when formulated
as nebulized suspensions.
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Chapter 1: Introduction

CHAPTER 1 INTRODUCTION
Pulmonary drug delivery can be used for the delivery of drugs for both local and systemic
diseases. Airway diseases such as asthma, chronic obstructive pulmonary disease (COPD),
cystic fibrosis and local infections are treated using the inhaled route, delivering drugs
locally to the site of action. Advantages of local drug delivery include reduced overall dose
of drug being administered, reduced risk of systemic side effects and a rapid onset of action.
Local drug delivery results in side effects being limited to the delivery site. Systemic drug
delivery by the pulmonary route can be achieved as a result of the large surface area, small
diffusion barriers and features such as avoidance of first pass metabolism. The delivery of
insulin for the treatment of diabetes mellitus has been achieved by the pulmonary route [1, 2].

1.1. ANATOMY OF THE RESPIRATORY SYSTEM
The main function of the airways is the exchange of gases; oxygen for carbon dioxide. This
process is known as respiration

[3-5]

. The other functions of the respiratory system include

speech, filtration and metabolic activities. The structure of the airways efficiently prevents
the entry, and promotes the removal, of airborne foreign particles [3-6].
There are two main regions of the airways; the ‘conducting region’ and ‘respiratory region’
which are the central and peripheral region of the airways, respectively (Figure 1.1). The
central region is composed of the trachea, bronchi, bronchioles, terminal and respiratory
bronchioles. The respiratory region also consists of the respiratory bronchioles and the
alveolar region. The airways can also be described as the upper and lower airways; where
the upper airways consists of the nose, throat, pharynx, larynx and trachea and the lower
airways consists of the bronchi, bronchioles and alveolar region [3, 4, 6].
The trachea divides into two bronchi which divide further throughout the lungs. Alveoli are
present at the terminal part of the bronchi and are the functional unit of the lungs as the site
of gas exchange. The trachea is classified as generation 0 and the two main bronchi as
generation 1. There is a difference between the right and left bronchi; where the right
bronchus is wider and leaves at a smaller angle than the left and, as a result, more material is
inhaled. There are five lobar bronchi (three on the right and two on the left). There are 15-20
dichotomous branching’s of the bronchi and bronchioles which lead to terminal bronchioles
and the alveoli

[3, 6]

. The different generations of the airways are classified according to

Weibel’s tracheobronchial classification. In this, the first 16 generations are the conducting
airways. Generation 5-11 consist of the small bronchi. Generations 17-23 consist of the

1

Chapter 1: Introduction
respiratory bronchioles, alveolar ducts and alveolar sacs

[3, 6]

. The velocity of the inhaled air

is reduced as it passes through the airways.
In the alveolar region, there are two main types of cells; Type I and Type II. Type I cells are
non-phagocytic and are responsible for gas exchange. Type II cells are larger cells and
secrete lung surfactant which plays a role in maintaining the shape and integrity of the
alveoli by reducing surface tension [5, 6]. The large surface area of this region (100-140m2 ) is
efficient for gas exchange [4].

Figure 1.1 Schematic representation of the human airways [4, 7, 8]
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1.2. PARTICLE DEPOSITION
The deposition of drugs in the airways depends on four factors[4]:


The physicochemical properties of the drug (particle shape, density, aerodynamic
diameter)



The formulation



Delivery device



Patient factors (breath volume, respiratory rate)

Particle size is very important in determining the deposition of the drug in the airways and is
described by the aerodynamic diameter which is defined as the physical diameter of a unit
density sphere which settles through the air with a velocity of the particle of interest

[3, 4]

.

Particles deposit in the different regions of the lungs depending on their size and the speed
of inhalation. Particles that are less than 1µm in theory can reach the peripheral airways but
are likely to be exhaled before depositing

[9]

. Particles in the size range of 1-5µm deposit in

the large and conducting airways where they will exert their clinical effect. Particles that are
over 5µm result in mouth and esophageal deposition with no clinical effects, but can result
in local side effects

[9, 10]

. The particles are usually polydispersed, with a variation in their

size, which is represented by the geometric standard deviation (GSD). Instead of referring
only to the particle size, it is important to quote a MMAD (mass median aerodynamic
diameter) too. The MMAD is usually calculated for particles in order to standardize the
sizes that are being considered. If kept consistent, the MMAD is the diameter where 50% of
the particles are above and 50% are below this diameter

[3, 4]

. Calculation of the MMAD

allows reproducibility of the inhaled dose when controlled. Particles deposit in the airways
by three main mechanisms [3-5, 11-13]:


Impaction: the air stream changes direction at bifurcations and turbulence is caused
by the inhaled air which causes particles to leave the air stream and impact on the
walls of the airway. Deposition as a result of impaction occurs in the upper
respiratory tract and mainly occurs for large particles. Particles over 10µm are
deposited in the oropharyngeal region due to their high velocity and turbulence and
have minimum therapeutic effect. This method of deposition usually occurs in the
first 10 generations of the lung.



Sedimentation: as the velocity of the airstream decreases further down the airways,
most inhaled particles will be deposited by sedimentation as a result of Stokes’ Law,
by gravity. Deposition depends on the particle size and the density of the particles.
Particles that deposit using this mechanism are in the size range of 1-5µm.
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Brownian motion/diffusion: in the deep lung where air velocity is negligible



particles still present undergo constant irregular and random motion which causes
collision and bombardment with the walls of the respiratory tract. Particles that are
smaller than 1µm largely deposit via this mechanism.
Deposition via sedimentation and diffusion is facilitated by patients holding their breath for
longer in order to increase the residence time [9, 13].

1.3. DEVICES
Inhaled therapy is usually preferred due to the local action and reduced side effects as
described

[14, 15]

. However, it has been reported that only ~15% of the dose will reach the

target site [16, 17].Inhalers are the main vehicles for the effective administration of drugs to the
lung

[18]

. There is a need to develop inhaler devices which are easy to use and deliver a

consistent and reproducible dose of the drug to the lungs allowing patient compliance to
improve and allowing better control of lung diseases such as asthma overall

[19]

. Global

Initiative for Asthma (GINA) recommended that the inhaler devices should be portable,
easy to operate and require minimal coordination and cooperation, with minimal
maintenance requirements

[19]

. Management of chronic disease is 10% medication and 90%

education; many patients lack knowledge and skills required to obtain maximum effect from
their medication

[20, 21]

. For conditions like asthma, the severity is often misclassified and

therefore insufficient and inappropriate therapy is commonly prescribed [19].
An ideal inhaler device should have an innovative design, which is combined with
simplicity and effective performance and low airflow resistance. Along with these, it is
important that the inhaler device is convenient, generates a high quality aerosol, reliable,
durable, cost-effective and environmentally friendly [14, 19, 22].
Along with selecting the correct and the most appropriate device, it is important to check the
compliance and maintenance in order to make sure that the dose being delivered is
effectively delivered and an exact dose inhaled. Correct inhalation technique plays a vital
role in the effective therapy of asthma along with the appropriate drug being recognized

[18,

23]

. Dose inhalation errors can be inhalation independent and inhalation dependent errors.

For example, not being able to follow instructions of use are inhalation independent factors
[24]

. Incorrect technique and administration of the drug results in diminished therapeutic

effect and results in poor control of symptoms and therefore leads to insufficient disease
management

[18]

. Inhalation dependent factors include factors such as not achieving flow

rates required/desired [24].
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There are three major categories of devices used for pulmonary drug delivery. These are
(pressurized) metered dose inhalers (pMDIs), dry powder inhalers (DPIs) and nebulizers [3, 4,
25-27]

. The pros and cons must be considered when selecting an inhaler device for the patient

[28]

.

1.3.1. PRESSURIZED METERED DOSE INHALERS (PMDIS)
Pressurized MDIs usually contain the drug dissolved or suspended in the pressurized
propellant liquid. They are very common devices used for the delivery of drugs to the lungs
in asthma and COPD. Included in the propellant are other excipients, such as surfactants,
and these are put in a pressurized canister with a metering valve to deliver the doses
accurately and precisely (Figure 1.2). The main problem that patients face when using
pMDIs is the coordination required between patient inhalation and actuation of the dose.
Poor coordination can lead to loss of drug and therefore an inconsistent dose being delivered
to the correct site in the lung. Inhalation just before actuation of the drug leads to most of
the drug being deposited in the throat and then eventually cleared by swallowing. The use of
spacer devices and breath-actuated pMDIs can help to overcome this problem. In 2004, the
market was dominated by pMDIs but it was observed that these were not user friendly and
only delivered 30% of the dose [3, 4, 29].

Advantages of pMDIs [3, 4, 27, 30, 31]


Low cost



Disposable



Multiple and reproducible doses



Portable and small to carry around



Canister design prevents contamination and degradation of the drug

Disadvantages of pMDIs [3, 4, 14, 21, 26-32]


Hand-breath coordination required and a sufficient flow rate (30L/minute) in order
to obtain optimal deposition of the inhaled dose



Need to, for example, shake the canister in order re-disperse drugs that undergo
sedimentation over time can result in a variation of the dose delivered



Needs for patients to hold breath for a sufficient duration to maximize deposition of
the drugs, e.g. for approximately 6 seconds.



Dose counters not present in all devices



Spacer devices not effective if multiple doses are needed

5
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The inclusion of a propellant can cause some patients to stop inhaling when the
medication hits the back of the throat which is referred to as a cold Freon effect

[30,

31]



Inefficient drug delivery upon actuation due to high velocity when actuated from the
canister and results in increased impaction and deposition of the drug in the throat
and upper airways.



Size of the aerosol droplet can be very high and, due to the low volatility of the
propellant, it may take a few seconds before the particle size is reduced to the ideal
size for drug delivery in the lungs.



Patient difficulty such as not being able to remove the protective cap can lead to
loss of dose, but also patient not receiving the dose.



When using pMDIs containing corticosteroids, patients need to wash their mouths
etc. after use as deposition at the throat causes an oral thrush (Candida infection) in
some patients.

Figure 1.2 Pressurized metered dose inhaler (pMDI). Schematic diagram adapted from ‘Pulmonary drug
delivery’ by Taylor [4]

1.3.2. DRY POWDER INHALERS (DPIS)
The DPI formulation involves particles being inhaled in powder form. DPIs, unlike MDIs,
are propellant free and are free of multiple excipients. Their main component is a carrier,
which is usually lactose. The purpose of the carrier is to improve flow properties of the
active ingredients. The velocity at which the drug is released from the device can cause
increased turbulence and may be deposited in the upper airways as a result of impaction.
Particles with high porosity are shown to have better delivery in the lungs.
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Lactose used in DPIs can consist of several different types/grades depending on the
properties of the particles that are going to be inhaled

[33]

. Whilst pMDIs require

coordination between actuation and patient breathing, dry powder inhalers do not require
this. The doses delivered by DPIs are generally higher doses when compared to pMDIs. Dry
powder inhaler particles that are actuated from the device and their de-aggregation depend
on how the patient inhales the medication, i.e. they are passive devices. Patients who have
respiratory diseases may have impaired inhaling, and thus limit their dose and deaggregation of their drug particles, and it is important to consider in the formulation of DPIs
that the powder is able to disperse at different flow rate and is independent of flow rates as
well.
Dry powder actives can be prepared as carrier-based formulations, i.e. using lactose (as the
carrier) or by agglomeration of the drug as particles to be used for the formulation itself.
Like pMDIs, DPIs can contain multiple doses. DPIs have the option of packing the doses in
blisters which are pierced by the patient before use, or the drug can come in single capsules
where patients can insert them into the device and they are pierced just before use (Figure
1.3). There are some important factors to consider when formulating DPIs, which include i)
production of the actual drug powder, ii) formulation of the final powder for the device
(drug plus carrier) and iii) aerosol generation.
Mouth piece

Grid
Pins on either side of
capsule holder which
allow piercing of the
capsule to inhale
powder

Pre-filled capsule in
holder

Figure 1.3 Image representing a single dose inhaler device, the Cyclohaler®/Aerolizer® device. Pre-filled
capsules containing dry powder are loaded into device and pierced before inhalation. Schematic diagram
based on actual device design.

When formulating DPIs, carrier technology is used when drug particles have poor powder
flow properties and also when particles are difficult to place in metered doses. Excipients, or
carrier powders, such as lactose or mannitol, are used to improve this powder flow for
device and capsule filling. Lactose is inert and therefore a good excipient to use

[27]

. To

formulate carrier-based DPI systems, it is important that the mixing of the drug with the
7
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carrier is done sufficiently, i.e. ordered mixing or mixing in a predictable manner. Drug
particles will adhere to the carrier particles by adhesive bond formation. When the patient
inhales the medication, the energy provided must be great enough to break the adhesive
bonds between the drug and carrier particles. The larger lactose particle (>5µm), detaches
from the drug and usually deposits in the upper airways (throat) and the smaller drug
particles deposit in the lower respiratory region. Drug-carrier particles where the energy
provided hasn't been able to break the bonds remain large and deposit in the upper airways
by impaction. DPIs are able to provide a consistent dose and flowability by carrier system [4,
34]

. Lactose used in DPIs can consist of several different types/grades depending on the

properties of the particles that are going to be inhaled. Commercially available lactose
includes: Lactohale®100 which is crystalline, fine powdered lactose with a controlled
particle size. Lactohale®200 also a controlled particle size and is milled lactose, Lactohale®
201 is similar to Lactohale®200, but is hard-milled and has a controlled particle size of
<50µm and Lactohale®300 which is a micronized lactose and, due to the low particle size,
it is extremely cohesive. There are other inhalable grade lactose products available such as
Respitose® ML001 and Respitose® ML006 [33]. These are further described in Chapter 6.
Agglomerate technologies are systems which contain no excipients and only contain the
drug particles made into agglomerates which maintain powder flow and dispersibility. There
is a formulation of budesonide, Pulmicort®, that is formulated using this technology [3].
When the drug leaves the DPI, there can be an interaction with the device, and can cause
mechanical impaction and an interaction between particle-particle and particle-device that
can affect dispersion of the drug. Unlike pMDIs, DPIs do not require hand-breathe
coordination as they are breathe-actuated. However, particles that are actuated from the
device and their de-aggregation depend on how the patient inhales the medication, i.e. they
are passive devices. Patients who have respiratory diseases (or the elderly or young) may
have impaired inhaling, and thus limit their dose and de-aggregation of the drug particles.
Therefore, it is important to consider in the formulation of DPIs that the powder is able to
disperse at different air flow rate and is independent of air flow rates as well.

Advantages of DPIs [3, 4, 18, 27-30, 34-36]


Breath-actuated and therefore no coordination needed



Environmental friendly formulation with absence of propellant



Many different formulations being developed using new technologies



Portable



Larger dose can be delivered compared to pMDIs



Stable if kept in appropriate storage conditions
8
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Disadvantages of DPIs [4, 14, 21, 26-31, 34, 36, 37]


Passive devices which depend on the patient’s inspiratory effort. A flow rate of 3090L/minute is required, but some patients may not be able to achieve such high flow
rates as a result of their disease state. Children may not be able to achieve these
flow rates.



Device could be single dose or multiple doses. Single dose devices require higher
flow rates; and multiple dose devices require changes in blisters and have 3 month
durability.



DPI devices require priming of the inhaler, for example, incorrect piercing of
capsules or opening blisters incorrectly can result in drug not being delivered to the
patient.



Humidity and moisture in the device can affect the particles’ stability. Increased
humidity can cause the particles to be aggregated and therefore affect their stability.
Moisture affects powder cohesion through capillary force at high relative humidity
and at low relative humidity it allows electrostatic interaction. This can be measured
using atomic force microscopy. Correct storage is an important factor, especially in
patient education, when prescribed DPIs. For example, storage in moisture sensitive
areas such as the bathroom cabinet would not be ideal for a DPI. The DPI can be
placed as individually sealed doses to provide greater protection but these need to
be inhaled straight away once opened.



Impaction of particles due to high velocity can lead to particles being deposited in
the upper airways



Can initiate cough reflex

A study by Lavorini et al (2008) showed a high number of patients use the inhaler
incorrectly

[18]

. Patients were seen to not comply with the individual steps of the inhalation

technique, for example, holding the breath or the position the inhaler should be in. Patients
were not able to generate the airflow that was required and therefore drug release from the
inhaler was not sufficient affecting overall deposition of the drug [18].

1.3.3. NEBULIZERS
Nebulizers are available in three forms: jet, ultrasonic and vibrating mesh nebulizers. They
are usually used when patient is required to take larger doses of drug and when medication
cannot be given by the pMDI or DPI formulations. The main advantage of using nebulizers
is that patients can just carry out normal (tidal) breathing and inhale the formulation over 10
– 15 minutes [38]. Ultrasonic nebulizers work by using a piezo electric crystal that vibrates at
high frequency [24]. This causes the formation of droplets of the liquid and these are inhaled
9

Chapter 1: Introduction
by the patient. Vibrating mesh nebulizers come in two forms: active and passive. In these
nebulizers the liquid passes through multiple apertures in order to generate an aerosol. A
piezo electric crystal is used to generate energy in order to obtain suitable droplet size. Due
to this, and the requirement of long periods of time over which the medication is being
delivered, nebulizers are usually used in settings such as home and hospitals, where patients
cannot also move around easily. Nebulizers are also expensive. The nebulizer causes a lot of
impaction, within the device mouthpiece as well, and a lot of the drug remains in the device
mouthpiece [4].
Nebulizers work by generating fine droplets of liquid which can be inhaled over long
periods of time. Jet nebulizers are used more often than ultrasonic nebulizers. Jet nebulizers
generally contain a compressor which uses air to convert the liquid into an aerosol, but have
also been operated using a squeeze bulb

[39]

. Pressure, flow rate and type of gas used all

affect the performance of the nebulizer. The pressurized gas is forced through a narrow
nozzle generating a region of low pressure at the orifice. Aqueous solutions or suspensions
can be delivered using a nebulizer

[39]

. There is a variation in the size of the particles

produced, and large particles remain in the nebulizers, or by impaction deposit on the upper
airways [3, 4, 39].
Formulation factors such as the viscosity and surface tension of the liquid being used is
important as they can affect the formation of aerosols and deposition of the drug. The size of
the aerosol droplets is reduced as the viscosity of the liquid is increased in jet nebulizers, but
is directly proportional when ultrasonic nebulizers are used when using mesh nebulizers [40].
When an aerosol is produced used the compressed air system a drop in temperature occurs
[39]

. This low temperature may precipitate bronchoconstriction in patients with asthma or

other conditions of the airways. The decrease in temperature may also cause precipitation of
the drug from the formulation and this leads to instability of the drug solution.

Advantages of nebulizers [3, 4, 24, 27, 28, 39, 41, 42]:


No technique or breathing coordination required and can be used for any age group
and severity of the disease.



High drug doses can be administered; for example 300 mg of tobramycin for
Pseudomonas infections. This high dose cannot be delivered by pMDI but may be
possible with improving technology for DPIs.



Larger volumes can be used over longer duration

Disadvantages of nebulizers [3, 4, 24, 27, 28, 39, 42]:


Prolonged treatment times
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Variability in size of aerosol produced between models and compressor makes



Maintenance of equipment is required (e.g. cleaning for infection control)

Many new techniques are being developed to reduce the treatment time by personalizing
aerosolization to an individual patient’s breathing pattern and thereby maximizing the drug
deposition. This is achieved by electronic systems such as Activaevo AKITA® and the
Philips Respironics I-Neb®. AKITA® is able to control the flow rate, delivery volume and
time and therefore it can optimize the aerosol release as required to target certain regions of
the lungs and maximize the delivery. I-Neb® is a hand-held device which has two modes;
tidal breathing and a targeted inhalation mode [41].

1.3.4. OTHER ROUTES OF DELIVERY (ORAL ROUTE AND PARENTERAL
ROUTE):
Some of the medication that is delivered by the pulmonary route can also be delivered by
other systemic routes. Examples suggested are for anti-asthmatic and COPD medication,
which is discussed in detail in Section 1.5 and 1.6. Medication such as salbutamol and other
beta2- agonists are also available in oral formulations. This route is used for patients who
cannot manage inhaled therapy. The disadvantage of oral therapy is that it causes a greater
risk of systemic side effects. As corticosteroids (anti-inflammatory agents) are preferred to
be given by inhaled route, the oral route is mainly used for prednisolone in step 5 of asthma
therapy (details on the stepwise treatment of asthma are highlighted in Figure 1.4 in Section
1.5). Other drugs such as theophylline, mast cell stabilizers (e.g., sodium cromoglicate) and
leukotriene antagonists (e.g., monteleukast) are available in oral formulation as tablets or
granules. The parenteral route is mainly reserved for emergencies; patients that have severe
acute asthma, which is life threatening and requires a fast and rapid response.
Aminophylline (described in Section 1.9) is given by IV route and salbutamol (IV) is
available [43, 44].

1.4. BARRIERS TO DRUG DELIVERY IN THE AIRWAYS
There are several different factors that need to be considered when formulating products for
pulmonary drug delivery. These can be considered as those affecting deposition and those
affecting absorption (for systemic delivery). As mentioned, the successful deposition of
particles can be affected by patient dependent factors, for example breathing pattern or lung
physiology and disease state [3, 4, 6].
Considering lung physiology, the humid conditions of the lungs can affect deposition

[6]

.

The humidity in the lungs is 99.5% and therefore formulated particle size can change when
present in the surrounding environment [1, 3]. Formulations synthesized with volatile aerosols
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are reduced in size, but hygroscopic materials will increase in particle size or particles can
agglomerate and increase in particle size [3]. Disease conditions and exposure to hazards can
also affect the deposition. Airway geometry encourages impaction of the particles. Factors
such as larger particles, greater velocity, greater bend angle of bifurcations and smaller
radius of airways all affect deposition and cause deposition to be by impaction.
The site of deposition can affect clearance of the particles. The principal clearance
mechanism in the upper airways is mucociliary clearance and in the lower airways is by
phagocytic alveolar macrophages. The conducting airways are lined with ciliated columnar
epithelial cells. There are also goblet cells and submucosal glands which secrete mucus that
traps inhaled particulates. Foreign material deposited on the ciliated conducting airways is
cleared by mucociliary clearance within 24 hours and are ultimately swallowed. Mucociliary
transport can transfer particles that are inhaled to the pharynx where they are ingested [1, 4, 6].
Mucus clearance is the primary defense mechanism which has been evolved and protects the
airways from inhaled toxins and infections [45]. The current mucus model is a ‘gel-on-liquid’
mucus clearance model where mucus gel is propelled on top of a ‘watery’ periciliary layer
which surrounds the cilia

[45]

. In a study by Button et al (2012), a ‘gel-on-brush’ model was

proposed where the periciliary layer is occupied by mucin proteins on the airway surface [45].
There are two components to this system which are i) a non-Newtonian, highly viscous
mucus layer which traps the inhaled particles and ii) the periciliary layer to provide a
favorable environment for cilia beating and lubrication in the cell surface

[45, 46]

. The brush

prevents mucus penetration into the periciliary space and causes mucus to form a distinct
layer

[45]

. The airway surface liquid is approximately 5-10 µm deep

[46]

. The mucus layer is

composed of water (98%), salt (1%) and glycosylated mucin proteins (1%), secreted by
specialized cells [46].
The cilia beat in a synchronized manner and are able to move the mucus gel upwards to the
pharynx/ mouth where the particles are removed. This mechanism can be disrupted as a
result of disease states that can affect the properties of the mucus, e.g. increase the
viscoelasticity of the mucus such as in cystic fibrosis and COPD

[45, 46]

. The changes in the

mucus properties can make it difficult for the movement of the cilia and this can cause
defects in the cilia beating activity. The mucus is produced by goblet cells and submucosal
glands

[4, 6]

. Particles in the alveolar region are engulfed by alveolar macrophages by

phagocytosis and provide protection [4, 6]. The surfactant that lines the alveoli also can act as
a physical barrier (0.1-0.2 µm thickness).
Particles can also be cleared by metabolic/enzymatic activity as a result of enzymes present
in the lungs. There is little information on the enzymes and metabolism activity in the lungs.
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Enzymes that are present include cytochrome (CYP) P450 enzymes; present at a lower
concentration (5-20 times lower) in the lungs than in comparison to the liver

[1, 3, 47]

. The

enzymes are distributed throughout the conducting airways and alveoli. Other enzymes
present include flavin containing monooxygenases, mono-amine oxidases, aldehyde
dehydrogenase, NADPH- CYP450 reductase enzymes are also present [1]. CYP450 enzymes
present in the lungs include: 1A1, 1B1, 2B7, 2E1, 2F1 and 4B1.
For local drug delivery it is undesirable for the drugs to enter the systemic circulation,
however, there is often a need for drugs to cross the cell membrane e.g. corticosteroids or
the airway epithelium to reach the smooth muscle cells e.g. beta agonists. Small, lipophilic
drug molecules can pass readily though the cell membrane and cross the airway epithelium
via passive diffusion. Small, hydrophilic molecules most commonly cross the epithelium
paracellularly [1, 25].

1.5. ASTHMA
Asthma is a common, inflammatory, chronic, reversible disorder of the lungs thought to be
caused by response to allergens or, for some patients, genetic linkage

[48]

. Asthma can be

defined as:
‘Chronic inflammatory disorder of the airways in which many cells and cellular elements
play a role. Chronic inflammation causes an associated increase in airway hyperresponsiveness that leads to recurrent episodes of wheezing, breathlessness, chest tightness
and coughing; particularly at night or early morning’ [6, 16, 19, 49-51].
Asthma is a chronic disorder affecting up to 300 million people worldwide (over 5% of the
population), with an increasing prevalence

[50, 52, 53]

and results in 250,000 deaths/year

is predicted to affect an additional 100 million people by 2025

[53]

; it

[17, 54]

. Asthma and allergic

disease prevalence has increased in the past decades in westernized countries [53]. In the UK,
approximately 5.2 million people have asthma; in 2005 this resulted in 76,000 hospital
admissions of children and adults
treatment of asthma worldwide

[53]

. Approximately, $56 billion is spent annually in the

[55]

.

The major characteristics of asthma are [6, 48, 56-62]:


Narrowing of the airway, which obstructs the airflow (reversible airway
obstruction). In asthma this is reversible by taking medication; however in chronic
obstructive pulmonary disease (COPD) it is not reversible.



Increased sensitivity to stimuli (bronchial hyper-reactivity). This is an abnormal,
increased sensitivity to a wide range of stimuli, ranging from chemicals, cold air,
13
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and some drugs which can lead to bronchoconstriction. Allergic asthma sufferers
will experience an increased sensitivity to allergens; but once asthma is established
in the patient, asthma attacks can be caused by various stimuli such as pollutants,
cold air (drying of the airways), viral infections, exercise, etc.


Increased number of inflammatory cells (inflammation of the airways) (eosinophils,
mast cells and neutrophils)



Increased secretion of mucus (mucus hyperplasia), causing further blocking of the
airways and increasing the edema due to inflammation causing vascular leakage,
which reduces air flow further.



In some cases, damage to the epithelial cells occurs (epithelial shedding) in chronic
severe asthma, remodeling of the airway wall tissue structure occurs, including
increased bronchial smooth muscle content. This causes irreversible narrowing of
the airways and limits the effectiveness of the bronchodilators leading to a condition
similar to COPD.



Acute severe asthma, also known as status asthmaticus, is not easily reversed and
causes hypoxemia. This is an emergency and requires immediate hospitalization.

The rapid increase in the prevalence of asthma is as a result of increased urbanization and
industrialization causing increased air pollution and exposure of an increasing population to
the urbanized air

[53]

. It has been previously demonstrated that the exposure of particulate

matter and a decrease in lung function

[53]

. Pollution sources include fuel combustion from

vehicles, construction, industry and power plants. Indoor sources can also affect asthma
prognosis, and poor ventilation and over insulation can result in poor air quality. Biological
allergens react with specific IgE antibodies to induce an allergic state and originate from
animals, mice, plants, insects, fungi and house dust mites. Pollen from trees, grass and weed
can result in hyper-responsiveness of the airways

[53]

. Asthma is more common in the UK,

Australia and New Zealand.
Asthma is classified as extrinsic (with an external cause) or intrinsic (genetic) disease

[16]

.

Extrinsic causes are due to response to allergens and a subsequent development of IgE
antibodies. This type of asthma tends to develop in childhood. Intrinsic asthma is seen to
appear in adults, with no improvement unlike extrinsic asthma (where symptoms become
less severe with age).
Asthma affects patients at any age with various severities

[63]

. Atopy and allergy are

associated with early/childhood asthma with varying severities and asthma associated with
adult onset is less associated with allergy but more due to eosinophilia, lack of exercise,
obesity and other factors. Co-morbidities such as smoking, hormonal changes, infection and
14
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occupation exposures can cause late-onset asthma

[63]

. Occupational asthma is the most

frequent work-related respiratory disease in developed countries, of which 10% of cases are
of bronchial asthma and between 15-25% of adult onset asthma is of occupational origin [6466]

. Removal from exposure to the sensitizing agent, which can be chemicals such as

isocyanates, dust from grains/flour or insects, has been recommended as the most efficient
therapeutic approach; although this may not significantly improve the prognosis of the
patients [64].
Asthma can co-exist with rhinitis and studies have shown that a large proportion of patients
with asthma (approximately 60-80%) will also have rhinitis

[54]

. These two conditions share

a lot of pathological features as both are closely related to allergic sensitization
Europe, 25% of the population is affected by IgE associated allergic diseases

[67]

. In

[53]

. In the UK

it was seen that a lot of hospitalizations of patients was due to these diseases. Better
treatment is being sought for controlling and managing rhinitis which may control asthma
better too

[68]

. Patients may experience gastro-esophageal reflux disease (GERD) which can

trigger asthma in certain patients, and subsequently seen in patients that there is an abnormal
esophageal acid contact in pH tests carried out over a period of 24 hours. GERD can cause
acid to elicit respiratory responses which decrease airflow, oxygen and increase respiratory
rate

[54]

. Obesity can trigger asthma as it causes an increased stress and worsens symptoms

[48, 69]

. Children show a peak in their asthma-related exacerbations and hospitalizations 2-3

weeks after returning to school from their summer holidays

[17]

. Flu and colds can also

[6]

precipitate asthma attacks .
Non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin have been shown to
stimulate attacks in 5% of the asthmatic population

[70]

. Patients with aspirin-sensitive

asthma, have an increased production and greater response to cysteinyl leukotriene which
leads to the activation of IgE that is similar to that of atopic asthmatic patients

[16]

. Beta

blockers, such as propranolol, (used in cardiac diseases) can cause symptoms of asthma as
they act to inhibit adrenaline and thus cause bronchoconstriction by actions opposite to
beta2 agonists.
An asthma attack consists of two phases – an immediate and a late/delayed response

[16, 59,

61]

. An immediate response is obtained when allergens are inhaled, which subsides over 2

hours. The immediate symptomatic response to the allergens is due to antigens and an IgEinduced mast cell degranulation. Patients produce an allergen-specific IgE that binds to the
mast cell in the airways

[16]

. This causes a release of histamine, prostaglandin D2 and

leukotrienes C4 and D4 upon degranulation of the mast cell. These chemical substances
that are released cause the symptoms associated with asthma (bronchoconstriction and
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mucus secretion)

[6, 16]

. This immediate phase occurs abruptly in patients and is caused

mainly due to a spasm of the bronchial smooth muscles. Other chemotaxins and chemokines
attract leucocytes such as eosinophils and mononuclear cells, which lead to the delayed/late
phase response

[6, 16]

. In the immediate response, asthmatic patients experience an increased

activation of T cells and, as a result, an increased production of cytokines from Th2 helper
cells. Examples of these cytokines include interleukin (IL)-4, IL-9, IL-5 and IL-13 and
granulocyte macrophage-colony stimulating factor (GM-CSF) [56, 71]. These cytokines cause
a co-regulated allergic cascade

[56]

which are detected in the sputum

. Eosinophils are activated via IL-3, IL-5 and GM-CSF
[56]

. IL-5 and GM-CSF, cause eosinophils to produce

leukotrienes which cause damage to the epithelial surface and lead to airway hyperresponsiveness [16]. IL-3 and IL-4 affects responses of Th2 cells, mast cells and IgE receptor
expression [56] leading to hyper-responsiveness of the airways to stimuli in some patients

[16,

56, 72]

. IgE has a large role in the allergen cascade and in disease chronicity and is dependent

on the activation of Th2 cells (which secrete more cytokines and chemokines)
inhibitory effects on the symptoms of asthma

[56]

. IL-10 has

[56]

. IL-9 promotes mast cells proliferation in

murine models [56].
Patients experiencing nocturnal asthma may be experiencing the late phase response.
Initiation of the late phase response takes place during the immediate attack, but the
progression is slower. As this is a delayed inflammatory response, it includes activated
eosinophils. A late phase response of the allergens has features of bronchoconstriction and
airway inflammation, and occurs 3-12 hours later. Infiltration of neutrophils and eosinophils
from mast cells and activated T cells, as a result of mediators occurs in the late phase. The
eosinophils release leukotrienes, platelet-activating factor (PAF), proteins and eosinophil
cationic protein (ECP). They also release IL-3, IL-5 and IL-8. Major basic protein (MBP)
and ECP contribute to epithelial cell damage and cause an increased permeability to
allergens, chemo-attractants and cytokines e.g. GM-CSF and exposure of C-fiber afferent
nerve endings releasing pro-inflammatory tachykinins. ECP is an eosinophil-derived
neurotoxin which plays a major role in the damage and loss of the epithelial surface. The
growth factors present act on the smooth muscle itself, and cause hypertrophy and
hyperplasia which can also cause release of pro-inflammatory mediators. The loss of the
epithelial cells causes more access for irritant receptors and C-fibers to act on the surface
and react to irritant stimuli [6, 16]. The release of preformed and generated mediators result in
airway modelling with extracellular protein deposition and smooth muscle hypertrophy and
increased goblet cell production [61, 66]. This causes the epithelium of the airway to be fragile,
causing the sub-basement membrane to become thicker and an increased goblet cell
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production resulting in an increased mucus production leading to endothelial leakage and
mucosal edema [73].
Complement components can be potential targets for asthma treatment. CD4+ and T cells
produce a T helper cell pattern of cytokine release which affects the overall prognosis of the
disease. Cytokines such as IL-4, IL-5 and IL-13 contribute to bronchial hyper-reactivity and
mucus hyper-secretion leading to activation of mast cells and eosinophils [74].
Airways in chronic asthma exhibit characteristics of a chronic wound with evidence of
ongoing epithelial injury and repair, with increased mucus production and airway
remodeling [66].

1.5.1. TREATMENT OF ASTHMA
The goal of asthma management is to achieve and maintain control of symptoms and
minimize symptoms and exacerbations

[29, 75, 76]

. GINA guidelines suggest that asthma

sufferers need to be managed so that they can live normal lives with few or no symptoms,
no exacerbations, minimal need for reliever medication, normal lung function and no side
effects

[14]

.

However, inadequate control of asthma continues to be a problem in its

treatment and, despite the understanding of the inflammatory basis of asthma and good
medication guidelines and strategies, there are still a number of people at high risk of
morbidity

[54]

. Asthma medication depends on the severity of the symptoms of the patient.

Asthma can be classified as intermittent, mild, moderate or severe depending on the
symptoms patients are experiencing and treatment is usually based on the severity of their
asthma

[44]

. As the severity of asthma increases, the type of medication is changed

accordingly to a step-wise treatment regimen (Figure 1.4)

[38, 44]

. In addition some patients

may have co-morbidities with their asthma, which can make it difficult to treat the asthma.

Figure 1.4 Summary of stepwise management of asthma in adults. Stepwise ladder adapted from
BTS/SIGN Guidelines (2014) [44].
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Non-pharmacological treatment of asthma includes avoidance of allergens (such as pets,
house dust mites, food, tobacco and pollutants), relaxation therapy and breathing exercises,
while immunization is also recommended [44].
Treatment of asthma can be divided into two major categories. These are relievers and
preventers. Relievers are medication that are used for immediate response to asthma
symptoms and can be used ‘when required’. Preventers are medication that are prescribed
for maintenance purposes and are used regularly rather than on a ‘when required’ basis.
Short-acting beta2-receptor agonists (SABAs), e.g. salbutamol, are the first medication
prescribed to patients. They act rapidly at the site of action by activating adenylate cyclase
(AC) to increase cAMP and reduce mediator release, e.g. histamine from airway cells.
SABAs are usually given to patients when required, i.e., upon onset of symptoms and as
they are rapid in action, they are able to offer immediate relief to the patient from their
symptoms. The long-acting beta2-receptor agonists (LABAs) act over a longer period of
time, and are given regularly, however they are associated with tolerance in patients. Beta2receptor agonists are also the most effective, reliable and safe medication for asthma. If the
treatment with beta2-receptor agonists is more aggressive then the response is also better.
Adverse effects, such as tachycardia, tremor, nausea and vomiting are dose related

[38, 61]

.

Medication such as salmeterol is available in inhaled form, given in combination with
corticosteroid, fluticasone, or alone (Serevent®). These act for a duration of 10-12 hours
and are able to control night time symptoms

[38, 77]

. Treatment of worsening asthma is by

high dose of bronchodilators and with a course of steroid tablets

[78]

. For severe asthma,

several studies have suggested the use of a nebulizer over pMDI with a spacer device [78].
Muscarinic receptor antagonists, such as ipratropium act by blocking the release of
acetylcholine (ACh) from parasympathetic nerves and can also reduce mucus secretion. By
antagonizing the effects of ACh, the toning of the bronchial smooth muscle is reduced and
therefore constriction, and thus results in bronchodilation [77].
Corticosteroids, such as beclometasone and budesonide are anti-inflammatory agents. These
are important in reducing the number of eosinophils and activation of macrophages and
lymphocytes. Patients are initially started on inhaled corticosteroids (ICS) in Step 2. If ICS
cannot control the symptoms of asthma, eventually an oral corticosteroid is given. ICS are
associated with side effects such as hoarseness of the voice and oral candidiasis due to lack
of rinsing mouth after use of the inhaler. This risk is reduced by rinsing the mouth after use.
High doses of the corticosteroids can lead to increased risk of osteoporosis in patients and
18

Chapter 1: Introduction
growth retardation in children and hence require frequent monitoring [38, 44, 48, 66]. These sorts
of side effects are more commonly seen with patients taking oral corticosteroids. Oral
corticosteroids are prescribed at a later stage in the asthma treatment when symptoms are
not controlled by the inhaled corticosteroids and other prescribed medications and are
initiated at the lowest dose possible

[44, 66]

. Side effects are more severe than ICS and are

more generalized. ICS have shown to reduce morbidity, mortality and recommended in
guidelines; showing significant improvements in the FEV1 and peak expiratory flow rate [79,
80]

.

Several combinations of SABAs and ICS are available. These agents both have different
mechanisms of action for treating asthma. ICS are very potent agents and the most effective
anti-inflammatory medication for the treatment of asthma. They are able to improve lung
function, reduce symptoms and exacerbations

[81]

. They are able to reduce the

hospitalizations and death compared to placebo. The LABA is added when a patient doesn’t
achieve control over their symptoms when they take only one of these agents (SABA or
ICS). Studies carried out showed an increased support for fixed dose combinations as these
show an improvement in lung function, and control of exacerbations of asthma symptoms
especially when compared to monotherapy with these agents individually

[81]

. A

combination is also cost effective. A twice daily dose is a good frequency and may allow
patients to become more compliant with their medication

[82, 83]

. ICS are cornerstone of

asthma therapy and added when asthma is not controlled with the use of only beta2agonists. Mono-therapy of LABA is contra-indicated, and seen that the combination of two
drugs is more efficient

[84]

. ICS can affect the mechanism of action of beta2-agonist and

provide protective effects to avoid tolerance to beta2-agnonist in some patients by also
increasing the transcription of beta2-agonist receptors [84, 85].
Mast cell inhibitors such as cromoglicate and nedocromil are also used to treat asthma.
These drugs are less effective than corticosteroids and are only used in mild asthma, or
asthma that is exercise-induced. The drugs are not effective in acute attacks. They are
mainly used for controlling asthma in children.
Xanthine derivatives, such as theophylline and aminophylline are bronchodilators and also
possess some anti-inflammatory action. Theophylline is only available as oral dosage
formulations including slow release tablets. Aminophylline is available as an intravenous
injection as it is more water soluble. They act by inhibiting phosphodiesterase (PDE), which
is responsible for breaking down cAMP which causes an increase in the concentration of
acetylcholine and therefore increasing asthmatic symptoms such as bronchoconstriction.
Theophylline causes a lot of systemic side effects giving it a narrow therapeutic range.
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However, it is reported that some patients suffer from side effects in the therapeutic dose
range. Therefore, these compounds are used as second line drugs but are particularly useful
in controlling symptoms in steroid-resistant asthma.
Anti-leukotriene therapy includes drugs such as monteleukast, an inhibitor for the cysLT
receptor (LTC4/D4) and zileuton, a 5-lipoxygenase inhibitor. The effects of these drugs are
long lasting, and they are used in severe asthma, along with corticosteroids. Histamine
antagonists are not shown to be useful in asthma; however sedating anti-histamines may be
able to alleviate some symptoms. Omalizumab, a recombinant anti-IgE antibody has shown
to be effective by reducing IgE levels [44, 66, 86].

1.6. CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)
COPD is a major global health problem, with a prevalence of 5-25% among adults
worldwide. It is presently among the top ten most common chronic health conditions and is
associated with restriction in daily activities leading to a poor quality of life and an
increasing social and economic burden

[87-91]

. By the year 2020, COPD is expected to

become the third leading cause of death worldwide
billion being spent on COPD treatment per year

[87, 88, 92-97]

with approximately $50

[55]

.

The NICE guidelines define COPD as ‘airflow obstruction is defined as a reduced forced
expiratory volume in 1 second (FEV1)/FVC ratio, such that it is less than 0.7 and if FEV1 is
equal, or greater than 80% predicted normal, COPD should only be diagnosed if there is a
presence of respiratory symptoms such as breathlessness or cough’

[43]

. The airflow

obstruction that is present is as a result of a combination of airway and parenchymal
damage, which is mainly as a result of the chronic inflammation caused due to smoking.
Based on the NICE guidelines, COPD is now the preferred term for patients who were
previously diagnosed having chronic bronchitis (CB) or emphysema [43].
Previously, COPD was defined as ‘a process characterized by the presence of chronic
bronchitis or emphysema that may lead to the development of airway obstruction; airways
obstruction may not be present at all stages of the process; the airway obstruction may be
partially reversible’ [98].
COPD is characterized by an enhanced inflammatory response to inhaled particles and gases
[99]

. COPD is strongly associated with smoking (at least 20-30% smokers develop COPD)

and is usually a progressive disease characterized by airflow limitation that is not fully
reversible [88, 91, 92, 100-103].
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Symptoms of COPD are chronic and progress over a period of time; these symptoms
include dyspnea, cough and sputum production

[94]

. There are several stages of COPD and

these are classified according to the symptoms and signs such reduction in FEV1 (Table
1.1). Patients experiencing cough and sputum, which are the first symptoms to develop,
usually neglect these symptoms. When patients experience dyspnea, they seek medical
consultation as this is persistent and progressive and can affect the quality of life. Patients
with severe COPD can experience weight loss, anorexia and infection with hemoptysis. This
can lead to complications such as cor pulmonale, pulmonary hypertension, depression
and/or anxiety

[91, 102]

. Night time awakening, ankle swelling and occupational hazards are

symptoms that should be considered in patients with COPD

[43]

. CB and/or emphysema are

now features and symptoms of COPD which are used in the diagnosis of COPD. CB is
associated with airway obstruction caused by chronic mucosal inflammation, mucus gland
hypertrophy and mucus hypersecretion coupled with bronchospasm [16, 96, 97]. Emphysema is
caused by a progressive destruction and dilatation of the alveolar septa and capillaries,
leading to the development of enlarged airways and airspaces, decreased lung elastic recoil
and increased airway collapsibility [91, 96, 97, 100-103].

Table 1.1 The classification of COPD and signs patients would express at each stage. [43, 94, 104]

Stage

Classification

1

Mild

Signs
FEV1≥80% predicted; chronic cough and sputum present, may or may
not be aware

2

Moderate

50%≤FEV1≤80%; shortness of breath, exertion, cough and sputum
production. Patients seek medical advice

3

Severe

30%≤FEV1≤50%; greater shortness of breath, decreased exercise
capacity, fatigue, repeated exacerbations and great impact on
quality of life.

4

Very severe

FEV1≤30% predicted or ≤50% predicted with chronic respiratory
failure. Can lead to effect on the heart (cor pulmonale) and
increased jugular venous pressure with pitting ankle edema. Quality
of life is very appreciably impaired and exacerbations may be life
threatening.

COPD exacerbations are defined as ‘a sustained worsening of the patients symptoms from
their usual stable state which is beyond normal day-to-day variations, and is acute in onset’
[43]

. The symptoms that are reported in exacerbations are worsening of the common
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symptoms that are reported in patients with COPD, for example worsening of their cough,
breathlessness and an increased production and/or color change of the sputum.
Cigarette smoke causes an accelerated decline of lung function and therefore a greater need
for rescue medicine

[105]

. There’s an increasing number of smokers in developing countries,

and a failure of developed countries to stop smoking

[95]

. Smoking history in patients can

vary a great deal and therefore affect the overall severity of the disease

[106]

. COPD can also

be caused by inhalation exposure to tobacco, occupational hazards (e.g. dust, chemicals;
organic or inorganic, fumes, indoor or outdoor air pollution (poor ventilation), severe
childhood respiratory infections, socioeconomic status (inversely related but affected by
exposure to hazards) [94, 98, 104, 106].
COPD severity is measured by spirometry, which is a reproducible and widely-used
technique and should be carried out on patients at risk, for example smokers, ex-smokers
and patients who have CB

[43, 94]

. Other factors that should be measured include the FEV1,

breathlessness based on the scale and specified in the guidelines, health status, exercise
capacity, body mass index, and the oxygen and carbon dioxide concentration

[43]

. Airway

inflammation for patients suffering from COPD is slightly different to that of patients
suffering from asthma. There is an increase in the T-lymphocytes and macrophages within
the airway wall and infiltration of mononuclear cells and macrophages in the peripheral
airways. COPD patients show an increase in the neutrophils and IL-8 [105].
COPD is complicated by frequent and recurrent acute exacerbations, respiratory infections
are the main risk factor; but exposure to pollutants, allergens, sedatives, congestive heart
failure, pulmonary embolism can also cause exacerbations and increase the disease severity
[107]

. Patients suffering from COPD show a reduced activity of histone deacetylases

(HDACs) which can contribute to the abnormal inflammatory response that characterizes
the disease

[99, 108]

. Cigarette smoking also reduces the activity of histone deacetylation

which is required by corticosteroids to switch off inflammatory genes

[95, 109]

. Exacerbations

in COPD patients can result in increased NF-κB activation which results in a burst of airway
inflammation. This causes oxidative and nitrative stress. The increase in neutrophils,
cytokines (for example tumor necrosis factor (TNF)α), IL-8 and IL-6 can also affect and
impair the function of HDAC [99].

1.6.1. TREATMENT OF COPD
Inhaled therapy is the cornerstone of the pharmacological treatment of patients with COPD
with two major classes of drug: bronchodilators and anti-inflammatory treatment. To
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maximize the effects of the medication, patient education is the key. Treatment of COPD,
like asthma, needs to be individualized for the patient as discussed previously [23, 110-113].
There are no current therapies preventing disease progression or to reduce mortality
The only success has been found in smoking cessation

[88, 95, 105, 115]

[114]

.

which results in slowing

down disease progression, improving respiratory symptoms and improving the quality of
life

[93, 116]

. Even after smoking cessation, the inflammation process continues

[95]

. It is

important that a smoking history and determination of ‘pack years smoked’ is determined in
order to be able to manage stable COPD. Some patients may get pharmacological or
behavioral support to aid smoking cessation [43, 117].
Short acting beta2- agonists and muscarinic antagonists should be the initial treatment to
relieve breathlessness and exercise limitations. Inhaled corticosteroids are also prescribed
for the treatment of COPD. The combination treatment of LABA and ICS, similar to asthma
treatment, is also recommended in the treatment of COPD. This combination is prescribed
to patients when the FEV1 is less than 50% than predicted. If the FEV1 is greater than 50%
than predicted, a long acting muscarinic antagonist (LAMA) or LABA is preferred (Figure
1.5) [43].

Figure 1.5 Use of inhaled therapy in COPD adapted from BNF

[38]

based on the NICE guidelines

[43]

. BA:

Beta 2-agonist, ICS: inhaled corticosteroid, FEV: FEV1

There are known beneficial effects of LABAs in the treatment of COPD where they are able
to reduce the frequency and severity of exacerbations. A study carried out by Kim et al
(2014), showed benefits of using LABAs which was associated with fewer hospital visits.
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The symptoms and the frequency of exacerbations were also reduced. Patients taking a
LABA and ICS showed better control of their symptoms and improvement of lung function,
with a decreased risk of side effects

[87]

. The beneficial effects of inhaled beta2-agonists are

seen in severe exacerbations of COPD in patients; where an increased FEV1 is seen [118].
ICS doses are increased in patients with severe disease, frequent exacerbations and an
overlap of both asthma and COPD
risk of hospital admissions

[119]

. The use of ICS is well established and reduces the

[120]

. A study of patients who continued to smoke during

treatment of COPD showed that addition of budesonide to the treatment of patients with
COPD showed improvement in patients, but also showed greater improvement for patients
who smoked less. Anticholinergic drugs are able to improve the exercise capacity, health
status and reduce exacerbations. These are commonly prescribed with corticosteroids [88].
As the process of inflammation is different in asthma and COPD, the treatment approach is
also different
corticosteroids

[114]

. Unlike in asthma, inflammation in COPD is relatively insensitive to

[121]

. However, combined inhaler treatment of corticosteroids and

bronchodilators results in improved lung function and helps prevent exacerbations

[121]

. ICS

are added to bronchodilator therapy in patients suffering from severe to very severe COPD
[116]

. The benefit to risk ratio should be assessed when adding an ICS to an optimized

maintenance therapy that is obtained with a LABA in patients with stable COPD

[116]

. This

combination shows an improvement in the quality of life, improvement in lung function and
a reduction in exacerbations; but not a significant reduction in the disease progression

[121,

122]

. Budesonide and formoterol is a commonly prescribed and studied combination [123].

Methylxanthines, such as theophylline, are relegated to third line treatment in COPD

[120]

.

Theophylline use is limited but it is useful in patients with stable COPD; where worsening
of the condition is seen in patients withdrawn from treatment with COPD and for patients
unable to use inhaled therapy [43, 101, 121, 124]. Theophylline is prescribed when patients remain
symptomatic on monotherapy with beta2-agonist or an anticholinergic [43].
Other oral therapy includes treatment with mucolytic drugs. This is especially considered in
patients who have a production of sputum and chronic cough; however these are not
recommended in patients to prevent exacerbations and should only be used if they present
symptomatic improvement in the patient. Other oral therapies that can be recommended
include antioxidants, anti-tussive therapy [43]. Oral antibiotics as prophylactic therapy are not
recommended in patients with stable COPD.
Some patients with more severe disease require rehabilitation programs which are tailored to
the individual patient

[43, 44]

. These programs have been shown to have a lot of success; for
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example by Jain et al. (2014) who carried out a Chronic Lung Disease Program (CLDP)
modelled for the care of patients with recurrent exacerbations of severe asthma and COPD
[55]

.

1.7. COMPARISON BETWEEN ASTHMA AND COPD
There are many features that can distinguish between asthma and COPD
highlighted in NICE Guidelines and shown in Table 1.2

[92]

. These are

[43]

.

Table 1.2 Clinical features that differentiate COPD and asthma. This table is adapted from the NICE
guidelines, 2010 [43].
Factor

COPD

Asthma

Smoker/ex-smoker

Nearly all

Possibly

Symptoms under the age of 35

Rare

Often

Chronic productive cough

Common

Uncommon

Breathlessness

Persistent and progressive

Variable

Uncommon

Common

Uncommon

Common

Night time waking with
breathlessness and/or wheeze
Significant diurnal or day to day
variability of symptoms

Asthma and COPD are both characterized by airway obstruction which is variable and
reversible in asthma, but progressive and irreversible in COPD

[125]

. Both diseases have

chronic inflammation of the respiratory tract which is mediated with increased expression of
inflammatory proteins especially during acute exacerbations. Despite similarities in the
chronic diseases, there are marked differences in the pattern of inflammation with
involvement of different inflammatory cells and mediators which as a consequence have
different inflammatory processes and differing responses to therapy

[125]

. Inflammation in

the asthma occurs in the large conducting airways with some effect on the smaller airways
but no effect on the lung parenchyma. In COPD, the small airways and lung parenchyma are
affected with a similar inflammation process. This is presented as small airway obstruction
and emphysema which can occur together or alone

[16, 94, 96, 97, 125, 126]

. This difference in

distribution is a result of the distribution of inhaled agents for example allergens in asthma
and tobacco smoke in COPD which causes a progressive air flow limitation in the airways
[125]

.

T cells are important for both diseases but there are different subsets involved in the process
of inflammation and therefore an effect on the structural changes. B cells are also involved
in these processes. There are many cytokines involved in both diseases which are regulated
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by NF-κB which is activated by epithelial cells and plays a role in the airway inflammation
process.
Histopathological assessment of asthma airways has shown that there is an infiltration of
eosinophils, activated mucosal mast cells and activated T cells [125]. The major difference in
COPD is that there is no evidence of mast cell activation but there is an infiltration of Tcells and an increase in neutrophils in the airway lumen. In COPD there is also fibrosis
around the small airways which is reviewed (by Barnes) to be the main cause for the
irreversible airway narrowing in patients with COPD [125]. As a result of cigarette smoke and
irritants leading to chronic irritation, but shows pseudostratification. The other major
difference is the destruction of alveolar walls due to protease- mediated degradation of
connective tissue elements [125].
Mast cells, releasing histamine, in asthma is as a result of allergen triggers (which further
release IL-4, IL-5, IL-13) causing bronchoconstriction but in COPD the role of mast cells is
minimal. Granulocytes inflammation that is involved in asthma is eosinophilic and in COPD
is neutrophilic. Increased neutrophils are also detected in the sputum of patients with COPD
and correlate to the disease severity. Macrophages are increased in both diseases- but greater
in COPD as a result of monocytes [125].
As mentioned, there are different subsets of T-cells that are involved in the inflammation
process

[125]

. In asthma, an increase in CD4+T and Th2 cells which play a major role in the

inflammation results in secretion of IL-4 and IL-13 (allowing IgE production by B cells),
IL-5 (resulting in eosinophilic differentiation), IL-9 (affecting mast cell differentiation). In
COPD, Th1 cells are involved and lead to production of interferon-γ (IFN- γ) and TNF. This
is observed in patients with severe asthma [125].
IgE is observed in asthma, but is not observed in COPD as reviewed by Barnes (2008) [125].
An increase in the severity of the disease results in B cells being organized around T-cells.
Dendritic cells have an important role in regulation of Th2 cells in response to allergens in
asthma; in COPD smoking causes an increase in the dendritic cell population but the role is
unclear [125].
Another difference between asthma and COPD is observed in the treatment when
corticosteroids are used. As described in the earlier section, (Asthma: Section 1.5),
corticosteroids are the mainstay of treatment of asthma and lead to suppression of
inflammation. In COPD, there is a poor response to corticosteroids as a result of reduced
HDAC (described in Section 1.6) as a result of increased oxidative and nitrative stress. This
is only seen when asthma is severe in patients [125].
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1.7.1. PATIENT FACTORS IN ASTHMA AND COPD
The main problems with the treatment of asthma and COPD are related to compliance, for
example in patients with symptoms controlled, therapy is stopped by the patient thinking
their treatment is sufficient and complete, and poor inhaler techniques. The latter can lead to
[28, 37, 127-129]

problems with delivery of the drugs to the target area of the lungs

. Patient

education is the key; the most ideal formulation can also lead to insufficient treatment of
asthma if it is not administered correctly. Without appropriate training, it can lead to poor
control of symptoms and affect the whole prognosis of the disease

[130]

. It is commonly seen

in patients that they use their medication until they become asymptomatic and stop, not
understanding the importance of continuing regular therapy [129].
Poor adherence to treatment can be as a result of complicated treatment regimen and polypharmacy [26, 75]. Compliance can be improved by simplifying dosing frequency, optimizing
drug delivery and relieving symptoms with quick onset of action of the drugs. Along with
compliance issues, many patients may have co-morbidities, such as presence of psychiatric
illnesses; which can make the treatment more difficult. Asthma, for example, is more
difficult to control in older patients, and results in higher morbidity and mortality compared
to younger asthmatic patients; this can be due to long-standing asthma, delayed diagnosis
and under treatment of asthma [14, 131]. When inappropriately treated or patient receives suboptimal treatment, the complications associated with asthma can result in increased
exacerbations and hospital admission [50, 132].
One problem identified with the medication for asthma is that there is overuse of SABAs
but underuse of ICS. As SABAs are the most effective medication because of their rapid
bronchodilation, it leads to them to be overused ‘when required’, even when given in a
combination product of corticosteroid and SABA. The over use of SABAs masks the
underlying inflammation and doesn’t treat it, and therefore patients underestimate the
severity of the disease and overestimate the level of control of their asthma symptoms

[133]

.

This overuse of SABAs has made the GINA suggest an increase in the maintenance therapy
and a reduction in reliever therapy

[54]

. In a survey, 70% of patients had not used an ICS in

the previous month. These data suggest that patients are unaware of why they are using ICS
medication. Not using the ICS increases the inflammation in the airways, leading to more
threatening exacerbations. A gap in the self-management education of asthma sufferers may
be the reason why patients find taking their reliever medication is more important than
taking their maintenance therapy

[17, 134]

. It has been observed that some patient’s behavior

towards their ICS treatment showed that they were concerned about the negative/ adverse
effects of the inhaled corticosteroids (ICS)

[135]

. Patients have also have shown ‘acceptance’
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of suboptimal asthma control and the associated symptoms with the thought that they aren’t
able to further improve their quality of life [17].
Patient factors are extremely important in determining where and how the drug will be
deposited in the lungs. Breathing patterns when using a device for inhaling the medication is
important in patient education for the control and treatment of asthma and COPD. An
increased volume of inhalation will increase the distribution of the particles in the lungs.
Faster breaths will also increase the turbulence of air flow in the airways, and this will result
in particles depositing by impaction, this can be avoided by the patient inhaling more
slowly. In addition, holding the breath after inhaling drug will increase the time available
for particles to deposit by sedimentation and diffusion. Thereforea slow, deep breathe which
will allow maximum deposition of the drugs in the lungs.
Patient’s disease states also affect the deposition of particles in the lungs. Patients who have
infections and smokers may experience an increase in mucus production, and this may
decrease diffusion of the drugs through the mucus layer even if successful deposition is
achieved. In COPD, it is important for patients to understand that in order to obtain
maximum effect from treatment, smoking cessation is important; however some patients
continue to smoke [91, 102, 136].
Other noted factors in the poor adherence of treatment for asthma include low income, being
from an ethnic minority and poor patient-physician understanding

[135]

. It is important that

asthma treatment is individualized for each patient, and important to take into consideration
their preference in consent with training and regular monitoring of the inhaler technique

[9,

31]

.

Many COPD patients remain undiagnosed, or not diagnosed according to the specification
in the guidelines which leads to an increased risk of mortality in patients

[92, 117, 137]

. Patient

education is extremely important to improve disease knowledge, eliminate risk factors and
to provide recommendations for treatment options, improving quality of life and reducing
exacerbations

[137]

. Lower socio-economic status is associated with an increased prevalence

of COPD [100]. Middle aged patients usually suffer from COPD as a result of their long term
history of smoking and therefore COPD can develop with diseases already present as a
result of smoking or aging; careful attention needs to be paid when treating co-morbidities
(such as ischemic heart disease or diabetes mellitus) as it can affect the quality of life [94, 114,
117]

. Untreated and inadequately treated COPD leads to poor quality of life, permanent

deterioration in health status and drives healthcare and social costs up

[137]

. Poor quality of

life in patients suffering from COPD leads to an inability of people to work, social isolation,
depression with an effect on the partner of the patient too [88].
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1.8. BUDESONIDE
Step 2 of chronic asthma management requires the introduction of inhaled corticosteroids
(ICS) such as budesonide, beclomethasone and fluticasone. Corticosteroids work as antiinflammatory agents in the treatment of asthma.
In asthma, allergic pathways that contribute to airway dysfunction are largely sensitive to
corticosteroids [66, 86, 138]. They have several complex molecular mechanisms of action. They
act on glucocorticoid steroid receptors to alter the transcription and translation of mRNA
and therefore synthesis of new protein (Figure 1.6). Corticosteroids penetrate cells and bond
to the specific receptors present in the cytoplasm and expose a glucocorticoid-receptor
complex to DNA, are transported to the nucleus, where there is an increased affinity for
interaction with DNA. This interaction leads to an alteration in response (increase or
decrease) of genes, which thus further affect the encoding of mRNA and proteins. This is a
long term action, and takes a longer period of time to work (over a period of days) than it
does for beta2-agonists such as salbutamol. Therefore ICS should be taken regularly and not
‘as required’.

Figure 1.6 Mechanism of action of corticosteroids including budesonide: Corticosteroids act on the steroid
receptor to form a steroid-receptor complex which then moves to the nucleus of a cell and acts on DNA to
alter gene expression. Schematic diagram adapted from Fahey (1998) [139].

Corticosteroids also inhibit Th2 cytokine production, especially IL-4 and IL-5 and in this
way they also reduce the production of IgE and eosinophils, basophils and mast cells
140]

[66, 85,

. In the lungs, this inhibits the IgE-induced release of histamine and leukotrienes which
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therefore also reduces the hypersensitivity episodes. Glucocorticoids are also able to inhibit
the production of inflammatory mediators by increasing production of anti-inflammatory
mediators due to an increased production of lipocortin, which inhibits phospholipase A2 and
thus reduces levels of arachidonic acid, and therefore reduces inflammation [16, 68].
There are ideal pharmacological characteristics that can optimize the effectiveness of ICS:
low oral bioavailability, high pulmonary bioavailability, high receptor binding affinity and
long pulmonary retention time

. Budesonide (Figure 1.7) is a 16, 17 acetal series, non-

[84]

halogenated potent glucocorticoid exerting local anti-inflammatory effects in the lung

[68, 85,

140]

[85,

140]

and is a 1:1 racemic mixture of two epimers (22R and 22S) which do not interconvert

. Budesonide has potent glucocorticoid activity and weak mineralocorticoid activity

[140]

. Budesonide is the corticosteroid agent with the safest side effect profile as it has high

anti-inflammatory effects and low systemic effects due to a high receptor affinity and high
selectivity

[127]

. Budesonide has a low water solubility of 45.7 mg/L and dissolves in the

bronchial secretions at the site of deposition. It has and a logP of 2.17, and is moderately
lipophilic

[85]

. This lipophilicity allows rapid uptake in the airway mucosa and reduces the

amount of drug cleared by the mucociliary clearance

[68, 141]

. Budesonide is able to show an

improvement in lung function within a time span of 1-4 hours and the response with regards
to inflammatory markers within 4-6 hours. Budesonide is extensively metabolized by
cytochrome P450-3A which catalyzes its transformation into two other metabolites (16αhydroxyprednisolone and 6β-hydroxybudesonide) [85, 140, 142].

