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Abstract

There has been significant interest in the potential of pulmonary-delivered genetic vacci-

nation in treating pulmonary diseases to mitigate vaccine safety issues and to obviate the

requirement for needles and skilled, expensive personnel to handle them. Plasmid DNA

(pDNA) offers a rapid production route to vaccines without significant side effects nor

an extensive cold chain, which is especially important in being prepared for a pandemic

caused by a highly infectious agent such as influenza. However, delivering therapeutics

such as pDNA to the lung is challenging. Conventional methods including jet and ul-

trasonic nebulizers for the pulmonary DNA delivery of gene therapeutics are currently

ineffective, as they largely fail to maintain the viability of large biomolecules such as

pDNA due to the large shear stresses induced during the nebulization process.

This thesis proposes a novel platform for the production of monodispersed aerosol-laden

pDNA within a defined size range (0.5-5 μm) suitable for efficient pulmonary delivery to

the lower respiratory airways for optimal dose efficacy, based on SAW (Surface Acoustic

Wave) nebulization. SAWs are 10 nm order amplitude sound waves that originate as a

result of the application of an alternating voltage onto an interdigital transducer patterned

on a piezoelectric substrate. The megahertz (>10 MHz) order SAW vibration frequen-

cies facilitate fluid and particle manipulation at a much finer scale, allowing extremely

efficient transfer of acoustic radiation from the substrate into a drop comprising the drug

solution. The acoustic energy is concentrated within a thin region in the drop adjacent to
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the substrate, which causes the drop interface to rapidly destabilize and breakup to form

micron-dimension aerosol droplets containing the therapeutic molecule. The shear gradi-

ent generated within such a short period is not sufficient to degrade biomolecules such as

pDNA, since the oscillation period of the SAW vibration at these frequencies is far shorter

than the typical macromolecular relaxation time-scale in liquids.

Extensive experimental studies were carried out to investigate the effect of SAW waves

on pDNA. First, during in vitro studies, a solution containing a pDNA vector encoding a

potential malaria vaccine candidate, merozoite surface protein 4/5, was nebulized using

both 20 and 30 MHz SAW devices and the condensed mist was collected carefully. High

levels of gene expression was observed in Western blots from in vitro experiments con-

ducted using immortalized African green monkey kidney cells that were transfected with

the post-nebulized pDNA. Next, in vivo studies were carried out using a pDNA encoding

a yellow fluorescent protein (YFP) which was collected following 30 MHz SAW nebu-

lization. Successful gene expression was observed in mouse lung epithelial cells, when

SAW-nebulized pDNA was delivered to a male Swiss mouse via intratracheal instillation.

Subsequently, in vivo immunization trials were carried out using pDNA vector encoding

an influenza A virus surface antigen, human hemagglutinin ((H1N1) strain) that was neb-

ulized using a 30 MHz SAW device. Powerful pharmacodynamic responses were detected

following the pDNA vaccination in sera of female Sprague-Dawley rats (n=8 per group)

delivered via intratracheal instillation and female Merino-cross ewe lambs (n=4) deliv-

ered via nebulized mist inhalation. Moreover, these immunization trials demonstrated

antibody responses with high functional activity as shown by the successful inhibition of

viral agglutination of chicken red blood cells. These observations validate the use of SAW

nebulization as a viable delivery platform for aerosol gene therapy.

To enable miniaturization, the hand-held nebulizer system required the optimization of the

usage of available power systems in the simplest manner. Amplitude modulation (AM)

was investigated as a simple yet effective means for optimizing the power requirement for
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the SAW nebulizer. The effect of AM on shear-sensitive biomolecules was shown to be

minimal. By employing AM less than 10 kHz, more efficient atomization was achieved

and energy savings of around 40% were obtained. In addition, AM had little effect on

the mean aerosol diameter, which is particularly important when therapies are targeted

to the deep lung regions. Thus, AM holds great promise for use in SAW nebulizers for

non-invasive inhalation therapy.

SAW technology offers an in-home and clinical nebulizer which can be used to administer

biologically-based medications to the lungs, with a broad ability to control droplet size

through formulation to target specific regions of the lung most affected by disease. This

research clearly demonstrates the potential of SAW technology as a needle-free, portable

pulmonary delivery platform for gene therapy and DNA vaccination.
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Chapter 1

Introduction

1.1 Pulmonary Drug Therapy and Vaccination

Inhalation therapy is the most efficient method for the treatment and prevention of lung

disease because of its accessability and the large surface area available for drug therapy;

further, pulmonary delivery constitutes a pain-free non-invasive route that circumvents

the challenges and risks associated with parenteral routes (3). Pulmonary delivery is ex-

tremely pertinent and effective for the management of diseases such as chronic obstructive

pulmonary disease (COPD) and Asthma, especially when therapeutics are to be provided

via inhalational or injectable routes. More recently, aerosol delivery has expanded the

role of aerosol therapy into the fields of systemic drug delivery, gene therapy, and vac-

cination (4). The attractiveness of pulmonary delivery of vaccines for the treatment of

respiratory diseases stems from the fact that topical drug deposition to the lung provides

a fast therapeutic effect and reduces systemic side effects.

The rising incidence of respiratory disorders, and the growing prevalence of influenza,

asthma and chronic obstructive pulmonary disease (COPD) as chronic lifestyle-induced

disorders mean that innovations in pulmonary drug delivery technologies, and improved

patient outcomes, will stimulate global pulmonary drug delivery technologies market,
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which is predicted to reach US$37.7 billion by 2015 (5). Innovations in pharmaceuti-

cal formulations, the significant potential of protein-and peptide-based therapeutics, the

emergence of sophisticated inhaler devices, consumer desire for alternatives to injections

and the growing obscurity between a drug and its delivery are other factors, which cur-

rently guide growth patterns in the industry. The respiratory disease market is becoming

increasingly saturated for most drug classes, such as inhaled steroids and bronchodila-

tors. Since this trend will continue in the near future, choice of device-rather than choice

of drug-is set to become one of the driving forces behind pulmonary disease manage-

ment. The development of novel devices with improved features is therefore becoming

increasingly important for companies in order to differentiate their product offerings (6).

The primary aim of this thesis is to address the current challenges associated with the

pulmonary devices used for drug therapy in the area of DNA vaccination through the ap-

plication of a novel non-invasive pulmonary vaccination method based on surface acous-

tic wave nebulization. This chapter begins with Section 1.2 which introduces the cur-

rent challenges faced during effective pulmonary drug therapy and explains the need for

a novel platform, followed by Section 1.3 which provides an overview of the surface

acoustic wave technology proposed. Then, Section 1.4 identifies open issues in existing

mitigation strategies in the field of aerosol drug therapy, and outlines the objectives and

contributions of the research presented in this thesis. Section 1.5 provides an outline of

the thesis structure.

1.2 Challenges in Pulmonary Drug Therapy and Ge-

netic Vaccination

The most commonly used pulmonary delivery devices include metered-dose inhalers

(MDIs), dry powder inhalers (DPIs), jet or ultrasonic nebulizers and electrohydrodynamic
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(EHD) devices. Inhalers generally require either hand-inhalation coordination or passive

breath-driven aerosolisation, rendering them ineffective for many patients suffering from

severe forms of COPD, who are unable to self-medicate (7). In addition, macromolecules

such as pDNA are not soluble in propellants and have to be formulated as solid dispersed

systems, resulting in instability of the formulations for practical use (8). A significant

limitation in the use of nebulizers for pulmonary gene delivery (including other nucleic

acid vaccines such as pDNA, siRNA and mRNA) to date arises due to the denaturing of

non-complexed DNA as a consequence of the large hydrodynamic shear stresses or shock

waves that arise during the jet or ultrasonic nebulization process (9). Although active

aerosolisation methods such as nebulizers are more appropriate for this specific patient

group, these nebulizers lack efficiency, usability and the flexibility to accommodate pa-

tient breathing and lung variability, thus failing to cater for the “one-size-fits-all” strategy.

Moreover, the delivery of sufficient drug into the diseased lung remains challenging be-

cause it requires a pulmonary delivery device which is able to generate drug particles in a

narrow range of 1–5 μm to achieve optimal lung deposition (1–2 μm = Deep lung, 3-5 μm

= upper lung) (10). Current inhalers are simply unable to deliver the appropriate dosage,

with published data showing over 50% of users with asthma cannot obtain the proper dose

into their lungs due to improper use of the device (11). The incidence of misdosage in

the treatment of COPD is far higher because of the broad variety of lung capacities and

physiology among people with this disease. Furthermore, the formulation of particles of

a drug suitable for pMDI, DPI, and BAI delivery can significantly add to its development

cost (>20%)-for drugs that can be formulated into dry particles; a substantial proportion

of candidate drugs cannot survive spray or freeze drying (6). Choosing a suitable device

to administer a drug is therefore as crucial to effective treatment as the selection of the

drug itself.

To achieve effective immunization, multiple dosing regimes may be required, although the

delivery challenges remain the same. Highly immunogenic genes such as for influenza,
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may only require a single dose, but in most cases, more than one immunization is required

to provide a response strong enough to be protective (12). Thus, the vaccine delivery

platform must accommodate the relevant DNA vaccination dosage strategies.

An ideal device could therefore lead to improved disease control. However, none of the

devices on the market have all the characteristics of an ideal device, meaning that physi-

cians need to compromise to achieve beneficial outcomes in selecting a match between a

device, a drug and a patient population in order to overcome the drawbacks of the delivery

technology.

1.3 Towards Modern Aerosol Delivery Systems for

the Efficient Delivery of Difficult Therapeutics:

Surface Acoustic Wave (SAW) Nebulization

The primary focus of this thesis is to adopt a technology ubiquitous in another field

but entirely new to drug delivery to eliminate the drawbacks discussed earlier. Surface

acoustic wave (SAW) technology has been used in mobile phones for years, multiplex-

ing/demultiplexing voice and data in collision-free communication between many users’

phones and the communications towers placed about a region to provide service to these

phones. It has also been a key means to provide a controlled frequency and a timer, in the

form of the most common type of device, anachronistically called a crystal. For decades,

fluids-especially isopropyl alcohol-have been used to identify the vibration of these ma-

terials and confirm their operation (13). Surprisingly, the idea to manipulate fluids and

nebulize them into a mist awaited someone who realized the potential applications for

such technology.

Recently, a miniaturized nebulizer using SAW technology was developed as a pulmonary

drug delivery platform, termed Respire R© (14). The Respire R© technology is a ‘first in
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class’ nebulizer based on SAW technology (15) for the delivery of nebulized fluids con-

taining biologically-based medications to the lungs. The technology offers dose control

through delivery timing upon inhalation and a broad ability to control droplet size through

formulation to target specific regions of the lung most affected by disease. Using SAW

nebulization and through the development of refined formulation technology, we can solve

the formulation and aerosol problems for drug delivery to the lung and create a discreet,

handheld nebulizer that will accommodate unique drug classes and patient variability in

inhalation profiles and dosage needs.

The unique advantages are attributable to the ultrasonic nebulization based on SAW atom-

ization. Surface acoustic waves are MHz to GHz-order, transverse-axial polarized ellipti-

cal electroacoustic waves with displacement amplitudes of only a few nanometers. They

are generated on and traverse the surface along the x-axis of 127.86◦ y-rotated single-

crystal lithium niobate (LiNbO3), a piezoelectric material which is low-cost as a conse-

quence of its ubiquitous usage in telecommunications for the past three decades. Unlike

typical ultrasound, a bulk phenomenon, the SAW is confined close to the substrate sur-

face, its amplitude decaying rapidly over a depth of four to five wavelengths (for example,

this corresponds to several hundred microns in a 20 MHz SAW device) into the substrate

material, making mounting the device straightforward in contrast to standard ultrasonic

atomizers. Further, compared to these same ultrasonic atomizers that consume power on

the order of 10 W, SAW atomizers only consume between 0.5–3 W, since most of the

acoustic energy is isolated to a small region near the surface and efficiently transmitted

into the fluid.

Moreover, the 10–100 MHz order frequency employed in SAW devices, being signif-

icantly higher than the 10 kHz–1 MHz frequency range of typical ultrasonic devices,

induces vibrations with a period much shorter than the molecular relaxation time-scale

associated with large molecules in liquids, and thus the risk of denaturing molecules or

lysing cells is greatly reduced. Further, as the frequency is increased, the power required
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to induce cavitation increases far beyond what is needed for atomization, eliminating the

effect of cavitation-induced lysis or shear in SAW atomizers.

The Respire R© system generates monodisperse drug aerosols of controlled size, from 1 to

20 microns in diameter, in a range definable by the characteristics of the atomizing fluid

and atomizer design; over many runs of the device, the range of the droplet mist diam-

eter falls within 100% of the target diameter. Most desktop nebulizers produce broadly

polydisperse mists, from a few microns to hundreds of microns in diameter and not in

the 1–6 μm range which is optimal for regional lung deposition. This wastes the drug in

the process. Only the latest mesh nebulizers avoid this problem by driving fluid through

the orifices of a mesh. However, a mesh is easily clogged and difficult to clean, and any

alterations to a drug’s formulation will not alter droplet size.

The Respire R© technology is simple, it does not require multiple steps and specific skills

to operate it. The technology is efficient enough to operate using battery power, and can

deliver even large doses of drug in a few inhalations due to reduced waste, in notable

contrast to the large nebulizers that are a fixture of doctors’ offices. The design of the pro-

posed device utilizes IC MEMS wafer-based manufacturing suitable for mass production

and therefore inexpensive, making it practical for clinical translation.

In an in vitro proof-of-concept study using a short-acting β2-agonist, the Respire R© tech-

nology generated a mean aerosol diameter of 2.84±0.14 μm (14). This lies within the

optimum size range, confirmed by a twin-stage impinger lung model, demonstrating that

approximately 70 to 80% of the drug supplied to the atomizer is deposited within the

lung as opposed to the typical 30%–40% lung dose obtained through current nebulization

technologies.

Thus the Respire R© technology presents a paradigm shift in drug delivery to the lungs by

offering a an in-home and clinical nebulizer which can be used to administer biologically

based medications to the lungs. The technology offers a broad ability to control droplet
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size through formulation to target specific regions of the lung most affected by disease.

1.4 Thesis Objectives and Scope

1.4.1 Aerosol Gene Therapy via Ultra Fast Microfluidics Driven

by SAW Nebulization

There has been significant interest to date in the potential of pulmonary-delivered gene

therapy in treating pulmonary diseases caused by single gene mutation such as cystic

fibrosis and α 1-antitrypsin deficiency (16). This is because of the benefits associated

with pulmonary delivery previously mentioned in Section 1.1, which circumvents the

logistic difficulties and risks associated with parenteral routes (e.g., infection, provision

of clean needles and systemic side effects) (3). Pulmonary vaccination is useful against

a range of infecting pathogens since it induces immunity at mucosal sites through which

these agents enter the body (17).

Conventional methods including jet and ultrasonic nebulizers for the pulmonary DNA

delivery of gene therapeutics are currently ineffective, as they largely fail to maintain the

viability of large biomolecules such as DNA due to the large shear stresses induced during

the nebulization process (9).

The first objective of this research is the development of a novel platform for the produc-

tion of monodispersed aerosol-laden plasmid DNA (pDNA) within a defined size range

suitable for efficient pulmonary delivery to the lower respiratory airways for optimal dose

efficacy, based on surface acoustic wave (SAW) nebulization.

Unlike other nebulization systems, the Respire R© system is actuated by a SAW mecha-

nism where a traveling nanometre-amplitude acoustic wave propagates atomisation of a
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sessile drop of drug solution to form aerosol droplets. Due to the localization of the elec-

troacoustic energy to within four to five wavelengths (a wavelength is typically 200 μm)

in depth from the surface, SAWs are a highly efficient method for transferring energy into

a fluid, requiring far less energy than ultrasound, where the acoustic energy is transferred

through the bulk of the medium instead of being localized on the surface. When atomised,

the size of the droplets generated may be changed by about an order of magnitude in a

few microseconds in a controlled manner by switching from standing-wave to traveling-

wave SAW on the substrate. Hence, a SAW approach has significant advantages over

the current generation of ultrasonic medical nebulizers, which represent the current state-

of-the-art. Due to the large surface acceleration associated with the propagation of the

SAW, typically 10 million g’s, a fluid drop placed on the substrate will rapidly destabilize

beyond a threshold power, around 1W, and be atomised to form a monodisperse mist of

aerosol droplets within the 1-6 μm optimal range for regional lung deposition.

The potential of the technology as a portable pulmonary delivery platform for gene ther-

apy and DNA vaccination is demonstrated in Chapters 3 and 4. Most importantly, ex-

tensive studies had been carried out to demonstrate the preservation of the viability of

pDNA after being subjected to the SAW nebulization process. To investigate the gene

expression of SAW-nebulized pDNA, in vitro experiments were conducted using immor-

talized African green monkey kidney cells. The cells were transfected with a condensed

solution containing a SAW nebulized pDNA vector encoding a potential malaria vaccine

candidate, merozoite surface protein 4/5, to asses the transfection efficiency.

In the second phase of this research program, based on the understanding of the effect of

SAW nebulization on pDNA, in vivo studies of SAW-nebulized pDNA were carried out.

First, in vivo gene expression studies were carried out using male Swiss mice when pDNA

was delivered via intratracheal instillation. Next, in vivo immunization trials were carried

out using a SAW nebulized pDNA vector encoding an influenza A virus surface antigen,

human hemagglutinin ((H1N1) strain). Here, vaccine efficacy studies were carried out
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using two animal models. First, pDNA vaccination was delivered via intratracheal instil-

lation in female Sprague-Dawley rats. Then, SAW nebulized mist inhalation was carried

out in female Merino-cross ewe lambs. In both those animal trials, pharmacodynamic and

antibody responses were investigated following the pDNA vaccinations.

1.4.2 Effective Miniaturization Strategy for the SAW Nebulizer

Using an Amplitude Modulation Scheme

As the last objective of the research program, the developed SAW nebulization platform

for the delivery of pDNA vaccines was optimized. In particular, the use of miniature,

portable chip-based microfludic nebulization platforms in the current inhalation therapy

market could potentially be accelerated by the optimization of the usage of available

power systems in the simplest possible manner. In Chapter 5, amplitude modulation (AM)

is presented as a simple yet effective means of optimizing the power requirement for a mi-

crofluidic nebulizer driven by surface acoustic waves. The effect of the AM at modulation

frequencies of 500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz sinusoidal signals on

shear-sensitive biomolecules such as plasmid DNA and antibody molecules is presented

in this chapter. Potential energy savings were sought, with those AM frequencies investi-

gated for more efficient atomization. The effect of the AM scheme on the mean aerosol

diameter was tested, which is particularly important when therapies are to be targeted for

the deep lung regions.

1.4.3 Thesis Contributions

The research outlined in this thesis is novel, since the application of a SAW nebulization

system for the safe aerosol delivery of a largely shear-sensitive bio-molecule such as a

plasmid DNA vaccine has not been exploited to date. The ultimate goal was to achieve
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aerosol vaccination by eliminating the need for needle injections and the associated prob-

lems. This achievement represents a breakthrough in the current state-of-the-art as it has

not been achieved to date with the current nebulization systems, due to the significant lev-

els of induced fragmentation, causing such biomolecules to lose their biological function.

All of the work involved was initiated and carried out individually by the author with

training provided by experts at Monash University in the respective areas. Tremendous

efforts were taken to extend the project from a bench study to testing of the nebulizer in a

large animal model (sheep). All of the work involved in the sheep experiment was com-

pleted as part of the PhD, including planning the experiments, preparation of the drug,

testing and composition of the nebulization system with the accompanying circuitry, ex-

perimentation and the subsequent assays performed to test the effectiveness. This result is

the first known successful vaccination via inhalation using an unprotected pDNA vaccine

in a large animal model; hence it is the first in the field to provide a new means of needle-

free DNA immunization in areas or at times when there is a shortage or lack of medical

infrastructure and skilled personnel.

In the second aim of the research project, amplitude modulation was applied to SAW

atomization, which requires the highest energy input levels of all known SAW microflu-

idic processes. The application of an amplitude modulation scheme for the delivery of

biomolecules using SAW atomization has never been studied to date. Here, the results

showed that power savings of around 40% could be achieved through the initiation and

subsequent application of the testing of this scheme for use in the delivery of shear-

sensitive biomolecules. This discovery has enabled an exciting miniaturization strategy

(invention disclosure submitted) to enable the SAW nebulizer to be used as a portable

system. In addition, the results of the study can also be extrapolated to reduce the power

requirements. This will enable the miniaturization and integration of the power supply

with the existing chip-based SAW microfluidic platform to drive a whole range of mi-

croscale and nanoscale fluid actuation and bioparticle manipulation processes on a truly
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integrated chip-scale device.

In summary, all of the above contributions are significant, and involve not only a great

deal of novelty but also initiation and innovation.

1.5 Thesis Outline

The structure of the thesis is as follows: a critical review of non-invasive gene delivery

approaches reported in the research literature is presented in Chapter 2. In Chapters 3

and 4, the research outcomes that resulted in the exploitation of SAW nebulization for the

delivery of unprotected plasmid DNA (pDNA) vaccines are presented. Firstly, in Chapter

3, the effect of SAW nebulization on pDNA is investigated. This understanding was then

used to achieve successful DNA vaccination in vivo, as demonstrated in Chapter 4. These

chapters also detail the experimental methods used in the investigation and are followed

by the results and discussion. Thirdly, the developed SAW nebulizer was optimized via

the application of the amplitude modulation scheme, leading to the improved performance

for the delivery of biomolecules such as proteins and pDNA. These results are included in

Chapter 5, together with validated results for the justification of such use. Conclusions of

the research project and suggestions for future research directions are provided in Chapter

6.
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Chapter 2

Towards Non-Invasive Genetic
Vaccination

2.1 Introduction

Vaccination is one of the greatest successes of medical science, and saves more than 8

million lives annually (18). A successful vaccine stimulates pathogen-specific immune

responses by inducing strong B cell and T cell responses against microbes by exposure

to antigens of the microbe in question to protect against subsequent challenge. Smallpox

is the only human disease that has been intentionally eradicated from the earth due to

a worldwide vaccination program. Polio and many other diseases such as diphtheria,

measles, tetanus have been controlled by vaccination (19).

Vaccination is regarded as the key intervention for emerging diseases such as influenza,

a major public health concern with a huge annual toll of morbidity, mortality, and eco-

nomic loss. Currently, the preventive bottleneck is primarily due to the lack of facilities

to create and deliver suitable vaccines. An increasing body of evidence demonstrates

that successful vaccination is not only dependent on the nature of the vaccine′s immuno-

genic properties, but also on the delivery technologies used for vaccine adminstration

(20). Therefore, the search for an effective vaccine formulation and delivery system is of
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paramount importance.

Several features of DNA vaccines make them more attractive than conventional vaccines;

thus, DNA vaccines have gained global interest for a variety of applications, whereby

the disease treatment occurs at a molecular level through the induction of gene based

products in vivo. DNA vaccine plasmids can be constructed using simple recombinant

DNA techniques, where number of immunological components can be encoded against

different antigens of the same pathogen or different pathogens. The generic production

and verification techniques employed during pDNA vaccine manufacture processes sim-

plifies vaccine development. Moreover, pDNA vaccines are thermally stable and does not

need a series of refrigerators required to maintain the viability which dramatically reduces

vaccine storage costs.

Ideally, pDNA vaccination would address the many shortcomings of injection (21), but

alternative routes—pulmonary, for example (22)—have proven disappointing. The safe

generation of pDNA aerosols appropriately sized for deep-lung delivery is of great interest

when tackling diseases with the potential to create a pandemic such as influenza (23),

especially in developing areas of the world that lack sufficient medical infrastructure.

Moreover, since vaccination via the respiratory route mimics the natural route of infection

for many pathogens, the induction of a protective immune response at the pulmonary

mucosal site would be ideal (24).

In this chapter, first in Section 2.2, a brief introduction to the exciting field of gene ther-

apy and DNA vaccination will be provided. Then, Section 2.3 explains the need to create

patient-friendly vaccination strategies that are non-invasive for the safe delivery of ge-

nomic material. This is followed by Section 2.4, where a comprehensive survey of current

strategies for non-invasive gene delivery is presented. The current state of patient-frendly

vaccination technologies available for DNA vaccination, such as needle-free injection,

sublingual/buccal delivery, ocular delivery, transdermal delivery and intranasal delivery,
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will then be discussed for their merits and shortcomings. Next, in Section 2.5, DNA vacci-

nation to the inhalation/pulmonary route will be discussed in greater detail. Next, Section

2.4 contains a brief review of the aerosolization devices used for gene delivery and DNA

vaccination. The drawbacks associated with current technologies will be presented here,

justifying the need for a novel aerosolization platform that addresses those issues.

The rest of the chapter is organized as follows. Section 2.6 describes the development

of the safe pulmonary delivery of unprotected DNA vaccines using a novel technology

employing SAW atomization. This section also provides background information on the

SAW mechanism for the generation of biological aerosols. In the last section, some con-

clusions are included.

2.2 Towards a Better Vaccination Strategy: DNA Vac-

cination

Various strategies have been exploited to develop vaccines targeted at the immune system

for infectious diseases caused by agents such as viruses, bacteria or protozoan parasites.

Some of the most effective vaccines against human and animal infectious diseases are

composed of attenuated whole organisms that have been inactivated so that they no longer

infectious, whilst retaining their antigenicity. Immunization is primarily achieved through

the stimulation of the production of neutralizing antibodies against microbial antigens

that protect the individual in subsequent challenges. Many of these have been empirically

designed without a thorough understanding of the protection mechanisms, which has led

to dreadful side effects in the past, seen in pertussis (whooping cough), Sabin polio and

measles, among others (25; 26). The complex nature of these traditional vaccines allows

poor batch-to-batch reproducibility, leading to issues related to quality control (26).
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The recent development of the fields of microbial pathogenesis and proteomics has en-

abled the production of much safer alternatives to vaccines. These include sub-unit vac-

cines comprising microbial proteins and polysaccharides that work similarly to traditional

vaccines, and conjugate antigens coupled to proteins that activate T helper cells with

higher affinity. In spite of the safety advantages offered by these vaccines, they have very

short half lives in vivo and are highly immunogenic owing to multiple dosage require-

ments and consequently high production costs (25). Due to the recent realization of the

unique advantages of adjuvants or stabilizing compounds over other types of vaccines, in-

cluding the ability to stimulate cell-mediated immunity, which has constituted a long-term

challenge in the field, there has been a sudden increase in demand for such compounds.

The new approach of inducing cellular-mediated immunity includes the incorporation of

microbial antigens into viral vectors, which then infect host cells to produce antigens

inside the cells. Currently, research is underway to achieve adequate attenuation of the

virulence associated with those vaccines after noticing adverse reactions during human

testing (27).

The explosive development of our knowledge in the field of genomics has enabled us

to manipulate disease-causing genes for the treatment and elimination of the cause of

disease. This area of research is referred to as “gene therapy”, and is a ‘non-viral’ ap-

proach, where the defective biological function is restored at the molecular level within

cells during disease treatment. Unlike other vaccines comprised of protein and ribonucleic

acid (RNA), deoxyribonucleic acid (DNA) has the potential to lead a new generation of

reverse-engineered biopharmaceuticals in terms of production simplicity and high thermal

stability (28). Genetic vaccination using plasmid DNA (pDNA) involves the recombina-

tion of the gene sequence, encoding a therapeutic antigen into the closed circular piece

of pDNA and effective delivery to the target cells in the patient. Successful uptake of

DNA by the target cells via endocytosis is necessary for subsequent entry into the nucleus

(after escaping the degradative pathways) for the in vivo expression of the therapeutic
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antigen (29). Most importantly, with this exciting approach, all types of desired immu-

nity, including adaptive immunity (antibodies, helper T cells, cytolytic T-lymphocytes),

and even innate immune responses can be induced (30).

2.3 Towards the Patient-Friendly Adminstration of Vac-

cinations

Despite the successful use of effective vaccination over many years to eradicate disease

states, a large proportion of lives continue to be lost for a number of reasons, including

the lack of vaccines against many diseases, coupled with poor immunogenicity, ineffi-

ciency, and unsafe vaccination practices. The widespread introduction of new vaccines

hinges upon addressing key challenges associated with the significant cost of vaccina-

tion (31), which can be largely reduced by embarking on a vaccine delivery system that

does not rely on the cold chain. Moreover, the inaccessibility of vaccines due to the

high costs involved in acquiring the vaccines, transportation difficulties, and the lack of

”point-of-care” nature of the methods used to deliver the vaccines contribute to this bur-

den. Moreover, injecting vaccines can be a complex process requiring trained personnel

for adminstration, and used syringes and needles create a major waste disposal problem.

Administration of drugs via unsafe injections is a major concern in developing countries,

where 30-50% of immunizations can be delivered via unsterile injections (32). Therefore,

in addition to effective yet cheap-to-produce vaccines such as pDNA vaccines, there is a

growing need for a non-invasive delivery platform for such vaccines that can be applied

universally.

The quest for the elimination of the use of needles and syringes has been prioritized by

the Global Alliance on Vaccines and Immunization (GAVI), the Program for Appropriate

Technology in Health (PATH) and the World Health Organization (WHO) (33). Moreover,
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the search for non-invasive delivery of drugs is primarily advanced by the biopharmaceuti-

cal and specialty vaccine delivery industries investing in ways to address the shortcomings

of the traditional injectable routes of administration (34). This is primarily to create new

product opportunities and innovative treatment strategies that improve patient compli-

ance and which can be easily implemented during mass immunization programmes. For

injectable vaccines, patient compliance issues, such as injection-site reactions and patient

preferences (needle phobia), suboptimal absorption and distribution of the administered

drug to the intended target site, can potentially preclude the pharmaceutical market entry.

To create patient-friendly options that circumvent such problems, successful strategies for

non-invasive vaccine drug delivery include needle-free injection, sublingual/buccal deliv-

ery, ocular delivery, transdermal delivery, intranasal delivery and inhalation/pulmonary

delivery. The preferred immunisation route is pre-determined by the type of formulation

to be used (e.g., suspensions, emulsions, powders, tablets) and the targeted patient group

(e.g. children). For example, young children represent the largest cohort of vaccine con-

sumers, and impose restrictions on strategies employed for vaccine delivery where poor

patient compliance contributes to incomplete vaccination campaigns (35). Since infants

and toddlers are less able to swallow tablets and capsules and nasal delivery has been

shown to be related to increased wheezing (observed in clinical trial with FluMist) (36),

alternative non-invasive vaccination methods such as pulmonary delivery would be ideal.

Hence the rationale for using a vaccine delivery technology (e.g. microneedles, nasal

sprayers and pulmonary inhalers) is aimed at improving the performance of the vaccine

for the intended patient group.
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2.4 Platforms for Non-Invasive Genetic Vaccination

In the successful development of effective genetic vaccines that are safe for human and

veterinary applications, a diverse range of potential and proven technologies for non-

invasive mechanical DNA adminstration have attracted significant interest (37). A com-

prehensive review of non-invasive vaccine drug delivery strategies, such as oral delivery,

ocular delivery, transdermal delivery, intranasal delivery and inhalation/pulmonary deliv-

ery, is discussed in detail in the following sections.

2.4.1 Transdermal DNA Vaccination

Recent progress in the development of user-friendly injection systems to address the draw-

backs associated with traditional needle injection systems has stimulated the ongoing clin-

ical development of technologies for cutaneous vaccination (See Fig. 2.1). As the skin is

the most accessible organ of the body, with unique immunological properties (high den-

sity of antigen presenting cells), it offers safe immune stimulation by allowing sustained

and controlled delivery.

Successful DNA vaccination through the skin was initially demonstrated by the topical

skin application of naked plasmid DNA formulations (38; 39; 40). Due to attention

this approach received in the field of genetic vaccines, later research studies were un-

dertaken to understand the kinetics underlying penetration by naked pDNA, and Kang et

al. demonstrated the success of DNA delivery across skin tissue (41). However, the dose

of plasmid DNA used by Kang et al. was 300 g/mouse, which is about 3- to 10-fold the

amount used in other studies (39; 42), raising issues related to scalability for future use in

humans.

The cellular barriers of the uppermost layer of the skin, the stratum corneum, pose a

major challenge to successful transdermal DNA vaccination requiring access either via

physical or electrical means, preferably in a minimally invasive manner (43). To allow
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the efficient delivery of DNA cargo, physical modes to enhance skin permeability via

the use of photoacoustic waves (44), low frequency sonophoresis (45), and microneedles

(46; 47) have been used. Much of the research on physical DNA vaccination to the skin

has been pursued in the use of either drug-encapsulating or drug-coated microfabricated

needles, usually in the form of a transdermal patch (48). The first use of microneedles

to DNA vaccinate mice was demonstrated by Mikszta et al. in 2002, where they used

pDNA-encoding hepatitis B surface antigen to induce both antibody titers and antigen-

specific cytotoxic T cells (1). However, in this study, the amount of DNA vaccine that

was delivered by BD Biosciences′s OnVax R© device was very low, hindering the use of

the device in clinical studies. More recently, coated microneedles have been successfully

used for DNA vaccination against hepatitis C, and results have shown effectively primed

cytotoxic T lymphocytes in mice (49). However, coating biomolecules such as DNA onto

microneedles can be a complex process and there have been reports of the reduction of

immunogenicity during the coating process, leading to the need for the use of stabilizers

during drying (50). In addition, skin irritability is often an issue with physical modes

of cutaneous gene delivery, and therefore, other approaches involving the use of electric

and acoustic fields via methods such as iontophoresis (51), electroporation (52) and ultra-

sonic processes (53) has been pursued. A number of research studies have demonstrated

the feasibility of using electroporation in the delivery of DNA vaccination to the skin

(54; 55; 56; 57; 58) and a combination of microneedles with electroporation was used

for the successful pre-clinical demonstration of a smallpox DNA vaccine trial involving

EasyVax R© (59). However, methods involving electroporation and ultrasound requires

careful placement of the source of radiation such that the energy is concentrated at the

required region, which makes the process and the devices used quite complex. In some

cases, excessive radiation can cause discomfort to the user and even result in jeopardizing

the integrity of the sensitive biomolecules.

Needle-free injection systems, such as jet immunization, have been used for pre-clinical
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and clinical evaluation of DNA vaccination systems using a PMED
TM

device for numer-

ous diseases such as HIV (60), influenza (61; 62), hepatitits B (63), malaria (64; 65)

and for HIV (66), and using a Biojector R© device for diseases such as rotavirus (67) and

dengue (68). Similar to microneedle application, jet immunisation disrupts the cell barrier

by employing a high impact force to deliver the biomolecules to the skin. In some cases,

this causes unfavorable side-effects, such as mild burning at the application site, which

usually lasts for a few hours (61; 62).

In summary, despite the potential advantages of DNA vaccination via the skin, the full

benefits of this approach have not been fully realized, partly due to the lack of deliv-

ery devices that accurately and reproducibly administer vaccines to the skin. A review

by Foldvari et al. in 2006 reported that there were no gene delivery systems proven as

optimal for cutaneous gene therapy (69) and the field therefore remains somewhat less es-

tablished. However, the future appears quite promising as transdermal DNA vaccination

technologies proceed through clinical trials and become available for more widespread

clinical and commercial use.

2.4.2 Oral Genetic Vaccination

DNA vaccination via the oral route presents one of the greatest therapeutic opportunities

from a user′s perspective because of its attractive factors, such as ease of administration.

The oral route offers access to a large mucosal surface that is enriched with immune

inductive cells (gut-associated lymphoid tissues) for successful induction of both mu-

cosal and systemic immunity (70; 71). However, oral vaccine delivery has been one of

the greatest challenges facing the drug delivery industry due to the hostile environment

presented by the gastro-intestinal tract, with the presence of degradative enzymes cou-

pled with the low pH, leading to denaturation of the DNA, hindering efficient delivery

to the targeted intestinal epithelium. For successful oral DNA vaccination, a number of
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Figure 2.1: Images showing vaccination devices used for (A) classical ID immunization;

and strategies for transdermal immunization such as (B) Soluvia
TM

(BD) pre-filled mi-

croinjection system; (C) Applicator for an improved solid microneedle array ; (D) solid

microneedles of the Macroflux R© using ; (E) array of silicon microneedles ; (F) coated

microneedles ; (G) coated and hollow microneedle arrays (3M); (H) silicon hollow mi-

croneedle ; (I) hollow microneedle array, MicronJet R© (NanoPass); (J) dissolvable mi-

croneedle array from BioSerenTach; (K and L) blunt-tipped microneedle array, OnVax R©
(BD) and its electron microscopy image used for genetic immunization by Mikszta et al.
in 2002 (1); (M) smart vaccine patch from Intercell; (N) PassPort

TM
patch (Altea) used

for a a clinical trail involving recombinant influenza protein vaccination ; (O) powder jet

system used for clinical studies involving DNA vaccines for HIV, influenza, hepatitis B

and malaria. Images are re-printed with permission from Bal et al. (2010). Copyright

2010, Journal of Controlled Release.
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research studies have focussed on the use of live bacterial vectors derived from attenu-

ated bacterial pathogens such as Salmonella and Shigella, for the induction of systemic

and mucosal antibody responses (72; 73; 74; 75; 76). To overcome barriers associated

with cellular uptake, formulated DNA with a polymer delivery system has been explored

extensively (77). Biodegradable polymer carriers such as poly(dl-lactide-co-glycolide)

(PLGA) (78; 79; 80; 81) and chitosan (82), have been used to encapsulate the plasmid

DNA vaccines to induce a protective immune response. Despite these efforts, oral DNA

vaccination has been largely ignored compared to other non-invasive modes of vaccina-

tion, and no single oral vaccine has successfully completed phase I clinical trials to date

(83).

2.4.3 Ocular DNA Vaccination

Gene delivery to the cornea represents an exciting therapeutic opportunity for the treat-

ment of corneal and anterior segment diseases due to the benefits it offers, including ease

of adminstration to an immune-privileged site (84; 85). The potential of ocular gene

therapy has been realized in a large number of animal models (86; 87) and to date in

six human clinical trials in retinal gene therapy, which have reported no safety concerns

(88; 89; 90). However, DNA vaccination to the eye has gained little attention over the

years with a limited number of studies reporting successful protective immune responses

in animal models (91; 92). More recently, a research study reported ocular mucosal ad-

ministration using a DNA vaccine encapsulated in an iron oxide nanoparticle and showed

strong specific immune responses and protection against mucosal challenge with the her-

pes simplex virus in mice (93). Thus the full potential of this relatively new field of

genetic immunization to the eye is yet to be realized.
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2.4.4 Nasal DNA Vaccination

Since the respiratory tract is a common site of entry for numerous pathogens, DNA vac-

cination to the nasal epithelium may open the way to better vaccine efficacy. This method

of vaccination has the potential to prevent pathogens from colonizing the mucosal sur-

faces, due to the presence of immune-rich tissue just beneath the nasal epithelial linings

(nose-associated lymphoid tissues) (94; 95). In addition to the easily accessible tissue

offering a simpler vaccination process with a lower antigen dose requirement over the

oral route (96), the cost effectiveness offered is especially useful during mass vaccination

campaigns.

