Abstract
Development and application of a microfluidic system for generating drug delivery carriers
are investigated in this research. Various types of microfluidic devices are designed and
fabricated for peptide nanotubes, liposome vesicles and double emulsions formation. The
microfluidic system offers a better control over the formation process of all three drug
delivery carriers. Comparing to traditional methods such as bulk mixing, the process
efficiency, size and size distribution of the final products are significantly improved.

The results generated show that tuning the flow rate ratios between different reagents from
the inlet streams successfully controls the sizes and size distributions of liposomes vesicles.
The relationship between the flow rate ratio and the size of the resulting vesicles is
established. Macrocycle (AP-169) that was found to self-assemble into an anti-parallel βsheet nanotube with a triggering agent is successfully synthesized and purified for peptide
nanotube self-assembling process. A microfluidic device is designed and fabricated to control
the interaction between AP-169 and its self-assembling triggering agent, dimethyl sulfoxide.

Double emulsions with different radii are produced with the microfluidic system by adjusting
the flow rate ratio between each phase of the solution, and changing the wetting properties of
the microchannels. The stability of double emulsions is enhanced by introducing various
surfactants. The sizes and size distributions of liposomes and double emulsions have been
successfully controlled and optimized for drug delivery.

In conclusion, various drug delivery carriers have been successfully generated and optimized
with a designed and modified microfluidic system. These products can be further applied in
drug encapsulation, biomolecular screening and in vitro compartmentalization in the future.
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1.

Chapter 1 Introduction

1.1

Background

Vesicles for drug delivery have been formed by different technologies recently. Development
and applications of a microfluidic system for this vesicle formation are attractive due to its
high process efficiency, controlled size and monodispersity of the resulting vesicles.
Microfluidic systems are merged with the lab-on-a-chip technology for precise flow control
for drug delivery carrier formation in this research. With micro/nano-scaled tubes imbedded
in a polydimethylsiloxane (PDMS) chip, the stream of flow is controlled in the laminar flow
region at a low Reynold’s number. Application of the microfluidic system for vesicle
formation and self-assembly resolves many limitations of process control in traditional
methods (Wang et al 2011). Under this condition, the reactions within the streams can be
well-controlled and monitored. Lastly, the analytical performance, throughput and sensitivity
of the production are significantly increased.
To achieve the different drug release profiles, generation of liposomes, peptide nanotubes and
double emulsions via a microfluidic system have been applied. Challenges with microfluidic
systems such as shear stress, hydrophobicity interruption, size distribution and size control
are addressed.

1.2

Research scope and aims

This research develops and optimizes a microfluidic system to prepare different nano-scale
carriers for drug delivery with their sizes and size distributions being controlled whilst
overcoming shear stress and hydrophobicity interruption.
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1.2.1

Peptide synthesis, purification and self-assembling into nanotube structure

A self-assembled peptide nanotube is a potential drug delivery carrier for drug administration.
Synthetic polypeptide (AP-169) has been synthesized with three amino acid units
(propylicine, leucine and lysine) as a potential drug carrier after self-assembly. Previous
investigation was made to demonstrate the suitability of Huisgen 1, 3-dipolar cycloaddition to
synthesise constrained β-strand mimetic that can be utilised in the field of Calpain and
Proteasome inhibition. This polypeptide has a potential self-assembling function, and the
resulting assembled peptide has been demonstrated to have a nanotube shape (Abell et al,
2012). However, the rate of the self-assembling process and the size of resulting nanotube are
difficult to control. In this research, a microfluidic system is designed and applied for
controlling the environment for this peptide self-assembly, by adjusting the amount of
triggering agents in the side streams. The interaction between the peptide and triggering
solution is controlled in the microfluidic system to achieve the rate of controllable selfassembly.
1.2.2

Liposome self-assembling formation in microfluidic systems

A liposome is an assembled vesicle with lipid bilayers, which mimics the structure of a
naturally occurring membrane. The liposomes are often used in applications of drug
deliveries for both hydrophobic and hydrophilic substances. The liposome self-assembly
process is controlled by a microfluidic system to enhance its drug delivery performance. In
addition, liposomes provide double emulsions with potential targeting delivery performance.
Potential function groups could be added to the hydrophilic tails for targeting delivery on the
outside phosphate layer of liposomes (Jahn et al 2010, Mijajlovic et al 2013). Under this
investigation, monodisperse micro-liposome droplets are generated at a controlled rate via a
microfluidic chip. Sizes and size distributions of the assembled phosphate lipids are well-
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controlled. Dynamic light scattering (DLS) and transmission electron microscopy (TEM)
were used to analyse assembled liposomes and size distribution.

1.2.3

Single/double emulsion formation in microfluidic system

Precise size and size distribution control over double emulsion generation in a microfluidic
system has attracted research attention because of its variety of applications. A double
emulsion is a colloidal system, where a droplet in a phase is encapsulated in another droplet
in immiscible phase. The focus of this research is to generate nanoscaled and monodisperse
oil-in-water-in-oil (o/w/o) and water-in-oil-in-water (w/o/w) double emulsions to enhance
drug delivery performance. Drug delivery with double emulsion allows hydrophilic drugs to
go through hydrophobic barriers, as it is dissolved in the hydrophilic droplets in the core, but
protected with the hydrophobic outer layer. Similarly, hydrophobic drugs can go through
hydrophilic barriers with o/w/o droplets. The stability of double emulsions is one of the key
challenges of potential drug delivery. Surface treatment and surfactant concentration have
been studied for maintaining the highest stability of emulsions formation. Influencing factors
of this study are further investigated.
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1.3

Thesis structure

Figure 1-1 Thesis Structure
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2.

Chapter 2 Literature Review

2.1

Drug delivery

Drug delivery is an approach or technology to enhance the therapeutic effects of one or more
pharmaceutical ingredient(s). Research studies on drug delivery help reducing time and
investment on development of new drug molecules. The deliveries are modified via
absorption, elimination and distribution in order to improve the efficacy and safety of
pharmaceutical products. These modifications would benefit patient convenience and,
consequently, patient compliance.

Drug delivery mechanisms such as slow delivery, targeted delivery and controlled rate
delivery are the most popular research areas.
•

Slow delivery: Drug is delivered slowly into the patient. This method will improve the

level of patient convenience. Individuals will take fewer repeat doses.
•

Targeted delivery: Drug is active at the targeted area only. This method will improve

efficacy and safety of pharmaceuticals. If the drug is more targeted, it is less likely to have
unintended side-effects.
•

Controlled rate delivery: Drug is released at a controlled rate. This method will also

improve the level of patient convenience, similar to slow release and reduce the cost of
pharmaceutical packaging.

Topical, transmucosal, inhalation and non-invasive peroral pathways are the most common
routes of administration. Figure 2-1 shows the variety of dosage forms of drugs, including
oral, nasal, urogenital, rectal, dermal and injections.
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Figure 2-1 Routes of administration of drugs

2.1.1

Drugs for delivery

Drugs can be released from swelling, affinity-based and degradation mechanisms for drug
delivery. A targeted drug delivery system (DDS) is recognized as the key technology for
achieving effective treatment with fewer side effects. Table 2-1 shows a summary of different
carriers suitable for different drug deliveries and their applications. Fullerenes, solid lipid
nanoparticles (SLN), liposomes, nanostructured lipid carriers (NLC) and nanoshells are the
main nanoparticles found for drug delivery applications. With different compositions, these
drug delivery carriers can be used for gene transfer, tumor detection, immunity, inflammation
and virus treatment.
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Table 2-1 Nanoparticles drug delivery compositiona and their applications (Mudshinge
et al 2011)
Nanoparticles
Fullerenes

Composition
Fullerene (C60)

Applications
HIV proteases; Liver toxicity and
diminished lipid peroxidation

Fulleropyrrolidines

HIV-1 and HIV-2

Dendrofullerene 1

HIV-1 replication

Amino acid derivatives of fullerene HIV and human cytomegalovirus
C60 (ADF)
replication
Buckminsterfullerene

Semliki forest virus (SFV)
vesicular stomatitis virus (VSV)