Figure 1.7 Chemical structure of corticosteroid, budesonide [141]

A proportion of inhaled drug will deposit at the back of the throat and be swallowed. The
oral bioavailability is 11% for budesonide and this results in lower side-effect risk as little of
the swallowed drug will be absorbed. The pulmonary bioavailability is higher, and is
approximately 15-30% and the pulmonary retention time is also long for budesonide

[84]

.

Due to a low proportion of the drug reaching the target site in the lungs, corticosteroids are
required to be very potent. Budesonide is 50 times more potent than dexamethasone [143] and
exhibits 200 times greater affinity to glucocorticoid receptors than cortisol in in vitro models
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[85]

. As there is a high local activity, only a small dose of the corticosteroid is required

[85,

140]

. Doses of budesonide and other corticosteroids vary between patients and will also

depend on the severity of symptoms. If not taken regularly, structural changes to the airway
can occur (i.e. remodeling) which can reduce lung function and worsen the symptoms, and
therefore increase the need to take rescue medication such as SABA [144].
Budesonide forms lipophilic esters and is retained in the airways for a prolonged period of
time and acts as a local depot for drug activity. As the esters are hydrolyzed, active
budesonide becomes more available to the receptors [85]. This is discussed in further detail in
Chapter 5.
Budesonide is the second most prescribed ICS in a fixed dose combination. The
combination of budesonide/formoterol was preferred by approximately 20% of physicians
[145]

. Budesonide alone was preferred by 52% of physicians; the reasons were familiarity of

the drug, effectiveness, flexible dosing with a large clinical trial study evidence

[145]

.

Budesonide is available as a pMDI, DPI and nebulizer. It is available as Symbicort® in
combination with the beta2-agonist, formoterol. Pulmicort® is currently the other product of
budesonide available in the UK

[38]

. Monotherapy of the two drugs, if the patient is fully

compliant, can ensure that the drugs are being taken, but the LABA, in particular, cannot be
used alone or when required as it can cause increased risk of morbidity and mortality.
Therefore to ensure that it is taken with the ICS a fixed dose combination is preferred [69]. It
has been shown that the combination of the LABA and ICS are able to control asthma
better, and trials have been able to highlight that the use of either as monotherapy is not as
effective as a co-therapy
exacerbations

[96, 97, 146, 148]

[146,

147]

. The combination shows a protective effect on

. The STAY study [148], carried out to see the effects of budesonide

and formoterol, suggested that the corticosteroids reduce total exacerbations significantly
when given for maintenance. They are also able to reduce night time symptoms. If ICS
therapy is started early, the risk of inflammation that is attributed to remodeling can be
reduced or even reversed which can improve the lung function [149].
Systemic side effects of corticosteroids include adrenal suppression, osteoporosis, growth
inhibition, increased glucose leading to diabetes; increased risk of infection, Cushing’s
syndrome and Addison’s crisis when there is a sudden withdrawal of the corticosteroids.
These side effects are usually seen with oral corticosteroids. The local side effects
associated with ICS include Candida albicans infection of the oropharynx. The risk of
oropharyngeal thrush is further increased when the patient does not rinse their mouth after
use of the inhaled formulation. The risk can be reduced by decreasing the frequency and
dose of the inhaler or by using a spacer device. Inhaled corticosteroids can also cause
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weakness and hoarseness of the voice. Growth inhibition is seen in children using inhaled
corticosteroids

[38]

. Inhaled budesonide is also currently being explored for the treatment of

inflammatory bowel disease [127].
In this study, budesonide is being used because of its hydrophobicity and the safe side effect
profile described above. More details on the encapsulation of hydrophobic drugs and the
methods used for encapsulation are described in Chapter 2.

1.9. THEOPHYLLINE
Bronchodilators have been used in the treatment of asthma and COPD for over 70 years

[150-

153]

. Theophylline was a popular drug, but over the years, its popularity has declined due to

the introduction of more effective bronchodilators (such as salbutamol), with lower risk of
side effects. Theophylline was a widely prescribed drug, mainly due to it being inexpensive
[151, 154]

.

The best known methylxanthines are naturally present in food and beverages. These include
theophylline, caffeine and theobromine. Theophylline is a 1,3-dimethylxanthine and is
present in very low concentrations in tea and coffee.
Theophylline has been relegated to a third line bronchodilator, but is still recognized as a
useful treatment in patients with severe COPD. It is given in step 3 of asthma treatment,
when there is still the presence of symptoms even after the use of a beta2-agonist, when
required, and a regular ICS

[6, 16, 143, 155-158]

. Theophylline is added rather than doubling the

dose of the two drugs. It also shows control in severe asthma patients when not controlled
by ICS

[151]

. In COPD, theophylline is added to inhaler bronchodilator therapy in patients

with more severe COPD and gives additional clinical improvement when added to LABA
[152, 159]

.

The relegation of theophylline was reinforced by guidelines

[151]

. Interestingly, there is

evidence that when theophylline was withdrawn from treatment, it led to significant clinical
worsening of the disease

[152]

. Theophylline is effective in exercise and allergen-induced

asthma. The slow release formulation of theophylline was seen to be beneficial in
controlling nocturnal asthma symptoms and obtaining better control of plasma concentration
[160]

.

Theophylline (C7H8N4O2) has a molecular weight of 180.064 g/mol (Figure 1.8). At 25°C,
theophylline has a water solubility of 7.36 mg/mL. The logP of theophylline is very low, 0.02. Theophylline can be present as an anhydrous form or hydrous form [133].
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Figure 1.8 Chemical structure of theophylline [133]

Aminophylline, a mixture of theophylline and ethylenediamine is more water soluble than
theophylline (1 g/5mL)

[161]

. Aminophylline is hence suitable for administration as a

parenteral formulation and is given in acute severe asthma. A modified release formulation
is also used in the treatment of asthma. A hypersensitivity reaction to the ethylenediamine
leading to urticaria and pruritus is known, and in some cases more severe hypersensitivity
reaction thrombocytopenia [38].
Theophylline is able to relax human airway (bronchial) smooth muscle in vitro by nonselective inhibition of PDE enzymes that break down cyclic nucleotides and therefore
increase the concentration of cAMP (Figure 1.9). The enzyme phosphodiesterase is
responsible for the breakdown of cAMP. Phosphodiesterase-4 (PDE4) is expressed in
neutrophils, T-cells and macrophages and when this is inhibited (non-selectively) by
theophylline, this controls lung inflammation

[114]

. This effect however requires a high

plasma concentration of theophylline which can cause toxic effects. At 10-20 mg/L
theophylline causes relaxation of the airway smooth muscle as a result of phosphodiesterase
inhibition (by an increase in cAMP which reduces PDE3 and PDE4 (and cGMP and PDE5)
[151, 162]

. For this reason, theophylline is not tolerated well in many patients

[150-152]

. The

concentration required for this effect is 20 mg/L. PDE inhibition by theophylline is nonselective and results in the incidence of side effects [89, 98, 101, 126, 151, 154, 163-166].
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Figure 1.9 Mechanism of action of theophylline and the adverse effects caused by theophylline due to
antagonism of PDE or adenosine receptors (adapted from mechanism of actions described in Section 1.9)

Theophylline has inhibitory effects on the airway inflammation at concentration less than 10
mg/L. These anti-inflammatory effects are different to those of high dose corticosteroids [152,
167]

. These effects of theophylline occur at concentrations lower than those causing

bronchodilator effects and may account for the worsening of the condition after theophylline
is withdrawn from treatment [152, 168].
Theophylline has a greater effect on the late response in asthma where it is able to control
nocturnal symptoms of asthma and also inhibit the influx of neutrophils and eosinophils in
the early morning

[150-153, 169, 170]

. Patients on theophylline present low concentration of

eosinophils in bronchoalveolar lavage and sputum of patients. Upon withdrawal, these
concentrations are increased

[151]

. Adenosine receptor antagonism by theophylline prevents

constriction of the airways and release of histamine and leukotrienes [151]. Theophylline also
enhances release of IL-10 which has anti-inflammatory effects causing a reduction in
serotonin, but this effect occurs at high concentrations

[151]

. Theophylline has an effect on

preventing the translocation of pro-inflammatory transcription factors (NF-κB) and reducing
the expression of anti-inflammatory genes and therefore has a protective effect

[151]

.

Theophylline is able to promote apoptosis of eosinophils and neutrophils and reduce the
effects of oxidative and nitrate stress associated with COPD [151, 152, 171]. The mechanism of
action of theophylline against allergen-induced asthma is by reducing methacholine and
histamine reactivity by inhibiting mast cell degranulation and therefore preventing the
release of the mediators that cause bronchospasm and airway inflammation [143].
The reduced HDAC function in COPD patients decreases the effect of ICS. However,
theophylline is able to enhance HDAC activity and when co-administered with steroids; the
function of HDAC is reverted and increased

[95, 99, 108, 124, 151, 152, 172]

. Thus theophylline

improves the effectiveness of the ICS and improves lung function when added to a
34

Chapter 1: Introduction
glucocorticoid regimen and is how the anti-inflammatory action of theophylline is carried
out

[153]

. Theophylline has additional mechanism of action by PDE inhibition. Theophylline

affects HDAC at low concentrations (5 mg/L) and this action is independent of its effect on
PDE and adenosine inhibition

[150-152]

. The combination of low dose budesonide and

theophylline showed similar effects when compared to high dose budesonide alone;
however the lung function, FEV1 and FVC showed significant improvement when given
theophylline, with a sustained effect

[153, 173]

. Further studies have supported the use of

theophylline and ICS as they both reduce inflammation, but by independent mechanisms of
action. The combination of drugs is able to reduce the total sputum eosinophils and
ultimately improve the quality of life [121].
At a plasma theophylline concentration of 67 µg/mL, there is a weak bronchodilator effect
of the drug. Until this concentration has been achieved, theophylline may have an effect on
the other cells and organs other than the airways. Theophylline has been suggested to have
poor airway retention as reviewed by Barnes [151].
Low oral doses of theophylline are safer and easier to use with rare occurrence of side
effects and due to a mechanism of action that is different to ICS, these two drugs can be
used together. The low cost of theophylline in combination with generic ICS is the most
cost effective way to manage persistent asthma in developing countries, especially for
patients with severe effects [151].
The main disadvantage of treatment with orally administered theophylline is its narrow
therapeutic range. Theophylline has a therapeutic range between 10-20 mg/L. It has been
observed that there is a relationship between toxic effects in patients and the serum
concentration of theophylline. Patients with plasma levels of theophylline exceeding 20
mg/L show signs of severe toxicity. Serious toxicity has not been reported in patients who
have had a plasma concentration of less than 20 mg/L

[143]

; although some patients do show

signs of toxicity in the therapeutic range. Patients suffer may suffer from nausea, vomiting
(including bloody) diarrhea, arrhythmias, dizziness, CNS stimulation, palpitations,
convulsions and tachycardia for example. Patients already suffering from epilepsy will
experience a lowered threshold and therefore have an increased risk of seizures

[143]

. Other

CNS effects that theophylline toxicity can cause include insomnia, headache, and irritability.
This can occur in patients who are not able to clear theophylline due to various reasons such
as age, renal function, liver function and interaction of theophylline with other medication.
Patient factors such as smoking can also significantly affect the clearance and toxicity of
theophylline. Adverse effects such as nausea, vomiting, headache and diuresis are caused as

35

Chapter 1: Introduction
a result of PDE inhibition. The effects such as cardiac arrhythmias and seizures are caused
due to adenosine receptor antagonism [151, 152, 164, 174, 175].
Theophylline is metabolized by CYP1A2 in the liver; therefore interactions with drugs such
as macrolides, quinolone, cimetidine, fluvoxamine can increase the plasma concentrations
of theophylline and increase the risk of adverse effects [151, 164, 166]. Theophylline also affects
potassium levels by its release of catecholamines, which cause a positive inotropic and
dose-dependent response. The anti-diuretic effect of methylxanthines also affects the
sodium concentration, and thus effects on the other electrolytes in the body are also seen.
The action on cAMP also causes an increased number of monoamines in the brain which
causes an inhibition of prostaglandins and adenosine receptors [16].
Due to the theophylline’s toxicity being related to the concentration of the drug in the
plasma, the pharmacokinetics of theophylline will affect its safe and effective use.
Theophylline is completely absorbed, and reaches plasma peak concentrations in 6 hours
and has a volume of distribution is 0.045 L/kg. It has been shown that 40% of theophylline
is bound to albumin protein. It is metabolized in the liver by demethylation reaction to form
an inactive product and is eliminated via the kidneys. Elimination of theophylline from the
body depends on the age of patients, where it is shown to be 6/7 hours in adults, but
increased to 13 hours in children up to the age of 13 and due to these reasons the half-life of
varies between 2-10 hours. In infants, due to hepatic enzyme inactivity elimination of
theophylline is slow. If a peak-trough difference ratio is 2:1, this means that there is a 100%
fluctuation in dose resulting in not being able to maintain a concentration within the normal
plasma range for theophylline [133].
Prescribing theophylline is brand specific due to its variation of pharmacokinetic profile
between the brands. Variation causes fluctuations in the plasma concentration and can lead
to increased toxicity of theophylline. Due to the large inter-patient variability, it is preferred
to keep the same dose of theophylline; as some patients may have a slow elimination of
theophylline, causing an increased plasma concentration or in some patients it may have a
rapid elimination, requiring a more frequent dosing. This means that it is important that the
dose is individualized for each patient.
Theophylline brands such as Slo-phyllin®, Nuelin SA® and Uniphyllin Continus® are
available. The medications are available as oral dosage forms only, and in modified release
tablets. The oral doses range between 200-500 mg and can be given twice a day. The signs
of toxicity are carefully monitored in patients taking theophylline. Typical counselling for
modified release tablets is required to be given when patients take theophylline, i.e. to not
crush tablet and to swallow whole [38].
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Due to the greater efficacy of the other bronchodilator agents, such as salbutamol, and the
decreased risk of side effects and toxicity, theophylline use has declined. However, more
recently, theophylline has been shown to have a substantial synergistic effect when given
with inhaled corticosteroids.
Theophylline is chosen in this study due to its hydrophilic properties and the difficulty to
encapsulate hydrophilic drugs in nanoparticles. This is further discussed in Chapter 2.

1.10.

NANOTECHNOLOGY AND PULMONARY DELIVERY

Nanoparticles are particles in the size range of 1-1000 nm

[176, 177]

. They have been defined

as solid, sub-micron sized drug carriers that may or may not be biodegradable

[176]

.

Nanoparticles have also been defined as those particles where at least one of the dimensions
is between 1-100 nm

[178]

. They can exist as nanospheres and nanocapsules, in which the

drug is dispersed throughout the matrix or at the surface or drug is confined to a cavity
surrounded by a polymer membrane, respectively [176, 177, 179, 180]. Nanoparticles have a higher
intracellular uptake than microparticles as a result of their submicron size [176, 178, 181-183]. The
term ‘nanoparticle’ can refer to polymeric nanoparticles, nanocrystals, nanotubes, liposomes
and solid-lipid nanoparticles [178, 184, 185].
Polymeric nanoparticles can be synthesized using biodegradable polymers such as poly
(lactic acid) (PLA) and poly (lactic-co-glycolic acid) (PLGA); these are the most common
polymers applied in the synthesis of polymeric nanoparticles

[177, 185-188]

. Biodegradable

polymers are biocompatible and degrade into monomers (for example PLA and PLGA to
lactic acid) which are products of the Krebs cycle (and Cori cycle), produced in the body as
a process of natural metabolism [177, 185, 189, 190].
Biodegradable polymers can be used for sustained release of the drug and targeted drug
delivery

[182, 191, 192]

. Polymeric nanoparticles have attracted considerable attention, as they

are stable and they can encapsulate drugs in high loading capacities, particularly
hydrophobic drugs

[193-195]

. Biodegradable polymers should be non-toxic and biocompatible

[190, 196-201]

. Other polymers that have been used include synthetic polymers such as

polyacrylate and polycaprolactones and naturally-occurring polymers such as chitosan,
gelatin and alginate

[202]

. PLA and PLGA are approved by the FDA for human use and

applications in surgery and implants and due to their natural degradation in the body; they
do not require surgical removal after completion of drug release

[182, 185, 189, 203-209]

. These

biodegradable polymers are favored due to the lower toxicity risk and inflammatory
reactions they cause in comparison to non-biodegradable polymers, such as polystyrene
211]

[210,

. These polymers are shown to not cause damage in the lungs over a short term when
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studied using lung epithelial cells, macrophages or tissues

[192, 202, 210]

. However, the slow

degradation rates (which can last for a duration of months) can result in an unwanted
accumulation of the polymer in the lungs and therefore dosing intervals would need to be
considered carefully

[211]

. The safety of the biodegradable polymers in pulmonary

applications is of high interest

[211]

. Polyesters, PLA and PLGA are negatively-charged and

shown to have little effect on the cell toxicity due to lower interactions between cells and
other negatively-charged particles; but cationic polymers such as chitosan (forming
positively-charged nanoparticles) have shown interactions with the cell membrane and
affect integrity of the tight junctions in cells [211, 212].
Controlled release of drugs is one of the leading research fields in the pharmaceutical
industry

[203, 204]

. Drugs can be dissolved, entrapped, encapsulated or attached to the

nanoparticle matrix, depending on the method of formulation

[176, 179, 213, 214]

and there are

many methods that have been applied for the encapsulation of drugs in polymeric
nanoparticles, such as nanoprecipitation, solvent displacement and solvent emulsion
diffusion methods discussed in detail in Chapter 2

[176, 177, 185, 215]

. Formulation of

nanoparticles by encapsulation of drugs using biodegradable polymers allows several
advantages including increased bioavailability, biocompatibility and biodegradability,
reduced administration frequency and potentially improvement of patient compliance

[216-

224]

.

Use of biodegradable polymers in the formulation of nanoparticles and microparticles has
allowed for sustained delivery of therapeutic agents. By use of nanoparticles formulated
using biodegradable polymers, specific drug targeting can be achieved. Biodegradable
polymers such as PLGA and PLA are applied in the preparation of nanoparticles and
microparticles for targeted and sustained drug delivery [205]. Biodegradable polymers can be
composed of polyesters. The monomer undergoes several chain reactions (polymerization)
to form the polymer. An advantage that these polymers possess is their biocompatibility and
restorability through natural metabolic pathways. The biodegradable polymers break down
to their monomers (lactic acid and glycolic acid), and are eventually further metabolized to
carbon dioxide and water as described [176, 185, 203, 204].
PLA and PLGA break down into their monomers by hydrolysis of their ester linkages in the
presence of water and the time required to degrade depends on the ratio of the monomers,
and on the acidic conditions of the environment. When there is more acid present as a result
of the monomers, PLA is able to undergo autocatalytic hydrolysis

[179, 189, 214]

. The

disadvantage of an increased acidic environment as a result of breakdown of the polymers
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may affect the physicochemical properties of the drugs being used, and thus affect their
overall activity.
There are several methods available to encapsulate drugs in nanoparticles (discussed in
Chapter 2). Briefly, common methods that are used include the solvent evaporation method
and the emulsification solvent diffusion method. These methods were originally developed
for the encapsulation of hydrophobic drugs in order to overcome the difficulty in the
delivery of these drugs. With successful encapsulation of hydrophobic drugs, some studies
developed co-encapsulated drug systems. Although successful application for hydrophobic
drugs was obtained, there was difficulty in obtaining high encapsulation efficiencies when
the same method was applied for hydrophilic drugs. This was due to large partitioning of the
hydrophilic drugs during the process of encapsulation in preference for the aqueous
environment. This is explained in detail in Chapter 2.
Lungs are one of the first major organs to be used as a port of entry for nanoparticles into
the body

[181]

. The main challenge in the delivery of nanoparticles to the lungs is in the

formulation development; due to their small size, nanoparticles would be exhaled straight
away instead of successfully depositing in the lungs

[210, 225]

. In order to deliver drugs

successfully for local drug delivery to the lungs, suitable formulations need to be developed
which allow deposition to the correct site in the airways

[211, 226]

. Nanoparticles can be

developed into micron-sized formulations using carriers such as lactose, mannitol and
trehalose, resulting in successful detachment of the nanoparticles from the carrier particles
upon inhalation [128, 181, 182, 225, 227, 228].
DPI formulations may be preferred for delivery of drug-containing nanoparticles due to their
increased stability as a result of their dry powder state, if ensuring environmental factors
such as humidity are avoided [182]. If biodegradable polymers were used and suspended in an
aqueous liquid medium such as when using a nebulizer; over a period of time, hydrolysis of
the polymer would occur leading to release of the drug [182]. However, it has been commonly
seen that nanoparticles are delivered using nebulizer formulation. This allows larger
respirable percentage available to the deep lungs due to appropriate particle size being
achieved and liberation of the nanoparticles from the deposited droplets [181, 202, 210].
As a result of their size, nanoparticles will deposit in the lungs by diffusion and not by
gravitational forces and impaction. They are able to diffuse and deposit throughout the
respiratory tract and it has been noted that approximately 20% are deposited in the alveolar
region and 5% in the tracheobronchial region. Holding the breath enhances deposition in the
deep lung if required for systemic administration of the drugs [181, 182].
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Delivery of nanoparticles by the pulmonary route is an attractive concept as both local
delivery and sustained release can be achieved

[211]

. This decreases the dosing frequency,

protects the drug, improves bioavailability, decreases overall concentration required for
delivery thereby reducing systemic side effects

[128, 181, 184, 229]

. The reduced frequency in

dosing can potentially increase patient compliance and acceptability [181].
Additionally, nanoparticles are able to offer advantages such as an increased surface area in
comparison to microparticles and the small size of the polymeric nanoparticles results in a
longer retention time of the nanoparticles in the lungs

[211, 219]

. Applications of nanoparticles

being used for local pulmonary delivery include the treatment of respiratory infections and
inflammatory diseases of the airways [228, 230-232].
Currently, there are no controlled release products that are delivered by the inhalation route
and this is considered to be an unmet need that could be realized using nanoparticles [211, 233,
234]

. Release of drugs from polymeric nanoparticles is by a combination of diffusion through

the polymer matrix and by erosion/degradation of the polymer matrix [211].
Dry powder formulations of nanoparticles have been successfully made using spray-drying
techniques where micron-sized or ‘micro-encapsulated’ nanoparticles have been developed.
This has been used for the delivery of tobramycin-PLGA nanoparticles (for respiratory
[210]

infections)

and chitosan nanoparticles (for protein drug delivery for systemic action)

[235]

. Porous nanoparticle aggregates can be made for pulmonary drug delivery as these

particles have a low density and small aerodynamic diameters, and therefore their deposition
is found to be in the deeper lungs rather than the upper airways [230]. Porosity of particles can
be increased by use of ammonium bicarbonate

[127, 128, 210]

. Sildenafil nanoparticles loaded in

PLGA have been synthesized for the treatment of pulmonary hypertension

[236, 237]

. Various

types of nanoparticles, for example liposomes, micelles, dendrimers and polymeric
nanoparticles have been explored for the delivery of drugs to the lungs [202].
Betamethasone, a corticosteroid used for the treatment of asthma, has been encapsulated
using PEG-PLA nanoparticles and studied on a murine asthma model to improve the
delivery of the corticosteroid

[232]

. Budesonide-PLGA manoparticles were also studied in a

murine asthma model; the effect of increasing nanoparticle porosity on delivery was studied
and found to improve pulmonary drug delivery [127]. Budesonide microparticles also showed
advantages of allowing reduced dosage frequency and control of nocturnal symptoms in
asthma

[238]

. Budesonide was formulated as a nanosuspension and showed stability over 1

year and was administered as by a nebulizer formulation

[181, 230, 239]

. Nanoparticle

agglomerates of fluticasone propionate and salbutamol were formulated as dry powder
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aerosols. A combination of drugs was used as this showed synergy compared to the use of
monotherapy [231].
Another example of the use of inhaled nanoparticles for local delivery was for the treatment
of lung cancer using doxorubicin (with polycaprolactone (PCL) as the polymer)

[240]

.

Nanoparticles were concentrated in the tumor site and it was postulated that this was due to
the enhanced permeability and retention (EPR) effect (described below). The nanoparticles
were developed as dry powder formulations using lactose

[240]

. PLGA has been used to load

siRNA in nanoparticles in the treatment of lung cancer as a dry powder formulation form
[208]

.

Polymeric nanoparticles (of natural or synthetic polymers) have received a lot of attention
due to their stability and ease of surface modification

[184]

. Many studies have delivered

nanoparticles via injection where drug targeting is achieved by an effect known as the
enhanced permeability and retention (EPR) effect. Tumors have a leakier blood supply
allowing nanoparticles to become concentrated preferentially in the tumor areas and
inflammation sites

[197, 232]

. By preferentially entering inflamed and tumor sites, this allows

an increase in positive effects at the site of action and subsequently reduces systemic side
effects. At these diseased sites, the biodegradable polymers can act as local depots and can
provide a source of continuous supply of the encapsulated drug targeted for the disease

[184]

.

Factors such as the nanoparticle size and charge can affect properties such as uptake and
distribution which can affect the overall therapeutic efficacy of the drugs [225].

1.11. AIMS AND OBJECTIVES OF THE THESIS
Nanotechnology can be used to improve the delivery of drugs. Limitations have been seen
from previous studies in the successful encapsulation of hydrophilic drugs; and there are
limited studies on co-encapsulation of both hydrophilic and hydrophobic drugs. Budesonide
is a commonly prescribed inhaled corticosteroid which is shown to have a good safety
profile. Theophylline, a bronchodilator which has been relegated to third line therapy in
treatment of COPD and asthma, has been shown to be effective and of great importance
when prescribed in combination with corticosteroids. However, theophylline has a narrow
therapeutic index when given systemically and by delivering it locally, in a nanoparticle
formulation, the systemic side effects can be reduced and release of the drug extended.
The principal aim of the study was to develop a method to successfully co-encapsulate
theophylline and budesonide in nanoparticles using the polymer, poly (lactic acid) (PLA).
This combination of drugs, with widely different values of log P, has not previously been
successfully encapsulated in PLA nanoparticles for pulmonary drug delivery.
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After successfully formulating nanoparticles containing theophylline and budesonide, the
aim was to:


Characterize the nanoparticles. Initial characterization will include an assessment of
particle size, zeta potential, morphological features, thermal and surface properties
and, most importantly, the loading efficiency of both the drugs. From these
characterization tests a favorable formulation will be selected and used for further
characterization (Chapter 2).



Achieve sustained release of the drugs. Therefore, the release profiles of the drugs
from the nanoparticles will be characterized. The aim is to understand the release
profiles of theophylline and budesonide from the nanoparticles. Drug release from
the nanoparticles depends on the diffusion of the drugs from the nanoparticles, the
degradation/erosion of the polymer (extended periods) and the solubility of the
drugs in the release medium (Chapter 3).



Assess whether the nanoparticles are likely to be toxic if delivered to the lung. This
will be studied using an in vitro model of the airway epithelium. A further aim will
be to study the transport of the drugs across an in vitro model of the airway
epithelium and the effect of the nanoparticles on the tight junctions of the cells
(Chapter 4 and Chapter 5).



Formulate the nanoparticles as a nebulized suspension and dry powder formulations
and to study the in vitro deposition of the formulation (Chapter 6).



Study the effect of different storage conditions on the nanoparticles stability.
Changes in the physicochemical properties of the nanoparticles stored at under
different conditions over a period of time (Chapter 7).

1.12. SIGNIFICANCE OF WORK
Asthma and COPD are chronic, inflammatory conditions of the airways in which controlling
symptoms and maintenance of control is extremely important to maintaining a good quality
of life. Polypharmacy in asthma and COPD can lead to poor compliance and poor control of
asthma and COPD. For good control, regular therapy using bronchodilators and antiinflammatory agents is recommended and ideally, the duration of drug action should be long
in order to control nocturnal symptoms and reduce the frequency of administration of the
drugs. There are several advantages of sustained release products, but currently, there are
none available for pulmonary drug delivery; although a significant amount of research in
sustained release of drugs has been carried out. Advantages include reduced administration
frequency (potentially increasing patient compliance) and reduced overall concentration of
drug in plasma (in addition to delivery of the drugs locally). In conditions like asthma and
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COPD, sustained release allows improved symptom control over a longer period of time,
especially for late night or early morning symptoms.
Budesonide is chosen as the drug of choice due to the low risk of side effects in comparison
to other corticosteroids as well as high potency and high local bioavailability in the lungs.
Budesonide is a commonly prescribed inhaled corticosteroid which supports the use of this
drug in the current study. Theophylline is chosen as the second drug due to several reasons.
Theophylline is currently available only as an oral dosage formulation, and it is suggested
that there is poor retention of theophylline in the airways.
Synthesis of nanoparticles using a method developed to incorporate both hydrophilic and
hydrophobic drugs can be applied to encapsulate drugs with a wide range of logP values and
different applications. Characterization of the nanoparticles allows modifications to the
formulation method in order to develop desired properties in the synthesized nanoparticles.
The use of co-encapsulated nanoparticles allows reduction of polypharmacy, for example in
the treatment of infections (example tuberculosis (TB)), cancer or inflammation where
combinations of drugs may be potentially required. Although mono-encapsulated
nanoparticles are commonly formulated and can be used, the advantage of co-encapsulation
in nanoparticles involves reduction in the overall quantity of nanoparticles that is required
for administration, i.e. using only one type of nanoparticle formulation rather than
combining two mono-encapsulated formulations, which would be more ideal if the loading
efficiency can be standardized for both drugs (for example theophylline and budesonide).
Dosing of the drugs also becomes easier when co-encapsulated nanoparticles are
administered, as handling of only one type of nanoparticle sample is carried out.
Along with the therapeutic advantages of using the combination of theophylline and
budesonide, this combination was also selected due to the difference in the lipophilicity of
the two drugs. Theophylline is a hydrophilic drug which is difficult to encapsulate in
polymeric nanoparticles at a high loading efficiency. The encapsulation of theophylline and
budesonide allows encapsulation of a hydrophilic and lipophilic drug. This combination of
drugs has not been encapsulated in polymeric nanoparticles previously. This study and
formulation of the nanoparticles containing a hydrophilic and lipophilic drug can be used as
a model for other drugs that can be used as a combination. Although the application is for
pulmonary drug delivery in this study; polymeric nanoparticles have been used for delivery
via other routes allowing this technology to be extended for different applications.
By delivering the drugs via nanoparticles and achieving sustained release, retention of
theophylline could potentially be increased and revitalize the use of theophylline.
Theophylline’s major disadvantage is the narrow therapeutic range, which has relegated
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theophylline to a third line therapy for the treatment of these chronic conditions. By
encapsulation of theophylline in nanoparticles and achieving sustained release, the side
effects can be limited to a local effect only. Encapsulation of theophylline in nanoparticles
also reduces the overall concentration of the drug required and by delivering the drug locally
further reduces the need to use high concentration, avoiding the toxic effects of
theophylline. Theophylline is also chosen as the second drug due to its importance in the
effect of up-regulation of corticosteroids, and due to the synergy when prescribed with
steroids, described in detail in Section 1.9.
Overall, by delivering theophylline and budesonide as co-encapsulated nanoparticles
directly to the target site (airways) allows local delivery of the drugs to the affected area.
Local delivery allows reduced concentration of drug required and reduces the risk of
systemic side effects. By delivering the drugs as nanoparticles a depot can be formed where
the drugs are released over an extended period of time maintaining control of symptoms. By
achieving sustained release, the frequency of administration can be reduced and by
encapsulating both drugs in PLA nanoparticles the patient only has to inhale a single
product; all factors that can improve patient compliance and control of asthma and COPD
symptoms.
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CHAPTER 2 SYNTHESIS AND
CHARACTERIZATION OF
THEOPHYLLINE AND BUDESONIDE
NANOPARTICLES
2.1 INTRODUCTION
Nanoparticles were introduced in the 1970s and have been synthesized using biodegradable
polymers. Nanoparticles synthesized using biodegradable polymers are easily manufactured
and reproducible and were developed as a potential to modify and improve drug delivery,
shelf life, increased efficacy and stability
pharmaceutics
10-1000 nm

[241, 242]

and a wide range of applications in

[242-244]

. Nanoparticles are defined as solid, colloidal particles in the range of

[245-250]

.

Nanoparticles synthesized from biodegradable and biocompatible polymers have been
intensively investigated for drug delivery and their effects in vitro
nanoparticles can be synthesized with natural or synthetic polymers

[188, 205, 251]

. Polymeric

[243, 247]

. Nanoparticle

and microparticle drug delivery systems developed initially were made with poly
(alkylcyanoacrylate)

[243]

. Nanoparticles have advantages over using free drug mixtures for

example protection of the drug, increased stability, reduced toxicity and sustained release,
so potentially reducing the frequency of administration

[182, 191, 251, 252]

. When synthesizing

nanoparticles, it is important to consider the size, shape and surface chemistry which can
play an important role in interactions with biological systems to achieve therapeutic success
[252]

. Commonly used biodegradable polymers include poly (lactic-co-glycolic acid) (PLGA)

and poly (lactic acid) (PLA)

[181, 185, 190, 198-200, 214, 253]

. Polymeric nanoparticles (natural or

synthetic) have received a lot of attention due to their stability and ease of surface
modification

[184, 197, 232, 251, 252, 254]

. Biodegradable nanoparticle systems are preferred to

liposomes due to the increased stability and ability to provide sustained and controlled
release [243].
The drug in the nanoparticle can be dissolved, entrapped, encapsulated or attached to the
nanoparticle matrix, depending on the method of the preparation. Nanocapsules are particles
where the drug is confined to a cavity surrounded by a unique polymer membrane (reservoir
system), while nanospheres are particles which are composed of a dense polymeric matrix in
which the drug is uniformly and physically dispersed [176, 177, 180, 251].
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There are several methods available to formulate nanoparticles such as emulsion
polymerization, solvent evaporation methods, emulsion solvent evaporation/diffusion,
salting out and nanoprecipitation

[185, 188, 215, 243, 245, 251, 255-258]

. Most of these methods have

been developed for the synthesis of microspheres [245].
Nanoparticles can also be prepared by incorporating drugs with monomers of the polymer,
and then reaction between the monomer and the drug together, as reviewed by Pinto-Reis et
al (2006)

[176]

. Most methods have been developed to incorporate hydrophobic drugs.

Incorporation of hydrophilic drugs using conventional methods has resulted in low loading
efficiencies and a burst release of the hydrophilic drug

[194, 199, 259, 260]

. Hydrophilic drugs are

difficult to encapsulate due to their high partitioning into the aqueous phase.

Nanoprecipitation and solvent displacement:
The solvent displacement method commonly referred to as the nanoprecipitation method
was developed by Fessi et al (1989) for the encapsulation of savoxepine [241, 257, 261, 262]. This
method is based on interfacial deposition of the polymer after the organic solvent is
displaced to form droplets. The system is composed of polymer (and drug), solvent and nonsolvent. The most common solvent used is acetone, as reviewed by Rao et al (2011) [262].
This method has been used effectively to formulate nanoparticles containing hydrophobic
drugs and relies on the spontaneous formation of an emulsion, as reviewed by Pinto-Reis et
al (2006)

[176]

. The drug and polymer are dissolved in an organic solution, e.g. acetone, and

added drop wise to an aqueous environment with constant stirring. The large unfavorable
aqueous environment forces the encapsulation and formation of lipophilic drug
nanoparticles. The polymer deposition on the interface between water and organic solvent,
caused by fast diffusion leads to instant formation of the colloidal suspension

[176, 177]

. The

organic solvent is then removed by evaporation. Surfactants may or may not be used in the
production of these nanoparticles.

Salting out
The salting out method was developed by Bindschaedler et al. [257, 262] in which a salting out
agent, such as magnesium tetrahydrate or magnesium carbonate dissolved in the aqueous
phase is used. The organic solvent (such as acetone) is used to dissolve the drug and
polymer. An oil in water emulsion is formed with the aqueous phase in which the organic
solvent diffuses to precipitate drug and polymer allowing formation of the nanoparticles. It
is a simple and single step method to formulate nanoparticles without a need for high
shearing forces

[261, 262]

. The salting agent is chosen carefully, as this can affect

physicochemical characteristics of the particles and affect the encapsulation efficiency of
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the drugs. This method is commonly used for hydrophobic drugs and is particularly good for
heat sensitive compounds, as there is no heat involved, as reviewed by Pinto-Reis et al
(2006) [176].

Nanoparticles prepared from hydrophilic polymers (for example: chitosan, gelatin
and alginate):
Chitosan is derived from natural carbohydrate polymer. It is formulated by partial Ndeacetylation of crustacean derived natural biopolymer chitin. There are several methods
that can be used to formulate nanoparticles using chitosan, which include emulsification
solvent diffusion (ESD). Chitosan is dissolved in acetic acid and the ESD method is
followed, with or without addition of a surfactant to the chitosan solution. Gelatin, being a
non-toxic polymer, is used extensively in food and medicinal products and has also been
used in formulation of nanoparticles due to its ability to act as a controlled release polymer.
Sodium alginate has also been used to formulate nanoparticles by methods such as
emulsification solvent diffusion. It is also naturally occurring and non-toxic [176, 191, 210, 235, 263269]

.

Solvent evaporation method
The solvent evaporation method was developed originally for the formulation of
microspheres by Vrancken et al (1970) to encapsulate a compound with the use of
immiscible solvents and polymers. The immiscible solvent is then removed from the
emulsion system to form polymerized particles

[270]

. The method was further developed by

Tice and Gilley (1985) [271].
The solvent evaporation method involves two major steps in which the polymer (and drug)
are dissolved in an organic solvent such as dichloromethane followed by high speed
homogenization with the aqueous phase and evaporation of the organic solvent leading to
the precipitation of the polymer as nanoparticles with the entrapped in the polymer matrix.
The drug and the biodegradable polymer are dissolved in an organic phase, which is
immiscible with water, such as dichloromethane, and this is then homogenized with an
aqueous phase, which may or may not contain a surfactant for example, poly (vinyl alcohol)
(PVA). This method is mainly used for lipophilic drugs with polymers such as PLA and
PLGA [176].

Emulsification solvent diffusion (ESD) and double emulsification solvent diffusion
(DESD) method:
The emulsification solvent diffusion (ESD) method is a very popular, easy and convenient
method used to formulate nanoparticles. The emulsion evaporation method was used for
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formulation of various polymeric microparticles and developed by Vanderhoff et al (1979)
[272]

which was then developed further by Gurny et al (1981)

[273]

. In the method developed

by Vanderhoff et al (1979), the process involved polymer being dissolved in a water
immiscible organic solvent and this was dispersed in the aqueous phase containing a
stabilizer to form an oil in water emulsion [250, 257, 262, 274]. This method was further developed
by introducing an additional step which was to obtain mutual saturation between the organic
and aqueous phase [241, 257]. The solvent was miscible with water containing the polymer and
the emulsion was added to a large amount of water which causes diffusion of the organic
solvent and allows formation of nanoparticles [176, 257, 274, 275]. Early references to this method
were for the preparation of controlled release microcapsules by Tice and Giley in 1985
276]

which were based on encapsulation of drugs in microparticles

[245,

[277-279]

. This method was

used by Ogawa et al (1988) to develop microcapsules using PLA or PLGA [255, 280-282]. This
method is similar in principle to the solvent evaporation method.
The ESD method involves formation of a primary emulsion by mixing organic and aqueous
phases and removal of the organic solvent. The DESD method involves formation of a
primary emulsion, and then addition of an excess aqueous phase which results in
destabilization of the thermodynamically stable primary emulsion. The primary emulsion is
formed as described in the solvent evaporation method (with or without a surfactant) and
this stable emulsion is then added to an excess aqueous phase (with or without surfactant).
This causes diffusion/displacement of the solvent allowing instantaneous formation of the
nanoparticles as the polymer and drug precipitates into the aqueous medium. The method
allows for the use of either water-miscible or immiscible organic solvents. The importance
of components such as the stabilizer for formulation of the nanoparticles has been reviewed
by Hans and Lowman (2002) [243].
In a study on haloperidol PLGA nanoparticles, the emulsification process was described in
detail post the diffusion of the organic solvent stage and how the process of encapsulation
occurred. As the organic solvent diffuses to the external phase, this would result in
shrinkage of the emulsion droplets and this process can affect the final size of the
nanoparticles. This process depends on the use of high shear as a source of external energy.
When the droplets solidify, the drug molecules become entrapped in the nanoparticles. Once
the polymer solidifies, there is no loss of the drug; the main diffusion of the (hydrophilic)
drug occurs from the formation of the nanodroplets to the nanoparticles [244].
The use of toxic organic solvents is one of the main disadvantages of this method. The ESD
method is a quick, reliable and efficient method to produce nanoparticles. Nanoparticles
produced by this method results in high encapsulation efficiencies of hydrophobic drugs up
48

Chapter 2: Synthesis and characterization of theophylline and budesonide nanoparticles

to 70%

[176, 194, 205, 283]

and this method can be developed to scale up to larger quantities.

Homogenizers are used to formulate nanoparticles using high shear rates and energy.
Alternatively, probe sonicators are also used to formulate nanoparticles

[176, 200, 203, 204, 281, 283,

284]

. This method has been applied for the synthesis of particles containing both hydrophobic

and hydrophilic drugs in recent years [285].

Double emulsification method and the encapsulation of hydrophilic drugs:

Most methods available to formulate drug containing nanoparticles are developed for
hydrophobic drugs. The challenge in encapsulating a hydrophilic drug is due to the rapid
diffusion and loss of the drug in the aqueous phase resulting in reduced encapsulation
efficiency, as described previously [177].
The double emulsion diffusion method has been reviewed by Lai et al (2014) suggesting the
suitability of this method for the encapsulation of hydrophilic drugs

[247]

. The ESD method

has been further developed into the double emulsification solvent diffusion (DESD) method:
so called because of the formation of a primary and secondary emulsion resulting in the
formation of nanoparticles, as described previously. This was to increase the encapsulation
efficiency of hydrophilic drugs.
In the DESD method, the hydrophilic drug is dissolved in the inner aqueous phase and the
polymer is precipitated when the organic solvent is removed from the emulsion system
resulting in the incorporation of the hydrophilic drug. The method to incorporate the
lipophilic drug would involve dissolving the drug in the organic solvent. The encapsulation
of the hydrophilic drug remains a challenge due to its rapid partitioning into the external
aqueous phase [188, 259].
As an attempt to increase the encapsulation efficiency of the hydrophilic drugs, the organic
phase can consist of two organic solvents, one of which is miscible with the aqueous phase.
This combination is to allow increased encapsulation of the hydrophilic drug by reduced
partitioning of the hydrophilic drug to the external phase [188, 205].
Encapsulation of hydrophilic drugs is difficult with conventional methods, such as those
described above. Chemical modifications, e.g. esterification can make changes such as
making the drug more lipophilic; but this can compromise the activity of the drug. Zinc has
also been used to form an insoluble complex which is easier to encapsulate, than the
hydrophilic drug

[199]

. Other techniques to encapsulate hydrophilic drugs also include

modifying pH, which affects drug ionization, which can then affect the lipophilicity and
increase encapsulation efficiency but also at the cost of affecting the activity of the active
[177, 259]

. Vrignaud et al (2011), reviewed examples of enhancing the encapsulation efficiency
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of hydrophilic drugs in polymeric nanoparticles using various methods such as increased 5flurouracil loading by increasing the monomer polymerization rate and the use of reversed
micelles to encapsulate hydrophilic dyes using an emulsion solvent evaporation method and
PLA [251].
High solubility of a hydrophilic drug in both the aqueous and organic phase facilitates the
diffusion of the drug to the external phase (resulting in low encapsulation efficiency), and
therefore the use of a solvent in which the hydrophilic drug has low solubility in is required
[198]

. The main solvent used for the primary emulsion is usually dichloromethane. Other

solvents tested in the double emulsion method are ethyl acetate and acetone due to their
various degrees of miscibility with the aqueous phase

[198]

. Modification the organic phase

(by changing the water-miscibility) can affect the rate at which the polymer precipitates and
this can affect the encapsulation efficiency of the drugs. The DESD also causes a lot of drug
loss in the formulation process due to diffusion of the drug to the external phase, also
resulting in low encapsulation of the drugs [127, 197-199, 251, 255, 286].

Characterization of nanoparticles:

Synthesized nanoparticles are characterized using different techniques such as particle size
analysis, loading efficiency

[203, 204]

, morphological assessment, surface charge and surface

properties, drug release , stability and effect on cell systems

[177, 178, 197, 207, 225, 231, 243, 247, 285-

290]

.

The most common and rapid method to determine particle size is by dynamic light
scattering (DLS) or photon correlation spectroscopy (PCS). The size and size distribution is
verified by morphological assessment using scanning electron microscopy (SEM) and/or
transmission electron microscopy (TEM). Determining the particle size is important as the
size and distribution will have a large influence on the fate of the particles in vivo. The
particle size may also potentially affect the drug release profile and the drug loading
efficiency [184]. Smaller particles have a larger surface area resulting in a faster drug release,
due to the drug particles being closer to the surface. Larger particles have a larger core
allowing increased encapsulation efficiency

[184]

. The relationship between particle size and

encapsulation efficiency has been reviewed by Hans and Lowman (2002)

[243]

. The size of

the particles can also affect stability, which can cause increased aggregation and affect
dispersibility [184].
Surface properties such as zeta potential, size and morphology of the nanoparticles are
important to determine because they can affect interactions with cells, immune system and
stability [184, 189].
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Nanoparticles with an increased drug loading can improve the presence of the drug in the
pulmonary region

[228]

. A high loading capacity can potentially reduce the overall quantity

of the nanoparticles/carrier required for treatment

[177, 184, 189]

. High loading efficiencies are

usually obtained for hydrophobic drugs, while it is a challenge with hydrophilic drugs [197].
Other common characterization techniques such as differential scanning calorimetry (DSC)
or x-ray diffraction (XRD) show if drugs and polymer are present in a crystalline or
amorphous state of the nanoparticles [178]. Fourier Transform Infra-red (FT-IR) spectroscopy
is also used to determine stability of the nanoparticles and components [178].

2.1.1 AIM OF STUDY :
The purpose of the study was to synthesize nanoparticles of the hydrophilic theophylline
and lipophilic budesonide using PLA as the encapsulating polymer. In order to achieve this,
an appropriate method was required to be developed in order to allow encapsulation of both
drugs with a suitable loading efficiency. From the information available, the double
emulsification solvent diffusion (DESD) method was chosen incorporating different
variables such as: quantities of drug and polymer used the method of evaporation of the
organic solvent, duration of homogenization process and investigating of various organic
solvents for the successful preparation of nanoparticles. Budesonide/theophylline coencapsulated and mono-encapsulated nanoparticles were prepared. The synthesized PLA
nanoparticles were characterized for particle size, zeta potential, surface characteristics,
morphology and loading efficiency of theophylline and budesonide.
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2.2 MATERIALS AND METHODS
2.2.1 MATERIALS

Formulation of nanoparticles
Theophylline (anhydrous >99%) powder, Sigma Aldrich, UK: Lot 120MO211V
Budesonide powder, LKT Laboratories, USA: Lot 2593502
Purasorb® PDL-02 Poly (DL-lactide) (PLA), 17,000 Da, Purac Biomaterials- the
Netherlands: Lot 0812000098
Poly (vinyl alcohol) (PVA), 15, 000 Da, Sigma Aldrich, UK: Lot MKBF0587V
18.2MOhm Deionized water
Dichloromethane, Fisher Scientific, UK (D/1856/17)
Acetone, Fisher Scientific, UK (A/0606/17)
Ethyl acetate, Fisher Scientific, UK (E/0906/17)
Acetonitrile (HPLC grade), Fisher Scientific, UK (A/0626/17)
Hexane, Fisher Scientific, UK (H/0406/17)
Toluene, Fisher Scientific, UK (T/2300/17)
Dimethyl sulfoxide (DMSO), Fisher Scientific, UK (D/4120/PB08)
Methanol (analytical grade), Fisher Scientific, UK (M/3950/17)
Ethanol (absolute), Fisher Scientific, UK (E/0650DF/17)
Morphological assessment:
SEM Specimen Stubs (aluminum), 12.5mm diameter, 3.2 x 6mm pin, AGAR Scientific,
United Kingdom (AGG301F)
Carbon adhesive double sided disc/tape (Leit Adhesive Carbon Tabs) for SEM stubs,
AGAR Scientific, United Kingdom (AGG3347N)
Copper grids, formvar reinforced carbon, 400 mesh, AGAR scientific (AGS-162-4)
Particle size and zeta potential analysis:
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Disposable plastic UV cuvettes, Plastibrand (2.5-4.5mL), Fisher Scientific, UK (Product
code: 10046731)
Folded capillary Malvern Zetasizer ‘Zeta cell’, Malvern Instruments, UK (DTS 1061)
Differential scanning calorimetry (DSC):
Aluminum crucibles (without pin) (40µL) (case containing pan and lids), Mettler Toledo,
UK (ME-26763)
High performance liquid chromatography (HPLC):
2mL crimp top clear Chromacol Vials- Autosampler Vials crimped (2CV-P220)(Lot:
70734807114), Thermoscientific, Germany
Chromacol 11mm crimp cap- Rubber/ PTFE Type 7 Rubber Lot 9132010752
Acetonitrile (HPLC grade), Fisher Scientific, UK: Lot 1346198
Formic acid (90%), BDH Laboratory supplies, England: Lot 2442640729
Methanol (HPLC grade), Fisher Scientific, UK: Lot: 1493729 (Code: M/4056/17)
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2.2.2 METHODS
2.2.2.1

SYNTHESIS OF NANOPARTICLES

The method that was used to formulate nanoparticles of theophylline and budesonide was a
double emulsion solvent diffusion (DESD) method. Several different modifications were
carried out to formulate PLA nanoparticles of theophylline and budesonide. Modifications
included altering the organic solvent used, polymer-drug ratio and the volume of the excess
aqueous phase. Details of all the methods used are given in Table 2.1. The theory of the
method of formulation was based on producing a stable emulsion with an organic and
aqueous phase by aid of the surfactant. The stable emulsion was then disrupted by addition
of an excess aqueous phase, which causes the organic solvents to diffuse to the external
phase. By removal of the organic solvents from the emulsion system, it causes precipitation
of the polymer and drugs in the aqueous medium allowing encapsulation of the drugs and
formation of nanoparticles.
Unless specified otherwise, theophylline (50 mg) was dissolved in 2% w/v PVA (10 mL) to
form the aqueous phase. Budesonide (5 mg) and the polymer, poly (lactic acid) (PLA) (200
mg) were dissolved in dichloromethane (10 mL). This was mixed with a second organic
solvent (10 mL) (unless specified otherwise in Table 2.1) to form the organic phase. The
excess aqueous phase was 18.2MOhms deionized water (100 mL), unless specified
otherwise. The aqueous phase and the organic phase were homogenized to form a stable
emulsion for 5 minutes (unless specified otherwise in Table 2.1). This stable emulsion was
added dropwise to an excess aqueous phase and homogenized for a period of 15 minutes
(unless specified otherwise in Table 2.1). The organic solvents were evaporated using the
methods specified in Table 2.1.The resultant suspension was centrifuged at 15,000rpm, 4°C
for 15 min (unless otherwise specified) as a means of removing the surfactant (2% w/v PVA
solution). The supernatant was carefully removed using a Pasteur pipette. Care was taken
not to disturb the nanoparticle pellet. The nanoparticles (sediment) were re-suspended in
18.2MOhms de-ionized water (1 mL) and the sample was then freeze dried to obtain solid
nanoparticles which were characterized as described in Section 2.2.2.2.
Equipment used to prepare nanoparticles:
Homogenizer: IKA®-25 Digital Ultra Turrax, SAP 23059653
Rotary evaporator: IKA®RV-10 control with IKA®HB 10 Control water bath and
vacuubrand chemistry diaphragm pumps model MDIC+MDIC+AK+EK (water bath
operated at 40°C, pressure used specified in Table 2.1
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Centrifuge: Sorvall RC-6 Plus Ultracentrifuge (samples centrifuged at 15,000 RPM for 20
minutes at 4°C)
Freeze dryer: Christ Alpha 2-4 Freeze dryer with a Chemistry hybrid pump RC-6
vacuubrand S/N: 33679408 (operated at 0.250mbar at -80°C for 24 hours).
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Table 2.1 Methods used to formulate PLA nanoparticles encapsulating theophylline and budesonide.
Unless specified otherwise, the aqueous phase consisted of theophylline (50 mg) dissolved in 2% w/v PVA
(10 mL). The organic phase consisted of budesonide (5 mg) and PLA (200 mg) dissolved in
dichloromethane (10 mL) with the addition of a second organic solvent (10 mL). ** Method 14 and ***
Method 15 did not involve centrifugation steps. DCM: dichloromethane, vacuum means rotary
evaporator.
Method
number

PLA
(mg)

Organic solvent 2
(mL)

Excess aqueous
phase (mL)

Method to
evaporate organic
solvent(s)

Centrifugation
specifications

1

200

-

100

Vacuum (100mbar)

15,000 RPM, 4°C
for 15 minutes

2

200

10 (acetone)

100

Overnight stirring
(100RPM)

15,000 RPM, 4°C
for 15 minutes

3

200

10 (acetone)

50

Overnight stirring
(100RPM)

15,000 RPM, 4°C
for 15 minutes

4

50

10 (acetone)

50

Overnight stirring
(100RPM)

5

200

10 (acetone)

100

Pressure (254mbar)

15,000 RPM, 4°C
for 15 minutes
15,000 RPM, 4°C
for 15 minutes

6

200

10 (acetone)

100

Vacuum (44mbar)

15,000 RPM, 4°C
for 15 minutes

7

200

10 (ethyl acetate)

100

Vacuum (100mbar)

15,000 RPM, 4°C
for 15 minutes

8

200

10 (acetone)

100

Vacuum (70mbar)

15,000 RPM, 4°C
for 15 minutes

9

200

10 (acetonitrile)

100

Vacuum (80mbar)

10

200

10 (hexane)

100

Vacuum (335mbar)

11

200

10 (toluene)

100

Vacuum (77mbar)

12

200

10
(Dimethylsulfoxide)

100

Vacuum (250mbar)

13

200

10 (methanol)

100

Vacuum (337mbar)

14

200

10 (acetone)

100

Vacuum (70mbar)

X**

15

200

10 (acetone)

100

Vacuum (70mbar)

X***
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Comments

Method 1 does not involve a second organic
solvent.

Method 6 is a mixed emulsion method which
involved formation of primary emulsion of the
aqueous phase (2%v/v PVA (10 mL) containing
theophylline) and dichloromethane (10mL).
This primary emulsion was homogenized with
the second organic solvent, acetone (10mL) to
form a double emulsion. To this the excess
aqueous phase was added and homogenized
for 15 minutes.

Mono-encapsulated nanoparticles of
theophylline and budesonide as listed for
Method 8 were also prepared and
characterized.

15,000 RPM, 4°C
for 15 minutes
15,000 RPM, 4°C
for 15 minutes
15,000 RPM, 4°C
for 15 minutes
15,000 RPM, 4°C
for 15 minutes
15,000 RPM, 4°C
for 15 minutes
Method 14 involved filtering samples through a
syringe filter (0.45µm)
Method 15 involved neither centrifugation
step nor filtration step.
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2.2.2.2

CHARACTERIZATION OF NANOPARTICLES
2.2.2.2.1 Particle size and Zeta Potential analysis

Particle size and zeta potential analysis of the freeze dried nanoparticles was carried out
using a Malvern Zetasizer Nanoseries, Nano-ZS690 (Malvern Instruments, UK). Analysis
was carried out at 25°C. For particle size analysis detector angle of 90.00° and Refractive
Index (RI) was of 1.331 for de ionized water was used. Particle size analysis was carried out
using Malvern plastic disposable cuvettes. Samples were analyzed in triplicate (n=3), each
run consisting of n=30 repeats. For zeta potential analysis Malvern zeta potential disposable
folded capillary cells (0.75µL) were used. Each sample was analyzed n=3 times, with each
run set to a minimum of n=10 and maximum of n=100 runs.
Freeze dried nanoparticles (1 mg) were weighed (using a 5 place analytical balance) into a
10 mL volumetric flask and made up to volume with deionized water. The samples were
dispersed in water by initially vortex mixing the sample thoroughly for 1 minute followed
by sonication for 1 minute.

2.2.2.2.2 Morphological assessment
Scanning electron microscopy (SEM)

A Zeiss-Sigma FEG-SEM was used for SEM imaging. The samples were coated with
platinum (Pt) with a thickness of 4-5nm using a Quorum technologies Q150T Turbopumped sputter coater. Approximately 5-10 images for each sample were taken using a
range of magnification and varying the area on the stub from which they were taken. The
working distance was 5-15mm. The carbon adhesive tape was placed on the specimen stub
and test nanoparticles samples were placed directly on the carbon adhesive. A small amount
is required for SEM examination and this was therefore only measured using a spatula and
placed directly on the stub. Sample preparation was carried out under a fume cupboard to
avoid other particles adhering on the adhesive tape.

Transmission electron microscopy (TEM)

TEM was used to assess the morphology of co-encapsulated nanoparticle samples. Samples
were prepared at a concentration of 1 mg/mL in de-ionized water and pipetted onto carboncoated TEM support grids. These samples were examined on a Hitachi 7100 TEM at
100kV. The images were acquired with a Gatan Ultrascan 1000 (2Kx 2K pixel) CCD
camera.
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2.2.2.2.3 Surface

characterization

study

using

Fourier-

Transform Infra-red (FT-IR) spectroscopy

The FT-IR spectra of the freeze dried nanoparticle samples were obtained using a Perkin
Elmer Spectrum 65 spectrophotometer with Universal ATR sampling assessor (Serial
number: 87181). A small amount of each sample was used for the analysis. Drug and PLA
standards were analyzed separately. A representative mixture of the free drug and polymer
mixture containing theophylline (50 mg), budesonide (5 mg) and PLA (200 mg) was
prepared and analyzed. The scanning range was from 400cm-1 to 4000cm-1 and a resolution
of 4cm-1 was used. Before each scan was obtained, a background scan was carried out.