Number of studies have demonstrated successful gene delivery to the nasal epithelium

(97; 98; 99; 100; 101; 102; 103). In brief, the administration by nasal instillation of

PEI-PEG (polyethylenimine-polyethylene glycol) to DNA complexes in mice resulted

in significant levels of transgene expression in the lungs (97). Research has shown ef-

ficacious liposome-mediated gene transfer via nasal administration for the treatment of

insulin-dependent diabetes mellitus (98). Moreover, successful liposome-assisted plas-

mid DNA vaccination was achieved in mice for a lethal influenza infection model (99)

and for hepatitis B (100; 101) . DNA-protein complexes (102) and more recently, im-

munostimulatory complexes (103) have been used for the induction of immune responses

in mice.

For the successful development and application of DNA vaccination via the nasal route,

the choice of the delivery device used for intranasal administration of vaccines is criti-

cal. Devices such as micropipettes and mechanical metered-dose spray pumps, that are

typically used for intranasal delivery of vaccines, suffer from problems such as local irri-

tation and nose-bleeds coupled with the unpleasant taste of concentrated drugs reaching

the mouth (104). Moreover, accurate and repeated delivery of the formulated vaccine in

a uniform manner to the nasal mucosa is often a challenge with these devices. Devices
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such as OptiMist have been developed by BD Biosciences (105) to address most of these

challenges with protein vaccines, and bidirectional nasal delivery has been demonstrated

as a promising technology in a human clinical trial (106).

Given the success of technologies in the market (as seen with Flumist) for protein vaccina-

tion to the nasal epithelium, the potential of nasal vaccination is evident. However, DNA

vaccination by the same route for human use has a number of obstacles to be overcome,

including successful demonstration of efficacious, safe and easy to administer formula-

tions, in conjunction with a device capable of repeated and targeted delivery.

2.5 Pulmonary DNA Vaccination: State-of-the-Art

2.5.1 Pulmonary DNA Delivery

The lung presents an attractive site for non-invasive delivery of gene therapy and DNA

vaccination agents for a host of pulmonary and related conditions, because it is easily

accessible, and has a large surface area for transfection that is highly vascularized. More

importantly, pulmonary vaccination is associated with reduced systemic toxicity when

compared to other vaccination methods as it avoids potentially deleterious interactions

with the cellular barriers and serum proteins that are inevitably encountered via more

invasive delivery approaches (107). Moreover, the lung is continuously exposed to the

surrounding environment, including airborne pathogens such as the influenza virus, which

represent a major global health burden. Vaccination to the lung ensures mucosal immunity

for such infections; an important first line of defence that most systemically administered

vaccines fail to generate adequately.

Effective pulmonary delivery would circumvent important barriers that have been ob-

served in other routes of delivery especially in animals (for example, genomic integration
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or autoimmunity) (4; 108). More Importantly, adverse events that were observed with in-

tranasal delivery of vaccines such as Bell’s Palsy that were seen with FluMist in the early

stages, can be clearly addressed by pulmonary delivery (109).

Pulmonary DNA delivery can be achieved in one of three ways: nebulization of DNA

usually in a liquid suspension; aerosolization of a dry powder formulation containing

DNA with a carrier molecule; or alternatively via pressurized expulsion with the help of

a propellant dispersant. The most commonly used pulmonary delivery devices include

metered-dose inhalers (MDIs), dry powder inhalers (DPIs), jet or ultrasonic nebulizers

and electrohydrodynamic (EHD) devices.

The development of a safe and effective aerosol gene delivery platform that would be

comparable to intravenous delivery has been a considerable challenge to the health care

industry. Problems regarding efficiency, toxicity, convenience and the ability to repeat-

edly treat patients with chronic conditions need to be solved. In particular, the production

of aerosol droplet sizes appropriate for optimal delivery to the peripheral lung to maxi-

mize the dose of DNA delivered to lung surfaces has been an issue. Most importantly,

in order to comply with stringent regulatory requirements on product quality, it is neces-

sary to demonstrate the retention of the supercoiled structure of the plasmid during the

aerosolization process (22; 9).

The delivery of naked plasmid constructs in the size range of 5-20 kilo-base pairs (kbp)

has been particularly challenging due to the shearing effects of the aerosolization process.

To date, numerous studies have been undertaken in order to determine the feasibility of

various pulmonary delivery devices for delivering non-complexed pDNA to the lungs (23;

22; 9). Overall, the results have been largely disappointing, with the supercoiled tertiary

structures of pDNA with sizes larger than 5 kilo-base pairs (kbp) being sheared into open

circular and fragmented DNA by the hydrodynamic shear and shock waves introduced

during the aerosolization process. Gene transfer agents such as cationic lipids (110; 111)
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and cationic polymers (112)(113) are used to form complexes with pDNA, which aim

to protect pDNA from shear forces and increase its stability during aerosolization. This

has led to successful gene expression after aerosol delivery to the lungs of mice (114;

110), rabbits (115) and sheep (116). However, not all lipoplexes and polyplexes retain

biological efficacy after aerosolization (117; 118) and to date only formulations based on

genzyme lipid 67 have successfully progressed to phase I clinical trials (119; 120).

The following sections will attempt to provide a brief review of the aerosolization de-

vices used for gene delivery and DNA vaccination and outline the associated drawbacks,

justifying the need for a novel aerosolization platform that addresses those issues.

2.5.2 Inhalers for Pulmonary DNA Delivery

Portable inhalers can be subdivided further into two broad categories, namely, metered-

dose inhalers (MDIs) and dry powder inhalers (DPIs).

Metered-Dose Inhalers for Pulmonary Gene Delivery

MDIs were first introduced in the United States in the mid-1950s. Since then, the tech-

nology has continued to advance, improving drug delivery efficiency and patient conve-

nience. Following the 1987 Montreal Protocol, chlorofluorocarbon (CFC)-based MDIs

are being phased out, to be replaced by hydrofluoroalkane (HFA)-based MDIs. The first

HFA-based MDI was introduced in the United States in 1995. Currently, pressurized

metered-dose inhalers (pMDIs, or, more commonly, MDIs) are the most commonly used

inhalers on the respiratory market, despite their low efficacy. In general, pMDIs consist of

a container for the drug in the form of a suspension or solution, a metering valve attached

to the container, and an actuator that connects the metering valve to an orifice (121), as

shown in Fig. 2.2. A pMDI utilizes “hydrodynamic flow focusing” where external pres-

sure is used to expel drug solutions from a nozzle.
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Despite the popular use of pMDIs, they suffer from several technological complications

during attempts at macromolecule aerosolization (such as pDNA) coupled with significant

patient misuse (122; 123). The effective operation of a pMDI is reliant on the patient’s

coordination skills during inhalation, as patients are required to press the actuator, which

then releases the drug solution with a single metered dose such that it passes through the

orifice/nozzle sufficiently quickly to break up into aerosols, causing the pMDI devices to

be low in efficiency. Moreover, the low lung deposition of pMDIs, with reported values in

the range as low as 10–20% (124), is also attributable to the dependency on the fast evapo-

ration of the aerosol to obtain the required 1–5 μm optimal size distribution from the large

droplets initially produced by the device. Unfortunately, macromolecules such as pDNA

are not soluble in pMDI propellants and have to be re-formulated as dispersed systems,

which sometimes leads to instability issues associated with agglomeration (125). For this

reason, biodegradable polymers such as chitosan have been investigated as a potential

carrier for therapeutic pDNA during administration to the lungs, to improve compatibility

in a pMDI delivery system (126). More recently, surfactant-coated pDNA nanoparticles

have been used for pulmonary gene delivery via a pMDI and have shown successful gene

expression with no significant toxicity in human lung epithelial cells when exposed to

aerosolised pDNA particles (127). In this study, the cationic liposomal transfection agent

dioleoyl-trimethylammonium proprane (DOTAP) was shown to be essential in conferring

the in vitro gene expression observed (127). However, further in vivo studies need to be

conducted in order to validate such use of transfection agents for gene delivery and DNA

vaccination via a pMDI before human use.

Dry Powder Inhalers for Gene Delivery to the Lung

DPIs were only introduced in the 1970s, and their use has been limited due to the over-

whelming dominance of MDIs. Triggered by the 1987 Montreal Protocol, the use of

DPIs has been increasing in the United States. Currently, DPIs (compressor-based) are
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Figure 2.2: A schematic showing the configuration of a pMDI.

the highest-selling group of devices on the lung delivery market based on revenue, while

pMDIs are sold in the highest volumes. This is simply because DPIs are available as sim-

ple, cheap, highly compact and disposable devices in a single-use format, making them

especially useful during mass vaccination campaigns.

Although dry powder formulations for DPIs have considerable potential for gene therapy

to the lung, several issues hinder their practical use. First, in order to obtain an effective

lung dose from a DPI, it requires sufficient inhalation force from a patient’s inspiration to

draw the dry powder out of the inhaler and subsequently break them into smaller sizes to

enable their transport into the lung for therapy. Therefore, if the inhalation is not suffi-

ciently strong, or if there is a lack of hand-mouth coordination, insufficient dose delivery

and incomplete powder break-up may result, leading to the unsatisfactory performance of

the delivery.

Moreover, the formulation of chemically-unstable macromolecules such as pDNA as a dry

powder formulation suitable for delivery via a DPI is also a complex and challenging pro-

cess. Enhancement of the dispersibility of pDNA powders for improved aerosolization

properties, sometimes requires the use of absorption enhancers such as dimethyl-beta-

cyclodextrin (DMC) (128) and amino acids such as arginine and phenylalanine (129).
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In addition, processes such as spray–freeze drying (130) and dispersing in supercritical

carbon dioxide (131; 132) have been demonstrated as effective strategies to produce in-

halable dry pDNA powders protected with chitosan for pulmonary gene therapy. In those

studies, successful gene expression has been observed following pulmonary administra-

tion to mice (130; 131; 132). However, more toxicological studies are necessary before

the clinical application of dry pDNA powders via a DPI could be approved.

Other Inhalers for Gene Delivery to the Lung

Breath-actuated inhalers (BAIs) overcome many of the compliance disadvantages associ-

ated with DPIs and pMDIs (i.e. coordination with inhalation), but they represent only a

small share of the respiratory market, due to their relatively high price per standard unit of

drug delivered and their limited availability. For this reason, there are no reports of their

application for gene delivery purposes.

Summary

In summary, inhalers generally require either hand-inhalation coordination or passive

breath-driven aerosolisation, rendering them ineffective for many patients suffering from

severe forms of chronic obstructive pulmonary disease (COPD), who are unable to self-

medicate and who are in most urgent need of treatment (133). Macromolecules such as

pDNA are not soluble in propellants and have to be formulated as solid dispersed systems,

resulting in instability of the formulations for practical use (8). As a result, extensive work

has been undertaken on alternative methods of pulmonary DNA delivery.
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2.5.3 Nebulizers for Pulmonary DNA Delivery

Nebulization remains the delivery method of choice for animal and clinical studies for

achieving non-invasive gene therapy to the lung, as it can generate respirable liquid

aerosols for a wider dose range accompanied by dose sparing. Nebulizers are gener-

ally used in hospital settings with the help of an external energy source and to administer

liquid formulations in the doctor’s office that can often not be administered via MDIs.

The therapeutic is usually administered over a longer period of time, often to patients

with poorer capacity to inhale drugs or with acute incidences of a particular lung disease,

who are unable to use hand-held inhalers. The types of nebulizers commonly used for

respiratory drug delivery are pneumatic or jet nebulizers and ultrasonic nebulizers.

Jet Nebulizers for Pulmonary Gene Therapy

First introduced in the middle of the nineteenth century, air-jet nebulizers represent the

most commonly used class of nebulizers. The operation of a jet nebulizer entails the

delivery of a pressurized gas to a liquid-gas interface to disrupt the surface tension forces,

which subsequently breaks up the liquid into micron-sized aerosols (See in Fig. 2.3). A

baffle or solid surface is subsequently used to collect large droplets by inertial impaction,

while the remaining smaller droplets are entrained into the gas stream for patient delivery

(134).

Past attempts to deliver non-complexed or naked pDNA via jet nebulization processes

have been largely disappointing and caused the poor transfection observed. Unfortunately,

the supercoiled tertiary structures of pDNA with sizes larger than 5 kilo-base pairs (kbp)

were sheared into open circular and fragmented DNA by the hydrodynamic shear and

shock waves created during the nebulization process when Pari LC R© star and DeVilbiss R©

jet nebulizers are employed (135; 136). For this reason, cationic lipid systems (137;

117; 138; 139), polymeric carriers such as polyethyleneimine (PEI) (112; 140; 141) and
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Figure 2.3: A schematic showing a jet nebulizer.

polycationic peptides such as protamine (142) and more recently biodegradable polymer

nanoparticles composed of chitosan (143) have been exploited with the aim of protecting

the pDNA from the shearing forces during the nebulization process.

Ultrasonic Nebulizers for Pulmonary Gene Therapy

Ultrasonic nebulizers have the potential for improved patient outcomes and greater lung

deposition compared with inhalers and jet nebulizers because there is little requirement

for patient coordination and little drug residual volume. They have quiet operation and

provide high dosage delivery and fast drug delivery. An ultrasonic nebulizer utilizes a

vibrating ceramic piezoelectric element connected to an alternating current at a frequency

between tens of kiloHertz to a few megaHertz. The acoustic vibration generated by the

piezoelectric element is then transmitted into a reservoir containing the drug solution,

causing the formation of capillary waves. When sufficient destabilization is induced in

the liquid meniscus at the reservoir orifice, the fluid breaks up into micro/submicron sized
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Figure 2.4: A schematic showing an ultrasonic mesh nebulizer.

aerosols (See Fig. 2.4).

The use of ultrasonic nebulizers to administer biomolecular agents such as pDNA has

many important limitations, leading to their limited acceptance. They are expensive, more

prone to electrical and mechanical breakdown and cumbersome, due to the larger AC

power source required for their operation. For these reasons, they have not been widely

researched for gene delivery applications compared to pMDIs, DPIs or air-jet nebulizers.

Only a limited number of studies have been performed on the use of ultrasonic nebuliza-

tion of DNA for pulmonary delivery (22; 144). Most of these investigations have focused

on protecting DNA from cavitation and mechanical shear forces by complexing the DNA

with cationic agents such as cationic lipids, resulting in successful transfection in lungs of

mice (145; 146) and also modified PEI (135), resulting in successful in vitro transfection

of alveolar and bronchial cells (147).

Summary

Although active aerosolization methods such as nebulizers are more appropriate for geri-

atric and pediatric populations, these nebulizers in general lack efficiency, usability and
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the flexibility to accommodate patient breathing and lung variability. Further, nebulizers

typically are always-on instruments, producing inhalable mists with a broad size range

which is wasted as the patient exhales. For these reasons, nebulizers are more expensive

per dose. Moreover, the dependence on an external compressed air supply, or a large

battery-driven compressor, makes the nebulizers cumbersome, noisy and less portable.

The research studies that have reported successful gene transfection following aerosol

delivery via jet and ultrasonic nebulization platforms for complexed pDNA through the

use of cationic agents (145; 146; 135; 147) may encounter problems during subsequent

clinical studies. For instance, synthetic polymers like PEI are highly cytotoxic (148) and

will encounter problems with approval for human use. Moreover, liposomes are not as

effective for gene delivery to human airway cells in vivo when compared with transfection

of airway cells in vitro (149).

Given the current limitations associated with nebulizers, there remains an urgent need

to exploit other aerosolization strategies for gene delivery and DNA vaccination applica-

tions.

2.5.4 Other Aerosolization Devices for Pulmonary DNA Deliv-

ery

New devices such as mesh nebulizers (150), electrohydrodynamic (EHD) devices (151)

and miniaturized nebulization catheter devices (152) claim to offer greater aerosolization

efficiencies, and preserve the integrity of pDNA in the aerosols. However, these devices

require more clinical studies before successful commercialization can take place for hu-

man usage.
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2.6 Surface Acoustic Wave Nebulization for Safe Pul-

monary Delivery of Unprotected DNA Vaccines

In order to improve genetic vaccination to the lung, the need for an efficient yet safe de-

livery platform for the aerosol delivery of DNA vaccines is evident. For this purpose, the

use of naked DNA vaccines has advantages over other delivery methods, as it circumvents

the potential host responses elicited by viral vectors and avoids the toxicity of cationic li-

posomal vectors. Moreover, the application of naked DNA is cost-effective, simple and

less labour-intensive than other approaches, and may allow repeated treatments. However,

it is of paramount importance that upon delivery of naked pDNA, its delicate structural

properties are preserved. We therefore propose the use of surface acoustic wave devices

as an appropriate platform to achieve this milestone.

2.6.1 Surface Acoustic Waves

Surface acoustic waves (SAWs) have been used for the manipulation of fluids since the

1880s when Lord Rayleigh investigated the propagation of SAWs in isotropic solids (153).

In 1965, the first SAW device was invented by White and Voltmer, who used interdigital

transducers (IDTs) to directly couple periodic radio frequency waves into a piezoelec-

tric substrate to generate SAWs (154). IDTs consist of a series of interleaved electrodes

made from metal that are deposited on a piezoelectric substrate by means of standard pho-

tolithography. Since the discovery of IDTs, SAW devices have become very popular in

telecommunication applications and in commercial electronic devices such as delay lines

and band-pass filters, among others (155).

SAWs have an amplitude of the order of nanometers that propagates over thousands of

wavelengths of distance (which corresponds to several centimetres) along the surface of a

low-loss piezoelectric material like lithium niobate (LiNbO3 or LN) (2). Of the different
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SAWs that exist, the most commonly used is the Rayleigh wave for atomization (2). The

work involved in the present thesis involves the use of SAW technology for the production

of sub-micron aerosols. It is therefore essential to review some seminal work conducted

on this technique.

2.6.2 SAW Microfluidics

A comprehensive review of SAW microfluidic devices can be found in the literature (156;

157) and many SAW devices have been proposed for applications ranging from fluid

manipulation, such as droplet transport (158; 159), microchannel pumping (160; 161;

162), mixing (163; 164) and jetting (165), and particle sorting and concentration (166;

164; 167) to chip-scale chemical and biochemical synthesis (168; 169), biosensing (170),

and microfluidic chip interfacing with mass spectrometry (171; 172). In addition, it is

also possible to exploit SAW to drive these microfluidic manipulations on disposable

superstrates (173; 174).

It has been shown previously that SAWs can be used to produce particles of a defined

size range through the manipulation of the factors that predict the droplet diameter (2).

The feasibility of this technique has been demonstrated by Friend et al, where biodegrad-

able polymer particles compromising poly-ε-caprolactone (PCL) were produced. These

PCL aggregates were between 150 and 200nm in size and each aggregate was composed

of nanoparticles of 5 - 10nm in diameter (175). In this research, a nucleate templating

process was employed for rapid spatially-inhomogeneous solvent evaporation following

SAW assisted nebulization of the polymer solution. Subsequently this work was extended

to carry out layer-by-layer assembly of multiple layer polymeric carries encapsulating

pDNA assisted via ultra-fast SAW atomization. Successive atomization - suspension lay-

ering steps were repeated to produce as many as eight layers for controlled therapeutic

release and plasmid′s viability was demonstarted through successful in vitro transfection
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of the human mesenchymal progenitor and COS-7 cells. Further details can be found in

Appendix B.

2.6.3 Surface Acoustic Wave Atomization

SAW atomization for the production of aerosolized droplets is derived from ultrasonic

atomization and involves the use of higher driving frequencies (>10MHz) than conven-

tional ultrasonic atomization (<1 MHz). The technique was not used until the 1990s,

when a group of researchers lead by Kurosawa first proposed the use of the SAW at-

omizer (176; 177). In comparison to ultrasonic atomization, SAW atomization is more

efficient at transferring the energy into fluid to produce droplets, since SAW energy is lo-

calized on the substrate before it is coupled upon direct contact with fluid. For this reason,

the power consumption for the atomization process is far lower than most conventional

methods of atomization.

Atomization is a result of the SAW wave described in Section 2.6.1, which travels in the

x direction for a 127.86◦ Y -rotated, X cut lithium niobate (LN) device and is an elliptical

electro-acoustic wave, as shown in Fig. 2.5(a) (153). The SAW wave leaks into the fluid,

causing particles in the fluid to move in both the transverse direction to the substrate sur-

face and in the longitudinal direction along the propagation direction of the wave. This

causes the entire free surface of the drop to destabilize and cause atomization. Funda-

mental investigations have been carried out to unveil the underlying physical mechanism

by which SAW atomization produces droplets (2). This phenomenon will be described in

more detail in Section 2.6.5.

2.6.4 Surface Acoustic Wave Device for Atomization

For the research reported in the present thesis, the classic IDT patterned 20 MHz device

and a more efficient form of IDT, the SPUDT (Single-phase uni-directional transducer)
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patterned, elliptical focusing, 30 MHz device were used for atomization (See Fig. 2.5(c))

(14). In the conventional IDT-patterned SAW devices, the SAW wave travels in both the

forward and reverse directions, resulting in loss of energy. To overcome this problem,

the SPUDT design incorporates an internal reflector within each pair of IDTs to force

the SAW wave to travel only in the forward direction. Moreover, in the 30MHz device

the SPUDT is patterned as an elliptical focusing type of IDT to achieve high efficien-

cies in focussing the SAW energy into the fluid being atomized using concentric circular

electrodes.

2.6.5 Mechanism of Generation of Droplets via SAWs

When an alternating sinusoid electrical signal (20 or 30 MHz) is supplied to the sub-

strate through the IDTs or SPUDTs, mechanical oscillations occur on the substrate via

the inverse piezoelectric effect, producing the SAW in the form of a Rayleigh wave that

subsequently propagates along the surface of the substrate. As the SAW encounters a

liquid drop placed on top of the substrate, as illustrated in Fig. 2.5(a), the mismatch in

the propagation speeds between that in the substrate and that in the liquid cause about a

third of the SAW energy to diffract into the drop at an angle known as the Rayleigh angle,

which is defined by θR = sin−1 (cw/cs)∼ 22◦, where cs (=3965 m/s) and cw (=1485 m/s)

represent the propagation speed of SAW on LiNbO3 substrate and the speed of sound in

water, respectively. The diffracted acoustic energy gives rise to a longitudinal compres-

sion wave that, in turn, induces a time-average fluid recirculation within the drop, known

as acoustic streaming (156; 178). The time-dependent compression of the liquid, reflected

throughout the closed drop, also leads to the destabilization of the free surface of the liq-

uid drop, giving rise to strong capillary wave undulations. When driven at an input power

that is sufficiently high, the capillary wave destabilization finally exceeds the restoring

surface tension that holds the drop intact, resulting in the break-up of the free surface to

form aerosol droplets (2; 14), as illustrated in Fig. 2.5(a).
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The droplet size can be estimated using the following relationship approximated for the

capillary wavelength denoted by λ,

D ≈ λ ∼ γH2/μ f L2, (2.6.1)

where γ and μ are the surface tension and dynamic viscosity, f is the resonance frequency

of the capillary wave, and H and L are the characteristic height and length scales of the

source drop, respectively (2; 179). Thus the size of the droplet can be manipulated by

changing the parameters that govern the relationship above. This approach will be used

for the applications that follow in the Chapters 3, 4 and 5 of this thesis, which report on

the experimental program.

2.6.6 Surface Acoustic Wave Atomization for the Delivery of

Biomolecules

To overcome the difficulties associated with the various nebulization platforms conven-

tionally used for pulmonary gene delivery, SAW atomization is proposed. The SAW-

driven atomization system is a simple-to-use, novel, portable and efficient device that

can be tailored to a variety of therapies in aerosol delivery. In an in vitro proof-of-

concept study using a short-acting β2-agonist, SAW technology successfully generated

a respirable fraction greater than 70%, which far exceeds the typical 30 - 40% lung dose

obtained using current nebulization technologies (14). It is clear that SAWs are a highly

efficient method for transferring energy into fluid, and require far less power than con-

ventional ultrasound (14). Moreover, the risk of denaturing molecules is greatly reduced

since the period to induce vibrations in SAW devices by employing 10 - 100 MHz order

frequencies is much shorter than the molecular relaxation time-scale of macromolecules
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in liquids. Cavitation is absent during SAW atomization due to its operation at high fre-

quency (few MHz) and this eliminates the effect of cavitation-induced lysis or shear for

shear-sensitive molecules such as naked pDNA (14).

2.7 Conclusions

It is evident that the SAW-driven approach has significant advantages over the current

generation of ultrasonic medical nebulizers that represent the current state-of-the-art (2).

The research presented in this thesis aims to demonstrate the feasibility of SAW atom-

ization as an aerosol delivery platform for pulmonary genetic therapeutics, especially for

shear-sensitive naked pDNA encoding an influenza vaccine candidate.
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Figure 2.5: A schematic of the generation and propagation of SAW on a lithium niobate

piezoelectric substrate from the application of a sinusoidal electrical signal. The SAW it-

self is a retrograde traveling wave, and a point on the surface travels in a retrograde fashion

in comparison to the propagation direction of the SAW across the substrate. The energy

of the SAW is confined to within a few wavelengths of the substrate surface. This acous-

tic energy leaks into and drives strong acoustic waves in the fluid drop that in turn lead

to acoustic streaming, recirculation, and the formation of capillary waves on the drop’s

surface. With sufficient input energy, these waves become large enough to cause droplets

to be ejected from some of the crests in an intermittent fashion. (b) Image of the SAW

device showing the aluminium-chromium IDT electrodes patterned on the piezoelectric

substrate. The enlargement shows the IDTs, and specifically the relationship between the

width and gap between the fingers and the SAW wavelength λ. (c) Image of the 30 MHz

SAW device patterned with a pair of aluminium-chromium single-phase unidirectional

transducers (SPUDTs). The curved geometry of the electrodes allows the SAW to be

focused for more efficient operation.
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Chapter 3

Effect of High Frequency Acoustic
Wave Nebulization on pDNA in
order to achieve Pulmonary DNA
Vaccination

3.1 Introduction

The lung is an attractive site for the delivery of gene therapy and DNA vaccination agents

because it is accessible, has a large surface area for transfection and is highly cellular and

vascularised. Further, pulmonary delivery constitutes a pain-free non-invasive route that

circumvents the logistical difficulties and risks associated with parenteral routes (e.g.,

infection, provision of clean needles and systemic side effects) (3). Indeed, there has

been significant interest to date in the potential of pulmonary-delivered gene therapy in

treating pulmonary diseases caused by single gene mutation such as cystic fibrosis and 1-

antitrypsin deficiency (16). Pulmonary vaccination is theoretically useful against a range

of infecting pathogens, since it induces immunity at mucosal sites through which these

agents enter the body (3).
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Effective delivery requires that the DNA successfully enters the target cell via endocyto-

sis, thus avoiding degradation by lysosomal or cytoplasmic nucleases (180; 181). Sub-

sequently it must be transcribed within the nucleus to produce the desired gene product

(182). Whilst viral vectors have certain advantages, they also have significant disadvan-

tages, as they invoke specific and non-specific inflammatory and immune responses in the

host. These disadvantages militate against repeated administration, a usual requirement

for gene therapy and vaccination (183). On the other hand, non-viral vectors, such as

plasmid DNA (pDNA), which contain the desired gene sequences that encode a therapeu-

tic protein in a closed circular piece of DNA, have the benefit of low immunogenicity and

are easily produced at low cost.

Delivering therapeutics such as pDNA to the lung presents a number of technical chal-

lenges. As previously outlined, the most commonly used pulmonary delivery devices

include pressurized metered-dose inhalers, dry powder inhalers, and jet or ultrasonic neb-

ulizers. Inhalers generally require either hand-inhalation coordination, rendering them in-

effective for many patients who are unable to self-medicate, or breath-actuated aerosoliza-

tion, which is difficult for patients suffering from severe forms of chronic obstructive

pulmonary disease (184; 185). In addition, macromolecules such as pDNA are typically

unstable in propellants and solid dispersed formulations, and thus have a short shelf-life,

increasing the overall cost (3). There are also safety issues with regard to these formula-

tions for chronic use (186; 187). Although active aerosolization methods such as nebuliz-

ers are more appropriate for these specific patient groups and are currently the mechanism

of choice for pulmonary gene delivery (in fact, nebulizers are the only delivery method

considered in the UK Cystic Fibrosis Gene Therapy Consortium (3; 188)), current nebu-

lizers lack efficiency, portability and the flexibility to accommodate patient breathing and

lung variability (179).

A further significant limitation in the use of nebulizers for pulmonary gene delivery arises
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from the denaturation of non-complexed DNA as a consequence of the large hydrody-

namic shear stresses or shock waves that arise during the jet or ultrasonic nebulization pro-

cess (179; 9). In particular, supercoiled tertiary structures of pDNA with sizes larger than

5 kbp are severely sheared resulting in open circular and fragmented DNA (135; 22; 144).

The loss in the DNA transfection ability that results can be considerable and efficien-

cies as low as 10% have been encountered (142). The Center for Biologics Evaluation

and Research of the US Food and Drug Administration (CBER/FDA) recommends that a

minimum fraction of 80% of the pDNA should retain its supercoiled (sc) structure if gene-

based products are to be used in humans (189). In addition to retaining transfectability,

it is also vital that the nebulization platform generates a mono-dispersed distribution of

aerosol droplets in the appropriate size range for optimal delivery to the targeted lung

region (9).

The emergence of new devices such as mesh nebulizers (150), electrohydrodynamic (EHD)

devices (151), and miniaturized nebulization catheter devices (152) claim to offer greater

aerosolization efficiency, while preserving the integrity of pDNA in the aerosols. How-

ever, these devices require further clinical studies to prove these claims before they can be

generally used. Gene transfer agents such as cationic lipids (111) and cationic polymers

(113) are used to form complexes with pDNA that protect the pDNA from shear forces

and increase its stability during aerosolization. This has led to successful gene expression

after aerosol delivery to the lungs of mice (114), rabbits (115) and sheep (116). However,

not all lipoplexes and polyplexes retain biological efficacy after aerosolization (117; 118)

and some synthetic polymers have been demonstrated to induce cytotoxicy both in vitro

(190) and in vivo (191).

The present thesis investigates the use of a generic SAW nebulization platform as a

simple-to-use, novel, portable and efficient device that can be tailored for a variety of

pulmonary drug therapies (14). The SAW approach is a highly efficient method for trans-

ferring energy into fluid, requiring far less power to achieve a given fluid response than
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conventional bulk piezoelectric ultrasonic radiators (2).

Moreover, the risk of denaturing molecules is greatly reduced by employing 10-100 MHz

order frequencies since the oscillation period of the SAW vibration at these frequencies

is far shorter than the typical macromolecular relaxation time-scale in liquids (192; 193).

Cavitation is also absent when the frequency is increased beyond a few MHz, thus elim-

inating the possibility of cavitation-induced lysis or shear on cells and shear-sensitive

molecules such as naked pDNA. Li et al. demonstrated that little damage is imposed on

mesenchymal stem cells when subjected to SAW irradiation, thus preserving their viabil-

ity, proliferation and differentiation (194). Further, when used for nebulization, the size

of droplets generated by SAW can be rapidly tailored by switching from standing-wave to

travelling-wave SAW on the substrate. Hence, the SAW nebulization approach has signif-

icant theoretical advantages over the current generation of ultrasonic medical nebulizers

(2).

The aim of this chapter is to demonstrate the feasibility of SAW nebulization as an

aerosol delivery platform for DNA into the lung, especially with shear-sensitive naked

(non-complexed) pDNA encoding genes for treating infectious diseases such as malaria,

a major lethal disease and health problem in Africa (195; 196). Here, homologues of the

candidate vaccine molecules, Plasmodium falciparum merozoite surface proteins 4 and 5

were utilized, which are glycosylphosphatidylinositol (GPI)-anchored integral membrane

proteins with similar structural features. In a rodent malaria model, a pDNA molecule

encoding the P. yoelli merozoite surface protein 4/5 (PyMSP4/5), is highly effective at

protecting mice against lethal challenge (197) and is the homologue of the human malaria

proteins. After examining the structural integrity of pDNA recovered after SAW nebu-

lization, the physical stability of the pDNA was subsequently confirmed through char-

acterization of the in vitro transfection efficiencies. Thereafter, the likelihood of high

lung deposition efficiency by SAW pulmonary therapeutic delivery was demonstrated by

showing aerodynamic size distributions which are close to those known to be optimal for
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effective droplet delivery to the lower respiratory tract.

3.2 Experiments and Materials

3.2.1 Surface Acoustic Wave Nebulizer

The SAW nebulizer was custom-designed and fabricated at the Melbourne Centre for

Nanofabrication in Clayton, Australia. A pair of 20 MHz aluminium-chromium IDTs

was fabricated using sputter deposition (Hummer Triple-Target Magnetron Sputter Sys-

tem, Anatech, USA), standard UV photolithography and wet etching onto a 127.86◦ Y–

rotated, X–propagating single-crystal LiNbO3 substrate, as shown in Fig. 2.5(b) in Chap-

ter 2. Fig. 2.5(c) shows a 30 MHz SAW device patterned with a pair of aluminium-

chromium single-phase uni-directional transducers (SPUDTs). Unlike the typical IDTs

in Fig. 2.5(b), the SAW generated from SPUDTs propagates in a single direction. Less

energy is therefore lost and the risk of interfering reflection is also reduced. A focused

design is also employed to concentrate the SAW at a focal point where nebulization is

performed in order to achieve optimal efficiency.

3.2.2 Preparation, Culture and Purification of plasmid DNA

The mouse malaria P. yoelli merozoite surface protein 4/5 (PyMSP4/5) was cloned into

the mammalian expression vector pVR1020 for use throughout the in vitro work (197). A

colony of E. coli DH5α harbouring plasmid pVR1020–PyMSP4/5 (∼5.6 kbp) was picked

from a streaked selective plate and inoculated in 10 m� of LB medium containing 100.0

μg/m� of kanamycin. The starter culture was incubated at 37◦C and agitated at 200 rpm

for 8 hrs before being transferred to five separate 200 m� LB media, and further cultured

for 12 hrs. The cell cultures were stored at −70◦C for subsequent use. The plasmids

were purified from cells using an endotoxin-free plasmid purification kit (QIAGEN Mega,
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Australia) according to the manufacturer’s instructions.

3.2.3 Plasmid Nebulization using SAW

Various concentrations of pVR1020–PyMSP4/5 pDNA solutions ranging from 5–85 μg/m�

in deionized water were nebulized using both 20 and 30 MHz SAW devices and carefully

collected in microcentrifuge tubes for further analysis. The concentration of pDNA in the

collected samples was determined by a UV spectrophotometer (NanoDrop 1000, Thermo

Scientific, USA) at a wavelength of 260 nm. The purity of pDNA samples was assessed

by the samples’ absorbance at 260 and 280 nm; if the ratio is lower than 1.8, it signifies

the presence of protein, phenol and other contaminants.

3.2.4 Agarose Gel Electrophoresis

Both control and nebulized pDNA samples were analyzed for potential alterations in the

plasmid structure with 0.8% agarose gel electrophoresis using a 1 kbp DNA ladder and

ethidium bromide (EtBr) staining. The gel was made up of 0.8 g agarose at 50× dilution

of TAE buffer (242.0 g Tris base, 57.1 m� CH3COOH, 9.3 g of EDTA). The gel was

stained with 3 μg/m� ETBr and the electrophoresis was carried out under 60 V for 90

mins. The resulting gel was analyzed and imaged in a Molecular Imager Gel Doc XR

system (Bio-Rad, Australia). The intensity of the bands for each structure corresponds to

the number of DNA molecules. The percentage of supercoiled (sc) and open circular (oc)

to degraded linear pDNA was quantified via densitometry software (Quantity One, Bio-

Rad, Australia) by comparing pre- and post-nebulized samples. However, it was found

that the binding of ethidium bromide to different plasmid structures is dependent on the

DNA topology, thus the measured fluorescence values of the supercoiled structure are

multiplied by the correction factor 1.36 to obtain the adjusted values (198).
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3.2.5 AFM Imaging of plasmid DNA

A freshly cleaved 10 mm diameter mica disc was coated with 10 μ� of 10 mM Ni(NO3)2

to render the mica surface cationic for adsorption of anionic pDNA. Ten microliters of

pDNA solution (6–25 μg/m�) was pipetted onto the mica surface. Two to five minutes

were allowed to elapse to enable the pDNA to absorb onto the surface, after which the

mica disc was rinsed with ultra-pure water and dried under a gentle stream of N2 gas prior

to AFM imaging. The surface morphology of pDNA was imaged with an Ntegra Scanning

Probe Laboratory (NT–MDT, Zelenograd, Russia) operating in intermittent contact (or

tapping) mode in air using MikroMasch NSC15 probes. Images of 512 × 512 pixels with

a scan size of 3 × 3, 1 × 1, 0.5 × 0.5 μm2 were acquired at scan rates of 1–2 Hz. AFM

images were processed to correct plane tilt, arcing and line fluctuations. For the presented

images, a further 3 × 3 Gaussian noise filtering and 3D rendering was also applied using

WsXM freeware (version 5, build 1.1, Nanotec Electronica S.L., Spain).

3.2.6 In vitro Cellular Transfection

In vitro cellular transfection studies were performed using COS-7 cells grown in a com-

plete RPMI 1640 medium containing 10% foetal calf serum, 2 mM of L-glutamine,

100 U/m� of penicillin and 100 μg/m� of streptomycin. Freshly grown 2 x 105 cells

were seeded into each of the six-well format tissue culture plates, and incubated in 5%

CO2 at 37◦C for 24 hrs until 70-80% confluent. The cells were washed and combined

with 1 ml of serum-free RPMI 1640 medium. Transfection of 1.0 g plasmid VR1020-

PyMSP4/5 per well for pre- and post-nebulized samples was facilitated by lipofectamine

2000 according to the manufacturer’s instructions. After 5 hrs incubation, 1 ml of RPMI

1640 medium containing 20% foetal calf serum, 4 mM of L-glutamine, 200 U/m� of

penicillin and 200 μg/m� of streptomycin was added. After incubation for 48 hrs, the

cells were washed with phosphate-buffered saline (PBS) pH 7.4, and both the cells and
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culture medium were collected and stored at -20◦C.

3.2.7 SDS-PAGE and Immunoblotting Analysis

Post-transfection, the COS-7 cells were subjected to SDS-PAGE under reducing condi-

tions (199). Proteins from cells were fractioned and then electrophoretically transferred to

PolyScreen PVDF transfer membrane for immunoblotting, as previously described (200).

The membranes were incubated in TBS/T (0.05 M Tris-HCl pH 7.4, 0.15 M NaCl, 0.05%

Tween 20) containing 5% non-fat milk powder overnight at 4◦C. Subsequently, the mem-

branes were probed with rabbit anti-PyMSP4/5 antisera for 1 hr at room temperature, and

washed three times in TBS/T for 10 mins each time. Primary antibody reactivity to im-

munoblotted proteins was detected with anti-rabbit immunoglobulin conjugated to horse

radish peroxidase (HRP) (Silenus Laboratories). The HRP was visualized by Renaissance

Western Blot Chemiluminescence Reagent (NEN Life Science Products, PerkinElmer,

Massachusetts, USA). The intensities of the fluorescence associated with the immunoblot-

ted proteins were quantified as the total pixels within a defined boundary drawn on the

image using Image J (Version 1.41, National Institutes of Health, USA). The intensities

or the amount of PyMSP 4/5 expressed were converted to nanograms of protein using a

standard curve prepared with an E. coli expressed protein standard.