Cationic, anionic and amino acid type HIV-reverse
transcriptase
fullerene
hepatitis C virus replication

or

and

Fullerene (C60) 34 methyl radicals

Free radicals and oxidative stress

Carboxyfullerene (s)

Apoptosis of hepatoma cells;
Neurological
disease
including
Parkinson’s disease

C3-Fullero-tris-methanodicarboxylic
acid

Apoptosis of neuronal cells

Fullerence (C60) with organic cationic Gene transfer
compounds,
viral
carriers,
recombinant proteins and inorganic
nanoparticles
Metallofullerol

Bone cancer and leukemia

acid,
Solid
lipid Stearic
phosphatidylcholine, and
nanoparticles
taurocholate
(SLNs)

soya Mycoplasma, gram-negative or
sodium gram-positive bacteria, pseudomonas
aeruginosa

Mycobacterium tuberculosis
Stearic acid
Clotrimazole
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Glyceryl tripalmitate and tyloxapol
Ketoconazole
Glyceryl behenate
deoxychlate

and

sodium
Miconazole nitrate

Glyceryl behenate, propylene glycol,
tween 80 and glyceryl monostearate
Solid
lipid Poly (lactide) (PLA)
nanoparticles
Cetyl palmitate
(SLNs)

Bacterial and viral
Insulin

Lecithin, sodium taurocholate; Oleic Inflammation
acid
Poly(lactide)(PLA)

Immunity

Hyaluronic acid-coupled
Cholesteryl butyrate

Liposomes

chitosan, Colorectal cancer

Soyabean-oil, SLN

Breast Cancer

SLN

Carcinoma

Hydrogenated
soya, Amphotericin B (for Aspergillus
phosphatidylcholine, and cholesterol
fumigatus),
Ampillicin
(for
Micrococus luteus and Salmonella
typhimurium)
Phosphatidylcholine, cholesterol and Netilmicin (Bacillus subtilis and
phosphatidylinositol
Escherichia coli)

Dipalmitoyl-phosphatidylcholine
Benzyl
penicillin
(DPPC),
cholesterol
and Staphylococcus aureus)
dimethylammonium ethane carbamoyl
cholesterol (DC-chol)

(for

Hydrogenated
soy Amikacin (Gram-negative bacteria)
phosphatidylcholine, cholesterol and
distearoylphosphatidylglycerol
(DSPG)
Streptomycin
Phosphatidyl glycerol, phosphatidyl avium)
choline and cholesterol
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(Mycobacterium

Stearylamine
phosphate

(SA)

and

Zidovudine
(for
dicetyl immunodeficiency virus)

human

Vancomycin or teicoplanin (for
Egg
phosphatidylcholine, methicillin-resistant Staphylococcus
diacetylphosphate and cholesterol
aureus MRSA)
Plasmid DNA (for gene transfer in
subcutaneous tumor)

DC-Chol liposome

Daunorubicin and doxorubicin (for
breast
cancer);
Anti-GD2
immunoliposomes,
liposomes
entrapping fenretinide (HPR), Goldcontaining
liposomes
(for
neuroblastoma)

Liposome
Liposomes

Insulin (for diabetes mellitus)
Hepatically targeted liposomes
release
of
antiNanostructured Phosphatidylcholine, flurbiprofen and Sustained
inflammatory drug
lipid carriers dynasan
(NLC)
Stearic acid, oleic acid, minoxidil and Pharmaceutical, biochemical and
carbapol
cosmetic purposes
Monostearin, caprylic
triglycerides and

and

Fluticasone propionate,
glyceryl palmito-stearate
Clozapine,
triglycerides

Nanoshells

PEG

soylecithin

capric Improved drug loading capacity and
controlled release properties

and Topical corticotherapy

95%, Improved bioavailabiliy

Beta-carotene loaded propylene glycol Evaluate the feasibility
monostearate
Silica coating of silver colloids
Stability of colloids
Nanoshell

Detection of cancer and tumor cells

Silver/Gold nanoshells

Immunoassay to detect analytes and
detection of DNA, antibodies,
microorganisms and toxic ions

Gold nanoshell particles conjugated Imaging of the diseases
with
enzymes
and
antibodies
embedded in the polyer
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2.1.2

Carriers for drug delivery

Figure 2-2 Different types of carriers used for biomacromolecule intracellular delivery
(Gu et al, 2011)
Figure 2-2 shows a variety of drug carries for biomacromolecule intracellular delivery
applications. It includes lipid based nano-carriers, polymeric particles (Panyam and
Labhasetwar et al, 2012) and inorganic nano-/micro-spheres (Hom et al., 2010; Lee et al.,
2008; Park et al., 2008). Each carrier type has its own advantages in drug delivery. Liposome,
as a lipid based carriers, can adhere to the cell membrane and enter the cell either by
endocytosis or by liposome-cell fusion (Chou et al., 2011). Polymeric particles, such as the
polylactic acid/polyglycolic acid (PLA/PGA) particles, are degradable and the degradability
can be tuned by adjusting the ratio of mixed polymers. The key functions of the carriers in
these delivery systems are to protect the cargos from premature degradation in the process of
delivery and to assist membrane penetration and endosomal escape when the complexes
reach the target cells.
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2.1.2.1 Peptide

Peptide nanotubes (PNTs) are a 2D or 3D structure, which is formed through a self-assembly
process for many types of organic macrocycles/molecules. PNTs have potential uses in
biomedicine and nano-technology due to their wide range of bio-functionalities. PNTs are
self-assembled structures, which have remarkable mechanical properties. The self-assembling
process can be triggered by high concentration of macrocycles, pH or exposure to organic
solvents (such as dimethyl sulfoxide DMSO). Figure 2-3 shows a model of the structure of a
peptide nanotube. Figure 2-3a is the structure of the macrocycle before self-assembly, whiere
the backbone and functional groups are shown with arrows. Figure 2-3b shows the structure
of macrocycles stacking together to form a secondary protein sheet, which then turns into a
nanotube.

Figure 2-3 Model for nanotube containing lipopeptide C12-KLVFFAE (Lynn et al 2013)
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Self-assembled PNTs could have different applications as they often have different
hydrophobicity between the inside and outside of nanotubes. The functionalizable tail group
can be modified with charges and functional groups for targeted drug delivery. Apart from
drug delivery, peptide nanotubes may also be used in enzyme encapsulation and DNA
transfection applications. A detailed literature review of PNTs will be included in section 2.2

2.1.2.2 Liposome
Liposomes are micropaticulate lipoidal vesicles. Investigations on liposomes as drug carriers
for improving therapeutic agents’ delivery have drawn significant interest from drug
developers. The most important advantage of using liposomes as drug carrier is that they are
composed of biodegradable and biocompatible materials. The structure of a liposome consists
of one or more bilayers of natural/synthetic lipids entrapping an aqueous volume. Liposomes
as a drug delivery carrier and their applications are summarized in Table 2.1. Liposomes as a
drug delivery carrier can be used in daunorubicin and doxorubicin applications for breast
cancer treatment (Mudshinge et al 2011).

Therapeutic agents with widely varying lipophilicities can be encapsulated in the
phospholipid bilayer or inside of the entrapped aqueous fluid, and/or at the bilayer interface.
Modifications of the tails of lipids allow potential targeted drug delivery applications with
liposomes.

A detailed literature review of liposomes as a drug delivery carrier is included in section 2.3.
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2.1.2.3 Double emulsion

Figure 2-4 Structure of double emulsion (w/o/w) and multi-emulsions (a) w/o/w double
emulsion (b) multi-emulsions containing two aqueous droplets in the inner water phase
(c) multi-emulsions containing two different droplets in the inner water phase

Double emulsions are three-phase dispersions. Water-in-oil-in-water (w/o/w) emulsions are
composed of inner aqueous droplets dispersed in oil droplets, which are dispersed in another
aqueous phase (as shown in Fig 2-4). The middle fluidic layer (i.e. oil in w/o/w emulsions)
acts as a protective shell for the solution, w1, in the inner core. This semipermeable barrier
will separate the inner phase from the outer phase, and this makes the emulsions suitable for a
wide range of applications. The most common applications are cosmetics, food industry,
encapsulation and drug delivery. Multi-emulsions can be applied for controlled release drug
delivery. Figure 2-4c shows one big droplet contains two different aqueous droplets in the
inner water phase which may be for delivery of different drugs at the same time.
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Double emulsions and multi-emulsions can carry drugs, proteins, cells, enzymes and
functional particles. Solutes that are encapsulated in the inner core cannot pass through the oil
phase intermediate. This encapsulation provides advantages for the drug delivery
•

The intermediate oil phase provides a shielding environment for any biologically

sensitive structures from any forces exerted by the sheath fluid;
•

Emulsions allow in vitro analyses of biomolecules detached from microorganisms;

•

Multi-emulsions containing several inner cores may be individually sorted. This

allows multiple drug deliveries at once and their concentrations can be precisely controlled.