2.2.2.2.4 Thermal analysis of nanoparticles using differential
scanning calorimetry (DSC)
Thermal analysis of the nanoparticles was studied using a Mettler Toledo StarE differential
scanning calorimeter. An accurately weighed amount (2 mg) of the test sample was weighed
directly into a DSC aluminum pan. The test samples were freeze dried nanoparticles, drug
and polymer standards and a physical mixture containing theophylline (50 mg), budesonide
(5 mg) and PLA (200 mg) were also analyzed. The pan was then crimped and sealed and lid
was pierced and placed in the DSC. An empty aluminum pan (40µL) with lid pierced was
used as a reference. Each sample was analyzed from 25°C to 400°C temperature range at a
heating rate of 10°C min-1 to determine the melting temperatures

2.2.2.2.5 Development of analytical method for determining
theophylline and budesonide concentration
HPLC was used to determine the loading efficiency of theophylline and budesonide in the
mono- and co-encapsulated nanoparticles. Loading efficiency of the drugs in the
nanoparticles can be used to calculate the amount of nanoparticles required for formulation
development or for dosing for the treatment of asthma and COPD. A suitable method would
allow determining concentration of both the two drugs when studying the release of the
drugs and determining the concentration of the drugs transported across a cell monolayer.
There were two principle methods were used to determine the loading efficiency of
theophylline and budesonide and the details of the methods and the instrumentation are
given in Table 2.2.
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Table 2.2 Details on the HPLC system and method used to determine the loading efficiency of theophylline
and budesonide in PLA nanoparticles
System 1: System Gold® 126 solvent module, System Gold® 166 UV detection system,
System Gold® 508 Autosampler
HPLC system
System 2: HP1050 Pump system ,HP1050 UV-Vis detector
System 3: Perkin Elmer Series 2000 pump, Perkin Elmer Series 2000 UV Detector system

Column

Column 1: Zorbax-Agilent Rapid Resolution SB-C8 3.5µm 4.6x75mm (made in the USA; P.N.
866953-906, S.N. USEB011824)
Column 2: Fortis C18 (4.6x150mm, 5µm particle size, Fortis Technologies Ltd, UK)
Mobile phase 1: 65:35 (% v/v) acetonitrile: formic acid (0.1% v/v)

Mobile phase
Detection wavelength (nm)
Flow rate
Injection volume
Sample temperature
Column temperature

Mobile phase 2: 70:30 (%v/v) methanol: water
260 nm
1 mL/min
20 µL
Room temperature
Room temperature

Analytical method validation
System suitability testing is an integral part of implementing an analytical method for a test
compound and the tests are based on the concept that the equipment, electronics, analytical
operations and samples to be analyzed constitute an integral system that can be evaluated as
such. A system suitability of the assay was performed by injecting a known concentration of
the test compound (theophylline or budesonide) at concentration of 10 µg/mL a total of 6
times and then calculating the parameters that are listed below. The parameters adopted for
the test compound are based on ICH guidelines for the validation of analytical procedures,
Q2 (R1). These are further discussed in Appendix 1: Synthesis and characterization of
theophylline and budesonide nanoparticles, Section 10.1.1.
The parameters that are tested included:


Capacity factor



Accuracy



Tailing factor



Linearity and range



Theoretical plate number



Sensitivity – limit of detection,



Precision/ injection repeatability

limit of quantification
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2.2.2.2.6 Drug

extraction

from

the

nanoparticles

and

calculation of loading efficiency
An accurately weighed amount of freeze dried nanoparticle sample was weighed and 3mL
of methanol was added to it. This mixture was ultra-sonicated for a period of an hour; after
which the samples were kept (in methanol) for 24 hours. After 24 hours, the samples were
centrifuged (micro centrifuge) at 14, 000rpm for 20 minutes. Supernatant was transferred
into a HPLC vial and analyzed. The samples were analyzed in triplicate.
Theoretical loading concentration of theophylline and budesonide were calculated based on
the weight of nanoparticles sample that was used for analysis. The concentration of
theophylline and budesonide in the nanoparticles was calculated from the calibration plot
and a loading dose was determined for both drugs, based on the initial formulation.
Loading efficiency was calculated using Equations 2.1 and 2.2 (below):

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐷𝑟𝑢𝑔 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐷𝐶𝑇 ) =

𝑁𝑃𝑤 × 𝐷𝑤
𝑇𝐸𝑤

Equation 2.1

Where,
DCT = Theoretical drug concentration (mg)
NPw = Amount of nanoparticles weighed for HPLC analysis (mg)
Dw = Amount of drug weighed to prepare nanoparticles (mg)
TEw = Combined weight of drugs and PLA to prepare nanoparticles (mg)
𝐷𝐶

% 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = ( 𝐷𝐶𝑀 ) × 100
𝑇

Equation 2.2

Where,
DCM = Drug concentration measured by HPLC analysis (mg)
DCT = Theoretical drug concentration (mg)

2.2.2.3

STATISTICAL ANALYSIS

A one way ANOVA statistical test was carried out in order to understand if the differences
between particle size, zeta potential and loading efficiency of the different samples
synthesized using different methods were statistically significant. If P<0.05, the difference
was considered significant. A Bonferroni post-hoc test was carried out.
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2.3 RESULTS
2.3.1 DETERMINATION OF THE PARTICLE SIZE USING DYNAMIC LIGHT
SCATTERING (DLS) AND ZETA POTENTIAL OF THEOPHYLLINE
AND BUDESONIDE SYNTHESIZED PLA NANOPARTICLES
Overall, sub-micron particle size range was obtained when applying a double emulsion
method to synthesize nanoparticles of theophylline and budesonide (Table 2.3). An
improvement in the particle size distribution was observed when pressure was applied to
remove the organic solvents. The average particle size for Method 1 was calculated to be
278.89±35.67nm (12.79% RSD). A higher average particle size was obtained for Method 2
and 4 which was 483.48±184.46nm (38.15% RSD) and 473.47±153.74nm (32.47% RSD),
respectively. A similar variation, but smaller average particle size was obtained for samples
synthesized using Method 3. The average particle size was calculated to be 139.13±5.62nm
(32.79% RSD). These methods used overnight stirring in order to remove the organic
solvent used in the formulation. Lower variation was obtained for nanoparticles synthesized
using Method 5, which applied the use of pressure. The average particle size for the samples
was 243.80±26.28nm (10.78% RSD). Improvement in the particle size and variation was
seen for Methods 6-9 where a greater pressure was also applied in order to aid more rapid
removal of the organic solvents. The average particle size range was less than 250nm and
percentage RSD ranged from 6.88-11.48% for the samples synthesized using these methods.
The average particle size obtained for nanoparticles synthesized using Method 2 and 4 were
significantly higher than the average samples obtained using the remaining methods
(P<0.05).A varied particle size was obtained for the blank nanoparticles and monoencapsulated nanoparticles formulated using Method 8 (Table 2.4). The particle size
variation was greater than 15% for all three samples and the largest mean particle size was
obtained for the theophylline mono-encapsulated nanoparticles.
The nanoparticles synthesized using the double emulsion method using PLA resulted in
negatively charged nanoparticles (Table 2.3). Similar to the particle size, an improvement in
the variation was obtained when the organic solvents were removed using pressure. Samples
synthesized using Method 1 had an average zeta potential of -16.90±5.77. A slightly lower,
but with a greater variation, zeta potential was measured for nanoparticles synthesized using
Method 2 and Method 5. The percentage variation was over 50% for these samples. A very
low zeta potential was measured for nanoparticles synthesized using Method 3 (-0.88±3.35).
A large improvement in the zeta potential and the variation was obtained when altering the
quantity of the polymer and aqueous phase in Method 4. Nanoparticles synthesized using
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Method 6-8 showed average zeta potentials that were approximately -20mV. Similar
variation was obtained for the nanoparticles synthesized using Method 7 and 8; but greater
for the nanoparticles synthesized using Method 6. The average zeta potential for
nanoparticles synthesized using Method 9 was lower and was calculated to be -13.55±5.63.
The differences in the zeta potential of co-encapsulated nanoparticles synthesized using the
different methods were not significantly different (P>0.05, except for Method 3 and 5).
Similar zeta potentials were obtained for blank and mono-encapsulated nanoparticles as the
co-encapsulated samples using Method 8 (Table 2.4). The variation and average zeta
potential in these samples, however, was lower than the co-encapsulated counterpart.
Table 2.3 The average particle size and zeta potential for co-encapsulated theophylline and budesonide
nanoparticles synthesized using methods 1-9 using 50 mg theophylline, 5 mg budesonide and 200 mg PLA
(*P<0.05)

Method number

Average particle size ±SD
(nm)

% RSD

Average zeta potential
±SD (mV)

% RSD

1 (n=9)

278.89±35.67

12.79

-16.90±5.77

37.25

2 (n=3)

483.48±184.46*

38.15

-12.35±6.30

50.97

3 (n=3)

139.13±45.62

32.79

-0.88±3.35*

379.91

4 (n=3)

473.47±153.74*

32.47

-20.58±4.02

19.55

5 (n=3)

243.80±26.28

10.78

-8.01±4.16*

51.96

6 (n=9)

230.18±25.57

11.11

-20.92±19.73

94.34

7 (n=9)

186.09±17.27

9.28

-20.33±7.10

34.94

8 (n=9)

216.71±14.90

6.88

-19.26±6.50

33.75

9 (n=9)

191.56±21.99

11.48

-13.55±5.63

41.52

Table 2.4 The average particle size and zeta potential for mono-encapsulated theophylline/ budesonide
nanoparticles and blank PLA synthesized using Method 8 (n=3, mean±SD)
Sample

Average particle
size ±SD (nm)

%RSD

Average zeta
potential ±SD (mV)

%RSD

Blank PLA

337.23 ± 71.63

21.24%

-16.61 ± 1.00

6.02

418.78 ± 81.70

19.50%

-16.22 ± 0.56

3.45

192.30 ± 63.19

32.86%

-13.17 ± 1.11

8.43

Theophylline monoencapsulated
Budesonide monoencapsulated
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2.3.2 ASSESSMENT OF SURFACE CHARACTERISTICS OF THEOPHYLLINE
AND BUDESONIDE NANOPARTICLES USING FT-IR SPECTROSCOPY
FT-IR spectra for PLA, budesonide and theophylline were obtained as standards to which
spectra for the nanoparticles were compared. This helps to identify and assign peaks on the
spectra to functional groups present in the structure of the drugs and polymer.
PLA (Figure 2.1A) is a poly-ester and a C=O ester bond is seen at 1746.34cm-1. A strong CO stretch is also seen in the region of 1100-1400cm-1. C-H bond stretches are observed on
the spectra at 2960cm-1 as well. The OH bond stretch is seen in the region of 3500cm-1.
Budesonide (Figure 2.1B) peaks characteristics to the bonds present were shown on the FTIR spectrum obtained. CH present in the aromatic region of budesonide was seen at 30002900cm-1. CH aliphatic peaks were shown on the spectrum at 2940.77cm-1. C=O ketone
bond stretches is observed at 1714.77cm-1. C=C double bond stretches are seen at
1665.12cm-1. C=O ring stretches are also seen in the region of 1600cm-1. In the region of
1400-1100cm-1, the C-O bond stretches peaks are shown. The C-C ring stretches are also
seen in the region of 1400cm-1.
The spectrum of theophylline (Figure 2.1C) presents peaks in the spectra typical to the
chemical bonds present in the structure. An NH stretch is usually observed at 3300cm-1
region, and there is a peak present at 3121.19cm-1 which represents this bond. Theophylline
contains both secondary and tertiary amines, which correspond to this peak. CH peaks are
seen at 2960cm-1 region, and there is presence of peaks at 2941.11cm-1. A broad peak in this
region suggests the CO2 and H2O from background spectra, but also due to the CH stretch
from theophylline. C=O (stretching) peaks are observed at 1709cm-1. A C=N stretch is
observed 1564cm-1. C=N stretches are also seen at 1615-1700cm-1 regions. C=C stretches
are seen at 1664.54cm-1. These are observed in the region of 1640cm-1 and 1680cm-1. Peaks
in this region are as a result of the ring stretch. The free drug and polymer mixture consisted
of theophylline and budesonide mixed in their powder form with the PLA polymer crystals
(Figure 2.1D). The mixture was further crushed and then placed on the FT-IR
instrumentation in order to analyze the spectrum. A mixture of peaks from the two drugs
and polymer is expected. The peaks shown on the spectrum are a mixture of both the drugs
and the polymer. The peak at 3120cm-1 shows the presence of theophylline and the amine
groups in the structure. The CH bonds present in all three components are shown by a broad
peak at 2993cm-1. At 2604cm-1 an extremely broad peak is observed; this is also seen in the
theophylline spectrum. 1745cm-1 has a peak which is observed in the PLA spectrum which
represents the C=O of the ester group. The C=O peak at 1714cm-1 which is seen in
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budesonide is not seen on the spectrum. This may be due to the lower quantity of
budesonide compared to theophylline and PLA. As a result this peak must also be masked
by the peak representing the ester bond in PLA at the same wavenumber. A peak at 1709cm1

is seen in theophylline as well, and also represents the C=O bonds present and could as a

result; mask the ketone peak for budesonide. C=C double bond peak is seen at 1663.42cm-1
which is similar to the peaks obtained for theophylline and budesonide. C=N present in
theophylline is shown on the free drug and polymer mixture spectrum at 1563.12cm-1. In the
region of 1400-1100cm-1 is the presence of C-O bonds. This region also shows peaks that
are representative of the C-C and C-O ring stretches.
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A

B

C

D

Figure 2.1 FT-IR standard spectrum of (A) PLA , (B) budesonide, (C) theophylline and a (D) free drug and polymer mixture which consisted of theophylline (50 mg) and budesonide
(5 mg) mixed in their powder form with the PLA polymer crystals (200 mg) obtained using a Perkin Elmer Spectrometer 65.
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FT-IR spectra were obtained for all the nanoparticle samples synthesized using the various
methods but only the FT-IR spectra for a co-encapsulated sample using Method 8 is shown
in Figure 2.2. This sample contains 50 mg theophylline, 5 mg budesonide and 200 mg PLA.
The spectrum and peaks present showed similarity to the PLA spectrum. The spectra
obtained show peaks at regions of 1750.04cm-1, which represents the C=O ester bond of the
PLA. C-O stretches are seen in the region of 1100-1400cm-1 for the samples. C-H bond
stretches are present in the region of 2960cm-1 as seen for the samples. OH peaks from the
background appear in the region of 3500cm-1.

Figure 2.2 The FT-IR spectrum of a theophylline and budesonide co-encapsulated PLA nanoparticles
synthesized using Method 8 which used acetone as a second organic solvent in the organic phase
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2.3.3 ASSESSMENT OF THERMAL RESPONSE OF CO -ENCAPSULATED
NANOPARTICLES USING DIFFERENTIAL SCANNING CALORIMETRY
(DSC)
The thermal response of the nanoparticle samples was compared to drug and polymer
standards in order to determine any similarities or differences as a result of interactions
between the components. The thermograms for samples synthesized using only Method 8
was used for this part of the analysis. The thermogram that is shown in this part represents a
co-encapsulated nanoparticle sample which was formulated using 50 mg, 5 mg and 200 mg
of theophylline, budesonide and PLA, respectively.
A sharp, single endothermic peak was seen for theophylline which indicates theophylline
melting point at 271°C (Figure 2.3A). Budesonide also presented a single, endothermic peak
representing the melting point at 260°C (Figure 2.3B). The thermogram for PLA shows a
glass transition (Tg) peak at a region of 40-45°C, characteristic of the polymer’s physical
property. A definite melting point was not visible as the polymer is an amorphous
compound. A large, broad peak in the region of 270-400°C suggests degradation of the
polymer at extremely high temperatures (Figure 2.3C).
The thermogram for the co-encapsulated nanoparticles synthesized using Method 8 showed
the peak at 45°C which represents the glass transition (T g) of the polymer akin to the
thermogram for the PLA standard (Figure 2.3D). There is an absence of the sharp
theophylline and budesonide peaks at their respective melting points in the thermogram for
the nanoparticles. A large broad peak at the region of 250-400°C was consistent with the
polymer thermogram.
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A

B

C

D

Figure 2.3 DSC thermograms for (A) theophylline standard, (B) budesonide standard, (C) PLA standard and a (D) theophylline and budesonide co-encapsulated PLA nanoparticle synthesized using
Method 8 which used acetone as a second organic solvent
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2.3.4 MORPHOLOGICAL ASSESSMENT OF THEOPHYLLINE AND
BUDESONIDE NANOPARTICLES

Morphological assessment of the nanoparticles was carried out using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The main aim of this part
of the assessment is to determine the surface morphology of the particles. The principle
observation was that the particles were spherical in shape with a smooth surface and a wide
particle size distribution for the samples formulated using the various methods.
SEM images of samples formulated using all the methods were taken, but only SEM images
of co-encapsulated nanoparticles synthesized using Method 8 are shown in this part of the
study (Figure 2.4A and B). Method 8 showed spherical particles with a good size
distribution where the nanoparticles were present in the nanometer range; but with a few
particles having 2 µm size.
Transmission electron microscopy (TEM) was carried out for co-encapsulated nanoparticles
formulated using acetone as a second solvent and for samples formulated using the method
where the washing step was omitted (Method 14). SEM samples did not reveal
nanoparticles due to the presence of the surfactant in the samples (image not shown).
Nanoparticles were shown when samples were studied using the TEM (Figure 2.4C).
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A

B

C

50 µm

Figure 2.4 SEM images of theophylline and budesonide co-encapsulated nanoparticles synthesized using
Method 8 (A & B) showing spherical particles with a smooth surface and a wide distribution of size and
TEM images of theophylline and budesonide co-encapsulated nanoparticles synthesized using Method 14
(C).
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2.3.5 ANALYTICAL METHOD DEVELOPMENT USING HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) TO
DETERMINE LOADING EFFICIENCY OF THEOPHYLLINE AND
BUDESONIDE

The results of system suitability for both, theophylline and budesonide, are presented in
Table 2.5. Using a standard 10 µg/mL concentration of theophylline prepared in methanol,
the precision (0.57%), linearity between 1-10 µg/mL (R2= 0.9986) (Figure 2.5) and tailing
factor (0.03±0.00) meet specifications. Theoretical plate number (107±23) and capacity
factor (0.22±0.00) do not meet specifications suggesting poor column efficiency and solvent
front retention close to the theophylline peak, respectively. The most linear range for
theophylline was obtained between 1-10µg/mL. The linearity was assessed at different
concentration ranges: 10-100 µg/mL (R2= 0.996), 0.1-1 µg/mL (R2= 0.985). The LOD was
calculated to be 3.53 ng/mL. The LOQ was calculated to be 10.70 ng/mL.
System suitability calculations were also obtained for budesonide (10 µg/mL) prepared in
methanol. Similar to the data obtained for theophylline, the precision (0.21%), linearity
between 1-10 µg/mL (R2= 0.9977) (Figure 2.6), tailing factor (0.10 ± 0.00) and capacity
factor (5.01±0.062) meet specifications. The theoretical plate number (396 ± 56) does not
meet specifications. The most linear range for budesonide standards was also obtained in the
concentration range between 1-10 µg/mL. The same concentration ranges were studied as
for theophylline: 10-100 µg/mL (R2= 0.996), 0.1-1 µg/mL (R2= 0.986). The LOD was
calculated to be 3.98 ng/mL. The LOQ was calculated to be 12.06 ng/mL.
Table 2.5 System suitability assessment for analysis of theophylline and budesonide encapsulated in PLA
nanoparticles

System suitability factors

Specification

Theophylline (mean ± SD,
n=6)

Budesonide (mean ± SD,
n=6)

Capacity Factor (k’)
Precision/Injection
Repeatability (%RSD)
Tailing Factor (T)
Theoretical Plate Number
(N)
Accuracy/Repeatability
Linearity
LOD
LOQ

k’ > 2

0.22±0.00

5.01±0.062

RSD < 2%

0.57%

0.21%

T≤2

0.03 ± 0.00

0.10 ± 0.00

N > 2000

107 ± 23

396 ± 56

95-105%
r2 ≥ 0.995
-

105.02±0.60
0.9986
3.53 ng/mL
10.70 ng/mL

100.37±0.21
0.9977
3.98 ng/mL
12.06 ng/mL
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Figure 2.5 Calibration plot for theophylline standards prepared in methanol at a range from 1-10 µg/mL
for analytical system suitability (n=3, mean±SD)
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Figure 2.6 Calibration plot for budesonide standards prepared in methanol at 1-10 µg/mL for analytical
system suitability (n=3, mean±SD)
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2.3.6 DETERMINATION OF THE LOADING EFFICIENCY OF
THEOPHYLLINE AND BUDESONIDE IN PLA NANOPARTICLES
SYNTHESIZED USING THE DESD METHOD WITH CHANGES IN
FORMULATION VARIABLES

To determine the concentration of theophylline and budesonide in the nanoparticles, a
suitable analytical method was developed (Section 2.2.2.2.5). For theophylline and
budesonide nanoparticles synthesized using the double emulsion solvent diffusion method
in the current study; overall a greater loading efficiency was obtained for the hydrophobic
drug (budesonide) than hydrophilic drug (theophylline). The loading efficiency of the two
drugs is presented in Table 2.6.
Nanoparticles synthesized using Method 1 had an overall loading efficiency of theophylline
calculated to be 9.62±5.37% (55.82% RSD) and for budesonide 48.20±27.57% (57.20%
RSD). Similar loading efficiency for both drugs was obtained for nanoparticles synthesized
using Method 3. Low loading efficiency was calculated for both theophylline (1.16±1.12%)
and budesonide (9.88±1.76%) for nanoparticles synthesized using Method 2. Similar
loading efficiencies to Method 2 were calculated for nanoparticles synthesized using
Method 4 (which involved reduction of both polymer and excess aqueous phase quantity)
and Method 5. Extremely low loading efficiencies, suggesting unsuccessful method
application, were obtained for both theophylline (0.03±0.01%) and budesonide
(0.11±0.06%) for the nanoparticles synthesized using Method 6. A large improvement in the
loading efficiency of both theophylline and budesonide was observed for the nanoparticles
synthesized using Methods 7-9. The greatest loading efficiency of theophylline and
budesonide was obtained for Method 9 which was 29.43±4.90% and 35.09±3.65%. Similar
results were obtained for the two drugs encapsulated in the PLA nanoparticles synthesized
using Method 7 and 8. Mono-encapsulated nanoparticles of theophylline and budesonide
were synthesized and compared to the co-encapsulated nanoparticles synthesized using
Method 8 (Table 2.7). Similar loading efficiency was obtained for theophylline in the monoand co-encapsulated nanoparticles (approximately 18%) but a higher loading efficiency was
obtained for budesonide (39%) in the mono-encapsulated nanoparticles compared to the coencapsulated nanoparticles (31%). The theophylline loading efficiency calculated for coencapsulated nanoparticles synthesized using Method 2, 4, 5 and 6 was significantly lower
than the remaining samples (P<0.05). The loading efficiency of budesonide was
significantly lower for the nanoparticles synthesized using Method 4 and 6 (P<0.05). The
loading efficiency of budesonide calculated for Method 1, 3 and 9 was significantly higher
than the loading efficiency of budesonide calculated using Method 4-6 (P<0.05).
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Table 2.6 The average loading efficiency of theophylline and budesonide in co-encapsulated nanoparticles
synthesized using methods 1-9 using 50 mg theophylline, 5 mg budesonide and 200 mg PLA (*P<0.05)
Method number

Average theophylline loading ±SD (%)

Average budesonide loading ±SD (%)

1 (n=9)

9.62±5.37

48.20±27.57

2 (n=3)

1.16±1.12*

9.88±1.76

3 (n=3)

13.45±3.03

39.92±4.59

4 (n=3)

1.27±0.07*

3.75±0.27*

5 (n=3)

2.55±0.09*

8.23±2.97

6 (n=3)

0.03±0.01*

0.11±0.06*

7 (n=9)

20.70±5.67

28.39±8.28

8 (n=9)

17.79±5.59

29.84±1.47

9 (n=9)

29.43±4.90

35.09±3.65

Table 2.7 Loading efficiency of theophylline and budesonide in mono- and co-encapsulated nanoparticles
synthesized using Method 8 determined using HPLC (n=3, mean ± SD).
Average theophylline loading ±SD

Average budesonide loading ±SD

(%)

(%)

Theophylline mono-encapsulated

18.86 ± 5.28

-

Budesonide mono-encapsulated

-

Nanoparticles Samples
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2.4 DISCUSSION
2.4.1 DEVELOPMENT OF THE DESD METHOD TO SYNTHESIZE
THEOPHYLLINE AND BUDESONIDE CO -ENCAPSULATED PLA
NANOPARTICLES

Drugs can be added to preformed nanoparticles such that they can be adsorbed on the
surface, or incorporated during the formulation process. This can occur during monomer
polymerization reactions in which covalent bonds between the drug and polymer can form if
functional groups are available or by encapsulating the drug in the polymer nanoparticles
using various methods

[245, 251]

. Commonly used methods include solvent evaporation and

diffusion methods which were applied in this current study

[251]

. Encapsulation of the drug

has several advantages which include protecting the drug against in vivo degradation,
decreasing side effects, reducing frequency of administration and therefore potentially
increasing patient compliance or can potentially obtain favourable pharmacokinetics [251].
The double emulsion method has been modified and applied for the formulation of
hydrophilic drug encapsulated nanoparticles and microparticles synthesized using
biodegradable polymers. It has been reviewed by Vrignaud et al (2011), that the lack of
chemical interactions between the hydrophilic drug and polymer promotes drug diffusion
into the external aqueous medium

[251]

. In this review, it was also stated that double

emulsion method is preferable due to the use of two immiscible phases which can reduce the
drug diffusion [251]. Microspheres prepared by the double emulsion diffusion method depend
on the stability of the internal water phase and this can influence the loading efficiency of
the water soluble drugs

[255]

. The suitability of the double emulsion method has been

reviewed by Lai et al (2014), suggesting formulation of submicron sized nanoparticles by
use of high shear to break down emulsion droplets

[247]

. Theophylline and budesonide

nanoparticles were synthesized using a double emulsion solvent diffusion (DESD) method.
The nanoparticles were synthesized using a homogenizer as this is able to produce a high
shear force and cause collisions of particles with each other [191].
The DESD method that was applied in this current study was modified in several different
ways. Several changes in the nanoformulation methods are reviewed in order to increase the
encapsulation of the drugs for example increasing the polymer concentration, stabilizing the
primary emulsion, ratio between water and oil phase and reducing the concentration
gradient between the inner and outer phase

[251]

. Changes to the polymer quantity, solvents,

volume of organic and aqueous phase have been studied in order to develop a suitable
method for the encapsulation of theophylline and budesonide.
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The polymer quantity used in different studies varied with the drug concentration in
consideration. Polymer quantities have ranged between 200-600 mg and up to 20 mg of
drug was used in a study by Kraus et al (1985) [291]. In the current study for the synthesis of
theophylline and budesonide nanoparticles, 200 mg and 50 mg of PLA were studied. This
quantity (200 mg) was previously reported in a study to encapsulate 3 mg of estrogen [205]. A
slightly higher quantity of polymer (250 mg) was investigated to encapsulate a hydrophilic
drug, voriconazole

[228]

. Despite the higher quantity of polymer, this did not change the

properties of the nanoparticles, the particle size or zeta potential [228].
The nanoprecipitation method has been used with less success to formulate hydrophilic drug
nanoparticles. In a study by Barichello et al (1999) an attempt to develop a method to
encapsulate hydrophilic and hydrophobic drugs in PLGA nanoparticles using acetone as the
organic solvent was not successful despite using 75 mg of the polymer and 2.5 mg of the
drug [292]. Similar results were obtained in the current study when 50 mg of PLA was used.
A larger quantity of the drug (50 mg) was also used in a study to encapsulate doxorubicin
similar to the quantity of theophylline used in the current study

[240]

. Greater concentrations

of theophylline were attempted to be used but this was limited by its solubility in the PVA
solution. Nanoprecipitation was also used by Govender et al (1999) to formulate procaine
hydrochloride in PLGA nanoparticles

[177]

. The solvent system used was acetonitrile with

various changes in the method parameters were carried out. The polymer quantity used was
50 mg but the overall volumes were lower too. In the study of procaine hydrochloride
nanoparticles, it was suggested that an increased drug quantity incorporated in the
formulation results in an increased loss of the drug and wastage. For the study of
theophylline and budesonide nanoparticles the maximum quantity used was 50 mg and 5 mg
in order to allow increased encapsulation of both the drugs.
The ratio between the drug and polymer were also thought to be important and affected
some of the characteristics of the nanoparticles. An increase in the ratio of drug and polymer
was thought to be more favourable as suggested in a study by Miladi et al (2015)

[288]

.

Method 4 which involved a reduction in the polymer quantity to 50 mg resulted in a 1:1
ratio with theophylline. This reduction in polymer was overall not suitable as a result of low
loading efficiency and high variation in the other characterization tests carried out. Various
different ratios of the drugs and polymer were studied which included 1 and 5 mg
budesonide, 5, 10 and 50 mg theophylline and as described, 50 and 200 mg PLA. All these
samples were characterized in the same manner (Appendix 1: Synthesis and characterization
of theophylline and budesonide nanoparticles, Table 10.4 and Table 10.5).
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When the volume of the excess aqueous phase was reduced to 50 mL, it resulted in the
formation of large aggregates in the suspension and was thought to be due to the increased
concentration of the polymer resulting in an increased viscosity. This was reported in a
study carried out by Bilati et al (2005), where the increase in viscosity may affect the
diffusion of the solvent towards the non-solvent and can result in formation of large
aggregates, which was not overcome by addition of a stabilizer [261].
The concentration of PVA or other surfactants that was used in the study ranged in the
studies. In this study, 2% w/v PVA was chosen as higher concentrations of PVA (5%w/v)
and subsequent higher quantities of theophylline resulted in limited dissolution. Higher
quantities of theophylline which were still within the prescribed range of theophylline (75
mg, 100 mg and 200 mg) were not soluble in 2% w/v PVA (data not shown). The solubility
of theophylline (50 mg) in 5% w/v PVA was also limited (data not shown). PVA
concentrations ranging from 1-4% have been previously reported

[198, 204, 228, 231, 244]

. To

encapsulate two hydrophilic drugs, Song et al (2008) optimized the method using 80 mg of
polymer and 2% w/v PVA with acetone and dichloromethane as the organic solvents of
choice

[193, 194]

. This concentration of PVA was also used in the formulation of

oligonucleotide nanoparticles of PLA using a double emulsion method

[281]

. Reviewed by

Hans and Lowman (2002), 2-4% PVA was ideal for the formulation of nanoparticles[243].
Other studies use lower quantity of PVA such as 0.3%w/v as part of the excess aqueous
phase

[293]

. To encapsulate cyclosporine, PVA (2% w/v) was used in the excess aqueous

phase and instead of centrifugation, the sample was filtered through a sintered glass filter
[286]

. Similarly, 5% w/v PVA was used to formulate PLA nanoparticles using multiple

emulsions

[294]

. In this study, water has been used as the excess aqueous phase which was

also commonly used in the other studies to encapsulate hydrophobic drugs

[205]

. The

inclusion of the surfactant in the inner phase can increase the stability of the primary
emulsion [198]. However, it has also been stated that the effect of the stabilizer was discussed
to be minimal in a study by Kwon et al (2001), where it was stated that the PVA adsorbs at
the interface and is washed off in the centrifugation step

[205]

. One study reported up to 10%

w/v PVA in the primary emulsion, which was further added dropwise to a second aqueous
phase consisting of 0.75%w/v PVA. This would not be suitable in the study of theophylline
and budesonide nanoparticles, as the high concentration of theophylline would not be
soluble in the PVA.
Other surfactants that have been used include Tween 80 [197, 199, 207, 295] and Pluronic acid [188].
But PVA is reviewed by Lai et al (2014) to be the most suitable compound as a stabilizer
[247]

and the most common surfactant [294].
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The dissolution of the drug in the correct phase of the emulsion is also important. For the
encapsulation of hydrophobic dugs, it was suggested that the drugs should be dissolved with
the polymer in the organic phase. For hydrophilic drugs, it should be dissolved in an
aqueous phase and then dispersed into the polymer and organic solvent [204, 288]. This method
was used here to encapsulate both theophylline and budesonide in PLA nanoparticles. This
was reviewed to be the most suitable method to encapsulate hydrophilic drugs using the
emulsification method [243].
Various solvents have been used to formulate nanoparticles. Dichloromethane was reported
to be the primary solvent in the synthesis of nanoparticles using a solvent evaporation
method

[198]

due to its immiscibility with water. Other commonly used solvents included

acetone and ethyl acetate

[198, 199, 253, 296, 297]

. Acetone and dichloromethane in various ratios

were studied by Song et al (2008) and Cheow et al (2010) for the encapsulation of
hydrophilic drugs as it affects the overall miscibility and diffusion of the drugs from the
aqueous to the organic phase

[193, 198]

. The choice of organic solvents is important because

high solubility of the hydrophilic drug in both aqueous and organic phase can result in
difficulty with encapsulation. A high solubility with either one of the phases otherwise
would result in the drug leaking out of the nanoparticles when the polymer precipitates [198].
In the formulation of theophylline and budesonide nanoparticles, initially dichloromethane
had been used as a lone solvent. This was further modified to include two solvents in the
organic phase at 50:50 ratios. The solvents studied were acetone, ethyl acetate and
acetonitrile. It was noted that the use of dichloromethane was not completely suitable due to
the low solubility of theophylline in this solvent. Using a mixed organic phase was ideal and
it considers the effect on both drugs due to the low solubility of budesonide in the aqueous
phase. It was important that the changes in the method did not affect the loading efficiency
of budesonide.
From the solvents used, acetone produced nanoparticles with greater consistency in the
different characterization tests carried out. In a study carried out by Cheow et al (2008), it
was suggested that as ethyl acetate is less miscible in water than acetone, it can allow the
partitioning of the hydrophilic drug through the phases of the emulsion [198]. Theophylline is
readily soluble in acetone but not in ethyl acetate.
In a study conducted by Niwa et al (1993), acetone and dichloromethane were used as a
mixed organic phase (evaporated over a period of 3-4 hours). In this study, it was discussed
that the addition of acetone to the dichloromethane at increasing ratios decreased the
interfacial tension between the dichloromethane and aqueous phase. Acetone in the mixture
also helps with the encapsulation of the hydrophilic drug as it allows the polymer to deposit
78

Chapter 2: Synthesis and characterization of theophylline and budesonide nanoparticles

at the interface between the aqueous and organic phase preventing the leakage of the
hydrophilic drug

[298]

. The time that was taken to evaporate the organic solvent in Methods

7-9 was similar; and this showed improvement in the overall characteristics of the
nanoparticles. Co-encapsulated PLGA nanoparticles containing vincristine & quercetin and
of vincristine & verapamil synthesized by Song et al (2008) using an emulsion solvent
evaporation process used a mixed organic phase of dichloromethane and acetone

[193, 194]

.

These studies also supported the advantage of acetone being able to reduce the interfacial
tension between the aqueous and organic phase and affect the overall partitioning of the
drugs and therefore the encapsulation efficiency [193, 194]. The study focused on investigation
of the ratio of acetone and dichloromethane, PLGA ratio, molecular weight of the polymer,
and ratio of aqueous and organic phase

[194]

. It was seen in this study that a change in the

variables do not change the particle size and all are present in the submicron range.
Methods of evaporation altered between continuous stirring and using pressure to evaporate
solvents. Some studies showed evaporation of the solvent using continuous stirring

[299]

for

two hours [287] or overnight [197]. PLGA nanoparticles encapsulating voriconazole formulated
using a multiple emulsion method was evaporated using pressure resulting in spherical
nanoparticles in the submicron range

[228]

. Overnight stirring resulted in large variations in

particle size and zeta potential in the current study, which are discussed in detail in Section
2.4.3 and 2.4.4. Overnight stirring also resulted in lower loading efficiencies of both drugs,
especially theophylline (Section 2.4.8) in the current study. It is predicted that due to the
presence of the nanoparticles in the aqueous medium for a longer duration, it may result in
an increased partitioning of the hydrophilic drug and result in low drug loading. The
application of pressure to remove the organic solvents and reduce the formulation time
resulted in improved characteristics of the nanoparticles in terms of particle size, zeta
potential and loading efficiency, discussed in detail in the following sections.
The washing step is important for the removal of un-encapsulated drug and excess
surfactant and is a process carried out by several studies [225]. Methods 14 and 15 represented
what the sample would be present as if the surfactant and un-encapsulated drug was not
removed. The drug loading calculated for these was also higher; which was thought to be
principally due to the presence of free drug present in the suspension (data not shown).
Apart from using a double emulsion method, there are alternative methods used in studies to
encapsulate hydrophilic drugs, which include changing physicochemical properties of the
drug such as forming complexes or esterification. Ishihara et al (2009) formed a zinc
complex of betamethasone in PLGA/PLA nanoparticles which resulted in increased
encapsulation efficiency as a result of a hydrophobic interaction between the zinc79
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betamethasone complex and polymer

[199]

. While methods such as the one applied in the

current study involve centrifugation as a washing step, it would be easier to remove any unencapsulated drug with zinc complexes. Other options include addition of salt forms or
changes in pH [198, 288]. A change in pH was adopted by Govender et al (1999) to increase the
loading efficiency of procaine and as a result of the altered ionization states, the loading
efficiency was increased. The disadvantage to this method was suggested that there are an
increased number of electrolytes and salts present in the medium and can lead to increased
instability

[177]

. For theophylline and budesonide, changing pH to increase loading would

need to be considered as an effect for both drugs and therefore would not be suitable.
Alternatively, Govender et al (1999) also replaced procaine hydrochloride with procaine
dihydrate

[177]

. A study conducted by Ito et al (2011) was by freezing the aqueous phase

containing hydrophilic drug (blue dextran) where after an emulsion system was made the
aqueous phase was frozen and the second organic phase was added manually [259].
An attempt to synthesize theophylline particles using ethyl cellulose and PCL (dissolved in
methylene chloride) was carried out by Jelvehgari et al (2012). The method also used PVA
in the formulation. This study suggested that theophylline was present at the interface
(which can be internal or external). This study also recommended the rapid evaporation of
organic solvents in order to obtain rapid precipitation of the polymer to increase the
encapsulation efficiency [260].
From the results obtained for the various characterization techniques carried out, the final
combination of the drugs and polymers was chosen as: 50 mg theophylline, 5 mg
budesonide and 200 mg of PLA. Mono-encapsulated nanoparticles were also synthesized
using the same quantity of either drug in the initial formulation.

2.4.2 ANALYTICAL METHOD DEVELOPMENT USING HIGH
PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) TO
DETERMINE LOADING EFFICIENCY OF THEOPHYLLINE AND
BUDESONIDE

In order to determine the loading efficiency of theophylline and budesonide encapsulated in
the nanoparticles, a suitable analytical method was required to be developed using HPLC.
To accurately determine the loading efficiency, careful consideration of the mobile phase,
column, detector wavelength and also extraction method were required.
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There are several reported reverse phase-HPLC methods that were used for the analysis of
theophylline and budesonide, individually; however no method has been reported for the
analysis of theophylline and budesonide together. These reported methods included the use
of acetonitrile, methanol, various buffers and water as the mobile phases. By considering all
these methods, the methods described below were used in order to analyze both
theophylline and budesonide. The table below describes some mobile phases that have been
used previously for theophylline and budesonide (Table 2.8).
Table 2.8 HPLC methods developed to study theophylline (or other xanthine’s) and budesonide
Drug
Theophylline (and
other xanthine’s)









Budesonide






Mobile phase/ column details
Acetonitrile: formic acid (7.5: 92.5), C18 Novopak column (particle size
[300, 301]
5µm)
[302]
Methanol: water: formic acid (19.5:80.2:0.3), C18
Acetonitrile: 0.1%v/v orthophosphoric acid (gradient) (C18, 250x4.0mm,
[303]
5µm)
Methanol: water: acetic acid (gradient method to achieve 67% v/v
[304]
methanol) (C18, 4.5x250mm, 5µm)
[305]
Methanol/ethanol: water: acetic acid (20:75:5)(C18, 150x4.0mm, 5µm)
0.01M phosphoric acid: methanol: acetonitrile: isopropyl alcohol
[306]
(420:20:30:30) (C8 column) at 273nm
Methanol: water: orthophosphoric acid (20:79.9:0.1)(C18, 150x4.6mm,
[307]
5µm) at 210nm
[308]
Methanol: aqueous buffer mix at pH 3 (69:31), C18 (25cm) column
Methanol: water (80:20), C18 (4.6mmx25cm) (detected at 244nm and a
[309]
flow rate of 1.5mL/min)
[238]
Methanol: water (65:35) (C18 3.9mmx15cm) (at 280nm)
Acetonitrile: potassium dihydrogen orthophosphate buffer at pH 3.2
[230]
(60:40) (C8, 4.6mmx15cm, 3.5µm) (at 244nm)

Suitable separation of theophylline and budesonide was required to be achieved when
carrying out the analysis. It is ideal to use the same mobile phase for the two drugs as it
allows simultaneous analysis of both drugs. Other advantages include limited use of
solvents for HPLC method, shorter assessment times (by application of gradient methods)
and development of an extraction method that can be used for both drugs.
HPLC methods of xanthine derivatives were considered as they are structurally similar to
theophylline and would require small modifications in the method in order to be suitable for
both, theophylline and budesonide.
Preliminary analysis of the loading efficiency of drugs in the nanoparticles was carried out
using acetonitrile and formic acid as the mobile phase and a Zorbax-Agilent Rapid
Resolution SB-C8 (3.5µm, 4.6mmx7.5cm) as the stationary phase (Appendix 1: Synthesis
and characterization of theophylline and budesonide nanoparticles, Table 10.2).
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The final HPLC method that was used consisted of methanol and water as the mobile phase.
This was due to the limitations present in the preliminary method using acetonitrile and
formic acid (0.1%v/v). The limitations included theophylline eluting too close to the solvent
front which was represented by a negative capacity factor. The second reason was that the
use of formic acid in the mobile phase causes ionization of theophylline. The column was
also changed to a C18 column. The details of the system used and the column used are
provided in Table 2.2 in Section 2.2.2.2.5.
Isocratic mobile phases were explored and these were 50:50 and 60:40 methanol: water.
Although there was an improvement in the elution of theophylline, with retention time of
over 3 minutes, budesonide elution was not achieved in the mobile phases even at a run time
of 20 minutes. Further modification of the mobile phase to 80:20 methanol: water showed
improvement in elution of budesonide, however, this mobile phase resulted in very rapid
elution of theophylline which also overlapped the solvent front peak. Budesonide peak
appeared at 5-6 minutes. Reducing the concentration of methanol in the mobile phase to
70:30 methanol: water showed good separation between both drugs peaks (theophylline and
budesonide). Theophylline peak eluted at 2.15 minutes and budesonide at 10.5 minutes.
This HPLC method that is described was used for determining loading efficiency of
theophylline and budesonide in the nanoparticles. This method was also used to determine
the concentration of theophylline and budesonide when studying the release of the drugs or
the transport across a cell layer and the concentration of the drugs in the nanoparticles
deposited at different stages of the airways. Further details on the previous HPLC methods
developed and validated are presented in the Appendix 1: Synthesis and characterization of
theophylline and budesonide nanoparticles, Section 10.1.1.

2.4.3 DETERMINATION OF THE PARTICLE SIZE OF THEOPHYLLINE AND
BUDESONIDE SYNTHESIZED PLA NANOPARTICLES USING
DYNAMIC LIGHT SCATTERING (DLS)
Studies carried out on the formulation of polymeric nanoparticles synthesized using
emulsion methods resulted in nanoparticles in the submicron size range. For this reason, by
applying the DESD method for the formulation of theophylline and budesonide
nanoparticles in the current study, it was expected that the nanoparticles would have an
average particle size in the sub-micron range, i.e. between 200-500nm. Alendronate
nanoparticles synthesized using PCL also showed a similar range in particle size (211445nm) using this method [288]. A submicron range was obtained for PLGA nanoparticles of
voriconazole (between 300-400nm) formulated using a multiple emulsion method
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levofloxacin

[198]

and an oligonucleotide

[281]

. Several changes in the formulation variables

were carried out, which would potentially affect the mean particle size or distribution.
Various studies, discussed below, have also presented with changes in the particle size
distribution when formulation variables are modified.
Major changes were observed in the particle size distribution when the method to evaporate
organic solvents was modified in the current study. Overnight stirring, on average, resulted
in larger distribution in the particle size in comparison to when the organic solvents were
evaporated under pressure (Methods 2-4). This is thought to be due to the slower formation
of nanoparticles as a result of a longer time required for the organic solvents to evaporate
and therefore allow polymer and drug to precipitate and form nanoparticles. The use of
pressure to remove organic solvents more rapidly showed an improvement in the
distribution of the particle size. Nicotine encapsulated PLGA nanoparticles were reported in
the literature at approximately 300nm, which were synthesized using an emulsion method
which involved overnight stirring to remove the organic solvents which, on average, is
similar to the particles synthesized using Method 2 where overnight stirring was applied
[310]

. Theophylline particles synthesized using ethyl cellulose and PCL resulted in extremely

large particles with an average size of approximately 850nm. The solvents were removed
rapidly as an attempt to increase the encapsulation efficiency [260].
The relationship between polymer quantity and particle size has been studied extensively. In
the current study the initial polymer concentration in the organic phase was reduced from 20
mg/mL to 5 mg/mL. Along with a reduction in the volume to 50 mL the ratio changes from
2:1 to 1:1 in Method 4 which resulted in larger particles but similar effect on the
distribution.
This conflicts other work carried out in order to determine the relationship between polymer
concentration and particle size. A study on PLGA nanoparticles that involved changing
formulation variables and their effect on the particle size showed that an increase in the
concentration of PLGA resulted in an increased particle size

[285]

. However, this was related

to the viscosity of the emulsion system formed resulting in a reduced ability to disperse.
Sizes over 500nm were obtained when the polymer PLA was used at different quantities
ranging from 200 mg to 600 mg of the drug with an ESD method

[291]

. Quercetrin PLGA

nanoparticles synthesized using PLGA by an emulsion solvent evaporation method were in
a range of 175-300nm [311].This difference in results obtained in the current study could have
been caused as a result of the high concentration of the drugs in comparison to the polymer,
i.e., a reduction in the drug: polymer ratio potentially affecting formulation of the
nanoparticles, combined with the ratio of the external phase. The reduction in the polymer
83

Chapter 2: Synthesis and characterization of theophylline and budesonide nanoparticles

quantity in some samples results in a 1:1 ratio with the drug and polymer, e.g. when
theophylline and PLA quantity is 50 mg for each compound.
PCL and PLGA nanoparticles of lapazine synthesized using solvent evaporation method
were between 180-190nm. Other methods used such as nanoprecipitation
deposition method

[207]

and an anti-solvent method

[231]

[287, 297]

, solvent

resulted in nanoparticles in a

submicron size range. It was shown that regardless of changes in the method, the
nanoparticles were present in the submicron range. However, an increase in concentration of
the polymer resulted in an increase in particle size

[193, 194, 205]

. Reduction in the volume of

the excess aqueous phase showed similar particle sizes for samples using 200 mg of
polymer and a greater particle size for samples formulated using 50 mg of polymer in the
current study.
Blank nanoparticles synthesized using Method 8 in comparison to mono-encapsulated
nanoparticles synthesized using the same method was smaller in size. These nanoparticles
showed a larger variation than the co-encapsulated nanoparticles synthesized using the same
method. The particle sizes for blank and mono-encapsulated nanoparticles were present in
the sub-micron range however. Similar mean particle sizes were obtained for samples
synthesized using ethyl acetate, acetone and acetonitrile.
Particle size can influence the application of the nanoparticles in vivo as it can influence the
toxicity, targeting and can be internalized by cells at certain particle sizes

[184, 229, 283]

. The

size of the nanoparticles can also potentially affect the release, the drug loading as a result
of increased surface area

[184]

and can also affect stability, for example aggregation during

storage [184].
In the current study, even though there were changes in variables result, it was desired that
the nanoparticles are present in a submicron range; which was what was achieved. In a study
by Song et al (2008) on vincristine and verapamil nanoparticles, despite changes in the
variables, the particles remained to be in a submicron range similar to the current study [193,
194]

. It has been previously suggested that with changes in the formulation variables, there

was mainly an effect on the particle size distribution and was suggested in a study by Wei et
al (2008) that it is difficult to control the size distribution, similar to the current study. Wei
et al (2008) attempted to reduce the size distribution by extruding the particles through a
porous glass membrane to form uniform sized droplets [283]. Overall, it can be suggested that
the greatest influence in the particle size was as a result of changing the method of
evaporation of the organic solvents from stirring overnight to using reduced pressure. This
would allow rapid formation of the nanoparticles by precipitation into the aqueous medium.
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2.4.4 DETERMINATION OF THE ZETA POTENTIAL OF THEOPHYLLINE
AND BUDESONIDE SYNTHESIZED

PLA NANOPARTICLES

Zeta potential measurement is important to determine the stability of the nanoparticles if
presented as a suspension. Unstable suspensions can result in uncontrolled particle
agglomeration and increase in particle size (Ostwald Ripening)

[231]

. Surface charge and

surface chemistry are also important to determine the interactions between nanoparticles
with cell systems

[184, 229]

. As the polymer, PLA encapsulates the drugs the charge that is

expected on the surface of the nanoparticles is negative as a result of the carboxylic acid
groups present on the polymer

[188, 207, 254, 286]

. It is ideal to have a zeta potential charge of

±25mV which indicates that the samples are very stable when present as a suspension
system

[178, 184, 207, 228, 239, 243]

. The zeta potential represents the electrical potential of the

particles and is influenced by dispersion medium and particle composition itself

[184]

potential of 20 and 5mV suggests acceptable and short term stability, respectively

. A zeta

[178]

.

A large variation of the zeta potential in the sample can cause some particles to repel each
other and some to aggregate and coalesce and therefore affect the overall stability of the
formulation.
Overall, the zeta potential obtained for all the samples using a DESD method was negative,
as expected. Generally, the variation in the zeta potential obtained for all the samples using
different methods was high. Other studies in which the emulsification solvent diffusion
method was applied also resulted in an average zeta potential similar to the current study.
The DESD method used to formulate nanoparticles of alendronate using various ratios
between the organic solvent and aqueous phase resulted in lower zeta potentials (compared
to the results obtained in the current study) ranging from -0.52 to -10.4mV. A study on PLA
nanoparticles showed that changes in parameters did not remove the negative charge of the
nanoparticles, such as changes in the surfactant concentration or volume of the internal
phase

[294]

, similar to what was observed in the current study. Despite changes in the

variables of the methods, the zeta potential for PLGA nanoparticles encapsulating
levofloxacin also remained in the range between -10mV to -30mV using a DESD method.
Another study also reported zeta potential values of approximately -10mV using an ESD
method, in which it was suggested that the zeta potential of the particles depends on the
conformation of the polymer and the medium used for re-precipitation

[312]

. The dispersion

medium for analysing the zeta potential in the current study was water as this is solvent that
would be used to nebulize the nanoparticles as a suspension. Other nanoparticles
synthesized using an ESD method using PLGA, encapsulating furanodiene, resulted in
similar zeta potentials too with values in the range of -20 to -14mV. This observation in the
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zeta potential was consistent with PCL and PLGA nanoparticles synthesized using emulsion
solvent evaporation method (-15 to -13mV). These results correlate with the results obtained
in the current study. Similar zeta potentials for blank and drug encapsulated nanoparticles
were obtained, suggesting successful washing of the suspension and removal of excess, unencapsulated drugs.
Differences were observed in the zeta potential range depending on the method of
evaporation of organic solvents in the current study during nanoformulation. Overnight
stirring resulted in a large variation in the particle size and also had a similar effect on the
zeta potential. Methods 2 and 3 showed zeta potential values with high variation within
samples and a large range. Greater zeta potential was observed in the nanoparticles samples
(and consistent degree of variation) where pressure was used to remove the organic solvents.
A similar effect on the particle size distribution was also observed. This was the case when
either a single or mixed organic solvent was used for the formulation of nanoparticles.
Reducing the polymer quantity from 200 mg (Method 2) to 50 mg (Method 4) did not show
a large effect on the zeta potential in the current study and still resulted in negatively
charged nanoparticles. The effect on reduction of excess aqueous phase was not clear when
the polymer concentration was 20 mg/mL and excess aqueous phase reduced to 50 mL, this
resulted in an extremely low zeta potential with a large variation. This may potentially
suggest unfavorable ratios of polymer and solvents used.
The negative charge obtained on the nanoparticles synthesized using polyesters such as PLA
and PLGA was also consistent for when other methods were applied. Similar zeta potentials
are obtained for these suggesting that a wide range of zeta potentials are obtained using
polyesters. Negatively charged nanoparticles were reported by Nafee et al (2009) which
were approximately -8mV

[297]

.

A zeta potential of -16mV was obtained for nicotine

encapsulated PLGA nanoparticles

[310]

. PCL nanoparticles of theophylline were also

negatively charged (-12 to -16mV was the range calculated)

[260]

. Suggesting that the zeta

potential obtained in this study is consistent with the zeta potential obtained for various
other examples of nanoparticles synthesized using this group of polymers.

2.4.5 ASSESSMENT OF SURFACE CHARACTERISTICS OF THEOPHYLLINE
AND BUDESONIDE NANOPARTICLES USING

FT-IR SPECTROSCOPY

FT-IR spectroscopy was carried out in order to observe the surface properties/characteristics
of the nanoparticles and highlight any drug adsorption on the outer surface. Unlike
transmission FT-IR, the current investigation is not able to indicate if the drugs are
encapsulated and present inside the polymer capsule formed.
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Provided that the drugs have been encapsulated in the nanoparticle and not adsorbed on the
external surface, the spectra for the nanoparticles would resemble the spectrum for the PLA
standard. If the drugs are not encapsulated successfully and still remain in the sample after
the washing out steps, or if the formulation of the nanoparticles is not entirely successful,
then the peaks of drugs and polymer are expected to be present together on the spectrum.
Another reason for not being able to see drug peaks on the spectra could also be as a result
of the uneven ratio between the drugs and polymer in the formulation, which could lead to
the drug peaks being masked by the polymer spectrum.
The main observation from the FT-IR spectrum is the characteristic ester bond of PLA at
~1750cm-1 which was present in all the nanoparticles samples. Similar observations have
been made for the polymer

[190]

. Based on the chemical structure of theophylline, the bonds

for an amine, amide, carbonyl and alkene bonds could be seen in the FT-IR spectrum.
Nanoparticles that were synthesized using each method were examined (data not shown).
For all the samples, the resemblance of the nanoparticle FT-IR spectrum to the polymer
spectrum suggests that the drugs are not adsorbed on to the external surface of the
nanoparticles. The lower quantity of drug present in the sample in comparison to the
polymer may result in masking of the drug peaks. For example, the ketone peak of
budesonide and ester peak of PLA might be overlapping with the ester bond of PLA as all
three are seen in the same region on the spectrum. The low loading efficiency calculated for
the drugs (Section 2.3.6) further suggests that the low concentration of drugs present in the
nanoparticles may be the reason for the low sensitivity. All the different methods carried out
to formulate nanoparticles show spectra resembling the polymer and not the drug. This
however does not confirm successful encapsulation but mainly suggests that the drugs are
not adsorbed on the external surface and any excess (un-encapsulated) drug is washed off. A
similar observation has been reported in the literature where nanoparticles characterised by
using FT-IR did not show the presence of any drug peaks. It was also further reported that
the un-encapsulated drug is removed during the centrifugation step [228].

2.4.6 ASSESSMENT OF THERMAL RESPONSE OF CO -ENCAPSULATED
NANOPARTICLES USING DIFFERENTIAL SCANNING CALORIMETRY

(DSC)
The thermal response of the nanoparticle samples was compared to drug and polymer
standards in order to determine any similarities or differences as a result of interactions
between the components [178, 286].
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The thermogram for the nanoparticles showed the peak at 45°C which represents the glass
transition (Tg) of the polymer, which was also observed in the thermogram for PLA
standard. The absence of the sharp theophylline and budesonide peaks at their respective
melting points suggests potential interaction between the drug and polymer components of
the nanoparticles, altering the melting point of the drugs. A large broad peak in the region of
250-400°C is consistent with the polymer thermogram. The differences in the concentration
of drug and polymer ratio in the formulation may affect the presence or absence of the peaks
akin to the observations made in the FT-IR analysis (Section 2.4.5).
The small shift in the polymer degradation peak suggests possible interactions between the
drug and polymer. A similar observation has previously been reported in the literature with
budesonide microparticles

[263]

and with theophylline nanoparticles

[260]

. It is conceivable

that due to the high ratio of polymer to drugs any drug melting peak could also have been
masked by the polymer degradation. However, a large transition observed with the
nanoparticle melting compared to the PLA standard suggests that chemical interaction
between the drugs and polymer to be more likely explanation. This theory would require
further investigations using suitable analytical techniques.
It was suggested that the lack of drug peaks in the DSC thermogram suggests the presence
of the encapsulated drug in an amorphous state [178, 207, 288]. Thermograms obtained for PLGA
and PLA nanoparticles (encapsulating docetaxel) suggested that the polymer inhibits the
crystallization of the drug during the formulation of the nanoparticles, resulting in the
amorphous state of the drug. The glass transition phase of the polymer was not influenced
by the preparation procedure, similar to the current study [207].

2.4.7 MORPHOLOGICAL ASSESSMENT OF THEOPHYLLINE AND
BUDESONIDE NANOPARTICLES

Overall all the samples formulated using different methods showed a wide range of size
distribution for the nanoparticles. Particles produced using different methods were all
spherical in shape with smooth surfaces. The surface of some the particles show porous
features in the form of small perforations on the surface. This feature may be important in
the drug release from the nanoparticles. Porosity in the particles may deliver several
advantages to drug delivery by these nanoparticles. The perforations present may allow
water to enter the particle and cause dissolution of the drug, diffusion of the drug to the
outer surface and lead to polymer degradation.
Particle size was observed to be in the submicron range supporting data obtained dynamic
light scattering analysis (Section 2.3.1). However, the images do reveal some particles
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present in the micrometer range reflecting a wide size distribution. Method 8, which was
nanoparticles formulated using acetone, showed a narrow particle size distribution of the
nanoparticle sample.
For the samples formulated using Method 14 and 15 that did not include a washing step, it
was important to determine if the nanoparticles were present; but just coated by the
polymer. For this reason TEM was carried out to obtain more information on the
morphological features of the nanoparticles. More importantly, TEM would allow
examining the drug encapsulated nanoparticles and to determine and understand how the
drug is encapsulated by the polymer. For this characterization method, a co-encapsulated
nanoparticle sample was chosen (synthesized using Method 8) and examined. Similar
particle size distribution is obtained from the TEM images as observed in the SEM images.
Particle size in the TEM images shows greater correlation with the data obtained using
dynamic light scattering where particles are present in the submicron range between 200300nm.
The images and features of the particles were supported by other studies carried out;
suggesting nanoparticles synthesized using biodegradable polymers using different methods
result in similar products. Common observations made when using SEM or TEM included
spherical nanoparticles with smooth surfaces using similar methods of formulation (solvent
diffusion methods) to obtain biodegradable polymeric nanoparticles

[177, 193, 194, 197, 198, 228, 253,

259, 281, 283, 286-288, 293-295, 311, 313, 314]

. Observations were also made to study the size distribution

and if it correlated with quantitative size analysis [194, 281, 287]. Similar to the theophylline and
budesonide nanoparticles, inclusion of a drug in the formulation did not affect the
morphological changes in comparison to the blank PLA nanoparticles synthesized using the
same method, Method 8 [207, 287].
The SEM and TEM images obtained for the nanoparticles showed same features for all the
different parameters that were changed in the formulation method. Although there were
changes in the formulation variables, the particles still remained to be spherical with a
smooth surface. This was also noted in studies carried out on PLGA nanoparticles
encapsulating praziquantel [293] and PLGA nanoparticles encapsulating levofloxacin [198].
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2.4.8 DETERMINATION OF THE LOADING EFFICIENCY OF
THEOPHYLLINE AND BUDESONIDE IN

PLA NANOPARTICLES

SYNTHESIZED USING THE DESD METHOD WITH CHANGES IN
FORMULATION VARIABLES

Methods have been developed to increase the encapsulation efficiency of hydrophilic drugs
in nanoparticles. Due to high aqueous solubility, the hydrophilic drug partitions to the
aqueous phase resulting in low encapsulation efficiency. Several different measures have
been taken to increase the encapsulation efficiency, such as changing the organic solvents
used, changes in chemical structures the hydrophilic drugs and development of methods
such as the double emulsion solvent diffusion (DESD) method, which is used in the current
study. Despite the application of this method, it was predicted that the loading efficiency of
budesonide would be greater than theophylline. However, it was important to ensure that the
loading efficiency of budesonide was not affected when changing method variables.
Overall, from the results obtained in the current study, a higher loading efficiency of
budesonide was achieved in comparison to theophylline with all the methods.
It has also been previously suggested that the low loading efficiency of hydrophilic drugs is
not only caused due to a rapid diffusion of the drug into the aqueous phase but also because
of poor interaction between the drug and the polymer. This poor interaction causes an
increased diffusion of the drug from the organic to aqueous phase

[244, 285, 292]

. It was

suggested that increasing the concentration of the polymer could increase the encapsulation
efficiency [285].
As the DESD method was developed for the encapsulation of hydrophilic drugs, comparison
with nanoprecipitation method showed a higher encapsulation efficiency for alendronate
sodium using the DESD method (15-34%) compared to 0.36-18.8% achieved with
nanoprecipitation

[288]

. A similar comparison was also made for PLGA nanoparticles

containing levofloxacin between methods nanoprecipitation, emulsification solvent
diffusion and double emulsification methods, where the loading efficiency was higher using
a double emulsification method [198].
The initial method that was tested required the use of one organic solvent, dichloromethane,
in the organic phase. It has been described in studies previously, the necessity of
dichloromethane in the formulation of particles using an emulsion method. The use of this
single organic solvent showed a higher loading of budesonide in comparison to
theophylline. It can be suggested that the low solubility results in theophylline not being
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able to successfully partition across the organic phase and be successfully encapsulated at
high concentrations. For this reason, a method was developed to add a second organic
solvent in order to increase the theophylline loading efficiency by increasing the miscibility
of the organic phase with the aqueous phase. Theophylline was dissolved in the aqueous
phase (containing the surfactant) and therefore this may have had an impact on the loading
efficiency of theophylline. However, theophylline’s solubility in organic solvents is limited
and for this reason it is more suitable for theophylline to be present in the aqueous phase.
Using a mixture of acetone and dichloromethane in a 1:1 ratio along with the aqueous phase
resulted in a marginal increase in the loading efficiency at 22% of a hydrophilic drug using
the emulsification-solvent evaporation method

[198]

. Use of the nanoprecipitation method

resulted in more rapid diffusion of the hydrophilic drug to the aqueous phase [198]. However,
using a mixed organic phase allows for increased miscibility of the organic phase with the
aqueous phase thereby enabling the hydrophilic drug to be encapsulated. The drug loading
for theophylline and budesonide when using ethyl acetate or acetone as the second organic
solvent showed similar results. Variability in drug loading for both the drugs was observed
to be less when using acetone. Higher drug loading and variation for both drugs was
obtained in samples formulated with acetonitrile. It is important that the variation in the
drug loading is limited as it allows more control on the dosing of the drugs and therefore the
amount of nanoparticles that would be required for administration. It also allows accurate
prediction of the amount of drug encapsulated in the nanoparticles.
In a study conducted by Cheow et al (2010)

[198]

, it was seen that the use of ethyl acetate

increased the loading efficiency of the drug compared to acetone in the double emulsion
method. However, this study was carried out for the encapsulation of one drug only. A
greater solubility of theophylline in acetone consequently may have had a role in the
consistent loading efficiency of theophylline (and budesonide) in the nanoparticles. Model
hydrophilic drug blue dextran was encapsulated using an emulsion method to form PLGA
nanoparticles and showed an encapsulation efficiency of 20%

[259]

. Approximately 10%

loading for an oligonucleotide was obtained when synthesizing PLA nanoparticles

[281]

and

in a study of theophylline PCL nanoparticles encapsulation efficiency was calculated to be
37%

[260]

. Similar to what was applied here an attempt was made to remove the organic

solvents as rapidly as possible in order to allow precipitation of the polymer and synthesis of
nanoparticles encapsulating theophylline. However, these nanoparticles had an extremely
large particle size in the region of 850nm [260].
In the current study, methods that involved overnight stirring of the sample to remove
organic solvent resulted in low encapsulation of theophylline and varied loading efficiency
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of budesonide and improved loading efficiency when pressure was applied to remove the
solvents. The presence of theophylline in the aqueous medium for longer periods of time
(overnight) was thought to be the reason for the reduced encapsulation efficiency of
theophylline as it allowed an increased time for theophylline to partition out to the
favorable, aqueous medium. Similarly, in a study by Cheow et al (2010), where overnight
stirring was used to formulate nanoparticles (using mixed organic phase) encapsulating
hydrophilic drugs it also resulted in low loading efficiencies (2.2-2.4%)

[198]

. It is also

possible that due to the slower evaporation of the organic solvents, the nanoparticles would
have been formed slower than in comparison to when prepared under pressure due to slower
precipitation of the polymer in the aqueous phase. Faster evaporation of organic solvents
would therefore reduce partitioning of theophylline and increasing the loading efficiency.
Overnight stirring also resulted in large variation in the other characteristics of the
nanoparticles, such as particle size and zeta potential suggesting that such a step in the
formulation of nanoparticles is not ideal. Even with application of pressure to remove the
organic solvents, by reducing the pressure to an even lower amount such as in Method 8
showed an increased improvement in the drug loading of theophylline and budesonide in
comparison to Method 5.
Different quantities of theophylline and budesonide were used in the current study in order
to increase the drug loading efficiency (Appendix 1: Synthesis and characterization of
theophylline and budesonide nanoparticles, Section 10.1.2, Table 10.5). However, it was
observed that there was no direct correlation between drug quantity and loading efficiency.
By using a larger quantity of drugs in the formulation, it can be suggested that there is a
greater probability for it to be encapsulated. However, it was reported in study involving
development of procaine hydrochloride nanoparticles synthesized using nanoprecipitation
and in PLGA nanoparticles of voriconazole that, such a step led to unnecessary drug
wastage as well as drug leakage from the nanoparticles

[177, 228]

. Although it was a study

carried out on PLGA microspheres formulated using a double emulsion method, it was
important to consider that an increase in the polymer concentration resulted in an increased
loading efficiency of the drug (blue dextran). This was due to the less time required for
solidification of the particles but also due to the increased viscosity by increasing the
concentration of the polymer [203].
Volume of excess aqueous phase had an effect on the overall success of preparing
nanoparticles in the current study. When the excess aqueous phase volume was reduced to
50 mL it was hypothesized that it would lead to an increase in the encapsulation efficiency
as a lower aqueous phase will mean a reduction in the quantity of the favorable phase
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present for solubilizing theophylline and therefore forcing encapsulation of a higher drug
quantity by the polymer.
When the polymer concentration was kept constant (20 mg/mL) but the volume of the
excess aqueous phase was reduced (Method 3), there was a small increase in the loading
efficiency of theophylline. This result suggests that a reduction in the volume of the excess
aqueous phase may have an effect in the amount of drug that is released into the solvent.
Reducing the polymer quantity to 50 mg and the excess aqueous phase to 50 mL resulted in
a lower loading efficiency for both drugs. The reduced ratio between the drug and polymer
can be a reason for the low encapsulation efficiency of theophylline and due to the increased
concentration of theophylline in a reduced volume. The reduction in polymer quantity also
results in a high variation in the budesonide loading which is not ideal as it results in
difficulty with dosing calculations.
Some studies in which the effect of polymer concentration and loading efficiency was
observed, it was noted that increasing the concentration of the polymer also increases
encapsulation efficiency [285] similar to the current study. The increased concentration of the
polymer results in an increased viscosity which reduces the diffusion of the drug to the
external phase

[285]

.However, it was visually observed that the suspension formed using 50

mL of the excess aqueous phase resulted in the formation of large aggregates in the
suspension after overnight stirring process. This may be as a result of the high concentration
of polymer which precipitates out in the smaller volume of excess aqueous phase. For this
reason, the method was not ideal for the formulation of nanoparticles.
A study on theophylline microspheres synthesized using double emulsion methods resulted
in a 60% loading efficiency in the microspheres

[255]

. Similar to the current study, it was

suggested that the loading efficiency depended on the solubility of the drugs in the solvents
and continuous phase along with physicochemical properties of the drugs and polymer. In
this study, it was also noted that when the volume of the continuous phase is reduced, it
would result in more collisions and cause the particles to fuse resulting in droplets becoming
‘white’ and solidifying [255].
A multiple emulsion method was applied in this study to understand how it would affect the
loading of theophylline and budesonide (Method 6). It was predicted that by forming
multiple emulsions, it can result in reduced partitioning of the hydrophilic drug into the
favorable, aqueous phase and allow improved loading efficiencies. This method was applied
by using acetone to form a double emulsion and then an addition of this to the excess
aqueous phase. However, this method resulted in low loading efficiencies for both
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hydrophilic and hydrophobic drugs, suggesting this method was not suitable possibly due to
the formation of unstable multiple emulsions.
Some studies looked at the relationship between particle size and loading efficiency. In this
study, there was no relationship between changes in the methods and particle size. The size
remained consistently in the submicron range and the loading efficiency had not altered in
relation to the particle size. Although this study showed no relationship between particle
size and loading efficiency, several studies reported an increased particle size resulting in an
increased loading efficiency

[244, 293]

. Similar loading efficiencies were obtained for mono-

encapsulated and co-encapsulated drugs in the current study. A similar observation was
made in a study on PLGA nanoparticles where there was a fixed capacity that could be
entrapped in the nanoparticles – but this was for amphiphilic drugs [285].
The drug extraction method that was developed for the current study mainly took into
consideration the sustained release of the drugs. Short extraction time methods may result in
some drug still entrapped and not released, leading to inaccurate loading efficiency
calculations. For this reason, the extraction method developed involved a 24 hour period in
which the nanoparticles were present in methanol, allowing the drug to be released from a
specific quantity of freeze dried nanoparticles used for analysis.
Loading efficiency of less than a 100% is obtained due to reasons for example disruption of
the primary emulsion system and leaching of the material from the inner phase after the
encapsulated particles are formed (diffusion)

[203]

. Drug which is not encapsulated is

removed during the washing step in the nanoformulation method before freeze drying. By
applying this method, consistent results were obtained for theophylline and budesonide
loading in samples formulated using ethyl acetate (Method 7) or acetone (Method 8) and
mono-encapsulated nanoparticles using acetone (Method 8).
Some extraction methods used in other studies involve ultracentrifugation for a period of
time and assessing the quantity of drugs in the supernatant in relation to what was present in
the initial formulation. Times have ranged from 30 minutes

[292]

to one hour

[315]

. Other

methods involved using a specific quantity of the nanoparticles and placing them in hot
acetone (5 mL) which is evaporated and drug dissolved in ethanol for analysis

[313]

. While

other studies used a shorter time period to extract the drugs from the nanoparticles, in
another study on hydrophilic drugs (vancomycin) in poly (ortho ester) nanoparticles, a
similar extraction method was applied as for theophylline and budesonide. This method also
consisted of nanoparticles in solvent for 24 hours

[296]

. In this extraction method, 10 mg of

the nanoparticles were placed in a mixture of DMSO and water and constantly rotated for 24
hours. Several methods did not specify times used for extraction of drug. A method also
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involved determining free drug content in a specific quantity of the suspension and then
determining the total drug in the nanosuspension

[189, 286]

. This method was adapted to

determine the loading efficiency of vincristine and verapamil but extraction method was
only 10 minutes long
drugs

ranged

[193, 194]

between

and for doxorubicin

50-69%.