3.2.8 Aerosol Characterization

De Brouckere (volume moment, D43) mean diameter is the average particle size relevant

to the dose’s delivery efficiency when the particles are droplets of unit density. The size

distributions of the pDNA-laden aerosol droplets in this study were measured using laser

diffraction (Spraytec, Malvern Instruments, UK) including the desired 1–5 μm range for

pulmonary delivery. In order to characterize the pDNA aerosol size distribution, D43 was

recorded during the measurements.
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Table 3.1: Distribution of data collected from experiments in study.

Study Freq. Shapiro-Wilk normality test Normally

(MHz) statistic distributed?

Agarose gel electrophoresis of DNA

Supercoiled 20 0.119 No

30 0.110 No

Open circular 20 0.251 No

30 0.620 No

Fragmented 20 0.021 Yes

30 0.038 Yes

Western blot of PyMSP4/5

0 0.862 No

20 0.692 No

30 0.098 No

3.2.9 Statistical Analysis

All statistical analysis was performed using SPSS (Version 19, IBM Corporation, Ar-

monk, USA). One-way ANOVA with a Tukey’s post-hoc test was used for data that sur-

vived Shapiro-Wilk’s (SW) normality test with significance p > 0.05, suggesting the data

is normally distributed and therefore ANOVA was suitable. In instances where the SW

test was significant (p < 0.05), the non-parametric Kruskal-Wallis (KW) test was used in-

stead to test for the overall significance between independent groups. Where differences

were observed, the Mann-Whitney (MW) tests were performed between two independent

samples to identify the differences. For statistical testing involving two related samples

that were not normally distributed, the Wilcoxon Signed Rank Test was used. All data

are expressed as the mean ± standard deviation. The results were considered significant

if p < 0.05. Most agarose gel electrophoresis and Western blot results were not normally

distributed, as verified in Table 3.1.
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3.3 Results and Discussion

3.3.1 Aerosol Size Distribution

The impaction of aerosol in the upper airways is governed by Stokes law and droplets

with aerodynamic diameter below 5μm are desired for efficient deep-lung deposition

(10; 201; 202). As a consequence, it is crucial to generate aerosols with an optimal

aerodynamic droplet size to deliver the required dose to the lower respiratory tract, such

that dose efficacy is maximized and wastage due to deposition in the oropharyngeal re-

gion is avoided. During SAW atomization, the diameter of the droplets ejected from the

liquid-free surface is governed by the capillary wavelength λ. This in turn, can be pre-

dicted from a balance between the forces that dominate the capillary wave destabilization

process, namely, the capillary and viscous forces that dominate at the surface, such that

the droplet diameter is given by,

D ≈ λ ∼ γH2/μ f L2, (3.3.1)

where γ and μ are the surface tension and dynamic viscosity, f is the resonance frequency

of the capillary wave, and H and L are the characteristic height and length scales of the

source drop, respectively (2; 179). It has been previously shown that λ and hence the

capillary resonant frequency of the drop is quite independent of the excitation frequency

applied to the device via an alternating current (179). From the above scaling relationship,

the possibility of tuning the dimension of pDNA-laden aerosols simply by varying the

surface tension and viscosity of the liquid sample becomes apparent.

We note that the generation of aqueous pDNA aerosol droplets of sizes smaller than the

5μm diameter required for optimal deposition in the deep-lung region is particularly dif-

ficult due to the high surface tension of water. In this study, a formulation of pDNA

containing glycerol was chosen to lower the surface tension and to increase the viscosity
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of the liquid drop to be nebulized. Given its low toxicity, it is approved by the FDA and

has been widely used in many pharmaceutical and medical formulations; toxicological

evaluations on aerosolized glycerol have shown no adverse effect on rats (203). In our

study, glycerol concentrations of 10%, 20% and 40% (w/w) were used, for which narrow

monodisperse aerosol distributions with droplet sizes under 5 μm were reliably obtained.

Fig. 3.1 shows the cumulative aerosol size distributions for pDNA with a concentration of

100 μg/m� with different glycerol weight ratios, which allow the drop viscosity and hence

the dimensions of the aerosol droplets to be manipulated.

As shown in Table 3.2, increasing the concentration of glycerol reduces the average

aerosol diameter for a fixed pDNA concentration, in qualitative agreement with the scal-

ing argument in Eq. 3.3.1. This confirms the possibility of establishing some control

over the desired aerosol dimension through the physical properties of the liquid. How-

ever, there appears to be some variability in the data when the pDNA concentration is

altered. The effect is not significant, primarily since the variation in the drop viscosity

is far more sensitive to the glycerol concentration (over 1 Pa.s from 0 to 40% (w/w) of

glycerol) compared to the pDNA concentration (only several mPa.s) (204). In any case,

the possibility of finely tuning the aerosol droplet dimension to the desired size (<5 μm)

for optimum dose administration is demonstrated, thus providing reasonable confidence

that the nebulized pDNA should be targeted to the alveolar region for maximum dose effi-

cacy. These results are certainly encouraging compared to the size distributions obtained

for naked pDNA aerosols generated using a catheter-based nebulization device where size

ranges obtained were around 33±2 μm, which is well beyond the optimal range for lung

delivery (152).
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Figure 3.1: Measured using laser diffraction (Spraytec, Malvern, UK), the size distri-

bution of droplets nebulized using SAW at 30 MHz and 3 W of applied power from an

aqueous suspension of 100 μg/m� of pDNA is generally reduced as the concentration of

glycerol is increased to 20%.

Table 3.2: The de Brouckere mean aerosol droplet diameter (D43) using a 30 MHz SAW

nebulizer at 3 W of applied power (n = 4).

pDNA concentration (μg/m�) %w/w glycerol D43 (μm)

100 0 8.25±0.34

10 7.61±0.94

20 4.12±0.13

50 20 5.49±0.10

10 20 4.08±0.02

3.3.2 Physical Stability of pDNA Molecules Irradiated by SAW

pDNA molecules in post-nebulized droplets must retain the supercoiled and covalently

closed circular form of plasmid DNA for efficacy, and to comply with the FDA’s regu-

latory requirements relating to the purity and potency of plasmid products (189; 205).

The supercoiled structure of pDNA is maintained by the covalent bonds in its phospho-

diester backbone and by hydrogen bonding between bases. The torsional energy stored

in the native compact supercoiled plasmid will be released upon bond scission of ei-

ther strand of the molecule, relaxing into an open circular form. Further cleavage of
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strands at the same location on the opposite strand of the DNA helix will result in a

linear polynucleotide. This full-length linear molecule will be fragmented further with

additional bond breaks (206). AFM imaging of the pVR1020-MSP4/5 in Fig. 3.2(a-b)

indicates the tightly twisted supercoiled geometry before SAW nebulization. Different

concentrations of pVR1020-MSP4/5 were then nebulized using prototype 20 and 30MHz

SAW devices and subsequently collected for analysis to determine their post-nebulization

structure using AFM (Fig. 3.2(b)) and agarose gel electrophoresis (Fig. 3.2 (d-e)).

Interestingly, agarose gel electrophoresis revealed that the unprotected, naked pDNA was

preserved during the SAW nebulization process. The change in supercoiled, open circular

and fragmented pDNA structures prior to and after nebulization is shown in Fig. 3.2(c).

In most cases, more than 90% of the initial supercoiled pDNA is still present after be-

ing nebulized (Fig. 3.2(d)). The degradation that was seen can be attributed principally

to the damaged pDNA feedstock, since a small proportion of the pDNA prior to SAW

nebulization was found to be fragmented during the early stages of plasmid purification

and preparation, particularly at a pDNA concentration of 5 μg/m�, which has around 50%

and 20% of supercoiled and fragmented pDNA, respectively. The key parameter affecting

the shear sensitivity of pDNA molecules appears to be its hydrodynamic diameter. Linear

double-stranded DNA molecules have been found to be very susceptible to flow-induced

stress in previous studies (207; 208; 209) and minor differences in their characteristic

dimension appear to have large effects on their response to hydrodynamic stress (210).

Similarly, isoforms of pDNA present in the initial preparation (purification process) such

as open circular and linear forms are more sensitive to hydrodynamic forces that arise

during SAW nebulization due to their unfolded state. The increase the length and hy-

drodynamic diameter of plasmids (open circular and linear) due to their tertiary structure

lowers the shear threshold, and relaxed forms are acted on by larger forces and subse-

quently become fragmented (208). Experimental and theoretical studies indicate that
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stretching hydrodynamic forces greater than 300 pN will cause irreversible strand sep-

aration and formation of nicks even before reaching a force sufficient to break covalent

bonds (1600-5000 pN) (9). The particle displacement velocity of a surface ultrasoni-

cally driven by piezoelectric materials near the limit of the electromechanical material is

typically 1 ms−1, regardless of the excitation frequency. As a consequence, the surface

acceleration at the frequencies used in SAW is extremely high (107–108 ms−2), despite

the amplitude of the acoustic wave being less than 10 nm. Such huge accelerations are

responsible for the destabilization of the capillary waves that lead to atomization, as dis-

cussed in Section 2.6.5 (2). Thus relaxed forms of the pDNA located close to the free

surface of the drop are more likely to be susceptible to shear-induced damage, because

large shear stress gradients are primarily responsible for the break-up of the interface to

form aerosol droplets that eject from the free surface.

We also observed that degradation of pDNA was found to be somewhat dependent on the

pDNA concentration during nebulization. Whereas both the 50 and 85 μg/m� samples

showed similar levels of post-nebulized intact pDNA (>75% of supercoiled pDNA), the

85 μg/m� sample was found to be subject to a larger extent of degradation (20% degrada-

tion) as compared with the 50 μg/m� sample (<9%). The same outcome was found for

samples possessing lower integrity, whereas only around 13% of pDNA degradation was

observed for the 5 μg/m� sample (Fig. 3.2(f)). These observations are consistent with past

studies (210; 136) that showed similar damage dependence on the pDNA concentration

(beyond the range of 20 μg/m�) due to the interaction of shear with the drop-free surface.

It has been suggested that the concentration of intact pDNA after atomization ck is de-

pendent upon the initial DNA concentration ci, the degradation rate constant k, and the

residence time in the system, governed by the relationship, ck = ci − kt (206; 208).

In comparison, conventional ultrasonic transducers operate at 20-80 kHz, in a range where

cavitation is easily generated, inducing extreme fluid-shear during formation, and growth
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and the subsequent collapse of bubbles, in turn damaging the supercoiled pDNA, as dis-

cussed in Section 4.1. Indeed, pDNA molecules within the solution act as nucleation

sites for cavitation (144). In contrast, the nebulization platform proposed here retains the

benefits of using intense acoustic fields for driving fluid motion, namely, the large actua-

tion effects and the associated flow nonlinearities, while preventing the cavitation damage

seen with conventional ultrasonic methods. The megahertz (>10 MHz) order SAW vi-

bration frequencies facilitate fluid and particle manipulation at much finer scales, and at

far lower powers because of an energy-efficient mechanism wherein the acoustic energy

is concentrated within a thin region of the drop adjacent to the substrate (178). These

inherent properties associated with SAW nebulization avoid damage to pDNA, since the

shear gradient generated within such a short period of time is not sufficient to degrade the

pDNA (192; 193). Consequently, the percentage of post-nebulized fragmented pDNA is

far lower in SAW nebulization in comparison to that in conventional ultrasonic nebuliza-

tion (>35%) and vibrating mesh nebulization (>40%) for a similar-sized plasmid (of the

order of 5 kbp) (22).

3.3.3 Bioactivity of plasmids During In vitro Transfection.

The in vitro transfection efficiency of SAW atomized pVR1020-MSP4/5 was subsequently

investigated in immortalized African green monkey kidney cells (COS-7). The gene ex-

pression results from these studies are in agreement with the agarose gel electrophoresis

observations: higher post-nebulized open circular and fragmented pDNA ratios are di-

rectly correlated to lower gene expression. Fig. 3.3 shows that transfection efficiencies as

high as 75% and 84% were observed for the in vitro MSP4/5 gene expression of recovered

pDNA after both 20 and 30 MHz SAW nebulization, compared to the corresponding un-

nebulized (control) pDNA after 48 hrs. The levels of in vitro transfection efficiency offer

further evidence that the pDNA molecules are not damaged during the SAW nebulization

process, supporting the contention that this is an efficient platform for the aerosol delivery
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of shear-sensitive biomolecules.

3.4 Conclusions

This chapter has reported the initial investigations of the feasibility of SAW nebulization

for the generation of aerosols containing shear-sensitive bio-therapeutics such as pDNA.

Integrity of the large bimolecule was preserved with almost negligible denaturation of

the supercoiled content. The plasmid-laden aerosols have droplet sizes below 5 μm for

optimal deep lung deposition and remain biologically active, as evidenced by the success-

ful induction of gene expression in mammalian cells. This work has laid the foundation

for the application of SAW nebulization for potential non-invasive gene therapy using

plasmid DNA molecules.
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Figure 3.2: Structural analysis of pVR1020-MSP4/5 before and after SAW nebulization

at 30 MHz by AFM imaging in air. (a) pre-nebulized (control), and (b) post-nebulized

supercolied structures of 5.6 kbp DNA. (c) Ethidium bromide agarose gel electrophoresis

for the assessment of the naked pDNA strutural integrity before and after SAW nebuliza-

tion. Lane M: 1 kbp DNA ladder; lanes 1 and 4: control pDNA prepared at 85 μg/m� and

50 μg/m� concentrations, respectively; lanes 2 and 5: recovered 85 μg/m� and 50 μg/m�
pDNA nebulized with 20MHz SAWs, respectively. Each lane was loaded with 200ng of

pDNA and representative gels from three independent experiments are shown. Arrows in-

dicate the position of open circular (OC) and supercoiled (SC) forms of pDNA along the

vertical direction. Statistical analysis showing the proportion of (d) supercolied, (e) open

circular and (f) fragmented pDNA, for 20 and 30 MHz SAW nebulization. The amount

of supercolied, open circular and fragmented pDNA was assessed with results from the

agarose gel electrophoresis and are the average of triplicate nebulization runs in which

the error bars indicate the standard deviation of the data.
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Figure 3.3: (a) Western blot detection of PyMSP4/5 expressed in COS-7 cells at 48 hrs

post-transfection. Lane M: marker showing molecular mass standard (kDa) on the left;

lanes 1-3: the cells transfected with pDNA recovered from 30, 50 and 85 μg/m� pDNA

nebulized using 30 MHz SAW; lanes 4-8: the cells transfected with pDNA recovered from

25, 35, 50, 65 and 85 μg/m� p DNA nebulized using 20 MHz SAW. (b) Statistical analysis

of the in vitro transfection efficiency of naked pDNA recovered after SAW nebulization.

The results are the mean of triplicate nebulization runs, where the error bars indicate the

standard deviation of the data.
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Chapter 4

Effective Pulmonary DNA
Vaccination via High Frequency
Acoustic Wave Nebulization

4.1 Introduction

With a novel, highly infectious agent such as a pandemic flu strain, vaccine production

constraints may have a very serious impact on the final outcome. In Australia, for exam-

ple, the first doses of vaccine for use against the recent H1N1 swine flu epidemic took

4.5 months to prepare and seasonal flu production in the USA typically takes in the order

of 6–8 months (211; 212). Current global production of trivalent seasonal influenza vac-

cine is 700 million doses annually. Without a major boost in production capacity or the

development of highly effective dose-sparing adjuvants, it could take two or more years

to immunize the world’s population, even presuming a well-functioning administration

capacity that might be severely compromised by infection among health professionals.

The production time of vaccines such as the flu vaccine can be considerably shortened

by substituting a protein-based sub-unit vaccine with a DNA vaccine. There are well-

documented issues with immunogenicity and efficacy (182) that, if overcome, would lead
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to a crucial shortening of vaccine development time to as little as two weeks from con-

struction to first dose production (213). Early deployment of even a partially effective

vaccine leads to a major lowering of transmission and mortality and a reduction in attack

rate of over 75% (214).

Parenteral vaccination, although undoubtedly effective in preventing disease, requires

needles and skilled, expensive personnel to handle them, cannot be deployed in devel-

oping areas of the world that lack medical infrastructure, nor can it be developed quickly

enough to address acute needs due to the protracted effort required in cell or bacterial cul-

ture vaccine production. Replacement of the parenteral route with alternative modes of

administration would mitigate vaccine safety issues and the requirement of skilled person-

nel. Plasmid DNA (pDNA) offers a rapid production route to vaccines without significant

side-effects nor an extensive cold chain (215).

pDNA can be introduced into the lung by aerosol inhalation. Following deposition in the

airways, the plasmid is available for uptake by bronchial epithelium, alveolar epithelium

and interstitial cells (216). Delivery efficiency and integrity of the gene vectors prior to

and during pulmonary delivery are critical parameters that must be maximized for this

approach to be successful. In addition, it is important that the size of aerosol droplets

are below a certain value (<5μm) for the droplets to reach the lower respiratory airway

(alveoli), where the absorption and transfection efficiency of the gene vectors is likely to

be greatest (8).

The previous chapter demonstrated that the SAW nebulization approach safeguards the

structural integrity of shear-sensitive non-complexed pDNA encoding genes for treating

infectious diseases whilst retaining transfectability. Moreover, the nebulization platform

generated a mono-dispersed distribution of pDNA-laden aerosol droplets in the appropri-

ate size range for optimal delivery to the targeted lung region. The true significance of

these findings can be realized following investigations of transfectability in vivo, which
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is the purpose of this chapter. Here, the application of SAW nebulization as an aerosol

delivery platform for DNA vaccination into the lung using is demonstrated using three an-

imal models. Studies were also conducted to test the capacity of nebulized DNA to induce

immune responses in these animals. Since mice and rats are unable to inhale mist from

a nebulizer, preliminary experiments in these animals involved the recovery of nebulized

material followed by intratracheal instillation of the condensate. However, to assess the

effectiveness of the SAW nebulization platform in providing effective DNA vaccination

via inhalation against influenza, a sheep lung model was chosen. Sheep have long been

used as relevant models for human lung development, structure, physiology and disease.

Sheep are also ideal animal models for drug delivery studies as compared to small rodent

models, the size and structure of the lung is similar to that of humans, including the ex-

tensive branching of the upper airways, which has been shown to contribute significantly

to regional drug deposition in the lung. In addition, repetitive sample measurements can

be made in sheep using the same techniques and instruments used in the clinical environ-

ment.

4.2 Experiments and Materials

4.2.1 Surface Acoustic Wave Nebulizer

A 30 MHz SAW device patterned with a pair of aluminium-chromium single-phase uni-

directional transducers (SPUDTs), custom-designed and fabricated at the Melbourne Cen-

tre for Nanofabrication in Clayton, Australia, as shown in Fig. 2.5 was used for the exper-

imental work reported in this chapter.
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4.2.2 Preparation, Culture and Purification of plasmid DNA

The pVR1020 plasmid encoding yellow fluorescent protein (YFP) was used for the in

vivo studies to aid visualization of the gene expression. For the immunization trial, a

plasmid DNA was prepared from an influenza A virus surface antigen, a classic protective

protein, human hemagglutinin (A/Solomon Islands/3/2006 (egg passage) (H1N1) strain),

was cloned into the mammalian expression vector pVR1020 (Vical Inc.,USA). The entire

coding sequence of HA was amplified by PCR using primers forward and reverse that

incorporated a BamHI site at the 5 prime end and a EcoRI site at the 3 prime end, forward:

5 prime-CGCGGATCCATGAAAGTAAAACTACTGGTCCTGTTATG-prime; reverse:

5 prime-CCGGAATTCTTGTTTGTAATCCCATTAATGGCATTTTGT-3 prime.

The PCR product was digested with BamHI / EcoRI and ligated into the vector, pVR1020,

resulting in plasmid pVR1020–HA. Purification of pVR1020–YFP (∼5.7 kbp) or pVR1020–

HA (∼6 kbp) was carried out as previously described in Section 3.2.2.

4.2.3 Animal Trials

For gene expression detection studies, male Swiss mice (8–10 weeks old) were used,

weighing 37–40 g, and for the genetic immunization trial via intratracheal instillation, fe-

male Sprague-Dawley rats (8–10 weeks old), weighing 241–270 g, were purchased from

the Animal Resources Centre (Canning Vale, Australia). Both mice and rats were housed

under specific pathogen-free conditions and had access to food and water ad libitum at

the Monash Institute of Pharmaceutical Sciences animal facility (Parkville, Australia).

For the DNA vaccination of sheep via inhalation, female Merino-cross ewe lambs (5-6

months of age) used in these studies were housed in pens and fed ad libitum (Depart-

ment of Physiology animal facility, Clayton, Australia) and judged free of significant pul-

monary disease on the basis of clinical examination. All experimental animal procedures

were approved by the Animal Experimentation Ethics Committee of Monash University,
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following guidelines set by the National Health and Medical Research Council (NHMRC)

of Australia.

4.2.4 Detection of Gene Expression In vivo following Intratra-

cheal Delivery into Swiss Mice

For in vivo transfection, the mice were anesthetized by an intraperitoneal injection of

100 mg/kg body weight of ketamine (Parnell Laboratories, Australia) and 10 mg/kg body

weight of xylazine (Tony Laboratories, Australia). A solution of sterile pVR1020 encod-

ing YFP in 0.9% NaCl at a concentration of 1.5 mg/m� was nebulized using a 30 MHz

SAW nebulizer and the condensed aerosol containing the nebulized plasmid was carefully

collected as described earlier. For intratracheal instillation, the mice were suspended at 45

degrees by the upper teeth on a rodent dosing board and the trachea was visualized using

a fiber optic stylet connected to an endotracheal tube (Biolite small animal intubation sys-

tem, Kent Scientific Corp, USA). The trachea was intubated and post-nebulized plasmid

in saline (50 μ�) was delivered followed by 200 μ� of air. The mice were sacrificed 24

hrs later, and their lungs were harvested and subsequently frozen in Jung tissue-freezing

medium (Leica Microsystems, Germany) and used for analysis. Cryosections (10 μm)

were cut in a rotary paraffin microtome (microTec Laborgeräte GmbH, Germany), fixated

with 1% paraformaldehyde and mounted with mowiol (4–88 Reagent from Calbiochem,

Australia) solution to which 4’,6-diamidino–2–phenylindole dilactate (DAPI, dilactate)

was added, and subsequently examined under a confocal laser scanning microscope (A1,

Nikon Instruments Inc., Japan) for YFP gene expression. Lung and airway morphology

was examined on adjacent sections with hematoxylin and eosin. As additional confir-

mation of the detection of YFP in the mice lungs, the lung samples were homogenized

using lysis buffer containing 50 mM Tris (pH 7.5), 100 mM NaCl and 1% Triton X–100.
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The homogenate was then centrifuged and the supernatant was used for Western blot de-

tection of the YFP protein. SDS-PAGE and immunoblotting analysis procedures were

carried out as previously described, except that the membranes were probed with rabbit

anti-YFP antisera.

4.2.5 Pulmonary Vaccinations using Pre-SAW nebulized plas-

mid DNA via Intratracheal Delivery

For pulmonary vaccinations, a solution of sterile pVR1020 encoding HA in 5% dextrose

at a concentration of 300 μg/m� was nebulized using a 30 MHz device and the condensed

aerosol containing the nebulized plasmid was carefully collected as described earlier.

The immunizations were carried out using the intratracheal instillation technique also

described earlier. The tracheae of the rats were intubated and 300 μg of post-nebulized

plasmid in 5% dextrose (n = 8, post-nebulized group), 300 μg of pre-nebulized plasmid in

5% dextrose (n = 8, pre-nebulized group), and 5% dextrose (n = 8, naı̈ve group) in a total

volume of 100 μ� was delivered, followed by 200 μ� of air. Subsequent immunizations

were carried out 2 weeks (secondary) and 3 weeks (tertiary) after the primary immuniza-

tion. Serum was collected prior to the commencement of the study and 5 weeks after

the first immunization. Blood (1 ml) was collected from the tail vein using a 23–gauge

needle, then left to coagulate for the collection of sera and subsequently stored at −20◦C

until further analyzed.

4.2.6 Pulmonary DNA Vaccination of Sheep using SAW via In-

halation

Sheep (n = 4) were immunized via inhalation through an endotracheal tube inserted

through the nostril with sterile pVR1020 encoding HA in 5% dextrose at a concentra-

tion of 85 μg/m�, nebulized using a 30 MHz SAW device in a chamber placed in line with
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Figure 4.1: Schematic drawing of pulmonary DNA vaccination system to sheep via in-

halation where room air was drawn through a bacterial/viral filter and a one-way valve

placed in the inspiratory limb of where pDNA was introduced by nebulization with the

30 MHz SAW device in a chamber that was placed in line with a mechanical ventilator

to be drawn by the sheep. Each sheep received three immunizations, once per three week

period, with a pDNA aerosol containing sterile pVR1020 encoding HA in 5% dextrose

at a concentration of 85 μg/m� for 20–30 minutes through an endotracheal tube inserted

through the nostril with proximal end connected to the respiratory wall. The expired

gas was passed through a second filter-valve combination before exhausted through the

ventilator.

the inspiratory limb of the mechanical ventilator (ventilator Model 55-0723; Harvard Ap-

paratus, MA) set at 20 breaths/min at 50% inspiration for 20-30 minutes (as per Fig. 4.1).

Two bacterial/viral filters (Hudson RCI, USA) and two low flow resistance, Hudson one-

way valves (Hudson RCI, USA) were placed at each end of the inspiratory and expiratory

limbs in line with the rest of the connecting tubing. In order to calculate the delivered

mass of pDNA to the ovine lung, all tubing including the filters and valves, was carefully

washed with deionized water to recoup any pDNA present, and subsequently quantified

via an UV spectrophotometer described earlier. Subsequent immunizations were carried

out 3 weeks (secondary) and 6 weeks (tertiary) after the primary immunization. Serum

from peripheral blood samples that were collected prior to the commencement of the

study and 1 week after the last immunization was stored frozen prior to determination of

hemagglutination inhibition activity.
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4.2.7 Evaluation of Antibody Responses to Enzyme-Linked Im-

munosorbent Assay

For the detection of anti-influenza (HA) antibodies in the serum samples, enzyme-linked

immunosorbent assays (ELISAs) were performed in 96-well MaxiSorp plates (Nunc,

Denmark). The plates were coated with 100 μL per well with 0.05 μg HA protein (Im-

mune Technology Corp., USA) in carbonate coating buffer (0.015 M Na2CO3, 0.035 M

NaHCO3, 0.003 M NaN3, pH 9.6) and incubated at 4◦C overnight. The coated plates were

then washed three times with ELISA wash buffer (PBS-T; PBS with 0.05% v/v Tween 20

(Sigma Aldrich, Australia)). Two hundred microliters of blocking agent (2% w/v skim

milk powder in PBS-T) was added to each well and incubated at 37◦C for 60 mins. Plates

were washed three times as before and 100 μL of 1 in 2 serial dilutions of undiluted serum

in duplicates were added. Plates were incubated at 37◦C for 90 mins and washed three

times. Fifty microliters of a 1:10,000 dilution of anti-sheep IgG horseradish peroxidase

(HRP) conjugated immunoglobulin (DAKO, Denmark) or 1:5,000 dilution of anti-sheep

IgA horseradish peroxidase (HRP) conjugated immunoglobulin (AbCam, Australia) was

then added to each well. Following incubation at 37◦C for 60 mins and three washes, the

plates were developed by the addition of 100 μL of 3,3’,5,5’–tetramethylbenzidine (TMB)

(Sigma Aldrich, Australia) substrate solution as previously described (217). Color devel-

opment was stopped after 15 mins (in the case of IgG readings) and 20 mins (in the case

of IgA readings) with 50 μL of 2 M H2SO4. Absorbance was determined using a universal

microplate reader (ELx80, Bio-tek Instruments Inc., USA) where the optical density was

read at 450 nm and endpoint titers were calculated.

4.2.8 Evaluation of Hemagglutination Inhibition Activity

The serum samples were tested for inhibition activity against the A/Solomon Islands/3/2006

virus in round-bottom 96-well microtiter plates at room temperature using 1% v/v chicken
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erythrocytes. Virus-induced hemagglutination titers were determined as the dilution of the

samples that inhibited agglutination of chicken erythrocytes following 30 mins of incuba-

tion when 4 hemagglutinating units (HAU) of virus was added.

4.2.9 Statistical Analysis

Statistical analysis was performed using SPSS (Version 19, IBM Corporation, Armonk,

USA). One-way ANOVA with a Tukey’s post-hoc test was used for data that survived

Shapiro-Wilk’s (SW) normality test with significance p > 0.05, suggesting the data is

normally distributed and therefore ANOVA was suitable. In instances where the SW

test was significant (p < 0.05), the non-parametric Kruskal-Wallis (KW) test was used

instead to test for the overall significance between independent groups. Where differences

were observed, the Mann-Whitney (MW) tests were performed between two independent

samples to identify the differences. For statistical testing involving two related samples

that were not normally distributed, the Wilcoxon Signed Rank Test was used. All data

are expressed as the mean ± standard deviation. The results were considered significant

if p < 0.05. Most immunization results were not normally distributed, as verified in

Table 4.1.

4.3 Results and Discussion

4.3.1 In vivo Detection of Gene Expression in Mice Lungs.

Fig. 4.2 shows modest amounts of YFP expression were observed in vivo in mice follow-

ing intratracheal instillation with condensed VR1020-YFP plasmid, which was previously

nebulized using a 30MHz SAW device. Importantly, the amount of YFP expression was

considerably larger compared to the YFP expression in an untreated mouse lung. The

transfection efficiency was expected to be moderate, since it is widely known that naked
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Table 4.1: Distribution of data collected from experiments in study.

Antibody responses to enzyme-linked immunosorbent assay from rat immunization

Study Shapiro-Wilk normality test Normally

statistic distributed?

IgG Responses
Naı̈ve 1.000 No

Post-vaccinated with non-nebulized pDNA 0.634 No

Post-vaccinated with SAW-nebulized pDNA 0.029 Yes

IgA Responses
Naı̈ve 1.000 No

Post-vaccinated with non-nebulized pDNA 0.299 No

Post-vaccinated with SAW-nebulized pDNA 0.319 No

Hemagglutination inhibition activity

Rat Immunization
Naı̈ve 1.000 No

Post-vaccinated with non-nebulized pDNA 0.000 Yes

Post-vaccinated with SAW-nebulized pDNA 0.000 Yes

Sheep Immunization
Pre-vaccination 1.000 No

Post-vaccination 0.024 Yes

plasmid is susceptible to rapid degradation in vivo (218). The YFP-positive cells that

were detected in the mouse lung were mostly located within a region close to the epithe-

lium of the conducting airways, where they displayed discrete aggregates of YFP protein

(Fig. 4.3), consistent with other studies of GFP (Green Fluorescent Protein) gene ex-

pression following plasmid delivery to mouse lungs (113; 219). The Western blot result

(Fig. 4.4) further confirmed these findings, showing YFP protein present in the lung sam-

ples that were transfected with the condensed VR1020-YFP plasmid previously nebulized

using a 30MHz SAW device, compared to that of an untreated mouse lung where the re-

spective band was not present. The absence of hemosiderin deposits that would otherwise

result from microhemorrhages in the lung tissue was confirmed using sections that were

stained with Perl’s Prussian blue and counterstained with neutral red (Fig.4.5). These ob-

servations further support the in vitro gene expression results, and further validate the use

of SAW nebulization as a viable delivery platform for aerosol gene therapy.
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Figure 4.2: Confocal microscopy of mouse lung parenchyma cryosections after (a, b, c)

dosage with post-nebulized pVR1020–YFP in 0.9% NaCl aqueous solution, compared to

an (d,e,f) untreated case (scale bars: 100 μm). The lung structure (a,d) and (b,e) cell nuclei

are indicated with a counterstain of hematoxylin and eosin, and with DAPI, respectively.

Lung cells expressing YFP from instilled pVR1020–YFP appear green in (c) the treated

lung sample; note absence of green in the (f) untreated sample. The control lung samples

were imaged at a higher resolution to confirm the absence of YFP response.

4.3.2 Antibody Responses following DNA Vaccination follow-

ing Intratracheal Delivery of SAW Nebulized VR1020-HA.

Sera collected before the commencement of the study and five weeks after the first immu-

nization were used to evaluate systemic antibody responses to the protein antigen encoded

by the pDNA. Significant increases in both immunoglobulin (Ig) G and A antibody titer

levels against the influenza antigen, human hemagglutinin, were observed in both groups

of female Sprague-Dawley rats that received plasmid DNA vaccinations via intratracheal

instillation compared to the naı̈ve rat group (See Figure 4.6, p<0.001 for both; KW fol-

lowing significant LTEV). The anti-influenza antibody titers are comparable to earlier

studies in which plasmid encoding influenza A HA protein and protected with PEI was

69



delivered via intranasal DNA injection in BALB/c mice (220). This result is encourag-

ing, given the fact that naked plasmid DNA was used for the current study, a form highly

susceptible to DNAase degradation in vivo.

Importantly, no significant differences in both IgG and IgA levels were observed between

the groups that received the nebulised and non-nebulised form of the plasmid DNA vac-

cine (Figure 4.6 , p = 0.163 for IgG comparison and p = 0.486 for IgA comparison;

KW following significant LTEV). The result suggests that the bioactivity of the DNA

vaccine is preserved during the nebulisation process, an important consideration if DNA

vaccination is to be performed by SAW technology. Because of the properties of a rat

lung anatomy including airway size and surface anatomy, it is not possible for the rat

to directly respire nebulized droplets. It is also not possible to accurately determine the

lung dose to a rat due to prolonged skin exposure and uptake of pDNA droplets via the

skin during the nebulization process. Thus, it is possible that the aerosol form of a DNA

vaccine may be different to the recovered, intratracheal formulation used in this study.

Additional experiments in large animals such as sheep will be necessary for the study of

the immunogenicity of directly inhaled SAW-nebulized particles.

4.3.3 Hemagglutination Inhibition (HAI) Activity of Antibodies

Raised Against Vaccinations with SAW Nebulized DNA in

Rats.

Importantly, the antibody responses showed functional activity, as demonstrated by the

inhibition of viral agglutination of chicken red blood cells (See Table 4.2 for the hemag-

glutination inhibition activity). Protection against flu can be predicted from HAI titers,

such that serum IgG with HAI activity (� 40) is considered to be protective by the

World Health Organisation (WHO). Both groups that received the plasmid DNA vaccine

achieved this level of activity. There were significant differences in HAI titers between
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two groups of rats that were immunized three times via intratracheal instillation to the

lungs with a 300g plasmid DNA vaccine encoding hemagglutinin in 5% dextrose (pre

and post-nebulised), compared to those of the control group (p<0.001 for both; KW fol-

lowing significant LTEV). The serum antibody HAI activity achieved compares well to

other studies, where 10g of DNA vaccine encoding a similar HA protein derived from a

swine flu strain (H1N1) 2009 formulated with the cationic polymer PEI was administered

intranasally to BALB/c mice twice at 4-week intervals (HAI titer averaging 1800) (220).

The results of the current research also compare well to a protein vaccination study, in

which HA protein was injected into sheep (221) subcutaneously or delivered to the lung

with adjuvant ISCOMATRIX, HAI titers of around 95 (15 g of flu HA protein) and 122

(0.04 g of flu HA protein) respectively was obtained after the tertiary dose.

Most importantly, there were no significant differences between the groups that received

plasmid DNA vaccine in the pre-nebulised form and the post-nebulised form (Table 4.2:

p = 0.602; KW following significant LTEV), demonstrating the preservation of the im-

munogenicity of the anti-influenza DNA vaccine that was subjected to the SAW nebulisa-

tion process. This again validates the use of the nebuliser for genetic vaccination via the

pulmonary route.

4.3.4 Aerosol Vaccination of Sheep and the Hemagglutination

Inhibition (HAI) Activity of Antibodies Raised.

The nebulized mist was found to induce a powerful pharmacodynamic response when

inhaled into the lungs of sheep under mechanical respiration, with similar levels of anti-

body response to those observed in rats. Tabulated in Table 4.3, HAI titers averaging 192

(n = 4) were detected in the sera of these large animals after immunization three times at

three-week intervals using a 30 MHz SAW device placed between the nasally-intubated
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Table 4.2: Hemagglutination inhibition (HAI) activity for each rat; n = 8 for the control,

naı̈ve rats and for the vaccinated mice. HAI is strongly (� 40) induced in the sera by

lung immunization with a post-nebulized pDNA sample encoding an influenza antigen at

similar levels to a non-nebulized pDNA sample.

Animal Naı̈ve Pre-nebulized Post-nebulized

Pre- Post- Pre- Post- Pre- Post-

Vaccination Vaccination Vaccination Vaccination Vaccination Vaccination

1 < 5 < 5 < 5 800 < 5 800

2 < 5 < 5 < 5 1600 < 5 800

3 < 5 < 5 < 5 1600 < 5 800

4 < 5 < 5 < 5 1600 < 5 1600

5 < 5 < 5 < 5 1600 < 5 1600

6 < 5 < 5 < 5 1600 < 5 1600

7 < 5 < 5 < 5 1600 < 5 1600

8 < 5 < 5 < 5 1600 < 5 1600

Table 4.3: Hemagglutination inhibition (HAI) activity for each sheep (n = 4). HAI is

strongly (> 40) induced in the sera by lung immunization via inhalation with a pDNA

sample encoding an influenza antigen at significantly higher levels to pre-immunization.

Animal Pre-Vaccination Post-Vaccination

1 < 1 256

2 < 1 128

3 < 1 256

4 < 1 128

sheep and a mechanical ventilator. The sheep received 156±44 μg (mean of n = 8 inde-

pendent experiments, with error showing standard deviation) pDNA vaccine encoding HA

in 5% dextrose, via inhalation through an endotracheal tube inserted through the nostril.

Given the difficulty of inducing functional antibody responses using DNA vaccination

in large animals (222), we report here the first instance of successful vaccination via in-

halation using an unprotected pDNA vaccine in sheep, a model relevant to human lung

development, structure, physiology, and disease (223).
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4.4 Conclusions

This work further confirms the feasibility of SAW nebulization technology as an efficient

pulmonary delivery platform for plasmid DNA molecules, proteins and other biomolecules

(224), as evidenced by the successful induction of IgG and IgA antibody levels with

hemagglutination inhibition activity in immunized animals. These findings suggest the

SAW nebulizer may serve to effectively deliver rapidly-produceable pDNA vaccines. This

represents a significant outcome in the context of pandemic episodes in the developing

world without either a sufficient health workforce or access to safe injection methods.
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Figure 4.3: YFP expression in a cluster of epithelial cells around the terminal airways. (a)

Lung cell nuclei stained with 4’,6-diamidino–2–phenylindole dilactate (DAPI dilactate)

appear blue while cells expressing YFP appear green (scale bar = 5 μm); (b) another view

of a part of the YFP-expressing cell region shows the YFP distribution in the cells with

appropriate filtering to show only the nuclei (left panel) and YFP (right panel) (scale bar

= 5μm).
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Figure 4.4: Western blot of the supernatant obtained from homogenized mice lungs har-

vested (left lane) 24 hrs post-transfection with pVR1020–YFP plasmid that was SAW

nebulized at 30 MHz and instilled, compared to (right lane) the supernatant from un-

treated mice lungs. The resulted YFP protein appears clearly at 27 kDa.

a b

Figure 4.5: Examination of mouse lung cross-sections stained with Perl’s Prussian blue

and counterstained with neutral red shows no hemosiderin deposits, indicating the absence

of microhemorrhages in the tissue of (a) lungs instilled with pVR1020-YFP plasmid so-

lution post-SAW nebulization and (b) untreated lungs. (scale bars indicate = 100 μm).
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Figure 4.6: Systemic and mucous antibody responses detected in the sera of female

Sprague-Dawley rats (n = 8 per group) following pVR1020-HA pDNA vaccination en-

coding an influenza A virus surface antigen, human hemagglutinin via lung instillation.