2.1.3

Challenges and gaps of drug delivery carrier formation with microfluidic system

The peptide nanotube self-assembly process cannot be controlled in a bulk mixing
environment. The self-assembly process occurs rapidly in a bulk solution and the sizes of the
the final nanotubes are not controllable in this process. The size distribution of final peptide
nanotube is polydispersed. Nanotube dispersion is another major challenge for peptide
nanotube self-assembly. Both diameter and length of the resulting nanotube for drug delivery
need to be optimised for their use in drug delivery.

Size and size distribution of liposomes are the most important factors which need to be well
controlled for drug delivery applications. Similarly to peptide nanotube self-assembly,
liposomes can aggregate during a self-assembly process. The most important challenge for
liposome formation is to increase the process efficiency by reducing the reaction time and
minimising the reagent use, as well as controlling the size and size distribution of the final
products.
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The reproducibility and uniform sizes of double emulsions are unable to achieve in a bulk
mixing process. Multi-emulsions and polydispersed emulsions require extra steps and costs to
remove unwanted sizes. Recent studies on producing double emulsions with a microfluidic
system have shown challenges due to the low stability of the resulting emulsions. The
hydrophobicity of the channel walls, shear stress with the flows and the aggregation between
droplets are the key challenges with forming stable and collective double emulsions produced
by microfluidic systems.
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2.2 Peptides and self-assembly as drug carriers

2.2.1

Different application of peptide nanotubes

Cyclic peptide nanotubes are formed by stacking of cyclic peptides. These peptides contain
even numbers of L- or D- amino acids. Cyclic PNTs can act as antimicrobial agents, since
they have the potential to incorporate into lipid membranes and form artificial ion channels.
Cyclic peptides have also been used as a template to attach polymers. These polymers will
help in controlling the PNT self-assembly process to control solubility and prevent
aggregation. Attaching a block of copolymers to multi-shell nanotubes can lead to formation
of nanotubes with an internal channel, a hydrophilic external shell of poly (acrylic acid) and a
hydrophobic inner shell (polyisoprene). The interior of cyclic PNTs can be modified by
incorporation of functionalizable amino acids. (Hamley, 2014)

Figure 2-5 Different classes of cyclic peptides which can form nanotubescontaining
(a)D- and L- α-amino acids (b) β-amino acid residues (c) α- and γ-residues (d) ε-amino
acid (self-assembling heterocyclic peptide), side chain modified with backbone structure
connected by hydrogen bonding (Hamley, 2014)
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Surfactant-like peptide nanotubes (SLPs) are amphiphillic peptides comprising a tail group of
neutral residues and a head group containing a short sequence of charged residues. Several
SLPs can self-assemble into nanotubes (Zhang et al 2002, Lesk et al 2002). The selfassembly process is initiated by a high concentration of SLP. A nematic phase occurs and the
orientational order of the nanotubes will develop. A lamellar phase containing bilayers of the
peptide stacked in order will occur at higher concentrations. A change in of pH conditions has
also been detected as an environmental trigger for helical ribbons PNTs formation (Haley et
al, 2014)
Amyloid peptide nanotubes, dipeptide-based peptide nanotubes, N-terminus-modified peptide
nanotubes, coiled-coil peptide nanotubes and protein nanotubes are the other main classes of
PNTs which comprise either non-cyclic or cyclic peptides arranged in bilayer structures.
These PNTs are advanced drug delivery carriers (Hamley 2014).
2.2.2

Peptide self-assembling control

Previous studies on PNTs have mostly examined the parallel β-sheet structure. The diameters
of self-assembled nanotubes are 400-600nm with lengths around 5µm. The self-assembly
process can be initiated by increasing the concentration of the raw material (i.e. macrocycles),
changing pH, ionic concentration, hydrophobicity of the surrounding solutions.
Figure 2-6 mimics the self-assembly process of a peptide into a β-sheet and then a nanotube
structure. The helical ribbon structure is held by hydrogen bonding in the backbone, as shown
in Figure 2-6b. The key parameter is to control the length and width of the resulting nanotube
and hence utilise it as a drug delivery carrier.
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Figure 2-6 Model of the self-assembling process of a peptide nanotube (a.flat bilayer b.
coiledfibril with helical potch of 214nm, c. side view of a nanotube d. cross section of a
nanotube e. details of a nanotube wall) (Hamley, 2014)

2.2.3

Challenges and resolutions of peptide self-assembling control

The application of peptide nanotubes as a drug delivery carrier requires precise control over
the self-assembling process of peptide nanotubes. Previous research has focused on
bionanostructure formation based on spontaneous growth of heterogeneous materials in the
bulk solution. This research will focus on employing a microfluidic system for application in
peptide nanotube self-assembly. The self-assembly process will be controlled via the
concentration of the buffering solution which triggers the self-assembly process. Most
importantly, the flow rate ratio between the buffering solution and the original macrocycle
will be controlled. Therefore, the reaction time between these solutions is controlled and
consequently this controls the size of the peptide nanotube. (Valery et al, 2011)

The self-assembling peptide and the triggering reagents can also be encapsulated in the inner
core of a double emulsion, which is also formed via a microfluidic chip. The amount of
macrocycle and triggering agent is precisely controlled in the inner core of a double emulsion.
The intermediate phase of a double emulsion, which is insoluble to the inner phase, will act
as a barrier of the inner core to the outside environment. Hence, the nano/micro scaled inner
droplet provides limited triggering reagent to the macrocycle and this will result in
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monodispersed and well-controlled self-assembled nanotubes. The stability of these
nanotubes is also enhanced by the protection of the intermediate barrier. (Ziserman et al,
2011)
2.3 Liposome and its applications in drug delivery
2.3.1

Liposome structure and formation

A liposome is an assembled vesicle with lipid bilayers, which mimics the structure of
naturally occurring membrane, with sizes ranging from 0.02 to 250µm (deMello et al, 2013).
Dimyristoylphospatidylcholine

(DMPC)

and

1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) are the two commonly used raw lipid materials to form synthetic
liposomes. The closed membrane structure of assembled liposomes allows encapsulation of
materials such as DNA, proteins and other chemicals (Figure 2-7) (Foged et al, 2007). It has
been

successfully

applied

in

the

field

of

drug

delivery,

membrane

science,

compartmentalization of biomolecules and artificial cells (Jahn et al, 2010). The excellent
performance in these research areas leads to a high demand in supply of uniform-sized
liposomes. Therefore, a microfluidic system has been applied to increase production yield
and process variables affecting the process productivity has been investigated (deMello,
2013).

Figure 2-7 Structure of POPC and liposomes. (a. The unit structure of POPC molecule;
b. lipid membrane formed by a group of single POPC molecules arranged by
hydrophobicity; c. the assembled lipid vesicle) (deMello, 2013)
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Table 2-2Summary of advantages and disadvantages of common liposome formation
(Wang et al, 2011)
Method

Advantages

Disadvantages

Electroformation

Simple method

Low

and hydration

Later refinements allow unilamellar required in buffer solution

salt

concentration

vesicle production
Similar to electroformation but No process control

Hydration

without the electrical field applied
Flow focusing

Pulsed jetting
Double

No analogous protocol on the Final liposomes contains
macroscale, high throughput

alcohol

Unilamellar and monodispersed

Giant vesicle

emulsion High

template

encapsulation

efficiency, Not all solvent can be

unilamellar and monodispersed

removed at the evaporation
step

Ice

droplet Unilamellar vesicles

Low

encapsulation

efficiency,

hydration

resulting

vesicles must be extruded
Transient

Unilamellar, monodispersed with Contains

membrane

turnable size

oil

residue

between the two lipid layers

ejection

There are many common methods of liposome formation, for instance, electroformation and
hydration, extrusion, flow focusing, pulsed jetting, double emulsion templates, ice droplet
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hydration and droplet emulsion transfer. However, there are certain advantage and
disadvantages for each vesicle forming method.