[194, 240]

. The loading efficiency of these

Carboxyfluorescin

(CF)

nanoparticles

showed

approximately 60% drug loading; but this was determined by measuring the quantity of
drugs in the supernatant after centrifugation [253].
Most calculations carried out for loading efficiency were as a ratio between the mass of the
drug in the nanoparticles compared to the mass of the drug used in the formulation and
presented as a percentage

[285, 295, 311]

. Some loading efficiencies reported by calculation

using this method are reported up to 90%

[295]

. Quercetrin, loaded in PLGA nanoparticles

had an encapsulation efficiency of approximately 40%

[311]

. Quercetrin has a similar logP

value to budesonide, and the loading efficiency of budesonide was measured to be similar in
this study (approximately 30%). These nanoparticles were synthesized using a solvent
evaporation method. Similar to the current study, a study on lapazine (encapsulated in
PLGA and PCL) had loading efficiency calculated based on the theoretical loading (which
was based on the initial mass used on the formulation). This was then quantified based on
the specific quantity of nanoparticles used for analysis

[313]

. The loading efficiency

calculated for the drug in these nanoparticles was approximately 35-50%. This method of
determining loading efficiency was adapted by Miladi et al (2015) for alendronate sodium
nanoparticles synthesized using PCL

[288]

. PLGA nanoparticles encapsulating voriconazole

by a multiple emulsification method resulted in approximately 30% drug loading. This was
calculated based on a specific quantity of freeze dried nanoparticles used for analysis (3-4
mg) and placed in an organic solvent and centrifuged

[228]

. Similar quantities of freeze dried

nanoparticles were used in the current study. The loading efficiency for a hydrophobic drug
prepared in a solid lipid nanoparticle was also calculated determining the concentration of
the drug in the specific quantity of freeze dried nanoparticles

[315]

. By determining the

loading efficiency in a specific quantity allows understanding of the variation in the drug
loading in the total sample. In the current study, a theoretical loading efficiency was
calculated and used in the calculations for determining the loading efficiency. The
theoretical loading was also applied in determining the loading efficiency of cholesterol
PEG-lyated nanoparticles [316]. As reviewed by Vrignaud et al (2011), measuring the loading
efficiency based on the amount of drug entrapped in the nanocapsule in ratio to what was
used in the formulation is more representative

[251]

. Some studies conducted determined

encapsulation efficiency by calculating the difference between the total and unbound drug
and obtaining a ratio between this difference and the total drug used [290].
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2.5 CONCLUSIONS
The aim of the study was to synthesize nanoparticles containing the hydrophilic drug
theophylline and the lipophilic drug budesonide using PLA. To achieve this, a suitable
method was developed in order to allow encapsulation of both drugs with a suitable loading
efficiency. The double emulsification solvent diffusion (DESD) method was applied in this
study to encapsulate the drugs as it has been previously used and developed for the
encapsulation of hydrophilic drugs and hydrophobic drugs. However, this method has not
been previously applied for the co-encapsulation of this combination of drugs.
In order to achieve the aim of the current study, the method was developed by changes in
different variables such as drug and polymer quantities, composition of organic solvents and
method of evaporation of the organic solvents after which the physicochemical
characterization of the nanoparticles was carried out.
It was concluded from the current study that the use of pressure to evaporate organic
solvents resulted in a narrower particle size distribution as well as zeta potential and an
improved drug loading of both theophylline and budesonide. The ideal formulation
quantities were determined to be 200 mg PLA, 50 mg theophylline and 5 mg of budesonide.
It was also concluded, that despite the application of a DESD method, the loading efficiency
of theophylline was lower than budesonide; but an improved loading efficiency of the
hydrophilic drug was achieved.
It is concluded that the most suitable method for the formulation of theophylline and
budesonide PLA nanoparticles was with Method 8 and this method was applied to formulate
nanoparticles for further characterization. The nanoparticles synthesized using this method
resulted in a narrower distribution in the particle size, zeta potential, loading efficiency,
which are suitable for the nanoparticles to be developed into a formulation such as nebulized
suspension or a dry power. Similar loading efficiency of the drugs was achieved for the coand mono-encapsulated nanoparticles. This consistency in drug loading would allow
accurate calculation of dosage and quantity of nanoparticles required. The nanoparticles
showed spherical particles with smooth surfaces. Further characterization of the
nanoparticles synthesized using this method was by determining drug release into simulated
lung fluid (Chapter 3), cytotoxicity using a human bronchial epithelial cell line (Chapter 4),
effect on the tight junctions and transport of the drugs across a human bronchial epithelial
cell line (Chapter 5), in vitro deposition of a nebulizer and DPI using an MSLI (Chapter 6)
and stability study (Chapter 7).
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CHAPTER 3 ASSESSMENT OF THE IN
VITRO RELEASE OF THEOPHYLLINE AND
BUDESONIDE FROM PLA
NANOPARTICLES USING FRANZ
DIFFUSION CELLS
3.1 INTRODUCTION
Pulmonary drug delivery has been used for many years for the treatment of localized disease
with several features of the lungs being advantageous for systemic delivery. As described
previously, the advantages of local drug delivery include lower risk of systemic adverse
effects and higher drug concentration at target site. However, there is little information
available on the controlled release of drugs in the lungs. Controlled release drug delivery in
the lungs is beneficial for conditions like asthma as it allows control of symptoms over a
long duration (for example overnight control of symptoms)

[317]

frequency therefore potentially improving patient compliance

with reduced administration

[216-224, 318]

. Use of drug-loaded

polymeric nanoparticles has been shown to sustain drug release over an extended period of
time; drug release from nanoparticles and concurrent or subsequent biodegradation of the
polymer are important for developing successful formulations [179].
Formulating drugs within nanoparticles or associated with carriers can help to overcome
problems associated with the drug itself such as toxicity (reducing side effects), efficacy,
stability, selectivity (targeted delivery) as well as allowing controlled release of the drug [217,
288, 319, 320]

. The use of biodegradable polymers also allows reduced adverse effects of the

polymers themselves as biodegradable polymers break down to acidic monomers which are
further broken down to products which are part of the normal metabolism by the Krebs
cycle [223, 293, 321]. Biodegradable polymers such as PLA and PLGA are FDA-approved (for
human use) and show versatile degradation kinetics

[218]

. By incorporating the drug into

polymeric biodegradable nanoparticles any extended release will help in reducing the
overall dose of the drug that is required for administration [218].
In vitro release studies have been used to determine the rate of drug release from
nanoparticles

[322]

. However, despite the benefits of controlled release drug delivery to the

lungs, there is a lack of pharmacopeial methods for the in vitro evaluation of the drugs for
respiratory [317, 323] and for parenteral applications [324, 325].
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In vitro release testing methods are necessary to monitor batch to batch variability in
samples produced; but also important to ensure the clinical performance of the drug and its
safety, efficacy, quality

[237]

and in vivo release data

and to predict and/or determine a relationship between in vitro

[324]

. For the best results, it is important to set standards when

studying the release of drugs in vitro which include consideration of factors such as
apparatus used and its appropriateness/reliability, the media, sampling intervals and
temperature [324]. Assessment of the in vitro release does not always correlate to what would
occur in vivo due to differences in the actual volume of fluids present at the target site. Also
factors such as uptake of the drug/particles, distribution, biological factors such as enzymes,
clearance and physicochemical characteristics can all affect the release of the drugs [322].
There are several technical limitations to assessing the release of drugs from polymeric
nanoparticles

[322]

but no standard or pharmacopeial methods available to assess the release

of drugs from nanoparticles or controlled release formulations, except for oral dosage forms
[326-328]

. As a consequence, a number of methods have been reported in the literature for

determining drug release from nanoparticles and controlled release formulations based on
their applications in drug delivery.
Methods include the use of side-by-side diffusion cells separated using an artificial or
biological

membrane,

dialysis

bag

technique,

reverse

dialysis

technique

ultracentrifugation (‘sample and separate’ technique) and continuous flow

and

[179, 324, 325, 329]

.

Microdialysis tubing techniques are popular techniques to measure drug concentrations as
drugs are released. The tubing/membrane is permeable to water and is connected to
impermeable tubing which is put in contact with the donor fluid. Microdialysis membranes
act as a filter which removes the need to carry out precise pre-assay separation steps

[330]

.

Miniaturized methods and dialysis sacs have been applied to study release of drugs from
controlled release systems

[324]

. These are particularly useful if low volumes of samples are

to be tested as reviewed by Wischke and Schwendeman (2008)

[331]

. There are several

difficulties when analyzing drug release from the nanoparticles using the methods described.
These include separation of nanoparticles from the release media; this can be difficult
(causing overestimation of drug concentration), and so it can be avoided using a filter such
as dialysis tubing. Filtration can also be achieved when using artificial membranes

[179]

.

‘Sample and separate’ methods are related to USP Apparatus method 1 and 2 where the
sample is dispersed in the medium and samples taken at regular intervals. Use of filters can
ensure that nanoparticles are not removed along with the sample [329].
Franz diffusion cells have been used to study the release of drugs from nanoparticles when
only a small amount is available or expected drug concentrations are low but frequent time
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points are required [317, 325]. It has been suggested that Franz diffusion cells can represent the
in vivo conditions with addition of agitation

[317]

. For pulmonary drug delivery, the low

volume of liquid in the donor/apical chamber is suggested to represent the air-liquid
interface present in the lungs [323, 332]. Franz diffusion cells were originally developed for the
study of permeability or transport of drug compounds across the skin and consist of two
chambers which are separated by a membrane, allowing drug to diffuse across the
membrane once released from the formulation [333].
Different sizes of cell are available which can be used for different concentrations or
volumes. The membrane selected for the study can range from artificial membranes or skin
when applied for transdermal drug delivery

[333]

. Membrane binding affinity of the drug is

required to be carried out before studying drug release from the formulation

[237]

. The

receiver fluid is also required to be carefully considered in order not to violate sink
conditions, i.e., to obtain no more than10% of the donor concentration in the receiver fluid
and are commonly constantly stirred over the testing duration in order to maintain sink
conditions at the membrane surface. The main disadvantages of using Franz diffusion cells
include determining if the release of the drug is affected by its permeability across the
membrane or dissolution of the drug in the medium, i.e., determining the rate-limiting step.
The dose applied to the donor chamber needs to be considered carefully as well as the
duration of the study [317, 332, 334, 335].
Release patterns have commonly been described as biphasic for drugs in controlled release
formulations and polymeric nanoparticles. There is an initial ‘burst’ release where the drug
adsorbed near the surface of the particles is released by a diffusion-controlled process
179, 222, 288, 336, 337]

[177,

. Another explanation for the burst release is thought to be when dispersion

medium enters the surface pores of the polymer, it causes dissolution of the drug particles.
As the time goes on, erosion of the polymer occurs and there is further release of the drugs
that are present within the matrix system. This ‘lag phase’ release is caused by both
diffusion and erosion mechanisms. During the lag phase, the polymer is degraded to its
starting chain length [331]. During the entry of the medium into the particles, the particles can
swell which can begin the erosion process of the polymer
chains

[331]

by relaxing the polymer

[338]

. As the ester linkage of the polymer backbone of polyesters such as PLA is

hydrolyzed and formation of acidic monomers is increased, the increased acidity of the
polymer’s surroundings further catalyzes the degradation of the polymer chain by an
autocatalytic process [218, 326, 339]. Some studies indicate a final burst release stage towards the
end and therefore call the complete release profile – a triphasic release. This final burst
phase is an erosion-mediated release of the drug [326, 331, 339-342].
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For diffusion-controlled processes, the drug would need to pass through the nanoparticle
surface either through the polymer itself or through the pores that would be filled with
dispersion medium. Factors such as polymer chain length, flexibility, mobility, swelling
behavior, plasticization and the interaction between drug and polymer can affect the
diffusion process, reviewed by Wisckhe and Schwendeman (2008)

[331]

. In comparison to

PLGA, PLA is a more hydrophobic polymer and can affect the release of the drugs by
preventing diffusion-controlled processes [216]. The loading concentration can also affect the
release of the drug; where an increased loading of the drug in consideration (over 10-20%)
results in faster release of the drug possibly due to a smaller amount of polymer that could
act as a diffusion barrier

[331]

. An increased concentration also increases the cumulative

amount of drug released at any time, including during the burst release [189, 338, 342].
There are five possible mechanisms by which drug can release from the systems, listed
below [179, 189]:
1. Desorption of the drug bound to the surface
2. Diffusion through the polymer matrix
3. Diffusion through the polymer walls
4. Nanoparticle matrix erosion
5. Combined erosion and diffusion processes
There are several different profiles of release that can be described such as immediate,
modified, delayed, extended and pulsatile release [343].
The release of the drugs from the nanoparticles depends on the nature of the delivery
system, for example, a matrix system has drug uniformly distributed/ dissolved throughout
the matrix and drug is released by diffusion or erosion of the matrix. The diffusion
mechanism is faster than the erosion mechanism as it doesn’t depend on the degradation of
the matrix system. Nanospheres are matrix-type structures where drug is adsorbed on the
surface and entrapped/dissolved in the structure. Nanocapsules contain a polymeric shell
and inner core which contains dissolved drug and some drug adsorbed on the surface.
When studying the release of drugs, the dissolution properties of the drugs are also an
important concept to understand. The solvent system that is chosen plays an important role
in the solubility of the drug and can influence the overall release of the drug. The solution
that is attained in these conditions is said to be saturated (Cs) and the concentration less than
saturated (i.e. at equilibrium) (C) is said to be ‘sub-saturated’ [343-345].
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If the volume of the solvent is large, or the solute is removed from the bulk of the
dissolution medium at a rate faster than it passes into the solution then C becomes a value
that is close to 0 and the ∆C which is Cs-C becomes Cs. When applying this concept in
practice, the volume of the medium can be such that the value of C is never greater than
10% of the value of Cs, then some approximation can be made on the concentration that
should be applied. When these conditions are met, it is said that dissolution is occurring
under ‘sink’ conditions.
There are many factors that can affect the release of drugs from a carrier system and the
dissolution rate of a drug particle [343-345]:


Factors affecting solubility: include the pH of the medium, presence of other
compounds or co-solvents and choice of the medium itself. For example, changes in
the medium can affect the solubility and stability of the drug in the release medium
[322, 329]

. The drug also has to be compatible with the release medium (and membrane

if used) to allow recovery of the drug for analysis

[322]

. To study poorly soluble

drugs, and also to maintain sink conditions, there can be a requirement of addition
of components to make the release medium more suitable, but at the risk of not
mimicking biological conditions

[322]

. Phosphate buffered saline (PBS) is the most

common release medium used to study drug release, simulated lung fluid (SLF) has
also been used in several studies. An advantage of using medium such as SLF is that
it only contains mineral salts and does not contain any protein or mucus components
[332]

. A surfactant could be added to the SLF in order to improve the solubility of the

poorly soluble drugs [332].


Temperature: can be affected if dissolution is an endothermic or exothermic process
from which changes in the temperature of the medium can affect the overall energy
required to carry out dissolution process. Higher temperatures may have an effect
on the properties of the polymer as it reaches the glass transition temperature. This
change in state may potentially affect the way in which the drug can release from
the system

[326, 331, 340]

. It has been reported that the temperature difference between

studies conducted at room temperature and those conducted at 37°C did not
significantly affect the release of the drugs [217]. Most studies are carried out at 37°C
in order to represent body temperature.


Volume of the medium: if the overall volume is low, then the concentration of the
bulk solution (C) increases rapidly and reaches the saturated concentration of the
solid (Cs). Large volumes allow the concentration of C to be negligible and allow
sink conditions to operate. This is a very important aspect to consider in practice.
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For some delivery sites, such as the lungs, rectum and vagina, the volume of liquid
at the site is very low. The removal of the dissolved solute from the dissolution
medium and replacement of it with fresh dissolution medium can result in a
decrease in C and therefore allow an increased rate of dissolution. It has been stated
that there is approximately 1µL/cm2 of fluid available in the lungs [317, 346]. However,
using low volumes, while allowing a more accurate representation of the airways,
would compromise the chances of maintaining sink conditions

[317, 331, 346, 347]

. Some

studies highlight the importance of maintaining sink conditions in order to obtain
accurate release profiles of the drugs, but also discuss that there was no difference
noted if non-sink conditions occurred

[331]

. Miniaturized methods or dialysis sacs

used to study the release of drugs from controlled release formulations have been
studied using small vials to mimic pharmacopeial methods (USP Apparatus 1 and 2)
using 1L volumes, allowing application to the site of delivery to be mimicked [324].


Porosity: allowing more medium to enter the particle and allow dissolution of the
drug via the diffusion-controlled process. If nanoparticles possess porous features in
the surface, this may affect the drug release.

There are several mathematical and release kinetic models that can be applied to the drug
released from the nanoparticles. Models such as zero order, first order, Higuchi release,
Hixson-Crowell cube root plot and Korsmeyer-Peppas models are commonly applied [218, 332,
334, 337, 343, 344, 348-351]

. When the drugs are released at a constant rate it can be considered as a

zero-order release

[218]

. Higuchi’s model of release describes the release mechanisms largely

on the basis of diffusion only [218]. A disadvantage of controlled release formulations is that
theoretical models do not fit perfectly to describe the release/dissolution mechanisms and
the models do not always take into account polymorphic form, crystallinity, particle size,
solubility and other factors which can affect release kinetics [343].

3.1.1 AIM OF STUDY :
The aim of the study was to test the hypothesis that encapsulating the hydrophilic drug,
theophylline, and hydrophobic drug, budesonide in PLA nanoparticles would sustain their
release. The aim of this chapter was to study the release of both co-encapsulated and monoencapsulated theophylline and budesonide from nanoparticles using Franz diffusion cells
and to compare this release to the diffusion of the un-encapsulated drugs (in solution). The
aim of the study was also to determine whether there is a difference between the
temperatures used to study the release and the study was carried out at room temperature
and at 37°C. In addition, a further aim was to test the release of the drugs from the
nanoparticles in different media (methanol, simulated lung fluid (SLF) and water).
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3.2 MATERIALS AND METHODS
3.2.1 MATERIALS
Cellulose (dialysis Visking tubing) (DTV.12000.13 Visking Tubing, Size 13, Dia 2", wall
thickness 0.05mm, pore size 24Å), Medicell Membranes Ltd, London, UK
1, 2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (≥99%), Sigma-Aldrich, UK (P4329)
Sodium chloride (>99.5%), Sigma-Aldrich, UK (S7653)
Potassium chloride, Ashland Specialty Ingredients, Poole, UK (BCBF3440V)
Magnesium chloride hexahydrate (>99%), Sigma Aldrich, UK (M2670)
Sodium dihydrogen orthophosphate hydrate, VWR Chemicals International, Leuven,
Belgium (#10245R)
Anhydrous sodium sulfate, Sigma-Aldrich, UK (239313)
Sodium hydrogen carbonate, Sigma-Aldrich, UK (CAS: 144-55-8)
Sodium citrate dihydrate, Fisher BioReagents, Fisher Scientific, UK (BP327-500, Lot:
114581)
Sodium acetate trihydrate (>99%), Sigma-Aldrich, UK (CAS: 6131-90-4, Code: 5/2040/62)
Calcium chloride dihydrate (>99%), Sigma-Aldrich, UK (CAS: 10035-04-8, Lot#:
A0267637)
18.2MOhms water
Methanol, Fisher Scientific, UK (Code: M/4056/17, Lot :1493729)
Dichloromethane, Fisher Scientific, UK (Code : 10458210)
2.5mL Soham Scientific Franz diffusion cells (with clamp, receiver chamber, donor
chamber)
Magnetic stirrer rods, Fisherbrand ®, Fisher Scientific, UK (Code: 11587572)
Magnetic stirrer plate (15 place holder), Thermoscientific (50088029)
Magnetic stirrer plate controller (Thermo Electron LED GmbH), Thermoscientific
(50094707)
2L volumetric flask
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100µL glass Hamilton syringes, SGE Analytical sciences, Australia (Lot: M10-F3973)
2mL sterile syringe, BD Plastipak, Madrid, Spain (Lot: 1312011)
5mL sterile syringe, BD Plastipak, Madrid, Spain (Lot: 11-93C08)
Laboratory Film (Parafilm®), Chicago, Illinois
Chromacol 2mL crimp top vial (clear), Thermoscientific Germany (Lot: 70734807114)
Chromacol Crimp Cap with PTFE/Rubber, Thermoscientific, Germany (Item# 11578150)
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3.2.2 METHODS
3.2.2.1

SELECTION OF MEMBRANE FOR USE IN DIFFUSION STUDIES

It is essential that there is minimal binding of the drug to the membrane used in the diffusion
studies. Cellulose membrane with a pore size of 24Å (2.4nm) and a thickness of 0.5mm was
selected for the study. Three solutions of theophylline and budesonide at 10 µg/mL, 5
µg/mL and 1 µg/mL were prepared in acetonitrile.
A 2 cm2 piece of membrane was cut and placed in a beaker containing 10 mL of the
theophylline and budesonide solutions and stirred at 280 RPM for 24 hours. Samples (1 mL)
were taken at time zero and at 24 hours. A control sample of drug solutions without the
membrane was also prepared, stirred at 280 RPM for 24 hours and sampled at time zero and
24 hours. All samples were analyzed in triplicate. The HPLC method used is described in
detail in Chapter 2, Section 2.2.2.2.5.

3.2.2.2

PREPARATION OF SIMULATED LUNG FLUID (SLF)

SLF was prepared as described in the literature by Marques et al (2011)

[352]

. Briefly,

dipalmitoylphosphatidylcholine (DPPC) (20 mg) was dissolved in 1:1 dichloromethane (10
mL): methanol (10 mL) mixture. This mixture was then transferred into a round bottom
flask and the solvents were evaporated at 337mbar. Once a dry film was formed on the inner
surface of the round bottom flask, the dry film was dissolved in 20 mL water and stirred at
55°C for two hours. After two hours of stirring, the sample was sonicated at 55°C for one
hour. The remaining components (Table 3.1) were weighed and dissolved in 100 mL of
deionized water. This solution is then added to the 20 mL of the DPPC solution and mixed
thoroughly. The pH of the SLF was 7.4.
Table 3.1 Quantity of contents required to formulate SLF (100 mL volume)
Component

Quantity (mg)

Magnesium chloride hexahydrate

20.33

Sodium chloride

601.93

Potassium chloride

29.82

Anhydrous sodium sulfate

7.1

Calcium chloride dihydrate

36.76

Sodium acetate trihydrate

95.26

Sodium hydrogen carbonate

260.43

Sodium citrate dihydrate

9.7

Sodium phosphate monobasic monohydrate

14.2
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3.2.2.3

ASSESSMENT OF DRUG RELEASE USING FRANZ DIFFUSION
CELLS

Franz diffusion cells consist of three main components; donor chamber, receiver chamber
and a membrane. The cellulose membrane was placed in 18.2MOhms deionized water
before cutting to a suitable size and placed between the donor and receiver chambers. Franz
diffusion cells were assembled by placing a magnetic stirrer bar into the receiver chamber
and then covering the surface with the membrane, avoiding any gaps. The donor chamber
was aligned with the receiver chamber and wrapped in Parafilm® in order to prevent
movement of the two chambers and leakage of any solvents placed into the chambers. The
receiver chamber was filled with medium using a 2.5 mL syringe, ensuring no air bubbles
were formed under the membrane. The volume of this was 2 mL. For studies conducted at
room temperature, the Franz diffusion cell was placed onto a magnetic stirring plate with the
use of a clamp. The donor fluid (containing a specific concentration of the test sample in a
specific volume) was pipetted directly onto the donor chamber side of the membrane at a
specified volume (0.5 mL).
For studies conducted at 37°C the assembled Franz diffusion cells were placed on a
magnetic stirrer plate immersed in a water bath and maintained at a temperature of 37°C for
60 minutes before application of the test sample to the donor chamber. A 200 µL aliquot of
the samples were withdrawn from the receiver chamber at 0, 1, 2, 3, 4, 5, 6 and 24 hours and
the volume removed was replaced with fresh medium at either room temperature or 37 oC
depending on the experimental conditions. The samples were diluted in 1mL methanol and
analyzed using HPLC as previously described (Chapter 2, Section 2.2.2.2.5). The medium
in the receiver chamber was 1:1 methanol: SLF mixture. The donor chamber either
contained solutions of theophylline (116 µg/mL) or budesonide (23.52 µg/mL) in SLF or
nanoparticles suspended in SLF at a concentration of 0.6 mg/mL. The concentration of each
drug in solution represents the equivalent encapsulated concentration of the drugs in the
nanoparticles. The suspension of nanoparticles was sonicated for a minute to ensure the
nanoparticles were dispersed. The solution or suspension (0.5 mL) was pipetted directly
onto the donor chamber side of the membrane.

3.2.2.4

ASSESSMENT OF DRUG RELEASE FROM CO -ENCAPSULATED AND
MONO -ENCAPSULATED

NANOPARTICLES

INTO

DIFFERENT

MEDIA IN THE ABSENCE OF A MEMBRANE

In order to determine drug release from the nanoparticles directly into solution,
nanoparticles were suspended in the receiver fluid, which was sampled and analyzed at the
same time points as used for the release studies using the Franz diffusion cells (Section
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3.2.2.3). This allowed a comparison of the release of theophylline and budesonide from the
nanoparticles in the presence and absence of a membrane.
Dispersion medium (2 mL) was accurately pipetted into a tube. At time 0 hours, the
nanoparticle suspension (0.5 mL) prepared at the same concentration (0.6 mg/mL) was
added to the medium. A sample aliquot (200 µL) was withdrawn at 0, 1, 2, 3, 4, 5, 6 and 24
hours and replaced. The sample was diluted in 1 mL of methanol and analyzed immediately
after sampling using HPLC. The method used is described in Chapter 2, Section 2.2.2.2.5.
The experiment was carried out in triplicate for each dispersant medium and nanoparticles
sample. This study was conducted at room temperature.

3.2.2.5

DATA ANALYSIS

At each time point the concentration of theophylline and budesonide was determined using
HPLC analysis and based on the results obtained from a calibration graph. The
concentration was corrected for the volume sampled out and area. This was then converted
into a percentage at each time point based on the concentration of the two drugs loaded into
the nanoparticles (calculated using the equations in Chapter 2, Section 2.2.2.2.6).

3.2.2.6

STATISTICAL ANALYSIS

To determine if the drugs bound to the membranes, the concentrations of theophylline and
budesonide remaining in solution at the end of the experiment were compared to the
concentration at the start using an independent t-test. The hypothesis was that the
concentration obtained would be 100%. P<0.05, suggested significant differences.
To determine if the differences in the concentration of theophylline and budesonide released
from nanoparticles when suspended directly in different dispersion media was significant, a
two way ANOVA was carried out. P<0.05, suggested significant differences. Bonferroni
post hoc tests were carried out for this statistical analysis.
To test the hypothesis that release would be greater at 37oC, the differences in the release of
theophylline and budesonide from mono-encapsulated and co-encapsulated nanoparticles at
the same temperature was compared with the release obtained at room temperature and
37°C using a two way ANOVA was carried out. P<0.05, suggested significant differences.
Bonferroni post hoc tests were carried out for this statistical analysis.
To determine if the percentage of drug released from the nanoparticles at 6 hours and 24
hours was significantly different a paired t-test was carried out. If P<0.05, this was
significantly different. To determine if the rates of release of drug from the nanoparticles
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between 0-6 hours and 6-24 hours were significantly different, a 2way ANOVA was carried
out. P<0.05, suggested significant differences.
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3.3 RESULTS
3.3.1 SELECTION OF MEMBRANE FOR USE IN DIFFUSION STUDIES
The suitability of the cellulose membrane was examined (Table 3.2). Three different drug
concentrations were used for this part of the study: 1, 5 and 10 µg/mL which when analyzed
by HPLC after 24 hours gave a high percentage recovery. For both drugs percentage
recovery was seen to be high at all concentrations and any differences were not observed to
be significant (P>0.05). This suggested that the drug did not bind to the cellulose membrane.
Up to 85-100% of the drug was recovered when using the cellulose membrane for all three
concentrations. The concentration of theophylline and budesonide used in this study was
116 µg/mL and 23.52 µg/mL, respectively.
Table 3.2 Percentage recovery of theophylline and budesonide at various concentrations from solutions
containing the cellulose membranes over a period of 24 hours (n=3, mean ±SD)
Concentration (µg/mL)

Theophylline

Budesonide

1

86±28

100±7

5

88±6

104±7

10

98±11

92±5

3.3.2 RELEASE OF THEOPHYLLINE AND BUDESONIDE FROM PLA
NANOPARTICLES DETERMINED USING FRANZ DIFFUSION CELLS
The release of theophylline and budesonide from nanoparticles was studied using Franz
diffusion cells over a period of 24 hours. Drug release from the nanoparticles was compared
to diffusion of the drugs from solutions made up of equivalent concentrations of
theophylline and budesonide.
Diffusion of theophylline across the membrane from solution showed a biphasic profile,
where the rate was reduced in the period between 6-24 hours in comparison to the initial 6
hours of sampling at room temperature (Figure 3.1). This was not observed for the diffusion
of budesonide across the membrane from solution (Figure 3.1). Approximately 40% of the
theophylline diffused across the membrane within 6 hours, exceeding sink conditions.
Approximately 24% of budesonide diffused across the membrane in 24 hours. The
difference in the percentage of theophylline/budesonide diffused across the membrane at 6
hours and 24 hours was significantly different for both drugs (P<0.05). The average overall
percentage recoveries for theophylline and budesonide are 78.69% and 78.66% respectively.
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Figure 3.1 Percentage of theophylline and budesonide that had diffused into the receiver chamber of
Franz diffusion cells from a solution of equivalent encapsulated concentration of the drugs over a period
of 0-24 hours at room temperature. Samples were analyzed using HPLC (*P<0.05) (n=9, mean ±SD)

The percentage of theophylline in the receiver chamber when diffused from the solution is
consistently greater than the percentage of theophylline released from the nanoparticles
(P<0.05). The biphasic profile observed with the solutions was not strongly observed for the
nanoparticles and a smaller difference in the gradient between the time period of 0-6 hours
and 6-24 hours was observed (Figure 3.2). The release of theophylline from the mono- and
co-encapsulated nanoparticles was similar suggesting the release is not affected by the
presence of the second drug (in co-encapsulated samples) (P>0.05). Less than 10% of
theophylline was released from the nanoparticles over the period of 24 hours at room
temperature (Figure 3.2). The difference in the percentage of drug released at 6 hours and 24
hours was not significantly different for both mono- and co-encapsulated nanoparticles
(P>0.05).
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Figure 3.2 Percentage of release theophylline in the receiver chamber from mono- and co-encapsulated
nanoparticles in comparison to the percentage of theophylline diffused from the theophylline solution over
the period of 24 hours at room temperature. The percentage of theophylline in the receiver chamber from
the solution was greater than the percentage of drug released from the nanoparticles (*P<0.05) (Solution:
n=9, co-encapsulated: n=21, mono-encapsulated: n=9, mean ±SD) (NP: nanoparticles)

Similar to theophylline, the percentage of budesonide from the solution in the receiver
chamber was significantly greater than the percentage of budesonide released from the
nanoparticles over the period of 24 hours at room temperature (P<0.05)(Figure 3.3). The
rate of diffusion of budesonide from the solution in the first 6 hours was greater than from
the nanoparticles. Between 0-6 hours and 6-24 hours, the difference in the gradient is
smaller. Less than 5% of budesonide was released from the nanoparticles over the period of
24 hours at room temperature. Similar concentrations of budesonide were released from
mono- and co-encapsulated nanoparticles (P>0.05). The difference in the percentage release
at 6 hours and 24 hours was not significantly different for mono- and co-encapsulated
nanoparticles (P>0.05).
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Figure 3.3 Percentage release of budesonide in the receiver chamber from mono- and co-encapsulated
nanoparticles in comparison to the concentration of budesonide diffused from the budesonide solution
over the period of 24 hours at room temperature (*P<0.05) (Solution: n=9, co-encapsulated: n=21, monoencapsulated: n=9, mean ±SD) (NP: nanoparticles)

The rate of diffusion of the drugs from the solution at 37°C was greater than the rate of
diffusion at room temperature. Up to 50% and 60% of theophylline and budesonide
respectively, was present in the receiver chamber after 24 hours (Figure 3.4). At this
temperature, both drugs showed a biphasic profile and that sink conditions were exceeded.
The difference in the percentage of drug diffused at 6 hours and 24 hours was not
significantly different for both theophylline and budesonide (P>0.05).
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Figure 3.4 Percentage of theophylline and budesonide diffused into the receiver chamber of Franz
diffusion cells from a solution of equivalent encapsulated concentration of the drugs over a period of 0-24
hours at 37oC. (n=3, mean ±SD)

Similar to the study carried out at room temperature, at 37°C the percentage of theophylline
diffusing across the membrane from the solution was higher than the percentage of
theophylline released from the mono- and co-encapsulated nanoparticles over the period of
24 hours. Despite the elevated temperature, only 10%-16% of theophylline was released at
the end of 24 hours (Figure 3.5) (P<0.05). There was no significant difference in the release
of theophylline from the mono- and co-encapsulated nanoparticles (P>0.05) except at 24
hours (P<0.05). The percentage release of theophylline and 6 hours and 24 hours was not
significant for mono-encapsulated nanoparticles (P<0.05) but for co-encapsulated
nanoparticles (P>0.05).
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Figure 3.5 Percentage release of theophylline in the receiver chamber released from mono- and coencapsulated nanoparticles in comparison to the percentage of theophylline diffused from the theophylline
solution over the period of 24 hours at 37°C. The percentage of the drug in the receiver chamber from the
solution was significantly higher than the percentage released from the nanoparticles (*P<0.05). Similar
release was obtained for the theophylline from the nanoparticles except at 24 hours (*P<0.05). (solution:
n=3, co-encapsulated: n=6, mono-encapsulated: n=6, mean ±SD) (NP: nanoparticles)

The percentage of budesonide diffusing across the membrane from the solution was also
observed to be higher in comparison to the release of budesonide from the nanoparticles
(P<0.05). Up to 3% and 7% of budesonide was released from the mono- and coencapsulated nanoparticles over the period of 24 hours at 37°C, respectively (Figure 3.6).
The release of budesonide from the mono-encapsulated nanoparticles was significantly
lower than from co-encapsulated nanoparticles at 24 hours (P<0.05). The difference in the
percentage release of budesonide at 6 hours and 24 hours was not significant (P>0.05).
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Figure 3.6 Percentage release of budesonide in the receiver chamber from mono- and co-encapsulated
nanoparticles in comparison to the percentage of budesonide diffused from the budesonide solution over
the period of 24 hours at 37°C. The percentage of the drug in the receiver chamber from the solution was
significantly higher than the percentage released from the nanoparticles (*P<0.05). Similar release was
obtained for the budesonide from the nanoparticles except at 24 hours (*P<0.05). (solution: n=3, coencapsulated: n=6, mono-encapsulated: n=6, mean ±SD) (NP: nanoparticles)

Release profiles of theophylline (Figure 3.7) and budesonide (Figure 3.8) from nanoparticles
(mono- and co-encapsulated) were compared at the two different temperature conditions.
Theophylline release from the co-encapsulated nanoparticles was greater than the remaining
nanoparticles samples (P<0.05 at 24 hours). The release of both drugs from the remaining
samples was not significantly different to each other (P>0.05).
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Figure 3.7 Comparing the release of theophylline from mono- and co-encapsulated nanoparticles at room
temperature (21-25°C) and 37°C using Franz diffusion cells over a period of 24 hours. The percentage of
theophylline released at 24 hours in co-encapsulated nanoparticles at 37°C was higher (*P<0.05) than the
remaining samples. (25°C: co-encapsulated: n=21, mono-encapsulated: n=9; 37°C: co-encapsulated: n=6,
mono-encapsulated: n=6, mean ±SD) (NP: nanoparticles)
Budesonide co-encapsulated NP
Budesonide mono-encapsulated NP
Budesonide co-encapsulated (37°C)
Budesonide mono-encapsulated (37°C)

9.00

% budesonide released

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00
0

4

8

12
Time (hours)

16

20

Figure 3.8 Comparing the release of budesonide from mono- and co-encapsulated nanoparticles at room
temperature (21-25°C) and 37°C using Franz diffusion cells over a period of 24 hours. (25°C: coencapsulated: n=21, mono-encapsulated: n=9; 37°C: co-encapsulated: n=6, mono-encapsulated: n=6,
mean ±SD) (NP: nanoparticles)
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The average diffusion rates of theophylline and budesonide from solutions and nanoparticles
over two time periods (between 0-6 hours and 6-24 hours) were calculated (Table 3.3). The
rate of diffusion for theophylline and budesonide from solution and mono- and coencapsulate nanoparticles is greater from 0-6 hours than 6-24 hours at both room
temperature and 37°C(P<0.05). For theophylline the rate of diffusion from solution was
almost double at 37oC compared to room temperature and for budesonide the diffusion rate
was approximately 4 fold greater at 37oC.
Table 3.3 The average rate of diffusion of theophylline and budesonide across the membrane of the Franz
diffusion cells from drug solutions and nanoparticles over the time periods of 0-6 hours and 6-24 hours
(NP: nanoparticles) (25°C: solution: n=9, co-encapsulated: n=21, mono-encapsulated: n=9; 37°C:
solution: n=3, co-encapsulated: n=6, mono-encapsulated: n=6, mean ±SD)

Time

0-6 hours

6-24 hours

Drug

Theophylline rate (µg/hour)

0-6 hours

6-24 hours

Budesonide rate (µg/hour)

Room temperature
Solution

4.21±0.28

0.47±0.02

2.17±0.32

0.56±0.04

Co-encapsulated NP

1.20±0.08

0.10±0.00

0.36±0.23

0.10±0.01

Mono-encapsulated NP

0.78±0.08

0.10±0.05

0.36±0.09

0.07±0.03

37°C
Solution

7.49±1.44

0.09±0.00

9.10±3.02

0.01±0.26

Co-encapsulated NP

1.36±0.09

0.47±0.05

0.84±0.24

0.08±0.04

Mono-encapsulated NP

1.35±0.18

0.11±0.04

0.34±0.10

0.05±0.02
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3.3.3

DRUG RELEASE FROM NANOPARTICLES WHEN SUSPENDED

IN DIFFERENT RELEASE MEDIA

Three different release media were studied to determine the release of theophylline and
budesonide directly into the solvent. These were methanol, SLF and water. The average
percentage release of theophylline and budesonide is given in Figure 3.9.
The percentage release of theophylline was similar from both mono-and co- encapsulated
nanoparticles in all media (P>0.05) (Figure 3.9A and B, respectively). Drug release was
seen to be biphasic with a sharp increase in concentration from 0 to 6 hours and a reduction
in the gradient from 6-24 hours (Figure 3.9). Approximately 100% theophylline release is
achieved within the first 6 hours of the experiment time. The difference of the percentage of
theophylline released at 6 hours and 24 hours was shown to be non-significantly different
for mono- and co-encapsulated nanoparticles (P>0.05).
Budesonide release from mono- and co-encapsulated nanoparticles was similar in the same
medium (P>0.05) with only approximately 25-30% of the drug being released (Figure 3.9C
and D, respectively). The release of budesonide from nanoparticles in different media was
not significantly different from each other (P>0.05). The change in release rate between 0-6
hours and 6-24 hours seen for theophylline was also observed for budesonide (Table 3.4).
Similar percentage release of budesonide at 6 and 24 hours was shown for both mono- and
co-encapsulated nanoparticles (P>0.05).
Table 3.4 The rate of release of theophylline and budesonide from co- and mono-encapsulated
nanoparticles measured over the time period of 0-6 hours and 6-24 hours in the different dispersion media
(n=3, mean ±SD).
Time (hours)
Medium
Co-encapsulated
nanoparticles

Mono-encapsulated
nanoparticles

Methanol
SLF
Water
Methanol
SLF
Water

0-6

6-24

Theophylline rate (µg/hours)

0-6

6-24

Budesonide rate (µg/hours)

18.13±0.14

0.81±0.47

4.67±0.15

0.41±0.83

19.82±0.18

0.46±0.06

5.17±0.16

0.45±0.70

18.07±0.18

1.18±0.03

4.54±0.33

0.27±1.31

18.11±0.06

1.42±1.25

3.71±0.30

0.12±0.11

18.54±0.56

1.55±0.37

3.12±0.27

0.24±0.43

18.94±0.07

1.17±0.27

3.33±0.28

0.26±0.28
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Figure 3.9 The average percentage of theophylline released at each time point when drug release from co- (A) and mono-encapsulated (B) nanoparticles and budesonide from co- (C)
and mono-encapsulated (D) nanoparticles is assessed by suspending nanoparticles directly into a dispersion medium. The dispersion media studied were methanol, SLF and water
(n=3, mean ±SD)
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3.4DISCUSSION
3.4.1

SELECTION OF MEMBRANE FOR USE IN DIFFUSION

STUDIES

There were two aspects that need to be considered when selecting a suitable membrane for
use in diffusion studies; these are the pore sizes of the membranes and the chemical binding
of the drugs with the membrane. There were a range of membranes available to choose
from, such as cellulose acetate, nylon and PTFE which did not show any drug binding to the
membrane (data not shown). However, the pore size for these membranes was 0.45µm and
was thought that this pore size would result in nanoparticles diffusing across the membrane.
Cellulose membrane (dialysis tubing) is a common membrane used for the release testing of
compounds/particles. The advantages include semi-permeability of the membrane and also
that, as it acts as a filter, pre-assay separation steps are not required and therefore loss of
drug during sampling can be minimized

[330]

. For the study of theophylline and budesonide

release from nanoparticles, cellulose (dialysis) membrane did not show any binding and was
deemed to be suitable for use. The small pore sizes (24 Å or 2.4nm) ensured that only the
drug crossed the membrane and prevented nanoparticles entering the receiver chamber.

3.4.2
RELEASE OF THEOPHYLLINE AND BUDESONIDE FROM
PLA NANOPARTICLES DETERMINED USING FRANZ DIFFUSION
CELLS

The aim of formulating theophylline and budesonide nanoparticles using PLA was to
sustain their rate of release when encapsulated with a view to obtaining a sustained release
product. Drug release was compared to solutions of the drug where the concentration of the
drug was equivalent to that present within the nanoparticles.
Franz diffusion cells were chosen as the apparatus for studying the release of theophylline
and budesonide from the nanoparticles. This method was chosen as the use of low volumes
in the donor chamber allowed a set up similar to the air-liquid interface of the airways to be
mimicked. In a study of dissolution techniques for in vitro testing of dry powders for
inhalation, it was mentioned that Franz diffusion cells were chosen to mimic the diffusion
controlled air-liquid interface of the lungs [334]. Depending on the volume of medium that is
used, the quantity of test compound should be adjusted accordingly. In the literature a range
of different volumes have been used as well as a range of concentrations of drug-loaded
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nanoparticles

[324]

. The main concern with using Franz diffusion cells is being able to

distinguish whether the rate of appearance of the drug in the receiver chamber is due to its
diffusion across the membrane or the dissolution/release rate of the drug from the
nanoparticles [332].
The method used was developed in various ways in order to achieve higher sensitivity in the
results allowing accurate representation of the release of theophylline and budesonide from
the PLA nanoparticles. Generally, drug release into PBS was reported in a number of
studies

[324, 325, 353, 354]

. Use of PBS ensures that solubility effect due to organic solvents, co-

solvents or other components that may be present in the medium interact with the drug
release or dissolution rate are absent. Govender et al (1999) studied the release of a watersoluble drug (procaine) from PLGA nanoparticles using HEPES buffer and ultrafiltration
technique. It was reported that encapsulating the drug in PLGA nanoparticles, the release of
the water-soluble drug was sustained [177].
In the current study release of theophylline and budesonide from PLA nanoparticles into
SLF had been studied. This medium was chosen to represent the liquid found in the airways
to which the nanoparticles would be delivered. Although it was chosen to mimic the
physiological conditions as closely as possible, it is important to understand that there will
be other factors (physiological and anatomical changes) that need to be considered when
studying drug release. For example, clearance mechanisms that are present in the airway and
the presence of mucus can affect the release of drugs

[355]

. In addition, polymers degrade

faster in vivo due to the presence of endogenous substances or immunological responses
[331]

.

The use of SLF as the dispersion media and the release of the drugs from the nanoparticles
were compared between standard solutions of theophylline and budesonide prepared in
equivalent encapsulated concentrations and nanoparticles. The data obtained for the study
however was limited due to an extremely low concentration of budesonide (below LOD)
that was transported across the cellulose membrane. The method was able to suggest slower
release of drugs from the nanoparticles in comparison to the solution as represented by
lower concentrations of theophylline (released from the nanoparticles) at the equivalent time
points (data not shown). Due to budesonide concentrations being lower than the LOD and
LOQ and poor solubility, changes in the medium were required in order to understand the
release of the drugs from the nanoparticles [322].
It needs to be appreciated that the inclusion of organic solvents in the setup results in a shift
from a representation of the biological system. However, this method was extended and
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applied using human airway bronchial cells to determine the transport of theophylline and
budesonide across the cells (Chapter 5).
During method development, a variety of solvents for the receiver chamber were explored.
These included acetonitrile, methanol, SLF and a 1:1 (v/v) combination of methanol and
SLF, as described. The use of organic solvents alone can speed up drug release which would
otherwise take days or months in an aqueous environment

[331, 339]

. The limitation of using

organic solvents includes evaporation of the solvent overnight (especially at higher
temperatures) and leakage of the organic solvent, causing formation of air bubbles at the
underside of the membrane and therefore affecting the release profile

[356]

. For this reason

the use of acetonitrile and methanol alone was not ideal. The most suitable release medium
was methanol: SLF (1:1 v/v). This allowed an accurate determination of the concentration of
both drugs released and ensured their solubility was not compromised.
Franz diffusion cells show a high dependence on the initial loading dose of the drugs in the
nanoparticles and when saturated solubility in the volume has occurred, there is a decreased
dissolution and permeability rate [332]. Initially concentrations of 5 mg/mL and 10 mg/mL of
nanoparticles suspensions were studied. But high concentration of nanoparticles was also
not suitable in such a low volume of medium (data not shown). A higher concentration of
the nanoparticles could result in the system operating under non-sink conditions. The use of
an organic solvent in the receiver chamber also resulted in evaporation of the solvent and
subsequently forming air bubbles and leakage of the solvent. This concentration of the
nanoparticles suspensions was thus reduced to 0.6 mg/mL in subsequent experiments.
The volume of release medium used in studies needed to be considered very carefully in
order to maintain sink conditions and prevent saturation of the bulk solution during the
period of the study. The disadvantage of using small volumes is that sink conditions may
not be maintained. However, using low volumes may be required due to the sensitivity of
the analytical method

[218]

or a requirement to mimic the in vivo situation. In a study

evaluating the different release methods, Salama et al (2008) stated 2mL of receiver fluid
can be used and also maintain sink conditions; but it is also important to consider the
solubility and concentration of the test sample being used in any particular study

[317]

. The

respiratory tract has low volumes of fluid, approximately 1µL/cm2 and for this reason it is
extremely difficult to develop an in vitro model that represents the release accurately [317, 346].
Depending on the volume of medium that is used, the quantity of test compound should be
adjusted accordingly. This study used considerably lower volumes in comparison to what is
recommended when using USP Apparatus 1 and 2 methods where 1L is used. Using large
volumes also results in larger quantity of the samples- for example 40-45 mg of
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microparticles in 250mL of PBS

[324]

. This was not chosen as an option for this study in

order to understand the release of the drugs in low volumes which would be present at the
site of deposition. Even lower volumes have been applied in other studies of nanoparticles
formulated using biodegradable polymers such as PLGA. Volumes as low as 1mL have
been used by application of the method such as ‘sample and separate’ with quantities of
nanoparticles as low as 5 mg

[357]

. This quantity was higher than what is used for

theophylline and budesonide nanoparticles in the current study. Another study used a low
volume of 5mL but a quantity of up to 500 mg nanoparticles, which may be due to the low
loading efficiency of drugs in the nanoparticles [207]. This may allow it to be suitable to study
release with such a high quantity of the nanoparticles but also may be chosen as a quantity
to consider solubility of the drug in that medium. A similar approach was carried out in a
study where 10 mg of nanoparticles were dispersed in 1mL of PBS which was centrifuged
for a period of 20 minutes at each time point where the medium was completely replaced to
ensure sink conditions were in operation

[341]

. The low volumes and low concentrations

applied in the current study take into consideration sink conditions for the test period, based
on the solubility and loading efficiency of the drugs used in this study.
The diffusion of theophylline across the membrane from solution exhibited a biphasic
profile which suggested that sink conditions had been violated (Figure 3.1). Over 10% of
budesonide from the solution diffused across the membrane at 6 hours.
In comparison to the drug solutions, the release of both drugs from the nanoparticles was
sustained over the period of 24 hours and was significantly lower than from the drug
solution for both theophylline and budesonide. The biphasic profile was not apparent for
theophylline, which is thought to be mainly as a result of the lower concentration of
theophylline released from the nanoparticles and sink conditions being maintained. Over the
period of 24 hours, approximately 10% of theophylline was released from the nanoparticles.
The release from the mono-encapsulated and co-encapsulated nanoparticles was not
significantly different, suggesting a similar release pattern of theophylline and budesonide
from both mono- and co-encapsulated nanoparticles suggesting that the release is not
affected by the presence of the second drug.
As the nanoparticles were intended for pulmonary drug delivery it was important to
understand what the release profiles for the drugs would be at physiological temperature
(37°C) and this would also allow comparison to the transport of the drugs across human
airways epithelial cells (Chapter 5). Most studies of in vitro drug release are carried out at
37°C to represent physiological temperature

[317, 324, 332]

. Studying the release profile at even

higher temperatures, although not physiologically relevant, allows a deeper understanding
123

Chapter 3: Assessment of the in vitro release of theophylline and budesonide from co- and
mono-encapsulated PLA nanoparticles using Franz diffusion cells
of the effect of the polymer properties. The glass transition phase of PLA that is used in this
study is between 34-39°C (as stated by manufacturers; Appendix 2: Thermal properties data
sheet from Manufacturers (Purac Biomaterials)) and by carrying out the release studies at
this temperature the effect of changes in polymer properties on release could be observed.
It could be seen that diffusion of both the drugs in the current study from solution was faster
at 37oC than at room temperature. Although a more rapid release of the drugs from the
nanoparticles was expected at 37°C than at room temperature, only a significantly greater
release of theophylline was observed from co-encapsulated nanoparticles in comparison to
the release at room temperature. A more rapid release is thought to be due to the changes in
the properties of the polymer at higher temperatures. At the glass transition temperature, the
polymer changes its state from a glassy to a rubbery state which can allow diffusion
processes to be easier [218, 326, 331, 340]. Other factors that are temperature related can also have
an influence on faster release of the drugs at an elevated temperature. These include
solubility, dissolution and diffusion rate.
A study comparing the release of dexamethasone from hydrophilic matrices using PLGA
nanoparticles also showed no significant difference between total release and the rate of
release of the drug at 25°C and 37°C

[217]

. A release study was carried out by Zolnik et al

(2006) on PLGA microspheres (containing dexamethasone) at 37, 45, 53, 60 and 70°C
which suggested that elevated temperatures was not suitable as a result of the changes which
occurred in the polymer [340]. In a study on microspheres of Risperdal Consta® (risperidone)
temperatures of 37°C and 45°C were compared where the lag phase of drug release was
reduced; but the mechanism of release was not affected [224].
The release profiles of theophylline and budesonide from the nanoparticles were compared
to various mathematical models. The values are based on the release of the drug in the first 6
hours of study and when studied using Franz diffusion cells. By calculating R2 value based
on the equation of each model, the correlation between the model and the data obtained
from the release testing could be calculated (Table 3.5).
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Table 3.5 Determining the mathematical model which best represent the release profile of theophylline
and budesonide from PLA nanoparticles.

Sample

Hixson-

Zero Order

Higuchi Model

R2

R2

R2

0.998

0.998

0.935

0.969

0.968

0.975

0.891

0.965

0.934

0.926

0.910

0.971

0.975

0.981

0.961

0.752

0.945

0.879

0.977

0.987

0.969

0.898

0.798

0.883

Crowell

Theophylline co-encapsulated
nanoparticle
Budesonide co-encapsulated

Samples at
room
temperature

nanoparticles
Theophylline mono-encapsulated
nanoparticles
Budesonide mono-encapsulated
nanoparticles
Theophylline co-encapsulated
nanoparticle
Budesonide co-encapsulated

Samples at

nanoparticles

37°C

Theophylline mono-encapsulated
nanoparticles
Budesonide mono-encapsulated
nanoparticles

The least correlation was seen with the first order model (data not shown), where on
average, low R2 values (<0.9) were calculated. A high R2 value (>0.9) was obtained for the
models of zero order, Higuchi model and Hixson-Crowell model. However, it is important
to look if the models fit differently for budesonide and theophylline as these would have
different properties, for example solubility in the solvent system.
The Higuchi model describes release from matrix systems with the following assumptions:
that the drug concentration in the matrix is higher than the solubility, edge effects are
negligible and diffusion is unidirectional, the thickness of the dosage form is larger than the
size of the drug molecules, perfect sink conditions are maintained, swelling is negligible and
diffusion is constant. This model is based on Fick’s Law. A simplified equation (Equation
3.1) to represent this model is:
𝐶 = 𝑘𝐻√𝑡

Equation 3.1

where C is the amount of drug released at a particular time per unit area, kH is the Higuchi
release constant.
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Based on this study, it can be understood that the drug concentration in the nanoparticles
core is higher than the solubility for budesonide in SLF as theophylline is readily soluble in
SLF. In the time scale applied in the study, it can be assumed that the drug release is based
on diffusion out of the PLA nanoparticles. It can be suggested that sink conditions are
maintained in the time period used for these calculations in the study of the nanoparticles.
Due to little information being available on the porosity of the nanoparticles, it can be
assumed that particle swelling might be negligible. Porous features are observed in the SEM
images of the nanoparticles (Chapter 2, Section 2.3.4); but the effect of these features was
not determined in this current study. For this reason, this model can be used to describe the
release profiles of theophylline and budesonide from the PLA nanoparticles. The Higuchi
model has been reported as the model representing the release of the drugs from different
nanoparticle formulations in several studies

[288, 358, 359]

and release based diffusion

[207, 322]

suggestive of the Higuchi model.
A good correlation was also observed with the Hixson-Crowell model (Table 3.5). This is a
square root model which takes into consideration the surface area and diameter of the drug
matrix change over the time period and is based on erosion of the particle. This model is
represented by an equation (Equation 3.2):
1/3

𝐶0

1/3

− 𝐶𝑡

= 𝑘𝐻𝑐 𝑡

Equation 3.2

where C0 is the initial concentration, Ct is the concentration at a particular time and kHc is
the Hixson-Crowell rate constant. However, it must be noted that the erosion process is
unlikely to occur in a period of 24 hours and might occur over a longer period of time.

3.4.3

DRUG RELEASE FROM NANOPARTICLES WHEN SUSPENDED

IN DIFFERENT RELEASE MEDIA

Three different solvent systems (methanol, SLF and water) were studied in order to further
understand the effects of organic solvents and aqueous solvents on the release of the drugs
from the nanoparticles. As discussed, the receiver fluid medium was required to be changed
from SLF to a mixture of an organic solvent and aqueous medium which although not a
reflection of biological system, is suitable for determining in vitro drug release as discussed
previously, addition of organic solvents to the aqueous layer can result in a rapid release of
the drug from the nanoparticles.
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When studying the release of drug from nanoparticles using Franz diffusion cells, it is
important to establish whether the rate-limiting step is the release of the drug from the
nanoparticles or diffusion of the drug across the cellulose membrane, i.e. the permeability
(Figure 3.10). For this reason, the release of the drugs from the nanoparticles was also
studied when dispersed in a medium in the absence of any membrane. Although this method
is based on the ‘sample and separate’ method which requires centrifugation, in the current
study the centrifugation step was not carried out. Ultracentrifugation techniques have been
applied successfully for studies of drug release, as reviewed by Wischke and Schwendeman
(2008) [331] but they all have several disadvantages.

Figure 3.10 The nanoparticles are suspended in SLF and applied to the donor chamber. The drug release
occurs in this part of the chamber (1) releasing theophylline and budesonide. The release of the drugs
could be the rate-limiting step. Drug diffusion across the membrane occurs in this part of the chamber (2)
and could also be the rate-limiting step. The release of the drugs in (1) is comparable to release of the
drugs when suspended in release media with no membrane separating chambers.