No significant (NS) differences between the pre- and post-SAW nebulized vaccine in-

stillation were found (p = 0.163 for IgG and p = 0.486 for IgA, respectively), and a

significant difference between these and the naı̈ve rats was found (p < 0.001).
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Chapter 5

Optimization of High Frequency
Acoustic Wave Nebulization for
Improved Drug Delivery using
Amplitude Modulation

Practical, commercially viable microfluidic devices depend upon the miniaturization and

integration of all components onto a chip-based platform, including pumps, circuitry,

power—all that is required for a given device to function. In this chapter, amplitude

modulation is presented as a simple, effective means for reducing the power necessary in

SAW microfluidics that has been shown to be useful for pulmonary DNA vaccination in

the previous chapter.

5.1 Introduction

While pulmonary drug delivery has for several decades constituted a highly effective and

widely administered form of therapy, particularly for the treatment of asthma and chronic

obstructive pulmonary disease, widely available pressurized metered-dose inhalers and
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dry powder inhalers are nearly identical to the original push-and-breathe concept intro-

duced in the 1950s (179). This is despite many advances in inhaler and nebulizer tech-

nology, including particularly the development of adaptive delivery technology that syn-

chronizes delivery of the aerosol to the patient’s breathing pattern in order to optimize

delivery and reduce the amount of drug wasted during exhalation (225). Such state-of-

the-art technologies often involve a combination of built-in sensors, electronic control

schemes and active aerosol generation mechanisms. Although recent achievements in

adapting integrated-circuit fabrication techniques to microfluidics promise to address is-

sues of cost and integration, the requirement of a large and complex power supply and

ancillary equipment to drive such devices leaves them impractical for their intended ap-

plication: personal, daily use by a patient.

This is also an impediment to broader implementation of inhalation therapy. Vaccination,

gene therapy and the treatment of other diseases such as cystic fibrosis and lung cancer all

represent potential therapeutic applications of a personal nebulizer, given the suitability

of pulmonary drug administration for efficient, reproducible, non-invasive, safe and low-

cost systemic delivery of certain peptides, proteins and pDNA (226; 8). Effective disease

treatment and vaccination options in disadvantaged areas of the world are almost absent;

the pulmonary route represents one of the few ways to deliver medications without in-

creasing the risk of infection and cross-contamination of disease due to needle sharing

and unsanitary conditions. An inexpensive pulmonary delivery system would represent a

potential solution to this problem.

Although the original concept of the SAW microfluidic aerosol delivery platform (14;

224) was intended to be driven by a palm-sized battery-powered circuit (Fig. 5.1), the lim-

ited power output available from the circuit imposed a constraint on the aerosol production

rate. Increasing the power available to the device requires the use of larger driver circuits

(Fig. 5.1(b)) that prohibit a complete, miniaturized package for portable use. Here, we in-

vestigate a method to reduce the power requirements of the SAW atomization technique.
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A low-power SAW atomization design has been previously proposed by compressing the

width of the SAW propagation through the use of a metallic horn and waveguide pat-

tern placed in front of the interdigital transducer electrodes (IDTs) used to generate the

SAW (227).While reducing the power required for atomization by a third, the atomiza-

tion rate still did not exceed 50 μ�/min. Another simple yet effective means of improving

power efficiency in SAW devices is through pulse width modulation (1 kHz) of the input

signal (into a 9.8 MHz device) (228), where an optimal atomization rate of little over

600 μ�/min was achieved, but extremely high voltages are necessary, as high as 180 Vp−p,

and the aerosol size distribution is known to be more polydisperse.

We propose an amplitude modulation scheme for further reducing the power requirements

to allow battery-powered operation from a similar driver circuit, but which also increases

the aerosol delivery rate. Amplitude modulation is already widely used in radio commu-

nication where the sinusoidal radio-frequency signal is modulated by an audio-frequency

signal before transmission (229). The power of the transmitted signal is concentrated at

the carrier frequency, thus comprising a useful means for power optimization. The use

of modulated surface acoustic waves to drive larger oscillations and quicker motion of

the drops with low power droplets was recently reported by Baudoin et al. (230). How-

ever, the application of amplitude modulation to SAW atomization, which requires the

highest energy input levels of all known SAW microfluidic processes, for the delivery of

biomolecules has never been studied to date and will be the focus of this chapter.

In the application of amplitude modulation to SAW atomization, it is important to appre-

ciate that the aerosols are formed due to the destabilization and break-up of the parent

drop’s free surface that is governed by a capillary-viscous mechanism. A dominant force

balance between the capillary and viscous stresses suggests that the capillary-viscous res-

onant frequency scales according to the relationship below, (2)
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Figure 5.1: (a) Initial prototype of the battery-powered circuit to be used to drive the SAW

microfluidic aerosol delivery platform (scale bar = 1 cm). (b) Typical signal generator and

amplifer used in laboratory settings to provide sufficient power for the SAW atomization

(scale bar = 3 cm).

f ∼ γ
μR

, (5.1.1)

implying that a parent drop with a characteristic dimension R ∼ 10−3 m comprising typ-

ical fluids with surface tension γ ∼ 10−2 kg/s2 and viscosity μ ∼ 10−2–10−3 kg/(ms−1)

typically vibrates under resonance at 1–10 kHz-order frequencies. Such intuitive con-

sideration of the underlying fundamental physical mechanism governing the atomization

process is useful, as it suggests a means to provide acoustic energy directly at the cap-

illary wave resonance to efficiently drive drop vibration instead of relying on a nonlin-

ear parametric coupling mechanism to downshift the 10–100 MHz order SAW excitation

to kHz-order capillary wave generation, a phenomenon observed directly in our studies

(231). Consequently, it is possible to simultaneously exploit the combined advantages of

both high (MHz-order) and low (kHz-order) frequency operation to potentially achieve

more efficient atomization.

One of the common concerns of relatively low frequency (audible to ultrasonic) excita-

tion is the damage to large molecules in the fluid to be atomized (22). This is caused

by large shear stresses exerted on the molecule either, directly by the hydrodynamics
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or indirectly through cavitation. A significant portion of our study reported below was

therefore devoted to the investigation of the continued viability of large biomolecules

post-atomization. Since the intention is to use this technology for pulmonary gene and

vaccine delivery, DNA and antibodies are used during the atomization process as exem-

plars of typical biomolecules that might be used with the system, although in past work

there has been some evidence of the survival of proteins, polymers and even cells through

the SAW atomization process (224; 232; 175). However, it is also necessary to verify

that the aerosol drop size distribution still lies within the optimum respirable size range

(1–10 μm) necessary for oropharyngeal and deep lung delivery (10; 202; 201).

While we demonstrate the use of amplitude modulation here for reducing the power re-

quirements in SAW nebulization devices, the same scheme can be applied to the entire

range of SAW microfluidics for miniaturization towards true lab-on-a-chip functionality.

Therefore, the findings of this chapter can be applied to a myriad of SAW devices pro-

posed for applications ranging from fluid manipulation (e.g. particle sorting, microchan-

nel pumping, droplet transport) to chip-scale chemical and biochemical synthesis.

5.2 Experiments and Materials

5.2.1 Surface Acoustic Wave Nebulizer

The 30 MHz SAW device employed in this experiment consisted of a low-loss piezoelec-

tric material, 127.86◦ Y -rotated, X-propagating single-crystal lithium niobate (LiNbO3),

upon which were fabricated a pair of single-phase unidirectional transducers (SPUDTs)

via standard UV photolithography processes in 5 nm Cr under 250 nm Al. The width

and gap of the interlaced finger patterns of the SPUDT determines the SAW wavelength

λSAW; in this study, λSAW = 132 μm corresponds to a SAW frequency of 30 MHz (carrier

frequency). The curved SPUDTs focus the acoustic energy to which fluid is delivered
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from a reservoir via a pre-wetted paper wick embedded at the tip of a capillary tube (224)

that allows continuous flow of fluid without the need of a syringe pump. Images of the

device are shown in Fig. 5.2. As a sinusoidal electrical input at the SAW frequency (con-

volved with amplitude modulation where appropriate) is applied to the SPUDT, SAWs

are generated that propagate along the LiNbO3 substrate across to the leading edge of the

paper wick, where they continuously draw liquid out from the paper onto the substrate to

form a thin film (224). Since acoustic energy also leaks into the liquid film, the free sur-

face of the film destabilizes and beyond a critical input power, breaks up to form aerosol

droplets (Fig. 5.2(c)). There is no observable flow onto the device in the absence of SAW

(for example, which might which be present due to evaporation). Therefore, the flow

rate through the capillary tube, measured using the graduated scale marked on the tube,

is a good estimate of the aerosol production rate, given that the film dimensions can be

assumed to be fairly constant during atomization.

5.2.2 Effect of Amplitude Modulation on the Aerosol Size

The aerosol size distributions of the deionized water droplets generated via SAW nebu-

lization were measured using laser diffraction (Spraytec, Malvern Instruments, Malvern,

UK) for measurement. Here, we measured a single aerosol size parameter Dv50, repre-

senting the mean diameter across the 50th percentile within the volume size distribution.

5.2.3 Atomization Rate with Amplitude Modulated Surface Acous-

tic Waves

The paper wick and capillary tube (without the reservoir) were filled with deionized water

as a model fluid. As the water was atomized, the time was recorded when the meniscus

retracted past consecutive graduation marks on the capillary tube shown in Fig. 5.2(a). Ex-

periments were repeated three times at each sinusoidal amplitude modulation frequency:
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Figure 5.2: (a) Image of a 30 MHz SPUDT SAW device. The fluid is delivered to the

SAW substrate through a paper strip embedded in a capillary tube which is connected to

a reservoir. In order to record the aerosol production rate, the capillary tube was marked

along its length at 0.5 cm intervals. (b) Enlarged view of the SPUDT. The width and gap

of the interleaved finger electrodes determine the SAW wavelength λSAW, 132 μm for a

30 MHz device. (c) The left panel is a schematic illustration of the SAW atomization

mechanism. The SAW (not shown to scale) propagates along the substrate and leaks

energy into the liquid film to drive the destabilization of its free surface (2). The right

panel illustrates the set-up used to condense and collect the aerosolized DNA or antibodies

within a conical Falcon tube for further in vitro characterization of their post-atomization

viability.

500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz. Since the amplitude modulation

results in more efficient atomization through lower energy consumption, the power input

was kept at low levels (1.5 and 2 W). Control experiments were carried out in the absence

of amplitude modulation where power levels of 1.5, 2, 3 and 4 W were used.

5.2.4 Effect on Plasmid DNA Delivery During the Use of Ampli-

tude Modulation

Preparation and purification of plasmid DNA

Plasmid DNA (pDNA) was prepared from an influenza A virus surface antigen, human

hemagglutinin (A/Solomon Islands/3/2006 (egg passage) (H1N1) strain), once cloned
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Figure 5.3: Representation of pVR1020 with vector encoding the hemagglutinin (HA)

gene sequence. Gene encoding HA is inserted in plasmid VR1020 that contains secre-

tion signal of tissue plasminogen activator (TPA), human cytomegalovirus (CMV) early

promoter, CMV intron A, bovine growth hormone (BGH) terminator and kanamycin re-

sistance gene.

into the mammalian expression vector VR1020 (Vical Inc., San Diego, CA) (Fig. 5.3).

The entire coding sequence of HA was amplifed by PCR using primers forward and

reverse that incorporated a BamHI site at the 5◦ end and a EcoRI site at the 3◦ end.

Forward: 5◦-CGCGGATCCATGAAAGTAAAACTACTGGTCCTGTTATG-3◦; reverse:

5◦-CCGGAATTCTTGTTTGTAATCCCATTAATGGCATTTTGT-3◦. The PCR product

was digested with BamHI / EcoRI and ligated into the 3◦C plasmid VR1020, resulting in

plasmid VR1020–HA. A colony of E. coli DH5α transformed with the plasmid VR1020–

HA (∼6 kbp) was picked from a streaked selective plate and inoculated in 10 m� of LB

medium containing 100.0 g/m� of kanamycin. The starter culture was incubated at 37◦C

and agitated at 200 rpm for 8 hrs before being transferred to five separate 200 m� LB me-

dia, and further cultured for 12 hrs. The cell cultures were stored at −70◦C for subsequent

use. The plasmids were purified from cells using an endotoxin-free plasmid purification
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kit (Plasmid Mega Kit, QIAGEN Pty. Ltd., Doncaster, VIC, Australia) according to the

manufacturer’s instructions.

SAW Nebulization of plasmid DNA

Atomization was confined in a 50 m� conical Falcon tube (BD Bioscience, Franklin

Lakes, NJ), as depicted in Fig. 5.2(d). Plasmid DNA aerosols were collected after conden-

zation on the Falcon tube wall. Both control and atomized pDNA samples were analysed

for potential alterations in the plasmid structure with 1% agarose gel electrophoresis us-

ing GelRed
TM

staining, and a 1 kbp DNA ladder was employed as a size marker. The

gel was made up of 5 g agarose at 1x dilution of TAE buffer (242.0 g Tris base, 57.1 m�

CH3COOH, 9.3 g of EDTA). The electrophoresis was carried out under 120 VDC for

60 mins. The resulting gel was analysed and imaged in an automated gel imaging system

(Molecular Imager R© Gel Doc XR, Bio-Rad Laboratories Inc., Hercules, CA). The inten-

sity of the bands for each structure corresponds to the number of DNA molecules. The

percentage of supercoiled (sc) and open circular (oc) to fragmented DNA was quantified

via densitometry software (Quantity One R©, Bio-Rad Laboratories Inc., Hercules, CA) by

comparing pre- and post-atomized samples.

5.2.5 Effect of Amplitude Modulation on the Protein Nebuliza-

tion

Atomization of rabbit anti-YFP antiserum solution (diluted at 1:20) obtained from col-

laborators at the Coppel Laboratory (Department of Microbiology, Monash University)

was carried out in the same manner as that for the pDNA. The antibody was then detected

using dot blot analysis when 5μ� of YFP protein solution was dotted onto a transfer mem-

brane (PolyScreen R© PVDF, PerkinElmer Inc., Waltham, MA) for immunoblotting. The

membranes were incubated overnight at 4◦C in TBS-T buffer (0.05 M Tris-HCl pH 7.4,
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0.15 M NaCl, 0.05% Tween 20) containing 5% non-fat milk powder. The membranes

were then probed with atomized anti-YFP antiserum solutions for 1 hr at room tempera-

ture, and washed three times in TBS-T for 10 mins each time. Primary antibody reactivity

to immunoblotted proteins was detected with anti-rabbit immunoglobulin conjugated to

horse radish peroxidase (HRP; Silenus Laboratories Pty. Ltd., Hawthorn, VIC, Australia)

and visualized by Renaissance R© Western Blot Chemiluminescence Reagent (NEN Life

Science, PerkinElmer Inc., Waltham, MA).

5.2.6 Statistical Analysis

Statistical analysis was performed using SPSS (Version 19, IBM Corporation, Armonk,

NY USA). One-way ANOVA with a Tukey’s post hoc test was used for data that survived

Levene’s test of equality of error variances; in other words, when the null hypothesis of

equal variances between the data sets is judged to be valid with significance p ≥ 0.05,

suggesting the data is normally distributed and therefore ANOVA was suitable. In in-

stances where the Levene’s test of equality of error variances was significant (p < 0.05),

the non-parametric Kruskal-Wallis test was used instead to test for significance. All data

are expressed as the mean ± standard deviation. The results were considered significant

if p < 0.05.

5.3 Results and Discussion

5.3.1 Aerosol Production Rate

Table 5.1 shows the atomization rate at each power level, with and without the applica-

tion of amplitude modulation. The rate at which aerosols are produced at 1.5 and 2 W is

roughly quadrupled and trebled, respectively, when amplitude modulation is employed.
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Table 5.1: Effect of amplitude modulation at various frequencies on the atomization rate

Input No ampl. mod. Amplitude modulation

power (W) Rate (μ�/min) Freq. (kHz) Rate (μ�/min)

1.5 23.4±2.1

0.5 103.7±14.2
1 85.1±16.3
5 80.5±9.4

10 43.2±4.3
20 56.6±6.3
40 50.4±5.9

2 50.8±2.2

0.5 126.8±22.8
1 103.8±13.5
5 100.3±11.5

10 111.4±13.3
20 77.0±8.0
40 74.9±6.4

3 134.9±15.2
4 211.9±71.1

To express this in a different way, the power required to achieve satisfactory aerosol deliv-

ery for a portable handheld nebulization device, typically 100 μ�/min or more, is halved

with the use of the amplitude modulation scheme. From Table 5.1, we note that the at-

omization rate is slightly reduced as the amplitude modulation frequency is increased,

particularly beyond 10 kHz; as the modulation frequency grows beyond the capillary-

viscous resonant frequency of around 1–10 kHz order (as estimated from Eq. (5.1.1)), the

resonant interaction is possibly weakened, causing the atomization rate to drop.

When comparing the optimal aerosol production rate to the results obtained with past

SAW atomizers employing pulse width modulation (1 kHz) of the input signal for a SAW

device at 9.8 MHz (228), voltages of around 120-140 Vp−p were required to achieve pro-

duction rates of 200 μ�/min. For the SAW devices in the current study without amplitude

modulation, voltages of around 50 Vp−p are required to achieve similar aerosol produc-

tion rates. Employing amplitude modulation substantially reduces the required voltage to

as little as 35 Vp−p.
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Table 5.2: Effect of amplitude modulation at various frequencies on the aerosol volume

mean diameter Dv50. For each experiment, the fluid was atomized for 20 seconds with 50

data points sampled every second. This was repeated four times for every parameter set,

i.e., n = 4000 data points for each set of parameter values

Input No amplitude mod. Amplitude modulation

power (W) Dv50 (μm) Freq. (kHz) Dv50 (μm)

1.5 7.29±0.90

0.5 9.75±1.89

1 8.55±0.72

5 7.94±0.08

10 8.63±0.89

20 8.32±0.15

40 7.76±0.21

2 8.53±1.06

0.5 9.69±1.38

1 11.25±0.61

5 9.15±0.53

10 9.01±1.36

20 8.13±0.10

40 7.80±0.34

3 10.51±1.09

4 10.18±0.70

5.3.2 Aerosol Size

Table 5.2 is a compilation of measured aerosol sizes showing the effect of amplitude

modulation and the effect of the amplitude modulation frequency.

In our previous work (14), the aerosol diameter D was estimated from the wavelength λ

associated with the interfacial instability, which, from a balance between the dominant

axial capillary stress and the viscous stress, reads (2)

D ∼ γH2

μ fcL2
, (5.3.1)

where H and L are characteristic height and length scales of the liquid drop or film, sug-

gesting that the geometry of the parent liquid plays a role in the aerosol size. According

to the theory expounded above for a sessile drop, higher input powers would deform the

liquid into a conical drop with a H/L ratio close to 1, therefore leading to the production
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of larger aerosol diameters upon atomization. Although the meniscus is trapped by the

paper wick in the arrangement used in this study, the net thickness of that meniscus can

still be altered by the applied power in the same manner. During continuous operation

without amplitude modulation at 3 and 4 W of input power, the meniscus forms a conical

shape akin to that seen for sessile drop atomization, resulting in a larger H/L ratio and

hence larger aerosol size; at lower power levels the fluid spreads into a thin film with

small H/L ratio and hence generates a smaller aerosol size (2; 14). This is consistent with

the result in Table. 5.2, where a significant (Tukey’s post hoc test) increase in aerosol size

from the low 1.5 W input to higher power levels of 3 W (p = 0.016) and 4 W (p = 0.028)

is seen.

Importantly, other than the increase in the aerosol size with the application of amplitude

modulation, in the specific case of 1 kHz at 2 W (p = 0.03), there was no significant change

in the atomization due to amplitude modulation at both 2 W (Tukey’s post hoc test) and

1.5 W (Kruskal-Wallis Test). The paper wick effectively prevented changes in the depth

of the meniscus and the associated aspect ratio H/L, and therefore the aerosol droplet

diameter remained unaffected. Nevertheless, since the capillary wave resonant frequency

is independent of either the excitation frequency (an argument that is strongly supported

by past work (2; 233)) or the carrier frequency, we therefore do not expect the carrier

frequency at which the amplitude modulation signal is driven to give rise to appreciable

differences in the aerosol size, as is observed here (the reverse logic is also true: the fact

that we do not see any effect of the carrier frequency lends further support to the idea that

the excitation and capillary wave resonance frequencies are independent). In any case,

the absence of any significant change in the aerosol size with amplitude modulation of

the SAW signal is encouraging from a practical perspective, given the necessity for the

aerosol diameters to lie in the 1–10 μm range for optimal deposition in the oropharyngeal

and lower respiratory tract region for successful drug delivery to the lung.
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5.3.3 Post-Atomization Biomolecular Integrity and Viability

The integrity of cells and proteins under 10–100 MHz order SAW irradiation has been

previously investigated at intensity levels up to where atomization occurs (224; 232; 194).

In these studies, little damage due to shear lysis of these biomolecules has been found.

This was primarily attributed to the short time-scales associated with the periodic reversal

associated with the electromechanical field of the 10–100 MHz order oscillating signal,

at least several orders of magnitude smaller than the characteristic hydrodynamic time

scale (2). Consequently, there is typically insufficient time to cause hydrodynamic shear

unfolding of biomolecular structures. These previous investigations did not account for

lower kHz-order frequency effects associated with the amplitude modulation, which are

a concern since acoustic sonoporation of cells and molecular scission via hydrodynamic

shear and cavitation are often carried out using ultrasonication at frequencies between 20

and 50 kHz (135; 144; 9). We therefore carried out a brief study employing two model

molecules to span the spectrum of potential applications for the SAW inhalation therapy

platform across gene and vaccine delivery, namely plasmid DNA (pVR1020-HA) and an

antibody (rabbit anti-YFP antisera).

We note that pDNA fragmentation largely occurs under typical strain rates of 10−5–10−6

s−1, corresponding to oscillations in the 100 kHz to 1 MHz range. Although these are

fortuitously between the 10–100 MHz order SAW carrier and the 1–10 kHz order mod-

ulation frequencies, the true range of strain rates that lead to pDNA damage is unclear.

In fact, 80% of the retained supercoiled pDNA is intact after atomization, even in the

absence of amplitude modulation (Fig. 5.4). Turning on amplitude modulation at 500 Hz,

the retained supercoiled pDNA fraction remains roughly similar, gradually decreasing to

around 50% as the modulation frequency is increased to 10 kHz, only to sharply drop to

30% as the carrier frequency is increased further to 40 kHz. This transition is closer to

our estimate of the 100 kHz order frequencies at which the shear rates are sufficient to
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induce uncoiling and damage of the pDNA, and is consistent with the 20–50 kHz frequen-

cies of ultrasonication for sonoporation and scission. A reasonable rationale in selecting

amplitude modulation frequencies during atomization is therefore to choose lower fre-

quencies, at 1 kHz for example, to minimize pDNA denaturation. It is also interesting to

note that, while there is less effect of the amplitude modulation frequency on the open cir-

cular conformation of the pDNA, the increase (>100%) in the number of such structures

in the absence of amplitude modulation is beyond that in the feedstock prior to atom-

ization. This suggests that some of the supercoiled pDNA relaxed into an open circular

form rather than being fragmented, an encouraging result given that biological function is

usually retained even with open circular structures.

Similarly, antibodies constitute both sensitive and fragile proteins and hence their post-

atomised bioactivity must be verified if they are to be delivered via the SAW atomiser to

demonstrate it as a viable platform for pulmonary administration of protein- and peptide-

based vaccines. Due to the small quantities of antibody present in the post-atomised

samples, it was not possible to obtain quantitative measurements of the post-atomised

antibody bioactivity; nevertheless, the qualitative results from the dot blot test in which

YFP was spotted using post-atomised rabbit anti-YFP antisera (Fig. 5.5) confirm that there

is no observed degradation of the active sites of the protein molecule during amplitude

modulation at all carrier frequencies investigated. These results therefore confirm that

the application of amplitude modulation at kHz-order frequencies to the SAW causes

no significant damage to active sites on protein molecules, which therefore retain their

bioactivity.
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5.4 Conclusions

In this chapter, we have demonstrated the feasibility of applying amplitude modulation

to halve the required power while maintaining the aerosol production rate of SAW at-

omization. This is an important consideration that addresses current issues hindering the

miniaturization and integration of the power supply into a practical and commercially re-

alisable portable handheld nebulizer platform for the pulmonary administration of a wide

variety of therapeutic targets. We verified that the introduction of amplitude modulation

in the system does not significantly alter the aerosol droplet diameter from the respirable

size range for optimal dose administration to the oropharyngeal and lower respiratory

tract. Judiciously limiting the amplitude modulation carrier frequency to 1 kHz simul-

taneously optimises the atomization rate, while limiting the loss of bioactivity through

pDNA fragmentation as well as protein denaturation, both of which represent important

therapeutic targets for gene and vaccine delivery. These results therefore lend support

for the attractiveness and feasibility of the SAW atomization platform as a true minia-

turized and integrated handheld platform for portable inhalation therapy from a practical

and commercial standpoint. Potential applications are as diverse as asthma and chronic

obstructive pulmonary diseases to exciting future possibilities in non-invasive gene and

vaccine administration to treat a variety of diseases.

In addition, the results of the study can also be extrapolated to reduce the power require-

ments and hence permit the miniaturization and integration of the power supply with

the existing chip-based SAW microfluidic platform to drive a wide range of microscale

and nanoscale fluid actuation and bioparticle manipulation processes on a truly integrated

chip-scale device.
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Figure 5.4: (a) Gel electrophoresis of post-atomised plasmid DNA showing the effect of

the amplitude modulation at various frequencies on the structural integrity of the pDNA.

Lane M: 1 kbp DNA ladder; Lane 1: Atomization at 1.5 W without amplitude modulation;

Lanes 2–9: Atomization at 1.5 W with amplitude modulation at 500 Hz, 1 kHz, 5 kHz,

10 kHz, 20 kHz and 40 kHz, respectively. Each lane was loaded with 250 ng pDNA and

representative gels from three independent experiments are shown. Arrows indicate the

position of the open circular (OC) and supercoiled (SC) forms of the pDNA. (b) Percent-

age retention of post-atomised supercoiled (shaded) and open circular (unshaded) pDNA

compared to the unatomized sample. The results shown are the mean of triplicate atom-

ization runs with the error bar showing the standard error of the mean.
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Figure 5.5: Post-atomized YFP antibody samples spotted onto a dot blot showing the

preservation of the bioactivity of protein molecules in samples with and without amplitude

modulation. Lane 1: No atomization; Lane 2: Atomization at 1.5 W in the absence of

amplitude modulation; Lanes 3–8: Atomization at 1.5 W with amplitude modulation at

frequencies of 500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz, respectively.

94



Chapter 6

Conclusions and Future Directions

This chapter concludes the thesis by giving a summary and major findings of the research

performed. Future directions related to this work are then outlined.

6.1 Thesis Summary

The research work undertaken in this thesis has developed the first known successful in-

halation vaccination using an unprotected plasmid DNA vaccine in a large animal model,

providing a new route to needle-free immunization. Ideally, pDNA vaccination would ad-

dress the many shortcomings of injection (21), but alternate routes including pulmonary,

for example (22) have proven disappointing. Safely generating pDNA aerosols sized for

deep-lung delivery, the novel, low-power (<1 W), surface acoustic wave, handheld nebu-

lizer described in this thesis delivers unprotected pDNA encoding an influenza A surface

antigen, producing systemic and mucosal antibody responses in female Sprague-Dawley

rats via post-nebulized, condensed fluid instillation and in female Merino-cross ewe lambs

via aerosol inhalation.

The research presented in this thesis has sought to re-engineer the process of vaccine

development and administration via a new technique of pulmonary delivery. Because
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of its pain-free and non-invasive access via inhalation and large surface area, the lung

is an attractive target for both gene therapy and DNA vaccination: potential systemic

side effects and adverse interactions with plasma proteins encountered after intravenous

administration are minimized (3).

A plethora of pulmonary delivery devices are available for pulmonary DNA delivery,

including pressurised metered-dose inhalers; dry powder inhalers; electrohydrodynamic

devices; and jet, ultrasonic, mesh, or catheter nebulizers. However, effective pulmonary

administration of DNA has not previously been possible. Aerosols containing pDNA can

reach and adhere to the bronchial and alveolar epithelia and interstitial cells only if the

aerosol droplets are between 1 and 5 μm, enabling entry and expression of the genes car-

ried by the pDNA (8). Nebulizers are the delivery method of choice for macromolecules

because of their instability in propellants and solid formulations (8). Delivery of non-

complexed pDNA is impractical in current nebulizers, not only due to their inability to

control the droplet size to 1–5 μm, but also due to the hydrodynamic shear stresses suf-

ficient to shear pDNA molecules possessing masses larger than 5 kbp into open circular

and fragmented configurations during nebulization (9; 144). This justifies complexation

of the DNA (142) in an attempt to protect it, for example, with cationic polymers (113)

that has led to modestly successful gene expression after aerosol delivery in sheep (116).

However, not all polyplexes (nor lipoplexes) retain biological efficacy after aerosoliza-

tion (118), and some commonly used synthetic polymers like polyethyleimine (PEI) are

highly cytotoxic (148). Effective delivery by the pulmonary route requires the aerosolized

DNA to be internalized into the target cell via endocytosis, avoiding degradation either

during delivery or via exposure to lysosomal or cytoplasmic nucleases, and subsequently

transcribed and translated within the nucleus to produce the desired gene product (182).

These problems have been overcome with our proposed SAW (Surface Acoustic Wave)

nebulizer. The transfection efficiency of such post-nebulized DNA has been shown to

be as low as one-tenth, an already modest value. As detailed in Section 3.2.1, Rayleigh
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surface acoustic wave (SAW) nebulization has recently been found to effectively form

aerosols of a short acting β2-agonist with a respirable fraction of over 70%, much more

than the typical 30–40% lung dose available via current nebulizers. Rayleigh SAWs,

transverse-axial polarized electroacoustic waves generated by a sinusoidal electric field

between the interlaced fingers of an interdigital transducer (IDT) electrode, are formed

and propagate at nanometer amplitudes at MHz to GHz-order frequencies along piezo-

electric lithium niobate (LiNbO3). The SAW is localized to the substrate surface, and

consequently, a substantial majority of the energy input into the system is near the surface

and transferred into fluid resting upon it. This is the reason why SAW is, overall, far

more efficient than conventional bulk piezoelectric ultrasonic radiators and suitable for

handheld devices (2).

During SAW nebulization, the droplets ejected are sized by the wavelength, λ, of the

capillary waves generated on the surface of the source drop, which are in turn predicted

by the balance between the capillary and viscous forces that dominate at the surface, such

that the droplet diameter D ≈ λ ∼ γH2/μ f L2, where γ and μ are the surface tension and

dynamic viscosity, f is the resonance frequency of the capillary wave, and H and L are the

characteristic height and length scales of the source drop, respectively (2). The nebulized

droplet size is independent of the excitation frequency, but its strong dependence on the

fluid characteristics provides a route to effectively tune droplet size (14). Using glycerol

to safely (203) counter the very high surface tension of water, the SAW nebulizer delivers

droplets with a mean diameter less than 5 μm. Such a mist is effective for deep lung

deposition, a significant improvement on a catheter-based nebulization device delivering

droplets at 33± 2 μm (151). The concentration of the pDNA has a minor effect on the

droplet diameter that can be addressed by changing the glycerol concentration.

This method of administration preserves the DNA’s integrity. More than 90% of the initial

supercoiled pDNA was still present after SAW nebulization, an essential requirement for

vaccine administration and efficacy, as the compact supercoiled configuration of DNA
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is the most immunogenic form and, according to FDA requirements, must be present at

>80% in a licensable vaccine (234; 213). Scission of one of the two strands of the pDNA

releases torsional energy stored in the supercoiled plasmid, causing it to relax into an

open circular form, and scission of both strands results in a linear polynucleotide; further

cleavage results in DNA fragments (206). Atomic force microscopy (AFM) and ethidium

bromide agarose gel electrophoresis of the pVR1020–PyMSP4/5 before and after SAW

nebulization indicate the tightly twisted supercoiled geometry is effectively maintained,

as summarized in Fig. 6.1. The frequency of the SAW nebulizer has little effect on the

results, and, likewise, pDNA concentrations in the source drop prior to nebulization from

5 to 85 μg/m� have a minimal effect on the percentage of supercoiled pDNA left after

nebulization.

A small proportion of the pDNA prior to SAW nebulization was found to be fragmented,

most likely during plasmid purification and preparation. This was especially evident

at a pDNA concentration of 5 μg/m�, with around 50% and 20% of supercoiled and

fragmented pDNA, respectively. Linear, double-stranded DNA is very susceptible to

flow-induced stresses, and minor differences in their characteristic dimensions — that

arise from scission, for example — have large effects on their response to hydrodynamic

stresses (210). Stretching hydrodynamic forces of only 0.3 nN, well below the 1.6–5.0 nN

required to break the covalent bonds within, are known to cause irreversible strand sep-

aration and formation of nicks, degrading the pDNA (9). Although cavitation is absent

in SAW nebulization (2), accelerations in the fluid of 107–108 m/s2 are typical due to the

MHz-order frequencies used in the system. If the relaxed forms of the pDNA are adjacent

to the fluid interface, it is possible that the gradient in the acceleration, and consequently

the shear stress across such pDNA molecules, is sufficient to cause further damage. How-

ever, the relaxation time scale of the fluid shear, ∼ 10 ns, is two orders of magnitude

smaller than that required to shear large molecules, suggesting the risk of denaturing

molecules like DNA (193) is negligible. Compared to standard ultrasonic nebulization
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Figure 6.1: A pDNA-laden meniscus forms at the end of the cellulose fiber wick upon

the activation of (a) the SAW nebulizer and pDNA nebulization occurs inside the vial.

Atomic force microscopy (b,c) and ethidium bromide agarose gel electrophoresis (d) of

pVR1020–PyMSP4/5 (b) before and (c) after nebulization. Lane M: 1 kbp DNA ladder;

control lanes 1 and 4, recovered pDNA post-30 MHz lanes 2 and 5, and post-20 MHz

SAW nebulization lanes 3 and 6 are each at 85 and 50 μg/m� concentrations, respectively.

The proportion of (d) supercoiled (SC), open circular (OC) and (e) fragmented pDNA

quantifies the damage (n = 3). The error bars indicate the standard error of the mean.
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at 20–80 kHz, where cavitation is prevalent and large molecules like pDNA in solution

actually serve as cavitation bubble nucleation sites (144) causing wholesale destruction of

such molecules, the damage caused by SAW nebulization is minor: for 5 kbp plasmids,

the percentage of fragmented pDNA after nebulization is far lower with SAW (< 20%)

than with conventional (> 35%) or vibrating mesh nebulizers (> 40%) (22). Hence, the

SAW nebulization approach has several key advantages over the current generation of

ultrasonic medical nebulizers for the delivery of large molecules (2).

The work outlined in this thesis set out to test the capacity of nebulized DNA to in-

duce immune responses in animals. Since mice and rats are unable to inhale mist from

a nebulizer, preliminary experiments in these animals involved the recovery of nebulized

material followed by intratracheal instillation of the condensate. When post-nebulized

pVR1020–YFP plasmid was introduced into the lungs of mice, the modest expression of

yellow fluorescent protein (YFP) indicated some transfection that was entirely absent in

the lungs of untreated mice (refer to Section 4.3.1). The expression of YFP as discrete

aggregates close to the epithelium of the conducting airways is consistent with gene ex-

pression patterns in mouse lungs in other studies (151) and was expected to be modest,

as it is well known that naked plasmids rapidly degrade in vivo (218). Moreover, Western

blots of the treated and untreated lung tissue confirmed the presence of the YFP only in

treated samples, and there was no evidence of microhemorrhages in the lung due to the

absence of hemosiderin deposits.

More importantly, SAW nebulization has no apparent effect on the vaccine’s activity.

Significant (p < 0.001) increases in both immunoglobulin IgG and IgA antibody titer

levels against the hemagglutinin (HA) of influenza A virus (A/Solomon Islands/3/2006,

H1N1) was observed in the sera of female Sprague-Dawley rats collected five weeks after

the start of a series of pDNA intertracheal instillation vaccinations in comparison to naı̈ve

rats. The anti-HA antibody titers are comparable to vaccination results using a similar

pDNA influenza vaccine yet protected with toxic PEI (113). This result suggests that
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naked pDNA can be delivered to the lung with effective transfection, despite its rapid

degradation. No significant differences in IgG (p = 0.195) or IgA (p = 0.505) levels

were observed between groups of Sprague-Dawley rats vaccinated via instillation with

nebulized and non-nebulized forms of the pDNA vaccine.

Hemagglutination inhibition (HAI) titers of sera from rats, five weeks following vacci-

nation with pDNA encoding the HA, indicated that a substantial humoral response was

elicited. Serum HAI titers significantly greater than 40 (per World Health Organization

standards) (p < 0.001) were observed in rats immunized with the instilled pDNA vac-

cine, regardless of whether it was nebulized with the SAW device beforehand or not

(p = 0.721), with an HAI titer of < 5 for all (n = 8) pre-vaccinated rats, 1500 (n = 8)

for rats vaccinated with non-nebulized vaccine, and 1300 (n = 8) for rats vaccinated with

nebulized vaccine. These results are very favorable in comparison to past reports of vac-

cination using 10 μg pDNA encoding swine H1N1 but with PEI administered intranasally

to BALB/c mice resulting in an HAI titer of ∼ 1800 (220), the administration of HA pro-

tein to sheep via subcutaneous injection and via the lung with the adjuvant ISCOMATRIX

resulting in HAI titers of ∼ 95–122 depending on HA dosages (221).

The nebulized mist was found to induce a powerful pharmacodynamic response when

inhaled into the lungs of sheep under mechanical respiration, with similar levels of anti-

body response to that observed in rats. As seen from Table 4.3 in Chapter 4, the observed

HAI titers averaging 192 (n = 4) were detected in sera of these large animals after immu-

nization three times at three-week intervals using a 30 MHz SAW device placed between

the nasally-intubated sheep and a mechanical ventilator. The sheep received 156±44 μg

(mean of n = 8 independent experiments, with error showing standard deviation) pDNA

vaccine encoding HA in 5% dextrose, via inhalation through an endotracheal tube in-

serted through the nostril. Given the difficulty of inducing functional antibody responses

using DNA vaccination in large animals (222), we have reported here the first instance

of successful vaccination via inhalation using an unprotected pDNA vaccine in sheep, a

101



model relevant to human lung development, structure, physiology, and disease (223). This

work therefore holds great promise for gene therapy using a non-invasive aerosol-based

approach.

As outlined in Chapter 5, the practical implementation and commercial realization of

microfluidic devices such as the SAW nebulizer depend on the miniaturization and inte-

gration of all components onto a chip-based platform. This includes ancillary equipment

such as pumps, as well as power supplies and electronic circuitry. In this thesis, amplitude

modulation is presented as a simple yet effective means for reducing the power require-

ment in surface acoustic wave microfluidic platforms whose true microfluidic functional-

ity has already been demonstrated through the development of on-chip pumps, separators

and droplet manipulators.