2.3.2

Liposome generation via microfluidic system

Previous investigations have been conducted by using convection-flow glass microfluidic
chips. Raw lipids are dissolved in isopropyl alcohol (IPA) after lipid preparation, and injected
into the center stream (c) of the microfluidic chips (Figure 2.8), with phosphate buffer
solution (PBS) entering in the side streams (a, b, d, and e). The hydrodynamic focusing
methods allows controlling size and size distribution of liposomes formed from DMPC. This
process may not need additional postprocessing steps for yielding monodispersed products,
and therefore reduces process investment and wastes.

Figure 2-8 Details of microfluidic chip (Jahn et al, 2013)
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2.3.3

Challenges and potential solutions to liposome formation control

The relationship between the assembled liposome size and flow rate ratio (FRR) between the
centre stream and side streams has been studied by Jahn (Jahn et al 2010) and Mijajlovic
(Mijajlovic et al 2013) who arrived at similar conclusions. The average diameter of liposomes
decreases from 120nm to 50nm when FRR increases from 10 to 60, and the size distribution
is reduced from ±50nm to±10nm (refer to Figure 2-9). Jahn et al in 2007 also investigated the
influence of the volumetric flow rate (VFR) of a microfluidic channel on the self-assembly
process, and showed that it had no significant effects on the size or size distribution of
liposomes.

In conclusion, total volumetric flow rate (Qt) can alter the throughput of the process with
minimal effect on the size, whereas a change in FRR will significantly affect the size and size
distribution of liposomes (Jahn et al, 2010)

Figure 2-9 Size and Size distribution of liposomes with different FRRs. As FRR
increases from 10 to 60, liposome size decreases from 120 to 50nm and the size
distribution decreases from ±50nm to±10nm(Jahn et al 2007).
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Jahn et al in 2010 further investigated the influence of the geometry of the microfluidic chip
on size and size distribution of liposomes. The size distribution of assembled liposomes is
almost two times larger in a microfluidic system with tube width of 65µm than that of 10µm.
The size and size distribution of liposomes in the two systems at different FRR are shown in
Figure 2.9. From comparison of the liposomes formed with Rg above 45nm in two systems,
the smaller system presents the potential for producing larger vesicles with lower
polydispersity. Therefore, for a production of small and stable liposomes with good
consistency, the geometry of microfluidic systems needs to be set at the smallest scale
possible for the self-assembly process.

Liposome self-assembly from lipids can be challenging. Merging, lysis, aggregation and
budding will interrupt the self-assembling process, as shown in Fig 2-10. The size of final
self-assembled liposomes needs to be controlled within nanoscale for drug delivery
applications. Size distribution is another key parameter that needs to be considered when
evaluating the efficiency of liposome self-assembly processes. Deviation in size distribution
will result in extra elimination steps which will be associated with extra cost associated with
the process.
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Figure 2-10 Liposome self-assembling issues (Swaay et al, 2013)

2.4 Double emulsion generation in a microfluidic chip
2.4.1

Double emulsions and generation methods

A single emulsion is either a water-in-oil (w/o) or oil-in-water (o/w) droplet. Double
emulsions are basically a single emulsion dispersed in another phase, which is different to its
current outer layer. Figure 2-11 shows the traditional generation of double emulsions by the
bulk stirring method. Oil and the encapsulant with aqueous phase bio-polymer and the
emulsifier are added to the tank and stirred until o/w droplets are formed. Once the
emulsification in the oil phase has occurred, o/w/o emulsions were generated. The outer oil
phase can be removed by cross-linking and washing. Double emulsion droplets have two
forms of compositions, water-in-oil-in-water (w/o/w) or oil-in-water-in-oil (o/w/o). The
middle phase of a double emulsion can act as a semipermeable barrier or a protective shell
from the outside environment in their applications. Therefore, double emulsions are widely
used in diversified fields including cosmetics, food, encapsulation and controlled delivery
(Kennedy et al, 2012). Double emulsions successfully increase the bioavailability of drug
delivery. Applications with double emulsions can alter the drug release, improve the patient’s
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compliance and produce a targeted drug delivery. The reactivity of the materials in the core
of double emulsions with the outside environment can be reduced. The evaporation rate of
the core material is also reduced.

Figure 2-11 Bulk stirring double emulsion generation (Okushima et al, 2004)

Traditional bulk formation processes of double emulsions do successfully form double
emulsions; however, they have several disadvantages. The consistency of the resulting
emulsions is significantly low, and the process cannot be very well controlled. The sizes of
the resulting emulsions are often too large for drug delivery applications. Furthermore, the
size distribution is very wide. This leads to the requirement for further elimination processes
to improve the size distribution. This decreases the process efficiency and increases the cost.

Microfluidic systems have been introduced to double emulsion generation to reduce the size
and size distribution of droplets formed by traditional double emulsion methods in recent
years. For example, pulsed jetting, double emulsion templates, ice droplet hydration, transient
membrane ejection and droplet emulsion transfer processes on microfluidic channels offer
high encapsulation efficiency.
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Pulsed jetting is similar to blowing of soap bubbles (Fig 2-12). A stream of solution
containing encapsulated materials is blown onto the surface of a double lipid membrane to
form a spherical vesicle. Although the size of the final particle can be controlled with the jet
dispensing time, this process creates a high shear stress, which limits the sources of the
encapsulated material (i.e. fragile material may be destroyed during the process). (deMello et
al, 2013) Therefore, pulsed jetting is not appropriate for liposome encapsulation for gene
delivery (refer to Table 2-3).

Figure 2-12 Pulsed jetting/Consecutive capillary microfluidic device (Want et al, 2013)
Table 2-3 Advantages and disadvantages of pulsed jetting process by microfluidic
system
Advantages

Disadvantages

Size controlled ( by jet

High shear stress

dispensing time)

Protein lost function

Very high encapsulation

Solvent found in between monolayers of the

efficiency

membrane (affecting membrane bounded protein
behavior and passive diffusion across membrane)
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2.4.2

Double emulsions formation in microfluidic systems

A double emulsion microfluidic system is more flexible and reliable compared to the use of
pulsed jetting. In this design, droplets are “cut” by the shear stress from side streams.
Previous studies include two of the most common methods with a 2D microfluidic system: Tjunction and cross-junction layout (Fig 2-13).

Figure 2-13 Flow impact on double emulsion generation in both T and Cross-junction
(Gu et al, 2013)

A clear explanation of a cross-junction double emulsion formation is shown in Figure 2-14.
The encapsulated material is introduced into the system from the centre stream (water stream
on the top of the diagram), and organic solvent(s) are added to the solution from side streams.
In this first hydrophobic part of the microfluidic system, a water particle with organic solvent
(oil phase) is formed. The hydrophilic solvent (i.e. water) is added to the main stream, and
therefore, it forms another liquid layer outside of the oil layer. The flow rate ratio between
each central stream and side streams is critical for size control of the droplet formed at each
intersection. In such a case, the inner aqueous droplet size is controlled by the flow rate ratio
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between the first organic solution side streams and the central water stream flow rate. The
outer droplet radius of the double emulsion is controlled by the flow rate ratio between the
flow rate summary of first 5 inlets and the second water phase entering on the sides (i.e. FRR
at the last cross section). This model allows us not only to control over the final droplet size
of the double emulsion, but also the inner core size. (Chu et al, 2007)

Figure 2-14 Schematic Design of Double Emulsion Formation Flow in a Microfluidic
Chip(Ho Cheung Shum, 2008a)

Double emulsions are stabilized by stabilizing the water/oil or oil/water interfaces. Generic
materials and chemical components are often encapsulated inside the double emulsions for
drug and gene delivery. The structure of double emulsions also allows further applications in
targeting delivery and controlled release. Changing pH, temperature or an electric field can
stimulate the drug release/delivery. Adjusting the changes of the environment with respects
to these factors can control the releasing rate (Wang et al, 2011). The literature showed that in
fabrication of polymersomes using a double emulsion template in a microfluidic system, the
oily phase solution must be highly volatile. At the same time, it must allow the di-block
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copolymer to dissolve in a solution with a high solubility. The solubility of chloroform can be
further increased with addition of a homo polymer (PLA5000) (Thiele et al, 2010). Once the
double emulsion is successfully generated, multi-emulsions and emulsions with surface
patterns can be further investigated to perform multiple functions.