The disadvantage of this technique is that it is dependent on the particle size/density and
how it will settle and separate in the particular testing medium, where can lead to problems
when predicting drug release in vivo
particles by causing coalescence

[360]

. This technique can also lead to disruption of the

[358, 361]

and instead of centrifugation, samples can be

filtered. Filtration can also result in removal of the drug released and therefore has been
suggested that it should be avoided

[362]

. Another disadvantage of this technique was that

centrifugation can cause destabilization of the system

[361]

. This suggestion was applied in

the current project when studying the release of theophylline and budesonide from the
nanoparticles by analyzing the samples immediately via HPLC to avoid disruption of
particles by centrifugation or by filtration.
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In the current study centrifugation was not chosen as a method due to the long duration
required for centrifugation of the nanoparticles and other disadvantages discussed. Initially,
during method development in the current study, the time points that were chosen for
sampling were every 15 minutes and therefore a method such as this would not be suitable.
For example, in studies of drug release from paclitaxel-loaded PLA nanoparticles studied
over a period of 30 days, the centrifugation time was 15 minutes long, after which the
supernatant was analyzed to determine the concentration of the drug [216, 320]. Another study,
carried out on coumarin-6-loaded nanoparticles had a similar method, but with a
centrifugation time of 8 minutes. This study suggested that centrifugation was not ideal due
to leaching and dissociation of the marker in the released medium, suggesting a risk of loss
of drug [363]. In a study modelling the encapsulation of a hydrophilic drug (Rose Bengal) the
sample was centrifuged for a period of 30 minutes at 13,000 RPM prior to determining the
concentration of drug released

[318]

indocyanine-loaded nanoparticles

. A short centrifugation time of 2 minutes was used for

[353]

. However, a low centrifugation time can only be used

if the size and density of the particles are such that they will separate from the solution in
the time allowed. Another extreme of time for centrifugation was carried out in a study on
paclitaxel-loaded PEGylated PLGA nanoparticles. In this study the sample was centrifuged
for 1 hour at 4°C at a high speed of 22,000RPM. Due to various times used and durations, it
is difficult to determine what would be appropriate for theophylline and budesonide
nanoparticles. For these reasons, it was better not to include an additional centrifugation
step. As discussed, the nanoparticles were left to remain in the medium as drugs would be
released over time. By application of the method in the current study, it can ensure that
disruption of the nanoparticles is avoided and removal of the drug by filtration is also
avoided. As there are two drugs included in this study, the settling time may be different and
therefore taking samples after the centrifugation process has been carried out may lead to
inaccurate representation of the release.
The aim of this portion of the study was to replicate the release of theophylline and
budesonide from the nanoparticles in the donor chamber before the drugs diffused across the
membrane. For this reason, the total volume used was the same as the total volume of the
receiver and donor chamber of the Franz diffusion cell (2.5mL) with the same concentration
of nanoparticle suspension being applied.
The decrease in the rate of release of the drug from the sampling period (0-6 hours)
compared to the idle period (6-24 hours) suggested that due to there being no change in the
volume of the release medium, there was a risk of the system operating in non-sink
conditions due to the low volume. This biphasic release was not seen in the release of drugs
from the nanoparticles when studied in a Franz diffusion cell.
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A biphasic profile was obtained in the diffusion of the drugs across the cellulose membranes
when prepared as a solution. It was predicted that the release of the two drugs in the organic
solvent was more rapid as a result of the effect of the organic solvent on the polymer;
however this was not achieved.
The reason for the difference between release profiles (biphasic release) in the two different
setups could be as a result of the presence of a membrane barrier in the Franz diffusion cells.
As described previously, the concentration of the drugs obtained in the receiver chamber are
dependent on the diffusion across the cellulose membrane, and therefore this depends on a
single direction of transport. The membrane also acts as a filter and therefore lower
concentration is diffused across the membrane.
The presence of the membrane also causes a reduction in the overall area surrounding the
nanoparticle to allow release of the drugs. When nanoparticles are dispersed directly into the
media (with no membrane), release can occur in all directions which suggest a larger
percentage of drugs released in comparison to when Franz diffusion cells are used. This
difference was also observed when 100% SLF was used in the receiver medium. Even at a
high concentration of nanoparticles (2 mg/mL), the release of the drugs from the
nanoparticles when dispersed in SLF was significantly higher than the amount of drug that
diffused across the membrane when studied using Franz diffusion cells, further supporting
this suggestion (data not shown).
The importance of maintaining sink conditions was discussed by Wischke and
Schwendeman (2008) and stated that only some knowingly break this rule, e.g. by use of
small volumes for example 5mL

[331]

. Further discussion was carried out on comparisons

between studies carried out using sink and non-sink conditions and was seen that there was
no difference seen between these two conditions. The importance of the dispersion medium
and the solubility of drug in the medium were noted to be of more importance [331]. This was
supported by an example of when an injection is administered at certain sites which have
low perfusion the body fluids will not provide sink conditions (for example with
hydrophobic drugs) and this results in the drug not being easily removed from the unstirred
boundary layers

[331]

. However, this difference is observed in theophylline and budesonide

concentrations obtained in the two different setups that were used. By studying the release
into dispersion medium directly resulted in violation of sink conditions due to the factors
discussed (no agitation, low volumes). The violation in sink factors is thought to be the main
reason for the reduction in the release rate between sampling time (0-6 hours) and idle time
(6-24 hours).
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This limitation in the study was also discussed by Zolnik et al (2005), suggesting that the
use of miniaturized techniques allows for carrying out release testing of compounds using
small dialysis sacs or vials; but this small volume does violate sink conditions, and there is
also aggregation of the sample due to limited agitation

[324]

. For this reason the use of a

magnetic stirrer in the Franz diffusion cell apparatus is vital to ensure high concentrations
are prevented (near the unstirred layer beneath the membrane) in the receiver chamber, with
replacement of the aliquoted methanol: SLF with fresh methanol: SLF at pre-determined
time points. No replacement of the SLF: methanol between 6-24 hours further suggests sink
conditions were not maintained successfully in this study. Due to the presence of a
membrane, lower concentrations are calculated as a result and therefore during the period of
6-24 hours there is no significant change in the rate of drug diffusion, further supporting the
sink conditions being maintained.
When drugs are released from microspheres (or nanoparticles) a high concentration of the
drug is seen at the boundary layer around the microparticles (or nanoparticle), which is
similar to the concept of the diffusion layer model. This can cause saturation of the particles
concentration at the boundary layer and hinder further release of the drug. Therefore by
constant stirring and replacement of the medium this can be avoided.
The percentage of theophylline released was approximately 100% within 4-5 hours of
experiment time. The high solubility of theophylline in the different media suggests the
rapid release of theophylline from both mono- and co-encapsulated nanoparticles. Despite
the increased solubility of budesonide in methanol, its release into methanol was similar to
its release into water. This may be due to the budesonide being encapsulated in the inner
core of the nanoparticles resulting in a longer time for it to diffuse out from the
nanoparticles in comparison to theophylline. This may be an overestimation due to possible
sampling of the nanoparticles as no filtration step is included in this part of the study.
It was observed that the percentage of theophylline and budesonide released from the
nanoparticles in the direct release method was higher than the percentage of drugs released
using Franz diffusion cells. This suggests that the rate-limiting step is the diffusion of the
drug across the cellulose membrane of the Franz diffusion cell. This is supported by the
gradients that are calculated for the drugs in the two different setups.
Due to higher concentrations achieved in the method where the nanoparticles are dispersed
in media, with no membrane, the method which uses a Franz diffusion cell setup is better.
The application of a membrane allows the released drug to diffuse across the membrane and
be sampled. As discussed briefly, the application of the membrane can result in limiting the
surface area available to the nanoparticles for dissolution of the drugs. Dispersion of the
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nanoparticles directly into the media (with no barrier) results in release, diffusion and
dissolution of the drug in all directions. This is limited to unidirectional diffusion for the
nanoparticles applied in the Franz diffusion cells. As described in Figure 3.10, the rate
limiting step can be suggested to be the diffusion of the drugs across the membrane. In
addition, nanoparticles may also be sampled and therefore results could be an artefact.
If the release models were to be applied to the release profiles of theophylline and
budesonide from the nanoparticles when suspended in the different media, zero order
release is observed (R2>0.9, data not shown) (between 0-6 hours). Zero order release would
present a constant rate where release is a function of time and is independent of the
concentration. It is represented by the equation (Equation 3.3):
𝐶 = 𝑘𝑡

Equation 3.3

where C is the concentration and k is the rate constant. This is the ideal method of drug
release because it is constant at any time. The release profiles measured for the drugs
encapsulated in the nanoparticles describe the release that occurs in the donor chamber of
the Franz diffusion cells. The release profiles calculated to determine correlation with
models (Table 3.5) can be suggestive of the diffusion of the drugs across the membrane into
the receiver chamber in the Franz diffusion cells.
As the overall aim of the study was to extend the release of the drugs, the duration of release
testing used for theophylline and budesonide nanoparticles was chosen to be 24 hours. This
time period was chosen because if the initial release showed lower concentration in
comparison to the standard solutions, then the release pattern can be predicted for the
remaining time and that successful sustained/extended release is achieved. Increasing time
periods would result in longer idle periods (such as between 6-24 hours) which also result in
smaller changes in the slope suggestive of violation of sink conditions. With the use of
lower volumes in this study, this may not be suitable.
The drug release profile tested in other studies using different systems such as drug carriers,
colloidal systems and nanoparticles have ranged from hours to days. Some studies carried
out release testing over a period of 80 hours [336]. Studies that used this time period to assess
release used higher volumes of medium (PBS). The studies, using semi-permeable minidialysis tubes, showed an initial burst release of the drug from PLGA-PEG nanoparticles in
the first five days. In the shorter time span of this study, the release of theophylline or
budesonide did not show a burst release. Approximately 60% of the drug was released over
the period of 80 hours. Another study, on paclitaxel-loaded PLA nanoparticles, was carried
out for duration of 30 days

[320]

. Even after this long duration, the release of paclitaxel was
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found to be too low for therapeutic efficacy as a result of the concentration being released
was below the therapeutic concentration. For the current study, the concentration released is
lower than prescribed dose of inhaled budesonide and the dose of theophylline suggested
having an airway effect (Chapter 1). However this concentration can be modified when
nanoparticles are being administered in the body. In contrast, another study carried out on
paclitaxel nanoparticles formulated using PLGA was carried out for duration of 24 hours
using PBS as the release medium. This showed a biphasic and fast release of paclitaxel. The
differences in the data obtained could be due to changes in the polymer used (PLA is a more
hydrophobic polymer) and the method of formulating nanoparticles (nanoprecipitation was
used to formulate paclitaxel-PLGA nanoparticles)

[364]

. A USP Apparatus 2 method was

used to study the release of aciclovir (20 mg) nanoparticles over a period of 24 hours in 5
mL of PBS [358]. This time period was also used in a study of docetaxel loaded PLA/chitosan
particles

[365]

. A dialysis bag technique was used when assessing the release of vincristine

and quercetin from PLGA nanoparticles

[193]

. The release of the free drug (present as a

solution) was complete in a period of 3 hours and after a period of 24 hours, 70% of the
drug was released from the nanoparticles. A method similar to the one described was carried
out by Song et al (2008) for vincristine and verapamil co-encapsulated PLGA nanoparticles
showing similar results

[194, 195]

. The results obtained in the study by Song et al (2009)

showed a greater release of the hydrophilic drug in comparison to what was achieved in the
current study with theophylline [195].
Other studies that have assessed the release of the drugs from biodegradable polymeric
nanoparticles have looked at release over a period of days, up to months. Tobramycinencapsulated PLGA nanoparticles presented a biphasic release; but sustained release was
achieved over a period of a month

[210]

. Other studies on polymeric nanoparticles have been

conducted for an extremely short period of time. For example, release of drug from
sildenafil nanoparticles was compared to free drug solution of an equivalent concentration
and showed sustained release over a period of 120 minutes. The drug loading of sildenafil
was calculated to be 5%
release over 100 minutes

[237]

. Chitosan nanoparticles of insulin also showed a biphasic

[366]

.

The transdermal permeability of xanthine derivatives such as caffeine, theobromine and
theophylline was studied using Franz diffusion cells at 37°C and was studied using different
release testing media, such as water, propylene glycol and PEG400

[367]

. This study showed

greater transport in water suggesting preference to a completely aqueous media, supported
by the data obtained in the current study. The transdermal delivery of theophylline was also
studied by Zhao et al (2006) in a micro-emulsion vehicle using Franz diffusion cells with
skin samples as a membrane (barrier) with constant stirring. This study showed a linear
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permeability of theophylline as a function of time

[170]

. Theophylline release from

nanoparticles was assessed using 21mL of PBS as the release medium at 37°C with a
0.45µm cellulose acetate membrane. The release of theophylline was compared to all the
different drug release mathematical models also showing the release of theophylline with
the greatest correlation to the Higuchi model similar to this study

[348]

. The nanoparticles of

theophylline prepared in this study were synthesized directly as a nanosuspension using 250
mg of theophylline so the formulation was different to the one used in the current study.
Budesonide release from powders was studied using Franz diffusion cells and was seen to
be released by first order kinetics. Budesonide emulsions were synthesized for topical
delivery and skin permeability was studied using Franz diffusion cells. The emulsions were
synthesized using triblock polymers which included poly (ethylene glycol), poly (εcaprolactone) and poly (ethylene oxide/PEG). The release from the emulsions was studied
over a period of over 72 hours using PBS in dialysis tubing showing an initial burst release
for the first 3 hours with complete release by the end of 72 hours. The initial concentration
of budesonide used was 2 mg/mL and large volumes (50mL) were used for analysis to
maintain sink conditions [368]. Release of budesonide from Eudragit® microparticles showed
sustained release in comparison to the free drug solution when studied in gastric juice at
37°C further suggesting the sustained release achieved by formulation of drug containing
particles, supporting the current study [369]. Budesonide nano- and microparticles synthesized
for sub-conjunctival delivery showed 25% of budesonide was released in the initial ‘burst’
release phase and sustained release of budesonide was seen over 2 weeks further showing
sustained release of the drugs when present as a nanoformulation. Nanoparticles showed
improved release profile compared to the microparticles

[223]

. There have been no other

studies on the release of co-encapsulated theophylline and budesonide from nanoparticles.
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3.5CONCLUSIONS
The aim of this chapter was to study the release of theophylline and budesonide from coencapsulated and mono-encapsulated nanoparticles using Franz diffusion cells and to
compare this release to the diffusion of drug solutions of equivalent encapsulated
concentrations.
Release was studied over a period of 24 hours and was seen to be sustained in comparison to
the drug solutions of equivalent concentrations. Similar release profiles were obtained for
theophylline and budesonide from mono-encapsulated and co-encapsulated nanoparticles at
room temperature and at 37°C. The release profiles of the two drugs from the nanoparticles
showed the greatest correlation to a Higuchi model from the nanoparticles in the time-scale
studied. The release of theophylline and budesonide was also compared at the two different
temperatures (room temperature and 37°C) and was concluded to not be significantly
different for both drugs, except for theophylline released from co-encapsulated
nanoparticles at 37°C. At both temperatures, the rate of release between 6 and 24 hours was
reduced significantly than in the first 6 hours of sampling.
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CHAPTER 4 EFFECT OF THEOPHYLLINE
AND BUDESONIDE ENCAPSULATED
NANOPARTICLES ON THE VIABILITY OF
A HUMAN BRONCHIAL EPITHELIAL
(16HBE14O-) CELL LINE
4.1 INTRODUCTION
The use of nanoparticles has expanded greatly in the recent years

[370]

. With the potential to

use the lungs for systemic or local administration, it is important to understand how
nanoparticles interact with the epithelium of the airways; this can be explored by the use of
cell lines

[371]

. Normal respiration allows nanoparticles to deposit throughout the airways;

however if factors such as particle dispersion, breathing and particle size are controlled,
targeted drug delivery can be achieved

[372]

. Problems with nanoparticles being delivered,

which is not limited to pulmonary drug delivery, is the long term accumulation of the
particles or material in the systemic circulation as this can lead to toxic effects

[372]

.

Nanomaterials have a large number of potential applications in different areas and therefore
the safety of nanomaterials is a big concern

[373-375]

. The unique properties of nanoparticles

can lead to unknown toxic effects which can potentially present as a great risk when
formulation is scaled up

[297, 373]

. For this reason, the characterization and preparation of the

nanoparticles is extremely important

[373]

. Toxicity of the nanomaterials could be from the

polymer used to produce the nanoparticles. One of the main aims in the production of
nanomaterials and nanomedicines is the use of biodegradable polymer and excipients

[297]

.

The use of biodegradable materials such as PLGA and PLA is an advantage over the use of
materials such as polystyrene as the biodegradable polymers cause a lower inflammatory
response [202, 210].
Drugs administered for the treatment of asthma and COPD are mainly locally-acting drugs,
limiting side effects mainly to the respiratory system [371, 376]. There are a limited number of
drugs and excipients that are approved for use in the respiratory tract and therefore it is
important to study the toxic effects of the drugs and excipients which are used for
pulmonary drug delivery. Application of a successful in vitro cell culture model would be
ideal for toxicity screening before further tests on living systems are applied [376].
There are several different assays available to test the viability of cells after exposure to test
compounds. Assays are available which differentiate between viable and non-viable cells,
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by assessing membrane integrity, apoptosis pathways or enzyme function

[376-379]

.

Commonly used assays to determine toxicity are the 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H-tetrazolium bromide (MTT) assay, neutral red assay and lactate dehydrogenase
(LDH) assay.
The MTT assay is based on the reduction of the soluble, yellow MTT tetrazolium ring
which cleaves to form an insoluble purple formazan product. This precipitates in the cellular
cytosol and is dissolved by the aid of an organic solvent (the most commonly used solvent is
DMSO). This reaction is mediated by dehydrogenase enzymes associated with the
endoplasmic reticulum and mitochondria

[267, 376-378, 380-382]

. It can only occur in cells which

are viable, and therefore allows differentiation between viable and non-viable cells. The
viability of cells exposed to the compound of interest is usually compared to a control,
which are untreated cells. Other tetrazolium salts are available to assess viability of cells;
these include (2, 3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
(XTT) and (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium) (MTS) assays.
The neutral red assay also differentiates between viable and non-viable cells where viable
cells are able to take up the dye and store it in the inner surface of the lysosomes. This
characteristic is not present in dead cells [376].
The LDH assay is a rapid, simple and reliable assay measuring cell membrane damage via
the leakage of LDH from the cytosol. LDH converts lactate to pyruvate by reducing NAD+
to NADH/H+. The greater amount of LDH detected indicates greater cell damage and
reduced viability [376, 378, 383, 384].
Of these assays, the MTT assay was shown to be the most sensitive

[376]

. With the LDH

assay, it was suggested that conversion could occur in the solution and therefore it may not
be reflective of the cell damage

[376, 381, 385]

. The assessment of toxicity using various

different nanomaterials, such as metallic nanoparticles, showed inactivation of LDH
molecules non-specifically by possible adsorption on the molecules and therefore not
showing true viability results [383].
This study focuses on the respiratory system, and therefore the effect of the nanoparticles on
the viability of respiratory epithelial cells was examined using a cell line representative of
the expected region of deposition, the upper airways. The human airway epithelium consists
of up to six different cell types including ciliated cells, mucus cells and goblet cells. Ciliated
cells are the most abundant cell line in the airways

[8]

. Commonly used and developed cells

lines include A549 cells, Calu-3 cells and 16HBE14o- cells. A549 cells are cells derived
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from a human pulmonary adenocarcinoma and retain similarity to Type II alveolar epithelial
cells [370, 386, 387]. This cell line is used mainly for the study of the lower respiratory tract and
the alveolar region, as a model of the alveoli [388]. Cell lines, Calu-3 and 16HBE14o- are cell
lines that represent the upper airways. Calu-3 are well developed and commonly used to
assess the cytotoxicity of agents. Calu-3 cell line is derived from a human bronchus
adenocarcinoma of the lung

[388, 389]

. They are able to form tight junctions and have been

used extensively in the study of drug permeability and transport across the cells [371]. Calu-3
cells also have features of cilia and mucus production [8, 390, 391].
16HBE14o- cells, which were chosen for this study, were developed by transformation of
cultured bronchial surface epithelial cells, from a one year old male heart and lung
transplant patient. These cells also have the ability to form functional tight junctions when
grown under appropriate culture conditions, such as air-liquid interface allowing regulation
of ion transport [8, 382, 388, 392-394].
Nanoscale materials have been explored for many biological applications due to their
properties. Studies of the effect of polystyrene nanoparticles, metallic nanoparticles,
liposomes, nanotubes

[375]

, nanoparticles synthesized with a range of biodegradable

polymers including PLA, PLGA, polymer, poly-ɛ-caprolactone (PCL)

[373]

and chitosan [381]

on cell viability have been carried out.

4.1.1 AIM OF THE STUDY
The aim of this study was to assess the viability of 16HBE14o- cells when treated with
mono and co-encapsulated nanoparticles containing theophylline and budesonide and to
compare this to cell viability when treated with theophylline and budesonide solutions of
equivalent encapsulated concentrations. In addition, the effect of PLA on cell viability was
also assessed. This is the first time the cytotoxicity of budesonide, theophylline and PLA
toxicity to 16HBE14o- cells has been reported and the first time the cytotoxicity of mono
and co-encapsulated nanoparticles containing theophylline and budesonide has been
reported in any cell line. It is hypothesized that encapsulation of the drugs within the
nanoparticles will reduce their toxicity.
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4.2MATERIALS AND METHODS
4.2.1 MATERIALS
96 well-plates, NunclonTM Delta surface, Thermo Scientific, Denmark (143597)
Cell culture TC flasks (with filter cap), 80 cm2, Thermo Fisher Scientific, Denmark
(Lot: 178905)
Minimum Essential Medium (MEM) with Earle’s Salts (with L-glutamine), GE
Healthcare- PAA Laboratories, Austria (E15-825)
Fetal Bovine Serum (FBS) ‘Gold’ PAA Laboratories GmbH, Germany (A15-151)
Trypsin-EDTA (1x) (0.05% w/v and 0.02% w/v in PBS, respectively), GE HealthcarePAA Laboratories, (L11-004)
Penicillin (10,000 units/mL) / streptomycin (10,000 µg/mL) (Pen Strep), Gibco® by
Life Technologies, USA (15140-122)
Trypan Blue Stain (0.4% w/v), Gibco® by Life technologies, USA (15250-061)
Phosphate buffer saline (PBS) tablets (pH 7.3±0.2) - Oxoid Ltd, Basingstoke,
Hampshire, United Kingdom (BR0014G)
Dimethylsulfoxide (DMSO) (BioReagent for molecular biology, >99.9%), SigmaAldrich, UK (D8418)
Ethanol, absolute (analytical reagent grade), Fisher Scientific, UK (Code: E/0650DF/17,
Lot#: 1405343)
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), SigmaAldrich, UK (M2128)
10mL disposable serological pipet, Fisherbrand, Fisher Scientific, USA (Cat: 13-67610J)
25mL disposable serological pipet, Fisherbrand, Fisher Scientific, USA (Cat: 13-67610K)
Eppendorf- EasyPet 3 Pipette Gun
Transferpette® S Brand – 200, 100 and 20µL Gilson’s pipettes
HERA cell incubator (set at 5% CO2, 95% air at 37°C)
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4.2.2 METHODS
4.2.2.1

16HBE14O- ROUTINE CELL CULTURE AND PASSAGE

16HBE14o- cells were maintained by culturing as monolayers at a seeding density of 4.0 x
103 cells / cm2 in T-75, surface treated polystyrene cell culture flasks. Cells were cultured at
37°C in a humidified atmosphere of 5% CO2, 95% air in Minimum Essential Medium
(MEM) supplemented with 10% v/v FBS and 1% v/v Penicillin/Streptomycin solution (cell
culture medium). Cell culture medium was replaced every two days and the cells were
allowed to grow until 80-90% confluence before passaging.
Before cells were passaged, the cells were washed with PBS and then trypsinized using
trypsin-EDTA. The trypsin mixture was neutralized by the addition of cell culture medium
and the cell suspension centrifuged at 500 x g for 5 minutes. The cells were re-suspended in
fresh cell culture medium. The cell pellet was either sub-cultured in flasks with addition of
extra cell medium, or a cell count was obtained by use of a Neubauer hemocytometer and
the cells seeded on 96 well plates. Live cell count was obtained by dilution of the cell
suspension with trypan blue (1:2) on the hemocytometer. All cell studies were carried out
under sterile conditions.

4.2.2.2

DETERMINATION OF OPTIMUM CELL SEEDING DENSITY

In order to determine the most appropriate seeding density of the 16HBE14o- cells to test
the toxicity of the drugs, polymer and nanoparticles, the cells were seeded at different cell
densities in 96 well plates. The cells were passaged as described in the previous section
(Section 4.2.2.1). From a stock cell suspension, serial dilutions were made to obtain a
diluted cell concentration range. The concentration range that was initially tested was from
10,000 to 300,000 cells/well. This range was then lowered to 156 to 10,000 cells/well. To
each well, 100 µL of the cell suspension was added. The plates were then incubated at 37°C
(95% air: 5% CO2) for 48 hours. After the 48 hour period, the medium was removed by
aspiration and an MTT assay carried out (Section 4.2.2.4). The background was subtracted
from the absorbance values obtained.
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4.2.2.3

CYTOTOXICITY OF THEOPHYLLINE , BUDESONIDE, PLA, DMSO
AND NANOPARTICLES TO 16HBE14O- CELLS

The 96 well plates were seeded at 4,000 cells/well. The plates were incubated at 37°C (95%
air: 5% CO2) for 24 hours. After the 24 hour period, the medium was removed by aspiration.
The test solution/nanoparticles suspension was added (100µL/well) and the cells incubated
for 24 hours. After this, the drug solution/nanoparticles suspension was aspirated from the
cells and replaced with the MTT solution (5 mg/mL) and the MTT assay was carried out
(Section 4.2.2.4). Eight wells were left untreated to provide a control.

4.2.2.3.1 Preparation of theophylline solutions
Theophylline was dissolved in ethanol at a stock concentration of 20 mg/mL which was
further diluted in cell culture medium to 2 mg/mL theophylline and 10% v/v ethanol. This
solution was serially diluted to obtain theophylline concentrations of: 1 mg/mL, 0.5 mg/mL,
0.25 mg/mL, 0.1 mg/mL, 0.05 mg/mL, 0.025 mg/mL, 0.01 mg/mL and 0.005 mg/mL. The
serial dilution also results in dilution of the ethanol concentration present in the solution to
give ethanol concentrations of 10 %v/v, 5%v/v, 2.5%v/v, 1.25%v/v, 0.5%v/v, 0.25%v/v,
0.125%v/v, 0.05%v/v and 0.025%v/v, respectively.
Theophylline was also prepared in cell culture medium without the use of ethanol as a cosolvent. The stock concentration was made at 2 mg/mL theophylline and serial dilutions
were carried out to give the concentrations: 1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.1 mg/mL,
0.05 mg/mL, 0.025 mg/mL, 0.01 mg/mL and 0.005 mg/mL.

4.2.2.3.2 Preparation of budesonide solutions and suspensions
Budesonide was prepared in three different ways. Budesonide stock prepared in ethanol and
further diluted with cell culture medium to form budesonide concentrations in the range
from 200 µg/mL to 0.5 µg/mL, with ethanol concentration also ranging from 10% v/v to
0.025%v/v, respectively (Table 4.1).
Budesonide stock prepared in DMSO and further diluted with cell culture medium to form
budesonide concentrations in the range of 2 mg/mL to 0.005 mg/mL, with DMSO
concentration ranging from 1% v/v to 0.0025% v/v, respectively (Table 4.2).
Finally, budesonide was prepared as a suspension in cell culture medium (without use of
any organic solvents). Suspensions of the following concentration were prepared: 2 mg/mL,
1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.1 mg/mL, 0.05 mg/mL, 0.025 mg/mL, 0.01 mg/mL
and 0.005 mg/mL (Table 4.2).
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Table 4.1 Concentration of budesonide used for the cytotoxicity study when ethanol was used as a cosolvent
Concentration of budesonide

Concentration of ethanol (%v/v)

(µg/mL)
200

10

100

5

50

2.5

25

1.25

10

0.5

5

0.25

2.5

0.125

1

0.05

0.5

0.025

Table 4.2 Concentration range of budesonide prepared using DMSO (final concentration of 1%v/v) and
serially diluted in cell culture medium or a suspension in cell culture medium (in the absence of DMSO)
Concentration of budesonide

Concentration of DMSO (%v/v)

(mg/mL)
2

1

1

0.5

0.5

0.25

0.25

0.125

0.1

0.05

0.05

0.025

0.025

0.0125

0.01

0.005

0.005

0.0025

4.2.2.3.3 Preparation of PLA solutions
PLA stock was prepared in DMSO and serially diluted in cell culture medium. The
concentration range that was tested was between 200 µg/mL to 1 µg/mL, in which the
DMSO concentration ranged from 1%v/v to 0.005%v/v, respectively (Table 4.3).
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Table 4.3 Concentrations of PLA (µg/mL) and DMSO (%v/v) when serially diluted in cell culture medium
Concentration of PLA (µg/mL)

Concentration of DMSO (%v/v)

200

1

100

0.5

50

0.25

25

0.125

10

0.05

5

0.025

2.5

0.0125

1

0.005

4.2.2.3.4 Preparation of DMSO (%v/v) solutions
The effect of DMSO on the viability of 16HBE14o- cells was also tested. Solutions of
DMSO only were prepared and serially diluted in cell culture medium at the concentration
indicated in Table 4.3.

4.2.2.3.5 Preparation of nanoparticle suspensions
The toxicity of nanoparticles was tested at a range of concentrations. For each
concentration, nanoparticles were weighed accurately and suspended in cell culture medium.
This process was carried out just before adding the test sample to the seeded cells. The
concentrations of nanoparticles prepared are listed in Table 4.4. Dilutions of the
nanoparticles were not carried out and each concentration was prepared separately. The
maximum theoretical encapsulated concentration is also presented in the table.
Table 4.4 Concentration of nanoparticles and maximum concentration of theophylline and budesonide
that could be loaded in the nanoparticles (i.e. if loading was 100%)
Concentration of NP
(mg/mL)
Theophylline
concentration (µg/mL)
Budesonide concentration
(µg/mL)

5

2.5

1

0.5

0.25

980

490

196

98

49

98

49

20

10

5
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4.2.2.4

MTT ASSAY

MTT solution was made to a final concentration of 5 mg/mL in MEM (without FBS and
antibiotics). The solution was protected from light, stored at 4°C and used within two
weeks. The cell culture medium was aspirated carefully from each well, ensuring no cells
would be removed in the process. To each well, 100µL of MTT solution was added and the
cells were incubated at 37°C (95% air: 5% CO2) for 2 hours. After 2 hours had elapsed, the
MTT solution was carefully aspirated from the cells and DMSO (100 µL) was added to each
well. The cells were left at room temperature for 1 hour and then the absorbance of each
well was measured at 595 nm using a microplate reader (Multiskan Ascent, v1.23, serial
number: 354000517T, Ascent Software Version 2.6).

4.2.2.5

STATISTICAL ANALYSIS

The absorbance values obtained for treated cells were obtained by subtracting the
absorbance for control cells, after applying the MTT solution. The mean for eight wells was
obtained and calculated as a percentage of the control which was treated as 100% viability.
A two way ANOVA was carried to compare the absorbance values of cells exposed to the
nanoparticles and the drug solutions with the control cells, which was treated as 100%
viability. This statistical analysis gave information if any change in viability (in comparison
to the control) was significant. When P<0.05 suggested significant differences. A
Bonferroni post-hoc analysis was carried out. This statistical test was also carried out to
compare if the changes in viability were significantly different between the different
concentrations of test sample used. If P<0.05, this suggested significant differences. A
Bonferroni post hoc test was carried out.
An independent (unpaired) t-test was conducted to study if the difference in the viability
caused by the nanoparticles and corresponding drug solutions was significant. P<0.05
suggested significant differences.
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4.3RESULTS
4.3.1 DETERMINATION OF OPTIMUM SEEDING DENSITY
The lower range of seeding densities studied showed linearity over the range from 156 to
5,000 cells/well (Figure 4.1). A plateau was seen from 10,000 to 40,000 cells/well (data not
shown). The optimum seeding density therefore was selected as 4,000 cells/ well, below the
upper limit of linearity from 5,000 to 10,000 cells/well.

0.7

Mean absorbance at 595nm (AU)

0.6
0.5
0.4
0.3
0.2
y = 0.0001x + 0.0115
R² = 0.9986

0.1
0
0

1000

2000
3000
Concentration (cells/well)

4000

5000

Figure 4.1 The effect of seeding density on absorbance of 16HBE14o- cells 48 hours after seeding cells
(n=8, mean±SD, n=8).

4.3.2 THE EFFECT OF DMSO, THEOPHYLLINE, BUDESONIDE AND
PLA ON THE VIABILITY OF 16HBE14O- CELLS
4.3.2.1

The effect of DMSO on the viability of 16HBE14o- cells

Initial studies carried out used 10% v/v DMSO or ethanol in medium to prepare the
solutions of theophylline, budesonide and PLA. This was then reduced to 1% v/v DMSO as
the maximum concentration of DMSO present in the solutions. Therefore the effect of
DMSO alone on the 16HBE14o- cell viability was studied over the range of 1% v/v to
0.05% v/v DMSO (Figure 4.2). DMSO had no significant effect on cell viability over this
concentration range (P>0.05).
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Figure 4.2 The effect of DMSO on the percentage viability of 16HE14o- cells. (n=8, mean±SD)

4.3.2.2

The effect of theophylline on the viability of 16HBE14o- cells

When theophylline was prepared from the stock solution containing ethanol a large
reduction in cell viability was observed over the concentration range from 0.25 mg/mL to 2
mg/mL, theophylline (1.25 to 10% v/v ethanol) reducing the cell viability to 14% (1 mg/mL
theophylline) and 9% (2 mg/mL theophylline) in comparison to control cells (Figure 4.3)
(P<0.05). However, when theophylline was prepared in cell culture medium, an
improvement in the cell viability was seen. The decrease in cell viability observed when
theophylline was applied to the cells in the absence of ethanol was significantly different
from the control (untreated cells) only for the concentrations 1 mg/mL and 2 mg/mL, where
viability was reduced to 75% and 60%, respectively (Figure 4.4) (P<0.05).
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Figure 4.3 The effect of theophylline on the percentage viability of 16HE14o- cells when the theophylline
solutions were prepared from a stock solution containing ethanol and serially diluted in cell culture
medium. (n=8, mean±SD) (* P<0.05, compared to control and to other test sample concentrations).(EtOH:
ethanol)
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Figure 4.4 The effect of theophylline on the percentage viability of 16HE14o- cells when the theophylline
solutions were prepared in cell culture medium (n=8, mean±SD) (* P<0.05, compared to control) (**
P<0.05, compared to the other test sample concentrations).
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4.3.2.3

The effect of budesonide on the viability of 16HBE14o- cells:

When budesonide was prepared from the stock solution containing ethanol a significant
reduction in cell viability was observed when compared to the control cells over the
concentration range from 5 to 200 µg/mL. This contained 0.25-10%v/v ethanol (P<0.05)
(Figure 4.5). When the organic solvent was changed to DMSO and the maximum
concentration of DMSO reduced to 1%v/v, the viability remained significantly lower in
comparison to the control cells over the concentration range 0.25 mg/mL to 2 mg/mL. These
solutions contained 0.125%v/v to 1%v/v DMSO (Figure 4.6) (P<0.05). An improvement in
the cell viability was observed when budesonide was prepared as an aqueous suspension in
cell culture medium in the absence of an organic solvent, and was not significantly different
to the control cells (Figure 4.7) (P>0.05).
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Figure 4.5 The effect of budesonide on the percentage viability of 16HE14o- cells when the budesonide
solutions were prepared from a stock solution containing ethanol and serially diluted in cell culture
medium (n=8, mean±SD) (* P<0.05, compared to control and to other test sample concentrations) (EtOH:
ethanol)
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Figure 4.6 The effect of budesonide on the percentage viability of 16HE14o- cells when the budesonide
solutions were prepared from a stock solution containing DMSO and serially diluted in cell culture
medium. The final concentration of DMSO used was 1% v/v. (n=8, mean±SD) (* P<0.05, compared to
control and to other test sample concentrations).
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Figure 4.7 The effect of budesonide on the percentage viability of 16HE14o- cells when the budesonide
suspensions were prepared in cell culture medium (n=8, mean±SD).
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4.3.2.4

The effect of PLA on the viability of 16HBE14o- cells:

PLA formed a major component of the nanoparticles and so various concentrations were
examined for their effects on viability. DMSO was used to prepare the solutions of PLA.
Cell viability was not affected by PLA (10 to 200 g/mL) in which the maximum
concentration of DMSO was 1%v/v (P>0.05) (Figure 4.8).
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Figure 4.8 The effect of PLA on the percentage viability of 16HE14o- cells when the PLA solutions were
prepared from a stock solution containing DMSO and serially diluted in cell culture medium. The
concentration of DMSO in the 200 µg/mL PLA solution was 1% v/v (n=8, mean±SD).

4.3.2.5

The effect of the combinations of theophylline, budesonide and
PLA on the viability of 16HBE14o- cells:

As co-encapsulated nanoparticles are composed of both drugs and PLA, the effect of
theophylline and budesonide combinations in solution on cell viability was also studied.
There was no significant effect on the viability of the cells (P>0.05) when the drugs were
applied at concentrations below 0.5 mg/mL (theophylline and budesonide), even though
small concentrations of DMSO were present (Figure 4.9). When PLA was added to the
solutions a decrease in cell viability (P<0.05) was observed at a concentration of 1.0 mg/mL
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(theophylline and budesonide)/ 200 g/mL PLA (present with a small concentration of
DMSO (0.5% v/v)) (Figure 4.10).
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Figure 4.9 The effect of a combination of theophylline and budesonide solutions on the percentage
viability of 16HE14o- cells. Budesonide solutions contained DMSO; theophylline was prepared in cell
culture medium. The concentration range of DMSO in the combination solutions was between 0.006% v/v
to 0.5% v/v (n=8, mean±SD) (* P<0.05, compared to control).
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Figure 4.10 The effect of a combination of theophylline solutions, budesonide suspensions and PLA
solutions on the percentage viability of 16HE14o- cells. PLA solutions contained DMSO; theophylline was
prepared as a solution in cell culture medium and budesonide as a suspension, at equal concentrations.
The concentration range of DMSO in the combination solutions was between 0.025% v/v to 0.5% v/v (n=8,
mean±SD) (* P<0.05, compared to control and to other test sample concentrations).
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4.3.3 THE EFFECT OF BLANK , MONO-ENCAPSULATED THEOPHYLLINE
OR BUDESONIDE NANOPARTICLES AND CO - ENCAPSULATED
THEOPHYLLINE AND BUDESONIDE NANOPARTICLES ON THE
VIABILITY OF

16HBE14O- CELLS

Blank PLA nanoparticles significantly reduced cell viability to approximately 75% of the
control cells for all concentrations of blank nanoparticles applied (P<0.05) No relationship
between concentration and toxicity was observed (Figure 4.11).
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Figure 4.11 The effect of blank PLA nanoparticles on the percentage viability of 16HE14o- cells. The
blank PLA nanoparticles are suspended in cell culture medium at the desired concentration (n=16,
mean±SD) (* P<0.05, compared to control).

Treatment of cells with theophylline mono-encapsulated nanoparticles had little effect on
cell viability except at the highest concentration studied of 5 mg/mL which significantly
reduced cell viability by 50% (P<0.05) (Figure 4.12).
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Figure 4.12 The effect of theophylline mono-encapsulated nanoparticles on the percentage viability of
16HE14o- cells. (n=32, mean±SD) (* P<0.05, compared to control and to other test samples).

A similar relationship was observed for cells treated with budesonide mono-encapsulated
nanoparticles where a significant reduction in the cell viability was only observed at the
highest concentration tested (5 mg/mL nanoparticles) (Figure 4.13) (P<0.05).
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Figure 4.13 The effect of budesonide mono-encapsulated nanoparticles on the percentage viability of
16HE14o- cells. (n=32, mean±SD) (* P<0.05, compared to control).
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Theophylline and budesonide co-encapsulated nanoparticles showed a similar pattern to
their mono-encapsulated counterparts where the decrease in cell viability caused by the
highest concentration (5 mg/mL) (~ 60%) was significantly different to the control cells
(P<0.05) (Figure 4.14).
There was no significant difference between the effect of the nanoparticles on cell viability
and the effect of the drug solutions of equivalent concentrations (P>0.05).
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Figure 4.14 The effect of theophylline and budesonide co-encapsulated nanoparticles on the percentage
viability of 16HE14o- cells. (n=32, mean±SD) (* P<0.05, compared to control and cells treated with 0.25
and 0.5 mg/ml co-encapsulated nanoparticles).
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4.4DISCUSSION
Several studies on nanoparticles synthesized using biodegradable polymers have been
carried out. The points that were considered when designing the current study included
concentration of nanoparticles or encapsulated drugs, overall toxicity of biodegradable
polymeric nanoparticles and time scale of the study. These variables would allow an
understanding of the toxicity of the theophylline and budesonide nanoparticles in the current
study when applied on 16HBE14o- cells.

4.4.1 DETERMINATION OF THE OPTIMUM SEEDING DENSITY
In order to carry out the cytotoxicity experiment, a seeding density was required that would
give absorbance values towards the top of the linear range with the MTT assay after 48
hours (the full duration of the experiment). Cell seeding densities that were higher than
10,000 cells/well showed deviations from linearity, suggesting confluence of the cells

[393]

.

The linear region that was obtained was for seeding densities less than 10,000 cells/ well.
The seeding densities used for the current work were in the range 156 to 10,000 cells/well,
as there is a linear relationship between the cell number and absorbance at these seeding
densities.

4.4.2 THE EFFECT OF DMSO, THEOPHYLLINE, BUDESONIDE AND
PLA ON THE VIABILITY OF 16HBE14O- CELLS

In this study, DMSO significantly reduced cell viability when concentrations of greater than
1% v/v were used (data not shown). Thus DMSO or ethanol (both at 10% v/v) could be used
as a positive control to show cytotoxicity was capable of being measured in common with
other studies

[225, 395, 396]

. Reduction of the DMSO concentration to 1% v/v and less was not

toxic therefore this was the concentration used to prepare budesonide and PLA solutions to
assess their effects on the viability of 16HBE14o- cells.
The concentration range of solutions of theophylline chosen for the assessment of its effect
on cell viability included the concentrations likely to be achieved with maximum theoretical
loading efficiency of theophylline in the nanoparticles. For instance, a concentration of 5
mg/mL nanoparticles (the maximum used in this study) would be expected to contain
approximately 980 µg/mL theophylline and 98 g/mL budesonide. This allowed a
comparison to be made between the effects of the drugs in solution/ suspension and their
effects when encapsulated in nanoparticles.
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When theophylline solutions were prepared from a stock solution of theophylline dissolved
in ethanol a concentration-dependent decrease in the viability of 16HBE14o- cells was
observed. A concentration-dependent decrease in the viability of 16HBE14o- cells was also
observed for the theophylline solutions prepared at the same concentration in the absence of
organic solvent. However, the reduction in viability was greater when ethanol was used to
prepare the solutions, indicating that the toxicity was likely to have been caused by the
ethanol. It is thought that ethanol is toxic due to its ability to dissolve components of the
cellular membrane and denature proteins

[376]

. Due to the reduction in viability at 1 and 2

mg/mL of theophylline (in the absence of ethanol), it suggests that the concentration of
theophylline encapsulated in the PLA nanoparticles would be of low toxicity over the time
scale and conditions of the study.
Budesonide solutions containing organic solvents (ethanol or DMSO) caused a
concentration dependent decrease in viability and, similar to theophylline, it is thought that
the reduction in viability was due to the effect of the organic solvent rather than the drug
itself. This is supported by the results obtained for budesonide suspensions prepared in cell
culture medium, where cell viability was non-significantly different to the control cells
although it should be recognized that the aqueous solubility of budesonide is 45.7 mg/L

[85,

140, 397]

.

One of the main components of the nanoparticles is the polymer encapsulating the drug.
Due to the poor solubility of PLA in the cell culture medium, PLA was prepared at required
concentrations in DMSO and serially diluted in cell culture medium. At concentrations of
DMSO less than 1%v/v, PLA was not toxic to the cells at the concentrations tested.
The co-encapsulated nanoparticles synthesized contain polymer, theophylline and
budesonide and this combination was also studied. Generally this combination was not toxic
except at the highest concentration studied and similar to the budesonide and PLA solutions;
increased toxicity was thought to be due to the presence of the organic solvent, as described
previously.

4.4.3 THE EFFECT OF BLANK , MONO-ENCAPSULATED THEOPHYLLINE
OR BUDESONIDE NANOPARTICLES AND CO -ENCAPSULATED
THEOPHYLLINE AND BUDESONIDE NANOPARTICLES ON THE
VIABILITY OF

16HBE14O- CELLS

Several studies on the cytotoxicity of nanoparticles synthesized using biodegradable
polymers have been carried out. These studies were used in the design of the current study
with respect to whether the concentration of nanoparticles was studied or the concentration
155

Chapter 4: Effect of theophylline and budesonide co- and mono-encapsulated nanoparticles
on the viability of human bronchial epithelial (16HBE14o-) cell line
of the drugs encapsulated. The current study used concentration of nanoparticles based on
the weight of the freeze dried nanoparticles and not the drugs. This is similar to the
approach used in a study of temozolomide-loaded PLGA nanoparticles; the concentration
range of the drug was 1500-0.1 µg/mL and its effect on cell viability was compared that of
the free drug and blank PLGA nanoparticles

[398]

. PLGA nanoparticles loaded with

furanodiene were similarly compared also to blank, drug-containing nanoparticles and free
drug solutions; but the concentrations applied in this study were based on the concentration
of the drug encapsulated and not the concentration of the nanoparticles [295]. For theophylline
and budesonide nanoparticles, the former approach was not chosen as it can result in a
highly concentrated suspension of the nanoparticles (due to the low drug loading), which
may not be suitable.
In the current study, the range of concentrations that was investigated for the nanoparticles
was kept consistent for all the different nanoparticles prepared; it included the concentration
used for the release testing study (0.6 mg/mL) (Chapter 3) and a maximum concentration of
5 mg/mL. If 100% loading efficiency was achieved, 5 mg/mL of nanoparticles should
contain 980 and 98 µg/mL of theophylline and budesonide, respectively. The inhaled dose
of budesonide used clinically is 100-200 g for the treatment of asthma suggesting this is an
appropriate upper limit for the study. However, in vivo this dose would be available to the
whole lung whereas in the current study the suspension of nanoparticles is applied to cells in
a 96 well plate. Due to the area of the wells in a 96 well plate (0.55 cm2/well) and the
volume applied (100µL); 5 mg/mL of nanoparticles would result in a highly concentrated
suspension being applied over a small area of cells (4000 cells seeded per well). This may
cause a higher toxicity than would be expected in vivo and justifies the use of lower
concentrations.
The concentration range of nanoparticles used in this study was based on the actual freezedried nanoparticle powder weight and a calculated theoretical loading of the two drugs; it
was mostly higher than the range used in other studies. While it is possible to calculate
theoretical loading of theophylline and budesonide to obtain a comparable range, or a dose
that could be considered ‘therapeutic’; this can result in a highly concentrated suspension of
the nanoparticles in cell culture medium, as described. It was observed that in the highly
concentrated suspensions of the nanoparticles; the nanoparticles had settled down on the
surface of the cells. As a consequence, it may be possible that the cells were physically
deprived of nutrients explaining why the nanoparticles appeared toxic while their equivalent
drug solutions were not. However, a similar nanoparticle concentration range as used in the
current study was used for mannitol-chitosan nanoparticles
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chitosan microparticles

[396]

and on negatively charged PLGA nanoparticles

[399]

. This

suggests the concentration range and method of nanoparticle preparation is suitable in the
current study of theophylline and budesonide nanoparticles. It should also be noted that
some concentrations of nanoparticles/nanomaterials assessed for cytotoxicity have been
studied at lower and higher concentration ranges; for instance, a concentration range of 25400 µg/mL was used for heparin nanoparticles when investigating cell viability

[297, 373]

.

Conversely, a study on PLGA-lecithin-PEG core shell nanoparticles used concentrations of
up to 25 mg/mL and showed a large reduction in cell viability [287].
The theoretical concentration range calculated in the current study was based on 100% drug
loading of both drugs; which may not be the correct representation of the encapsulated dose.
However, by determining the 100% loading dose, this also provides an upper limit. This
would also allow understanding the effect on viability on 16HBE14o- cells that theophylline
and budesonide would have on higher drug concentrations. The concentration range of the
drug solutions would cover the concentration of the drugs encapsulated in the nanoparticles.
The effects on the viability on cells of drugs encapsulated in nanoparticles have been
compared to drug solutions previously. It was commonly observed that the drugs
encapsulated in nanoparticles were less toxic than the free drug solution; but this effect was
not significantly different in the current study. Lorazepam nanoparticles synthesized using
biodegradable polymers showed that they were less toxic than the free drug solution

[380]

. In

a study of temozolomide loaded PLGA nanoparticles; the concentration range was 1500-0.1
µg/mL of the drug which was compared to the effect on viability caused by free drug and
blank PLGA nanoparticles [398]. PLGA nanoparticles loaded with furanodiene were similarly
compared also to blank, drug containing nanoparticles and free drug solutions; but the
concentrations applied in this study were based on the concentration of the drug
encapsulated and not the concentration of the nanoparticles

[295]

. Both these studies

presented improved effect on viability in comparison to the free drug standards.
The current study suggested no significant difference between the nanoparticles and the
drug solutions/suspensions at equivalent concentrations. This suggested that the
concentrations used in this study are non-toxic; but also can suggest that the concentration
of the drug encapsulated in the nanoparticles has a minimal effect on viability.
Encapsulation of the drug into polymeric nanoparticles is suggested to present a protective
effect and as a result of the sustained release of the drug, the overall concentration of the
drug present will be low and show lower effect on toxicity in comparison to the free drug
solution/suspension [295, 398].
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In order to study the effect on viability of the 16HBE14o- cells that nanoparticles which
would equal to 2 mg/mL of drug, this would result in an extremely large reduction in
viability due to the highly concentrated suspension of the nanoparticles, which may have a
greater effect on the viability in a small area of cells rather than as an effect of the drug
itself.
The time period chosen for this study was kept consistent with the release study carried out
on the nanoparticles (Chapter 3) and is also consistent with the time used in other studies on
the cytotoxicity of nanoparticles [267, 287, 297, 373, 396, 400, 401]. Exposure of the nanoparticles to the
cells lines for a period of 24 hours would allow any toxicity due to inhibition of
proliferation and/or cell death to be visible in an MTT assay with a definite end point

[297,

373]

. For this reason, it was also suitable to assess the effects of theophylline and budesonide

nanoparticles on the cytotoxicity of 16HBE14o- cells for a period of 24 hours. Studies used
different cell lines with different encapsulated drugs

[380, 385, 398, 401, 402]

. Many studies

extended assessment of viability up to 24, 48 and 72 hours; some studies only looked at
exposure for 6 hours for example or at frequent time intervals, instead of one definite end
time point[297]. PLGA- Doxorubicin nanoparticles formulated were assessed over a period of
48 hours using HepG2 cells [400].
Ideally, it would be beneficial to carry this study out over a longer period of time but this
time would be difficult to define as it is not known, nor reported, how long the nanoparticles
would remain un-cleared from the lung. PLA breaks down to lactic acid which is further
broken down to carbon dioxide and water [189, 385, 398, 403]. This process, however, takes a long
period of time (months)

[404, 405]

. It has been suggested that the degree of toxicity of

polymeric nanoparticles is strongly influenced by the conditions of the local environment
(such as clearance and metabolism) which further influences the rate of degradation of
polymeric nanoparticles [297].
An LDH assay conducted on PCL nanoparticles at varying concentrations (5, 10 and 50
µg/mL) showed no significant cytotoxicity to 16HBE14o- cells

[406]

. However, a reduction

in cell viability has been observed in other studies on biodegradable polymeric nanoparticles
[225, 395]

. In the current study, the cytotoxicity of the drug loaded nanoparticles was compared

to blank PLA nanoparticles. Interestingly, in the absence of drug the blank nanoparticles
reduced cell viability by approximately 20% at all concentrations applied but this effect was
not observed when the nanoparticles contained drug. For drug-encapsulated nanoparticles a
significant decrease in cell viability was only observed at the highest concentrations applied
for both mono and co-encapsulated nanoparticles. The reasons for this is unclear but is
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possibly an artefact of the smaller variability associated with the experimental data obtained
when studying the blank nanoparticles.
PLA (not in nanoparticle form) has been previously assessed for its cytotoxicity using
various cell lines and shown that it does not significantly affect cell viability (using CHOK1 Chinese hamster ovary cells) when assessed using an XTT assay with a duration of up to
72 hours

[407]

or with increasing concentration of polymer when investigated using an MTT

assay showed approximately 80% of viable Calu-3 cells compared to control[408]. This
suggests the safety of the polymer when studied in vitro. In the current study, when applied
in solution, PLA was not toxic to the cells suggesting that any toxicity of the blank
nanoparticles was not related to the degradation of the polymer.
Co-polymers of PLA have also been investigated, showing limited toxicity on A549 cells
when determined using an MTT assay after exposure to test compounds for 24 hours

[409]

and other various PLA nanoparticles studied have shown non-significant effects on viability
for duration up to 72 hours at a range of concentrations

[410, 411]

further supporting the safety

and limited effect on cell viability when studied in vitro as obtained in this current study.
Any differences in nanotoxicity were thought to be due to differences in mechanisms of
uptake between drug solutions and nanoparticle suspensions

[410]

. It is generally accepted

that PLA and biodegradable polymers have a low toxicity and show good biocompatibility
and biodegradability profiles; but their long term toxicity is still required to be assessed

[374,

412]

.

The reduction in viability of the 16HBE14o- cells treated with blank PLA nanoparticles was
approximately 75%; and a further reduction for the drug-containing nanoparticles applied at
5 mg/mL nanoparticles to approximately 60% suggests an additive effect of the drug and
nanoparticles. Similar comparisons were made between drug loaded nanoparticles and blank
PLA nanoparticles (studying the encapsulation of an oligonucleotide) which showed lower
toxicity of the blank nanoparticles over the drug nanoparticles. Cytotoxicity was studied
after 24 hours using an MTT assay [281].
In a study carried out by Zhu et al (2015), theophylline formulated in a metered dose inhaler
was assessed for its effects on Calu-3 cell viability [413]. This was done using an MTS assay
in which theophylline was applied to the cells in PBS. The concentration range that was
studied was between 19 nM (3.42 ng) to 2 mM (360 µg) and was seen to be tolerated by the
Calu-3 cells over a duration of 72 hours

[413]

. This concentration range is within the

concentration range that studied for theophylline nanoparticles and the solutions of
theophylline assessed in this study and the results are similar.
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Functionalized mesoporous silica nanoparticles of budesonide were tested for cell viability
for a period of 24 to 48 hours showing that these were non-cytotoxic when concentrations
were in the range of 5-10 µM (2 µg to 4 µg, respectively) [414]. This is a concentration range
in the lower range than what is encapsulated in the PLA/budesonide nanoparticles
synthesized for this current work, but supports the low toxicity effect on cells treated with
budesonide-containing nanoparticles and suspensions in comparison to the control.
Studies have been carried out on budesonide using different cell lines and different
concentrations for its effect on cell viability. Bandi and Kompella (2001) studied the
cytoxicity of budesonide over a concentration range of 0.01-100µM (4 ng - 40 µg) in Calu-1
and A549 cells for duration of 12 hours [415]. The effect on A549 cells was not significant at
100µM but shown to be significant on Calu-1 cells. These concentrations are within the
range of concentrations studied for theophylline and budesonide nanoparticles and suggest
the low potential toxicity of budesonide in the conditions and time scale used for this study.
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4.5CONCLUSIONS
The aim of the study was to assess the viability of 16HBE14o- cells when treated with
mono- and co-encapsulated theophylline and budesonide in PLA nanoparticles. This was
compared to the effect of solutions of theophylline, budesonide and PLA of equivalent
encapsulated concentrations on cell viability.
Over the concentration range tested, drug-containing nanoparticles were well tolerated by
the cells at and below a nanoparticle concentration of 2.5 mg/mL. At a nanoparticle
concentration of 5 mg/mL both mono- and co-encapsulated nanoparticles were toxic to the
cells as were the equivalent concentrations of drug applied to the cells in solution. The
current study showed that theophylline and budesonide have limited effect on the viability
of 16HBE14o- cells over the time-scale and concentration range applied in this study.
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CHAPTER 5 THE TRANSPORT OF
THEOPHYLLINE AND BUDESONIDE
ENCAPSULATED IN PLA
NANOPARTICLES ACROSS 16HBE14OCELLS
5.1 INTRODUCTION
Having formulated and characterized the drug encapsulated nanoparticles it was important
to understand their interaction with the airway epithelium. The surface of the airway is lined
by a pseudostratified epithelium. The cells are present at an air-liquid interface and cell
types include basal cells, ciliated cells, and secretory cells

[8, 392, 416-418]

. One of the main

functions of the airway epithelium is to provide a barrier to prevent inhaled material gaining
access to the blood stream

[417, 419]

; this role would extend to inhaled drugs. Formation and

maintenance of this diffusion barrier requires the presence of tight junctions

[419]

which are

dynamic multiprotein structures that are sensitive to certain toxins, pathogens and cytokines
[335, 419]

.

Little is known regarding the effects of drug-loaded nanoparticles after deposition in the
lung; with respect to their toxicity, their uptake, drug release and permeability [372]. The use
of airway epithelium cell culture models allows the study of the release of drugs in vitro,
trans-epithelial drug transport, and the health of the cells in contact with drugs [346, 420]. There
is wide interest in the pulmonary effects of nanomaterials with research ranging from
nanomaterials inhaled as a result of environmental exposure to biodegradable polymeric
nanoparticles intended for drug delivery [372].
Immortalized cell lines are useful to study drug permeability, providing they express
functional tight junctions, and also the cytotoxic effects of the drug compounds or
nanoparticles in the lungs

[393]

. The airway is divided into the conducting region and

respiratory/alveolar region, and there are cell lines that are used to represent these regions of
the airways. Briefly, the cell line, A549 is obtained from a human pulmonary
adenocarcinoma, retaining a great similarity to Type II alveolar epithelial cells, and has been
used to model the alveolar region of the airways in several studies [370, 386, 387].
Human cell lines that have been used to model the upper airways of the lungs and have been
developed as models to represent this part of the airways include Calu-3 and 16HBE14o-
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cells [388, 392, 417, 418, 421]. Calu-3 cells, which are derived from an adenocarcinoma of the lung,
have been used to study drug transport due to their ability to form tight junctions

[371, 390-392,

422, 423]

. The human bronchial epithelial cell line, 16HBE14o-, has also been used in studies

of cytotoxicity and drug transport.
The 16HBE14o- cells readily form tight junctions when cultured to confluency on collagencoated semi-permeable supports (e.g.Transwells®) at an air-liquid interface

[388, 392, 394, 423,

424]

. This is more recently termed 3-D culture. The cells are cobblestone in shape and display

vectoral ion transport. It is important that the culture conditions of the cells are able to allow
differentiation of the cells to form a suitable epithelial barrier. The 16HBE14o- tight
junctions stain positively for the tight junctional proteins ZO-1, occludin and intracellular
proteins E-cadherin and desmoplakin
as microvilli

[393, 425]

and also express morphological features such

[8]

. The ‘tightness’ of the tight junctions is quantified by assessment of the

trans-epithelial electrical resistance (TER) of the cells or by measurement of the functional
barrier the cells are able to provide to the flux of compounds which diffuse across the cells
via the paracellular route [8, 393].
Growing cells on an air-liquid interface or submerged in culture has been studied
extensively previously. The air-liquid interface allows differentiation of the cells and
morphologically representative of the bronchial epithelium and formation of tight junctions
[8, 392, 393, 406, 417, 419, 426-429]

. It is important and good to have the air-liquid interface for this

purpose

[427]

. Submerged cultures may compromise of differentiation of the cells, as

reviewed by Forbes and Ehrhardt (2005) [392].
While most permeability studies use monolayers of a single cell type, co-culture models
have also been developed [417]. A co-culture model of 16HBE14o- cells with fibroblasts was
developed by Pohl et al (2009). This model consisted of Transwell® inserts which had
bronchial (16HBE14o-) cells present on the apical side and fibroblast cells cultured on the
basolateral side of the insert

[417]

endothelial and epithelial cells

. Co-cultures also allow the study of interactions between

[335]

. Triple co-culture models developed using A549 cells,

macrophages and dendritic cells are reviewed by Haghi et al (2014); these have been used to
study the effect of exposure to nanotubes [335].
Further development of 3-D models includes the use of fully differentiated epithelial cells
(primary cultures) which possess beating cilia and mucus production. Examples of
commercially available models are MucilAirTM

[335, 428]

and EpiairwayTM

[335, 392]

. The

limitations of these cells are that they are less convenient and economical. Primary cell
cultures also have a limited life span and show great variability in the results obtained, as
reviewed by Haghi et al (2014) [335].
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As well as using cell culture models to study the release and permeability of drugs
encapsulated in nanoparticles, it is possible to study the translocation of the nanoparticles
themselves across the cells and supporting matrix. When studying nanoparticles, it is
important to ensure the suspension is homogenous and, since most particles pass unhindered
across the cell culture support, care should be exercised when selecting the cell culture
support

[372]

. The passage of highly charged particles across the epithelial barrier is

prevented due to interactions of nanoparticles with the cell membrane including Van der
Waal (VdW) reactions and between polymer and the cell membrane. Translocation is
further limited by the presence of the tight junctions between the cells, as described above.
Some nanoparticles are able to open tight junctions and increase their delivery; however this
is limited to a gap of approximately 13-15nm
cells by processes of endocytosis

[430]

. Most nanoparticles are able to enter the

[430]

. In translocation studies of nanoparticles, the

paracellular permeability of fluorescently-labelled compounds has been used in order to
understand the effects the test compounds have on the tight junctions. This functional
information is further supported by measurement of the trans-epithelial electrical resistance
(TER) of the cells before and after the experiment is carried out [267, 423].
When choosing an airway drug absorption model; the main requirement is that it accurately
represents the barrier properties of the bronchial epithelium while being relatively straight
forward to culture.