The thesis specifically demonstrates the use of the amplitude modulation scheme for the

reduction of the power requirements for SAW atomization, which by far requires the high-

est energy input levels of all SAW microfluidic processes. It demonstrates that amplitude

modulation of 10–100 MHz order SAW at 1–10 kHz order frequencies can approximately

halve the power required, while maintaining monodisperse aerosol droplet sizes in the 1–

10 micron range and aerosol production rates commensurate with the prerequisites of

practical nebulization devices for inhalation therapy. In addition, the thesis verifies that

the superposition of the kHz order carrier signal does not cause appreciable damage to

shear-sensitive biomolecules, in contrast to sonoporation and cell lysis processes which

are carried out at similar frequencies. In particular, this thesis has demonstrated that,

with amplitude modulation at approximately 1 kHz, it is possible to maximize the aerosol

production rate with 40% less power while minimizing denaturing of plasmid DNA or an-

tibodies, both of which represent exciting future therapeutic targets for pulmonary gene

and vaccine delivery.

The net result of this work allows the SAW microfluidic aerosol delivery platform to be
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driven by a palm-sized, battery-powered circuit that may be integrated with the chip-

scale SAW atomization device to constitute a low-cost, portable, handheld nebulization

platform for pulmonary drug administration with many advantages over conventional in-

halation and nebulization systems.

6.2 Conclusions

In conclusion, the research presented in this thesis suggests that the SAW nebulizer may

serve to effectively deliver rapidly-produceable pDNA vaccines, by a by a palm-sized,

portable device. This is a significant outcome in the context of pandemic episodes and

the developing world which lacks a sufficient health workforce or access to safe injec-

tion methods. It is also a technology that has the potential for global usage in terms of

manufacturing ease, broad population administration and safety.

6.3 Future Directions

This thesis has developed and conducted a comprehensive validation of a portable neb-

ulization platform for pDNA vaccination using surface acoustic wave nebulization on a

large animal model, a necessary step towards obtaining regulatory approval for commer-

cialization of the technology.

This work has laid the foundation for applications in non-invasive gene therapy and it

opens up several avenues for future work in the development of the SAW nebulizer as a

platform for mass vaccination programs for both veterinary and human use.

Firstly, the SAW nebulizer can be employed for the delivery of veterinary DNA vaccines.

For example, acute and highly contagious respiratory infectious disease of chickens con-

tinues to be a major health problem in the poultry industry worldwide. Chickens of all

ages may be infected, causing mortality and severe economic losses due to poor weight
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gain and reduction in egg quality and quantity. Aerosol vaccination of large cohorts of

chickens presents a safe and rapid-response method that can reduce flock mortality con-

siderably in the case of a pandemic outbreak. The SAW nebulizer presented in this thesis

would be an ideal technology for such use. However, there needs to be further work be-

fore such use, involving further modifications to the prototype design, followed by more

rigorous validation experiments.

Whilst we have demonstrated the ability of SAW atomization for the delivery of aerosolized

shear-sensitive biomolecules such as plasmid DNA, little is known about the mechanism

by which this occurs and how the concentration of the pDNA feedstock affects this pro-

cess. The knowledge of the extent of damage to such particles due to acoustic radiation

is crucial in understanding the survival of the particles. Considerable work remains to be

carried out before a detailed understanding of this complex process can be achieved.

The findings of the current research using pDNA can be theoretically extrapolated to other

nucleic acids such as mRNA. RNA based vaccines and therapeutics, which include ther-

apeutic ribozymes, aptamers, and small interfering RNAs (siRNAs) are being considered

as a potential paradigm shift in vaccinology (235). Despite the unprecedented versatility,

RNA is inherently unstable (236). This area of research presents an exciting opportunity

for investigations in the use of SAW nebulization for the delivery of RNA based vaccines

via the pulmonary route.

Further work could be carried out to validate the in vivo assays performed in the cur-

rent research as part of the sheep trials, where conclusive evidence can be demonstrated

by further challenge experiments in either small animals namely ferrets or with a sheep

model. Although ferrets are currently considered the best model for the demonstration of

flu challenge experiments, by using a sheep model, which is more representative of human

physiology, all the circulating flu strains (A and B) could be investigated. Moreover, the

evaluation of the quality of vaccination via investigation of T and/or B cell memory would
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be critical in the evaluation of the technology further, especially since the pulmonary route

will allow better feasibility to access these cells of the immune system more readily than

other routes of immunization.

The research presented in thesis shows conclusive evidence of the advantages of employ-

ing amplitude modulation to obtain power savings, a primary concern for portable lab-on-

a-chip, which demands low power consumption. However, there needs to be further work

to understand how biomolecules behave under the influence of such modulated surface

acoustic waves such that their integrity is preserved. This work would also expand the

currently limited knowledge of the physical mechanisms underlying fluid manipulation

via the use of acoustic waves.

It is the expected that the application of the SAW nebulizer approach to aerosol gene

therapy will make a great impact on the non-invasive vaccination field and lead to the

eventual success and widespread adoption of the technology proposed in this thesis in

mass vaccination programs for disadvantaged communities and third world countries.
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Patent: Microfluidic Apparatus for
the Atomization of a Liquid

Rajapaksa, A.E., Ho, J., Qi, A., Yeo, L.Y.,Friend, McIntosh, M.P. and Morton A.V.

Patent Number PCT/AU2010/000548

filing date of 11 May 2009
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Template-freeSynthesis andEncapsulation
Technique for Layer-by-Layer
Polymer Nanocarrier Fabrication
Aisha Qi, Peggy Chan, Jenny Ho, Anushi Rajapaksa, James Friend, and Leslie Yeo*

Micro/Nanophysics Research Laboratory, RMIT University, Melbourne, VIC 3001, Australia

N
anocarriers comprisingmultiple poly-
electrolyte assemblies whose proper-
ties (e.g., dimension, composition,

stability, and functionality) can be specifi-
cally tuned allow precise control over not
only the biocompatibility of each layer to a
specific targeted in vivo region but also the
selective release of the drug within each
region.1 This is extremely attractive for a
broad range of applications across drug
delivery, regenerative medicine, medical
imaging, biomolecular sensing, catalysis,
and even cosmetics,2 in addition to their
utility as microscale reactors for chemical
synthesis within confined environments.3

To date, the prevalent method for synthe-
sizing multilayer carriers is the so-called
layer-by-layer (LbL) approach. First demon-
strated for the assembly of multiple poly-
mer layers on rigid planar substrates,4 the
LbL technique has been extended to engi-
neer hollow multilayered carriers by the
stepwise alternate deposition of oppositely
charged polyelectrolytes onto a colloidal
particle template, which is then sacrificially
removed.5 Drug loading into these multi-
layered carriers however poses some chal-
lenges. Molecular diffusion through pH-
controlled pores in the carrier,6 while simple,
is plagued by low loading efficiency and
poor reproducibility,7 and is limited to drug
molecules that are sufficiently small to
permeate through.2 Enhancing the loading
efficiency through the use of smaller mo-
lecular agents with high affinity for the
drug is limited to the possibility of finding
an appropriate sequestration agent that
does not invoke an undesirable inflamma-
tory response.2,8 While it is possible to
directly deposit the polymer layers onto
a drug crystal template9 or a porous col-
loidal template containing the drug,10 this
relies on the formation of drug crystals or
additional steps to sacrifically remove the
porous core. Moreover, LbL methods are

laboratory-based batch processes with lim-
ited scalability.
Reminiscent of a related technique em-

ployed for polyelectrolyte carrier patterning,11

microfluidics has enabled a route for large-
scale, continuous production of multilayer
carriers with a diversity of customizable
physicochemical properties.12,13 Liquid
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ABSTRACT

The encapsulation of therapeutic molecules within multiple layers of biocompatible and biodegrad-

able polymeric excipients allows exquisite design of their release profile, to the extent the drug can

be selectively delivered to a specific target location in vivo. Here, we develop a novel technique for

the assembly of multilayer polyelectrolyte nanocarriers based on surface acoustic wave atomization

as a rapid and efficient alternative to conventional layer-by-layer assembly, which requires the use of

a sacrificial colloidal template over which consecutive polyelectrolyte layers are deposited. Polymer

nanocarriers are synthesized by atomizing a polymer solution and suspending them within a

complementary polymer solution of opposite charge subsequent to their solidification in-flight as the

solvent evaporates; reatomizing this suspension produces nanocarriers with a layer of the second

polymer deposited over the initial polymer core. Successive atomization�suspension layering steps

can then be repeated to produce as many additional layers as desired. Specifically, we synthesize

nanocarriers comprising two and three, and up to eight, alternating layers of chitosan (or

polyethyleneimine) and carboxymethyl cellulose within which plasmid DNA is encapsulated and

show in vitro DNA release profiles over several days. Evidence that the plasmid's viability is preserved

and hence the potential of the technique for gene delivery is illustrated through efficient in vitro

transfection of the encapsulated plasmid in human mesenchymal progenitor and COS-7 cells.
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crystal droplets are made to flow within an immiscible
continuous medium containing a dissolved polymer
and surfactant. After polymer/surfactant coadsorp-
tion at the droplet interface, the continuous phase is
replaced by a rinse solution followed by a polymer
solution to form a layer; repeating the process then
leads to an additional polymer layer.12 The encapsula-
tion of starch granules in alginate and chitosan bilayer
carriers has also been demonstrated using hydrody-
namic flow focusing in a microchannel. While alginate
carriers are gelated using cross-linking agents and
transferred from an oil continuum into a coflowing
aqueous continuum by tailoring the wettability of a
microchannel section, deposition of the subsequent
chitosan layer however necessitated an external batch
centrifugation process.13 Moreover, not only are the
channel's surface properties crucial in maintaining the
desired flow, fabrication inaccuracies and the presence
of contaminants also contribute to nonuniformity in
carrier morphology. The most severe limitation of
microfluidic LbL synthesis, however, is the lower bound
on the carrier size (10�100 μm) imposed by the micro-
channel dimension;too large for most targeted drug
delivery applications where carrier dimensions typi-
cally on the order of 100 nm are necessary.14,15 In
targeted cancer therapy, for example, the upper limit
on drug particle size to extravasate tumor microvascu-
lature is 400�600 nm, extravasation being most effec-
tive when the particles are below 200 nm.16,17

We report here a fast and simple aerosolization-
based technique for multilayer nanocarrier synthesis
and encapsulation that retains the advantages of con-
ventional LbL assembly but negates the necessity for a
colloidal template or affinity enhancers while circum-
venting limitations associated with microfluidic plat-
forms. As with the conventional LbL method, the
stepwise formation of these carriers allows the pos-
sibility for the introduction of multiple functional-
ities such that a variety of other species such as
drugs, their adjuvants, proteins and DNA could po-
tentially be encapsulated. Moreover, the 100 nm
order dimensions of the synthesized carriers are
ideal for drug delivery applications. The underlying
approach employed is surface acoustic wave (SAW)
atomization (Figure 1a),18 a powerful method for
the generation of monodisperse, micrometer-scale
aerosol droplets19;a platform that has already been
exploited, for example, for protein extraction and
characterization for paper-based diagnostics,20 mass
spectrometry interfacing with microfluidic devices,21,22

and, most relevantly, portable pulmonary delivery of
asthmatic steroids.23

The basis of the present technique is the possibility
of using the SAW to atomize solutions of polymeric
excipients or proteins such that the subsequent eva-
poration of the solvent in-flight after the aerosol
droplets are generated leaves behind 10�100 nm

dimension polymer or protein nanoparticles.24,25

Homogeneous protein encapsulation is also possible
by dispersing the protein within the polymer solution
to be atomized.26 The tedious and cumbersome pro-
cedures associated with traditional benchtop proto-
cols for encapsulation involving polymer solvent
extraction from a double emulsion by evaporation,
phase separation (coacervation or precipitation) and
spray drying can therefore be avoided. Moreover, lysis
of shear-sensitive drug molecules is avoided, in con-
trast to contemporary atomization techniques using
electric fields (electrospraying), bulk piezoelectric ele-
ments or Langevin transducers. This is because the
time scale associatedwith the high frequency (>10MHz)
of the SAW is much shorter27 than the characteristic
time scale for cavitation nucleation19 and molecular
relaxation.28 This simple SAW nanoparticle synthesis
and encapsulation technique can therefore be ex-
tended to synthesizemultilayer polyelectrolyte carriers
by successively atomizing a polyelectrolyte solution
into its oppositely charged complementary pair. To
illustrate the flexibility of this technique and its prac-
tical therapeutic applicability, plasmid DNA (pDNA)
is encapsulated within the nanocarriers with little
added complexity and subsequently used to demon-
strate good in vitro transfection. Altogether, the system
constitutes a scalable, miniature, and inexpensive
platform for precise and rapid multilayer nanocarrier
synthesis.

RESULT AND DISCUSSION

The strategy for the synthesis of the multilayer
polyelectrolyte nanocarriers and the encapsulation of
therapeutic molecules within them is described in
detail in the Methods section. Briefly, the SAW, gener-
ated when an oscillating electrical signal is applied to
the electrodes shown in Figure 1b, initially atomizes the
fluid containing a polymer solution delivered to the
substrate (Figure 1c). As the atomized droplets travel
through the heated spiral tube assembly, the solvent
evaporates leaving behind solidified polymer nanocar-
riers which are then collected in a solution comprising a
complementary polymer of opposite charge. Reatomiz-
ing this dispersion then leads to the deposition of the
second complementary polymer layer over the initial
polymer core. Additional polymer layers of alternating
charge can subsequently be deposited by repeating the
atomization�evaporation�resuspension process with-
out requiring washing steps between coatings. This is
shown with model polymers chitosan (Chi), carboxy-
methyl cellulose (CMC), and linear polyethyleneimine
(PEI); we note that the polymer layering is relatively
insensitive to processing conditions. At an atomization
rate of 0.2 mL/min, the number density of nanocarriers
synthesized, allowing for losses, is around 103/μL. Evi-
dence of the consecutive layering of these polymers is
provided through zeta-potential measurements and
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compositional analysis of the nanocarriers using Fourier
transform infrared spectroscopy. Together with micro-
scopy and fluorescence imaging, these constitute a
culmination of the main techniques used in recent
studies,29�32 among others; we refrain from carrying
out characterization using a quartz crystal microba-
lance since this can only verify layer deposition of thin
films on planar substrates rather than on nanoparticles.
Encapsulation of pDNA, for example, within the poly-
mer layer(s) may be accomplished by dispersing them
within the initial polymer solution that is atomized to
form the carrier's core.

Size distribution. Figure 2a shows particle size distri-
butions obtained using dynamic light scattering (DLS)
for the various nanocarriers. Their 100 nmorder dimen-
sion, one order of magnitude smaller than that ob-
tained using microfluidic LbL technology12,13 and
within the desirable range for targeted delivery,

particularly for cancer therapy,16,17 is confirmed by
the atomic force microscopy (AFM) images shown in
the inset of Figure 2a. This is representative of images
obtained over many samples; the AFM-measured dia-
meter is slightly smaller than the DLS-determined
hydrodynamic diameter due to the swelling of poly-
meric particles in the presence of solvents common in
DLS measurements.33 The images also reveal that the
nanocarriers assume a slightly oval shape, possibly due
to the rigid and extended conformation of CMC. Quite
counterintuitively, however, we observe the mean
nanocarrier diameter in Figure 2a to decrease with
the addition of a successive polyelectrolyte layer or
the encapsulation of pDNA: 322.5 nm (standard devia-
tion 64.3 nm) for sample A (Chi nanocarriers suspended
in CMC solution), 198.2 nm (standard deviation 56.8 nm)
for sample B (Chi/CMC bilayer nanocarriers), and
162.7 nm (standard deviation 89.4 nm) for sample

Figure 1. (a) Depiction of the atomization process: SAW leakage into a millimeter-dimension sessile drop placed on the
piezoelectric substrate rapidly destabilizes and breaks up the interface to producemicrometer-sized aerosol droplets.19Note
that the SAWs have amplitudes of around 1�10 nm and hence are not drawn to scale. (b) Image of the experimental setup
showing the SAW device on which finger pairs of the single-phase unidirectional transducer (SPUDT) electrode are patterned
(enlarged in the inset). The working fluid is delivered from a reservoir to the SAW substrate through the capillary wicking
action of a small paper strip placed at the tip of a shortened capillary tube. (c) Schematic illustration of the experimental setup
used to synthesize a nanocarrier comprising a single polymer. The polymer, dissolved in an appropriate solvent and held in a
reservoir is fed via the capillary tube and paper wick to the SAW device to be atomized. The solvent in the aerosol droplets
then evaporate in-flight within the conical funnel and spiral tube, aided through heating of the tube by immersing the entire
assembly in a hot water bath. The solidified polymer nanocarriers that remain are then channeled into a collecting solution
that consists of the complementary polymer that is to form the next layer, dissolved in an appropriate solvent. This
suspension is then fed to the SAW device and reatomized using the same setup to obtain the next polymer layer. Further
layers can simply be obtained by repeating the entire process for as many times as the number of layers desired. (d) Ionic
complexation between chitosan and carboxymethyl cellulose (CMC).

A
RTIC

LE



QI ET AL. VOL. 5 ’ NO. 12 ’ 9583–9591 ’ 2011

www.acsnano.org

9586

C (pDNA-encapsulated Chi nanocarriers suspended in
CMC solution). The size decrease upon deposition of
the CMC layer over the Chi core could be due to the
strong electrostatic attraction of the adsorbed poly-
electrolyte layer to the oppositely charged polyelec-
trolyte core, resulting in the condensation of both
polymers. The observed size decrease when pDNA
is encapsulated within Chi can be attributed to
DNA condensation into compact structures as a result
of polycation adsorption,34 possibly due to ionic
complexation.35

While fairly broad, the size distribution is typically
acceptable in a number of applications; more impor-
tantly, the nanocarriers have not been filtered after
synthesis, which also has the associated downside of
potential loss of material. This is in contrast to the
typical approach used for other processes where filter-
ing is a key step in obtaining the desired results at the
cost of yield efficiency. In any case, the nanocarrier size
and size distribution as well as the thickness of the

layers can be controlled through the atomizing fluid's
physical properties (e.g., viscosity and surface tension);
these are known to strongly influence the destabiliza-
tion wavelength, the aerosol size, and hence the nano-
carrier dimension.19 Surfactants to alter the surface
tension or glycerine tomodify the viscosity, for example,
have been used to control nanoparticle size as well as its
size distribution;24,25 together with the judicious choice
of the SAW operating frequency among the fundamen-
tal and harmonic resonances of the electrode and its
various designs, it is thus possible to control the nano-
carrier size and morphology. Nevertheless, a detailed
study on the control of the nanocarrier size and distribu-
tion as well as its layer morphology is beyond the scope
of this proof-of-concept study, constituting a topic for
thorough investigation to be reported subsequently.

Spectroscopy. Figure 3 reveals the Fourier transform
infrared (FT-IR) spectra for the pure CMC (curve A), pure
Chi (curve B), Chi/CMC/Chi trilayer (curve C), and Chi/
CMC bilayer (curve D) nanocarriers, respectively. Two

Figure 2. (a) Nanocarrier size distribution from dynamic light scattering experiments for Chi nanocarriers suspended in CMC
solution (sample A), Chi/CMC bilayer nanocarriers (sample B) generated by atomizing sample A, and, pDNA-encapsulated Chi
nanocarriers suspended in CMC solution (sample C). The inset shows representative AFM images of Chi/CMC bilayer
nanocarriers. The diameter across the oval-shaped nanocarrier is typically between 150�300 nm, falling within the size
distribution obtained by DLS. (b) Zeta-potential measurements of the outer layer of PEI/CMC nanocarriers encapsulated with
pDNA, obtained after every successive layering step; also shown is the large variation in the zeta-potential measurements for
the direct complexation of pDNA and PEI. We note that for each sample, the zeta-potential alternated between positive and
negative, thus verifying that alternating complementary layers of PEI and CMC were successfully deposited in turn. (c)
Intensity measurements (in relative fluorescence units, RFUs) of the fluorescence emitted by successive layers of the
nanocarriers wherein one of the two complementary polyelectrolytes has been labeledwith fluorescein isothiocyanate (FITC)
(dashed line, nanocarriers comprising alternate layers of FITC labeled PEI and label-free CMC; solid line, nanocarriers
comprising alternate layers of FITC labeled CMC and label-free PEI). The measurements were taken after each layering step
and the lines indicate linear regression of the data using a least squares fit, showing the departure from linearity.
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characteristic bands at 1596 and 1415 cm�1 can be
seen for pure CMC (curve A), and can be attributed to
the asymmetric and symmetric stretching of the car-
boxylate group, respectively. Characteristic bands at
1154, 1058, and 1026 cm�1, on the other hand, corre-
spond to the polysaccharide skeletons of the CMC
molecule.36 For the Chi spectrum (curve B), character-
istic bands at 1640 and 1558 cm�1 are associated with
the amide I and amide II peaks, respectively, whereas
the bands at 1052 and 1020 cm�1 are characteristic of
the polysaccharide skeleton of the Chi molecule.37

Clearly, curves C and D show characteristic spectra
different from that of pure CMC and Chi. The amide I
band at 1640 cm�1 in thebilayer and trilayer nanocarriers
has shifted to 1660 and 1650 cm�1, respectively, reflect-
ing the interactions between the �COOH groups in the
CMCmolecule and the�NH2 groups in the Chimolecule.

The shift in the characteristic bands corresponding to the
polysaccharide skeletons for the multilayer nanocarriers
in curves C and D also suggest that ionic complexation
between Chi and CMC has taken place.

Zeta-Potential. Additional verification of the exis-
tence of successive polyelectrolyte layering within
the nanocarriers can be obtained through zeta-poten-
tial measurements as the layers are formed. As shown
in Figure 2b, the sign of the zeta-potential reverses as
each alternating layer of PEI and CMC is deposited over
the initial pDNA, which has a strong negative charge.
The alternate reversal in the zeta-potential observedhere
is consistent with that observed in conventional LbL
synthesis,38 and confirms the consecutive deposition of
successive layers on the nanocarrier comprising poly-
electrolytes of opposite charge. We also note a consider-
able reduction in the variation in the zeta-potential

Figure 3. FT-IR spectra for the pure CMC (curve A), pure Chi (curve B), Chi/CMC/Chi trilayer (curve C), and Chi/CMC bilayer
(curve D) nanocarriers, respectively. The different characteristic spectra of both trilayer and bilayer (curves C and D,
respectively) nanocarriers from pure CMC and Chi (curves A and B, respectively) indicate that ionic complexation between
the �NH2 groups in Chi and �COOH groups in CMC has taken place.
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of the pDNA�PEI complex formed during the SAW
atomization�evaporation process compared to that
due to direct complexation, indicating that the atomiza-
tion and evaporation leads to enhanced polyelectrolyte
binding.

Fluorescence Intensity. Further evidence of the pre-
sence of multiple polyelectrolyte layers can be ob-
tained by fluorescently labeling either PEI or CMC
(while leaving the other complementary polymer pair
unlabeled). Figure 2c shows the fluorescence intensity
of the nanocarriers as additional layers of PEI and CMC
are alternately deposited. We observe the fluorescence
intensity to gradually increase, albeit nonlinearly, with
the increase in nanocarrier mass upon the addition of
each labeled polymer layer which binds via electro-
static interaction to the underlying polymer. Similar
nonlinear increases in the fluorescence intensity
with additional polymer layering have been reported
elsewhere,39,40 and reflects a complexated (as opposed
to a core�shell) structure of the nanocarriers synthe-
sized in the presentwork owing to the interpenetration
of the polyelectrolyte molecules which are embedded
and intertwined across multiple layers in a manner
similar to that proposed by Ladam et al.41 Other factors
are also known to contribute to nonlinear growth of
the fluorescence signal. The increase in surface area of
the nanocarrier with the deposition of each additional
layer, for example, allows greater polyelectrolyte and
fluorophore coverage, leading to the departure in the
linearity of the signal intensity especially when the
thickness of the deposited layers are non-negligible
compared to the nanocarrier dimension.39 This is a
plausible explanation for the trend observed for the
labeled CMC (solid line). On the other hand, the size of
the polyelectrolyte can also influence its coverage and
hence the fluorescence signal.40 A larger number of
short polyelectrolytes, for example, are required to
saturate the nanocarrier surface compared to the case
of longer polyelectrolytes, and may explain the faster
initial rate of increase for PEI (25 kDa) compared to that
for CMC (90 kDa). The increase in fluorescence intensity
for labeled PEI (dotted line) is however observed to
taper off as the number of layers increases, possibly
due to self-quenching of the fluorophores.42 The short-
er PEI chains allow more efficient penetration into the
voids that form due to heterogeneous deposition of
prior layers,41 resulting in more compacted structures
with higher coverage densities. The close packing
between the fluorophore molecules as a consequence
is known to lead to lower fluorescence yields due to
fluorophore self-quenching.39,42

In Vitro pDNA Release. Figure 4 shows the in vitro

release profile of encapsulated pDNA from both
Chi/CMC bilayer (sample A) and Chi/CMC/Chi trilayer
(sample B) nanocarriers. Unbound/excess pDNA ad-
hering to the outer shell of the nanocarriers appears to
provide an initial burst in the release profile over about

5 h for both nanocarrier sets, followed by a slower
continuous release of the pDNA encapsulated within
the nanocarrier over several days. The additional
Chi layer on sample B serves to dramatically slow
the release of the encapsulated pDNA compared to
sample A, releasing DNA over the course of 19 days.
The quantized control of the release rate based on the
number of polyelectrolyte layers deposited over the
drug molecule is attractive from the standpoint of
tailoring the drug carrier to the desired release dy-
namics. Slower release, for the delivery of plasmid
encoding growth factors in regenerative medicine,
for example, is achievable with more layers. Likewise,
fast release�to initiate an immune response for DNA
vaccination, for instance�is a matter of reducing the
number of layers. The added control provided by the
atomization process in manipulating the polymer ma-
terials, the N/P ratio between the DNA and polymer,
and the polymer mass ratio, among other properties,
should enable finely tailorable delivery solutions for a
broad spectrum of drugs and serves as a means for
studying the formation of specific nanocarriers to treat
particular diseases in the future.

In Vitro Cell Transfection. Given the susceptibility of
pDNA to shear- or cavitation-induced lysis, gene trans-
fection experimentswere carried out to assess whether
the nanocarriers and encapsulated plasmid DNA retain
their viability and functionality throughout the synth-
esis. A yellow fluorescent protein (YFP) reporter gene-
encodedplasmidwas encapsulated in a PEI/CMCbilayer
nanocarrier and transfected intomammalian COS-7 and
human mesenchymal progenitor cells (MPCs); COS-7
cells represent a target for cellular engineering applica-
tions (e.g., protein overexpression, etc.), whereas MPCs
represent a potent target for stem cell therapy applica-
tions. Qualitative evidence of successful gene survival
and transfection by pDNA encapsulated within the PEI/
CMC nanocarriers is illustrated through the fluores-
cence expressed by the YFP (depicted in green) in the
cytoplasm of both COS-7 cells and MPCs observed in

Figure 4. In vitro release profile for pDNA encapsulated in
Chi/CMC bilayer (sample A) and Chi/CMC/Chi trilayer
(sample B) nanocarriers over a period of 19 days.
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the confocal microscopy images taken 72 h post-
transfection (Figure 5). The nanocarrier synthesis and
plasmid encapsulation using the SAW does not appear
to cause degradation of the pDNA�a result consistent
with our previous studies reporting postatomization
cell and molecular viability.25,26 On the basis of the
evidence from the size distributions reported above,
the surrounding polyelectrolyte layers of the nanocar-
riers appear to condense the DNA into a much more
compact structure, thereby shielding them from shear,
heat, and possibly other means of degradation.

CONCLUSIONS

A new technique to synthesize multilayer polyelec-
trolyte nanocarriers using surface acoustic wave ato-
mization is demonstrated. Evidence of the consecutive
layering of oppositely charged polyelectrolytes and
pDNA is shown through FT-IR spectroscopy and zeta-
potential measurements, in addition to AFM and fluo-
rescence imaging. In contrast to conventional bench-
top procedures, the method offers a low cost, rapid,
and simple synthesis route, in addition to circumvent-
ing the limitations associated with conventional
and microfluidic layer-by-layer formation techniques,
namely, the necessity of sacrificial colloidal templates

in the former and the largemicrocarrier dimensions in
the latter, as well as the difficulties of encapsulation
typically encountered. Nanocarriers with up to eight
alternating complementary polyelectrolyte layerswere
synthesized in this study, although additional layers
can be deposited in principle simply by successively
repeating the atomization�evaporation�resuspension
layering process. The nanocarriers have dimensions of
around 200 nm or less, which is attractive from the
perspective of targeted drug delivery applications.
Further, we demonstrate the possibility of encapsulat-
ing therapeutic molecules within the multilayered
nanostructures using pDNA as a model drug. The
additional polyelectrolyte layer is observed to slow
down the release rate considerably, therefore offering
the opportunity for tuning the release of the drug
simply by altering the number of deposited layers.
Finally, we verify in vitro gene transfection of pDNA-
encapsulated nanocarriers into human mesenchymal
progenitor and mammalian COS-7 cells. The gene
expression in these cells not only indicates that the
functionality of the pDNA is preserved during synthesis
but also provides evidence of the transfection ability of
the therapeutic agents encapsulated within the multi-
layer nanocarriers for a host of genedelivery applications.

METHODS

SAW Device. Together with standard UV photolithography
and wet-etching, a single-phase unidirectional transducer
(SPUDT) electrode was sputter-deposited (Hummer Triple Tar-
get Magnetron Sputter System, Anatech, Orange, MA, USA)
onto a 127.68� y-cut x-propagating single crystal lithium nio-
bate (LN) substrate (Roditi Ltd., London, UK), as shown in
Figure 1b. The width and gap of the SPUDT finger patterns
specify the SAW frequency;in this case, the SPUDT is pat-
terned to produce a SAW with 30 MHz resonant frequency
corresponding to a wavelength of 132 μm. To generate the
SAW, an oscillating electrical signal at the resonant frequency is
supplied to the SPUDT using a signal generator (SML01, Rhode
& Schwarz, Munich, Germany) and amplifier (model 10W1000C,
Amplifier Research, Souderton, PA, USA). To facilitate delivery of

the working fluid to the SAW device for atomization, a short
paper (Polyester-Cellulose, LymTech, Chicopee, USA) wick was
placed at the tip of a shortened capillary tube connected to a
reservoir (Figure 1b).

Nanocarrier Generation. The rest of the experimental setup is
schematically illustrated in Figure 1c. The SAW device together
with the capillary tube connected to the reservoir containing
the polymer solution to be atomized is mounted securely under
a conical funnel leading to a spiral tube assembly submerged in
a water bath maintained at approximately 40�50 �C. The other
end of the spiral tube is submerged in the oppositely charged
complementary polymer solution placed within a glass flask.
As a consequence of atomizing the initial polymer solution, the
aerosols generated navigate through the heated spiral tube.
During this process, the solvent in the aerosol droplets evaporate

Figure 5. Confocal laser scanning microscopy images of (a) COS-7 cells and (b) MPCs transfected with pVR1020-YFP
encapsulated within PEI/CMC bilayer nanocarriers. The cells exhibited granular fluorescent spots distributed throughout
the cytoplasm 72 h post-transfection.
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and hence leave behind solidified polymer nanocarriers. These
nanocarriers were then deposited in the collection solution
containing a polymer of opposite charge;the polymer system
that is to constitute the subsequent layer over the initial polymer
core;dissolved in an appropriate solvent. Unbound polymer
was removed by dialysis prior to further analysis. If an additional
layer is desired, the nanocarrier suspension can be purified prior
to their return to the SAW device for reatomization into an
alternate polymer solution. This atomization�evaporation�
resuspension process can be repeated as many times as the
number of additional polymer layers desired.

Polymers. The model polymers employed comprised posi-
tively charged chitosan (Chi, MW ≈ 120 kDa) or linear poly-
ethyleneimine (PEI, MW≈ 25 kDa, Polysciences Inc., Warrington,
PA, USA) andnegatively charged carboxymethyl cellulose (CMC,
MW ≈ 90 kDa). Chi and CMC are commonly used polymers for
in vivo drug delivery given their biocompatibility and low
cytotoxic nature.43 Chi can efficiently condense pDNA and also
increase the permeability of macromolecules across the gastro-
intestinal tract.44 Linear PEI is well-known as an efficient carrier
for pDNA delivery. In our experiments, PEI in water or Chi in
sodium acetate buffer was atomized into CMC in water, and
subsequently reatomized into another Chi or PEI solution.
Unless stated otherwise, all reagents and solvents of biological
grade were obtained from Sigma-Aldrich Pty. Ltd. (Castle Hill,
NSW, Australia) and used without further purification.

Multilayer Nanocarrier Characterization. To demonstrate the
bonding between successive polyelectrolyte layers and hence
provide evidence of the existence of each layer, we examined
the properties of the nanocarriers at every step of the LbL
technique prior to reatomization. Several characterization tech-
niques were employed as described as follows:

Size Distribution. Immediately after each atomization�
evaporation�resuspension process, the hydrodynamic dia-
meter of the nanocarriers was measured using dynamic light
scattering (DLS; Zetasizer Nano S, Malvern Instruments Ltd., UK).
Atomic force microscopy (AFM; NT-MDT Ntegra, Zelenograd,
Russia) was also used to observe the individual nanocarrier
morphologies. In addition, visual inspection of their dimensions
also provide additional verification to that obtained using DLS.

Spectroscopy. The compositional analysis of multilayer nano-
carriers was carried out using Fourier transform infrared spectro-
scopy (FT-IR spectrometer, Spectrum 100 series, PerkinElmer,
Waltham, MA, USA). Prior to the analysis, the synthesized nano-
carrierswere recovered throughdialysis followedby lyophilization.

Zeta-Potential. We expect the zeta-potential of the nano-
carrier to reverse with the successive deposition of each addi-
tional layer of alternately charged polyelectrolyte. The zeta-
potential of the nanocarriers was measured after each layering
step using an electrophoretic light scattering spectrophot-
ometer (Zetasizer Nano S, Malvern Instruments, Malvern, UK).

Fluorescence Intensity. The sequential bonding of each
successive polyelectrolyte layer onto the surface of the nano-
carrier was detected by selectively labeling the polymers.
Fluorescein isothiocyanate (FITC) labeled CMC was prepared
by activating CMC using 0.318 mmol of N-hydroxysuccinimide
and 0.318 mmol of N-(3-dimethylaminopropyl)-N-ethylcarbo-
diimide hydrochloride in 100 mL of deionized (DI) water
followed by dropwise addition of 0.318 mmol fluoresceinamine
dissolved in methanol. The reaction was performed at pH 4.7
and at room temperature for 24 h in the dark. FITC labeled PEI
was prepared by adding 90.4 mg of fluorescein-5-isothiocya-
nate (Invitrogen Corp., Carlsbad, CA, USA) dissolved in 2 mL of
dimethylsulfoxide dropwise to 1 g of PEI dissolved in water. The
reaction was performed at room temperature for 24 h in the
dark. The labeled polymers were purified by dialysis against
running water (MWCO 3500 dialysis tubing, Spectrum Labora-
tories, Rancho Dominguez, CA, USA) for 3 days in the dark and
freeze dried. Multilayer nanocarriers composed of FITC labeled
PEI and label-free CMC, or, FITC labeled CMC and label-free PEI
were prepared using the atomization procedures described
above. Fluorescence measurements were carried out on a
multimode spectrophotometer (SpectraMax M2, Molecular
Devices, Sunnyvale, CA, USA) under excitation and emission
wavelengths of 490 and 525 nm, respectively.

pDNA Encapsulation and in Vitro Release. Plasmid DNA pEGFP-N1
(4733bp, 1.8� 106 g/mol, Clontech Laboratories Inc., Mountain
View, CA, USA) was employed as a therapeutic gene model. The
plasmid was first added to the Chi solution to form a pDNA�Chi
complex and subsequently atomized into the CMC solution,
which was then reatomized into the Chi solution to form the
Chi/CMC bilayer nanocarrier within which the pDNA is trapped.
To form the encapsulated Chi/CMC/Chi trilayer nanocarrier, an
additional layering stepwas performed. The pDNA release study
was carried out under near-physiological conditions. Briefly, the
pDNA-encapsulated nanocarriers were dispersed in acetate buf-
fer inside a dialysis bag, which was then immersed in agitated
acetate buffer at 37 �C to simulate the pH of the endosomal (pH
∼6) and lysosomal (pH ∼5) microenvironments. Samples were
collected at different time intervals for pDNAquantification using
the Quant-iT PicoGreen dsDNA reagent (Invitrogen Corp., Carls-
bad, CA, USA) assay according to the manufacturer's guidelines.
The fluorescent intensity was measured using the multi-mode
spectrophotometer under excitation and emission wavelengths
of 490 nm and 525 nm, respectively. The cumulative fraction
releasewas normalizedwith respect to the total amount of pDNA
encapsulated in the nanocarriers.

In Vitro Cell Transfection. African green monkey kidney COS-7
cells acquired from the American Type Culture Collection (ATCC,
Rockville, MD, USA) were cultured in DMEM following the
protocol supplied. Human mesenchymal progenitor cells (MPC)
obtained from the Monash Institute of Medical Research
(Clayton, VIC, Australia) were separatelymaintained in complete
DMEM medium, supplemented with 10% fetal bovine serum
(FBS), 100 μM L-ascorbate-2-phosphate magnesium, 2 mM L-
glutamine and 50 units/mL penicillin�streptomycin at 37 �C in
a humidified 5% carbon dioxide incubator.

Cells were seeded at 80% confluence on a four-well Lab-Tek
chambered coverglass (Nunc GmbH & Co. KG, Langenselbold,
Germany) and grown overnight. Bilayer PEI/CMC nanocarriers
encapsulating DNA vaccine-type plasmid pVR1020 encoding
yellow fluorescent protein reporter (pVR1020-YFP) were prepared
using the same procedures described above under aseptic con-
ditions. The spent media was removed and replaced with DMEM
containing 2% FBS. Nanocarriers containing 10 μg of plasmid
were added to the cells and allowed to incubate for
4 h, following which the medium was removed and replaced
with growth medium. Each control well received 3.75 mg of PEI
reagent complexedwith 10μgDNA (N/P ratio =5). After 72 h, cells
were monitored for gene expression using confocal laser scan-
ning microscopy (A1Rsi Multiphoton System, Nikon Pty. Ltd.,
Lidcombe, NSW, Australia) under excitation and emission wave-
lengths of 514 and 527 nm, respectively. The original grayscale
images from the fluorescence channel were mapped to an
arbitrary green color to represent the fluorescence of the YFP.
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Abstract 
 
Aerosol delivery of drugs represents the next 
generation of vaccine delivery where the drug is 
deposited into the lung, which provides a non-
invasive route for the delivery of genetic 
therapeutics against emerging infections. The 
traditional methods attempted for the production of 
DNA aerosols include ultrasonic and jet nebulizers 
which fail to maintain the viability of large bio-
molecules such as DNA due to the high shear rates 
induced during the atomization process. A novel 
system is presented for the production of aerosols 
containing DNA in a defined size range using 
surface acoustic wave (SAW) devices. The SAW 
technology provides a portable platform to achieve 
this goal where aerosols in the size range of 0.5-5 
μm suitable for pulmonary delivery can be 
obtained while causing little damage to the 
integrity of the DNA molecules. SAWs are 
essentially acoustic waves with 10 nm order 
amplitudes that originate as a result of the 
application of an alternating voltage onto an 
interdigital transducer patterned on a piezoelectric 
substrate. The leakage of acoustic radiation into a 
drop housing the DNA solution then results in its 
atomization to produce the micron dimension 
aerosols. A solution containing a plasmid DNA 
(pDNA) vector encoding a 45 kDa merozoite 
surface protein 4/5(MSP4/5) which is a potential 
malaria vaccine candidate was nebulized using 
both 20 and 30 MHz SAW devices. High levels of 

gene expression was observed in western blots 
from in vitro experiments conducted using COS-7 
cells that were transfected with the condensed 
DNA, post-atomization. Modest levels of in vivo 
gene expression was observed when pDNA 
recovered after SAW atomization, was 
administered to the lung of mice via intratracheal 
instillation. The low power consumption of SAW 
nebulization (1-3 W) together with its potential for 
miniaturization aptly coveys the suitability of the 
SAW technology as a portable pulmonary gene 
delivery platform. 
 