Investigations by previous researchers have found two major pathways of releasing chemicals
from double emulsions: (Pays et al, 2001)
•

Coalesence of the thin liquid film separating the internal droplets and the oil globule
surface;

•

Where there is no film interruption, only diffusion or permeation across the oil phase.

36

2.4.2.1 Surfactants and their roles
Surfactants play an important role in stabilizing emulsions by increasing the hydrophiliclipophilic balance (HLB) difference between different phases. The value of HLB of an
individual surfactant is a measurement of the degree to identify if a certain surfactant is
hydrophilic or lipophilic. HLB values of commonly used surfactants are listed in Table 2.4.
Surfactants with HLB values less than 10 are lipid soluble and water-insoluble, such as
glyceryl monostearate and Span 80. In contrast, surfactants with HLB values higher than 10
are water soluble and lipid-insoluble, such as sodium lauryl sulfate. The water solubility
increases as HLB value increases.

Table 2-4 commonly used surfactants and their HLB (The University of North
California)
Commercial Name

Chemical Name

HLB Value

Glyceryl monostearate

Glyceryl monostearate

3.8

Potassium oleate

Potassium oleate

20.0

Sodium lauryl sulfate

Sodium lauryl sulfate

40

Sodium oleate

Sodium oleate

18

Span® 80

Sorbitan monooleate

4.3

Span® 85

Sorbitan trioleate

1.8

Triethanolamine oleate

Triethanolamine oleate

12

Tween® 80

Polyoxyethylene sorbitan monooleate

15.0

Tween® 81

Polyoxyethylene sorbitan monooleate

10.0

Tween® 85

Polyoxyethylene sorbitan trioleate

11.0
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2.4.2.2 Challenges and research gaps of double emulsion by microfluidics

The drawbacks of generation of a double emulsion in a microfluidic system are mostly
associated with the stability of multiple emulsion layers. The difference in hydrophobicity
between different layers of the emulsions will initiate coalescence. This kind of coalescence
occurs between final emulsion droplets and between the inner and outer phases of one
individual droplet. Changing the wetting and geometrical design of the channel walls can lead
to variations in the size and property of the resulting double emulsions.

Shear stress is the main cause of droplet disruption. The other reason of droplet coalescence
and disruption is the high hydrophobicity of PDMS channel wall. This wall surface
encounters significant limitations when generating stable double emulsions. Various
processes have been studied to modify the surface hydrophobicity. Ionic wetting agent,
oxidation of the PDMS surface, chemical vapours deposition, covalent surface modification
and so-gel methods are traditional methods to change hydrophobicity of channel walls.
However, the processes have various drawbacks. For example, covalent surface modification
occurs in the channel lumen rather than the wall. The effect of chemical vapour deposition
can be destroyed during plasma oxidation, which is the critical binding step during PDMS
channel manufacturing. Ionic wetting agents influence droplet formation and stability, and
oxidation of the PDMS surface is only temporarily effective.
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2.5 Microfluidic system applied in drug delivery
2.5.1

Design and applications of microfluidic systems

A microfluidic system is an advanced micro-scale technology with internal laminar flows
which provide a diffusive mixing dominant environment for fluid (Hong et al, 2010, Kaigala
et al, 2012). The constrained geometry allows localized chemical reaction to perform at
biological interfaces, therefore, it is often used for protein and nano-vesicle assembly and
separation processes. It is designed to achieve a monodispersed size distribution, therefore,
minimising any form of aggregation, budding, lysis or coalescence. There are two main types
of microfluidic systems: convection-flow and diffusive microfluidic systems. Both systems
have been applied to protein/lipid vesicle formation with successful outcomes (Jahn et al,
2010; Yamaguchi et al, 2010; Zaccai et al, 2006).

When compared with microfluidic systems, other more conventional bulk mixing procedures,
e.g. traditional processes such as extrusion through porous membrane, double emulsions,
electroformation etc., not only provide limited process control, but also limit the process
reproducibility and result in the waste of raw material and reagents. With microfluidics, the
process duration and the amount of raw material used are reduced. Furthermore, the process
efficiency and resolution are significantly increased, which can directly reduce the process
cost and increase profitability (deMello et al, 2013). The better control over the assembly
process significantly reduces project risk and allows early detection of any form of misfolding or aggregation, which might be caused by any unnoticed environmental change.
Unlike the limited process control and poor reproducibility of conventional processes, the
fundamental principles of the microfluidic system offers precise control of reacting material
both in time and space, and performs separation and detection with high resolution and
sensitivity. The small footprint of the system itself is another merit of a microfluidic system,
compared to other processes, as the set-up cost is further reduced. In other microfluidic
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application fields such as sample analysis, the small scale of the process significantly reduces
the sample amount and allows increased multiplexing (Abate et al, 2009). A microfluidic
system has also been applied with success in many commercial analysing devices for cells,
DNA and RNA (deMello et al, 2013).

An example showing the effectiveness of the microfluidic chips is given in Singh, 2009. In
the area of protein separation, the significant scaling down of the process increased the
process speed by a factor of 10 to 100. Table 2.5 states the difference using a slab-gel protein
electrophoresis and a microfluidic chip. The reduction in channel length generally speeds up
the process 12 to 20 times and the high voltage applied in microfluidic chip reduces the
process 3 to 5 times.

Table 2-5 Comparison of Slab-gel protein electrophoresis and microfluidic chip (Wang
et al, 2011)
Slab-gel

protein Microfluidic

electrophoresis

chip

Separation channel length

6-10 cm

0.5cm

Electric field (electrokinetic separations)

<250V/cm

~750V/cm

Figure 2-15 shows various microfluidic platforms for production of drug and gene carriers,
including noisome, nanoparticles, lipopolyplex, microgel, and particles with DNA
encapsulated inside. The platform includes:
(a) Noisome self-assembling in diffusion based microfluidic chip;
(b) Fabrication of lipid nanoparticle (LNP);
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(c) A multi-inlet microfluidic system for lipopolyplex generation;
(d) Open-celled porous microgel production in a droplet-based microfluidic platform;
(e) SEM image of fabricated microgels;
(f) Fabrication of microgels with a double emulsion template in a droplet based microfluidic
device;
(g) Programmable microfluidic array for DNA encapsulated supramolecular particles
production.

Figure 2-15 Microfluidic platforms for production of drug and gene carriers (Riahi et al,
2015)
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2.5.2

Fabrication and manufacturing of a microfluidic system

Polydimethylsiloxane (PDMS) and glass channels are commonly used for microfluidic
systems. However, blockage and cracking of glass channels are very difficult to handle
during experiments (Dangla et al, 2010). Table 2 lists the comparison between PDMS and
glass channels:
Table 2-6 Comparison between PDMS and glass microchannels

Advantages

PDMS

Glass

Simpler Fabrication

Stability

Smaller geometry
Disadvantages

Swelling
Degradation resistance

Crack
Blockage
Fragile

PDMS channels are cheaper to fabricate, and offer smaller geometries to achieve desirable
functions. The main problem with PDMS channels is the degradation of PDMS material,
which may cause swelling or even reactions with organic solutions. Coating PDMS with
glass using sol-gel chemistry is inexpensive, simple and efficient (Abate et al, 2008).