5.1.1 AIM OF THE STUDY
The aim of the study was to assess the transport rate/ permeability of theophylline and
budesonide across the 16HBE14o- cells when delivered as mono- and co-encapsulated
nanoparticles and to compare this to the transport rate/ permeability of the drugs from
theophylline and budesonide solutions of equivalent concentrations. This was to test the
hypothesis that encapsulating the drugs within nanoparticles would provide sustained
release of the drugs. By characterizing the nanoparticles using 16HBE14o- cells, an
additional aim was to obtain further information on the health of the cells by determining
the effects on the tight junction of the 16HBE14o- cells using a paracellular marker,
fluorescein isothiocyanate–dextran (FD4).
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5.2 MATERIALS AND METHODS
5.2.1 MATERIALS
96 well-plates, NunclonTM Delta surface, Thermo Scientific, Denmark (143597)
Cell culture TC flasks (with filter cap), 80 cm2, Thermo Fisher Scientific, Denmark
(Lot: 178905)
Transwell® permeable supports (12 mm diameter inserts with 0.4µm pore size, tissue
culture treated polycarbonate membrane), Corning Incorporated (18914033)
96-Well Optical-Bottom Plates with Polymer Base (400µL), Nunc™ MicroWell™
Thermo Scientific, UK (165305)
Minimum Essential Medium (MEM) with Earle’s Salts (with L-glutamine), GE
Healthcare- PAA Laboratories, Austria (E15-825)
DMEM:Ham’s F-12 (1:1) cell culture medium (with L-glutamine), GE Healthcare-PAA
Laboratories, Austria (E15-813)
Fetal Bovine Serum (FBS) ‘Gold’ PAA Laboratories GmbH, Germany (A15-151)
Trypsin-EDTA (1x) (0.05% w/v and 0.02% w/v respectively, in PBS), GE HealthcarePAA Laboratories, (L11-004)
Penicillin (10,000 units/mL) / streptomycin (10,000 µg/mL) (Pen Strep), Gibco® by
Life Technologies, USA (15140-122)
UltroserG®, BioSepra SA, France (15950-017)
Type I Bovine Collagen Solution (3.1 mg/mL), Advanced Biomatrix, San Diego, CA
(Part #: 5005-B, Lot#: 7264)
Trypan Blue Stain (0.4% w/v), Gibco® by Life technologies, USA (15250-061)
Fluorescein isothiocynate dextran (Average molecular weight: 3000-5000kDa) (FD4),
Sigma-Aldrich, UK (FD4)
Phosphate buffer saline (PBS) tablets (pH 7.3±0.2) - Oxoid Ltd, Basingstoke,
Hampshire, United Kingdom (BR0014G)
1.5mL Eppendorf tubes, Fisher Scientific, UK
10mL disposable serological pipet, Fisherbrand, Fisher Scientific, USA (Cat: 13-67610J)
25mL disposable serological pipet, Fisherbrand, Fisher Scientific, USA (Cat: 13-67610K)
Eppendorf- EasyPet 3 Pipette Gun
Transferpette® S Brand – 200, 100 and 20µL Gilson pipettes
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5.2.2 METHODS
5.2.2.1

GENERAL MAINTENANCE OF 16HBE14O- CELLS

The 16HBE14o- cells were maintained as described in Chapter 4, Section 4.2.2.1.

5.2.2.2

THE CULTURE OF 16HBE14O- CELLS ON PERMEABLE SUPPORTS
(TRANSWELL’S®)

Before 16HBE14o- cells could be seeded onto the polycarbonate Transwells®, the
Transwells® were coated with collagen (Pure Col). Collagen (200 µL) was pipetted directly
onto each insert and these were stored at 2-8°C for at least 24 hours. The apical chamber
was then washed at least three times with PBS (1 mL).
After rinsing, 16HBE14o- cells were seeded into the apical chamber of the Transwell at a
seeding density of 4.3 x 105 cells/well in 500µL of cell culture medium (Dulbecco’s
Modified Eagles Medium (DMEM) (with L-Glutamine): Ham’s F12 medium (1:1)
(supplemented with 2% v/v Ultroser G® and 1% v/v penicillin/streptomycin)(cell culture
medium) and 1500 µL of cell culture medium was added to the basolateral chamber. The
cells were grown at 37°C (95% air, 5% CO2) in a humidified atmosphere. After 24 hours,
the cells were brought to an air-liquid interface by carefully removing the medium from the
apical chamber. After this, only the cell culture medium in the basolateral chamber was
replaced (every two days). Cells were used on the 7th day from seeding. This was carried out
under sterile conditions.

5.2.2.3

MEASUREMENT OF TRANS-EPITHELIAL ELECTRICAL
RESISTANCE (TER) OF THE 16HBE14O- CELLS

Prior to commencing a transport experiment (on day 7), the TER of the cells was measured
using an EVOM Epithelial Tissue Voltohmeter and ‘chopstick’ electrodes (World Precision
Instruments Inc., Sarasota, FL 34240, USA). The cells were removed from the incubator
and the cell culture medium was replaced with pre-warmed transport medium (Dulbecco’s
Modified Eagles Medium (DMEM) (with L-glutamine): Hams F12 medium (1:1)); 1 mL in
the apical chamber and 2 mL in the basolateral chamber. After 60 minutes at 37°C in a
humidified atmosphere (95% air: 5% CO2) the TER of the cells was measured in triplicate
and an average value of the TER was obtained for each well. The TER of the blank insert
was subtracted from the TER of inserts with cells seeded on them.

166

Chapter 5: The transport of theophylline and budesonide encapsulated in PLA
nanoparticles across 16HBE14o- cells

5.2.2.4

THE TRANSPORT OF THEOPHYLLINE , BUDESONIDE AND FD4
ACROSS 16HBE14O- CELLS .

After TER measurements were taken the transport medium was removed from the cells. The
basolateral chamber transport medium was replaced with fresh transport medium (1500 µL)
and the transport medium of the apical chamber was replaced with 500 µL of the drug
solution/drug-containing nanoparticle suspension also containing FITC-labelled dextran
(FD4) (250 µM). Samples (200 µL) were withdrawn from the basolateral chamber at 0, 1, 2,
3, 4, 5, 6 and 24 hours and from the apical chamber at 24 hours. The volume withdrawn
from the basolateral chamber was replaced with fresh transport medium (200 µL).Between
sampling, the cells were incubated at 37°C in a humidified atmosphere (95% air: 5% CO2).
Each sample was divided into two portions (100 µL each), one portion was analyzed for the
drug content using HPLC (Chapter 2, Section 2.2.2.2.5) and the other portion was analyzed
for FD4 content using fluorescence spectroscopy. Measurements were carried out in
triplicate and an average was obtained for each well.
Test samples were prepared in transport medium containing no supplements. Co- or monoencapsulated nanoparticle suspensions were applied to the cells at a concentration of 0.6
mg/mL. Drug solutions were applied to the cells at the equivalent concentration of
theophylline and budesonide that would have been encapsulated in 0.6 mg nanoparticles.
This was calculated to be 117.65 µg/mL and 39.22 µg/mL for theophylline and budesonide,
respectively.

5.2.2.5

ANALYSIS OF FD4 CONTENT OF SAMPLES USING FLUORESCENCE
SPECTROSCOPY

Calibration standards of FD4 in transport medium were made in the range 250 µM to 1.56
µM. Specific concentrations that were used were: 50 µM, 25 µM, 10 µM, 5 µM, 2.5 µM, 1
µM, 0.5 µM, 0.25 µM, 0.125 µM, 0.0625 µM. The samples (100 µL) and the standard
concentration solutions were transferred to flat, clear bottom, black walled 96 well assay
and read on a fluorimeter (Gen5 fluorescence Plate reader). An excitation wavelength of
485/20 nm and emission wavelength of 528/20 nm was set, with a gain of 50. The 20 nm
refers to the total band pass at each wavelength.
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5.2.2.6

DATA ANALYSIS

An apparent permeability coefficient (Papp) (cm/second) was calculated for all the samples
for the period between 0-6 hours, 6-24 hours and 0-24 hours based on the cumulative
concentration of theophylline, budesonide and FD4 present in the basolateral chamber. The
apparent permeability coefficient was calculated as (Equation 5.1):
𝑑𝑞

𝑃𝑎𝑝𝑝 = ( 𝑑𝑡 )/(𝐴. 𝐶0 )

Equation 5.1

Where (dq/dt) (µM/minutes) is the rate of transport of the test sample, A represents the
surface area (cm2) and C0 (µM) represents the initial concentration of the FD4 applied to the
apical chamber.

5.2.2.7

STATISTICAL ANALYSIS

A one way ANOVA was carried out to compare the TER of the cells with the control cells.
P<0.05, suggests significant differences.
A 2way ANOVA was carried out to compare the effects on the FD4 transport caused by
theophylline and budesonide solutions or nanoparticles to the control. The hypothesis is that
there is no significant difference to the effects on FD4 transport across the 16HBE14o- cells
as the control treated cells. P<0.05, suggests significant differences. A Bonferroni post-hoc
test was carried out for this analysis.
A Mann Whitney test was carried out to compare the transport of theophylline and
budesonide from the solution to the respective nanoparticle sample across the 16HBE14ocells. P<0.05, suggests significant differences.
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5.3 RESULTS
5.3.1 THE EFFECT OF THEOPHYLLINE AND BUDESONIDE SOLUTIONS
AND NANOPARTICLES ON TER
The TER of inserts without cells and cell-bearing inserts exposed to control, drug solutions
and drug containing nanoparticles suspensions was measured before the transport
experiment was commenced (Figure 5.1). The TER of all cells used experimentally
exceeded 100 Ω cm2 when measured before the transport study was commenced making
them suitable to use. Similar mean TER values were obtained for the cells before
experiment to the control cells (P>0.05).
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Figure 5.1 The TER of 16HBE14o- cells seeded on collagen-coated Transwell® inserts measured prior to the transport experiment (n=9, mean±SD)
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5.3.2 THE EFFECT OF THEOPHYLLINE AND BUDESONIDE SOLUTIONS
AND NANOPARTICLES ON FD4 TRANSPORT ACROSS 16HBE14OCELLS

A calibration graph was plotted for FD4 (prepared in transport medium) in order to
determine the concentration of FD4 in the basolateral chambers at various time points
(Figure 5.2). A linear region was obtained between 0-5µM with an R2 of 0.9976. Typical
sample concentrations from the transport experiment were in this range.
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12000
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4000
2000

y = 2447.4x + 246.54
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0
0
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2
3
Concentration (µM)

Figure 5.2 Calibration graph of FD4 (n=3, mean±SD)
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Over the period of 24 hours, the slope and apparent permeability coefficients of FD4 for
cells treated with blank PLA nanoparticles was similar to the control cells (P>0.05). The
concentration of FD4 calculated in the basolateral chamber at the end of 24 hours was 2.78
and 2.74 µM for cells treated with blank PLA nanoparticles and control, respectively
(Figure 5.3). This was approximately 10 times less than the concentration observed without
cells being seeded on the collagen-coated inserts (at 24 hours) showing the cells act as a
barrier. The apparent permeability coefficient showing similar transport of FD4 across
control cells and cells treated with blank PLA nanoparticles is presented in (Table 5.1). The
overall permeability coefficient from 0-24 hours was 0.12x10-6 cm/seconds for both the
conditions.
PLA

FD4 concentration in the basolateral chamber (µM)

25.00

Control

Collagen coated supports

A
*

20.00
*

*

15.00
*
*

10.00
*
5.00

*

0.00
0

6

12
Time (hours)

18

24

Figure 5.3 (A) The transport of FD4 across collagen-coated inserts without cells, cell-bearing inserts
(control cells) and cells treated with the blank PLA nanoparticles (suspended in transport medium), (B)
comparison of the transport of FD4 between control cells and cells treated with blank PLA nanoparticles.
(mean±SD, n=6 for blank PLA nanoparticles, n=3 for control and collagen-coated supports) (*P<0.05 for
FD4 transport in collagen coated supports in comparison to cells treated with blank nanoparticles and
control)
Table 5.1 The apparent permeability coefficient of FD4 when transported across the 16HBE14o- cells
treated with blank PLA nanoparticles compared to the control and collagen-coated blank inserts (NPs:
nanoparticles) (mean±SD, n=6 for blank PLA NP, n=3 for control and collagen-coated supports)(*P<0.05)
Time

0-6 hours

6-24 hours

-6

-6

0-24 hours

Papp (x10 cm/sec)

Papp (x10 cm/sec)

Papp (x10-6cm/sec)

Blank inserts
Cell bearing
inserts

2.81±0.02*

0.26±0.01*

0.70±0.01*

0.08±0.01

0.13±0.01

0.12±0.01

Blank PLA NPs

0.09±0.01

0.13±0.00

0.12±0.00
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No significant difference was observed in the concentration of FD4 in the basolateral
chamber for the 16HBE14o- cells treated with theophylline and/or budesonide and the
control (Figure 5.4) (P>0.05). Apparent permeability coefficient values ranged from 0.150.19x10-6 cm/second (Table 5.2). The change in the apparent permeability co-efficient
between 0-6 hours and 6-24 hours was similar for the different test samples (P>0.05).

FD4 concentration in the basolateral chamber (µM)

6.000

Control

Theophylline

Budesonide

Combination

5.000
4.000
3.000
2.000
1.000
0.000
0

6

12
Time (hours)

18

24

Figure 5.4 The effect of theophylline and budesonide in solution (alone and in combination) (prepared in
transport medium) on the transport of FD4 across 16HBE14o- cells in comparison to control cells (n=9,
mean±SD) (P>0.05)
Table 5.2 The apparent permeability coefficient of FD4 when transported across the 16HBE14o- cells
treated with theophylline and/or budesonide solutions compared to control cells (n=9, mean±SD)
Time

0-6 hours

6-24 hours

-6

Control
Theophylline
solution
Budesonide
solution
Combination
solution

-6

0-24 hours

Papp (x10 cm/sec)

Papp (x10 cm/sec)

Papp (x10-6cm/sec)

0.13±0.02

0.19±0.01

0.18±0.01

0.12±0.03

0.17±0.01

0.16±0.01

0.19±0.01

0.15±0.00

0.15±0.01

0.13±0.14

0.20±0.01

0.19±0.02
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The cumulative concentration of FD4 in the basolateral chamber for the 16HBE14o- cells
treated with theophylline and budesonide nanoparticles was compared to the control cells
(Figure 5.5). There was no significant difference in the cumulative concentration of FD4 in
the basolateral chamber of the cells treated with the different test samples. The apparent
permeability coefficient for all the test samples and the control was similar, with no
significant difference between the control and the nanoparticles. This ranged between 0.140.16x10-6 cm/second for all the samples (P>0.05). The difference in the apparent
permeability co-efficient of FD4 between 0-6 and 6-24 hours was similar (P>0.05) (Table
5.3).
Control

FD4 concentration in the basolateral chamber (µM)

5.000

Theophylline

Budesonide

Co-encapsulated

4.000

3.000

2.000

1.000

0.000
0

6

12
Time (hours)

18

24

Figure 5.5 The effect of theophylline and budesonide mono- and co-encapsulated nanoparticles
(suspended in transport medium) on the transport of FD4 across the 16HBE14o- cells in comparison to
the control cells (n=9, mean±SD)(P>0.05)
Table 5.3 The apparent permeability coefficient of FD4 when transported across the 16HBE14o- cells
treated with theophylline and budesonide co- and mono-encapsulated nanoparticles compared to the
control cells (n=9, mean±SD)
Time

0-6 hours

6-24 hours

-6

Control
Theophylline monoencapsulated
Budesonide monoencapsulated
Co-encapsulated

-6

0-24 hours

Papp (x10 cm/sec)

Papp (x10 cm/sec)

Papp (x10-6cm/sec)

0.09±0.01

0.15±0.01

0.14±0.01

0.08±0.01

0.18±0.03

0.16±0.02

0.09±0.02

0.17±0.03

0.16±0.03

0.10±0.02

0.16±0.03

0.15±0.02
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5.3.3 COMPARISON OF THE THEOPHYLLINE AND BUDESONIDE
TRANSPORT ACROSS THE 16HBE14O- CELLS FROM
NANOPARTICLES AND SOLUTIONS OF EQUIVALENT
CONCENTRATIONS

The release of theophylline and budesonide from the nanoparticles, and transport across the
cells was compared to the transport of drug solutions of equivalent concentrations. This also
allowed comparison to results obtained when studying the release profiles of theophylline
and budesonide using Franz diffusion cells (Chapter 3).
The transport of theophylline when applied to the cells in solution (both alone and in
combination with budesonide) was compared to the transport of theophylline when applied
to the cells in the mono- and co-encapsulated nanoparticles (Figure 5.6). The transport rate
of theophylline from the two solutions was similar (P>0.05) through the period of 24 hours
(data not shown). For theophylline in both solutions, approximately 14% was transported
across the 16HBE14o- cells. In total approximately 84.64±9.04% (theophylline single
solution) and 92.93±5.26% (theophylline mixed solution) was recovered from both, apical
and basolateral, chambers. In comparison to the theophylline transported from the solutions,
the concentration of theophylline released from the nanoparticles and transported into the
basolateral chamber was lower at 24 hours (P<0.05). Similar release of theophylline from
mono- and co-encapsulated nanoparticles was obtained over the period of 24 hours
(P>0.05).
The average apparent permeability coefficients for the theophylline solutions from the time
period of 6-24 hours show a reduction for all the test samples in comparison to 0-6 hours
(P<0.05) (Table 5.4). On average, an overall apparent permeability coefficient between
1.16±0.07 and 1.29±0.23x10-6 cm/second was obtained for theophylline in the solution
(single and mixed, respectively) and between 0.61±0.33 and 0.81±0.23x10-6 cm/second for
theophylline released from the mono- and co-encapsulated nanoparticles, respectively.
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Theophylline single solution
Theophylline mono-encapsulated

% theophylline in basolateral chamber

18.00

Theophylline combination
Theophylline co-encapsulated

16.00
14.00
12.00
10.00
8.00
6.00
4.00
2.00
0.00
0

6

12
Time (hours)

18

24

Figure 5.6 The transport of theophylline across the 16HBE14o- cells comparing theophylline solutions
with mono- and co-encapsulated nanoparticles (n>3, mean±SD)
Table 5.4 The apparent permeability coefficient of theophylline across the 16HBE14o- cells from solutions
and mono- and co-encapsulated nanoparticles (n>3, mean±SD) (*P<0.05 for single and combined
counterparts (solutions and nanoparticles)
Time period

Theophylline
solution
Theophylline and
budesonide
solution
Monoencapsulated
theophylline
Co-encapsulated
theophylline

0-6 hours

6-24 hours

0-24 hours

Papp (x10-6cm/sec)

Papp (x10-6cm/sec)

Papp (x10-6cm/sec)

3.49±0.51*

0.78±0.13

1.29±0.23

3.62±0.39*

0.52±0.05

1.16±0.07

0.97±0.46

0.54±0.33

0.61±0.33

1.45±0.74

0.82±0.23

0.81±0.23
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The concentration of budesonide in the basolateral chamber when budesonide was applied
to the apical surface of the cells in the form of a solution (containing budesonide alone or in
combination with theophylline) was compared to the budesonide released from the monoand co-encapsulated nanoparticles and transported across the 16HBE14o- cells (Figure 5.7).
The concentration of budesonide in the basolateral chamber was similar from both solutions
(P>0.05, except at 2 hours). Less than 2% of the budesonide was transported into the
basolateral chamber, however a large variation was observed in the concentration of
budesonide at each time point. The overall recovery of budesonide from both, apical and
basolateral chambers was calculated to be extremely low and was between 9.84±0.62% and
10.98±1.14% for budesonide in the mixed and single solution, respectively.
The concentration of budesonide released from the nanoparticles and transported across the
monolayer into the basolateral chamber was lower than the budesonide from the solutions.
The percentage of budesonide in the basolateral chamber was significantly lower from the
nanoparticles in comparison to the solutions of budesonide (P<0.05 at 24 hours).
Budesonide transported and released from the co-encapsulated nanoparticles was higher
than the budesonide from the mono-encapsulated nanoparticles (P<0.05); which may be as a
result of variation in the drug loading during nanoformulation. Less than 1% of the
encapsulated budesonide was transported across the 16HBE14o- cells into the basolateral
chamber after a period of 24 hours.
Similar to the transport of theophylline, the rates of transport and permeability coefficients
obtained for budesonide are lower in the period of 6-24 hours than 0-6 hours (Table 5.5).
The reduction in the apparent permeability coefficient was significantly different for the
budesonide in a mixed solution (P<0.05). The overall apparent permeability coefficient was
between 0.12±0.05 and 0.16±0.06 x10-6 cm/second for the budesonide present as a single
and mixed solution, respectively.
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% budesonide in basolateral chamber

3.00

Budesonide single solution

Budesonide combination

Budesonide mono-encapsulated

Budesonide co-encapsulated

2.50

2.00

1.50

*
1.00

0.50

0.00
0

6

12
Time (hours)

18

24

Figure 5.7 The transport of budesonide across the 16HBE14o- cells comparing budesonide solutions with
mono- and co-encapsulated nanoparticles (n>3, mean±SD)(*P<0.05 compared to the other test samples).
Table 5.5 The apparent permeability coefficient of budesonide across the 16HBE14o- cells from solutions
and mono- and co-encapsulated nanoparticles (n>3, mean±SD)(*P<0.05, for single and combined
counterparts (solutions and nanoparticles)
Time period
Budesonide solution
Budesonide and
budesonide solution
Mono-encapsulated
budesonide
Co-encapsulated
budesonide

0-6 hours

6-24 hours

0-24 hours

Papp (x10-6cm/sec)

Papp (x10-6cm/sec)

Papp (x10-6cm/sec)

0.19±0.10

0.10±0.03

0.12±0.05

0.62±0.17*

0.06±0.02

0.16±0.06

0.03±0.03

0.01±0.00

0.02±0.01

0.15±0.04*

0.02±0.00

0.05±0.00
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5.4 DISCUSSION
5.4.1 THE EFFECT OF THEOPHYLLINE AND BUDESONIDE SOLUTIONS
AND NANOPARTICLES ON TER
The 16HBE14o- cells were selected for the current study due to the ability of the cells to
establish well-defined tight-junctions, which are able to limit the transport of paracellular
markers

[394]

. Intact cell-cell tight junctions are a critical component of any cultured cell

absorption model to mimic the in vivo conditions which allow studying the transport of the
drug [394].
From previous studies the 16HBE14o- cells are best used from day 5 to 7 after seeding on
the inserts. In this study, 7 days was kept consistent as there is known to be an effect on the
TER of the cells after this time

[421]

. It is noted that the longer duration the cells present in

culture can affect the function of the cells

[424]

. The air-liquid interface has a large influence

on the TER and permeability of the cells to paracellular markers such as mannitol or FITC
[392]

. Several other factors have been noted to affect the TER such as passage number,

surface they are cultured on, medium and seeding density. A seeding density of 10 5
cells/cm2 is reported to be a typical seeding density

[392]

. Too low seeding densities (103

cells/cm2) resulted in an incomplete formation of the monolayer

[393]

. For this study, a

5

seeding density of 4.3x10 cells/well was selected.
Measurement of the TER of the cells gives an indication of the health of the cells and the
integrity of the tight junctions formed. Overall, the TER values obtained for this study
ranged between 100-200 Ωcm2 for all the cells treated with all the different test solutions
and suspensions. Some previous studies carried out using 16HBE14o- cells reported higher
TER values than those measured in this study; between 260-360 Ωcm2, but the cells used in
these studies had a lower passage number (33-34). The passage number here was over 69.
The TER values of the current study suggest the cells were suitable to use for the transport
study experiments. A study on salmeterol absorption characteristics across the 16HBE14ocells reported similar TER values of between 100-300 Ωcm2 ; in a review by Lansley
(1993), TER values of this range have been described

[431, 432]

. Higher TER values for

16HBE14o- cells were reported by Westmoreland et al (1999) in a the study of respiratory
toxins (approximately 500 Ωcm2) (passage number not specified) [382]. TER values of greater
than 500 Ω cm2 were also obtained for 16HBE14o- cells by Ahsan et al (2003), suggesting
formation of a confluent monolayer [394].
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The TER of 16HBE14o- cells has been reported to peak during culture period up to 10001200 Ω cm2 before it reduced [417]. The TER was reduced to 300 Ω cm2 but in this study the
16HBE14o- cells did not form an organized, differentiated layer.

[417]

. The TER dropped

during day 6-8 after reaching a maximum of 700 Ω cm2. Similar TER values were obtained
for cells at the period of 6 and 7 days and were approximately 250 Ω cm2 [393, 425, 433].

5.4.2 THE EFFECT OF THEOPHYLLINE AND BUDESONIDE SOLUTIONS
AND NANOPARTICLES ON FD4 TRANSPORT ACROSS 16HBE14OCELLS

The collagen-coated supports, which contain no cells, show the greatest cumulative
concentration of FD4 in the basolateral chamber in comparison to the control and the cells
treated with nanoparticles and drug solutions. This is expected as there is no cellular barrier
to limit the transport of FD4 from the apical to basolateral chamber. With cells seeded on
the inserts, the lower apparent permeability coefficients highlight the rate-limiting barrier
provided as a result of the cells.
To confirm that drug solutions and nanoparticles had no significant effect on the health and
barrier function of the 16HBE14o- cells, the effect on the permeability of FD4 from apical
to basolateral chamber was studied. An effect on the tight junctions of the 16HBE14o- cells
would result in a change in the permeability of the paracellular marker, FD4, over the period
of the experiment. The use of a fluorescent marker along with measurement of the TERs is
recommended to confirm whether there is a change in the coherence of the tight junctions of
the cells in the study [267, 423].
The rate of transport of FD4 across the cells treated with nanoparticles and drug solutions
was not significantly different to the control cells over the period of 24 hours, suggesting
that the drugs and nanoparticles did not affect the tight junctions and health of the cells at
the concentrations used and the time scale of the study carried out. No additional effect of
the drug was observed when comparing the drug encapsulated and blank nanoparticles.
In the current study the nanoparticles synthesized had a zeta potential of approximately 10mV and did not affect the permeability of the cells. This result agrees with that of
Salomon and Ehrhardt (2011) in which nanoparticles studied at concentrations ranging from
0.025 to 0.1 mg/mL showed little interaction of the negatively charged nanoparticles with
the cell membrane which did not affect the function of the cell membrane nor integrity.
Nanoparticles synthesized with biodegradable polymers for different applications have been
studied using various cell lines. Nanoparticles synthesized in the current study are
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negatively-charged as a result of the carboxylic acid groups on PLA present on the outer
surface of the nanoparticles, which was confirmed when assessing the zeta potential of the
nanoparticles. These particles are present in submicron range (approximately 200 nm).
Although the uptake of the nanoparticles has not been studied here, for other nanomaterials
such as PEG/PLA nanoparticles which are in the size range of 150-200 nm and also
negatively-charged, it has been suggested that translocation occurs across the epithelial
barriers

[422, 434]

. It was suggested that paracellular transport of nanoparticles which are

greater than 20 nm was not feasible because intercellular spaces open up to 15 nm only [422,
435]

. This suggests that, in the current study, the nanoparticles (average particle size range

approximately 200 nm) do not cross the cell barrier and that only the drugs are able to cross
the cells as a result of the small gap between the intracellular spaces.
Previous studies on the translocation of nanoparticles across cells also noted the use of an
appropriate pore size of the cell supports. While the most common pore size is 0.4 µm (used
in the current study); this is thought to be unsuitable to allow translocation of the
nanoparticles. A study used 1.0 µm pore supports for particles that were present in a size
range of 200-300 nm [372].
Other studies on nanoparticles included polystyrene nanoparticles present in a size of 50 nm
and 100 nm. In order to study their transport and uptake across Calu-3 cells, these
nanoparticles were fluorescently-tagged but a setup on Transwell® inserts using Calu-3
cells was carried out. The final concentration used was 0.4 mg/mL and showed limited
effect on the tight junctions in unmodified nanoparticles and a greater uptake of the
(unmodified) nanoparticles which were below 50 nm [436].
Cell uptake of negatively-charged nanoparticles would also be limited due to the negative
charge on the cell membranes however a study carried out on PLGA nanoparticles reported
that the cellular uptake of the negatively-charged nanoparticles would be high due to the
strong, non-specific interaction with the positively-charged sites on the plasma membrane
causing bending of the membrane favoring the formation of endocytosis invaginations

[297,

380, 437]

. The mechanisms that are thought to allow uptake of the nanoparticles in the cells

include phagocytosis and pinocytosis. It has been suggested by Madlova et al (2009), that
nanoparticles are readily retained inside the cell and don’t translocate easily [372].
The effect of positively-charged chitosan nanoparticles has been a topic of great interest.
Research on nanomaterials has shown interaction between positively-charged substances
and the negatively-charged membrane. The positively-charged nanoparticles have also
shown the highest cytotoxicity; with minimal cell death induced by negatively-charged
nanoparticles, which suggests an effect on cell membrane integrity
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this positive charge of chitosan, conferred by the amino groups, interacts with the negative
sialic group on the mucus membranes opening the tight junctions [381, 422, 423, 438].
Various methods have been applied to study the effects of uptake and translocation of
biodegradable polymers. The current study used FD4, a fluorescent, paracellular marker to
indicate if there was any effect on the tight junctions of the cells; other studies have
synthesized fluorescence-tagged nanoparticles to study their effect on 16HBE14o- cells at
different concentrations in order to study the uptake and translocation [406].
To understand the uptake of polycaprolactone (PCL) nanoparticles instead of using the
drugs, FITC encapsulated into the nanoparticles. This approach could have been taken with
PLA nanoparticles synthesized in the current study to study the uptake to or follow
translocation, but nanoparticles encapsulating a compound other than the one of interest can
potentially possess different physicochemical properties such as the loading efficiency, size,
surface charge and release potential. Therefore, if a model compound such as FITC is
encapsulated in nanoparticles to study the uptake of the drugs, the additional effects of the
drugs may not be fully understood

[439]

. A similar method was chosen for PLGA-PEG

nanoparticles (where a fluorescent marker was used instead of drug)

[440]

. Polystyrene

nanobeads have also been assessed which contained a fluorescent tag. The size of the
nanobeads was 51nm; and these were seen to be translocated through the co-culture model
developed by Dekali et al (2014) [441].
The current study suggests that that although FD4 will be transported paracellularly, due to
the size of the nanoparticles, only the FD4 will be transported across the cell layer or as
suggested, nanoparticles may, by certain processes, be taken up by the cell. If the
nanoparticles had an effect on the tight junctions of the 16HBE14o- cells, then a change in
the concentration of FD4 accumulated in the basolateral chamber would have been seen. No
such change was observed that was considered a significant effect caused by treatment of
the cells with nanoparticles or drugs. However, to understand the uptake of the nanoparticles
in the cells, it would require tagging the nanoparticles with a fluorescent marker or
encapsulating the fluorescent marker in the nanoparticles instead of the drugs; however both
these changes can potentially alter the properties of the nanoparticles. Based on the studies
carried out, it suggests that, as a result of the tight junctions and due to the negative charge
of the nanoparticles and submicron particle size, only drug was transported across the cell
layers in the current study.
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5.4.3 COMPARISON OF THE THEOPHYLLINE AND BUDESONIDE
TRANSPORT ACROSS THE 16HBE14O- CELLS FROM
NANOPARTICLES AND SOLUTIONS OF EQUIVALENT
CONCENTRATIONS

Along with FD4, the drug concentration in the basolateral chamber was also determined.
The release and transport of the drugs from the nanoparticles was compared to theophylline
and budesonide standard solutions applied at equivalent concentrations. By determining the
release profiles and transport profiles, it enables an understanding of the potential
mechanisms the two drugs in the current study use to cross the cell monolayer. It is
extremely difficult and challenging to determine the concentration of drug reached in the
lung fluid after inhalation [335, 427].
Both lipophilic and hydrophilic compounds are absorbed by passive diffusion the former
transcellularly and latter paracellularly; these processes are reviewed by Haghi et al (2014)
[335]

. For compounds with a logP of less than 1.9, a similar permeability to mannitol (used as

a paracellular marker) was obtained. Compounds with a logP of greater than 2 showed a
high permeability coefficient (20x10-6 cm/second)[393].
The concentration of theophylline in the basolateral chamber of cells treated with drug
solutions is greater than that of cells treated with nanoparticles. Approximately 14% of
theophylline is transported across to the basolateral chamber from the solutions prepared.
The lower concentration of theophylline in the basolateral chamber for cells treated with
nanoparticles (and lower apparent permeability coefficients) can suggest that the rate
limiting step in the process was the release of the drug from the nanoparticles and not the
transport across the cell monolayer.
Theophylline (logP: -0.02) and FD4 (logP: -2.0) are hydrophilic molecules and as a result
transport may be similar by the paracellular route [8]. Theophylline has been studied by Zhu
et al (2015) using Calu-3 cells where approximately 97.9% of the drug deposited was
transported across. This study however, did not mention any potential transport mechanisms
[413]

. Caffeine is similar in structure to theophylline and has logP of -0.07, which is similar

to theophylline

[442]

. Due to limited information available on the transport of theophylline

across a cell monolayer, the information on the transport of caffeine was studied. In a study
using a 3D model of the respiratory epithelium, it was reported that the transport of caffeine
was by passive, transcellular, transport [428]. McCall also reported the transport of caffeine to
be by simple diffusion

[443]

. Extremely high apparent permeability coefficients have been

reported for the transport of caffeine (approximately 20x10-6 cm/second)
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apparent permeability coefficients for theophylline are obtained in the current study in the
time period of 0-6 hours suggestive of a passive, transcellular mechanism, similar to
caffeine.
In a study by Mukherjee et al (2012), it was suggested that the maximum dose of
bronchodilators was 5 µM and 100 µM for corticosteroids

[427]

. The concentration was

reduced to 50 µM for corticosteroids due to the limited solubility [427]. These concentrations
have been reviewed by Haghi et al (2014)

[335]

. These concentrations are similar to what is

used in this study (for budesonide): but further increasing the concentration of the drug
would, as described, be limited as a result of the poor solubility of budesonide in the cell
culture medium.
The transport of budesonide across the 16HBE14o- cells was more rapid from the solutions
than the budesonide released from the nanoparticles, consistent with the results obtained for
theophylline. Similarly, this is thought to be due to transport of budesonide being dependent
on release of budesonide from the nanoparticles (rate limiting step). By being present in an
un-favorable aqueous environment, the release of budesonide from mono- and coencapsulated nanoparticles may be further reduced and was less than 1% after a period of 24
hours.
Corticosteroids are reported to be transported by use of the transporter protein, Pglycoprotein and compete with passive diffusion. The high lipophilicity can lead to an
increased uptake and retention leading to an increased effect of glucocorticoids in the
[445]

airways

. The transport of budesonide across epithelial cells has been studied and

reviewed extensively.
Budesonide is moderately lipophilic (logP: 2.17) [445]. In airway tissue, budesonide becomes
esterified and conjugated to fatty acids intracellularly resulting in retention of the compound
in the cells and can result in apical release for over a period of 10 hours

[335, 392, 445, 446]

. The

conjugation of budesonide resulted in creating an intracellular depot. The conjugated form
of budesonide is highly lipophilic (2-4 greater lipophilicity)

[445, 447]

. Approximately 50% of

the inhaled budesonide is esterified at C21 hydroxyl group of budesonide

[447, 448]

. The

prolonged airway retention is as a result of the increased selectivity [445] and occurs ten times
greater in the airways than peripheral tissues

[449]

. The conjugate itself is inactive in form

[446]

. Upon replacement of the medium in vitro or presence of lipases, the conjugation is

reversed and the non-conjugated form of the steroid is released [446, 447]; this is a rate-limiting
step

[450]

. When the concentration of budesonide is reduced, the ester form is reversed back

to the active drug

[449]

. The prolonged action of budesonide in the airways as a result of the

esterification suggests that budesonide is as effective as or more effective than other inhaled
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corticosteroids

[450]

on the structure

. The process of conjugation is selective to budesonide as it is dependent

[451]

.

In a study by Borchard et al (2002) on budesonide and fluticasone transport across Calu-3
cells, showed gradual release over the period of 10 hours; these results are similar to what is
obtained in the current study [452]. This study suggested concentration-dependent transport of
budesonide when using Calu-3 cells. In order to determine the intracellular fatty acid
conjugation of budesonide, which results in a gradual release of active budesonide, the
Calu-3 cells were incubated for 2 hours with 30µM of budesonide and washed on both
apical and basolateral side. After 10 hours, it was noted that 68.5% of the initial
concentration was present on the apical chamber, but only 14.2% present on the basolateral
chamber. In the current study, an overall recovery of only approximately 10% of budesonide
(total from both apical and basolateral chambers) was obtained, which can potentially
suggest intracellular conversion of budesonide to the inactive form; however to confirm this,
further work would be required to be carried out. Higher apparent permeability coefficients
(approximately 5x10-6 cm/second) have been reported for budesonide than the current study
and differences maybe be as a result of a different cell line being used in the current study
[452, 453]

. Additionally, a higher concentration of the budesonide used in the current study may

potentially result in a greater conversion of the drug to the inactive form resulting in less
active drug available/transported across the cells.
However, in a study by Manford et al (2005) using 16HBE14o- cells, a higher apparent
permeability coefficient for budesonide (10x10-6 cm/second) than that obtained in the
current study was reported

[425]

. The use of DMSO (0.1%v/v) in the test solutions was

suggested to affect the integrity of the tight junctions and which suggests a more rapid
transport of the drug and drop in the initial TERs of the cells [425].
The current study on the drug transport of theophylline and budesonide is mainly limited
due to a single concentration of nanoparticles (0.6 mg/mL) being used for analysis. As
discussed, there have been studies reported where a single concentration has been used to
understand the effect on the health of the cells. A study carried out on chitosan-PLGA
nanoparticles was studied a single concentration of 0.9 mg/mL of the nanoparticles [297]. The
concentration of test samples selected by other studies was based on the information
obtained from the cytotoxic assessment of the compounds being analyzed similar to the
current study

[381, 422]

. Other studies carried out have based the concentration of drugs used

on the therapeutic doses of the drugs in consideration [386]. The disadvantage of using higher
concentrations of drugs includes an effect on cell. As the current study allows understanding
of the transport of theophylline and budesonide across 16HBE14o- cells, further information
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can be obtained by developing a suitable method to study the uptake of the nanoparticles
and the effects intracellularly.
A further limitation to the current study was the sensitivity of the analytical technique
(HPLC) used. The use of HPLC resulted in some peaks not being detected and therefore
resulting in large variations in the results and therefore in order to improve the method and
analysis, it would be important to use a more sensitive technique. Low recovery values of
budesonide can also suggest adsorption of budesonide to the plastics of the wells resulting
loss of the drug, which can potentially lead to inaccurate calculations of the apparent
permeability coefficient as a result of the lower concentration than what is used in the actual
calculations.
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5.5 CONCLUSIONS
The main aim of the study was to assess the transport of theophylline and budesonide across
the 16HBE14o- cells when delivered as mono- and co-encapsulated nanoparticles and
compare this to drug solutions of equivalent encapsulated concentrations. The results were
able to show successful sustained released of the drug from nanoparticles represented by a
lower drug concentration in the basolateral chamber of cells treated with nanoparticles in
comparison to the solutions. Budesonide showed a lower apparent permeability coefficient
and was suggested from previous results that this may potentially be as a result of the
intracellular esterification and fatty acid conjugation on budesonide or due to binding of the
budesonide to the plastic of the Transwells® which can lead to a low overall recovery.
An additional aim was to obtain further information on the health of the cells by
determining any changes in the transport of a paracellular marker, FD4. Treatment of the
16HBE14o- cells with theophylline and budesonide present as solutions or released from the
nanoparticles showed no significant effect on the tight junctions compared to the control
which was measured by similar cumulative concentration of FD4 in the basolateral
chamber.
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CHAPTER 6 IN VITRO DEPOSITION OF
THEOPHYLLINE AND BUDESONIDE
MONO- AND CO- ENCAPSULATED PLA
NANOPARTICLES
6.1 INTRODUCTION
Pulmonary administration of drugs to treat local diseases and the challenges of pulmonary
drug delivery has been discussed in Chapter 1

[25, 235, 253, 454-459]

. There are three principal

formulations that are used to deliver drugs to the lungs which include pressurized metered
dose inhalers (pMDIs), nebulizers and dry powder inhalers (DPIs), which are all equally
efficacious if used correctly

[25]

. All the devices have been discussed in detail in Chapter 1.

Formulation factors are tightly controlled to ensure that a reproducible and efficient dose is
obtained after actuation.
Nebulizers are very efficient in creating mists of extremely fine droplets of active containing
particles with good pulmonary deposition

[460]

. The types of nebulizers include jet

nebulizers, ultrasonic nebulizers and vibrating mesh nebulizers

[25, 41]

. Jet nebulizers use a

compressed source of gas and ultrasonic nebulizers make use of a piezo-electric crystal
vibrating at a high frequency, which allows production of inhalable aerosol

[27, 40]

. Vibrating

mesh nebulizers also reduce the droplet size by the use of apertures in the device and come
in an active and passive form. Advantages of using nebulizers are that a breathing effort is
not required and the patient can continue with a normal breathing cycle while the dose is
being nebulized. The main disadvantages of using nebulizers include the time required to
administer the drugs and that they are generally large, and not portable

[4, 25, 289, 457]

.

Formulations made for nebulization should be sterile products and could require the use of
excipients such as surfactants e.g. polysorbates, sorbitans or use of preservatives such as
parabens or even salts (NaCl) for optimum osmolality [11, 457].
Significant research and effort is taken to develop and improve DPIs and aiming to improve
the efficiency of drug delivery [461]. DPIs are seen to be a more favorable choice than pMDIs
mainly due to the long term stability in their solid state and bioavailability of the drugs in
comparison to drugs present in a solution

[235]

. DPIs have also shown better patient

compliance due to being breath-actuated in comparison to the other formulations

[460, 462]

Devices currently available are portable, propellant-free, easy to operate and low cost
463-466]

.

[289, 455,

. They are potentially available for a wider range of drugs than pMDIs as a result of
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[460]

their increased stability

. However, some disadvantages include loss of drug if exhaled

into the device, dependence on the inspiratory effort put in by the patients, strict formulation
characterization and optimization

[25]

. Deposition of drugs from DPI formulations depends

on the actual powder formulation, the device, technique adopted by patient and the metering
system [11, 467-469].
DPIs mainly consist of adhesive ‘ordered’ mixtures of the active ingredient which is
adhered to the surface of a coarse carrier particle to form binary formulations
461, 463, 467, 470-473]

[11, 455, 457, 460,

. In general, the active particles will detach from the coarse carrier particles

by overcoming the inter-particulate (adhesion) forces in order to deposit at the target site;
inefficient detachment results in inefficient delivery of the drug [11, 289, 455, 457]. It is important
that the DPI dose delivered is reproducible and consistent, obtaining a high pulmonary
deposition. This can be achieved by carefully selecting carriers as aerosolization efficiency
is highly dependent on carrier characteristics [455, 474]. Carrier particles help improve the drug
particle flowability and improve the dosing accuracy by reducing the variation between drug
formulations alone
100µm

[455]

. Particle size range for the carriers vary and can vary from 50-

[457]

. Carrier molecules act as a bulking agent, allowing handling, dispensing and

metering of the dose easier, potentially improving the deposition profile

[455, 471, 475]

. Ideal

properties of carrier particles include physicochemical stability, inert, compatibility with the
active ingredient, economical and biocompatible

[457, 463, 476]

. The use of computational fluid

dynamics (CFD) suggest that complete dispersion of the powder never occurs but is more
important to obtain flow rates and turbulence as a result to allow maximum dispersion

[477]

.

Variation in the formulation can lead to changes in the deposition profile of the product and
affect its overall efficiency [478].
Lactose is a commonly used excipient and a carrier used in preparing DPI formulations

[455,

461]

. Lactose is present in two isomeric forms as α- or - lactose monohydrate as well as in

an amorphous form. Lactose has a well investigated toxicity profile, good physical and
chemical stability, high compatibility, is readily available and economical [455]. Properties of
lactose that are considered when selecting a grade include morphology and surface
chemistry [233, 472]. The roughness of the surface of the lactose carrier particles and formation
of cavities in which drug particles can adhere to can affect uniformity of dose and
deposition as these can play a role in the attachment and detachment of active and carrier
particles [289, 460, 470].
There has been a large debate on the effect of the addition of ‘fines’ to the mixtures of
actives and lactose particles, and their role in increasing the fine particle fraction (FPF) [471].
‘Fines’ are small particles which act as spacer or flow enhancers instead of fulfilling a role
189

Chapter 6: In vitro deposition of theophylline and budesonide mono- and co-encapsulated
PLA nanoparticles
as a carrier particle and may have a role in minimizing agglomeration

[470]

. ‘Fines’ are

classified as particles between a size range of 0.1-2µm and ‘ultrafines’ as <0.1µm

[5]

. The

particle size distribution of the carrier particles can lead to presence of ‘fines’, which can fit
into voids encouraging packing of the particles. Addition of other ternary components such
as magnesium stearate also help reduce the cohesive forces and improve flow by binding to
sites on the surface of the carrier particles to which active ingredients may not adhere to

[455,

460]

. Coating of carrier excipients has also been studied as an option to improve the aerosol

performance of products

[479]

. In some studies, the drug itself was micronized in order to be

suitable for delivery to the lungs. Problems of dispersion and uniformity of content can be
alleviated by adapting this technique [460].
The main aim of drug delivery using a DPI is that the dose delivered is consistent and
reliable therefore requiring sufficient energy to overcome inter-particulate forces and de[233]

agglomeration of the mixture to deliver the respirable fraction

. Less than 20% of the

emitted dose is present as a respirable fraction due to poor aerolization efficiencies of the
DPI device [233].
Particles can resist flow due to solid-solid particle friction
particles can occur due to van der Waals (VdWs) forces

[480]

. Cohesion between lactose

[457, 481]

. Other forces that must be

overcome in order to detach the active and the carrier particles include electrostatic charges,
which are due to frictional movement of the particles called ‘triboelectric charging’

[457, 480]

and capillary forces [11]. Ternary compounds added to the mixture can affect the electrostatic
charges and even affect the interaction between the drug, carrier and surrounding
environment

[460]

. For the efficient delivery of the drug and reproducibility of the dose, it is

important to overcome the cohesive and adhesive forces but also important to achieve a
balance between cohesive and adhesive forces in the powder mixture

[289, 460, 467, 474, 482, 483]

.

Decrease in particle size and increase in surface area leads to increased cohesion. This is
further affected by changes in shape, surface roughness (irregular surfaces lead to more
contact points, decreasing powder fluidity), density and porosity

[463]

. It is important to

maximize the fraction of the powder that is emitted upon inhalation by the patient which is
of a respirable size [482].
Several methods are applied in order to formulate dry powders suitable for pulmonary
delivery including spray drying. Spray drying can be carried out alone with the drug
particles or in combination with the carrier particles

[460]

.Spray drying allows particles to be

present in a narrow size distribution with a higher purity, compared to other techniques such
as jet milling

[462, 484-486]

. However, not all particles can be treated in the high temperatures

used in spray drying. Main disadvantage is the production of low yield of samples
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Lactose can also be prepared by milling or sieving; this process can also be used for the
active drug if used alone. Milling produces more ‘fines’ increasing the FPF but in
comparison to this method, a greater emitted dose is produced with sieving technique

[480]

.

The particle size obtained when the milling technique is applied is more varied. Another
method, air jet milling, produces particles within a respiratory range, but there is limited
control of physicochemical characteristics, such as particle size, using this technique.
Further to this, air jet milling can produce particles with an electrostatic force resulting in
increased cohesiveness and poor flow

[460]

. Supercritical fluid precipitations (SCF) also aid

in the production of uniform particles in terms of morphology, crystallinity, size distribution
and produce a less electrostatic charge [474].
Along with formulation characteristics, the role of the device chosen for DPIs is equally
important

[460, 463, 474]

. Devices are available as single unit or multiple unit dosing devices.

Currently all devices are ‘passive’ devices

[474]

. Single unit devices require patient’s ability

to place capsule in the device, pierce it successfully and inhale the drug. Multiple dosing
devices have an advantage of less contamination and less technique required from patients
(who might be less able to insert/pierce capsules successfully). Devices also have a role in
the deagglomeration of particles, which also relate to the adhesive and cohesive forces
between the drug and the carrier [483]. Device factors that can play a role in deagglomeration
include grid structure, mouth piece length, air-inlet size and resistance of the device

[487]

.

Factors such as humidity and hygroscopicity of the formulations also need to be considered,
as it can lead to instability and alteration in the deposition profile due to uptake of water

[460,

463]

. Devices chosen should be sealed and prevent moisture uptake by the formulation during

storage [474].
In general, no matter how good the DPI design and powder formulation characteristics are
the efficacy depends on patient compliance and training to use the device correctly. Patient
education is critical and plays a large role in the successful treatment of asthma and COPD
[23, 36, 112, 474]

.

Measurement of aerosol efficiency, or deposition, can be measured using cascade impactors
or impingers. Each stage contains a single or a series of nozzles or jets through which the
aerosolized sample laden air is drawn directing airborne particles towards the surface of
collection plate but impacting on a particular stage depending on the aerodynamic diameter.
The particles stay entrained in the airstream until it impacts on the particular stage. The
stages in the cascade impactor are assembled together in a stack of decreasing particle size.
As the diameter decreases, the air velocity increases and finer particles are collected through
each stage

[455, 463, 471]

. Fine particle dose (FPD) is calculated in relation to the total emitted
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dose that has deposited in the respiratory region. Fine particle fraction (FPF) is a percentage
of the FPD

[11, 456, 457, 477]

. Other calculations also include Mass Median aerodynamic

diameter (MMAD) which relates the particle aerodynamic diameter to the diameter of a
sphere of a unit density that would have the same settling velocity as the particle in
consideration [11, 455, 457]. In this study, the multi-stage liquid impinger (Figure 6.1) was used
to investigate at which stage the formulated nanoparticles would deposit.

6.1.1 AIM OF THE STUDY
The aim of this portion of the study was to investigate the in vitro deposition profiles of the
theophylline and budesonide co- and mono-encapsulated nanoparticles using different
inhaler formulations. The two most suitable formulations to administer nanoparticles
successfully are thought to be a nebulized suspension of the nanoparticles and dry powder
formulations using lactose as a carrier in the mixture. In order to formulate dry powder
formulations, four different grades of commercial lactose will be selected and characterized
to understand differences in the deposition profiles and which lactose grade provides
improved deposition. It is hypothesized that the deposition of theophylline and budesonide
nanoparticles from dry powder inhalers will depend on the characteristics of the lactose
used.
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6.2 MATERIALS AND METHODS
6.2.1 MATERIALS
Copley Scientific Glass (Twin) Stage Impinger, Copley Scientific Ltd, Nottingham, UK
Copley Scientific Multi stage liquid impinger (aluminum type), Copley Scientific Ltd,
Nottingham, UK
Copley High Capacity Vacuum Pump (HCP5), Copley Scientific Ltd, Nottingham, UK
Copley Flow meter (Model: DFM3), Copley Scientific Ltd, Nottingham, UK
Mouthpiece adapter for nebulizer, Copley Scientific, UK
Mouthpiece adapter for Cyclohaler®, Copley Scientific, UK
Omron COMP AIR compressor nebulizer (Model: NE-C28P), OMRON
HEALTHCARE UK LTD, Milton Keynes, UK
Cyclohaler/Aerolizer® device,
18.2MOhms deionized water
Methanol (HPLC grade), Fisher Scientific, UK: Lot: 1493729 (Code: M/4056/17)
Filter paper, Fisherbrand QL 100, 70mm (diameter), Fisher Scientific, UK (Code:
FB59017)
Centrifuge tubes (30 mL), Fisher Scientific, UK
Size 3 hard gelatin capsules, Capsugel, UK
Lactohale® 201, DFE Pharma, Germany (Product code: 585791)
Lactohale® 300, DFE Pharma, Germany (Product code: 585814)
Respitose® ML001, DFE Pharma, Germany (Lot: 10759897)
Respitose® ML006, DFE Pharma, Germany (Lot: 10767946)
SEM Specimen Stubs (aluminium), 12.5mm diameter, 3.2 x 6mm pin, AGAR
Scientific, United Kingdom (AGG301F)

193

Chapter 6: In vitro deposition of theophylline and budesonide mono- and co-encapsulated
PLA nanoparticles
Carbon adhesive double sided disc/tape (Leit Adhesive Carbon Tabs) for SEM stubs,
AGAR Scientific, United Kingdom (AGG3347N)
2mL crimp top clear Chromacol Vials- Autosampler Vials crimped (2CV-P220)(Lot:
70734807114), Thermoscientific, Germany
Chromacol 11mm crimp cap- Rubber/ PTFE Type 7 Rubber Lot 9132010752
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6.2.2 METHODS
6.2.2.1

ASSESSING THE DEPOSITION OF THEOPHYLLINE AND
BUDESONIDE FROM A NEBULIZED SUSPENSION OF
NANOPARTICLES USING A MULTI STAGE LIQUID IMPINGER
(MSLI)

6.2.2.1.1 Preparation of the nanoparticle suspension
To deliver the nanoparticles in a nebulized formulation, the nanoparticles were suspended in
18.2MOhms deionized water. The nanoparticles were weighed accurately (5 mg) and
suspended in 5mL of 18.2MOhms deionized water and sonicated for 60 seconds. The
suspension was transferred into the chamber of the nebulizer and the weight of the chamber
plus suspension was recorded.

6.2.2.1.2 Set up of the MSLI for assessment of nebulizer suspension
A schematic diagram of the multistage liquid impinger is shown in Figure 6.1. An Omron
COMP AIR compressor nebulizer (Model: NE-C28P) was used in the current study. This
nebulizer consisted of an air tube connecting to the nebulizer device and mouthpiece. The
solvent system that was used in the MSLI was 70:30 methanol: water (mobile phase). In
stages 1-4, 20 mL of the mobile phase was added. A filter paper (70mm pore sizes 450 µm
(Fisherbrand®) was placed at Stage 5. The mouthpiece adapter was placed at the end of the
induction port where the nebulizer mouthpiece would be placed. In order to study nebulized
solutions and suspensions using the MSLI the recommended flow rate was 60 L/minute.
Before operating the nebulizer, the flow pump was run for a period of 10 seconds. After 10
seconds had elapsed, the nebulizer pump was switched on and run for a duration of 5
minutes. After the period of five minutes, the nebulizer pump was switched off, but the flow
pump of the MSLI was run for an additional 5 seconds. The flow rate was pre-calibrated
before each run using a flow meter (Copley Scientific Ltd) to ensure the flow rate is 60 (±5)
L/minute. After completion of the run, each stage of the MSLI was washed in order to
obtain the entire sample. The 20 mL dispensed in Stages 1-4 was collected, and each stage
further washed with 5 mL of 70:30 methanol: water. The throat and mouth piece was
washed with 10 mL 70:30 methanol: water. The nebulizer chamber was washed carefully
with 10 mL of methanol. The filter paper placed in Stage 5 of the device was washed with
10 mL of methanol. Each sample was incubated at room temperature for 24 hours for
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complete extraction of the drugs into solution and analyzed by HPLC to determine the
concentration.

Figure 6.1 Schematic diagram of multi-stage liquid impinger (MSLI). Each stage presents a cut off
diameter when operated at a specified flow rate. Image is from Copley Scientific Ltd Brochure for Inhaler
testing [488]

6.2.2.2

ASSESSING THE DEPOSITION OF THEOPHYLLINE AND
BUDESONIDE FROM DRY POWDER INHALER (DPI)
FORMULATIONS OF NANOPARTICLES USING A MSLI

6.2.2.2.1 Grades of inhalable lactose used
Four different commercially available carrier grades of inhalable lactose were used and
compared in the current study (Table 6.1). Their particle size and preparation of techniques
were different and the methods carried out by the manufacturer were supplied in certificate
of analysis of these excipients.
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Table 6.1 Properties and particle size of the different grades of lactose used to formulate dry powder
mixtures for inhalation provided in the certificate of analysis by commercial supplier [33]
Lactose grade

Characteristics
Hard milled lactose
Irregular shaped particles with
various amounts of fine particles
Micronized lactose
Size comparable with particle size
of the active
Highly cohesive material
Milled inhalation grade lactose
Broad particle size distribution
Fine milled inhalation grade lactose
with narrow particle size
distribution

Lactohale® 201

Lactohale® 300

Respitose® ML001

Respitose® ML006

D50 (µm)
<50

<5

<55

<17

6.2.2.2.2 Preparation of the dry powder inhaler formulations of PLA
nanoparticles and lactose
A 5 mg quantity of nanoparticles was mixed with 40 mg of lactose added stepwise and
mixed as summarized in Figure 6.2. The resulting mixture was filled into size 3 hard shell
gelatin capsules (Capsugel®).

5 mg NP + 5 mg
lactose

manually mixed, then
addition of 10 mg
lactose

manually mixed, then
addition of 25 mg
lactose

Mixed using Turbula
mixer (60 rpm) for 2
hours

Figure 6.2 Method of preparing dry powder mixtures of nanoparticles (co and monoencapsulated) and lactose (NP= nanoparticles)

6.2.2.2.3 Characterization of the dry powder formulations
Uniformity of mixing

To measure the uniformity of mixing of the nanoparticles, determined as a measure of
theophylline and budesonide concentration in the mixture prepared, three random samples
of the mixture (5 mg±0.25 mg) were weighed into an extraction tube and 3 mL of methanol
was added. The samples were then left in methanol for a period of 24 hours to extract the
drugs and the concentration determined using HPLC analysis (Chapter 2, Section 2.2.2.2.6).

Scanning electron microscopy (SEM)

SEM was used for morphological assessment of the dry powders and determination of
particle size. From each powder, <1 mg was taken and placed on an adhesive on an

197

Chapter 6: In vitro deposition of theophylline and budesonide mono- and co-encapsulated
PLA nanoparticles
aluminum stub for particle morphology characterization. The method followed is described
in detail in Chapter 2, Section 2.2.2.2.2.

6.2.2.2.4 Assessment of aerodynamic characterization of dry powder
formulations
The DPI device used for assessment was a Cyclohaler (Aerolizer)® device. This device
requires insertion of a size 3 hard shell gelatin capsule, filled with the powder. After placing
it in the device and attaching the appropriate mouthpiece (Copley Scientific, Ltd), the
capsule was pierced to release its contents. The weight of the capsule (with powder) was
recorded before and after a run was carried out, in order to determine how much powder
was emitted from the device. The MSLI was prepared as described previously (Section
6.2.2.1.2). The mouthpiece adapter was placed at the end of the induction port, in which the
Cyclohaler® device was inserted. The flow rate was 60 (±5) L/minute which would produce
a drop of 4.0 kPa over the inhaler device when testing the deposition of the test compounds
using the MSLI [489]. The duration of the run was 4 seconds. The flow rate, solvent and the
volume in each stage and extraction of sample from the MSLI was carried out in the same
manner as described in Section 6.2.2.1.2. In addition, the capsule and the Cyclohaler®
device were also rinsed with methanol (10 mL).

6.2.2.3

STATISTICAL ANALYSIS

To determine if any changes in the deposition were significant between replicates of dry
powders and between co- and mono-encapsulated nanoparticles nebulized suspensions of
nanoparticles, a two way ANOVA was carried out. P<0.05 suggests a significant difference.
Bonferroni post hoc tests were carried out for this statistical analysis.
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6.3 RESULTS
6.3.1 DEPOSITION OF THEOPHYLLINE AND BUDESONIDE FROM A
NEBULIZED SUSPENSION OF MONO AND CO -ENCAPSULATED
NANOPARTICLES MEASURED USING A MSLI
A large percentage of nanoparticles (and therefore drugs) remained in the chamber of the
nebulizer when the suspension was nebulized. This amounted to approximately 40% for
theophylline, whether delivered as co- or mono-encapsulated nanoparticle suspension
(Figure 6.3). It was observed that high percentages for theophylline were recovered from all
stages of the MSLI; approximately 20% of theophylline deposited in stage 5. A high
percentage of theophylline was also recovered from stages 2-4. The amount of theophylline
recovered from the various stages of the MSLI for both types of nanoparticles was not
significantly different (P>0.05), suggesting a similar deposition profile of the nanoparticles.
Lower percentage deposition is obtained in the throat and stage 1 of the MSLI. Extremely
large variation in the concentrations at each stage suggests variation in drug loading during
nanoformulation. The fine particle fraction was calculated to be 69.26±19.23% and
60.02±20.69% for theophylline mono- and co-encapsulated nanoparticles, respectively.
Co-encapsulated

Percentage of theophylline (%)

60

Mono-encapsulated

50
40
30
20
10
0
Device

Throat

1

2
Stage

3

4

5

Figure 6.3 Comparison of the deposition profiles of theophylline from co- and mono-encapsulated
nanoparticles in the different stages of the MSLI when delivered as a nebulized suspension (n=3,
mean±SD) (P>0.05 for theophylline co- and mono-encapsulated nanoparticles)
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A similar deposition profile to encapsulated theophylline was observed for budesonide
(Figure 6.4). But approximately 25% of budesonide was recovered from the nebulizer
chamber. With a large variation in the mono-encapsulated sample, this showed a range from
10-40% of budesonide present in the chamber of the nebulizer. The differences between the
percentage of budesonide calculated in the mono and co-encapsulated nanoparticles could
be as a result of different loading concentrations of the budesonide from the synthesis stage.
Apart from the concentration calculated at Stage 5, these differences were not significant
(P>0.05). Overall, a lower total concentration of budesonide was recovered from both
mono- and co- encapsulated nanoparticles (56% and 85%, respectively).A lower deposition
percentage of drugs are obtained in the throat and stage 1 and a greater percentage is
obtained where the cut off diameter is 6.8µm (from stage 3 to 5). This is in the range of
recommended particle size for pulmonary deposition.