Introduction  
 
The increase in the need for the effective delivery 
of potent vaccines against infectious diseases, 
require robust yet straightforward production of 
DNA-laden aerosols. Plasmid DNA-based 
approaches to gene therapy are often termed ‘non-
viral’, involving recombination of gene sequence 
encoding a therapeutic protein into a closed 
circular piece of DNA and administered directly to 
patients to induce gene expression to produce a 
desired gene product, with the aim to treat the 
disease at the molecular level by restoring 
defective biological function [1, 2].  
 
Aerosol delivery of drugs represents the next 
generation of vaccine delivery where the drug is 
deposited into the lung, which provides an ideal, 
non-invasive route. Optimization of delivery 
efficiency and durability of the gene vectors to 
comply with stringent requirements are the critical 
areas for this approach to be successful. In 
addition, the aerodynamic size (< 5 μm) of 
aerosols generated by an inhaler greatly influences 
the accessibility to the lower airway (alveolar) and 
subsequently the absorption and transfection 
efficiency of gene vectors [3].  
 
To date, numerous studies have been undertaken in 
order to determine the feasibility of pulmonary 
delivery devices for delivering non-complexed 
pDNA to the lungs [3-5]. Unfortunately, the 
supercoiled tertiary structures of pDNA, extremely 
important for biological efficacy, were severely 
sheared into open circular and fragmented DNA by 
the hydrodynamic shear and shock waves during 



the nebulization process in jet [6, 7] and ultrasonic 
[4, 8] nebulizers when the plasmid sizes were 
larger than 5 kilo-base pairs. 
 
Surface Acoustic Wave (SAW) driven atomization 
system is a simple-to-use, novel, portable and 
efficient device that can be tailored to a variety of 
drug therapies in aerosol delivery [9]. Surface 
acoustic waves are megahertz (MHz) to gigahertz 
(GHz) order, transverse-axial polarized elliptical 
electroacoustic waves with displacement 
amplitudes of just a few nanometers. The waves 
that propagate along the low-loss piezoelectric 
substrates like lithium niobate (LiNbO3) surface 
are generated by a sinusoidal electric field between 
the interlaced fingers of an interdigital transducer 
(IDT) electrode (Fig. 1). The SAW is localised to 
the substrate surface, and its amplitude decays 
rapidly within a few wavelengths (a wavelength is 
typically 200 μm) into the substrate material. SAW 
is regarded as an highly efficient method for 
transferring energy into fluid, and requiring far 
less power than conventionally used ultrasound 
[10]. Moreover, the risk of denaturing molecules is 
greatly reduced since the period to induce 
vibrations in SAW devices is much shorter than 
the molecular relaxation time scale of 
macromolecules in liquids, by employing 10 – 100 
MHz order frequency [11, 12]. Further, when used 
for atomization, the size of droplets generated by 
SAW can be changed by about an order of 
magnitude in a few microseconds in a controllable 
fashion by switching from standing-wave to 
travelling-wave SAW on the substrate. Hence, a 
SAW approach has significant advantages over the 
current generation of ultrasonic medical nebulizers 
[10].  
 
The aim of this work is to demonstrate the 
feasibility of SAW atomization as an aerosol 
delivery platform for pulmonary genetic 
therapeutics, especially for shear-sensitive naked 
(non-complexed) pDNA encoding a desired gene.  
 

Figure 1: Schematic showing a SAW device 
together with the interaction of the SAW with a 
liquid drop upon the surface of the substrate upon 
application of an electrical signal. The acoustic 
energy leaks into the drop and deforms the drop at 
the Rayleigh angle r. When the energy is 
sufficient, destabilized capillary waves break up 
into micron dimension aerosols causing 
atomization. The bottom panel shows an image of 
the aluminium-chromium IDT electrodes patterned 
on the piezoelectric (LiNO3) substrate with an 
enlargement of the IDTs showing the width 
between electrodes and capillary wavelength, saw.  
 
 
Plasmid atomization using SAW 
 
Different concentrations of pDNA solutions 
(vector encoding either a 45 kDa merozoite surface 
protein 4/5(MSP4/5) which is a potential malaria 
vaccine candidate or YFP yellow fluorescent 
protein) (Fig. 2) were atomized through the 20 
MHz and 30 MHz SAW devices and collected 
carefully into microcentrifuge tubes for further 
analysis. 
 
 
 



 
Figure 2: Schematic representation of the vector 
pVR1020 with vector encoding either MSP4/5 or 
YFP 
 
Results and Discussion 
 
The in vitro transfection efficiency of SAW 
atomized pVR1020-MSP4/5 was investigated in 
immortalized African green monkey kidney cells 
(COS-7) where plasmid DNA recovered after 30 
MHz and 20 MHz SAW atomization showed high 
transfection efficiencies, compared to the 
corresponding un-atomized (control) pDNA at 48 
h (Fig. 3) demonstrating that the pDNA molecules 
are intact after SAW atomization.  
 

 
Figure 3: Western blot detections of PyMSP4/5 
expressed in COS-7 cells at 48 h post-transfection. 
Lane M: marker shown molecular mass standards 
(kDa) on the left; lanes 1 – 3: the cells transfected 
with pDNA recovered from 35, 50 and 85 ug ml-1 
pDNA atomized with 30 MHz SAW; lanes 4 – 8: 
the cells transfected with pDNA recovered from 
25, 35, 50, 65 and 85 ug ml-1 pDNA atomized with 
20 MHz SAW. 
 
Moreover, modest levels of in vivo gene 
expression was observed when pDNA recovered 

after 30 MHz SAW atomization, was administered 
to the lung of a 6 week old Swiss-strain male mice 
via intratracheal instillation. Mice were sacrificed 
24 hours administration and lungs removed and 
lung sections (10 m) were visualized for 
florescence of the YFP protein. The retention of 
the in vivo transfection efficiency (Fig. 4) offered 
additional evidence that the pDNA molecules were 
intact after SAW nebulization.  
 

 
Figure 4: Florescence microscopic image showing 
in vivo positive expression of YFP protein 
(discrete green dots shown by arrows) in a mouse 
lung parenchyma where alveolar cell nuclei are 
stained with DAPI (4’,6-diamidino-2-
phenylindole, dilactate).  
 
Once the preservation of the pDNA integrity was 
confirmed, it was then required that the pDNA 
aerosol size be optimised for aerosol lung delivery. 
The aerosol size distribution for pDNA aerosols 
generated via SAW atomization at several 
concentrations added with 20% w/w glycerol 
(carefully chosen to minimise the surface tension 
and to increase the surface tension of atomised 
pDNA) (Fig. 5) further confirmed our ability to 
finely tune the droplet size < 5 μm, optimal for 
deep lung deposition. The above result is 
encouraging compared to a previous nebulization 
catheter device which only managed to generate 
aerosols with sizes around 33 ± 2 μm for naked 
pDNA [13].  



 
Figure 5: Volume-based droplet size distribution 
of pDNA aerosols obtained using laser diffraction 
at 10 ( ), 50 ( ) and 100 ( ) gml-1 indicates 
narrow mono-disperse distributions that are 
optimal for lung deposition. 
 
Conclusions 
 
The feasibility of SAW atomization at generating 
aerosols is demonstrated for a shear-sensitive bio-
therapeutics – plasmid DNA, and resulted in 
almost negligible denaturation of the supercoiled 
content as seen from both the in vitro and in vivo 
experiments. This work further strengthen the 
promising feasibility of miniatured SAW 
technology as a pulmonary delivery platform for 
DNA molecules, proteins and other biomolecules 
[14]. Since SAW nebulization consumes low 
power levels (1-3 W) than that required with 
conventional ultrasonic nebulizers, thus 
confirming its potential for miniaturization in a 
portable palm sized device, powered by battery 
strongly coveys the suitability of the SAW 
technology as a portable pulmonary gene delivery 
platform. 
 
Keywords: DNA, gene therapy, pulmonary, 
aerosol, surface acoustic waves. 
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ABSTRACT
Multiple layer nanoparticles offers a likelihood of success in drug delivery, as it
provides a solution for a more controllable drug release, as with such structures, control
over the capsule wall thickness, permeability, stability, and degradation characteristics
can be achieved (Kumar, 2008). Using PDMS microfluidic devices to synthesize
polymeric multilayer microparticles has become popular recently. The generation of
complex emulsions, such as double and triple emulsions, is also achievable with such
devices (Roney et al., 2005). However, limitations with these devices are: the
microchannel surface property is crucial to maintain the desired flow within the
microdevice; droplets which form within the microchannels require a cross-linking
agent to be solidified into particles; the size of the droplets is limited to the size of
microchannels, usually around 50-100 mm, which is too large to be used for drug
delivery; and the amount of droplets or particles produced is limited as the
droplets/particles are formed one by one. Therefore, in this study, we present a novel
technique on fast multilayer polymeric nanoparticles synthesis via surface acoustic
wave (SAW) atomization using a microfluidic device.

We are able to show (1) successful synthesis of multilayer polymeric structure, and (2)
fast generation of monodispersed particles in nanosize. Compared to conventional
methods, SAW atomization is fast and have less limitations in the usage of surfactant
and templates. Compared to traditional ultrasonic atomization and electrospraying,
SAW atomization driven at much higher frequency is more suitable for shear and heat
sensitive drug delivery.

INTRODUCTION
The use of nanoparticles as drug or gene carrier offer several advantages such as better
drug stability, feasibility to incorporate both hydrophilic and hydrophobic substances,
and their enhanced permeability and retention effect for tumor therapy (Cho et al., 2008;
Gelperina et al., 2005). The biodistribution of drug particles can be greatly improved by
using particles with size range in submicron or nano-scale, and secondly, nanoparticles
can also be modified or coated to target infected organs or tissues (Kumar, 2008; Roney
et al., 2005; Fang et al., 2006; Li et al., 2001; Koziaraa et al., 2004). Multilayer
polymeric encapsulation provides a solution for a more controllable in-vivo drug
release; multi-functionality can be designed for such structure by using different
polymer in different layer each carries a different functionality. In addition, the capsule
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wall thickness, permeability, stability, and degradation characteristics in such structure
can be controlled (Zelikin et al., 2008), and tailored for targeted delivery or successive
releasing of drugs.

The conventional techniques used for nanoparticle formation and encapsulation all have
difficulties in getting nanoparticles with narrow size distribution, unless it is synthesis
with the aid of emulsion, surfactant and templates. These methods usually consist of
several complicated steps, all of which require well optimized condition to allow for the
formation of form homogeneous dispersed single layer particles (Wong, 2009), let alone
synthesizing layer-by-layer capsules. For example, the coacervation/precipitation
technique requires a careful selection of solvents, which can limits the range of
materials that can be applied, especially for the case of synthesizing LbL particles.
Spray drying, usually means ultrasonic atomization and electrospray. These methods
seems to have less limitation in terms of the choice of solvents, also the usage of
templates is not necessary; however, the harsh conditions involved in such technique
can cause damage to drugs or biomolecules. For example, the high temperature use in
spray drying can cause damage to heat-sensitive biomolecules. Ultrasonic atomization,
driven at ~10 kHz order, imposes unavoidable shear forces that can damage many
shear-sensitive molecules, for example, DNA. Electrospray, on the other hand, driven at
~kV order voltage, still poses high risks of damaging molecules.
Using PDMS microfluidic devices to synthesize polymeric multilayer
micro/nanoparticles has become popular recently. The generation of complex
emulsions, such as double and triple emulsions, is also achievable with such devices
(Wong, 2009; Priest et al., 2008). However, this technique share the same limitation as
emulsion based method, in addition such technique is limited by: (1) the microchannel
surface property is crucial to maintain the desired flow within the microdevice; (2) the
need for a cross-linking agent to solidified the droplets that formed from the
microchannels; (3) the size of the droplets is limited to the size of microchannels,
usually around 50-100 μm; and (4) the amount of droplets or particles produced is
limited as the droplets/particles are formed one by one.

Previously, our group showed the synthesis of pure polymeric nanoparticles, protein
nanoparticles, and protein loaded nanoparticles via surface acoustic wave (SAW)
atomization (Friend et al., 2008; Alvarez et al., 2008; Alvarez et al., 2008). Surface
acoustic waves (SAWs), with nanometer-order amplitude, can propagate over thousands
of wavelengths, typically several centimeters, along the surface in a low loss
piezoelectric material like 127.68° y-x cut lithium niobate (LiNbO3 or LN). As its name
indicated, the wave amplitude is rapidly attenuated with increasing depth into the LN
substrate from the propagation surface. The x-propagating wave speed on the LN
substrate cs is 3965 m/s. When a SAW meets a liquid placed upon the substrate, it
diffracts into it at the Rayleigh angle, defined by θR = sin-1(cw/cs) ~ 22°, where cw, the
sound speed in water, is 1485 m/s. The acoustic energy in the liquid causes the bulk
recirculation, known as acoustic streaming, within the drop and a body force that causes
the drop to translate in the direction of the SAW propagation. At high powers, though
the displacement of the surface is only around 10 nm, when the driving frequency is in
an order of 10 MHz, the accelerations of the surface is expected to be as high as in an
order of 107 m/s2, which, when transmitted into a liquid drop, can induce very strong
capillary waves on the drop free surface that are destabilized upon sufficient acoustic
excitation. In this manner, a forcing mechanism for rapid and efficient atomization is
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formed (Qi et al., 2008), as shown in Fig. 1.

Fig. 1: A schematic atomization process (Qi et al., 2008; Qi et al., 2009) SAWs
propagating into a drop at a Rayleigh angle, induce subsequent streaming within the
drop and destabilize capillary wave on the free liquid surface. When the power is
sufficient, capillary wave breaks up into aerosol, which is known as atomization.

Unlike other conventional ultrasonic atomization, SAW atomization works at much
higher frequencies (»10MHz), meaning that the time period of the molecule exposing to
the shear force is much shorter than the molecular relaxation time scale in liquids
(Oxtoby, 1981; Hsieh et al., 2001), the shear effect is therefore greatly minimized
(Alvarez et al., 2009). In addition, SAW atomization, compared to electrospray, is
driven at very low power (~1-3 W), which can hardly cause damages to drugs and
molecules (Qi et al., 2009; Qi et al., 2010). In this study, we demonstrate that SAW
atomization technique can be extended to synthesis multilayer polymeric nanoparticles
in a layer-by-layer manner. Herein, we synthesis DNA containing multilayer
nanoparticles to demonstrate the flexibility and therapeutic applicability of the SAW
atomization approach.

MATERIALS AND METHODS

SAW Microchip fabrication
A single-phase uni-directional transducer (SPUDT) was fabricated using sputtering
(Hummerr Tripletarget Magnetron Sputter System, Anatech, USA.) and standard UV
photolithography with wet-etch techniques onto a 128± y-cut x-propagating lithium
niobate (LiNbO3) piezoelectric substrate surface. To achieve the most efficient
atomization with limited power input, an enhanced SAW signal, which is located at the
focus of the concentric transducers is also achievable by using curved, focusing
electrodes. A focusing SPUDT layout is captured under microscope and presented in
Fig 2 (inset). A high frequency electrical signal is supplied to the electrodes, generating
mechanical oscillations on the substrate via the inverse piezoelectric effect, thereby
inducing a SAW as the efficient atomization driving source (Qi et al., 2008; Qi et al.,
2009; Qi et al., 2010).
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Fig. 2: Photo of a 30 MHz SPIDT SAW device and its electrode layout captured under
microscope. A capillary tube was employed as a DNA and polymer supply scheme

Nanoparticle synthesis
A capillary tube with a tiny paper strip placed at one end was used to supply polymer
solutions to the device substrate, as shown in Fig 2. As presented in our previous work
(Qi et al., 2010), under SAW excitation, a paper can be used as a convenient media to
automatically transport solutions from a reservoir to the device substrate for direct and
efficient atomization without damaging the biomolecules. Since the paper strip
employed in such setup is very small and the flow rate is also high within the paper such
that the amount of molecules that could be left inside the paper is negligible.

In our experiment setup, a capillary tube filled with paper strip is mounted next to the
SAW device, where the paper strip is in contact with substrate. A polymer solution is
supplied from the other end of the capillary tube. A funnel was placed above the
SAWdevice to collect the aerosols, which, following the air flow provided by a vacuum
pump, subsequently passed through a long drying tube. The drying tube was fully
embedded in a 300 ml hot water buffer and the temperature within the drying tube is
kept between 40–50 degree. The aerosols are dried by evaporation inside the spiral tube,
and shrank to small solid particles. These small particles are then deposited into another
solution in a glass beaker. Dried particles will be able to bond to molecules with
opposite charge instantaneously. Unbound polymers were removed by dialysis prior to
sample characterization. As illustrated in Fig 3, if another layer is required, this
suspension, can be collected and re-atomized into another polymer solution using the
same experiment setup and atomization procedures described above.

Chitosan (Chi) (MW 50k-190k, Sigma), a positive charged natural polysaccharide with
low cytotoxicity, (He et al., 1998; Boonsongrit et al., 2006) is employed as a model
polymer in this study. Chi can efficiently condenses with plasmid DNA and can also
increase permeability of macromolecules across gastrointestinal tract (Mayank &
Bhavsar, 2007), thus making it an ideal vehicle for gene delivery and vaccines.

Carboxymethyl cellulose (CMC), is a negative charged polymer derived from cellulose.
Polyelectrolyte complex can be formed by the electrostatic interaction between the -
COOH group of CMC and the -NH2 groups of chitosan (Anitha et al., 2009; Zhao et al.,
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2009). In this study, we select CMC (Molecular weight 90k, Sigma) as the other model
polymer. Chi was chosen to be the inner polymer layer, while CMC was selected to be
the second layer of the multilayer polymeric nanoparticle to be synthesized by SAW
atomization. We also employ Chi to form a third layer with CMC sandwiched between
two layers of chitosan.

Fig. 3: Schematic diagram of multilayer nanoparticle preparation in layer-by-layer
manner

Nano-aerosol atomization rate
In order to measure the amount of aerosol that our SAW microchip is capable of
generating, we have set up a capillary flow meter apparatus as shown in Figure 4. The
capillary flow meter consist of a glass tube that is marked at every 0.5cm with known
inner diameter. We use a tissue paper embedded capillary tube as liquid delivery hose.
One end of the wetted paper is placed upon the SAW microchip, while the other end is
dipped in a fluid reservoir. A meniscus is formed between the paper and SAW
microchip. The SAW wave draw liquid out from the paper as liquid on one end of the
paper strip is consumed by atomization. The time for liquid to flow from one marker of
the capillary tube to the consecutive marker was recorded, and the flow rate is
calculated.

Particle characterization
In order to demonstrate the formation of bonding between polymeric layers, we
characterize the properties of these LbL nanoparticles after each polymer atomization
step using fourier transform spectroscopy (FTIR), size distribution and zeta-potential
measurements. FTIR spectrum was employed to examine the chemical bonding between
each polymer layer, thus providing evidence of polymer layers formation. Further
evidence of the presence of polymer layering was obtained using zeta-potential
measurements (Zetasizer Nano S, Malvern, UK). Particle size distribution was obtained
using the Zetasizer Nano S (Malvern, UK). Particle size and morphology are further
characterized using atomic force microscopy (AFM).

RESULTS AND DISCUSSION
The capacity the SAW microchip in terms of atomizing nano-size aerosol is measured
as the flow rate of liquid being drawn by the SAW microchip during atomization. This



P. Chan, A. Qi, J. Friend, L. Yeo

atomization rate is plot as a function of the input power for the SAW as shown in Fig 4.
We observed that the atomization rate increases with increasing power, as expected
given the larger energies delivered to the liquid to induce atomization by interfacial
destabilization, this observation is in agreement with our earlier observations (Qi et al.,
2009). The SAW microchip can generate aerosol up to ~200 μl/min with a power supply
as low as 4 W, despite the miniaturize size of the chip, indicating that SAW atomization
is an efficient means to generate nano-size aerosol compare to conventional
electrospraying (Tang & Gomez, 1995).

(a
)

(b)

Fig. 4: (a) Photo ofcapillary flow meter set-up used to measured nano-aerosol
atomization rate (b) Nano-aerosol atomization rate as a function of applied power. The

trend line is included to aid visualization

Fourier transform spectroscopy (FTIR) was employed to examine the chemical bonding
between each polymer layer, thus providing proof of the formation of the different
polymer layers. Figure 5 shows the FTIR spectrum of polymeric particles. Curves 1 and
2 represent pure CMC and pure Chi molecules, respectively, while curves 3 and 4 show
the varied spectrum of chitosan-CMC-chitosan triple-layer particle and chitosan- CMC
double-layer particle, respectively. From curve 1, the bands at 1154, 1058, and 1026
cm-1 are corresponding to the polysaccharide skeletons of CMC. In Chi spectrum (curve
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2), the characteristic bands at 1640 and 1558 cm-1 are assigned to the amide I and amide
II, respectively. The bands at 1052 and 1020 cm-1 are the characteristic of the
polysaccharide skeleton of Chi (Rosca et al., 2005). Clearly, curves 3 and 4 show
characteristic spectrum different from those of Chi and CMC. The amide I band at 1640
cm-1 in the double layer and triple layer nanoparticles have shifted to 1660 and 1650
cm-1, respectively, reflecting the interactions between the -COOH groups of CMC and
the -NH2 groups of Chi. The shift in polysaccharide skeleton characteristic bands in the
nanoparticles also suggested that ionic complexation between the Chi and CMC has
successfully formed.

Fig. 5: FTIR spectrum of polymeric particles. Curves A and B are original CMC and
chitosan samples, respectively. Curve C represents triple layer particles while curve D

shows the spectrum of bilayer particles

Nano-sized particles are advantageous for a wide range of drug delivery
administrations. We examined the size distribution of synthesized polymeric particles to
see if the size obtained is in the required range, as shown in Fig. 6(a). Representative
samples containing chitosan as the inner core and CMC as the outer layer exhibited a
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hydrodynamic size of 198.2±7.4 nm with narrow size distribution. As showed in Fig
6(b) AFM image, the nanoparticles exhibited oval shape, possibly due to the rigid and
extended conformation of CMC. Particles with narrow size distribution offer various
practical advantages compare to particle with similar average size but boarder size
distribution such as better controlled drug release.

(a) (b)

Fig. 6 (a) Particle size and size distribution, and (b) representative AFM image of
nanoparticles generated by SAW microchip. The nanoparticles are composed of Chi

core with CMC outer layer.

The variation of Zeta-potential of polymeric particle with different layers serves as
another proof of bondings. Table 7 lists the change of zeta-potential after different
polymeric layers was added on the nanoparticle by SAW atomization. Samples
containing plasmid DNA exhibited negative charge due to the phosphate group present
in each nucleotide. Nanoparticle containing DNA and Chi exhibited positive charge due
to the present of positively charged Chi on the nanoparticle surface. Nanoparticle
containing DNA/Chi core and CMC outer layer display negative charge due to the
present of negatively charged CMC on the nanoparticle surface. The reversal of zeta
potential is observed as the nanoparticle is further deposit into a complementary
polymer solution, suggesting that a stepwise formation of layer on the nanoparticles.

Nanoparticle Zeta potential (mV)
pDNA -44.7±3.2

pDNA/Chi 6.84±4.0

pDNA/Chi/CMC -18.2±1.5

pDNA/Chi/CMC/Chi 38.5±2.1

Tab.7: The zeta-potential of multilayer polymeric nanoparticles with Chi or CMC as
outer layer

CONCLUSION

This study demonstrated using SAW atomization as a fast and efficient technique to
synthesize multilayer polymeric nanoparticles for drug encapsulation usage. A serial of
characterization have been conducted and shown the successful bonding between each
polymeric layer. The size distribution obtained shows those synthesized multilayer
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polymeric particles are in a narrow range (around 200 nm), which meets the
requirement of many drug administrations (<1 mm). Furthermore, unlike many
conventional methods in producing polymeric particles, the usage of surfactant and
templates are not required in SAW atomization. Compared to traditional spray drying
methods, SAW atomization, driven at much higher frequency and lower power, has
much less damage to drugs and vaccines, making it suitable for a wide range of drug
deliveries and vaccines.
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ABSTRACT
Vaccination is regarded as the key intervention for emerging diseases such as influenza. 
Currently, the preventive bottleneck is primarily due to the lack of facilities to create 
and deliver suitable vaccines. Several features of DNA vaccines make them more 
attractive than conventional vaccines; thus, DNA vaccines have gained global interest 
for a variety of applications. However, several limitations such as ineffective cellular 
uptake and intracellular delivery, and degradation of DNA need to be overcome before 
clinical applications. In this study, a novel and scalable engineered technique has been 
developed to create a biodegradable polymer system, which enables controlled delivery 
of a well designed DNA vaccine as an immunotherapeutic. Surface Acoustic Wave 
(SAW) atomisation has been found as useful mechanism for atomising fluid samples for 
medical and industrial devices. Using surface acoustic waves at 8-150 MHz, post-
atomisation bursting and sub-micron droplet formation were observed. A 
straightforward and rapid method for synthesis of un-agglomerated biodegradable 
nanoparticles (< 250 nm) in the absence of organic solvents would represent a major 
processing breakthrough for drug or biopharmaceutical encapsulation and delivery. 
Nanoscale polymer particles for DNA vaccines delivery were obtained through an 
evaporative process of the initial aerosol created by SAW, the final size of which could 
be controlled by modifying the initial polymer concentration and solid contents. In 
summary, SAW atomiser represent a promising alternative for the development of a low 
power device for producing nano-engineered cargo with a controlled and narrow size 
distribution as delivery system for genetic immuno-therapeutics.

Keywords: DNA vaccine, Influenza, Poly(D,L-lactide-co-glycolide) polymer, Surface 
Acoustic Wave Atomisation.

INTRODUCTION
The recent influenza A (H1N1) vaccine shortages have provided a timely reminder of 
the tenuous nature of the world’s vaccine supply. The lack of vaccine to combat this 
virus, and the widespread of this virus throughout 74 countries and infected nearly 
30000 people in less than two months time has rendered World Health Organization 
(WHO) to declare the first global flu pandemic in 41 years. The vaccines landscape is 
becoming much different now than it was compared to few years back. With increasing
public awareness about preventive healthcare and increased spending by governments 
for the vaccination program, has put the spotlight on the vaccines. Moreover, the 
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success of a number of blockbuster products has changed dramatically the market place 
of vaccine; the worldwide vaccine market has registered revenue of US$ 21 Billion in 
2008(Renub Research, 2009).

Vaccination is the principal measure for preventing influenza and reducing the impact of 
pandemics; however, vaccines take up to 8–9 months to produce, and the global
production capacity is woefully low. The application of new technologies such as gene-
based vaccines and novel delivery systems represent promising approaches to creating 
safer and more potent vaccines. With production times as short as 2 weeks, improved 
safety and stability, and the ability to perform numerous therapeutic roles, DNA 
vaccines have the potential to meet the demands of emerging and existing diseases. As a 
consequence, more people will have faster access to more effective vaccines against a 
broader spectrum of infectious diseases especially the virus which can be deadly and 
mutate into a more frightening form easily. Thus DNA vaccine research has experienced
a sharp growth in demand as indicated by its use in gene therapy trials and DNA vaccine 
related patents. 

Nevertheless, the transfection efficiency of DNA vaccines is relatively low when 
compared to other vectors such as viruses, viral-like particles and cellular vectors. This 
is because, after administration, naked DNA molecules is susceptible to degradation by 
serum enzymes such as endonucleases, thereby reducing the amount of DNA that is 
available in hosts to express antigen gene. Thus, improved DNA delivery strategies are 
needed. At present, DNA-based vaccine deliveries in preclinical and clinical animal 
studies are achieved by using physical (e.g. injection, gene gun, electroporation or 
aerosol delivery), chemical (e.g. cationic lipid or polymer condensing agents) and 
biological (e.g. use of the cellular transport mechanism) approaches (Montgomery et al., 
1997, Patil et al., 2005). The immune response associated with DNA vaccination is 
influenced by the site and mode of immunisation. Various routes of administration and 
different types of carriers such as liposomes, biodegradable polymeric particles, 
hydrogel, inorganic nanoparticles have been evaluated based on their ability to improve 
the efficiency of DNA vaccines (Nguyen et al., 2009). Advantages for using these 
delivery systems include increased safety, acceptability and treatment compliance; 
increased efficacy linked to a broader tissue distribution of the antigen; ease of use 
leading to self-administration; and administration of smaller doses of the antigen.

Polymeric nanoparticles are critical to a wide range of emerging applications, including
in-vivo drug and gene delivery, and immunodiagnostics. A reliable, reproducible and 
efficient production method for synthesizing polymeric nanoparticles below 250 nm, 
however, has yet to be devised. The conventional techniques currently employed, which 
include solvent evaporation/extraction, spray drying, and nanoprecipitation typically 
require multi-step procedures, the use of a considerable amount of solvent, and often 
result in a wide distribution of particle sizes. The formulation of DNA in polymeric 
materials has proven to be a very effective strategy for passively targeting vaccines to 
pro-Antigen Presenting Cells (APC) and protects DNA from nuclease degradation. The 
polymeric system also provides a method of controlling release rates of DNA, which
may be important for timing immune responses by coordinating dendritic cells 
migration to lymph nodes, maturation, and presentation of costimulatory molecules,
peak gene expression, and antigen presentation. Significant efforts have been made to 
improve polymeric formulations for DNA vaccination by changing polymer physical 
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chemistry (molecular weight, hydrophilicity), methods of formulation, and addition of 
secondary materials such as cationic transfection agents.

In this work we demonstrate the use of surface acoustic wave (SAW) atomization
together with a non-uniform evaporation and nucleation process to give monodisperse 
nanoparticles (Fig. 1). SAW atomization is a straightforward and energy efficient 
technique to generate relatively homogeneous particle size distributions that can be 
carried out on a chip-scale microdevice for portable drug delivery applications or scaled 
up for industrial production. It provides direct control over the size of the particles 
through adjustment of the operating frequency of the ultrasonic vibration and physical 
characteristics of fluid (viscosity and surface tension) (Qi et al., 2008). The droplet size 
can be estimated by using Equation (1) (Qi et al., 2008). We will use this technology to 
create biodegradable nanoparticles with narrow size distribution for DNA delivery.

drop
RD (1) , 

where : capillary wave wavelength; : fluid viscosity; : surface tension; R: 
characteristic film or drop dimension 

Fig. 1: Interaction of the SAW with a fluid drop causes the drop to deform into 
asymmetric conical shape leaning roughly at an angle corresponding to the Rayleigh 

angle R

METHODOLOGY

; and the elliptical trajectory of the particle elements on the surface as the SAW 
Rayleigh wave traverses the surface. Atomization of the liquid occurs from the free 

surface of the irradiated drop (Qi et al., 2008).
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Fig. 2: Schematic representation of the nanoparticles generation system used in the 
study.

The polymeric solution was prepared by dissolving poly(D,L-lactide-co-glycolide) 50:50
(PLGA, Sigma-Aldrich), molecular weight (MW) 15000 Da in acetone (99.5%, 
LabScan) to create feedstock solution of PLGA at several % w/v (Tab. 1). The polymer 
solution feedstock was pumped onto the surface of low loss piezoelectric material 
lithium niobate (LiNbO3

RESULTS AND DISCUSSION

or LN). When a sinusoidal electrical signal is transmitted
across the interdigital transducer (IDT), a SAW is generated perpendicular to the 
fingers’ long axis and along the x axis of the substrate from both apertures (sides) of the 
IDT. The interaction of the SAW with the polymer solution causes acoustic streaming 
and sub-harmonic capillary wave to generate. When the acoustic stress exceeds the 
capillary stress, destabilization of the polymer solution surface causes atomisation which
creates fine continuous droplets. The particles atomised via SAW are subsequently 
dried, drawn via a pump, through a 3m long PVC tube immersed in a hot water bath 
water held at temperatures of 40-50°C. Size distribution of the nanoparticles were 
determined using a Malvern Zetasizer Nano ZS series (ZEN 3600). The measurement 
values were analyzed by using the system software (Dispersion Technology Software, 
version 4.20, Malvern Instruments Ltd.) and their morphology studied using Scanning 
Electron Microscopy (SEM) using a JOEL 7001F field emission electron microscope 
(Monash Centre for Electron Microscopy) operated an accelerating voltage of 30KV.

In this study, the polymer concentrations in the range of 0.25 – 1.0% (w/v) have been 
studied for their effect on the nanoparticles. The physical properties of PLGA in acetone 
are reported in Tab. 1. The increase in the solid content of polymer solution affected the 
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size distribution as seen in Fig. 3; the size distribution shifted to a larger size range 
when the polymer concentration was changed from 0.25% to 1%. Although viscosity of 
polymer solution increases with an increase in solid content, according to Equation (1) 
the droplet size should be smaller. However, the solid content was the determine factor 
when we collected the nanoparticles in collection fluid, where the acetone evaporated
and polymer hardened. This is possibly due to the curling of the branches of the polymer 
around the core (Fig. 4) of the spherical particles (confirmed using SEM imaging also
shown in Fig. 5) during the drying process. In addition to this observation, concentration 
of surfactant, poly(vinyl alcohol) (PVA, MW = 50000), was studied for its effect on the 
size distribution of hardened nanoparticles. As shown in Fig. 6, the 4% PVA give better 
and narrower size distribution as compared to 0.5% PVA since imparts better stability 
for nanoemulsions.

Tab. 1: Properties of poly(D,L-lactide-co-glycolide) in acetone

PLGA (%, w/v) in 
acetone Density (kg m-3) Surface tension, a

(N m-1) Viscosity, b (Pa s)

0.25 761.8 0.0238 3.31

0.5 780.9 0.0252 3.42

1.0 797.7 0.0260 3.53
a Surface tension was measured via the capillary rise method at ambient conditions 
(T=23 C).
b

.

Viscosity was measured using a glass capillary viscometer at 20 C.
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Fig. 3: Size distributions of PLGA nanoparticles produced with different %w/v and 
collected in collection fluid with 0.5% PVA as surfactant. 

Fig. 4: A schematic representation of a solution containing PLGA (50/50) polymer
being atomized by the surface acoustic waves. The schematic of droplet A showing an

atomized particle containing a polymer of PLGA. As the droplet dries, the acetone 
evaporates and the branches of the polymer curl in around the core in B. The size of the 
resulting nanoparticle in C can be fine-tuned by varying the concentration of the original 

solution.
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Fig.5: Scanning Electron Microscopic images showing spherical morphology of PLGA 
nanoparticles, collected in surfactant that were atomised via Surface Acoustic Waves.
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Fig. 6: Size distributions of PLGA nanoparticles in different concentrations of 
surfactant, poly(vinyl alcohol) (PVA, MW = 50000 Da) in collection fluid.

CONCLUSIONS
A reliable method to generate biodegradable polymer nanoparticles has been described, 
and relative to most other generation methods, this method is simple and straight 
forward. Suitable size ranges of nanoparticles have been obtained for usage in DNA 
delivery with further functionalization. 
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ABSTRACT

A miniaturized portable nebulizer platform has its distinct advantages in the current pulmonary drug delivery
market for the treatments of both respiratory and non-respiratory conditions. An efficient hand-held nebulizer
system also requires the optimization of the usage of available power systems in the simplest manner. Amplitude
modulation (AM) is presented as a simple yet effective means for optimising the power requirement for a microflu-
idic nebulizer driven by surface acoustic waves (SAW). The effect of the AM on shear-sensitive biomolecules are
shown to be minimal. Energy savings of around 40% can be obtained with more efficient atomisation achieved
with AM less than 10 kHz. Together with these advantages, AM having little effect of the mean aerosol diameter,
particularly important when therapies are to be targeted for the deep lung regions, holds great promise for its
use in the SAW nebulizers for non-invasive inhalation therapy.

Keywords: Amplitude modulation, surface acoustic wave, atomisation

1. INTRODUCTION

Inhalation therapy represents a highly sort after means for the non-invasive treatment of lung diseases such
as asthma, COPD, and cystic fibrosis and influenza due to reasons such large surface area offered by the lung
that is lined by a thin epithelium being highly vascularised for the fast absorption of the drugs involved in the
treatments1,2

More recent developments in the miniature chip-based microfludic nebulization platforms for inhalation ther-
apy, offers several advantages compared to the conventional nebulizers .3 The microfabricated nebulizers can
be designed such that the dimensions of the features are easily adjustable, whereas conventional nebulizers are
mostly limited to the available tubing size.4 Additionally, the nebulizer chip can be mass produced allowing low
cost of production. Most conventional nebulizers require time consuming and cumbersome assembly whereas
nebulizer chips more convenient to use .5

A novel microfludic based platform for the delivery of pulmonary drug therapies such as plasmid DNA based
vaccines ,6 proteins and other bimolecules 3,7 has been recently developed using surface acoustic wave (SAW)
nebulization. The SAW waves are an efficient method of transferring energy (1–3 W) into a fluid since they
are MHz to GHz-order, transverse-axial polarized elliptical electroacoustic waves (displacement amplitudes of
few nanometers) that are confined to a low-loss piezoelectric material (in this case single-crystal lithium niobate
(LiNbO3)) housing the fluid. The SAWwaves generated by a sinusoidal electric field between the interlaced fingers
of an interdigital transducer (IDT) electrode where the wave interaction with the fluid causes destabilization of
the interface of the parent liquid volume containing the drug solution by overcoming the capillary stress to
produce sub micron order aerosols within the optimum respirable size range (1–5μm) necessary for deep lung
delivery .8–10

Importantly, cavitational damage is largely absent during SAW nebulization when compared to conventional
ultrasonic nebulizers that employ opeational freqeuncies that range from 10 kHz-1 MHz. On the other hand,
SAW devices operate at much high frequencies(of the 10-100 MHz order) the shear damage to the drug molecules
is minimal since the period of the induced vibrations is much shorter than the molecular relaxation time scale
associated with large molecules in liquids .11,12

Moreover, the high lung delivery efficiencies attributed with SAW technology, demonstrated previously when
a short-acting β2-agonist salbutamol was nebulized, a successful respirable fraction greater than 70%, which far
exceeds the typical 30–40% lung dose obtained through current nebulisation technology , thus proves the ability
to precisely manipulate the droplet size and flow rate for deep lung delivery .3



Despite these attractive advantages, the bulky nature of power systems that drive the microfludic devices
including the SAW devices, largely attributed to the battery systems that occupy significant fractions of both mass
and volume of the entire device somewhat retards their place in the current inhalation therapy market.13Thus
the resulting need for efficient power generation methods to enable portability has lead to the investigation of
optimization of the usage of available power systems.