In conclusion, the platform and functionality of various microfluidic systems have provided a
new and advanced technology to contribute in drug delivery applications. Liposomes, peptide
nanotube and double emulsions have shown their potential drug delivery carrier properties in
previous researches. Similar approaches of generating these drug delivery carriers in
microfluidic system have shown the potential of production and optimization of these drug
delivery carriers in microfluidic channels.

42

Chapter 3 Peptide Synthesis and Self-assembly Control as
Carriers of Drug Delivery
3.1

Introduction

Self-assembled peptide nanotube is a potential delivery carrier for drugs delivery. A synthetic
polypeptide is prepared with three amino acid units (propylicine, leucine and lysine) and
purified in this experiment. This macrocycle is named AP-169, with its structure showing in
Figure 3-1.

Figure 0-1 Starting macrocycle (AP-169) with propylicine, leucine and lysine labelled

The self-assembling of AP-169 is triggered by polar solvents. DMSO in this case enters
microfluidic system as side streams and the flow rate ratio is monitored to control the
interactions between streams. The presence of hydrogen bonding on the backbone structure
of an antiparallel β- sheet will force peptides to fold into hydrophobic peptide-like nanotubes.
Previous investigation of the suitability of Huisgen 1, 3-dipolar cycloaddition to synthesise
constrained β-strand mimetic was demonstrated that can be utilised in the field of Calpain
and Proteosome inhibition. However, the rate of the self-assembling process and the size of
resulting nanotube are difficult to control. Single emulsion formed by a microfluidic system
may also provide a controlled environment for this peptide to self-assemble, by limiting the
amount of triggering agent in the inner core.
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3.2

Materials and methods

3.2.1

Material

Chemicals utilised for the experiment were provided by The University of Adelaide
(Chemistry School). General compound synthesis processes are shown in Figure 3-3.
Products were separated and purified with high performance liquid chromatography (HPLC)
and thin-layer chromatography (TLC) after each reaction. HPLC purification was carried out
with Merck Kiselgel Silica 60(230-400 mesh) beads and eluent (Dichloromethane (DCM)
and Methanol (MeOH) in a ratio of 98:2). Phenomenex C18 column (250×21.2mm) was used
for HPLC. TLC analyses were performed on Merck aluminium sheets (silica gel 60 F254). The
buffering solution (10ml) used for TLC contained methanol and dichloromethane (1:9 in
volume). The compounds were visualised with potassium permanganate stain (10g K2CO3,
1.5g KMnO4, 10% NaOH (aq) and 200mL water) and an Oliphant (6W-254nm tube) UV lamp.
1

H NMR reports were collected from a 300 spectrometer with 5mg sample dissolved in 0.6ml

L-chloroform. Oven dried glassware was used in all reactions under an inert atmosphere (dry
nitrogen/argon). Removal of solvents were processed with rotary evaporation, under a low
vacuum pump and followed by a high vacuum pump (oil pump). Leica TCS SP5 confocal
microscope (Leica Microsystems Pty Ltd, AUS) and UV spectrum were used to review the
formation and rate of self-assembling process. Transmission electronic microscopy (TEM)
was used to detect the structure of self-assembled nanotubes.
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3.2.2

Reaction and purification

The starting compound generation is shown in Figure 3-2

H
HO

CO2H

NaHCO3
Na2CO3

Cbz

N

CO2H

H2O
Acetone
CbzCl

Figure 0-2 Starting compound generation

L-Propargylglycine (1g white powder) was dissolved in H2O (30ml) with sodium carbonate
(Na2CO3) (2.0 equiv) and sodium bicarbonate (NaHCO3) (1.0 equiv) and the mixture was
stirred for 6 hours. Acetone (4ml) was added to produce a turbid solution. The solution was
placed in an ice bath to cool to 20°C. Benzyl chloroformate (Cbz-Cl) (1.25 equiv) was added
dropwise with stirring at room temperature.

For purification, hydrochloric acid (HCl 1M) was slowly added and ethyl acetate (EtAc)
(30ml) was added for extraction after 10 mins stirring. HCl (1M) was added to turn the pH of
this solution to 2. Saturated NaOH (aq) was used to neutralise the solution to pH 5-6. The
collected organic phase with ethyl acetate was concentrated under a rotary evaporator.

2.18g starting compound was collected. A series of reactions as shown in Figure 3-3 were
performed for the generation of AP-169.
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Figure 0-3 Peptide synthesis procedures (Pehere et al, 2013; Abell et al 2012)

Step 1 is a peptide coupling reaction; EDC (1.3eq), DIPEA (3.0eq) and HOBt.H2O (1.5eq)
were added to the starting compound (1.0eq) with dry CH2Cl2 (70mM). After 12 hrs stirring,
the solution was diluted with CH2Cl2 and the organic layer was collected for purification
under HPLC. HCl (1M), saturated NaHCO3(aq) and brine were used to wash the solution
respectively. The solution was dried with vacuum flask by solid dry MgSO4.

Steps 2 and 3 are the hydrolysis of methyl ester and tert-butyl esters. Methyl ester (1.0eq) was
dissolved in THF (100mM) and stirred for 15min at 0°C. LiOH (5.0eq) was added to the
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solution dropwise while stirring vigorously for 16 hrs at 25°C. HCl (aq) (2M) was used to
acidify the solution pH to 7. The solution was dried and extracted in the same way as for the
starting compound. L-leucine t-butyle ester hydrochloride (H-Leu-OtBu-HCl) (1.2eq) was
washed with DCM and dissolved in CH2Cl2 (5ml) under nitrogen atmosphere. EDCI (1.3eq),
HOBt (1.5eq), DIPEA (4.0eq) and DCM (40ml) were added to the solution. The solution was
heated to 100°C and stirred under nitrogen environment for 16hrs. The solution was collected
and washed with HCl and purified with HPLC and TLC.

For generation of compound E, NaN3(1.5g) and Tf2O (1.2eq) were combined and traffic acid
(4.5ml) was added to the solution dropwise. ACM (100ml), H2O (40ml), TEA (3.0eq) and
CuSO4 (1eq) were added to the reaction. The reaction was stirred for 16hrs at 0°C and
concentrated on a rotary evaporator. The remaining aqueous solution was washed with ethyl
acetate (150ml) and filtered and dried.

Step 4 of the ring closing click reaction was carried out under nitrogen atmosphere with
addition of CH2Cl2 (1.6mM) and DBU (3.0eq). Cu(I)Br (1.0eq) was added after 15 mins of
stirring at 25°C. The mixture was stirred for further 7hrs. The solution was again washed by
HCl and the organic solution was collected for purification with HPLC.

In step 5, lithium borohydride was used to turn methyl ester to alcohol.THF (0.1 mol) was
combinded with LiBH4 (2 mol) in a nitrogen environment at 0°C. The mixture was stirred at
0°C for one hour and room temperature for 18hrs. Methanol, chloroform and brine were used
for extracting 3 organic ingredients and the products were dried over MgSO4. The products
were filtered and concentrated under rotary evaporator. HPLC and TLC were again applied
for purification.
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In the final step 6, dess-martin periodinane (DMP) (80%) (3.0eq) was added to the solution
with CH2Cl2 and alcohol and stirred for 2 hrs at room temperature under nitrogen atmosphere.
The solution was again collected, washed and purified after being quenched by adding
saturated NaHCO3(aq) and Na2S2O5(aq) .
3.2.3
3.2.3.1

Self-assembling rate control
Change of solvents

Since the nanotubes of AP-169 form spontaneously in DMSO, a mixture of DCM and
methanol providing similar solubility was tested at different concentrations. A mixture of
dichloromethane (DCM) and methanol at different ratios was applied to the macrocyles
before it entered into the microfluidic system. The ratio between these two solvents was
changed to provide different polarities of the environment.