The fine particle fraction was

calculated to be 20.31±4.18% and 48.90±14.94% for budesonide mono- and coencapsulated nanoparticles, respectively.
Co-encapsulated
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Mono-encapsulated

45
40
35
30
25
20
15
10

*

5
0
Device

Throat

1

2
Stage

3

4

5

Figure 6.4 Comparison of the deposition profiles of budesonide from co- and mono-encapsulated
nanoparticles in the different stages of the MSLI when delivered as a nebulized suspension (n=3,
mean±SD) (*=P<0.05)
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6.3.2 CHARACTERIZATION OF THEOPHYLLINE AND BUDESONIDE COAND MONO -ENCAPSULATED NANOPARTICLES AND DPI MIXTURE
6.3.2.1

Uniformity of Mixing of mono- and co-encapsulated
nanoparticles

Uniformity of mixing of the drugs was measured for each of the different types of the DPI
formulations prepared. The limits for the uniformity of content between samples should be
between 75-125% of the original concentration

[489]

. The concentration of theophylline and

budesonide in the nanoparticles used to formulate dry powders with lactose was calculated
prior to using the nanoparticle sample. Analysis was carried out using HPLC using the
method described in Chapter 2, Section 2.2.2.2.6. For this part of the study, the initial
loading concentration of theophylline (13-18%) and budesonide (50-55%) was determined
for what would be present in 5 mg of the nanoparticles. The initial drug loading value would
be represented as 100% and therefore concentration of the drug concentration obtained in
the random aliquots are percentage of the initial loading concentration. An average loading
concentration is obtained for both the drugs in each dry powder formulation using different
grades of lactose as the carrier. Percentage of theophylline and budesonide calculated after
mixing with lactose carrier powders are shown in Table 6.2.
Ideally, a similar concentration of theophylline and budesonide in the random aliquots
would suggest uniformity in the mixture after mixing processes (and encapsulation). This
would be represented by smaller percentage relative standard deviation for the concentration
calculated in the lactose grade. The data shows the average budesonide or theophylline
loading calculated in the random aliquots
From the powder mixtures formulated using Lactohale® 201 the variation ranged between
10-22% in all the samples with a greater variation in the concentration obtained in the coencapsulated samples. The greatest variation in the percentage of theophylline and
budesonide calculated was obtained for nanoparticles mixed with Lactohale® 300 in
particular, the co-encapsulated nanoparticles. The high variation suggests the inefficient
mixing or adherence between nanoparticles and the ‘fines’ and suggests that some regions
may contain a high concentration of nanoparticles and some a lower concentration.
The least variation was obtained in the dry powder mixtures formulated using Respitose®
ML001 samples. From all the different dry powder mixtures the variation was calculated
between 2.51 to 9.52%. This was the smallest range from all the different dry powder
mixtures showing good mixing of the samples and uniformity in the dose. Respitose®
ML001 lactose particles contain a broad size distribution and this could result in
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nanoparticle freeze dried agglomerates being able to bind to some ‘fines’ and to larger
coarse particles. A bigger range, but similar percentage variations were obtained for the
samples formulated using Respitose® ML006 as for Lactohale®201 (except budesonide
mono-encapsulated nanoparticles which were seen to be very low).
In summary, Respitose® ML001 showed better uniformity of content of the nanoparticles
and the greatest variation was produced in the DPI mixtures formulated using Lactohale®
300. Although variation could be mainly due to the mixing properties, it could also be
accounted for the variation in loading concentration. From the data obtained on the average
variation, it is suggested that the differences in the variation in Respitose® ML001 is
significantly lower than the remaining samples (P<0.05).
Table 6.2 Average percentage of theophylline and budesonide calculated in random aliquots of dry
powder samples

Lactose grade

Sample

Budesonide
monoencapsulated

Budesonide
coencapsulated

Theophylline
monoencapsulated

Theophylline
coencapsulated

Lactohale® 201

Average

18.28

34.73

5.79

8.74

SD

1.91

6.09

0.77

1.94

% RSD

10.47

17.54

13.23

22.20

Average

12.95

23.19

5.93

5.21

SD

0.84

8.92

0.91

3.21

% RSD

6.46

38.44

15.37

61.70

Average

6.97

4.13

2.79

9.97

SD

0.18

0.23

0.14

0.95

% RSD

2.51

5.50

5.12

9.52

Average

11.86

17.08

7.69

4.14

SD

0.14

3.91

1.51

0.93

% RSD

1.17

22.91

19.61

22.48

Lactohale® 300

Respitose®
ML001

Respitose®
ML006
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6.3.2.2

Morphological examination of the dry powders

Powders synthesized with Lactohale® 201 showed large particles of lactose (D50 given by
the commercial supplier is 50µm) with nanoparticles adhered onto the lactose (Figure 6.5).
In support of the uniformity of content data showing large variation in the concentration
(Section 6.3.2.1), there are regions concentrated with nanoparticles, and regions with an
absence of nanoparticles. Similar observations were made for all mono- and co-encapsulated
nanoparticles. The SEM images also showed ‘fine’ particles adhered to the irregular surface
of the larger coarse lactose carrier particles, which can affect the binding of the
nanoparticles.
Lactohale® 300 is a micronized form of inhalable lactose which is comparable in particle
size to the active (Figure 6.6). The SEM images show differences in the appearance of this
formulation in comparison to other lactose powders studied and the sample shows the
presence of a large amount of ‘fines’, which this lactose grade mainly consists of. Due to the
particle size of the lactose, it is extremely difficult to see nanoparticles mixed in the sample.
Similar to Lactohale® 201, there are regions of only lactose with the absence of any
nanoparticle sample. Nanoparticles were identified due to their characteristic morphological
features described in Chapter 2, Section 2.3.4, which are spherical in shape and present in a
sub-micron range.
Lactose grade Respitose® ML001 is similar to Lactohale® 201 (D50 given by the
commercial supplier is 55µm) but has a broad size distribution (Figure 6.7). The samples
show very good distribution of the nanoparticles (both mono- and co-encapsulated) within
the lactose similar to Lactohale® 201.
Morphological assessment of the Respitose® ML006 lactose grade (D50 is 17µm),
containing a narrow size distribution, was also carried out (Figure 6.8). Similar to previous
observations, there are regions where nanoparticles are present and absent and large
aggregates of nanoparticles can be observed.
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Nanoparticles
adhered to the
surface of a
lactose particle

Lactose particle
with ‘fines’
adhered on the
surface

Mixture of
nanoparticles
and lactose

Figure 6.5 Dry powder mixtures formulated mixing nanoparticles (co and mono-encapsulated) and Lactohale® 201. Lactohale® 201 particles are large, with a broad size
distribution. The images are of dry powder mixtures of Lactohale® 201 and A-B: co-encapsulated nanoparticles, C-D: theophylline mono-encapsulated nanoparticles, E-F:
budesonide mono-encapsulated nanoparticles
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Lactohale® 300
particles present
as a mixture of
fines

Mixture of
nanoparticles
and lactose
particles, seen in
a similar particle
size range

Lactose ‘fines’
and
nanoparticles
present together

Figure 6.6 Dry powder mixtures formulated mixing nanoparticles (co and mono-encapsulated) and Lactohale® 300. Lactohale® 300 particles are classified as ‘fines’ with small
particle size. The images are of dry powder mixtures of Lactohale® 300 and A-B: co-encapsulated nanoparticles, C-D: theophylline mono-encapsulated nanoparticles, E-F:
budesonide mono-encapsulated nanoparticles
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adhered on the
surface

Mixture of
nanoparticles
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the surface of
bigger lactose
particles

Large region of
nanoparticles
agglomerate
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Figure 6.7 Dry powder mixtures formulated mixing nanoparticles (co and mono-encapsulated) and Respitose® ML001. Respitose® ML001 particles are large, with a broad size
distribution, similar to Lactohale® 201. The images are of dry powder mixtures of Respitose ® ML001 and A-B: co-encapsulated nanoparticles, C-D: theophylline monoencapsulated nanoparticles, E-F: budesonide mono-encapsulated nanoparticles
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particles
Nanoparticles
adhered on the
surface of larger
lactose particles

Nanoparticles
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isolation

Nanoparticles
mixed with
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particles

Figure 6.8 Dry powder mixtures formulated mixing nanoparticles (co and mono-encapsulated) and Respitose® ML006. Respitose® ML006 particles are large in size, but with a
narrow size distribution. The images are of dry powder mixtures of Respitose® ML006 and A-B: co-encapsulated nanoparticles, C-D: theophylline mono-encapsulated nanoparticles,
E-F: budesonide mono-encapsulated nanoparticles
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6.3.3 EFFECT OF LACTOSE GRADE ON THE DEPOSITION OF
BUDESONIDE MONO -ENCAPSULATED NANOPARTICLES
DETERMINED USING

MSLI DELIVERED USING A DPI

The general pattern of deposition for the nanoparticles using the different grades of lactose
showed a greater deposition in the throat and stage 1 of the MSLI. This corresponds to
particles present in a size greater than 13µm.
The total percentage recovery obtained from the samples also varied with a higher
percentage recovery of budesonide in nanoparticles mixed with Lactohale® (201 and 300)
grade lactose in comparison to the Respitose® (ML001 and ML006) grade lactose. On
average, less than 50% of budesonide was recovered from the Respitose® lactose grade
samples.
Budesonide mono-encapsulated nanoparticles delivered with Lactohale® 201 showed a total
average recovery of 60.21% calculated from deposition at all stages, device and capsule
(Figure 6.9A). In determining the uniformity of mixing, the greatest variation in the
concentration of drugs selected from random sites was from samples formulated using
Lactohale® 300 (Figure 6.9B). This high variation between samples is also observed when
analysis was carried out on the MSLI at the different stages. Total average percentage
recovery of over 75% was obtained for budesonide nanoparticles formulated using
Lactohale® 300. A low total average recovery (42%) of budesonide was recovered from the
samples prepared using Respitose® ML006 (Figure 6.9C), and approximately 50% average
recovery using Respitose® ML001 was obtained (Figure 6.9D).
Overall, from all the different formulations produced using different grades of lactose, the
greatest deposition was observed in the throat and stage 1 of the MSLI. Variability between
the repeats for powders formulated using Lactohale® 201 was not significantly different
except for a high concentration of budesonide recorded for stage 1 in the second repeat
(P>0.05). For the budesonide nanoparticles mixed with Lactohale® 300, it was difficult to
determine a particular pattern of deposition due to the presence of large variation obtained
within samples. The large variation resulted in significant differences between each replicate
carried out (P<0.05). The greatest concentration of budesonide was recovered in the capsule
for these powders. For the budesonide nanoparticles mixed with Respitose® ML006, the
variations between the replicates was not significantly different (P>0.05). Although the
greatest concentration of budesonide was obtained from the sample present in the capsule
(15-18%), a high deposition was also obtained in the throat and stage 1 of the MSLI
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(approximately 7-10%). Deposition profile of budesonide nanoparticles mixed with
Respitose® ML001 are similar to that of Lactohale® 201, where a low concentration of
drug was calculated in the capsule and device, but a large deposition was observed in the
throat and stage 1 of the MSLI. On average 15% and 22% was deposited in the throat and
stage 1, respectively. The differences in the concentration recovered were not significantly
different (P>0.05).
A low percentage recovery of the nanoparticles was recovered from the capsules and
devices suggesting good flow properties of the powders formulated with Lactohale® 201
and Respitose® ML001. Percentage recovery was less than 5% for both these powders
which was not significantly different in each replicate (P>0.05). An extremely high
percentage recovery was calculated from the capsule for budesonide nanoparticles
formulated using Lactohale® 300 which was on average 47%. Over 15% of the budesonide
nanoparticles were recovered in the capsule for powders formulated using Respitose®
ML006.
As a larger concentration of nanoparticles was recovered in the throat and stage 1,
collectively from stages 3-5, a low amount was recovered. This content is referred to as the
‘fine particle fraction’ and was less than 15% for all the powders formulated using different
lactose grades. Between 5-10% of the nanoparticles were recovered in stages 2-5.
For powders formulated using Lactohale® 201 the FPF was calculated to be approximately
11.76%. The FPF calculated for the powders formulated using Respitose® ML006 was
approximately 8%. Similar to the previous results, a larger variation was observed in
samples synthesized using Lactohale® 300. The variation between replicates was shown to
be significantly different (P>0.05). The FPF for powders synthesized using Lactohale® 201
and Respitose ® ML001 were also present in the range from 8-11%.
Budesonide nanoparticles were also observed to deposit in the 5th stage of the MSLI for all
the formulations produced which was less than 1.5% for all the different formulations.
Although Lactohale® 300 consists of ‘fines’ and therefore would aid the deposition of the
particles in the lower stages of the MSLI, the amount of nanoparticles recovered in the fifth
stage was not significantly different to the other powders formulated (P>0.05).
Apart from Lactohale® 300, clearer deposition profiles were obtained for budesonide from
nanoparticle-lactose mixtures. The greatest deposition was achieved in the throat and stage
1. The FPF was calculated from stage 3 (where particle size is less than 6.8µm) and was
seen to be the greatest (and most varied) for samples formulated using Lactohale® 300.
Similar FPF were calculated for the remaining lactose grades.
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The deposition profiles for the two different grades of Lactohale® were shown to be
significantly different from each other at all stages of the MSLI, including the capsule and
device (P>0.05). The powders formulated using Respitose® ML001 and ML006 are shown
to be significantly different for the percentage of nanoparticles recovered in the capsule
(P<0.05). Lactohale® 201 and Respitose® ML001 were shown to have similar deposition
profiles (P>0.05).
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Figure 6.9 The effect of lactose grade on the percentage of budesonide mono-encapsulated nanoparticles depositing at each stage of the MSLI when delivered from a DPI.
(A) Lactohale® 201, (B) Lactohale® 300, (C) Respitose® ML001 and (D) Respitose® ML006 are administered using a Aerolizer® device. Each bar represents an
individual run and 3 runs were conducted. The x-axis represents the stage of the MSLI. (MP:Mouthpiece)
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6.3.4 EFFECT OF LACTOSE GRADE ON THE DEPOSITION OF
THEOPHYLLINE MONO -ENCAPSULATED NANOPARTICLES
DETERMINED USING

MSLI DELIVERED USING A DPI

Lactohale® 201 powders of theophylline nanoparticles showed a total average recovery of
82.67% theophylline. However, in the individual runs carried out, this ranged between
66.23-109.99%, which was not significantly different from each other (P>0.05) (Figure
6.10A). For Lactohale® 300 powders mixed with theophylline mono-encapsulated
nanoparticles the total recovery was calculated to be 116%; which may be as a variation in
the loading efficiencies of theophylline. The total average percentage recovery obtained for
the samples formulated using Respitose® ML001 was 60%. For theophylline nanoparticles
mixed with Respitose® ML006 the total percentage recovery ranged between 60-140%
(approximately).
For Lactohale® 201 an overall low concentration was obtained in the device; except for Run
2. Unlike budesonide nanoparticles mixed with lactose grades, a large variation was present
in all the different lactose grades in the assessment of theophylline nanoparticles deposition.
Approximately 15% of the nanoparticles are recovered in the capsule after actuation for
theophylline nanoparticles mixed with Lactohale® 201. The greatest amount of nanoparticle
was recovered in capsule for theophylline nanoparticles mixed with Lactohale® 300
(approximately 40%). Approximately 10% of theophylline nanoparticles were present in the
capsule after actuation for powders formulated using Respitose® ML006. Although a large,
significantly different variation is obtained, the lowest quantity of theophylline
nanoparticles were recovered from the capsule for powders formulated using Respitose®
ML001.
In general, deposition in stage 5 was obtained but greatest deposition was in the throat and
stage 1, similar to the deposition of budesonide. But each lactose grade presented a large
variation in the percentage of theophylline calculated from the nanoparticles recovered
resulting in some significant differences in the deposition profile. For powders formulated
using Lactohale® 201, a large concentration of nanoparticles were recovered in the throat
and stage 1. This was similar to powders synthesized using Lactohale® 300 (Figure 6.10B).
Theophylline nanoparticles mixed with Respitose® ML001 presented an extremely high
variation and was observed for the samples, which was seen to be statistically different for
some of the experimental replicates: run 3 (Figure 6.10C). Deposition of theophylline from
powders formulated using Respitose® ML006 also showed a similar pattern where the
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deposition was the greatest in the throat and stage 1 of the MSLI (Figure 6.10D). The
deposition profile was similar to that obtained with the nanoparticles deposited using
Lactohale® 201. Approximately 30-50% of the dose was calculated in stage 1 of the MSLI.
Due to this variation, it is difficult to determine a clear deposition profile, but on average the
greatest deposition was calculated for these stages.
Similar to budesonide nanoparticles, lower deposition occurred in stages 2-5. On average,
for all four different powders formulated, the quantity deposited in these stages was
significantly lower than that in stage 1 (P<0.05), except Lactohale® 201 stage 5 (P>0.05).
Theophylline nanoparticles mixed with Lactohale® 201 showed a FPF of 10% which was
similar to the budesonide nanoparticles mixed with Lactohale® 201. Similar FPF was
obtained for Respitose® ML001 (16%) and Respitose® ML006 (14.49%). But for both
samples large significant differences were observed in the replicates (P<0.05). Low
concentration of theophylline nanoparticles were recovered from stages 2-5 when mixed
with Lactohale® 300, suggesting that there would be poor deposition of the theophylline
mono-encapsulated nanoparticles in the lower region of the airways. The FPF calculated
was 5.60%.
Although a large amount of variation was observed in the individual replicates that were
carried out, on average; similar to the budesonide nanoparticles mixed with lactose, a large
deposition of the nanoparticles was recovered from the throat and stage 1. The quantity of
nanoparticles recovered in the capsule in Respitose® ML001 was significantly lower than in
the other lactose grades (P<0.05). The quantity of theophylline nanoparticles recovered from
the fifth stage of the MSLI when mixed with Lactohale® 201 was significantly higher than
the other powders (P<0.05).
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Figure 6.10 The effect of lactose grade on the percentage of theophylline mono-encapsulated nanoparticles depositing at each stage of the MSLI when delivered from a
DPI. (A) Lactohale® 201, (B) Lactohale® 300, (C) Respitose® ML001 and (D) Respitose® ML006 are administered using a Aerolizer® device. Each bar represents an
individual run and 3 runs were conducted. The x-axis represents the stage of the MSLI. (MP: mouthpiece)
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6.3.5 EFFECT OF LACTOSE GRADE ON THE DEPOSITION OF
THEOPHYLLINE AND BUDESONIDE CO -ENCAPSULATED
NANOPARTICLES DETERMINED USING

MSLI DELIVERED USING A

DPI

When produced as mixtures of mono-encapsulated nanoparticles and the different lactose
grades, theophylline and budesonide presented (on average) the greatest deposition in the
throat and stage 1 of the MSLI. When delivering both drugs together, it is important to
understand if the deposition for both drugs is similar or independent of each other. In this
study it is predicted that the deposition profiles of theophylline and budesonide will be
dependent on the nanoparticles, rather than the two drugs.
Low percentage recoveries were obtained for theophylline in the mixtures for Lactohale®
201. High percentage recoveries were obtained for budesonide (Figure 6.11A) but
theophylline recovery (Figure 6.12A) was calculated to be low for powders formulated
using Lactohale® 201. This could be due to the variation in the loading concentration of the
drugs in the samples. Deposition profile for theophylline and budesonide is similar to
budesonide mono-encapsulated nanoparticles, where the greatest concentration was
deposited in the throat or stage 1. Large variation was obtained for powders formulated
using Lactohale® 300 and consistent with the greatest deposition at the throat and stage 1.
The percentage recoveries were similar for both drugs when formulated using Lactohale®
300 (ranging from approximately 70-115%) (Figure 6.11B and Figure 6.12B). The greatest
percentage of dose emitted was obtained for the powders formulated with Respitose®
ML001 where approximately 80.65% of the powder was emitted (Figure 6.11C and Figure
6.12C); and was consistent with the mono-encapsulated nanoparticles. Unlike the recoveries
obtained for the drugs in the mono-encapsulated nanoparticles, the percentage recovery for
theophylline and budesonide was extremely high for powdered mixtures formulated with
Respitose® ML006 (Figure 6.11D and Figure 6.12D) and over 100% recovery was
achieved. Similar deposition profile to mono-encapsulated samples revealed a large quantity
of nanoparticles recovered in the capsule.
Concentration of theophylline and budesonide calculated in the capsule is varied and as
suggested may be as a result of the differences in loading efficiency of the two drugs.
Similar results were obtained for both Lactohale® grade powders. In comparison to the
other stages, the percentage of drugs was seen to be the highest in the capsule (after
actuation) for powders formulated using Respitose® ML006. Similar results were obtained
215

Chapter 6: In vitro deposition of theophylline and budesonide mono- and co-encapsulated
PLA nanoparticles
for budesonide nanoparticles. The concentration of the drug remaining in the capsule
correlated with the quantity of powder remaining in the capsule after inhalation.
Approximately 70% of the theophylline concentration was calculated to be in the capsule.
The concentration of budesonide ranged from 30% to over 70%. Approximately 16-27% of
the powder remained in the capsule for the nanoparticles mixed with Respitose® ML001.
Consistent with the previous results, the greatest percentage of nanoparticles was calculated
in the throat and stage 1 of the MSLI where, for nanoparticles mixed with Lactohale® 201,
approximately 20% of theophylline and over 50% for budesonide was calculated. The
highly cohesive Lactohale® 300 formulated powders show a degree of variation in the data
which is similar to both the drugs when studying the deposition profiles from monoencapsulated nanoparticles. Despite the anomalies obtained, a general note is made to
observe that the concentration of the two drugs is still greatest in the throat and stage 1. For
powders formulated using Respitose® ML006, 20-40% of the nanoparticles were recovered
in these stages, which was the second highest after the percentage recovered in the capsule.
Deposition of both the drugs was similar, further suggesting that the deposition profile is
related to the characteristics of the nanoparticles and not the drugs, and was seen to be
greater in the throat and stage 1 of the MSLI. Respitose® ML001 showed deposition with
the least variation, suggesting the ability of the nanoparticles and the lactose powders to mix
well. However, the greatest deposition was obtained in the throat (ranging from 60-80%)
and stage 1 (ranging from 30-40%).
Stage 2 also shows approximately 10% of both drugs present at this stage. A low FPF was
calculated from both drugs which ranged from 0.85-9% from powders formulated using
Lactohale® 201. This was much lower than the mono-encapsulated nanoparticles. For
powders formulated using Lactohale® 300, approximately 10% was deposited on stage 2. A
low FPF ranging from 2-4% was calculated. This was lower than the mono-encapsulated
samples. A similar FPF was calculated for the powders mixed with Respitose® grades. For
powders mixed with Respitose® ML006, a percentage of the two drugs deposited in the
lower airways were seen to be slightly higher (FPF: 6.77% for theophylline, 10.92% for
budesonide). This was similar for Respitose® ML001 (FPF: 8.71% for theophylline, 8.86%
for budesonide).
Despite a consistency in the deposition of nanoparticles in the throat and stage 1, as a result
of the variation within the samples, the differences were significant (P<0.05).
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Figure 6.11 The effect of lactose grade on the percentage of budesonide co-encapsulated nanoparticles depositing at each stage of the MSLI when delivered from a DPI.
(A) Lactohale® 201, (B) Lactohale® 300, (C) Respitose® ML001 and (D) Respitose® ML006 are administered using a Aerolizer® device. Each bar represents an
individual run and 3 runs were conducted. The x-axis represents the stage of the MSLI. (MP: mouthpiece)
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Figure 6.12 The effect of lactose grade on the percentage of theophylline co-encapsulated nanoparticles depositing at each stage of the MSLI when delivered from a DPI.
(A) Lactohale® 201, (B) Lactohale® 300, (C) Respitose® ML001 and (D) Respitose® ML006 are administered using a Aerolizer® device. Each bar represents an
individual run and 3 runs were conducted. The x-axis represents the stage of the MSLI. (MP: mouthpiece)
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6.4 DISCUSSION
6.4.1 THE USE OF IMPINGERS
Impingers and impactors are instruments that are used in order to determine the particle size
distribution and deposition of drugs in lungs. There are various studies used to study the
inhalation of aerosols and to understand their deposition in the airways when delivered
alone, or in combination with other drugs or with excipients. In vitro aerodynamic
assessment of the size and size distribution of the particles, the fine particle fraction (FPF),
and/or mass that can reach the lungs provides a measure of the consistency of the inhaler in
drug delivery and the deposition pattern in the lungs.
In this study, impingers have been used to study the deposition of nanoparticles with a view
to predicting their deposition in the lungs. Impingers, unlike impactors, require use of
solvents and therefore allow particles to deposit in a liquid surface. When particles are
inhaled, they are driven by the airflow, but due to inertial impaction, particles will deposit at
various sites in the impinger as they lose their momentum. Small particles possess a lower
level of momentum and are not collected, but large particles are seen to deposit when there
is sufficient airflow. The delivery of nanoparticles to the lungs is challenging due to their
small size, which causes the particles to be exhaled

[210]

. Different approaches have been

taken in order to successfully deliver nanoparticles to the lungs.
The

main

problem

with

assessing

controlled

release

formulations

is

the

disadvantage/limitation that not all drugs can be analyzed immediately after the run has
taken place as this would not be representative of the total amount of drug present in the
controlled release formulation. In order to determine the concentration as accurately as
possible, the samples were kept in the solvent system for 24 hours for complete drug
extraction and then analyzed using the analytical method. The time period of 24 hours was
kept consistent with the release testing of the nanoparticles (Chapter 3).
Previously, a twin stage liquid impinger (TSLI) was used to obtain preliminary results with
the solvent system consisting of only water (data not shown). This resulted in low recovery
of budesonide which was thought to be due to the poor solubility of budesonide in water.
The resultant recovery of theophylline was high and was thought to be due to the high
solubility of theophylline in water and aqueous media, allowing for a more rapid release of
theophylline from the nanoparticles. This observation was supported by a quicker release of
theophylline in SLF in comparison to budesonide (Chapter 3, Section 3.3). The results
obtained when TSLI was used suggested successful deposition in the airways where particle
size is less than 6.4µm, which is ideal for pulmonary deposition.
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As a result of the low recoveries it is thought that it would be ideal and more important to
include an organic solvent in the impinger. The use of a MSLI with more stages would also
allow a greater understanding of the deposition of nanoparticles. It has been commonly seen
that the extraction of drug is carried out by use of the mobile phase or organic solvent as the
solvent system to be dispensed in the impinger [238, 490].
The MSLI is a cascade impinger allowing assessment of several types of formulations,
including dry powders, pressurized metered dose inhalers and nebulizer formulations. The
MSLI consists of five stages in total: four stages containing glass walls and a suitable
solvent system which ensures the glass walls inside are moist to aid in deposition of the
drugs. The fifth stage is an integral filter stage capturing all other particles.
A range of flow rates can be applied to use in the MSLI. The nominal flow rate (Q n) used is
60 L/minute in which the cut off diameters are shown in the Table 6.3.
Table 6.3 Cut off diameters at each stage of the MSLI when the flow rate is set to as the nominal flow rate
(60L/minute)
Stage

Cut off diameter at 60 L/min (µm)

1

13

2

6.8

3

3.1

4

1.7

6.4.2 FORMULATION OF DRY POWDER INHALER FORMULATIONS AND
CHARACTERIZATION USING THE

MSLI

For the nanoparticles, it would be ideal to develop a formulation where the nanoparticles are
in a dry powder state. This would ensure that the drug is not released in their dispersion
medium. Should the formulation need to be nebulized, it is important the nanoparticles
remain as the lyophilized powder which can be suspended in water just before
administration. This would ensure drugs are not released from the nanoparticles when
suspended in an aqueous medium.
Dry powder formulations can consist of the drug component and an inert carrier particle,
such as lactose or mannitol. For the theophylline and budesonide nanoparticles synthesized,
it would be ideal to use dry powders as a formulation to deliver the nanoparticles. The
carrier that was chosen was the commonly used lactose. Lactose is available in several
different grades produced with changes in the processing method and particle size as a
result. Lactose has also been used for the successful formulation of spray-dried PLGA nano220
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embedded microparticles (containing tobramycin) [210, 491]. PLGA nanoparticles, loaded with
siRNA, have also been tested for the deposition in the lungs[208]. Mannitol has also been
used for the formulation of dry powder mixtures of nanoparticles for pulmonary delivery
[208, 366]

. Many techniques have used spray drying suggesting that this technique did not

affect the properties of the nanoparticles in attempt to synthesize dry powder mixtures of
lactose and nanoparticles [208].
Pharmacopeial methods and guidelines specify a 4kPa pressure drop across the device or a
flow rate of 60L/minute when testing the deposition of drugs from DPIs
over 4 seconds
device

[493]

[492]

resulting in 4L

when using a 60L/minute flow rate using a Cyclohaler (Aerolizer)®

[494]

. Each device has a particular flow rate at which the experiment should be

conducted at in order to achieve the 4kPa pressure drop. The flow rates are different due to
the differences in the resistance of the device and the turbulence caused by the device
features which can affect the FPF (which are mainly dependent on the device) [36]. However,
it was noted from several studies the option of 60L/minute (which is specific to
Cyclohaler® device) was used, irrespective of the device.
In a review by Hoppentotch et al (2014), it was stated that this flow rate or pressure drop is
not needed to be achieved because other studies have been able to show the same fine
particle fraction (FPF) when the pressure drop across the device is 2-3kPa, which means that
the deposition was suggested to be independent of the pressure drop

[474]

. Patients who are

suffering from COPD generate a 2-4kPa drop, i.e. too much inspiratory effort is not required
if attempting to mimic the physiological situation

[25, 459, 474, 493]

. Another review by Ashurst

et al (2000) further suggested that the requirement of the 4kPa pressure drop at a specific
flow rate is not required as long as the experiment is validated at a particular flow rate [464].
This specific flow rate of 60L/minute producing a 4kPa pressure drop over 4 seconds is
appropriate for the Cyclohaler (Aerolizer®) device and was chosen as the settings for
testing the deposition of theophylline and budesonide nanoparticles in the current study. By
using these settings, the size ranges at each stage (Table 6.3) are constant as well. It was
observed that the FPF for the different lactose grades was varied when this pressure was
kept constant suggesting the differences in the properties of the powders.
There are several examples of studies where these conditions were followed in order to test
the deposition of dry powders in impactors and impingers. The deposition of spray dried
disodium cromoglycate using a Marple Miller Impactor (MMI) was studied at a 4kPa
pressure drop across the device [233, 495]. Inhalation delivery of peptides was studied using an
MSLI using a Novolizer® Device. In order to obtain a 4kPa pressure drop across the device,
the flow rate was increased to 70L/minute, appropriate for the device
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out on spray dried tobramycin used different settings on the MSLI which included a higher
flow rate (100L/minute) and a shorter duration (2.4 seconds). This was said to obtain a 4kPa
pressure drop across the inhaler device, which was the same as when operated at
60L/minute for 4 seconds to achieve a 4kPa drop (Aerolizer®)

[456]

. Although this study

used the spray dried formulation of the API, the flow rate and duration were different to
what has been used for the Aerolizer® device in the current study. Although the same
pressure drop is overall achieved, the differences in the deposition may be as a result of the
increased flow rate causing an increased turbulence. A study carried out on PEGylated
alginate nanoparticles, characterized using the Next Generation Impactor (NGI), and was
carried out at 60L/minute for duration of 6 seconds and also by placing 15 mL of a specified
buffer in each stage of the NGI. It can be suggested that this study may not be able to
determine the accurate deposition profile of the nanoparticles due to the incorrect flow rate
and duration of inhalation and presence of liquids in an impactor

[234]

. It was recommended

by manufacturers and protocols provided that impingers contain solvents dispensed at the
different stages, but this was not required in impactors. Studies have also been carried out to
see the effect of different flow rates on the deposition of particles and the FPF, for example
with salbutamol particles using polystyrene as carriers [473]. An inhalable form of rifapentine
was studied using high flow rates of 100L/minute using an Aerolizer® device over the 4
second duration

[496]

. An increased flow rate showed an increased detachment of the active

from the carrier, which may be due to the increased turbulence and velocity, as described.
The Aerolizer® device used in this study consists of two pins in the dosing chamber which,
when pressed, pierce the capsule after which inhalation can cause high velocity collisions
from which turbulence is further increased by the presence of a grid

[469]

. This is a simple,

single dose device which was suitable for the powders formulated for this study. As
specified, the flow rate is required to be 60L/minute for the duration of 4 seconds in order to
achieve the 4kPa pressure drop across the device, as recommended by manufacturer and
pharmacopeial guidelines

[488, 489]

. An alternative flow rate that can be used was 100L/min

for 2.4 seconds which also causes a 4kPa pressure drop. The flow rate of 60L/minute was
used as a constant flow rate for when nebulized suspensions were studied using the MSLI.
This allows direct comparisons between the depositions of the nanoparticles using the two
different formulations. There are many studies which use the Aerolizer® device and
conduct the studies at a flow rate of 60L/minute.
The validity of these settings (60L/minute over 4 seconds using a Cyclohaler/Aerolizer®
device to achieve a 4kPa drop) was supported by several studies. A deposition study carried
out by Ong et al (2014)

[454]

on combined salbutamol and mannitol therapy was conducted
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using an MSLI run at 60L/minute for 4 seconds using an Cyclohaler® device, in which FPF
was calculated as cumulative content of drug deposited in the respiratory region (<6.4µm)
studied using 40 mg of the powder [454]. The current study uses a similar quantity of dry drug
powder (45 mg) for assessment of deposition. Another study on the deposition of a
combination powder of fluticasone and salmeterol (with no carrier) from the same device
was also carried out (using cell culture inserts) on a twin stage impinger at 60L/minute

[497]

.

This flow rate and test duration was also applied when studying the deposition profile using
an NGI and quercetin solid-lipid microparticles using an Aerolizer® device

[498]

. The MSLI

apparatus was used to study the cellular uptake of the same microparticles using A549 cells
using the same device, duration and flow rate

[490]

. Spray dried mannitol and ciprofloxacin

powders were studied using an MSLI at 60L/minute for 4 seconds using an Cyclohaler
(Aerolizer)® device

[499, 500]

. This study showed that the two drugs did not act as a binary

formulation and acted as an independent system where the deposition profile of one drug
did not affect the other drug [499, 500]. When delivering theophylline and budesonide together
as co-encapsulated nanoparticles or as mono-encapsulated nanoparticles, it was important to
understand if the deposition was affected by the presence of two drugs or one. In the current
study it is predicted that the deposition profiles of theophylline and budesonide will be
similar due to the two drugs being encapsulated in the nanoparticles together and not
separately and therefore the deposition will be dependent on the nanoparticles, rather than
the two drugs. This was observed from the results obtained in the current study using all the
different grades of lactose. From the results obtained, it was understood that the deposition
is mainly dependent on the type of lactose used and not the nanoparticles incorporated, i.e.,
it was independent of being a mono- or co-encapsulated nanoparticles sample. Similar to the
results obtained for the nebulized suspensions.
Previous studies used different settings and conditions to characterize dry powders which
can result in differences in the results obtained in comparison to the current study. In the
current study of theophylline and budesonide nanoparticles, there were limitations when
studying the deposition profile and therefore certain methods, such as, preparation of the
nanoparticles as a dry powder mixture, was just carried out by tumble blending instead of a
commonly used method, spray drying. Spray drying has been previously applied for
sensitive molecules such as insulin and chitosan nanoparticles

[235]

. Tumbling blending has

been previously suggested to allow achieving homogeneity and breaking of agglomerates.
However, this method can lead to the formation of ‘fines’ which may affect deposition of
the particles

[460]

. The particle size range of the nanoparticles in the current study of

theophylline and budesonide nanoparticles would be considered as ‘fines’ as they are in a
sub-micron range (between 200-500nm), and by carrying out the mixing process, the ‘fines’
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can adhere to coarse particles as a result of VdW’s forces, electrostatic forces or capillary
action, especially onto the active sites of the lactose carrier

[466, 501]

. SEM images however

revealed that the agglomerates of the freeze dried nanoparticles were not fully separated for
most mixtures, suggesting poor adherence between the carrier and nanoparticles. This
however, was not seen in the mixtures produced by Lactohale® 300 and budesonide
nanoparticles, suggesting a stronger interparticulate forces between the ‘fines’ of the lactose
and nanoparticles. This suggests that in order to improve the mixtures, it is important to
incorporate ‘fines’ of the carrier particles with coarse particles to obtain uniformity by
adherence of the nanoparticles to the larger coarse carrier particles and ‘fines’ of the lactose.
This can also be suggested by seeing the uniformity of mixing of the nanoparticles and
Respitose® ML001 samples which contains a broad size distribution.
In the current study, limited characterization was carried out on the nanoparticles. The doses
were preferred to be individually prepared for each capsule as it was a preliminary study to
understand the deposition of the nanoparticles and for this reason the concentration was
based on the nanoparticles and not the drugs. Dosing based on the drugs encapsulated would
result in extremely large concentration of freeze dried nanoparticles required. The
concentration of 1 mg/mL as the nebulized suspension was chosen as it was also shown to
be safe when 16HBE14o- cells were treated (Chapter 4). As the doses were individually
prepared to fill the capsules, the total quantity of the DPI formulation was only 45 mg for
each capsule. This amount was too small to do characterization on the flow properties of the
powder mixture. Due to the properties of the nanoparticles, it was also very difficult to
determine the size using established methods and techniques such as DLS, sieve analysis
and time of flight. Some of these techniques involve the use of organic solvents, which as a
result would affect the polymer, PLA, leading to the drugs being released. The lactose
grades that were used in this study had powder flow tests conducted by the commercial
suppliers. These tests showed that Respitose® ML001 and ML006 had poor flow.
Lactohale® 300 was reported to have the poorest flow properties

[461, 502]

. It was selected in

the current study due to the small particle size of the carrier molecules which may have been
suitable when mixed with the submicron sized theophylline and budesonide PLA
nanoparticles.
The concentration of 5 mg of nanoparticles (1 mg/mL for nebulized suspension) was
thought to be suitable for the current study. It is thought that delivery of drugs by the
pulmonary route to act locally and be effective, concentrations administered can be low and
with the use of sustained release of the drugs from nanoparticles, an increase in
concentration at deposited site can be obtained over the time period
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quantity of dry powder used in the current study was 45 mg (lactose and nanoparticles).
Quantities of dry powders (of pure drug, mixed in carrier or colloidal particles) that were
used in previous studies ranged from 10 mg (of microparticles

[498]

) to 30 mg [490, 499, 500, 503].

Inhaled rifapentine was studied using 10 mg of powder suggesting that inhalable antibiotics
required higher concentrations [496].
Due to the differences in the initial loading concentrations of the drugs in mono- and coencapsulated nanoparticles, the data was expressed as percentage of the initial loading
concentration. For the uniformity of mixture, an average was obtained for each, and the
percentage variation was calculated to show how uniform the samples were. It is difficult to
follow the strict guidelines of the pharmacopeial requirements for the uniformity of mixture
due to several reasons. For example the drugs are encapsulated in nanoparticles, and not
present as a free drug form mixed in the carrier mixture, and therefore it is expected that the
concentration of theophylline and budesonide calculated will be lower than the original
concentration. The reason being it depends on how much drug is released and how much
drug is encapsulated. For this reason, the percentage variation is used as an indicator to
determine variation within a sample. The uniformity of mixing depends on the powder flow
properties and for this current study it is thought that samples presenting variation over 50%
would suggest that there is difficulty in obtaining a uniform mixture of the nanoparticles and
the lactose powders and they do not mix well. It is important to take into consideration that
the loading concentration of theophylline and budesonide will also have a certain amount of
variation which would affect the concentration obtained in a random aliquot.
From the different lactose grades used, Lactohale® 300 presented the greatest amount of
variation in the samples. The large presence of ‘fines’ in this sample can suggest inefficient
mixing and adherence between nanoparticles and the lactose powders, resulting in regions
with a high concentration of nanoparticles and regions with drug absent. The powder is
highly cohesive with a particle size range similar to actives agents and for this reason;
adherence of the nanoparticles uniformly would be difficult. As discussed, this lactose grade
has previously shown to have the poorest flow properties.
The variation in Respitose® ML001 samples was the lowest in comparison to the other
lactose and nanoparticles powder mixtures studied. Respitose® ML001 lactose particles
contain a broad size distribution and this could result in the freeze dried nanoparticle
agglomerates being able to adhere to the different sized lactose particles.
Lactohale® 201 and Respitose® ML001 both contain a broad size distribution with
presence of ‘fines’ and this as a result can affect the adherence of the nanoparticles to the
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lactose powders. Furthermore, Lactohale® 201 also has irregular shaped particles which can
also affect how nanoparticles adhere to the surface of lactose. Variation in the uniformity of
content was observed when assessing the powders using SEM with regions concentrated in
nanoparticles and regions containing no nanoparticles. Presence of irregular surfaces also
provides an increased number of regions where nanoparticles can adhere to the lactose
carrier.
Poor flow properties of lactose can affect the amount of drug that is discharged from the
capsule after actuation. This theory was observed in powder mixtures prepared using
Lactohale® 300, where a large quantity of nanoparticles remained in the capsule after
actuation. This explanation is further supported when a low quantity of nanoparticles were
detected in the capsule after actuation of the dry powder mixtures containing Respitose®
ML001 (approximately 80% of the powder was emitted from the capsule). The uniformity
of mixing, which was also presented to be favorable, further suggests good flow properties
for Respitose® ML001 in comparison to the cohesive, Lactohale® 300.
From the results obtained using the dry powder mixtures, the greatest deposition of the
powders was achieved in the throat and stage 1 of the MSLI, where the particle size of the
dry powders would be greater than 6.8µm (cut off diameter for stage 1 is 13.0µm). The
target site for the treatment of asthma and COPD is the upper airways, and therefore this
would be beneficial to have a greater deposition of particles in the stages 3-4 allowing
treatment locally, where desired particle size is between than 6.8-1.7µm, for successful
airway deposition. COPD however does affect the alveoli too. Some replicates show a low
amount of deposition to the 5th stage of the MSLI (where particle size is <1.7µm). In
comparison to the nebulized suspension of theophylline and budesonide nanoparticles, the
deposition of the dry powders is mainly in the upper airways. It was noted that the
deposition profile of ciprofloxacin and mannitol showed high deposition in the throat stage
of the MSLI suggesting the unsuccessful de-agglomeration of the powder as could be the
case with theophylline and budesonide nanoparticles [499].
When the particles are delivered as a nebulized suspension, they deposit in the stages 3-4,
but the unsuccessful deposition of the dry powders (in stages 2-4) due to the large quantity
recovered in the throat and stage 1 of the MSLI suggest unsuccessful detachment of the
nanoparticles from lactose. The study showed that 5 minutes of nebulization shows a large
distribution of the drug in all stages of the MSLI with minimum deposition in the throat and
stage 1. A large quantity (approximately 50%) of drug calculated is in the device which was
mainly due to not all the 5mL being tested was nebulized in the time the experiment was
run. To overcome loss of drug as a result of it remaining in the device after nebulization
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time, the concentration of the nanoparticles in the suspension can be increased. From
previous cytotoxicity study, up to 2.5 mg/mL showed non-significant reduction in viability
(compared to the control cells) (Chapter 4), and therefore this concentration can be
increased, and the volume of the suspension can be reduced. The prescribed dose of
budesonide ranges from 100-200 µg per metered dose actuation and therefore, suggestions
on increasing concentration would be appropriate to carry out as a low concentration was
deposited below stage 2 (approximately 10 µg). The time for nebulizing the suspension
would be required to be optimized in order to understand how to achieve targeted drug
delivery (to the upper respiratory tract).
In some of the replicates carried out for the dry powders formulated with lactose carrier
particles, the total percentage recoveries are low. A possible explanation for this could be
incomplete release of drugs from the nanoparticles or the presence of lactose in the powder
mixture affecting the release of drugs from the nanoparticles. Drug loss in transfer of the
samples may lead to low recoveries. In some cases, where over 100% of the drug is
calculated, this could be as a result of the variation in drug loading of the samples; which
was observed in Chapter 2 when the loading efficiency of theophylline and budesonide was
calculated.
To improve the formulation of the nanoparticle-lactose powders, it would be ideal to include
‘fines’ in the mixture with larger particles of lactose and study the deposition profiles of
these particles. The method can be further improved by forming a large, bulk quantity of the
powder which can be optimized and studied for deposition profile. By producing a bulk
powder in a large quantity, it allows the powders to be characterized by the various powder
flow tests that would be essential. By knowledge of the different characteristics of lactose
and nanoparticles mixed powders, the flow properties of these powder mixtures can be
modified either by the addition of ‘fine’ carrier particles or by the addition of glidants such
as magnesium stearate. As discussed earlier, it can be seen that the deposition of the
nanoparticles is independent of the drugs encapsulated and mainly depends on the properties
of the lactose as a consistency is observed where the deposition of the nanoparticles is
greatest in the throat and stage 1 and not in the lower stages of the MSLI. Lactohale® 201
and Respitose® ML006 presented similar results suggesting the similarity in the lactose
grades as a result of the broad particle size distribution of the lactose carrier. High
concentration of drug calculated in the capsule for Respitose® ML006 can also suggest poor
flow properties of this lactose grade and poor mixing. The variation in uniformity of mixing
was high for the dry powder mixtures synthesized using this lactose grade.
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It is important to understand the flow characteristics of the lactose or carrier particles that
are used. Some studies of dry powders for use in inhalers measure tapped density, bulk
density, Carr’s Index and flow angles

[210, 470]

. These tests suggested that large sized lactose

particles of different shapes had poor flow properties, which could affect the uniformity of
dose in the drug-carrier particle. However, it was later observed that large particles had good
uniformity of dose due to drug being embedded into crevices which resulted in
improvement in the deposition profile

[470]

. A similar observation was made in the current

study with Respitose® ML001 and Lactohale® 201. As suspected, the nanoparticles were
embedded into crevices which suggested poor detachment efficiency. As the nanoparticles
are embedded in crevices, this may affect the release of the drug and therefore lead to low
recoveries of the drug as was seen for some samples formulated using Respitose®
ML001(approximately 50%). Therefore, this situation may not be ideal in delivering
consistent doses. Lactohale® 300 powder mixtures showed increased de-agglomeration
when flow rate was increased in a study by Behara et al (2011)

[483]

. But in the current study

the flow rate was kept constant at 60 L/min to meet pharmacopeial requirements. Due to the
low recovery rates obtained for theophylline and budesonide from some of the powder
mixtures this method could be further improved by determining the content of lactose
deposited in each stage of the MSLI too. This has previously been investigated using
gamma scintigraphy [457].
In studies reported in the literature, the effect of the addition of ‘fines’ of carrier particles to
the deposition of active was shown to be unclear. The work carried out by Kho et al (2013)
suggested that addition of ‘fines’ caused no improvement in the deposition and FPF

[470]

.

From the Lactohale® and Respitose® grades chosen, some grades had a narrow size
distribution. Wider size distribution would result in a larger proportion of ‘fines’ potentially
affecting the deposition of the nanoparticles

[460]

. However it is difficult to determine this

effect accurately from the current study due to the low recovery dose obtained for some of
the samples and the grades of lactose used. As discussed by Kinnunen et al (2014), the
inclusion of ‘fines’ showed that the deposition of active was seen to be improved using
Lactohale® 300 and milled Lactohale® 210. For theophylline and budesonide
nanoparticles, in the current study, the deposition was greatest in the upper stages of MSLI
(>6.8µm)

[471]

. It is seen that ‘fines’ are usually added as ternary agent rather than using a

lactose grade consisting of only ‘fines’ [504, 505]. For this reason, theophylline and budesonide
nanoparticles deposition and formulation of a successful powder mixture was not achieved
fully with Lactohale® 300. As mentioned previously, the use of computational fluid
dynamics (CFD) is able to show that there is never complete dispersion of the powder into
the airways, as obtained for the current study [477].
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6.4.3 FORMULATION OF A NEBULIZED SUSPENSION AND
CHARACTERIZATION USING THE

MSLI

While many studies have utilized the DPI formulation due to the advantages provided, for
example stability, to deliver nanoparticles by the pulmonary route, Pandey et al (2003)
formulated PLGA nanoparticles encapsulating anti-TB drugs and delivered them via a
nebulizer formulation

[506]

. Azarmi et al (2008) reviewed the successful deposition of drugs

encapsulated in nanoparticles when delivered by a nebulized suspension

[374]

. This review

highlighted the use of (biodegradable) polymeric nanoparticles delivered via a surfactant
free nebulized suspension

[374]

. This suggested the use of minimal use of excipients to

prepare suspensions similar to the current study, where reconstitution of the freeze dried
nanoparticles before administration was thought to be ideal. Chitosan-modified surface
PLGA nanoparticles (containing calcitonin) were also delivered using a nebulizer
formulation showing therapeutic effects

[212, 374]

. SiRNA- chitosan nanoparticles were

prepared as a nebulized suspension were studied using a twin stage liquid impinger showing
successful deposition of nanoparticles (>50%) in stage 2, where particle size is <6.4µm [314].
In the current study, theophylline and budesonide nanoparticles did show a difference in the
deposition profiles when delivered as a dry powder compared to a nebulized suspension. As
discussed, dry powders showed a large deposition in the throat and stage 1 of the MSLI
where the particle size of the deposited particles would be greater than 6.8µm suggesting
unsuccessful deposition to the target site of asthma and COPD. The use of the nebulizer
showed successful deposition where the particle size is less than 6.8µm. However, as a large
quantity of the nebulizer suspension remains in the device, the concentration of the
suspension can be increased in order to obtain a suitable therapeutic dose. As approximately
50% of the suspension remained in the device after nebulization had taken place, the volume
can also be reduced to prevent drug wastage.
Successful deposition and sustained release of the drugs can be achieved with nebulized
suspensions of nanoparticles, but it is important to obtain a chemically and physically stable
suspension which can be used for pulmonary drug delivery.
The FPF for budesonide was reported to be 22.7% when included in a dry powder mixture
of Lactohale® 210 and Lactohale® 300 [471]. Most of this was reported to deposit on stage 2
of the NGI (operated at 90L/minute for 2.7 seconds). It was suggested that the
agglomeration of budesonide and ‘fine’ particles was greater in improving the DPI
performance. In another study carried out using the Aerolizer® as a device, containing
budesonide and formoterol in a single capsule showed a FPF of 54% (at 90L/minute using
an Anderson cascade impactor)

[507]

. Budesonide was seen to have stronger cohesive forces
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than lactose in a study, as stated by Jaffari et al (2013) [482]; which may also suggest possible
reasons for the low recovery of budesonide.
Although it is possible to deliver nanoparticles (and encapsulated drugs) to the lung, it is
important to note the limitations of using nanotechnology in drug delivery via the
pulmonary route. This includes difficulty of large scale production, variability and
reproducibility between batches which can lead to variable lung deposition profiles [508].
From the deposition profile of theophylline and budesonide observed in this study, it is
important to keep in mind that for the treatment of asthma and COPD, the deposition of
inhaled corticosteroids should be in the peripheral region and for bronchodilators in the
smooth muscle region [465]. In vitro studies give a good indication of the deposition profiles,
but do not reflect any airway changes caused due to diseased states (e.g. collapsed airways
in COPD patients).
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6.5 CONCLUSIONS
The aim of this portion of the study was to investigate the in vitro deposition profiles of
theophylline and budesonide co- and mono-encapsulated nanoparticles using a nebulized
suspension and dry powders as the choice of the formulations. The deposition profiles were
obtained using an MSLI. With nebulized suspensions of the nanoparticles, successful
deposition was achieved in the region of stages 3-4 (where particle size was required to be
6.8-1.7µm) with a good overall recovery of the nanoparticles obtained. Dry powder
formulations were synthesized using different grades of lactose. In conclusion, successful
deposition in the stages 3-5 was not achieved. The greatest deposition of the nanoparticles
was instead observed in the throat and stage 1 of the MSLI. A fine particle fraction (FPF) of
approximately 10-15% was obtained for these powders, further suggesting poor deposition
of the particles when particle size is <6.8µm. It is thought that with the addition of ‘fine’
carrier particles, the properties of the powder could be improved; Respitose® ML001
showed the best uniformity of mixing which was reflected calculating the percentage dose
emitted (over 80%). From the deposition profiles obtained, it can be concluded that the
deposition profile was dependent on the lactose properties.
There were several limitations in this part of the study. The methodology applied here was a
preliminary study but would require many aspects to be improved in order to obtain a more
accurate deposition profile. This would include changing the solvent being dispensed in the
MSLI to pure organic solvents, for example 100% methanol which could improve the
detection limits for budesonide, as the recovery in some samples was shown to be low.
Additionally, formulating a bulk powder would be preferred which would require dosing to
be based on the concentration of the drugs encapsulated and not the quantity of
nanoparticles used. Forming a bulk powder would allow improved characterization of the
dry powders for inhalers, e.g. powder flow testing and particle size testing. The effect of
different flow rates and different inhalers could also be studied.
Overall, it can be concluded that the nebulized suspension of the nanoparticles was the most
suitable formulation for theophylline and budesonide encapsulated PLA nanoparticles. In
order to improve the concentration of the drugs deposited, a higher concentration of
nanoparticle suspension could be used as well as increased duration of inhalation.
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CHAPTER 7 STABILITY TESTING OF
THEOPHYLLINE AND BUDESONIDE PLA
NANOPARTICLES
7.1 INTRODUCTION
The use of nanoparticles can be extended to numerous applications and in various
formulation types. In order to use the nanoparticles as a formulation for pulmonary drug
delivery it is important to evaluate their long term stability. This is necessary to determine
the shelf life of the product, which is mandatory for active pharmaceutical ingredients as
well as for the final formulation. Based on the ICH (International Conference on
Harmonization) guidelines, determining the long term stability of a product is ‘to provide
evidence on how the quality of a drug substance or product varies with time under the
influence of a variety of environmental factors such as temperature, humidity, and light’
[509]

.

The ICH guidelines for long term stability testing are based on the analysis of the effects of
the drug substance or product in different climatic conditions and are based on three
principle regions. For long term studies, the frequency of testing is recommended to be
sufficient to determine the stability profile of the drug substance. The guidelines specify
conditions for 12 months testing (with a re-testing period) and accelerated study to be
carried out for 6 months. The accelerated storage conditions require a minimum of three
time points. Intermediate conditions are applied if a significant change occurs during
accelerated study.
The storage conditions that are recommended for evaluation of stability are those that are
able to test the thermal stability of the product (and, if applicable, the sensitivity to
moisture/humidity). The conditions recommended by the ICH guidelines are shown in Table
7.1.
Table 7.1 Storage conditions of a drug substance and the time period that should be covered. Table is
reproduced from the ICH guidelines on Stability testing of new drug substances and products (RH:
relative humidity) [509]
Study
Long term
Intermediate
Accelerated

Storage condition
25°C ± 2°C/60% RH± 5% RH and/or
30°C ± 2°C/65% RH± 5% RH
30°C ± 2°C/60% RH± 5% RH
40°C ± 2°C/75% RH± 5% RH
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Recommended testing period
12 months
6 months
6 months
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There are also recommendations on the storage conditions if the drug substance is intended
for storage in at 2-8°C. The time period of study should be 12 months for a long term
stability testing at 5°C ± 3°C/60% RH± 5% RH but an accelerated study of this would be for
a duration of 6 months at 25°C ± 2°C/60% RH± 5% RH[509].
Limited information is available on the ‘long term’ stability study of nanomaterials. It was
also noted that the definition of long term and duration of studies on nanoparticles was
different. According to the ICH guidelines, ‘long term’ was defined as 12 months. In this
current study, 6 months was used as ‘long term’ and in several studies reported, 6 months
[510, 511]

was classified as long term

. As nanoparticles have a wide range of potential

applications, it is important to ensure that nanoparticles retain their stability in their
application-associated environment [512].
The application of stability studies has been noted to be different for nanoparticles. While
some studies consider the stability of the nanoparticles in suspension in comparison to the
freeze-dried nanoparticles

[513-515]

, other studies have considered the stability of

nanoparticles as freeze-dried formulations and improving the stability by addition of cyroprotectants during the freeze drying process

[513, 514]

. However, some stability studies have

been conducted to determine the long term stability of the nanoparticles over a period of
time with characterization of the nanoparticles at time zero (t=0) and at the pre-determined
storage time point. Disadvantages of nanoparticles present in suspensions include drug
release and hydrolysis of the polymer. Acidification of the medium (as a result of polymer
hydrolysis) can lead to catalytic hydrolysis of the polymer backbone

[516]

. Freeze drying of

[517, 518]

nanoparticles ensures long term stability of the nanoparticles

.

Stability of the nanoformulation can be determined by studying its physical stability. For
example, if nanosuspensions are used then to study the coalescence and agglomeration over
a period of time. Stability studies can also include examining the chemical stability, which
accounts for degradation of the drug or polymer (depending on the storage conditions, e.g.
changes in temperature or pH).
In a review by Abdelwahed et al (2006), long term stability was described as studying the
chemical and physical stability of the nanoparticles

[515]

. The review states the ICH

guidelines of storage conditions and duration to be ideal. For the nanoparticles,
determination of particle size, zeta potential and drug loading should be evaluated in order
to determine any instability [515].
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7.1.1 AIM OF THE STUDY
The aim of the study was to evaluate the stability of the nanoparticles over a period of 6
months at different storage conditions, which were: 2-8°C, room temperature (21-25°C) and
40°C and to subsequently determine the most suitable storage conditions for the synthesized
theophylline and budesonide nanoparticles. In order to achieve this, the nanoparticles were
characterized at regular time points in order to establish whether any changes had occurred
during the storage period. Characterization tests performed were particle size, surface
characterization by zeta potential analysis and FT-IR spectroscopy, morphological
assessment using SEM, thermal analysis using DSC and determination of loading
efficiency. Any variation obtained in the data would affect the confidence in the sample [509]
.
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7.2

MATERIALS AND METHODS
7.2.1 MATERIALS

18.2MOhms deionized water
Dichloromethane, Fisher Scientific, UK (D/1856/17)
Acetone, Fisher Scientific, UK (A/0606/17)
Ethanol (absolute), Fisher Scientific, UK (E/0650DF/17)
Morphological assessment:
SEM Specimen Stubs (aluminum), 12.5mm diameter, 3.2 x 6mm pin, AGAR Scientific,
United Kingdom (AGG301F)
Carbon adhesive double sided disc/tape (Leit Adhesive Carbon Tabs) for SEM stubs,
AGAR Scientific, United Kingdom (AGG3347N)
Particle size and zeta potential analysis:
Disposable plastic UV cuvettes, Plastibrand (2.5-4.5mL), Fisher Scientific, UK (Product
code: 10046731)
Folded capillary Malvern Zetasizer ‘Zeta cell’ , Malvern Instruments, UK (DTS 1061)
Differential scanning calorimetry (DSC):
Aluminum crucibles (without pin) (40µL) (case containing pan and lids), Mettler Toledo,
UK (ME-26763)
High performance liquid chromatography (HPLC):
2mL crimp top clear Chromacol Vials- Autosampler Vials crimped (2CV-P220)(Lot:
70734807114), Thermoscientific, Germany
Chromacol 11mm crimp cap- Rubber/ PTFE Type 7 Rubber Lot 9132010752
Acetonitrile (HPLC grade), Fisher Scientific, UK: Lot 1346198
Formic acid (90%), BDH Laboratory supplies, England: Lot 2442640729
Methanol (HPLC grade), Fisher Scientific, UK: Lot: 1493729 (Code: M/4056/17)
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7.2.2 METHODS
7.2.2.1

SYNTHESIS AND CHARACTERIZATION OF THEOPHYLLINE AND
BUDESONIDE MONO - AND CO -ENCAPSULATED NANOPARTICLES

The nanoparticles were prepared using Method 8 described in Chapter 2, Section 2.2.2.1. At
each time point, the nanoparticles were characterized. Complete details for the
characterization methods are provided in Chapter 2, Section 2.2.2.2. The characterization
tests that were carried out are:


Particle size measurement (Chapter 2, Section 2.2.2.2.1)



Zeta potential measurement (Chapter 2, Section 2.2.2.2.1)



Morphological assessment using SEM (Chapter 2, Section 2.2.2.2.2)



Surface characterization using FT-IR (Chapter 2, Section 2.2.2.2.3)



Thermal analysis using DSC (Chapter 2, Section 2.2.2.2.4)



Determination of loading efficiency of theophylline and budesonide using HPLC
(Chapter 2, Section 2.2.2.2.6)

7.2.2.2

SAMPLE PREPARATION FOR STABILITY TESTING OF

NANOPARTICLES
Three different conditions were chosen for the stability testing of the nanoparticles which

were: room temperature (21-25°C), refrigerator (2-8°C) and oven (40°C). Aliquots (5-10 mg
of freeze dried nanoparticles) were prepared for both co- and mono-encapsulated
nanoparticles and weighed accurately into beakers and placed in the different storage
conditions, undisturbed for the required time periods. The samples were sealed with the use
of Parafilm® (and foil for storage at 40°C) and stored away from light. The samples were
characterized at time 0 (0 months) (t=0), 1 month (t=1), 3 months (t=3) and 6 months (t=6).
Samples stored at 2-8°C or at 40°C were removed from their storage conditions to take an
aliquot for a specific characterization test and returned immediately to their storage
conditions.