Previously, modifications to the design such as adding a beam compressor, which consisted of a horn and a
waveguide, was shown to be effective at reducing the required driving power by three times to achieve continuous
wave atomisation with a comparable SAW nebulizer. However, the performance was depended an the pump gap
which is difficult to manage if the device was desirably made portable.

Modification of the input power signal represents a effective yet simple means of achieving improved power
efficiencies. Pulse width modulation (PWM) at 1 kHz, where switching the signal on and off for a short period
has been used to optimise the power delivered to a comparable SAW device .14 However, naturally PWM does
not prove useful for optimization of sinusoidal signals.

In such a case, Amplitude modulation (AM) lends useful since the technique is already widely used in radio
communication applications where the sinusoidal radio-frequency signal is modulated by an audio-frequency
signal before transmission. The power of the transmitting signal is thus concentrated at the carrier frequency,
and hence presents an useful means of power optimization. During the application of AM to SAW nebulization,
it is important to appreciate that the the aerosol generation mechanism in SAW atomisation is due to the
capillary-viscous damping of the atomising fluid. As a result, the resonant frequency of the capillary wave will
usually be in the order of 1–10 kHz .15 Therefore, if a carrier signal at the resonant capillary frequency level
can be introduced into the driving signal of SAW, we expect to have the acoustic energy to be concentrated and
subsequently cause more efficient SAW atomisation.

2. EXPERIMENTS AND MATERIALS

Here, we used the focused 30 MHz SAW device in our experiments. This device consists of a low-loss piezoelectric
material, 127.86◦ Y –X-rotated single-crystal lithium niobate (LiNbO3), sputtered with chromium-aluminum
Single-Phase Uni-Directional Transducers (SPUDT) via standard UV photolithography processes.16 The curved
shape of the transducers enhances the acoustic energy at the focal point at which point we place the liquid for
optimal energy delivery. Images of a SAW atomizer and the SPUDT electrodes layout can be seen in Fig. 1(a)
and (b).

Regarding the liquid supply, we employed a paper-wick embedded capillary tube as an automatic liquid
delivery system.7 Specifically, when a wet paper is placed on the SAW device, a meniscus is formed between the
paper and SAW device substrate. It is then the Schlichting streaming (or boundary layer streaming),17,18 that
causes the SAW wave to pull the liquid out of the paper for continuous atomisation, as shown in Fig. 1(c). As
at one end of the paper strip, the liquid is being consumed to cause atomisation, at the other end of the paper
will be able to draw the liquid from the capillary tube that connects to the fluid reservoir. In such case, the flow
rate in the capillary tube can be approximately considered as the atomisation rate.

Following experiments were performed in order to study the effect of amplitude modulation (AM) on SAW
atomisation.

Effect of AM on the Rate of atomisation In this study, we used deionized water as the model fluid. The
capillary tube was marked at every 0.5 cm and the time was recorded for the flow of water between
two consecutive markers, as shown in Fig. 1(a). Experiments were repeated three times at each sample
modulation frequencies, which were chosen as 500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz sinusoidal
signals, respectively. As the purpose of using AM is to achieve efficient atomisation while consuming less
energy, therefore, with AM, the power input was kept at low levels (eg. 1.5 W and 2 W). In comparison
with the experiments that were conducted for the observation the atomisation rate without the application
of AM, applied power levels of 1.5 W, 2 W, 3 W and 4 W were investigated.



Figure 1. (a) Image of a working 30 MHz SPUDT SAW device with a paper strip embedded capillary tube as an automatic
liquid delivery system. In order to record the flow rate, the capillary tube was marked at every 0.5 cm. (b) is the enlarged
SPUDT electrodes layout captured under microscope. λSAW representing the SAW wavelength, for a 30 MHz device,
λSAW=132 μm.(c) is the illustration of the SAW atomisation occurring on a liquid film which is formed at the tip of a
wet paper strip. (d) shows the atomisation of pDNA and the antibody in a confined area. Aerosols condense on the wall
and be collected subsequently.

Effect of AM modulation on Aerosol Size Distribution The aerosol size distributions of the DI water
droplets were measured via the laser diffraction based Spraytec (Malvern Instruments, UK) for measure-
ment covering the desired 1-10 μm range for pulmonary delivery. In order to characterise the aerosol
size distribution, Dv50 (volume median diameter, representing the 50th percentile of volume size distribu-
tion)was recorded during the measurements.

SAW atomisation, which operates at high frequency (>10 MHz), was previously demonstrated to be safe
platform for delivering many biomolecules compared other atomisation methods,6,7 including shear-sensitive
plasmid DNA molecules. As the modulation frequency is at a much lower range, 0.5–40 kHz, its effects when
delivering biomolecules are therefore needed to be investigated. We choose the rabbit anti-YFP antiserum
solution (diluted at 1:20) molecule as a model drug. Specifically, atomisation was performed in a confined area,
a 50 ml conical Falcon tube (BD Bioscience, USA), as shown in Fig. 1(d). The antibody was then detected using
dot blot analysed when 5μl of YFP protein solution was dotted onto PolyScreen PVDF transfer membrane for
immunoblotting. The membranes were incubated in TBS/T (0.05M Tris-HCl pH 7.4, 0.15M NaCl, 0.05% Tween
20) containing 5% non-fat milk powder overnight at 4◦. Subsequently, the membranes were probed with the
atomised anti-YFP antiserum solutions for 1 h at room temperature, and washed three times in TBS/T for 10 min
each time. Primary antibody reactivity to immunoblotted proteins was detected with anti-rabbit immunoglobulin
conjugated to horse radish peroxidase (HRP) (Silenus Laboratories). The HRP was visualized by Renaissance
Western Blot Chemiluminescence Reagnet (NEN Life Science Products, PerkinElmer, Massachusetts, USA).
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Figure 2. (a) atomisation without AM with input power of 1.5 W, 2 W, 3 W and 4 W. (b) atomisation at 1.5 W and 2
W, with AM at 500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz, respectively.

3. RESULTS AND DISCUSSION

3.1 Comparison of atomisation rate

Figure 2 shows the SAW atomisation rate at each power level, with and without the application of AM. In
order to maximise the atomisation efficiency whilst consuming less power, AM was only carried out at relatively
low power levels (1.5 W and 2 W). As shown in Fig. 2(a), with limited power input (1.5 W and 2 W), the
atomisation rates are only 23.4±2.1 μl/min 50.8±2.2 μl/min, while as shown in Fig. 2(b), the atomisation rate
was impressively optimised with the effect of AM. In general, with AM, the atomisation at 1.5 W and 2 W
are approximately at the same level of atomisation with 2.5 W and 3 W power input, respectively, suggesting
the energy is saved by nearly 40%. Specifically, more efficient atomisation was achieved with AM less than 10
kHz. We believe that this is due to the SAW atomisation mechanism. SAW atomisation, although operating at
very high frequencies ( 10 MHz), is indeed the result of capillary-viscous damping. The capillary frequency of a
thin water film, at which the capillary wave is destabilized, is in the order of 1–10 kHz.15 Hence, AM at lower
frequencies clearly improves the atomisation effect by magnifying the capillary resonances.

3.2 Comparison of Aerosol size

The formation of aerosol occurs as a result of capillary-viscous damping19,20 and the aerosol size D is therefore

governed by D ∼ λ ∼ γH2

μfcL2 , where γ and μ are the surface tension and viscosity of the fluid being nebulized,

fc is the resonant capillary frequency which usually in the order of 1–10 kHz. H/L is the characteristic length
scale of the drop/film on the SAW device substrate for atomisation.15 We do not expect that the capillary
break-up mechanism will be changed through the introduction of an AM signal, whereas the only effect would
be to concentrate the transmitting energy at the carrier frequency (eg. 1–10 kHz).

As shown in the above equation, for a certain type of fluids, eg. water in our case, the difference of aerosol size
is a result of variant characteristic length scale of the water drop/film being nebulized. Generally, at relatively
higher power level, the fluids can be moved to the edge of the device and form a conical shaped drop, resulting
in a large H/L ratio and hence larger aerosol size; while at lower power levels, the fluid is more likely to spread
out into a film with smaller H/L ratio and hence a smaller aerosol size would be obtained.3,15 This is consistent
with the result in Tab. 1., with no AM, aerosol size distribution is obviously smaller at lower power level (1.5–2
W), compared to those obtained at the relatively higher power levels (> 3 W).

Since AM at low power magnifies the capillary resonances by concentrating the acoustic energy at, or near
the resonant frequencies, the atomising fluid is expected to experience a more powerful excitation, similar to
the effects observed when a higher power input is applied. Therefore, we expect the aerosol size to have a
slight increase in size, as shown in Tab. 1. More specifically, when comparing these results to the observations in
Fig. 2, AM at 500 Hz–10 kHz presents a higher flow rate, suggesting a stronger atomisation, which is interestingly
consistent with relatively larger aerosol size distribution observed in Tab. 1. Moreover, effects of 40 kHz AM for
either 1.5 W or 2 W are the least and the aerosol sizes are hence the smallest.



Input power (W)
Frequency of AM  

applied
D50 /μm

1.5 none 7.29 ± 0.90

2 none 8.53 ± 1.06

3 none 10.51 ± 1.09

4 none 10.18 ± 0.70

2 500 Hz 9.69 ±1.38

1 kHz 11.25 ± 0.61

5 kHz 9.15 ± 0.53

10 kHz 9.01 ± 1.36

20 kHz 8.13 ± 0.10

40 kHz 7.80 ±0.34

1.5 500 Hz 9.75 ± 1.89

1 kHz 8.55 ±0.72

5 kHz 7.94 ± 0.08

10 kHz 8.63 ± 0.89

20 kHz 8.32 ± 0.15

40 kHz 7.76 ± 0.21

Table 1. Aerosol droplet diameter from the nebulization without AM with input power of 1.5 W, 2 W, 3 W and 4 W
and nebulisation at 1.5 W and 2 W, with AM at 500 Hz, 1 kHz, 5 kHz, 10 kHz, 20 kHz and 40 kHz. Note that for
every setting, atomisation was repeated 4 times and each atomisation was kept running for 20 seconds with 50 data were
sampled at every second. Therefore 1000 data points were collected for each atomisation. The data presented at the right
column is therefore the average of 4000 aerosol sizes.

Figure 3. The post-atomised antibody samples nebulized with AM modulation at various frequencies were spotted on
a dot blot showing the conservation of the bioactivity of the post-atomisation where lane 1: original sample , lane 2:
atomisation without AM with power at 1.5W, lanes 3–8: atomisation with AM (1.5W) at 500 Hz, 1 kHz, 5 kHz, 10 kHz,
20 kHz and 40 kHz, respectively.

3.3 Physical stability of bio molecules post-atomisation

Antibodies constitute both sensitive and fragile proteins of which their bioactivity once tested post-atomisation
will eliminate the safety concerns when using AM to deliver similar protein and peptide based drugs via inhalation.
The dot blot in Fig. 3 confirms that there is no observed degradation of the active sites of the protein molecule
during amplitude modulation at all investigated frequencies as YFP protein was spotted using the post-atomised
rabbit anti-YFP antiserum solutions. These observations suggest AM causes no obvious damage to active site
of protein molecules thus preserving its bioactivity, lending further confidence in the use of AM as an efficient
mechanism for the power optimisation for the aerosol delivery of a wide range of drugs.



4. CONCLUSION

We have demonstrated the feasibility of using amplitude modulation for the effective SAW nebulization of future
bio-therapeutics . The retained bioactivity of the atomisation of antibody molecules recovered after atomisation
suggests that many protein based drugs can survive the AM optimized SAW nebulisation. Using the technique,
the power consumption can be reduced by 40% with little effect on the mean aerosol aerosol diameters produced.
This work therefore holds great promise for the development of a battery driven hand-held SAW nebulizer for
pulmonary drug delivery purposes.

5. ACKNOWLEDGMENTS

The authors thank the Asthma Foundation Victoria (Australia) for the funding of ”2011 Hon Walter Jona
Paediatric Research Grant“.

REFERENCES

[1] S. Newman, J. Agnew, D. Pavia, and S. Clarke, “Inhaled aerosols: lung depostion and clinixcal appliactions,”
Clin. Phys. Physiol. Meas. 3, pp. 1–12, 1982.

[2] B. L. Laube, “The expanding role of aerosols in systemic drug delivery, gene therapy, and vaccination,”
Respiratory Care 50, pp. 1161–1176, 2005.

[3] A. Qi, J. R. Friend, and L. Y. Yeo, “Miniature inhalation therapy platform using surface acoustic wave
microfluidic atomization,” Lab on a Chip 9, pp. 2184–2193, 2009.

[4] A. K. Sen, J. Darabi, and D. R. Knapp, “Design, fabrication and test of a microfluidic nebulizer chip for
desorption electrospray ionization mass spectrometry,” Sens Actuators B Chem. 137, p. 78979, 2009.

[5] M. B. Dolovich, D. R. Hess, R. Dhand, and G. C. Smaldone, “Device selection and outcomes of aerosol
therapy: Evidence-based guidelines,” Chest 127, pp. 335–371, 2005.

[6] A. Rajapaksa, J. Ho, L. Yeo, J. Friend, M. P.McIntosh, D. Piedrafita, E. Meeusen, and D. A. V. Morton,
“Pulmonary gene delivery platform via ultrafast microfluidics,” in Advances in Microfluidics and Nanoflu-
idics and Asian-Pacific International Symposium on Lab on Chip, 2011.

[7] A. Qi, L. Yeo, J. Friend, and J. Ho, “The extraction of liquid, protein molecules and yeast cells from paper
through surface acoustic wave atomization,” Lab on a Chip 10, pp. 470–476, 2010.

[8] P. Barnes, “New treatments for chronic obstructive pulmonary disease,” Current Opinion in Pharmacology 1,
pp. 217–222, 2001.

[9] G. Scheuch, M. J. Kohlhaeufl, P. Brand, and R. Siekmeier, “Clinical perspectives on pulmonary systemic
and macromolecular delivery,” Advanced Drug Delivery Reviews 58, pp. 996–1008, 2006.

[10] H. W. Frijlink and A. H. D. Boer, “Dry powder inhalers for pulmonary drug delivery,” Expert Opinion on
Drug Delivery 1, pp. 67–86, 2004.

[11] D. Oxtoby, “Vibrational relaxation in liquids,” Annual Review of Physical Chemistry 32, pp. 77–101, 1981.

[12] C. C. Hsieh, A. Balducci, and P. S. Doyle, “An experimental study of dna rotational relaxation time in
nanoslits,” Macromolecules 40, pp. 5196–5205, 2007.

[13] L. Y. Yeo, J. R. Friend, M. P. McIntosh, E. Meeusen, and D. Morton, “Ultrasonic nebulization platforms
for pulmonary drug delivery,” Expert Opinion on Drug Delivery 7, pp. 663–679, 2010.

[14] K. Nagase, J. Friend, T. Ishii, K. Nakamura, and S. Ueha, “A study of new ultrasonic (sic) atomizing by two
parallel saw devices,” in Proceedings of the 22nd Symposium on Ultrasonic Electronics, P3-49, pp. 377–378
(in Japanese), (Ebina, Japan), 2001.

[15] A. Qi, L. Yeo, and J. Friend, “Interfacial destabilization and atomization driven by surface acoustic waves,”
Physics of Fluids 20, p. 074103, 2008.

[16] L. Y. Yeo and J. R. Friend, “Ultrafast microfluidics using surface acoustic waves,” Biomicrofluidics 3,
p. 012002, 2009.

[17] S. Hardt and F. Schönfeld, Microfluidic Technologies for Miniaturized Analysis Systems, Springer, 2007.

[18] W. P. Mason, ed., Physical acoustics, Academic Press, 1965.

[19] L. Y. Yeo, D. Lastochkin, S.-C. Wang, and H.-C. Chang, “A new ac electrospray mechanism by maxwell-
wagner polarization and capillary resonance,” Physical Review Letters 92, p. 133902, 2004.



[20] Y.-J. Chen and P. H. Steen, “Dynamics of inviscid capillary breakup: collapse and pinchoff of a film bridge,”
Journal of Fluid Mechanics 341, pp. 245–267, 1997.



Appendix G

A Business Case for Respire R©: A
Novel Nebulizer for Pulmonary Drug
Delivery

Rajapaksa, A. E.

Graduate Certificate in Research Commercialisation

Monash University, Australia

November 2011

160



   11 NOVEMBER 2011 

  BUSINESS CASE FOR RESPIRE® 

Monash University, Clayton 

 

Respire®: A Novel Nebulizer for Pulmonary 

Drug Delivery 
 

 

 



  

BUSINESS CASE FOR RESPIRE®  PAGE   

 



 

BUSINESS CASE – RESPIRE®  PAGE   

 



 

BUSINESS CASE – RESPIRE®  PAGE   

 

 

Section 

 

The proposal seeks funding to develop the Respire® nebuliser – a ‘first in class’ Surface Acoustic 

Wave (SAW) based nebuliser for the delivery of new liquid based formulations and drugs to the 

lungs. The use of SAW technology in a nebuliser is a paradigm shift for drug delivery to the lungs, 

enabling this as a route for the nebuliser based administration of a growing wave of biologic and 

nucleic acid medicaments. 

 

The aim is to use the funding to address some clear technical milestones to de-risk the technology 

opportunity, create value and execute a short term licensing deal for a medium term capital return 

to investors at an IRR requisite of early stage seed investment. 

 

The Respire® technology is a ‘first in class’ nebuliser based on Surface Acoustic Wave (SAW) 

technology for the delivery of atomised fluids containing novel medicament formulations to the lung. 

The competitive advantages of this technology are its ability to provide, orifice and mesh-free, 

uniformly-sized droplet mists during the inhalation cycle, with tunable size via changes to the liquid 

formulation to target specific sections of the lung, and the capacity to deliver both protein/peptide 

and nucleic acid based medicaments to the lungs. The last point, due to reduced shear in 

atomisation, provides a fundamental technical advance in drug delivery to the lung and opens a 

range of new drugs for tissue specific and/or systemic delivery to the lungs. 
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Respiratory drugs are the second largest therapeutic class and one of the fastest growing in the 

world. This is the result of the rising incidence of respiratory disorders together with innovations in 

pulmonary drug delivery technologies that are enabling new opportunities.  

 

However, delivering therapeutics to the lung presents a number of technical challenges. From the 

current array of pulmonary formulation technologies and devices, generally only 15%-30% of the 

drug is delivered to the lung, the rest lost in the device and in the mouth and throat of the patient as 

a consequence of a broad particle size range and incorrect usage of inhalers by the patient. Of 

these administered drugs, only around 20% (or 3-6% of the total administered dose) reaches the 

deep lung, a waste of drug and a serious problem in estimating the actual dose delivered. 

 

Driven by consumer demand, dry powder inhalation products are the fastest growing segment in 

this space. However, current drug options are essentially restricted to the delivery of small 

molecules for dry formulations, as larger molecules are degraded in the process of manufacture 

absent years of extraordinary effort (i.e., Relenza). The inability to straight forwardly formulate 

peptides and nucleic acids in dry particle form nor administer them in liquid formations with current 

technologies due to destructive shear during delivery inhibits the lungs being targeted with a 

burgeoning array of biologically based medications. 

 

The Respire® technology offers a both clinical use and handheld nebuliser with the capacity to 

administer biologically based medications to the lungs with dose control through delivery timing 

upon inhalation and a broad ability to control droplet size through formulation to target specific 

regions of the lung most affected by disease. This technology opportunity offers a paradigm shift in 

drug delivery to the lungs. 

 

The scientific team will be led by Professor James Friend and Associate Professor Leslie Yeo with 

commercial project management from respective Monash University nominated representatives. 

 

Investments of $365K would be required for the prototype development of the technology to enable 

successful launch of the technology into the market.  The total cost per device was estimated to be 
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around $15, with a small profit margin of 25%. A five year projected cash flows from the financial 

activities yielded a net present value of over $14M, indicating a highly profitable project.   

 

Monash University owns the IP. A license for rights to exploit the SAW technology, limited to the 

treatment of diabetes, has been executed with V-Patch Medical systems. 
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Section 

 

 

 

Inhalation therapy is the most efficient method for the treatment of lung disease because of its 

assessability and large surface area for therapy; further, pulmonary delivery constitutes a pain-free 

non-invasive route that circumvents the challenges and risks associated with parenteral routes.  

The attractiveness of pulmonary delivery of drugs for the treatment of respiratory diseases stems 

from the fact that topical drug deposition to lung gives a fast therapeutic effect and reduces 

systemic side effects. 1 The most commonly used pulmonary delivery devices include metered 

dose inhalers (MDIs), dry powder inhalers (DPIs), Breath-Activated Metered Dose Inhalers (BAIs), 

jet or ultrasonic nebulizers and electrohydrodynamic (EHD) devices. 

 

 

The world market for pulmonary drugs is currently dominated by medications for asthma, chronic 

obstructive pulmonary and emphysema diseases (See Figure 1). 

 is a lung disease caused by one or more health problems and includes chronic bronchitis 

and emphysema.2  COPD is the fourth leading cause of death in the USA3 and is among the top 10 

leading causes of death in Australian men and women.4 The illness causes serious long-term 

disability with little early warning signs.  Currently there is no known cure, and as a result more than 

12 million people are known to have COPD and up to 24 million undiagnosed cases. While COPD 

                                            
1 Birchall, J. Pulmonary delivery of nucleic acids. Expert Opinion on Drug Delivery 4, 575-578 (2007) 
2  The Australian Lung Foundation. COPD – emphysema and chronic bronchitis (fact sheet). Lutwyche, Queensland: ALF; 200 
3 New Survey Suggests Growing Awareness of COPD, Nation's Fourth Leading Killer, Available at [online] 
http://www.nih.gov/news/health/nov2008/nhlbi-13.htm [10th November 2011], (2008). 
4  Facts on COPD and Smoking Available at [online] Available at: http://www.cancerwa.asn.au/resources/2009-12-22-Facts-on-
COPD-and-smoking.pdf [10th November 2011], (2011). 
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treatments are commonly administered via the lungs, there are a growing number of anti-fibrotic 

biologic medicaments (i.e. mAbs) that may benefit in efficacy through direct administration to the 

lung. 

 is a chronic lung disease that inflames and narrows the airways. Asthma causes 

recurring periods of wheezing, chest tightness, shortness of breath, and coughing. In the United 

States, more than 22 million people are known to have asthma with nearly 6 million of these people 

being children.5 In 2007, asthma burdened the USA with direct health care costs of $14.7 billion; 

indirect costs (lost productivity) added another $5 billion.6 Asthma can be life threatening if not 

properly managed. In 2005 there were 3,884 documented deaths due to asthma (as per National 

Vital Statistics Reports).  

 constitutes hospital-Acquired, healthcare-associated 

and ventilator-associated pneumonias involving Gram-negative pneumonias are often the result of 

complications of other patient conditions or surgeries. Gram-negative pneumonia carries a mortality 

risk of over 50 percent in mechanically-ventilated patients and accounts for a substantial proportion 

of the pneumonias in intensive care units. In addition, there are 70,000 patients worldwide with CF. 
7 By the age of 18 years, more than 75% of CF patients are chronically infected with Pseudomonas 

aeruginosa. CF Foundation guidelines issued in 2007, call for chronic use of inhaled antibiotics in 

patients with moderate to severe lung disease and persistent infection with Pseudomonas 

aeruginosa in airways to prevent acute exacerbations and improve lung function. However, 

administration schedules with currently available options can be difficult for CF patients, leading to 

reduced adherence to therapy. Available data indicate that CF patients receive significantly less 

than the recommended number of courses of treatment per year. The pulmonary administration of 

antibiotics for CF patients chronically infected with Gram negative (i.e. Pseudomonas aeruginosa) 

or gram positive (i.e. MRSA) infections is a common area of commercial development and 

transaction in the pharmaceutical industry. 

                                            
5 Asthma Statistics, Available at [online] http://www.aafakc.org/statistics.html [9th November 2011], (2011). 
6 O’Day, By Ken et al., Asthma Disease Burden and Formulary Decision Making: MCO and Employer Perspectives, Available 
at [online] http://dbt.consultantlive.com/respiratory-treatments/content/article/1145628/1469635 [10th November 2011], (2009) 
7 Ranes, Justin L., Gordon, Steven, and Arroliga, Alejandro C., Hospital-Acquired,  Health Care–Associated,  and Ventilator-
Associated  Pneumonia, Available at [online] Available at: 
http://www.clevelandclinicmeded.com/medicalpubs/diseasemanagement/infectious-disease/health-care-associated-
pneumonia/ [10th November 2011], (2011). 
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 is the second-most commonly diagnosed cancer in both men and women.8 

Although some progress has been made in the treatment of lung cancer, it is still the most common 

cause of deaths due to cancer in the western world. In 2010, more than 222,000 new cases were 

expected to be diagnosed and about 157,000 Americans were expected to die from lung cancer. 8 

Currently, there are no anti-lung tumour medications administered via the pulmonary route. 

 

The rising incidence of respiratory disorders, growing prevalence of asthma and COPD as chronic 

lifestyle induced disorders, innovations in pulmonary drug delivery technologies, and improved 

patient outcomes, will stimulate global pulmonary drug delivery technologies market to reach 

US$37.7 billion by 2015.9 Primary drivers of growth, especially in the traditional pulmonary 

inhalables market, include rising incidence of respiratory disorders, growing prevalence of asthma 

and COPD as chronic lifestyle induced disorders, and increasing importance of drug self-

administration for chronic conditions.  Innovations in pharmaceutical formulations, the significant 

potential of protein-and peptide-based therapeutics, emergence of sophisticated inhaler device 

designs, consumer desire for alternatives to injections and growing obscurity between a drug and 

its delivery are few other factors, which currently guide growth patterns in the industry. 

 

                                            
8 About Lung Cancer, Available at [online]http://www.lungusa.org/lung-disease/lung-cancer/about-lung-cancer/ [10th November 
2011], (2011). 
9 Jose, San, Global Pulmonary Drug Delivery Technologies Market Is Projected to Reach US$37.7 Billion by 2015, According 
to New Report by Global Industry Analysts, Available at [online] www.prweb.com/printer/3720994.htm [31st September 2011], 
(2010). 
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Figure 1: Pulmonary Drug delivery; Revenue by application (U.S.) 1999-200910 

 

 

 

The respiratory disease market is becoming increasingly saturated for most drug classes, such 

as inhaled steroids and bronchodilators. Since this trend will continue in the near future, choice 

of device-rather than choice of drug-is set to become one of the driving forces behind 

pulmonary disease management. The development of novel devices with improved features is 

therefore become increasingly important for companies in order to differentiate their product 

offerings.11 

The principal behind pulmonary drug delivery is aerosolization of drug compounds to be delivered 

to bronchioles and alveoli. The available delivery systems include metered dose inhalers (MDIs), 

dry powder inhalers (DPIs), and nebulizers. MDIs were among the first to be introduced in the 

United States in the mid-1950s (See Figure 2). Since then, the technology continued to advance, 

                                            
10 Ajmani, Dhiraj, Pulmonary Drug Delivery: From Dreams to Reality, Available at [online] Available at: 
http://www.drugdeliverytech.com/ME2/dirmod.asp?sid=&nm=&type=Publishing&mod=Publications%3A%3AArticle&mid=8F3A7
027421841978F18BE895F87F791&tier=4&id=62F5FE3771B047AB9CE68A5D4B7769F8 [10th September 2011], (2008). 
11 Oversteegen, Lisette, Inhaled Medicines: Product Differentiation by Device. Innovations in Phamaceutical Technology 
(2008). 
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improving drug delivery efficiency and patient convenience. Following the Montreal Protocol, 

chlorofluorocarbons (CFC)-based MDIs are being phased out to be replaced by hydrofluoroalkane 

(HFA)-based MDIs. The first HFA-based MDI was introduced in the United States in 1995. 

Although DPIs were introduced in the 1970s, their use has been limited due to the overwhelming 

dominance of MDIs. Also triggered by the 1987 Montreal Protocol, the use of DPIs has been 

increasing in the United States. Nebulizers are generally used within hospital settings and provide 

continuous aerosol spray with the help of an external energy source. Patients who are unable to 

use hand-held inhalers also use these nebulizers. Technological advances within the pulmonary 

drug delivery technologies markets are taking place in non-CFC-based MDIs, DPIs, and liquid-

based inhalers (LBIs).12 

Nebulizers traditionally fall into two broad categories depending on their operating principles. Table 

1outlines the key features and limitations of the different types of nebulizers currently available. 

                                            
12 Ajmani, Dhiraj, Pulmonary Drug Delivery: From Dreams to Reality, Available at [online] Available at: 
http://www.drugdeliverytech.com/ME2/dirmod.asp?sid=&nm=&type=Publishing&mod=Publications%3A%3AArticle&mid=8F3A7
027421841978F18BE895F87F791&tier=4&id=62F5FE3771B047AB9CE68A5D4B7769F8 [10th September 2011], (2008). 
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Figure 2: Timeline of the development of inhaler devices for pulmonary diseases 

 

Table 1: Advantages and disadvantages of the three main types of portable inhaler devices 
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Table 2: Features and disadvantages of the three main types of portable inhaler devices 

 

 

The DPIs (compressor based) are the highest-selling group of devices in the lung delivery market based 

on revenues, while the pMDIs are sold on the highest volumes (See Figure 3). BAIs overcome many of 

the compliance disadvantages associated with DPIs and pMDIs (i.e. coordination with inhalation), but 

they represent only a small share of the market due to their relatively high price per standard unit of drug 

delivered and limited availability. The markets well-served by inexpensive pMDIs and DPIs use small-

molecule drugs like salbutamol that are effective at low doses yet are safe even at high doses, 

permitting the typically ineffective use of these delivery methods. Nebulisers form a small part of the 

market and are used to administer liquid formulations in the doctor’s office that could often be 

administered via MDI but need to be administered over a longer period of time, often to patients with 
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poorer capacity to inhale drugs and for acute incidences of a particular lung disease.  Further, 

nebulisers typically are always-on instruments, producing inhalable mists with a broad size range 

wasted as the patient exhales. For these reasons, nebulisers are more expensive per dose. 

Figure 3: Nebulizer Market for a total 100,000 units as of 2008 13 

 

 

 

 

Inhalers generally require either hand-inhalation coordination or passive breath-driven 

aerosolisation, rendering them ineffective for many patients unable to self-medicate, suffering from 

severe forms of chronic obstructive pulmonary disease (COPD).14 In addition, macromolecules 

such as pDNA are not soluble in propellants and have to be formulated as solid dispersed systems, 

resulting in instability of the formulations for practical use.15 A significant limitation in the use of 

nebulizers for pulmonary gene delivery to date arises due to the denaturing of non-complexed DNA 

as a consequence of the large hydrodynamic shear stresses or shock waves that arise during the 

jet or ultrasonic nebulization process.16 Although active aerosolisation methods such as nebulizers 

are more appropriate for these specific patient groups, these nebulizers lack efficiency, usability 

and the flexibility to accommodate patient breathing and lung variability, thus catering the “one-size-

fits-all” strategy. 

                                            
13 "Competitive yet Growing Market of Nebulizers," Medical Buyer: Medical Equipment and Devices 2009 
14 "Inhaler technique in adults with asthma or COPD: Information paper for health professionals," 2008. 
15 D. Lu and A. Hickey, "Pulmonary vaccine delivery," Expert Review of Vaccines, vol. 6, pp. 213-226, 2007. 
16 Arulmuthu, Eugene R. et al., Studies on aerosol delivery of plasmid DNA using a mesh nebulizer. Biotechnol. Bioeng. 98 (5), 
939 (2007) 
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Moreover, the delivery of sufficient drug into diseased lung remains challenging because it requires 

an inhaler which is able to generate drug particles in a narrow range of 1-5 m to achieve optimal 

lung deposition (1-2 m = Deep lung, 3-5 m = upper lung). 17  Current inhalers are simply unable 

to deliver, with published data showing over 50% of users with asthma cannot obtain the proper 

dose into their lungs due to improper use of the device. 18 The incidence of misdosage in the 

treatment of COPD is far higher because of the broad variety of lung capacities and physiology 

among people with this disease. Furthermore, the formulation of particles of a drug suitable for 

pMDI, DPI, and BAI delivery can significantly add to its development cost (>20%)—for drugs that 

can be formulated into dry particles; a substantial fraction of candidate drugs cannot survive spray 

or freeze drying.19  

 

Choosing a suitable device to administer a drug is therefore as crucial to effective treatment as the 

selection of the drug itself. Access to a well-designed device is essential to a company seeking to 

successfully differentiate their product. As such, there are opportunities in the respiratory market to 

gain market share by differentiation through matching an ideal inhaler device with an ideal drug. 

 

An ideal device could therefore lead to improved disease control. However, none of the devices on 

the market have all the characteristics of an ideal device, meaning that physicians need to 

compromise in hoping the beneficial outcomes in selecting a match between a device, a drug and a 

patient population overcome the drawbacks of the delivery technology. 

 

 

The Respire® technology is a ‘first in class’ nebuliser based on Surface Acoustic Wave (SAW) 

technology for the delivery of nebulised fluids containing biologically based medications to the lungs 

with dose control through delivery timing upon inhalation and a broad ability to control droplet size 

                                            
17 P. J. Barnes, "New treatments for chronic obstructive pulmonary disease," Current Opinion in Pharmacology, vol. 1, pp. 217-
222, 2001. 
18 Melani AS, Zanchetta D, Barbato N et al. Inhalation technique and variables associated with misuse of conventional metered-dose 
inhalers and newer dry powder inhalers in experienced adults. Ann Allergy Asthma Immunol 2004; 93: 439–46 
19 Oversteegen, Lisette, Inhaled Medicines: Product Differentiation by Device. Innovations in Phamaceutical Technology 
(2008). 
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through formulation to target specific regions of the lung most affected by disease. This technology 

opportunity offers a paradigm shift in drug delivery to the lungs.  

 

 

Our approach is to adopt a ubiquitous technology in another field but entirely new to drug delivery 

to eliminate these drawbacks. Surface acoustic wave technology has been used in mobile phones 

for years, multiplexing/demultiplexing voice and data in collision-free communication between many 

users’ phones and the communications towers placed about a region to provide service to these 

phones. It also has been a key means to provide a controlled frequency and as a timer as the most 

common type of device anachronistically called a crystal. For decades, fluids—especially isopropyl 

alcohol—have been used to identify the vibration of these materials and confirm their operation. 

Surprisingly, the idea to manipulate fluids and nebulise them into a mist awaited someone that 

realised the potential applications for such technology. 

 

In developing a miniaturized nebulizer using SAW technology we created a pulmonary drug 

delivery platform, termed Respire®.  Our data suggests that through SAW nebulization and refined 

formulation technology development, we can solve the formulation and aerosol problems for drug 

delivery to the lung and create a discreet, handheld nebulizer that will accommodate unique drug 

classes and patient variability in inhalation profiles and dosage needs. 

 

 

 

The Respire® system has number of applications in wide range of lung disease therapy markets 

such as COPD (Chronic Obstructive Lung Disease), Asthma, Cystic Fibrosis (CF) and Lung cancer 

each of which presents great potential for exploitation. Within these markets, due to the unique 

characteristics of the Respire technology, three other major market segments can be identified.  

 

Firstly, pulmonary delivery of small molecules (such as bronchodilators) for example in treatments 

for asthma would represent an already established market with standard unit-dose vials to be used 
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with the nebulizer system. Thus an initial market entry with such a product might provide the initial 

credibility in market place with some customers and access to local venture capital.  

 

Secondly, the pulmonary delivery of large difficult bio-molecules protein or gene therapy for the 

treatment of influenza, for applications in vaccination, constitutes a younger market with immense 

potential predicted to reach $484 million by 2015, with success yet to be achieved in developing 

completely curative therapeutic drugs.20 To date, only one gene therapy drug Gendicine, developed 

by Shenzhen SiBiono Gene Technologies Co., has been approved, which is marketed in China. 

Market predictions for gene therapy highly depend on the regulatory approval of products currently 

in clinical trials. Most gene therapy products for cancer and cardiovascular diseases are in Phase 

III/ Phase II of clinical trials. Cost of the treatment and disease population are the other factors that 

affect the gene therapy market. Funding and research developments and acceptance of gene 

therapy products to use in medicine are also expected to impact the market in the near future. 

Hence large investments will be required for the validation of the bimolecules together with the 

device and the benefits from these investments could only be reaped once the nebulizer is able to 

gain initial market trust. Hence the Respire® system for the delivery of biomolecules such as plasmi 

DNA vaccines is seen as a “next generation” type device.  

 

Thirdly, the stable drug creation using the novel layer-by layer technique driven by the Respire® 

technology for applications in both protein or gene therapy applications using biodegradable 

nanotechnology is also a young market with great potential. Currently, the healthcare 

nanotechnology market growth is largest in North America, at $4.75bn in 2009, followed by Europe 

at $3.65. 21 The nanotechnology drug delivery market is expected to grow at 21.7% for the period 

2009-14, to reach almost $16bn by 2014.22 Candidate partners for co-development of the device 

would include pharmaceutical and biotech drug developers looking to administer peptides (e.g. 

monoclonal antibodies) and/or nucleic acids (i.e. pDNA/SiRNA) to treat lung diseases that are 

either difficult to deliver systemically (i.e. require injections) and/or are difficult to deliver in a tissue 

specific manner (siRNA). A more specific example could be a pre-clinical stage or a clinically 

                                            
20 World Gene Therapy Market To Reach $484 Million By 2015, Available at [online] 
http://www.strategyr.com/Gene_Therapy_Market_Report.asp [10th November 2011], (2011). 
21 Biodegradable nanotechnology, Available at [online] 
http://www.altprofits.com/ref/ct/nbo/mao/biodegradable_nanotechnology.html [7th November 2011], (2011). 
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approved drug that could be/is used to treat a lung disease via I.V. injection that could benefit from 

an increase in therapeutic window and efficacy through direct administration to the lung. 

 

                                                                                                                                       
22 Biodegradable nanotechnology, Available at [online] 
http://www.altprofits.com/ref/ct/nbo/mao/biodegradable_nanotechnology.html [7th November 2011], (2011). 
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Section 

 

 

 

Since the preliminary work conducted in Japan during 2000-2, the majority of the scientific 

discoveries that where both fundamental and applied research, in micro to nano fluidics and 

acoustics were carried out by the research team led  by Professors James Friend and Leslie Yeo, 

at the Micro/Nanophysics Research Laboratory based at Monash University. The initial scientific 

work was funded by NanoVic during 2006-09, where the first working engineering prototype was 

made (See Appendix A for a list of historical events that led to the discovery of the technology). 

Following this work, a NHMRC Development grant was awarded during 2010-13 for the perusal of 

an animal trial for the further validation of the device. This work is currently underway at Monash 

University. 

 

 

Professor James Friend received his BS degree in aerospace engineering, and his MS and PhD 

degrees in mechanical engineering from the University of Missouri-Rolla in 1992, 1994, and 1998, 

respectively. James Friend joined Monash University in late 2004, and is currently a professor in 

the Department of Mechanical and Aerospace Engineering, with research interests in 

micro/nanodevices for biomedical applications.  