Table 0-1 Organic solvents at different mixing ratios
Trial 1

Trial 2

Trial 3

DCM

50%

30%

20%

Methanol

50%

70%

80%
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3.2.3.2

Change of self-assembling system for a better process control

The microfluidic system was adapted for our project to bring down the scale of the selfassembly process and to better control of the rate of self-assembly process. As shown in
Figure 3.4, the microfluidic capillary system is set up for peptide nanotube self-assembling.
The peptide was pumped into the system at the starting stream, and the triggering solution
DMSO enters the system only when the peptide stream has been focused. DMSO surrounded
the peptide stream, and the interaction occured at the interphase of these two laminar flows.
Hence the interaction between the two solutions was controlled. The interaction occured
within the “Lmix” tube. The length of this tube was an influencing factor on the amount of
interaction between two flows. FFR was adjusted as a dependent variable to control the
diameter of the focused stream in the main stream, since it has been proven to have a
significant influence on the size of assembled liposomes in literature (Jahn et al 2007,
Mijajlovic et al 2013) and our results.

Figure 0-4 Capillary system setup for peptide nanotube self-assembling
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3.2.3.3

Self-assembling rate calculation

UV-vis scan was run from 200 to 600nm, and the highest peak of absorption was used as the
future wavelength of testing self-assembled materials. The absorption was recorded for every
minute of the first 10-20 mins of reaction depending on the change of absorption reading.
Self-assembling of AP-169 at concentrations of 1mM, 1.5mM, 6mM and 12mM were
monitored in both pure DMSO (1mM ) and a mixuture of DMSO and methanol at ratio of
1:9.
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3.3

Results and discussion

3.3.1

Reaction selection

Figure 0-5 Click reaction for functional loop formation
Figure 3-5 shows the investigation of the suitability of Huisgen 1, 3-dipolar cycloaddition to
synthesise constrained β-strand mimetics that can be utilised in the field of Calpain and
Proteosome inhibition. Click reaction was chosen over ring closing metathesis (RCM), and
comparisons of these two reactions are listed in Table 3-2.

Table 0-2 Comparison of ring closing metathesis (RCM) and click reaction
Ring Closing Metathesis (RCM)

Click Reaction

Produces E & Z isomers

In situ click

Ethylene liberation

High yielding and stereo specific

Expensive catalyst

Cost effective

Toxic ruthenium catalysts

Produces inoffensive by-products

Less compatible with an aqueous

Suitable aqueous environment

environment
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3.3.2 Purification of product from each reaction
All HPLC separations are based on the polarity of solution and products. The outcome was
collected in glass tubes and each tube was tested on TLC plates. The solvent used for the
TLC is DCM and MeOH in a ratio of 9:1. An example of TLC plates is shown in Figure 3-6.

Figure 0-6 TLC analysis on the starting compound

Figure 3-6 shows the product run on TLC in comparison to Leu-OMe. Since our product has
a similar polarity to Leu-OMe, the black circled signal shows the presence of the product.
Red and blue circles are impurities with different polarities. Hence, further HPLC is required
to remove these impurities. The purification steps for the first four intermediates have an
average yield of 88%. However, the total yield of this series of reaction is very low. Only
58mg of AP-169 is collected at the end of the process.
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3.3.3

Characterisation

Proton nuclear magnetic resonance (1H NMR) reading is based on a physical phenomenon in
which nuclei in a magnetic field absorb and re-emit electromagnetic radiation. Prior to 1H
NMR analysis, samples were dissolved in chloroform.

Figure 0-7HNMR spectrum of the starting material
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The 1H NMR spectral data of our final compound in DMSO shows consistency of the
macrocycle adopting a β-strand conformation in solution. The 3JNHCaH coupling content, in
particular is observed within the range of 8.4 to 9.3 Hz. The literature value of an Φ torsion
angle around -120° is between 8.0 and 10.0 Hz. Therefore, the trans backbone of this
macrocycle has a β-strand geometry is determined. Detailed analysis of Figure 3-8 is included
in supporting document 2.1.

Figure

3-8

is

the

1

H

NMR

of

the

final

AP-169

Figure 0-8 NMR reading of AP-169
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after

purification.

Figure 3-9 shows the Fourier transform infrared spectroscopy (FT-IR) data, which reveals
bands at 1635-1641 and 1532-1537cm-1, their correspondence groups are amide I, II. These
stretches fall in line with literature values of β-sheet geometry for macrocyclic nanotubes.
Amide II stretches within 1530 and 1550 cm-1 in particularly, are consistent with a parallel βsheet. (Pehere et al, 2013) The stretch at 3276-3302 cm-1 is an evidence of an ordered
nanobular structure strongly bonded by hydrogen bonding.

Figure 0-9 FT-IR spectrum reading of AP-169
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Figure 3-10 shows the evolution images under a confocal microscope for solid formation
after macrocycles are exposed to 10 mM DMSO. The tube-like structure was formed and
grew from 5 µm to 16 µm after 20 min of exposure to DMSO solution. After 3 days, the
length extended to over 100 µm. Because of the sharp ends of these tube-like structures, the
nature of the tube formation may be due to crystallization instead of self-assembly. Figure
3.11 shows the structure of the self-assembled nanotubes in TEM.

Figure 0-10 Crystallisation of macrocycles under confocal microscope at DMSO
concentration of 10mM (a) after 1 min (b) after 7 mins (c) after 12mins (d) after 20min
Figure 3-10 shows the self-assembling/crystallization rate of the macrocycles at initial
concentration of 5mM. As the macrocycle concentration increases, the assembling rate
decreases. Hence, the reaction rate increases with an increasing amount of DMSO added into
the solution. Table 3-3 is a summary of the UV spectra testing result at various initial
macrocycle concentrations.
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Figure 0-11 TEM image of self-assembled or crystallised nanotubes (lengths: 50~250nm,
width:<1nm)
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Table 0-3 Reaction rate at different initial macrocycle concentration
Trial Number

1

2

3

Macrocycles Concentration (mM)

1.5000

5.0000

10.0000

Max Absorption Wavelength (nm)

264.0000

267.5000

272.0000

Highest UV Absorption Value

1.3700

2.7400

2.9100

Reaction Rate (s-1)

-0.0014

-0.0013

-0.0005

The average maximum absorption wavelength is 268 nm. This will be used for future
evaluating the self-assembling rate of AP-169 at different initial concentrations. The reaction
rate is found to decrease as the reaction time increases, as shown in Figure 3-12.

Figure 0-12 Nanotube structure formation rate (macrocycle initial concentration at
5mM)
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3.3.4

Self-assembly and control

According to literature, the structure of the nanotube formed by self-assembly of macrocycles
has a length of 5µm and diameter of 400-600nm (Pehere et al, 2013). The interior of this
nanotube is too small to host any chemical/generic material, and the length is too long for
drug delivery. However, carbon nanotubes are toxic for biological use, and this cylindrical
peptide does not have the toxicity problem. Hence, controlling the size and structure of the
nanotube is crucial for a new safe and advanced drug/gene delivery carrier.

The major problem of batch assembly of the new cylindrical nanotube is that the selfassembly process occurs too fast and it is uncontrollable. We proposed to control the selfassembly process in a microfluidic system.

Due to the nature of DMSO solution, PDMS channel walls may be damaged. Therefore, a
capillary glass microfluidic system was designed for controlling the nanotube self-assembling
process. Macrocycles which self-assemble into peptide nanotubes were injected into the
capillary system as the primary solution (as shown in Fig 3-4). DMSO buffering solution was
introduced to the system as a surrounding stream in the part B of this capillary system setup.
The flow rate ratio between the DMSO stream and the peptide stream was adjusted to control
the size and size distribution of final nanotubes. The entrances for both peptide and DMSO
solutions were sealed and the solutions were pumped with microfluidic tubes and the same
syringes and pumps were used as the microfluidic system set-up for liposome and double
emulsion formation.

Several trials have been attempted by varying the DMSO buffering solutions (flow rate, and
solvent type); flow rate of the peptide stream; and the geometrical dimensions of the system.

59

However, due to the rapid reaction rate, the self-assembly process was not be able to be
realised in the capillary system. Another possible reason is related to the product, which was
synthesized and purified. Given the complicated chemical structure of the peptide, minor
changes of the final product may lead to significant variation in the self-assembly process
even though they have the similar NMR or FT-IR spectra because nanotube formation could
be driven or interrupted by different forces because of the complexity of the secondary
protein structure. However, the design of the micro-capillary system can be used for other
organic solvent-involved self-assembly processes.