7.2.2.3

STATISTICAL ANALYSIS

To determine if the changes in the particle size, zeta potential and loading efficiency as a
result of storage temperature and the duration of the storage were significantly different
from the data obtained at t=0 , 2way ANOVA was carried out. P<0.05 suggests a significant
difference. A Bonferroni post hoc test was carried out for this statistical analysis.
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7.3

RESULTS
7.3.1 MORPHOLOGICAL ASSESSMENT USING SEM

Morphological assessment of mono-encapsulated theophylline and budesonide nanoparticles
was carried out using SEM. SEM images for all the nanoparticles are shown in Figure 7.1,
7.2 and 7.3. Samples analyzed at t=1, 3 and 6 months after storage at 2-8°C and room
temperature did not show any remarkable difference from the features of the nanoparticles
at t=0. These features include the spherical shape and smooth surface. Samples stored at
40°C showed a loss of these features, and suggest that the polymer has lost its integrity.
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Figure 7.1 SEM images of theophylline mono-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C obtained at 1 month, 3 months and 6 months to understand
changes in the morphological features of the nanoparticles
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Figure 7.2 SEM images of budesonide mono-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C obtained at 1 month, 3 months and 6 months to understand
changes in the morphological features of the nanoparticles
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Figure 7.3 SEM images of co-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C obtained at 1 month, 3 months and 6 months to understand changes in the
morphological features of the nanoparticle
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7.3.2 SURFACE CHARACTERIZATION USING FT-IR
FT-IR allows determining if there is any drug adsorbed on the surface of the nanoparticles.
Characterization of the nanoparticles by FT-IR at t=0 suggested that there was no drug
adsorbed on the surface of the nanoparticles. This was indicated by the absence of
characteristic drug peaks in the spectra for the nanoparticles and resemblance only to the
PLA spectrum. The polyester, PLA, has an ester bond in the region of 1746cm-1. C-O
stretches are also seen in the region of 1100-1400cm-1. Peaks at 3500cm-1 represent OH
bonds present and a broad peak at 2960cm-1 are representative of the C-H bonds present in
the structure of PLA (Chapter 2, Figure 2.1A). Figure presented here is for the coencapsulated nanoparticles over the period of 6 months under different storage conditions
(Figure 7.4). Mono-encapsulated nanoparticles are shown in Appendix 3: Chapter 7:
Stability testing of theophylline and budesonide PLA nanoparticles .
Samples stored at 2-8°C for 1 month show similarity to the FT-IR spectra of nanoparticles at
t=0. A large broad peak at 3303cm-1 suggests background reading of CO2 and H2O. An
ester stretch at 1750cm-1 is characteristic of the polymer and there are no drug peaks present
in the spectra. Similar spectra to t=0 was obtained for samples stored at room temperature
and assessed after 1 month. In the spectrum for co-encapsulated nanoparticles, there is an
additional peak at 1666.66cm-1 which is a peak present in both theophylline and budesonide
drug standards (representing the C=C bond). In Chapter 2 (Figure 2.1D), this peak is present
in the free drug and polymer mixed standards.
For samples stored for t=3 months the nanoparticles stored at three different storage
conditions shows resemblance to the PLA spectra. However, a reduction in the intensity of
the ester peak of PLA is observed for the samples stored at room temperature and at 40°C.
Samples stored at 2-8°C for t=6 months show no difference in the spectra over the period of
time and resemble the PLA spectrum. A large difference in spectrum is observed for the
samples stored at room temperature where the intensity of the PLA ester bond is reduced
and peaks representing both theophylline and budesonide appear in this spectrum (Chapter
2) at t=6 months. Spectra largely resembling the PLA spectrum are observed for the samples
stored at 40°C.
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Figure 7.4 FT-IR spectra of co-encapsulated theophylline and budesonide nanoparticles stored at 2-8°C, room temperature and 40°C at 1 month, 3 months and 6 months period to
observe any changes in the surface characteristics of the nanoparticles
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7.3.3 THERMAL ANALYSIS USING DIFFERENTIAL SCANNING
CALORIMETRY (DSC)
Differential scanning calorimetry (DSC) was used to determine if there are any changes in
the nanoparticles over the period of 6 months when placed at different storage conditions.
Melting points for theophylline (Chapter 2, Figure 2.3A) and budesonide (Chapter 2, Figure
2.3B) are observed at 271.46°C and 260.48°C, respectively. Thermogram for the PLA
shows an exothermic peak in the region of 44.87°C which represents the glass transition
phase (Chapter 2, Figure 2.3C). PLA changes its state from a glass to rubbery state at this
temperature increasing the temperature to over 200°C results in a large, broad exothermic
peak at approximately 360°C which represents degradation of the polymer. At t=0, the
thermogram obtained for drug encapsulated nanoparticles (Chapter 2, Figure 2.3D)
indicated an absence of the drug peaks and only resemblance to the polymer peak’s
thermogram. The thermograms presented are for co-encapsulated nanoparticles at various
time points at the different storage conditions (Figure 7.5).
At t=1 month, the nanoparticles stored at all the different storage conditions showed the
presence of a glass transition state of the polymer, PLA. In comparison to the nanoparticles
stored at lower temperatures, nanoparticles stored at 40°C showed a peak of less intensity at
the glass transition temperature peak. At t=3 months, similar (to t=1) thermograms are
obtained for the samples at different storage conditions. The glass transition peaks are seen
to be smaller than the other samples in comparison to the t=0 data and for samples stored at
40°C. For nanoparticles stored for 6 months (t=6), samples showed an even smaller peak for
the glass transition phase for the PLA especially for nanoparticles stored at 40°C in
comparison to the other temperatures and at t=0. The large degradation peak is present in
the samples stored at 2-8°C over the period of 6 months, but is varied for the samples stored
at room temperature and at 40°C.
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Figure 7.5 DSC thermograms of co-encapsulated theophylline and budesonide nanoparticles stored at 2-8°C, room temperature and 40°C samples for 1 month, 3 months and 6
months.
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7.3.4 DETERMINATION OF PARTICLE SIZE AND ZETA POTENTIAL
The average particle size and zeta potential of theophylline and budesonide mono- and coencapsulated nanoparticles was measured at t=0 (Table 7.2). Overall, for all the drug
encapsulated nanoparticles, there was no pattern in the change in particle size over the
period of 6 months from t=0. Although the average particle size obtained for theophylline
nanoparticles showed some significant differences to t=0 (for example when stored at room
temperature) there was overall no increase in the average particle size at t=6 (P>0.05) (Table
7.3). Similarly, for budesonide mono-encapsulated nanoparticles (Table 7.4), there was no
significant change in the size of the nanoparticles when stored at 2-8°C and room
temperature over 6 months in comparison to t=0 (P>0.05). With the exception of coencapsulated nanoparticles stored at 40°C (P<0.05), similar results to the monoencapsulated counterparts were obtained at the different temperature compared to t=0
(P>0.05) (Table 7.5).
Similar to the changes in particle size, there was also no pattern in the changes of zeta
potential over the period of 6 months compared to t=0. Due to the small amount of variation
for the zeta potential obtained, the differences in the average zeta potential over the period
of 6 months was seen to be significantly different for theophylline mono-encapsulated
nanoparticles stored at the three different storage conditions (P<0.05) (Table 7.3). The
differences in the zeta potential obtained for the different storage conditions were also on
average seen to be significantly different (P<0.05). Despite these significantly different
values obtained, there is no pattern in the changes of the average zeta potential over the
period of 6 months but all the average zeta potentials measured are negatively charged as
t=0. Similar results are obtained for budesonide mono-encapsulated nanoparticles (Table
7.4) and co-encapsulated nanoparticles (Table 7.5). It is observed that the variation in the
zeta potential for the samples stored at 40°C shows a greater variation in comparison to the
nanoparticles stored at 2-8°C and at room temperature.
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Table 7.2 Average particle size and zeta potential of theophylline and budesonide mono- and coencapsulated nanoparticles at t=0

Sample
Average particle size
±SD (nm)
% RSD
Average zeta
potential ± SD (mV)
% RSD

Theophylline monoencapsulated
nanoparticles

Budesonide monoencapsulated
nanoparticles

Co-encapsulated
nanoparticles

210.25±56.57

208.13±100.43

191.25±23.72

26.91

48.25

12.40

-15.38±5.85

-16.25±4.86

-13.12±3.27

38.07

29.92

24.92

246

Chapter 7: Stability testing of theophylline and budesonide PLA nanoparticles
Table 7.3 Particle size and zeta potential obtained for theophylline mono-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C and measured at 1 month, 3
months and 6 months (n=9, mean±SD) (*P<0.05)
Theophylline
nanoparticles
Month

Temperature
Average±

1

SD
%RSD
Average±

3

SD
%RSD
Average±

6

SD
%RSD

2-8 (°C)

25 (°C)

40 (°C)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

177.07±15.91

-8.57±2.55*

95.07±52.59*

-9.55±1.87*

141.70±32.39*

-9.38±0.12*

8.98

29.75

55.32

19.58

22.85

1.24

111.76±46.58*

-8.70±1.05*

470.15±51.00*

-6.10±0.70*

145.80±34.37*

-3.49±0.85*

41.68

12.10

26.86

11.51

23.57

24.49

185.65±62.01

-7.53±1.24*

156.43±49.41*

-8.18±0.54*

179.77±83.39

-13.83±1.57

33.40

16.52

31.58

6.57

46.39

11.35

Table 7.4 Particle size and zeta potential obtained for budesonide mono-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C and measured at 1 month, 3 months
and 6 months (n=9, mean±SD) (*P<0.05)
Budesonide
nanoparticles
Month
1

3

6

Temperature (°C)
Average±
SD
%RSD
Average±
SD
%RSD
Average±
SD
%RSD

2-8 (°C)

25 (°C)

40 (°C)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

127.97±17.15*

-8.70±1.83*

149.93±18.43*

-7.72±1.72*

103.05±3.75*

-16.10±0.85

13.40

21.02

12.29

22.23

3.64

5.31

126.75±14.64*

-6.01±1.05*

139.22±6.95*

-8.69±0.74*

161.43±6.88

-3.68±0.72*

11.55

17.40

4.99

8.54

4.26

19.57

177.57±39.47

-11.03±1.08*

153.65±28.07*

-7.82±1.02*

160.15±42.78

-7.84±0.95*

22.23

9.83

18.27

13.02

26.71

12.10
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Table 7.5 Particle size and zeta potential obtained for co-encapsulated nanoparticles stored at 2-8°C, room temperature and 40°C and measured at 1 month, 3 months and 6 months
(n=9, mean±SD) (*P<0.05)
Co-encapsulated
nanoparticles
Month

Temperature (°C)

2-8 (°C)

25 (°C)

40 (°C)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

Size (nm)

Zeta potential (mV)

1

Average±
SD

116.78±65.32*

-12.63±0.86

109.69±18.77*

-8.04±0.86*

125.12±53.24*

-5.79±2.67*

%RSD

55.93

6.82

17.11

10.64

42.56

46.06

3

Average±
SD

228.40±59.29

-9.19±1.29*

119.86±38.01*

-11.70±2.02

176.57±33.04

-3.05±0.18*

%RSD

25.96

14.03

31.71

17.29

18.71

6.06

6

Average±
SD

168.63±18.59

-10.38±1.07

151.00±29.70

-4.11±0.15*

380.60±53.88*

-6.41±0.19*

%RSD

11.02

10.30

19.67

3.72

14.16

2.98
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7.3.5 DETERMINATION OF THE LOADING EFFICIENCY OF
THEOPHYLLINE AND BUDESONIDE IN SYNTHESIZED
NANOPARTICLES

The loading efficiency of the nanoparticles was calculated in the same way as described in
Chapter 2, Section 2.2.2.2.6. In this part of the study, the loading efficiency of theophylline
and budesonide in the nanoparticles stored in the different storage conditions is presented as
ratio to the loading efficiency of the two drugs at t=0 (100%)(Figure 7.6).
Variations in the loading for theophylline mono-encapsulated nanoparticles was observed
(Figure 7.6A). For samples obtained at t=3 months and t=6 months show a greater
consistency in the loading efficiency, compared to the samples at t=1 month. The changes in
the loading efficiency are shown to be significantly different at the different temperatures
(P<0.05). As a result of the large variation, no consistent change is observed over the
different storage conditions. There is no clear effect of the storage condition on the loading
efficiency of theophylline in the nanoparticles.
Similar results were obtained for theophylline loading in the co-encapsulated nanoparticles
(Figure 7.6B). Although the differences in the loading efficiency calculated over the period
of 6 months were significant, there was no clear effect of the storage condition on the
loading efficiency of theophylline (P<0.05). This suggests that the storage condition has
limited effect on the loading efficiency of theophylline over the period of 6 months.
Similar effects were seen for the loading efficiency of budesonide in mono-encapsulated
nanoparticles (Figure 7.6C) and co-encapsulated nanoparticles (Figure 7.6D). However,
there is no correlation between storage conditions and the length of storage. A large
variation is observed in the loading efficiency of budesonide which resulted in the
differences being significant (P<0.05).
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Figure 7.6 Effect of storage temperature and time on the loading efficiency of theophylline mono-encapsulated (A) and co-encapsulated (B) nanoparticles and budesonide monoencapsulated (C) and co-encapsulated nanoparticles (D) (2-8°C, room temperature and 40°C) measured at 1 month, 3 months and 6 months (n=3, mean±SD)
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7.4

DISCUSSION

The aim of the long term stability study was to evaluate the stability of the drug substance in
the nanoparticles over a period of time at different conditions and determine the most
suitable storage conditions for the nanoparticles. Guidelines and requirements are specified
by ICH which recommend the use of different temperatures (and humidity) in order to
determine the effect it would have on the product/substance. In the current study, the overall
duration was reduced to 6 months but at the recommended storage conditions based on the
guidelines. Studies have been reported for duration of 1-3 months

[513, 516, 519, 520]

, 6 months

, 1 year [521] up to 4 years [519] and 10 years [519].

[510, 511]

Time points in long term stability studies were varied. In the current study, three time points
were chosen as it allowed determining where and when, if, any changes in the
physicochemical properties of the nanoparticles would occur. Some studies used time points
that are more frequent. For example, silver nanoparticles were studied at weekly intervals to
ensure their stability in a suspension formulation

[522]

. The stability of PLGA nanoparticles

and freeze-dried albumin nanoparticles were also assessed at three different storage
conditions: 4°C, 25°C and 40°C similar to the current study, but at more frequent time
points: 1, 2 and 3 months (and a shorter duration of study) [513, 516].
From the results of the current study, it can be suggested that greatest stability of the
nanoparticles was obtained for the samples stored at 2-8°C over the period of 6 months.
This is supported by several other studies

[359, 514, 515, 519, 521]

. For example, the stability of

polysorbate nanoparticles was compared at two temperatures (4°C and room temperature).
The study was carried out over a period of one year and showed that particle size increased
slightly at room temperature but only marginally changed at 4°C even after 4 years. In the
same study, a suspension of drug-encapsulated nanoparticles (Nile Red and loperamide were
used as model drugs) were studied for a period of two months and showed no significant
change in the physicochemical properties of the nanoparticles [519].
A similar study was carried out to compare the stability of silver nanoparticles at 4°C and
room temperature showing an increased stability at 4°C reducing the rate of changes in the
particles in terms of their shape and size [521]. In a review by Abdelwahed et al (2013), PLAPCL nanoparticles formulated as nanosuspensions were stable for 350 days at 5°C but for
only 4 months at 25°C [515]. Haloperidol in solid lipid nanoparticles (SLN) formulations was
also studied in the same manner as described above with same time points where the effect
on size, zeta potential and loading efficiency was determined, this study also showed better
stability at 4°C [359].
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Changes in the morphological features of the theophylline and budesonide nanoparticles
were observed when stored at 40°C which may be as a result of the polymer changes at a
higher temperature. This temperature is in the glass transition temperature range which may
cause these changes in the polymer. Suspensions of solid-lipid nanoparticles (SLN) were
also studied at different temperatures suggesting that 4°C was the more suitable storage
temperature. Characterization of the nanoparticles was also carried out by observing the
morphological changes, where it had also been suggested at 40°C there was polymorphic
transition (from a glass to a rubbery state)

[510]

. It has been recommended that the higher the

glass transition temperature is in relation to the storage temperature, the more stable a
system will be i.e. approximately 20°C differences between these two

[230, 516]

. For this

reason it can be suggested that the PLA is not stable causing changes in the morphology
when stored at 40°C as it is in the glass transition temperature of the polymer (which is
between 34-39°C). It is better to store the nanoparticles at a temperature that is below the
glass transition temperature to allow increased stability of the particles, as reviewed by
Abdelwahed et al (2013)

[515]

. Although, some spherical particles were observed, a large

degree of coalescence was also observed. Similar characterization tests as conducted in this
work were carried out on doxorubicin nanoparticles, which were assessed for their stability
in a suspension formulation, and stored at 40°C for a period of 1 month. This study showed
changes in the particle size and zeta potential, but also chemical degradation during this
period [520].
Budesonide and theophylline melting points were observed at 260.48°C and 271.46°C,
respectively, as reported in literature

[230, 523-525]

. As described in Chapter 2, Section 2.4.6

resemblance of the nanoparticles thermogram to the polymer thermogram was suggested to
be due to several reasons. Greater polymer quantity in ratio to the two drugs present,
possible interactions between the drug and polymer masking the drug peaks or drug peaks
not being detected as a result of the large degradation peak of the PLA at the same
temperature range are all possible factors. As a common observation, the peak representing
the degradation of the polymer at approximately 360°C showed a shift to approximately
300°C (overall). This shift in the peak suggests possible interaction between drugs and
polymer, for which the melting point for both drugs is less than 300°C.
In some samples stored at 40°C, a reduction in the intensity of the glass transition phase was
observed. This reduction in intensity could be as a result of the polymer affected by the
temperature during storage such that the heat transfer during this process does not release as
much energy. Glass transition phase for the polymer for samples stored at 2-8°C was seen to
be of a greater intensity in comparison to the samples stored at higher temperatures, which
can suggest that the stability of the particles was higher at 2-8°C. The peaks that represent
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the polymer degradation were smaller for all the samples, especially for samples stored at
40°C. This could be a result of the extended time period when stored at 40°C, which would
have affected the physical properties of the polymer as it is present in the temperature range
for the glass transition phase.
Based on the observations of SEM images it can be predicted that some drug might be
detected in samples that were stored at 40°C due to the disruption of the structure of the
synthesized nanoparticles as a result of the change in state that the polymer would undergo
at higher temperatures which can lead to possible leakage of the drug. From previous
observations discussed in Chapter 2, drug peaks were not detected on the FT-IR spectra
suggesting that the drug had not adsorbed on to the surface of the nanoparticles. For the
samples stored at 2-8°C for a period of 6 months, spectra similar to t=0 were obtained,
which indicates better stability when stored at these conditions. Changes in the spectrum for
drug encapsulated nanoparticles was observed at t=6 months for samples stored at room
temperature and 40°C. Lower intensity for the PLA ester bond suggests this could possibly
be as a result of physical changes in the polymer leading to some drug peaks appearing on
the spectrum.
In the current study, although an increase in particle size was observed for the samples
stored at 40°C, this size increase was not significantly different over the period of 6 months
or when compared to the other two storage conditions (except for co-encapsulated
nanoparticles). Similar observations were reported for freeze-dried albumin nanoparticles
encapsulating HI-6 protein (studied at different temperatures over a duration of 3 months),
which showed an increase in the particle size for the samples stored at 40°C but minimal
degradation at 4°C

[513]

. In contrast, a study on polybutylcyanoacrylate (PBCA)

nanoparticles showed a reduction in the particle size at 42°C along with decomposition of
the product after only 4 weeks of storage

[517]

. A slight increase in particle size of curcumin

nanoparticles was observed, but not seen to be significant [511].
A greater consistency with minimal changes in the zeta potential were observed for samples
stored at 2-8°C and at room temperature in the current study. Similar observations were
reported in a study on curcumin PLGA nanoparticles, in which the study was also conducted
over a period of 6 months at 4°C. The samples were seen to be stable for this duration where
no collapse or aggregation of the nanoparticles being observed. It was also observed in the
SEM images for theophylline and budesonide nanoparticles stored at 2-8°C, that the
properties of the nanoparticles (spherical shape and smooth surface) were retained for the
duration of 6 months.
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In a study by Holzer et al (2009), it was noted that there was difficulty in re-dispersing
freeze dried nanoparticles at 40°C at 1-2 months, but not at room temperature until 3
months. This study on PLGA nanoparticles also supported the greatest stability of the
nanoparticles was achieved at 4°C with no significant changes in the properties of the
nanoparticles

[516]

. In the current study, there was no difficulty in re-disersibility of

theophylline and budesonide nanoparticles at any time points during the 6 month stability
study for all the storage conditions.
As both the drugs were encapsulated in the formulation process (at t=0), it can be predicted
that there may not be a change in the actual concentration of drug present in the particular
sample being analyzed, regardless of storage condition. However, changes that occur to the
polymer (at 40°C) may potentially occur at different storage conditions for budesonide and
theophylline, which can affect the concentration calculated. The loading efficiency at t=0
was calculated and presented as 100%. For this part of the analysis it is difficult to
determine if the changes in the loading efficiency over the period of time are due to the
large variation as part of the nanoformulation process at t=0 or if it was as an effect of the
temperature. Due to a lack of relationship between the storage condition and drug loading
obtained in the current study (Section 7.3.5); it can be assumed the variation in the loading
is mainly as a result of the nanoformulation process. Changes as an effect of the temperature
would be supported by on changes in the DSC thermograms or FT-IR.
Limited information is available on the two drugs that are used in this study for their long
term stability. Theophylline (and citric acid) were studied as co-crystals and was seen that
theophylline was stable after a period of up to 60 days at 55±0.5°C/40±2% RH

[524]

. In a

study on the different physicochemical forms of theophylline it was noted that after 1 week,
theophylline absorbed water at 40°C at 79 and 82% RH

[525]

. Nanoporous-microparticles of

budesonide prepared using spray drying were found to be stable after 1 year, at room
temperature [230].
It was noted that a lot of studies on nanoparticles stability studies referred to changing the
formulation of the nanoparticles from a suspension formulation to a freeze-dried
formulation and comparisons were made between these two formulations

[513-515]

. In the

current study, suspensions of the nanoparticles was not appropriate as a formulation due to
theophylline (and budesonide) being able to diffuse out of the particles into the aqueous
medium rapidly leading to a loss of the drug encapsulated, which was observed during
nanoformulation method development. Other stability studies on nano-suspensions were to
determine the importance of electrostatic charge around the nanoparticles to improve the
stability of the nanoparticles when suspended in a medium as it would prevent coalescence
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and aggregation of the nanoparticles

[512, 515, 526, 527]

. Other forms of stability studies of

nanoparticles included to determine the effects of cyro-protectants and its effect during
freeze-drying process, where it was shown to reduce the nanoparticle size distribution

[513,

514]

.

An important observation from the stability studies of the nanoparticles in suspensions was
in polyesters such as PLGA and PLA, the hydrolytic instability of the polymer in aqueous
suspension is the main problem. Drugs can also leak from the nanoparticles leading to
further instability of the nanoparticles and for this reason freeze-dried nanoparticles are able
to provide greater stability

[516]

. PCL, PLA and PLGA nanoparticles were studied at four

different temperatures for 1 year in a suspension suggested that the nanoparticles degraded
by hydrolysis of the polymer and further catalyzed by the carboxylic acid groups. In a study
reported in the literature, it was suggested that there is a direct relationship between the
degradation rate and temperature (with improved stability at 4°C) and as a result of polymer
hydrolysis, the nanoparticles which were freeze-dried were suggested to be more stable than
when suspended in water

[528]

.

In the current study, theophylline and budesonide

nanoparticles suspensions cannot be stored for a long duration of time due to problems such
as leakage of theophylline and hydrolysis of the polymer, as discussed. For this reason, if
the nanoparticles were to be administered as a nebulized formulation, the freeze-dried
nanoparticles would be mixed with a suitable aqueous solution at the time of use and then
administered immediately to minimize any drug release into the solution.
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7.5

CONCLUSIONS

The aim of the study was to evaluate the stability of the nanoparticles over a period of 6
months under different storage conditions and to subsequently determine the most suitable
storage conditions for the synthesized theophylline and budesonide nanoparticles. Three
different storage conditions, based on the ICH guidelines, were used in order to determine
the most suitable storage conditions. These were 2-8°C, room temperature (21-25°C) and
40°C.
Based on the results obtained in the current study, the best storage conditions for
theophylline and budesonide nanoparticles were 2-8°C over the period of 6 months. The
greatest retention of the properties of nanoparticles from t=0 was achieved at this
temperature. Storage of the nanoparticles at 40°C resulted in morphological changes on the
surface of the nanoparticles which were thought to be due to the changes in the polymer
properties as the temperature is close to its glass transition temperature. Storage at 40°C also
showed effects on the particle size, zeta potential variation and appearance of drug peaks on
the FT-IR spectra.
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CHAPTER 8 GENERAL DISCUSSION AND
CONCLUSIONS
8.1. GENERAL DISCUSSION
Nanoparticles can be in the form of polymeric nanoparticles, nanocapsules, micelles,
liposomes and carbon nanotubes. Various polymers have been used for the synthesis of
nanoparticles, examples include naturally occurring chitosan, or synthetic biodegradable
polymers, poly (lactic-co-glycolic acid) (PLGA) and poly (lactic acid) (PLA) [243, 247]. PLGA
and PLA are the most commonly used biodegradable polymers

[181, 185, 190, 198-200, 214, 253]

, and

have advantages such as biocompatibility and degradation by naturally occurring
metabolism processes to end products present in the body (carbon dioxide and water) [189, 223,
293, 321, 385, 398, 403]

. There are several examples of drugs that have been encapsulated using

these polymers and several methods exist to synthesize drug encapsulated nanoparticles.
The current study looked at two anti-asthmatic and COPD drugs, theophylline and
budesonide which differ in their lipophilicity. Both drugs have been shown to be effective
when used as a combination in the treatment of the airway inflammatory diseases.
Theophylline, a drug that has been relegated to third-line therapy due to safer, inhaled
alternatives available, has been shown to prevent the resistance to corticosteroids in patients
suffering from COPD

[6, 16, 143, 151, 153-158]

. Budesonide is a corticosteroid with a safe side

effect profile, is widely prescribed and used as a first line inhaler preventer therapy in
asthma [127, 145].
In order to synthesize theophylline and budesonide co-encapsulated nanoparticles using the
biodegradable polymer, PLA, a suitable method was required to be developed in order to
achieve successful encapsulation. The overall aim of this study was therefore, to
successfully formulate co-encapsulated polymeric nanoparticles encapsulating a hydrophilic
(theophylline) and hydrophobic (budesonide) drug.
Subsequently, the nanoparticles need to be characterized for their physicochemical
characteristics in order to determine which method provided the most optimal characteristics
of the nanoparticles based not only on the loading efficiency, but also consistency with other
factors such as size, surface charge and morphology. The effect of different temperatures
allows understanding of the optimum conditions of storage in an attempt to retain properties
of the nanoparticles over long term.
For drugs such as theophylline, which have a narrow therapeutic range, sustained release
products can provide advantages in therapy by reducing the risk of side effects.
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Additionally, advantages such as reduced dosing frequency, lower overall concentration of
drug and potential improved compliance can aid in the treatment of asthma and COPD; but
is also applicable to other conditions where frequent dosing may be required

[179, 216-224, 317,

318]

. Further characterization of the drug encapsulated PLA nanoparticles on human

bronchial airway cell lines can allow understanding of the acute effects of PLA
nanoparticles. Characterization of in vitro pulmonary deposition profile would allow
determining whether nanoparticles are suitable for the treatment of airway disease when
administered as a dry powder or a nebulized suspension. Pulmonary drug delivery is
preferred not only in the treatment of asthma and COPD, but the deposition of polymeric
nanoparticles can also be extended for applications in other pulmonary conditions such as
tuberculosis and cancer where sustained release can be beneficial.

8.1.1. NANOFORMULATION AND CHARACTERIZATION
Existing nanoformulation methods were developed and allow increased encapsulation for
hydrophobic drugs, but experience high rates of partitioning for hydrophilic drugs [188, 194, 199,
259, 260]

. The double emulsion method has been applied in several studies to improve the

encapsulation efficiencies of drugs in particular for hydrophilic drugs

[247, 251]

. For this

reason, a modified version of this method was applied in the current study. Variables such
as organic solvent combinations, quantity of drug and polymer, rate of evaporation and
method of evaporation of organic solvents were all investigated.
Improvement in the overall physicochemical characteristics of the nanoparticles was
obtained when the organic solvents were evaporated using pressure in comparison to
overnight stirring and a higher ratio between polymer and drug quantity used

[288]

. The

quantities of 50 mg theophylline, 5 mg budesonide used with 200 mg of PLA were found to
be the most suitable combination/ratio of drug and polymer based on the characterization
results obtained

[285]

.This change in the method showed improvement in the loading

efficiency of theophylline and budesonide with lower variation (Table 2.6). Lower variation
in drug loading is essential as it allows quantifying the nanoparticles for dose calculation
accurately. The use of overnight stirring also resulted in larger variation in the particle size
and zeta potential of the nanoparticles (Table 2.3). However, despite the changes in the
variables of the method, the particle size of the drug encapsulated PLA nanoparticles
remained to be in the sub-micron range (200-500nm) and negatively charged as a result of
the carboxylic acid groups on PLA.
Greatest improvement in the physicochemical characteristics (such as particle size, zeta
potential and loading efficiency) of the nanoparticles was obtained when acetone and
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dichloromethane were used as the organic solvents (Method 8). Acetone was reported as the
solvent of choice in several studies

[193, 198, 199, 253, 296, 297]

and is a solvent in which

theophylline was readily soluble. The use of this mixed organic phase would allow reduced
partitioning of the hydrophilic drug to the external phase and therefore improve the loading
efficiency [193, 194, 198, 298].
Storage of the nanoparticles at over the period of 6 months at three different storage
conditions however revealed that storage at 40°C resulted in an increased variation in the
particle size and zeta potential (Table 7.3-7.4).An increase in the average particle size of
nanoparticles was observed in the current study and reported in previous studies carried out
on nanoparticles stored at 40°C [513]. Samples stored at 2-8°C were least affected and can be
suggested that this is an ideal temperature to store the nanoparticles for long term stability.
The nanoparticles stored in this temperature showed reduced variation in the particle size
and zeta potential. The results obtained in the current study correlate with previous stability
studies carried out on nanoparticles supporting the storage of drug encapsulated PLA
nanoparticles at this temperature [359, 514, 515, 519, 521].
Reproducibility in the loading efficiency of theophylline and budesonide in mono- and coencapsulated nanoparticles allows an increased confidence in the reproducibility of the
method and ability to determine the concentration of drugs encapsulated in a particular
quantity of nanoparticles (Table 2.7). Despite changes in the method to improve the loading
efficiency of the hydrophilic drug, the nanoformulation method demonstrated the preference
in encapsulation of hydrophobic drugs which is reported in other studies

[197]

. Stability

studies of the nanoparticles revealed that there was no change in the drug content related to
the effect of the temperature when stored over a period of 6 months and was suggestive that
the changes in the drug content was due to the nanoformulation method (Figure 7.6).
FT-IR of the nanoparticles obtained resembled the PLA spectrum suggesting no drug
adsorbed on the outer surface of the nanoparticles (Figure 2.2); which is expected due to (i)
nanoformulation method developed was for encapsulation of the drugs and (ii) washing off
any un-encapsulated drug or surfactant by centrifugation steps

[225]

. The DSC thermograms

of the nanoparticles also suggested successful encapsulation of the drugs. The glass
transition phase of the polymer at approximately 45°C was present in the nanoparticles
samples and a shift in the polymer degradation peak, closer to the melting point of both
drugs suggested an interaction between the drugs and the polymer (Figure 2.3). An effect on
the intensity of the glass transition temperature peak was observed in DSC thermograms for
nanoparticles stored at 40°C the duration of 6 months (Figure 7.5).
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Morphology of the nanoparticles revealed smooth surfaces (Figure 2.4), supporting other
studies on nanoparticles synthesized using biodegradable polymers and correlation to
particle size analysis carried out using dynamic light scattering. Loss of morphological
features of the nanoparticles present at t=0 was observed consistently for the duration of 6
months for the nanoparticles stored at 40°C (Figure 7.1-7.3) [510]. This was thought to be due
to the temperatures being in the glass transition temperature range of the polymer, which
can lead to changes in the PLA from a glass to a rubbery state. The nanoparticles stored at
2-8°C retained morphological features (spherical shape, smooth surface) over the course of
6 months (Chapter 7).
As a result of the improved physicochemical properties, nanoparticles synthesized using
Method 8 was selected for further characterization. Freeze dried nanoparticles were used for
further characterization of the nanoparticles by studying the drug release profiles (Chapter 3
and Chapter 5), effects on a human bronchial epithelial cell line (Chapter 4 and Chapter 5)
and in vitro deposition (Chapter 6).

8.1.2. IN VITRO DRUG RELEASE STUDY
By formulating theophylline and budesonide encapsulated nanoparticles, the aim was to
achieve sustained release of the two drugs. The release of theophylline and budesonide from
the PLA nanoparticles was studied using Franz diffusion cells (Chapter 3) and this model
was extended to Transwell® inserts seeded with human bronchial epithelial cells (Chapter
5). The features of the Franz diffusion cells show suitability for the study of the
nanoparticles

[317, 323, 325, 332, 334]

. These include the use of low volumes and a membrane.

These features can be also applied to the setup using 16HBE14o- cells seeded on
Transwell® inserts.
Both setups showed a greater concentration of drug in the basolateral/receiver chamber
when drug solution (of equivalent concentration) was applied to the apical/donor chamber in
comparison to drug released from mono-encapsulated and co-encapsulated nanoparticles.
Both setups showed successful sustained release of the drug from the nanoparticles. Similar
release profiles of theophylline and budesonide were obtained from both mono- and coencapsulated nanoparticles in both setups (Figure 3.1-Figure 3.6, Figure 5.6 and Figure 5.7).
Comparable concentration of theophylline in the basolateral chamber of the Franz diffusion
cells (studied at 37°C) and Transwells® were obtained. These ranged from 10-16% in total
(Figure 3.7 and Figure 5.6). Theophylline is readily soluble in methanol, SLF and transport
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medium and this can be suggested as a potential reason that the release of theophylline is
similar in the two setups.
Lower concentration of budesonide was released from the nanoparticles and obtained in the
basolateral chamber of the Transwells® treated with the budesonide mono- and coencapsulated nanoparticles (Figure 5.7) in comparison to the concentration of budesonide in
the receiver chamber of Franz diffusion cells (Figure 3.8). This may be due to the aqueous
medium used in the study of transport of drug across the 16HBE14o- cells (Chapter 5),
resulting in a largely unfavorable environment for budesonide in comparison to the receiver
medium used in the Franz diffusion studies which included the use of an organic solvent
(methanol).
A large difference in the total recovery (from apical and basolateral chamber) of budesonide
was shown in the two different setups. Approximately 78% of budesonide was recovered
from the Franz cell experiments (Chapter 3), but only approximately 10% of budesonide
was recovered from the apical and basolateral chambers of cells treated with budesonide
solutions of equivalent encapsulated concentrations (Chapter 5). Possible reasons for this
difference are thought to be due to a possible fatty acid conjugation of budesonide which
results in conversion of budesonide to an inactive form resulting in prolonged retention

[335,

392, 445-447]

. Additionally, it is possible that binding of budesonide to the plastics of the

Transwell® may have resulted in a poor recovery of the drug. The possible binding of
budesonide to the Transwell® plastic can also lead to potential inaccurate calculation of
apparent permeability coefficients (Table 5.5).
The pore sizes of the cellular supports were 0.4µm when conducting transport experiments
using 16HBE14o- cells; but tight junctions formed by the human bronchial epithelial cell
line are thought to be approximately 13-15nm resulting in a potential transport of only drugs
and not nanoparticles across the cell monolayer. Similarly, the cellulose membrane used in
the Franz diffusion cells was 24Å (2.4nm) which also results in transport of the drugs only
and not nanoparticles, acting as a filter[330]. The importance of the filter was highlighted
when nanoparticles were suspended in release media and faster release of the drugs from the
nanoparticles was obtained in comparison to the Franz diffusion cells (Figure 3.9).
However, it is thought that this may also be due to the overestimation of drug as a result of
sampling nanoparticles during analysis.
It is thought that the drugs diffuse out of the PLA nanoparticles and showed high correlation
to the Higuchi model which demonstrates release by diffusion mechanism [218, 288, 357-359]. The
rate limiting step was thought to be the release of the drugs from the nanoparticles rather
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than the diffusion of the drug across the cell monolayer or cellulose membrane (Figure 3.10)
[332]

.

Additionally, from the Franz diffusion cell experiments, it was observed that the release of
drugs from the nanoparticles at physiological temperature was not significantly different to
the release at room temperature (Figure 3.7-3.8)

[217]

. The similar release concentrations

obtained in the transport study experiments conducted using 16HBE14o- cells also
demonstrate the little effect of the increased temperature on the release of the drugs from the
nanoparticles in the current study (Chapter 5).This was noted in several other studies as
well. It was thought that the release of the drugs at physiological temperature may be
affected by changes in the polymer state from glass to rubbery state due to the presence of
the nanoparticles in the glass transition temperature range. Changes in the polymer were
also observed for nanoparticles stored at 40°C (Chapter 7) where an effect on morphology
was observed and a larger variation in other physicochemical characteristics such as particle
size and loading efficiency [218, 326, 331, 340]

8.1.3. CHARACTERIZATION USING HUMAN BRONCHIAL EPITHELIAL
CELL LINE (16HBE14O -)
The effects of the nanoparticles on viability and integrity of tight junctions was studied
using a human bronchial epithelial cell line, 16HBE14o- cells [8, 382, 388, 392-394]. This cell line
was selected as it is able to represent the upper airways, which is the target site and affected
site of the airways in patients suffering from chronic inflammatory diseases, asthma and
COPD. The cell line expresses tight junctions when cultured at an air-liquid interface [388, 392,
394, 423, 424]

.

Concentrations of nanoparticles studied in the various experiments in the current study were
overall shown to be safe and non-toxic to 16HBE14o- cells in time scale applied.
Nanoparticles studied at a range of concentrations in the assessment on their effect on the
viability of 16HBE14o- cells and only showed a significant reduction only at the maximum
concentration used in the current study (5 mg/mL) over a period of 24 hours (Figure 4.114.14). It was thought that the reduction in viability was due to the highly concentrated
nanosuspension and not due to the concentration of drugs encapsulated, as the drugs were
shown to cause non-significant effects on viability in comparison to the control (Chapter 4).
At concentrations of the nanoparticles (between 0.5-1 mg/mL) where there was no
significant effect on the viability, the nanoparticles also showed no significant effect on the
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tight junctions expressed by the 16HBE14o- cells. This was measured by determination of
the concentration of paracellular marker, FD4, in the basolateral chambers of cells treated
with drug solutions and nanoparticle suspensions in comparison to the control (Figure 5.4
and Figure 5.5). It has been suggested that submicron sized nanoparticles are not able to
translocate across the cells monolayer due to the small intracellular spaces (15nm)

[422, 435]

.

As a result of the negatively charged membranes, it is thought that the effect of negatively
charged nanoparticles is limited therefore resulting in a limited effect on the cell viability
and tight junctions [370].
Further to this, the concentration of nanoparticles used for in vitro deposition studies (1
mg/mL in the nebulized suspension) was also shown to be non-toxic to cells. This can
therefore be suitable for potential experiments of in vitro deposition of the nanoparticles in
impingers or impactors where cell lines can be placed in the various stages at an air-liquid
interface and deposition and subsequent transport of the encapsulated drugs can be studied
using combination of the release study, transport study and in vitro deposition methods at
non-toxic concentrations.

8.1.4. IN VITRO AEROSOL DEPOSITION STUDIES
The in vitro deposition of the nanoparticles was characterized using a multistage liquid
impinger (MSLI). In the current study, freeze dried theophylline and budesonide
nanoparticles were prepared as a dry powder formulation or suspension to be nebulized. Dry
powders are preferred due to the increased stability (when stored correctly) of the product
and was observed to be a common method adapted for the successful delivery of polymeric
nanoparticles via the pulmonary route

[208, 210, 235, 366, 460, 491]

. For the current study, freeze-

dried nanoparticles would be required to be re-constituted to prepare a nebulized suspension
at the time of inhalation in order to prevent un-wanted release of drug and reduced stability.
Nanoparticle suspensions have been used previously to deliver drugs via the pulmonary
route [212, 374, 506].
Nebulizer formulations showed deposition in the target area (Figure 6.5-6.4) but a large
percentage of the dose remained in the nebulizer chamber. With minimal requirements of
preparation, appropriate dose adjustments and duration of nebulization can result in
optimum deposition at target site.
Dry powder inhalers were prepared using different grades of inhaled lactose. The dry
powders were deposited using a single dose, Aerolizer® device. It was consistent with all
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the different lactose grades and mono- or co-encapsulated nanoparticles that greatest
deposition occurred in the upper stages of the MSLI where particle size is approximately
over 6.8µm (Chapter 6, Section 6.3). In the respiratory system, this would lead to an unsuccessful deposition and therefore dry powders would need further modifications or
increased mixing times in order to allow successful deposition at target site.
The minimal use of excipients is ideal as it allows ease in preparation and limited effects of
inhaled excipients. Dry powder inhaler formulations have been used for the administration
of nanoparticles via the pulmonary route in various studies and prepared using several
techniques including milling, tumbling blending or spray drying or with a combination of
‘fines’ and larger carrier particles. Lactose grades which consisted of a wide particle size
distribution showed better deposition profiles than ones with only ‘fines’ or larger particles
as it would allow nanoparticles to adhere to greater range of particles. The use of
Lactohale® 201 and Respitose® ML001 showed improved mixing and deposition of the
nanoparticles which may be due to the presence of ‘fines’ and a combination of larger,
coarser carrier particles.
As this was a preliminary study on the deposition of the nanoparticles in the airways, there
were limitations which would be addressed in order to improve the deposition of the
nanoparticles in the lungs. The powders formulated in this study were made as individual
doses, but it would be more ideal to make a bulk powder and have the dosing of the
nanoparticles based on the concentration of the two drugs and not nanoparticles. The
formulation of a bulk powder would allow assessment of the powder flow properties and
improve formulation processes and selection of the most appropriate lactose grade to allow
increased and improved deposition
By achieving greater deposition in the appropriate/target stages of the MSLI the dose of the
drugs/ nanoparticles can be adjusted according to the loading dose calculated. As
approximately 50% of the volume remained in the nebulizer chamber, this volume can also
be adjusted accordingly to avoid drug wastage. Successful deposition of the nanoparticles in
the correct site, it would lead to increased bioavailability of the drug by sustained release at
the target site. By delivering sustained release nanoparticles, the frequency of dosing can be
reduced, which can potentially increase patient compliance and reduction in toxic adverse
effects. The negative surface charge of the synthesized PLA nanoparticles (Chapter 2) and
reconstitution of the nanoparticles in water at the time of administration would lead to an
increased stability further supporting the use of nebulized suspensions. By developing
suitable models of release (Chapter 3) with or without the use of cells at an air-liquid
interface (Chapter 5) in the impinger, the concentration of drug released after a period of 24
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hours can also be predicted at each stage of the MSLI which can lead to development of an
accurate and reproducible dosing system. The confidence in the reproducibility is further
increased by achieving loading efficiencies of the encapsulated drugs (theophylline and
budesonide) in a consistent range (Chapter 2). Dosing of the nanoparticles can be based on
the drug concentration rather than the nanoparticles, where a potential greater concentration
of drugs can be used due to the non-toxic effects shown the 16HBE14o- cells (Chapter 4
and 5).
It is important to note that the quantities and concentration of the nanoparticles used in the
current study were sub-therapeutic. In order to have any effect, the concentration of the
nanoparticles would have to be increased significantly. From the results obtained for the
deposition studies using dry powders, only 10% of the initial dose is the FPF. With the
current quantity/concentration of nanoparticles used and based on the release profiles,
approximately only 1.76 µg of theophylline and less than 1 µg of budesonide of the
deposited 10% would be released in the target region; both sub-therapeutic doses. In
comparison, a greater FPF was obtained when nebulized suspensions of the nanoparticles
were tested. The FPF for theophylline was calculated to be approximately 60% which would
result in approximately 10 µg of theophylline released in the 24 hour period in the target
site. This would be in the therapeutic range and safe in terms of toxicity levels. However,
the concentration of budesonide deposited and released in 24 hours would be approximately
0.272 µg which would be sub-therapeutic. For this purpose, it would be important to use a
concentration of nanoparticles that would result in sufficient release of both theophylline
and budesonide over the period of 24 hours. In addition, by delivering the drugs locally, the
concentration of theophylline can be further increased if required.

8.2. CONCLUSIONS
Theophylline and budesonide nanoparticles have been successfully formulated using a
double emulsion solvent diffusion (DESD) method. The method was developed and
modified in order to increase the loading efficiency of both the drugs which differ in their
lipophilicity. Despite the changes in the nanoformulation methods, the loading efficiency of
the hydrophobic drug (budesonide) was higher than the hydrophilic drug (theophylline).
Nanoparticles synthesized using acetone and dichloromethane in the organic phase, which
when removed under pressure, showed lower variation in the particle size, zeta potential and
drug loading. Reproducibility of loading efficiency of theophylline and budesonide was
obtained in mono- and co-encapsulated theophylline and budesonide nanoparticles which
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can be an advantage to determine concentration of drug encapsulated and in dosing.
Spherical, smooth surfaced, sub-micron and negatively charged nanoparticles showing no
adsorption of the drugs was shown consistently in the nanoparticles.
Encapsulating theophylline and budesonide in the polymeric nanoparticles achieved
sustained release of the drugs over 24 hours. Similar release profiles of theophylline and
budesonide from mono-encapsulated and co-encapsulated nanoparticles were observed. The
release was thought to follow the Higuchi model, which is based on the diffusion of the
drugs from the nanoparticles.
When the transport of the drugs across the 16HBE14o- cell monolayer was assessed, similar
results to when the Franz diffusion cells were used was obtained and thought to be that the
release of the drugs from the nanoparticles was the rate limiting step. Sustained release was
achieved when compared to the drug solutions of equivalent concentrations.
The nanoparticles significantly reduced the viability of the 16HBE14o- cells when a
concentration of 5 mg/mL was used (compared to the control); however this was thought to
be due to an effect of the highly concentrated suspension of the freeze dried nanoparticles
on a smaller area rather than an effect of the drug. Similarly, the negatively charged
nanoparticles (studied at a concentration where viability of 16HBE14o- cells was not
significantly reduced) did not affect the integrity of the tight junctions of the 16HBE14ocells indicated by a similar permeability of the exposed cells to the paracellular marker,
FD4, as control cells.
In vitro deposition studies showed a wide deposition profile of the nebulized suspensions of
theophylline and budesonide nanoparticles. Dry powder formulations of the nanoparticles
mixed with lactose showed greater deposition in the throat section of MSLI suggesting
unsuccessful deposition profile. For stability purposes, freeze dried nanoparticles would be
required to be reconstituted as a suspension at the time of administration if the medication
were to be administered using a nebulizer. Optimization in the dose and time to nebulize the
suspensions can lead to greater deposition in the target site.
To achieve prolonged stability of the nanoparticles, it was suggested from the current study
that freeze dried nanoparticles stored at 2-8°C retained their physicochemical properties
from t=0 over the period of 6 months. The least favorable conditions were at 40°C, which
showed changes in the shape and morphology of the nanoparticles as a result of the polymer
changing state from glass to a rubbery state near the glass transition temperature. Along
with an increased variation in the particle size and zeta potential in comparison to the
nanoparticles stored at 2-8°C and room temperature.
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8.3. FUTURE WORK
For future work, it would be important to further optimize the encapsulation of hydrophilic
drugs in polymeric nanoparticles. The current study demonstrated variables in the method
development that should be carried out in order to improve not only the drug loading of both
hydrophilic and hydrophobic drugs, but also other aspects of the nanoparticles including
particle size and zeta potential. Despite improvements in drug loading, higher drug loading
of the hydrophobic drug was obtained and therefore future work can be performed to
achieve further improvements in the method which can lead to equal encapsulation
efficiencies of both hydrophilic and hydrophobic drugs. Additionally, scaling up of the
method of nanoparticle synthesis would be ideal. This would allow potential larger yields of
nanoparticles and ease in the synthesis method.
Theophylline and budesonide can be used as model drugs for the encapsulation of
hydrophilic and hydrophobic drugs and/or co-encapsulation of drugs in polymeric
nanoparticles. For future work, this application can be extended to other conditions which
are not necessarily specific to pulmonary diseases. Treatment of infections such as
tuberculosis (TB) requires multiple medications coupled with longer treatment regimens and
it would be ideal to attempt the treatment of tuberculosis using polymeric nanoparticles
encapsulating anti-TB medication.
Future work on the release profile can be carried out and extended for a longer duration.
Some studies have carried out the release study of the drugs encapsulated for periods of up
to 4 weeks or longer. However the disadvantage of the method used in the current study if
applied over a longer period of time can potentially include compromising on sink
conditions if small volumes are to be used. For this reason, higher volumes and larger
concentrations of the nanoparticles could be used to study the release of the drugs from the
nanoparticles over a longer period of time. Larger volumes ensure that the sink conditions
are not compromised therefore concentrations are accurate. Greater concentrations also
allow the use of an aqueous based receiver medium which would allow an accurate
representation of the airways in vitro.
Further work can be carried out on the cytotoxicity study; comparisons by carrying out an
LDH assay would be able to give more information on the cytotoxicity of the nanoparticles.
Cytotoxicity can also be studied over an extended period of time, for example up to 48
hours or longer time periods. The effect of PLA nanoparticles on the tight junctions of cell
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lines can also be studied at higher concentrations. Application of an alternative cell line can
allow seeing if the effects of the nanoparticles are reproducible. By using a mucus-secreting
cell line, the effect of the mucus on the nanoparticles can also be studied this way. Addition
of mucus can further allow knowledge on the effect of mucus on the nanoparticles and the
permeability of drugs across the membrane. The nanoparticles can be delivered as aerosols
with cells present at an air-liquid interface and the concentration of drugs transported across
the cell monolayer or taken up can be determined.
For the in vitro deposition of the nanoparticles, it would be important, and very useful, to
further develop a suitable formulation for pulmonary drug delivery. As part of this study,
only preliminary work was carried out to obtain an understanding of the deposition of
nanoparticles in the airways when delivered with the use of minimum excipients. It is more
important to formulate a bulk powder of the nanoparticles and a carrier and to base the
concentration not on the amount of nanoparticle, but the concentration of the drugs that are
required. This would allow the dosing to be more accurate and can be related to the
therapeutic efficacy of the drugs. Formulating bulk powders in this manner also allow study
on the flow characteristics of the formulation and therefore adjustment to the powders
accordingly.
By using the inhalation formulations (dry powders and nebulized suspension of freeze dried
nanoparticles) the clearance in the airways can be assessed. The clearance of the
nanoparticles in the upper airways and response of macrophages to the nanoparticles
deposited in the lower airways can be assessed. Although the target site is the upper
airways, it is very likely that a small concentration of nanoparticles will deposit in the lower
airways. Although there is also a large possibility that these will not be engulfed by
macrophages due to their small particle size; this response can be considered. Clearance of
the nanoparticles in the upper airways would be by the mucociliary clearance system and by
using an appropriate cell line or model to show this, would allow determination of the
clearance of the nanoparticles in the upper airways.
A future study that can be carried out on the theophylline and budesonide PLA
nanoparticles synthesized in the current study can begin at the optimization of the
pulmonary formulation. This can be both, nebulized suspension or dry powder formulation,
or one of them. The deposition profiles can be assessed using a next generation impactor
(NGI) and by characterization of the actual formulation too. Cell lines can be added onto an
impinger and therefore the deposition and subsequent effect on the cell lines can also be
assessed. Further to this, the effect of the formulation on a primary cell line can be assessed
for the short life span that primary cell lines have. After characterization on primary cells,
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the study can be carried out in vivo or ex vivo (using isolated perfused lungs) where the
response to the drugs can be measured. This can be measurement by determining the
changes in the airway diameter when drugs are inhaled and measurement of markers in the
bronchial alveolar lavage (BAL) fluid.
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CHAPTER 10 APPENDICIES
10.1 APPENDIX 1: SYNTHESIS AND CHARACTERIZATION OF
THEOPHYLLINE AND BUDESONIDE NANOPARTICLES

10.1.1 ANALYTICAL METHOD DEVELOPMENT
System suitability testing is an integral part of implementing an analytical method for a test
compound and the tests are based on the concept that the equipment, electronics, analytical
operations and samples to be analysed constitute an integral system that can be evaluated as
such. The system suitability of the assay is performed by injecting a known concentration of
the test compound for example a 10 µg/ml sample for a total of 6 times and then calculating
the following parameters. The parameters adopted for the test compound are based on ICH
guidelines for the validation of analytical procedures, Q2 (R1). The targets to be achieved
are shown in Table 10.1:
Table 10.1 System suitability targets based on ICH guidelines
Validation Parameter

Specification

Capacity factor (k’)

k’ > 2

Precision/Injection Repeatability (%RSD)

%RSD < 2%

Tailing Factor (T)

T≤2

Theoretical Plate Number (N)

N > 2000

CAPACITY FACTOR (K')
This is a measure of where the peak of the drug substance is located with respect to the void
volume, i.e. the elution time of the non-retained components.

k' 

t R  t 0 
t0

tR is the retention time of the Test compound and t0 is the elution time of the non-retained
components or void volume. The Test compound peak must be well resolved from all other
peaks in the chromatogram and it is recommended the value of κ' should be greater than
two.
PRECISION/INJECTION REPEATABILITY
This is expressed as the %RSD and provides an assessment of the performance of the HPLC
system including the plumbing, column and environmental conditions at the time the
samples are analysed.
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TAILING FACTOR (T)
This parameter must be calculated in order to achieve a high degree of accuracy in
quantitation by reducing problems in determining where and when the peak of interest ends.
T

Wx
2f

Wx is the width of the peak determined at 5% from the baseline of the peak height and f is
the distance between the peak maximum and the peak front at Wx. A T value less than or
equal to 2 is recommended.
THEORETICAL PLATE NUMBER (N)
This parameter provides a measure of column efficiency.
t

N  16   R

t
W


2

The theoretical plate number depends on the elution time and a value greater than 2000
should be achieved.
LINEARITY AND RANGE
The linearity of the assay is its ability (within a given range) to obtain test results that are
directly proportional to the concentration of test compound in the sample. The range of the
assay is the interval between the upper and lower concentration of the test compound in the
samples for which it has been demonstrated that the assay has a suitable level of precision,
accuracy and linearity. The linearity and range of the assay is determined based on the
standard plots for the test compound.
ACCURACY
The accuracy (or trueness) of the assay expresses the agreement between the value that is
accepted either as a conventional true value or an accepted reference value and the value
determined. To determine the accuracy of the HPLC assay quality control (QC, accepted
reference) samples are freshly prepared each time the standard concentration samples are
analysed.
The accuracy of the standards (represented as %accuracy) is assessed by calculating the
concentration (MC) of a freshly prepared QC sample using the relevant section of the
standard curve and comparing it to the theoretical concentration (TC) according to the
following equation:
% accuracy 

 MC 

 x100
 TC 

PRECISION
The precision of the assay expresses the closeness of agreement (degree of scatter) between
a series of measurements obtained from multiple sampling of the same homogeneous
sample under the same analytical conditions and is expressed as the %relative standard
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deviation (%RSD). Six replicate injections of a known concentration for example a 10
µg/ml standard sample of the test compound is analysed on the same day and the %RSD of
peak area was determined.
SENSITIVITY
The limit of detection (LOD) is the lowest amount of analyte that can be detected but not
necessarily quantitated. The quantitation limit (LOQ) is the lowest amount of analyte in the
sample that can be quantitatively determined with suitable precision and accuracy. The LOQ
is a parameter of quantitative assays for low levels of compounds in sample matrices. The
LOD and LOQ of the assay are identified from the standard curve using the equations
below:

 STEYX 
 x3.3
 Slope 

LOD  

 STEYX 
 x10
 Slope 

LOQ  

STEYX: Returns the standard error of the predicted ‘y’-value for each ‘x’ in a regression.
Table 10.2 System suitability results for HPLC methods developed (described in detail in Chapter 2, Table
2.2). The initial mobile phase used was Acetonitrile: 0.1%v/v formic acid (65:35), which was unsuitable
due to theophylline peak eluting too close to the solvent front. System 3 was an additional HPLC system
used for the analysis of data in the current study.

System suitability
factors
Capacity Factor
(k’)
Precision/Injection
Repeatability
(%RSD)
Tailing Factor (T)
Theoretical Plate
Number (N)
Linearity
LOD
LOQ

Does not
meet
specification

Meets
specification

Specification

System 1: Mobile phase:
Acetonitrile: 0.1%v/v formic acid
(65:35)
Theophylline
Budesonide
Results (mean
Results (mean
± SD, n=6)
± SD, n=6)

System 3: Mobile phase:
Methanol: water (70:30)
Theophylline
Results (mean ±
SD, n=6)

Budesonide
Results (mean
± SD, n=6)

k’ > 2

-0.15±0.00

1.82±0.00

0.41±0.013

5.44±0.031

RSD < 2%

0.29%

1.08%

1.95%

0.88%

T≤2

0.02 ± 0.01

0.05 ± 0.01

0.00 ± 0.00

0.00 ± 0.00

N > 2000

131 ± 15

1070 ± 15

144 ± 33

455 ± 61

R2 ≥ 0.995
-

0.9997
10ng/ml
200ng/ml

1
4 ng/ml
20 ng/ml

0.9975
1.42 ng/ml
4.29 ng/ml

0.9975
1.53 ng/ml
4.64 ng/ml

Not
applicable
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10.1.2 AVERAGE PARTICLE SIZE , ZETA POTENTIAL ANALYSIS AND LOADING EFFICIENCY OF NANOPARTICLES SAMPLES
FORMULATED USING VARIOUS THEOPHYLLINE , BUDESONIDE AND POLYMER RATIOS
Table 10.3 Quantities of theophylline and budesonide used in some nanoparticles formulations. These combinations of theophylline and/or budesonide were used to synthesize monoor co-encapsulated nanoparticles using Methods 2 to 5. The quantity of polymer used is specified in Chapter 2, Table 2.1.
Sample

1

2

3

4

PLA (mg)

5

6

7

8

9

10

11

50 or 200 (specified in Table 2.1)

Theophylline (mg)

5

10

50

5

10

50

5

10

50

X

X

Budesonide (mg)

X

X

X

1

5

1

5

1

5

1

5

Table 10.4 The average particle size and zeta potential of the nanoparticles synthesized using Methods 2-5 with various drug combinations specified in Table 10.3 (n=3).
Methods
Sample

1
2
3
4
5
6
7
8
10
11

2
Average size±
standard
deviation (nm)

%RSD

251.90±39.30
279.18±136.05
242.45±63.83
192.80±32.75
237.75±54.37
262.65±45.89
237.38±46.88
263.48±83.74
270.90±101.93
349.95±104.55

15.60
48.73
26.33
16.99
22.87
17.47
19.75
31.78
37.63
29.87

3
Average zeta
potential
±standard
deviation
(mV)
-11.57±6.18
-9.96±7.01
-11.00±7.90
-8.19±5.37
-1.30±5.84
-4.30±2.43
-6.45±6.00
-10.78±6.58
-8.71±3.94
5.39±5.67

4

5

%RSD

Average size±
standard
deviation (nm)

%RSD

Average zeta
potential
±standard
deviation (mV)

%RSD

Average size±
standard
deviation (nm)

%RSD

Average zeta
potential
±standard
deviation (mV)

%RSD

Average size±
standard
deviation (nm)

%RSD

Average zeta
potential
±standard
deviation (mV)

%RSD

53.40
70.31
71.85
65.55
449.23
56.51
93.06
61.02
45.25
105.19

403.98±97.84
242.05±68.04
479.37±208.33
287.95±70.61
322.30±83.29
251.25±81.41
264.93±58.65
229.83±54.61
214.93±60.78
252.30±81.29

24.22
28.11
43.46
24.52
25.84
32.40
22.14
23.76
28.28
32.22

-0.55±4.22
-0.58±3.39
-21.10±5.83
-2.41±3.71
-24.70±7.06
-0.65±3.26
-0.72±4.27
-0.91±3.86
-0.64±3.26
-0.63±3.22

768.06
588.20
27.63
154.02
28.60
500.00
593.97
423.15
506.21
511.10

500.50±47.19
905.40±69.69
661.38±76.46
480.23±37.09
464.40±80.50
849.80±30.46
374.47±90.30
683.50±118.63
885.23±220.03
399.35±66.35

9.43
7.70
11.56
7.72
17.33
3.58
24.11
17.36
24.86
16.62

-12.12±5.02
-8.47±4.09
-18.75±4.32
-17.60±4.12
-12.97±7.21
-6.77±5.71
-16.41±5.65
-19.95±5.76
-17.47±5.15
-0.25±3.93

41.45
48.29
23.06
23.42
55.60
84.30
34.42
28.86
29.48
1552.
04

263.50±21.62
353.50±66.41
247.69±12.94
327.57±29.21
322.70±28.43
280.57±23.68
380.77±33.17
239.09±21.42
272.04±28.37
352.50±43.35

8.21
18.79
5.22
8.92
8.81
8.44
8.71
8.96
10.43
12.30

-20.93±5.19
-16.43±3.95
-21.50±7.19
-17.07±5.62
-20.47±5.44
-15.37±5.29
-20.82±4.76
-12.55±6.87
-19.03±4.64
-21.73±5.04

24.81
24.02
33.46
32.93
26.60
34.40
22.87
54.76
24.40
23.21
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Table 10.5 The average loading efficiency of theophylline and budesonide in PLA nanoparticles synthesized using Methods 2-5 (Chapter 2,Table 2.1) using various drug and polymer
combinations specified in Table 10.3 (n=3).

Method

2

3

4

5

1

Theophylline
loading ±SD (%)
0.17±0.55

Budesonide
loading ±SD (%)
X

Theophylline
loading ±SD (%)
4.60±2.53

Budesonide
loading ±SD (%)
X

Theophylline
loading ±SD (%)
1.33±0.15

Budesonide
loading ±SD (%)
X

Theophylline
loading ±SD (%)
5.37±0.03

Budesonide
loading ±SD (%)
X

2

0.32±0.53

X

0.41±0.43

X

0.75±1.52

X

13.53±0.04

X

3

2.08±1.47

X

0.01±4.76

X

3.98±0.01

X

4.98±0.11

X

4

0.14±0.17

8.96±0.83

5.04±0.32

12.54±6.07

1.11±0.15

4.45±0.17

2.70±2.45

15.92±6.19

5

0.40±0.16

6.05±0.72

8.76±2.45

45.37±7.36

1.32±0.15

4.21±0.61

4.46±1.46

4.03±3.54

6

0.87±0.02

2.71±1.39

6.07±2.51

44.75±13.77

0.80±0.04

12.60±1.41

2.26±0.24

14.23±4.58

7

3.10±0.12

3.93±0.83

1.52±0.00

38.06±6.84

0.39±0.08

25.44±1.66

6.29±1.30

10.60±6.15

8

0.22±0.15

12.18±1.76

4.90±0.66

41.78±0.02

1.90±0.07

24.27±0.70

26.15±0.12

18.84±2.97

10

X

13.79±2.76

X

45.44±12.14

X

6.58±0.90

X

59.73±1.34

11

X

3.78±1.52

X

67.55±24.80

X

42.07±1.09

X

9.94±6.80

Sample
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10.2 APPENDIX 2: THERMAL PROPERTIES DATA SHEET FROM
MANUFACTURERS (PURAC BIOMATERIALS)
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10.3 APPENDIX 3: CHAPTER 7: STABILITY TESTING OF THEOPHYLLINE AND BUDESONIDE PLA NANOPARTICLES

Figure 10.1FT-IR spectra of mono-encapsulated budesonide nanoparticles stored at 2-8°C, room temperature and 40°C at 1 month, 3 months and 6 months period to observe any
changes in the surface characteristics of the nanoparticles
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Figure 10.2FT-IR spectra of mono-encapsulated theophylline nanoparticles stored at 2-8°C, room temperature and 40°C at 1 month, 3 months and 6 months period to observe any
changes in the surface characteristics of the nanoparticles
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