 

Associate Prof. Leslie Yeo is currently an Australian Research Fellow and Associate Professor in 

the Department of Mechanical & Aerospace Engineering and Co-Director of the Micro/Nanophysics 

Research Laboratory at Monash University, Australia. Dr Yeo received his PhD from Imperial 
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College London in 2002, His work has been featured widely in the media, for example, on the 

Australian Broadcasting Corporation’s science television program Catalyst and in various articles in 

Nature, Science, New Scientist, The Economist, The Washington Times, and The Sydney Morning 

Herald, amongst others.  

 

Since arriving at Monash University in 2004/5, Prof Friend and A/Prof Yeo have together 

aggressively pursued the commercialisation of their research at the Mico/Nanophysics Research 

Laboratory (MNRL). As co-directors of MNRL, both Friend and Yeo have jointly filed three 

international PCT patent and seven provisional patent applications in that time have commercially-

related research activity supported by Nanotechnology Victoria, CSIRO, MiniFAB and Varian. This 

continues from Friend’s and Yeo’s track record of patenting and commercial collaboration from their 

employment in USA and Japan, respectively. In the US, Yeo was involved with commercialisation 

of his research in AC electrokinetic devices for biomicrofluidic applications such as drug delivery, 

high throughput drug screening, miniaturised point-of-care medical diagnostics and biosensors at 

the Centre for Microfluidics and Medical Diagnostics (University of Notre Dame) through the 

Center’s spin-out company Microfluidic Applications Ltd. Between 2003 and 2005, Yeo had applied 

for 2 full US Utility patents and 3 provisional patents on a novel AC electrospray and 

microelectrohydrodynamic mixing and bioparticle manipulation device he had discovered. While in 

Japan, Friend had collaborations with GE Panametrics in the US, Taiheiyo Cement, Kaijo 

Corporation, Kyocera, NTT/DoCoMo, NEC/Tokin, Hitachi, and Tokyo Electron, had previous 

consulted with Varian on ultrasonic atomiser technology for IPMC mass spectroscopy, and has 

applied for seven patents currently progressing through the Japanese system on microactuator, 

fabrication, and application methods and devices developed from Friend’s research. Three of the 

patents have been licensed by Taiheiyo Cement Corporation, the largest advanced ceramics 

corporation in Japan, and two others by Kyocera and Tokyo Electron, respectively, reflecting their 

importance in microdevice fabrication and emerging microrobotics applications. 

Dr Qi obtained her PhD from Mechanical Engineering Monash University. She is the post-doc 

expert currently working under Prof Friend and A/Prof Yeo, who also conducted the initial scientific 
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work underlying the discovery followed by the development of the first prototype of the SAW 

nebulizer, as part of her doctorial studies. Currently she is working with the group in the active 

completion of the animal trails. 

 

Lead PhD student, pursing research under the supervision of Prof Friend and A/Prof Yeo at MNRL, 

on the pulmonary delivery of DNA vaccines via the “Respire” system.  During her doctorial studies, 

she led the research findings on a novel method of DNA vaccination to the lung using the Respire 

system that was thus far impossible to achieve by other means of nebulisation. She is now leading 

animal trials to validate the device in a biological setting. Throughout her research, she has 

optimised the device performance, and was able to demonstrate that via using an amplitude 

modulation scheme, significant power savings could be achieved and importantly with little to no 

effects on bio molecules being nebulised.  Several publications that encompass this work are under 

review and have obtained patent protection for her discoveries. 

 

Dr Peggy Chan received degree in bioprocess engineering, and Ph.D. in chemical engineering 

from University of New South Wales, Australia. She has actively participated in developing nano-

biomaterials for gene, siRNA and drug delivery. Her research interests are in the microfluidic 

biomaterials area, particularly in the development of microfluidic synthesized biomaterials for drug 

delivery with a strong research partnership with the MNRL team for the development of polymer 

nanoparticle generation for drug delivery and multilayer particles for targeted delivery via the SAW 

technology. 

 

Based at the Department of Physiology in Monash’s School of Biomedical Sciences, she is also 

Head of the Animal Biotechnology Research Laboratories (ABRL). In the treatment of asthma, 

Professor Meeusen’s group has developed a new sheep model of allergic asthma which displays 

similarities to human allergic asthma. Using the sheep model, asthma management systems such 
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as the Respire system is to be validated via a collaborative partnership between MNRL and ABRL 

that drives the animal work that is currently underway. 

Based at the Monash Institute of Medical Research, Monash University) – is a world expert in cell 

therapies, neonatal well being. A recent collaboration with MNRL hopes to use the Respire system 

for the delivery of Human Amnion Derived Epithelial Stem Cells (hAECs) to premature babies’ 

lungs that are underdeveloped, helping them to re-develop. 

 

Dr. Ho received her PhD from Chemical Engineering at Monash University with expertise in 

plasmids, nucleic acid and protein based therapeutics production, analysis, formulation and delivery 

for anti-malarial and anti-measles vaccines and drugs. Her research background immensely 

supported the research findings on a novel method of DNA vaccination to the lung using the 

Respire® system. 

 

Based at the Monash Institute of Pharmaceutical Sciences at Monash university) are experts in 

pharmacology and pharmacokinetics were involved in the initial characterisation of the first 

prototype in an in-vitro setting.  

 

 

Monash University has entered into a License and Pipeline agreement on the 3rd of February 2011 

with V-Patch Medical Systems granting them the commercialisation rights and access to the future 

developments to the Respire® technology limited to the field of diabetes treatment. 

 

V-Patch Medical Systems Limited develops medical systems for remote monitoring of patients vital 

signs in and out of the hospital environment. The company offers V-Patch Medical System (VMPS), 

an interactive system that collects, analyses, stores, and reports on human vital signs using 
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biosensors, R-F technology, cellular phone hardware, and the world wide Web. Its systems are 

used for long and short term monitoring in various fields, including cardiac diagnosis, clinical drug 

trials, cardiac rehabilitation, weight management, post-operative surveillance, sports medicine, and 

emergency medicine. The company is based in Victoria, Australia. According to the license 

agreement, V-Patch is obliged to pay 30% of all future costs relating to patent prosecution and 

maintenance fees. Potential future risks associated with this agreement is limited since the licence 

to V-Patch only allows the use of the technology only in a narrow field of diabetes treatment where 

Monash University has the rights for the exploitation of the Respire® technology for the in a wider 

range of applications due to its competitive advantages. 
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Section 

 

 

 

The researchers have developed a promising alternative to ultrasonic nebulization based on 

surface acoustic wave (SAW) atomization. Surface acoustic waves are MHz to GHz-order, 

transverse-axial polarized elliptical electroacoustic waves with displacement amplitudes of just a 

few nanometers. In the present invention, they are generated on and traverse the surface along the 

x-axis of 127.86o y-rotated single-crystal lithium niobate (LiNbO3), a low-cost piezoelectric material 

as a consequence of its ubiquitous usage in telecommunications for the past three decades. Unlike 

typical ultrasound, a bulk phenomenon, the SAW is confined close to the substrate surface, its 

amplitude decaying rapidly over a depth of four to five wavelengths (several hundred microns) into 

the substrate material, making mounting the device straightforward in contrast to standard 

ultrasonic atomisers. Further, compared to these same ultrasonic atomizers that consume power 

on the order of 10 W, SAW atomizers only consume between 0.5-3 W since most of the acoustic 

energy is isolated to a small region near the surface and efficiently transmitted into the fluid.  

 

Moreover, the 10-100 MHz order frequency employed in SAW devices, significantly higher than the 

10 kHz-1 MHz frequency range of typical ultrasonic devices, induces vibrations with a period much 

shorter than the molecular relaxation time scale associated with large molecules in liquids, and thus 

the risk of denaturing molecules or lysing cells is greatly reduced. Further, as the frequency is 

increased, the power required to induce cavitation increases far beyond what is needed for 

atomization, eliminating the effect of cavitation-induced lysis or shear in SAW atomizers. 
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The Respire® system generates monodisperse drug aerosols of controlled size, from 1 to 20 

microns in diameter in a range definable by the characteristics of the atomizing fluid and atomizer 

design; over many runs of the device, the range of the droplet mist diameter falls within 100% of the 

target diameter. Most desktop nebulisers produce broadly polydisperse mists, from a few microns 

to hundreds of microns in diameter, wasting drug in the process. Only the latest mesh nebulisers 

avoid this problem by driving fluid through the orifices of a mesh. However, a mesh is easily 

clogged, difficult to clean and any alterations to a drugs formulation will not alter droplet size. The  

 

Respire® technology is a simple without need for multiple steps and skills to operate, is efficient 

enough to operate using battery power, and can deliver even large doses of drug in a few 

inhalations due to reduced waste, in notable contrast to the large nebulizers that are a fixture of 

doctors’ offices. The design of the proposed device utilizes IC MEMS wafer-based manufacturing 

suitable for mass and therefore inexpensive production, making it practical for clinical translation. 

 

In an in-vitro proof-of-concept study using a short acting 2-agonist, the Respire® technology 

generated a mean aerosol diameter of 2.84±0.14 μm (See Figure 4). This lies within the optimum 

size range, confirmed by a twin-stage impinger lung model, demonstrating that approximately 70 to 

80% of the drug supplied to the atomizer is deposited within the lung as opposed to the typical 

30%–40% lung dose obtained through current nebulisation technologies. 
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Figure 4: Performance of the Respire® system in comparison to some commercially available 

nebulizers with respect to aerosol size characteristics produced via the nebulizer 

 

 

(a) Salbutamol solution nebulisation from as-supplied vial and without adjustment of fluid properties, showing a direct 

comparison of SAW atomisation versus other nebuliser technologies for delivery of a small molecule drug without formulation 

optimisation for the SAW Respire® system. All these devices will deliver such a drug to the lung based on these results. The 

SAW device allows such delivery with larger molecules (Figure 7), and by tailoring the fluid viscosity to the SAW technology the 

aerosol diameter can be substantially reduced (Figure 4 (b)).   

 

(b) Albuterol-Octanol atomization: aerosol size distribution acquired by using laser diffraction (a) size distribution based on 

aerosol number (b) size distribution based on aerosol volume. The column represents the number/volume of aerosols within 

different size bins with respect to the total number/volume of aerosols detected. The curve is the cumulative number/volume 

fraction. 
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Figure 5: Respire for the delivery of protein via inhalation showing little to no degradation once 

nebulized. 

 
Protein electropherograms of (a) ovalbumin solution and (b) BSA solution. The blue curves represent the original 

ovalbumin/BSA solution before loading paper-the control-and the red curves represent the averaged fluorescence responses 

of four ovalbumin and BSA samples after atomization, respectively. 

 

 

 

(c) The gel image of protein electropherograms. The first 

column on the left is the ladder associated with molecular 

masses from 19 kDa to 260 kDa. The ovalbumin control 

(OC) and BSA control (BC) columns stand for the original 

ovalbumin/BSA solutions before loading onto paper. 

Ovalbumin samples 1 and 2 (AO 1 and AO 2) and BSA 

samples 1 and 2 (AB 1 and AB 2) are examples of 

atomized protein molecules extracted from paper. 

 



 

BUSINESS CASE – RESPIRE®  PAGE   

 

Table 3 : Data obtained through protein electrophoresis  

 

 

The Respire® technology can also be used to produce encapsulated peptide therapeutics using 

the novel “layer by layer” approach in contrast to the conventional technique, however, a sacrificial 

colloidal template over which the polyelectrolyte layers are deposited is not required. Instead, 

polymer nanoparticles are synthesized by nebulizing the solution containing a biodegradable 

polymer and suspended within a solution in which the complementary polymer of opposite charge 

is dissolved. Re-nebulizing this suspension then produces nanocapsules with a layer of the second 

polymer deposited over a core comprising the initial polymer. Successive nebulization–suspension 

layering steps can then be repeated again and again to produce as many additional layers as 

desired for controlled drug delivery applications. Using this technique, the encapsulation of drugs 

and therapeutic molecules within biocompatible and biodegradable polymeric excipients offers 

tremendous opportunities for controlling and targeting the release of drugs in vivo. Furthermore, 

using multiple layers of polyelectrolytes to encapsulate a drug enables the selection of a release 

profile in order to deliver the drug over a specific time and in a specific location within the body. 

 

 

An initial market entry with fixated nebulizer in a clinical setting might provide the initial credibility in 

market place due to the incomplete development of a hand held, battery powered prototype at 

present. The clinical setting could be outpatient, emergency department (ED), hospitalized 

inpatient, or intensive care setting or even the ambulance setting with active supervision by health 
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care professional.  The fixated nebulizer would be inherently larger, where it would be powered by 

an external battery pack or the main power outlet where delivery upto 1000 hours would be 

possible for inhalation therapies such as protein vaccination (in a standard vial) could also be 

achieved through Respire Clinical. The power source (since this initial cost is high) would be leased 

to the customers and sales will be made from devices as they are consumed depending on the 

number of patients treated. 

 

Compared to nebulizers that are already in the market in a clinical setting, that are recognized as 

potential nosocomial infection agents23, the Respire Clinical system would address this issue by 

providing a “disposable device per patient” type system. The power source would remain attached 

to the main unit while a nebulizer chip with the drug cartridge could be replaced from patient to 

patient and disposed of once the inhalation therapy is complete 

 

Additionally, obtaining regulatory approval would also be slightly straightforward, as the application 

supporting the approval of a new nebulizer would be reviewed by the Center for Devices and 

Radiologic Health (CDRH) under section 510(k) of the Food, Drug, and Cosmetics Act, under which 

a nebulizer would be a class II device, in the case of USA. 24 It can be demonstrated that the new 

device is substantially similar to a previously available product in its performance and other key 

attributes. Respire Clinical would be developed to deliver medication from standard plastic unit-

dose vials (small molecules such as bronchodilators) and is intended to administer the drug in a 

manner consistent with instructions in the drug label and that there is no claim of unique clinical 

benefit from the drug administered via the new device.  In Australia, the regulatory framework for 

the re-manufacture of medical devices labelled as single use (SUDs) applies to those persons who, 

in the process of re-manufacturing a SUD, also meet the definition of a manufacturer under section 

41 BG Therapeutic Goods Act 1989. A TGA Conformity Assessment Certificate must be obtained 

through compliance with on site audit of the manufacturer’s quality management system to ISO 

13485:2003 (relates to the essential principles for safety and performance). 

 

                                            
23 Tai, Chia-Hua, Lin, Nien-Tsung, Peng, Tai-Chu, and Lee, Ru-Ping, Cleaning Small-Volume Nebulizers: The Efficacy of 
Different Reagents and Application Methods. Journal of Nursing Research 19 (1), 61 (2011). 
24 Meyer, Robert J, Bringing New Nebulizer Technologies to Market: Regulatory Issues. (The Science Journal of the American 
Association for Respiratory Care, 2002). 
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Respire industrial would be used to produce encapsulated peptide therapeutics using the novel 

“layer by layer” technology. Using this technique, the encapsulation of drugs and therapeutic 

molecules within biocompatible and biodegradable polymeric excipients offers tremendous 

opportunities for controlling and targeting the release of drugs in vivo.  

 

For this application, the portability of the Respire® nebulizer not a requirement and so can be 

potentially licensed out to a pharmaceutical and biotech drug developers looking to administer 

peptides (e.g. monoclonal antibodies) and/or nucleic acids (i.e. pDNA/SiRNA) to treat lung diseases 

that are either difficult to deliver systemically (i.e. require injections) and/or are difficult to deliver in a 

tissue specific manner (siRNA). A more specific example could be a pre-clinical stage or a clinically 

approved drug that could be/is used to treat a lung disease via I.V. injection that could benefit from 

an increase in therapeutic window and efficacy through direct administration to the lung. 

 

This would be the high volume generating product, where the hand-held SAW nebulizer would be 

used by a customer that is “on-the-go”, only realisable once the portable circuitry development is 

complete. The main unit would be battery powered with the nebulising compartment will be a 

“disposable chip (nebulizer chip with the drug cartridge) per treatment” type system. With such a 

system, hygiene is then not an issue when the intended use of the nebulizer is for the treatment of 

already ill patients. Similar regulatory approval would be required for the Mob Respire system as 

that for the Respire Clinical. 

 

This would be the next generation nebulizer solely intended for the delivery of large bio-molecules 

such as proteins, intended as vaccines or even plasmid DNA vaccines, the latter only realisable 

once the DNA vaccines are successfully demonstrated for its safety and immunogenicity in human 

clinical trials. 
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Currently, a patent that cover the technology underlying the operation of the device that is already 

at the PCT stage (See Table 4). 25 In addition to this, a recent invention disclosure regarding a 

power optimization strategy for the device to enable the device to be easily made portable and the 

novel “layer-by-layer” technology for the Respire® system was also filed at Monash University in 

order to protect these competitive advantages. 26,27  

 

More recently, our team has been working on a device casing in order to build a working prototype 

for the commercialization of the technology for future clinical testing (See Figure 6). However, the 

team has not yet registered this design under the Designs Act 2003. Obtaining such a registration is 

pivotal and would give rise to a marketable asset allowing the use of the product for commercial 

purposes and will provide an effective restriction to infringers from adopting a similar or even an 

identical design. A comprehensive investigation was undertaken in order to whether such design 

registration could be obtained where the proposed design was tested against the requirements of 

being “new and distinctive”, together other important considerations (See Appendix B). In 

summary, it was safely concluded that the investigated design for the Respire® system is both new 

and distinctive from the prior art base and that a successful design registration could be obtained.  

Since the current design drawings are protected under copyright law, a design application could be 

filed closer to when small-scale manufacturing of around 50 devices is intended of a product 

including design, possibly even prior to device being used in clinical setting, during which there may 

be public display of the design.  A design registration should also be requested from IP Australia to 

validate both new and distinctiveness of the design and also to protect the security of the design 

from infringement and unfair use.

 

 

                                            
25 A. Rajapaksa et al, ' Microfluidic Apparatus for the Atomisation of a Liquid’ [Patent at PCT stage] (WO/2010/129994) 
26A. Rajapaksa et al, 'Amplitude Modulation Scheme as a Route Towards the Miniaturisation of Low Power Surface Acoustic 
Wave Microfluidic Drug Delivery Platforms'  invention disclosure submitted in 2011 
27 Qi, A. et.al, “Synthesis of multilayer polymerical nanoparticles using surface acoustic wave atomization”, Invention disclosure 
submitted in 2011
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Table 4: Patent protection currently obtained around the Respire® technology 

 

Figure 6: The computer aided drawings showing several views of both the small and the large 

casings for Respire® 

  

 

(a) Front view including small and the 

large casings. 

(b) Cross section view of both casings 

where the red circle showing the drug 

dispenser. 

(c) A close up view of components in smaller 

casing, circled in red in image (b). 
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Monash University owns the IP rights to this technology. V-Patch systems have been licensed 

worldwide rights to the manufacture and use of the Respire® technology limited to the 

administration of medicaments for the treatment of diabetes. This agreement is the result of when 

commercialisation rights to the technology were held by NanoVentures. The agreement has since 

been novated to Monash University. 

 

 

The technology can also have potential applications in: 

 Analytical chemistry 

o Mass spectroscopy for enhanced detection of heavy metals in drinking water and 

drugs in human blood for example. 

o Direct interface with microfluidics devices, for RT-LAMP PCR and ELISA on-a-

chip to enable rapid detection of biologically relevant chemicals and processes. 

 Industrial 

o Polymer nanoparticle generation for drug delivery, including solid crystalline 

forms of proteins and peptides for injection and skin microneedle patch delivery, 

multilayer particles for targeted delivery and delayed release of up to two months. 

 Production of monodisperse, nonsedimenting aerosol mists of antibiotics for general 

disinfection in hospitals, fragrances and chemicals for air fresheners. 

 

 

More recently, a study was conducted by the research team whereby monodispersed aerosol-

laden plasmid DNA were produced using the Respire® system within a defined size range (0.5-5 

μm) suitable for efficient pulmonary delivery to the lower respiratory airways for optimal dose 

efficacy (See Figure 7 (a)). Due to the extremely efficient transfer of acoustic radiation from the 

substrate into a drop comprising the DNA solution, the drop interface is rapidly destabilized and 

breaks up to form micron dimension aerosol droplets containing the DNA. A solution containing a 

plasmid DNA (pDNA) vector encoding a potential malaria vaccine candidate, 45 kDa merozoite 

surface protein 4/5 (MSP4/5), was nebulized using both 20 and 30 MHz SAW devices. High levels 
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of gene expression was observed in western blots from in vitro experiments conducted using COS-

7 cells that were transfected with the condensed post-nebulized DNA. Further, in vivo gene 

expression of a condensed, un-protected plasmid DNA encoding a Yellow Florescent Protein (YFP) 

collected following SAW nebulization was observed in mouse lung epithelial cells, when delivered 

via intratracheal instillation (See Figure 7 (b)) . These, together with a low power requirement 

(typically 1 W) demonstrate the potential of the technology as a portable pulmonary delivery 

platform for gene therapy and DNA vaccination. 

 

Figure 7: Respire for the delivery of pDNA (plasmid DNA) to the lung showing promising results 

for both aerosol size requirements and bioactivity  

  
(a) Cumulative size distribution obtained from the 

nebulisation of 100 μg/ml pDNA with different glycerol 

weight ratios using a 30 MHz SAW device with SPUDTs 

under 3 W of applied RF power. The aerosol droplet 

diameters were measured by laser diffraction. 

(b) Western blot YFP expression in the supernatant 

obtained from homogenized mice lungs harvested 24 hrs 

post-transfection with the condensed VR1020-YFP 

plasmid, previously nebulised using a 30 MHz SAW 

device (left lane) compared to that of an untreated mouse 

lung (right lane). 

 

Despite, DNA vaccines being a third generation of new vaccines for humans, are either still in pre-

clinical development or in early stage clinical trials, awaiting successful demonstration of its safety 

and immunogenicity in human clinical trials. In fact, the DNA vaccine market is so young that the 

global market for these vaccines is expected to increase from $193.2 million this year to more than 

$2.7 billion in 2014, for a five-year compound annual growth rate of 69.5% 28. So it is only in time 

                                            
28 DNA Vaccines: Technologies and Global Markets, Available at [online] http://www.bccresearch.com/report/dna-vaccines-
markets-bio067a.html [28th September 2011], (2009). 
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that the successful nebulizer platform such as the SAW nebulizer could reap the benefits of being 

able to deliver highly sorted after vaccines of the future.  
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Section 

 

 

The use of SAW nebulisation will compete with existing nebulisers on the market that use a 

range of mechanisms to create a vapour, including jet nebulisation, ultrasonic wave 

nebulisation and ultrasonic vibrating mesh nebulisation.  

 

 

Key players operating in the marketplace in addition to those mentioned above include 3M Drug 

Delivery Systems Division, Akela Pharma Inc, Alkermes Inc, Aradigm Corporation, Inc, Chiesi 

Farmaceutici SpA, Consort Medical Plc, Dey Pharma L.P., Graceway Pharmaceuticals LLC, Oriel 

Therapeutics Inc, Sepracor Inc, SkyePharma Plc, Valois S.A.S., and Vectura Group Plc, among 

others. 

 

The major competitors for Respire® are nebulisers on the market and produced by developers 

such as: 

• Pari Pharma GmbH 

• Aerogen 

• Omron 

 

Omron is a large medical device company, while Aerogen and Pari Pharma are specialty 

pharma/biotech companies focused on developing drugs and delivery devices for treating lung 

disorders. 
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The use of SAW technology has several distinct competitive advantages over these 

technologies that may align these devices with suitable drugs for inhalation. The competitive 

advantages of the SAW nebuliser are summarised below: 

 Delivery of a broad variety of peptides and nucleic acids (NA) without the risk of shear 

damage 

 Mean droplet size (250 nm-10 μm) adjustable through formulation optimization 

(viscosity/surface tension) 

 Tailorable delivery time during inhalation cycle with atomization on demand (on/off in 30 

ms) 

 No mesh or orifices to clog with product: a solid-state nebulizer 

 

None of the companies above produce devices that have the competitive advantages of the SAW 

Respire® technology for the delivery of peptides and NAs. As such, these companies are potential 

natural acquirers as well as competitors. 

 

The researchers have developed a predictive comparator table based on Respire® data and 

disclosed data from various publications regarding competitor devices as outlined in Table 5 below. 
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Table 5: Comparative Overview of inhaler devices 

 
 

Other potential additional advantages associated with the Respire technology could also be noted, 

 

 Inexpensive materials that rely on scalable IC production techniques 

 Instantaneous atomization, from zero to full-power atomization in 20 microsec. 

 Ability to work with small fluid samples (down to 1 μl) 

 Hand-held battery powered technology 

 Clog-free atomization from an inert surface 

 Adjustable nebulisation rates from 0.001-1 ml/min 

 No heat associated degradation of drugs. 

 

These competitive advantages are significant and align this delivery system technology with 

potential partners looking to deliver protein/peptide or NA drugs from liquid formulations into 

patients using novel formulations. 
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Section 

 

 

Monash would envisage that through addressing some minor technical milestones, the technology 

will be essentially ready for a partnering deal with a pharma/biotech or medical device partner that 

seeks to treat lung specific diseases for a licensing exit.  SAW forms drug aerosols via SAW 

atomization combined with a paper-based microfluidic drug supply scheme in a handheld unit. The 

Respire® device will accommodate patient variability in inhalation profiles and dosage needs. It can 

be developed into a platform for the delivery of drugs suitable for discreet use by a patient with 

COPD and other lung disorders or for systemic delivery of select drugs via the lungs. The 

technology has additional potential competitive advantages that are likely to arise as the device is 

developed into a clinically useful product.   

 

 

Preliminary milestones for the first tranche of the project are outlined below. These comparative 

studies are likely to be a minimal requirement for attracting a partner and seek to test the 

competitive advantages of the SAW technology directly against competitor devices to exemplify its 

claims. These studies are then likely to be repeated by the partner using its proprietary formulations 

prior to in vivo animal model testing. 

 

Comparative study of SAW nebulisation against the Pari LC Plus and AeronebGo using glycerol 

formulation for atomisation of pDNA and protein (BSA) per ISO 27427:2010, swapping albuterol 

for the target drug. 
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Proposed schedule 

 

1. Emitted dose, dose uniformity, and emitted fraction analysis 

o Fine particle dose and fraction below 5.0 μm (FPF5.0), for Next Generation 

Impactor (NGI), Anderson Cascade Impactor (ACI) and Malvern Spray 

Diffraction System. 

o Fine particle dose and fraction below 3.0 μm (FPF3.0), for NGI only 

2. Aerodynamic particle size: median mass aerodynamic diameter (MMAD) 

analysis 

3. Mass balance for NGI runs 

4. DNA/protein ex-vivo degradation assessment 

5. Optimisation of Formulation(s) based on results 

 

Milestone: SAW nebulisation produces equivalent/improved performance in aerosol 

formation when compared with incumbent nebulisers in absence of degradation of 

peptide/NA in formulations.  

 

Development of a battery-powered portable, handheld circuit suitable for controlling the Respire® 

SAW nebuliser 

 

Proposed schedule 

 

1. Circuit designed to accommodate small rechargeable Li battery for several 

hour operation of the nebulizer, 3 x 3cm format, incorporating space for 

mounting SAW device and according to ISO 27427 standards regarding 

electrically driven nebulisers. 

2. Documentation appropriate for mass production of circuit, including bills of 

materials, PCB layouts, schematics, etc. 

3. Twenty-four functioning prototype circuits. 

 



 

BUSINESS CASE – RESPIRE®  PAGE   

 

Milestone: Operating handheld nebuliser devices, unenclosed. 

Subsequent tranches of funding will need to be directed towards development of the commercial 

prototype with enclosures and user interfaces per regulatory standards, all towards a clinically 

useful device. However, this is likely to be best done in collaboration with a partner organisation at a 

later stage. 

 

 

Figure 8: Product/Technology licensing pipeline 

 

 

The four main products that encompass the Respire® technology proposed were Respire Clinical, 

Respire Industrial, Mob Respire and Gen Respire. Except for the Respire Clinical, Respire 

Industrial, the completion of the portable circuit development is mandatory for the Mob Respire and 

Gen Respire.  Hence the prototype development together with full characterisation of performance 

in-vitro of the Respire® system is to be conducted by the end of year 1 (See Figure 8). 

Pharmacokinetics and pharmacodynamics data that dictates the underlying operation of the Mob 

Respire and the Respire Clinical would be established before the clinical testing would commence 

to establish the efficacy and safety data. Performance in clinical studies, including testing of devices 
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returned for failure and testing of a portion of devices at end of trial for in vitro performance would 

also be conducted.  

 

The Respire Clinical system for the treatment of Asthma in clinical setting could be implemented in 

the market by year4. Starting with low volume sales, growth in sales could be expected until the 

end of year 5, if “penetration pricing strategies” are adopted, where a strategically low price could 

be set initially in order to gain access to the market. In year 2, we will also commence clinical testing 

of the Mob Respire with (Ventolin®) system in preparation for launch into the market in year 5.  

 

In year 1, co-partners for the industrial application of the “Respire Industrial” system would be 

sorted after and a licensing deal to be made with an initial cash injection followed by 20% royalty 

rate at progressive years if drugs successfully enters $16bn market using the proprietary 

technology. 

 

The product, Gen Respire is not considered in this five year product pipe line due to the relatively 

young market share currently available coupled with the high risks. Significant amounts of cash 

investments would be necessary for the completion of clinical trials associated with the validation of 

the Gen Respire together with a DNA vaccine with potential risks associated with the successful 

demonstration of safety and immunogenicity. However, minor Research and development activities 

with existing collaborations could be conducted during the five year period.  

 

 

Portable circuit development: six months to produce 12 handheld prototype driver circuits for the 

nebuliser and all required documents for subsequent mass production (bills of materials, PCB 

layouts, schematics, etc.): $62K. 

Dave Blau Consulting, Campbell, CA USA (http://www.blauproductdevelopment.com/)  

• Hardware: custom circuit boards, components, batteries: $30K 

• Consultant time for circuit design and engineering team’s fabrication of devices 
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o Dave Blau 8.5 weeks at 35h/week, $200/h: $60K 

o Engineering team for assembly/limited run of 24 drivers: $12K 

 

 

Comparatve study of SAW nebulization using pDNA and protein (BSA) against potential 

competitors using US FDA and EU: $99K. 

• Post-doc expert, Dr Aisha Qi, to conduct work, 6 months at 100%FTE including 35.86% 

on-costs: $55K 

• Consumables for project, including SAW device fabrication and custom mounting for 

impactors, assay costs: $20K 

• Access to impactors and droplet sizing equipment for nebulization device comparison. 

The Malvern laser diffraction system provides precision data on droplet size distribution 

and number at exit of device. The Anderson and next-generation impactors are classical 

and modern sizing systems generally accepted by regulatory authorities (USP and the 

Ph.Eur.) to assess droplet size for inhalation. Note the impactors will be operated per 

ISO 27427:2010. 

o School of Pharmacy, Monash University: Anderson Impactor and Malvern Spray 

Laser Diffraction system. Proposed cost for access: $50/h x 280h total = $14K 

Paul Young, Pharmaceutics, University of Sydney: Next-Generation Impactor. Proposed cost for 

access: $75/h x 100h total + room and board for Aisha for 2wk ($250/day x 10 days) = $10K 

 

 

Clinical testing could be conducted by establishing collaborations with the medical researchers in a 

hospital setting.  An ARC linkage grant or some local venture capital funding could be used to 

support the costs of such a randomized controlled trial.  

Small scale product manufacturing could be implemented via contracting a company such as 

MiniFAB (http://www.minifab.com.au/ ) based in Melbourne with extensive experience in the 

development of lab-on-a-chip microfluidic systems, disposable cartridges for point of care 

diagnostics, micro and nano engineered medical devices and systems such as the Respire® 
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system. Once, the products, Respire Clinical and Mob Respire is launched into the market, a small 

warehouse could be rented in order to store and power sources (bought elsewhere) required for the 

operation of the device.  
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Section 

 

 

 

A review of successful business models in the drug delivery to the lung market segment suggests 

that there is a need to develop a lung drug delivery device in close associated with a specific drug 

technology. This drug is then used to exemplify the efficacy of the device. The device is then used 

by additional companies that seek to match their drugs with devices already in clinical use. 

 

Successful companies that specifically make Nebulisers combine their delivery technologies with 

drugs from biotech and large pharmaceutical companies such as: 

 

• Pari Pharma GmbH (Proprietary devices and formulations – partnered devices and 

formulation services with Genzyme/Sanofi Aventis, Genentech, AstraZeneca, Novartis 

and Gilead) 

• Vectura Group plc (proprietary formulations and devices – partnered devices and 

formulations with Boheringer Ingelheim, Merck, Novartis, Sandoz, GSK, Baxter and 

others) 

• Aerogen (Proprietary devices – partnered nebulization device with Dance Pharma) 

• MAP Pharma (proprietary formulation and pMDI) 

• Nektar (proprietary Liquid Inhalation technology and a DPI) 

 

Successful biotech companies that have inlicensed devices to deliver their new formulations 

include: 

• MPEX Pharmaceuticals (Proprietary formulation and Pari E-Flow Nebuliser – recently 

acquired by Axcan) 
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A review of transactions in this space has revealed that deals involving proprietary drugs and 

devices attract high exit values that acquisition/in-licensing of devices alone (See Table 6). 

 

Table 6: Pulmonary Administered Drug/Nebuliser Deals 

 

 

 

As such, three paths to market can be considered: 

 

1. License the SAW to the current nebulisation device developers; or 

2. Partner with a pharma/biotech company that requires the competitive advantages of the 

SAW devices in order to develop a key drug it its pipeline. 

3. Formation of an independent spin-out company- a number of factors such as IP 

property management, Governance, Risk Management and Documentation need to be 

considered (See Figure 9) 
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To achieve either of these exit/partnership options, Monash must develop this technology to a 

proximal value inflection point through the achievement of technical milestones that will allow a 

partnership deal with a suitable partner to be executed. 

Figure 9: Factors for consideration during the formation of a spin-out company 

  

 

 

The potential partners or natural acquirers depend on the path to market.  

A ‘low hanging fruit’ approach would be to execute an exclusive license deal with Pari Pharma 

GmbH, Aerogen or Omron, or potentially other medical device manufacturers that distribute Omron 

devices such as GE Healthcare or Philips (Respronics). This is likely to be a lower risk/low reward 

approach. 

 

An alternate approach is to partner the SAW technology with a biotech/pharma company 

developing a drug(s) that require the competitive advantages of the SAW technology around 
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delivery of NA’s /peptides and the ability to control/generate novel formulations. Under this 

scenario, initial capital funding could be used to fund the development of the SAW technology 

within a small venture backed entity with outstanding management and compatible technology. In 

this latter case, the potential purchaser is likely to be an acquirer of the venture backed company. 

 

 

The strategy for the Respire® opportunity is to achieve some preliminary technical milestones and 

partner with either a pulmonary device developer or a suitable biotech or pharmaceutical company 

that is able to match a drug in development in its pipeline against a pulmonary indication, with the 

competitive advantages of Respire®. 

 

The nature of the final exit for the opportunity and its investors will be dependent on the balance 

sheet of the partner at the time of the partnership deal and the nature of the partnership 

arrangement. If a device developer or a small biotech acquires the rights to the technology, any exit 

for investors will be linked to the success of the program and a trade sale/partnering of that 

company/asset to a large pharmaceutical company. 
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Section 

 

 

All estimates for the financials are conservative and are based on available industry 

averages and the assumption that the cash investment of 365k will be acquired and a 

licensing deal is made with a co-partnering drug developing pharmaceutical company.  

There is a negative cash position in both years 2 and 3 due to estimated costs incurred 

for the clinical trials for Mob Respire and Respire Clinical (See Figure 10 and Table 7 ). 

Recovery is soon observed for years 4 and 5 with estimated sales revenue with 

increasing cash inflows. Importantly, the development of the Respire technology 

projected a net present value of over $14M, with a payback period of around 4 years. 

Hence the investment can be seen to bring immense future benefit for the inventors and 

licensee. 
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Figure 10 : Cash Flows for the product development of Respire® 

 

 

Table 7: Table showing the future projections of Cash Flows for the Respire® project 
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Once the fixed costs such as clean room usage for device fabrication (access, mask 

aligner use, metal sputtering and dicing of the wafers) and variable costs such as costs 

of the casing and cost of an example drug (in this case Ventolin®) is taken into account 

the total cost per device was estimated to be around $15, with a small profit margin of 

25% (See Table 8).  

Table 8: Cost of manufacture per device and the proposed selling price 
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Section 

 

 

Inhaled drugs are increasingly being developed for systemic use in non-pulmonary diseases such 

as chemotherapy-driven fatigue, diabetes, Parkinson’s disease, and pain. Reasons behind this 

include improved patient acceptance and compliance, especially when offering an alternative to 

injectable drugs and a faster onset of action. However, the market failure of Pfizer’s inhaled dry 

powder insulin, Exubera, illustrates the difficulties in choosing the appropriate drug for pulmonary 

delivery. Disadvantages such as low reproducibility, high costs and unknown long-term safety can 

be major barriers to successfully launching such products. As such, while Monash has an 

agreement with V-Patch, it does not see companies developing pulmonary delivered drugs for 

systemic delivery as an ideal partner.  

 

 

The major current issues are: 

 

• Lack of a partner pharma/biotech drug development partner to exemplify the utility of 

the device. 

• Early stage of technology development with respect to commercial milestones. 

• Incomplete development of a hand held, battery powered prototype that would be 

suitable for a clinical trial and likely to be required for a partnership deal. 

 

Due to these issues, the following key risks to delivering milestones are identifiable in the short term 

are identifiable along with key long-term issues that could potentially affect the progress are also 

summarised (See Table 9). 
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Table 9: Keys short term and long term risks associated with Respire®  

Issue Probability of Risk Impact on Progress 
Short-term 

Particle size data does not 
directly compete with 
competitors to allow efficient 
deep lung delivery 

Low High 

High viscosity formulations do 
not support the administration 
of potential protein/NA based 
medicaments 

Medium High 

Technical aspects of the device 
do not support a hand held 
portable nebulizer 

High High 

Management/Personnel High High 
Partnering/Financing Risk High High 

Long-term 
Demographic Shifts (effects of 
an ageing population) 

High High 

Distribution Channels (internet 
dealer market space) 

High High 

Health Care Cost Containment 
(Governments and other 
regulatory authorities) 

High High 

Increased  Demand for Home 
Care Products 

High High 

 

 

 

The following mitigation strategies can be implemented, 

1. The technical milestones will mitigate this risk.  

2. Identify a partner with a specific drug formulation to then test this formulation in vitro 

(repeat of the technical milestones stated above) and in an animal model.  

3. This technical risk may need to be assessed and mitigated by a suitably qualified 

external advisor.  

4. The identification of a potential partner will be mitigated through achievement of the 

technical milestones and business development skills of the management. 
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Since Monash University does not have in house skills to drive commercial development/project 

management of inhalation drug devices. There are skilled people that are or could be involved in 

the project as advisors (including Dr. David Morton – co-founder of Vectura). 
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Section 

 

 

An outline of the historical events that led to the discovery of the Respire® system are shown 

below.  

Figure 11: Brief Historical list of events that led to the discovery of Respire® 
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