3.4

Conclusion

The macrocycles were successfully synthesized with the same structure and functional groups
as stated in literature. NMR and FT-IR have confirmed the chemical structure of the final
product. TEM and confocal microscope results confirm the nanotube-like structure after
macrocyles are exposed to DMSO. A glass capillary droplet formation system has been
designed for peptide nanotube self-assembling since DMSO reacts with chemical groups on
the PDMS. Unfortunately, the peptide self-assembly process was not realised in the glass
capillary system.An appropriate self-assembly system will be selected in future for validating
the current design.
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Chapter 4 Liposomes Formation in a Microfluidic System
4.1

Introduction

Liposomes with functional groups bonded at the outside of the vesicle can achieve localised
drug delivery with a high efficiency when drug/peptide substances are encapsulated inside the
the vesicles. Another advantage to use liposomes as a therapeutic agent is that the controlled
drug release can occur directly at the site of administration or inside the plasma. These lipid
vesicles have many outstanding features comparing to ordinary drug carriers. In particular,
they are biodegradable and biocompatible with structural variability and low toxicity. In this
respect, a change in the liposomes reactivity or structure can promote release of the
encapsulated substance in its interior. For example, development of affinity reaction is one
way of triggering drug release. External stimulations, such as light, temperature and pH
variation, are often employed to promote structural change of liposomes.

Different patterns of channels were designed and fabricated with polydimethylsiloxane
(PDMS). Channel fabrication steps were modified to change the internal hydrophobicity for
double emulsion experiments. The microfluidic system with double emulsion templates was
selected for the liposome self-assembling device. The size and size distribution of liposomes
were controlled by the initial lipid concentration and adjustment of flow rate ratio between
the main stream of lipid and the side stream of buffer solution. Final liposomes were analyzed
with dynamic light scattering (DLS) and transmission electron microscopy (TEM).

The double emulsion template is often employed for double emulsion generation. This
process is advantageous due to the monodispersity of the resulting emulsions and a high
degree of control. The technique is also flexible and reliable. Previous studies include two
most common methods with a 2D microfluidic system: T-junction and cross-junction layout
(Julian Thiele et al, 2010, Kin-Lok Lao et al, 2009). LbL coating and modification of PDMS
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channel fabrication have been carried out to change the hydrophobicity of the channel
walls(Wolfgang-Andreas C Bauer et al, 2010). In our system, two 3-inlet channels were
joined together with a microfluidic tube. Water-in-oil single emulsion was formed from the
first channel, and then injected into the second channel to coat with the third aqueous phase.
Double emulsions were successfully generated and characterised.

4.2

Material and method

4.2.1

Design, fabrication and modification on microfluidic chips

4.2.1.1

Channel design

A number of microfluidic channels were designed with AutoCAD and printed by JD PhotoTools (Oldham, Lancs, UK) for self-assembling and double emulsion generation, as shown
in Figure 4.1. Cross-junction and T-junction channels were chosen for double emulsion
generation. A simple 3-inlet design was used for single emulsion and liposome selfassembling generation. The parameters of the channel tubes are specified in supporting
document section 3.
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Figure 0-1 Microfluidic channel designs

4.2.1.1.1

Combination of cross-section and T-junction for double emulsion formation
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A combination of cross-section and T-junction channel was further designed for double
emulsion encapsulation of self-assembled material. The first cross section was used for
single emulsion generation, and the next one for self-assembling process.

Figure 0-2 Modified double emulsion template design

4.2.1.1.2

Modified T-junction design for double emulsion generation

A modified version of T-junction channels was developed for double emulsion formation as
shown in Figure 4-3. The inner aqueous phase entered at the “water 1” inlet, and split into
two streams. The oil phase entered the system and it cut the water phase into droplets, which
formed the w/o emulsions. Then the second water phase entered the system from the bottom
“water 2” inlet, and this third phase cut the oil flow with water droplets to form double
emulsions.
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Figure 0-3 Modified T-junction design for double emulsion generation

4.2.1.2

Soft lithography for wafer manufacturing

All steps of the wafer manufacturing were carried out in a clean room of Class 100 (ISO 5) at
the Australian National Fabrication Facility (ANFF) Ltd of the University of South Australia.
Electronics And Materials Corp. LTD supplied plain 3” silicon wafers. They were cleaned
with isopropanol and acetone on a spin coater (SUSS Delta 80RC), and placed on a hot plate
at temperatures of 85 °C, 150 °C and 220 °C to evaporate any aqueous component on the
surface. The silicon wafer was coated with SU-8 using a coating procedure with the spin
coater. The pattern of the mask was defined by the designs on the mask film, which was
printed by JD Photo Tools.
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4.2.1.3

Polydimethylsiloxane Channel Fabrication

The base elastomer (part A) and the curing agent (part B) were used to make PDMS
microfluidic channels. Part A and B were mixed at a ratio of 10:1 and stirred thoroughly for 5
minutes. The mixture was placed under a vacuumed condition to clear all air bubbles inside
the gel-like solution. The cleared mixture was placed onto silicon wafers (top and bottom) of
the channels to create an approximately 5 mm thick layer of PDMS. They were set to cure at
80 °C for 90 minutes until the PDMS became hardened. This PDMS hardening process
involves an organometallic crosslinking reaction as shown in Figure 4-4.

Figure 0-4 PDMS mix curing reaction (crosslinking) (ANFF)
The PDMS cast were cut and peeled off the wafer. A hole with diameter at 1mm was
punched at all inlets and outlets on the bottom piece of channel. Both pieces were placed in
plasma treatment machine for 300 seconds, which helped in forming an irreversible
permanent bond with oxygen plasma. During this treatment, methyl groups and similar
functional groups containing -OH were oxidized to silanol (Si-OH). When the two pieces of
PDMS channels were taken out of the plasma treatment and joined together, they formed –OSi-O linkage and became covalently bonded.
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Twelve wafer templates were generated and 10 PDMS channels of each design were
produced. PDMS channel modification and channel wall coating were further carried out to
change the hydrophobicity inside the channel for double emulsion generation. No
modification was done for liposome self-assembling.

4.2.1.4

Polydimethylsiloxane channel modification

In order to change the hydrophobicity of the channel wall, the top and bottom pieces of
PDMS were not treated with the plasma-binding step. Instead of the above 10: 1 ratio of part
A and B, ratios in Table 4-1 below were tested and the heating time was extended as shown
in Table 4-1.

Table 0-1 PDMS channel binding with no plasma treatment but different A (base
elastomer) to B (curing agent) ratio at 80°C
Set

A: B volume ratio A: B volume ratio Required heating time for
(top piece)

(bottom piece)

binding (80°C) (min)

1

25:1.25

25:3.75

40

2

30:4

30:2

20

3

30:1.5

30:6

45

4

30:2

30:4

20

5

30:6

30:1.5

45

6

25：3.75

25:1.25

50
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4.2.1.5

Layer-by-layer coating

A layer-by-layer (LbL) coating was applied on the PDMS channel walls. A positively
charged solution poly-allylamine hydrochloride (PAH), a negatively charged solution polysodium 4-styrenesulfonate (PSS), and sodium chloride (NaCl) in between were pumped
through the channel as shown in Figure 4-5.

Figure 0-5 (a) Schematic of the LbL surface modification (b) Schematic of a PEM
building up at the channel wall (c) Fluorescence micrograph of four microchannels
modified with different solution sequences (n) the fluorescence intensity increases with
increasing n
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4.2.2

Liposome self-assembly by microfluidic system with controlling parameters

POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) dry lipid (Avanti Polar Lipids
Inc. Alabaster AL USA) was firstly dissolved in 0.5 mL chloroform (Sigma Aldrich) to
remove any impurities residues. The solvent was fully evaporated under a vacuum condition
to obtain the purified POPC. POPC was then dissolved in IPA (isopropanol, Merck, VIC
AUS) at a concentration of 5mM. This final solution was injected into the microfluidic chip
(Fig 4-7) through the main stream with an electrical pump (PHD Ultra Pump from Harvard
Apparatus MA USA). PBS at pH 7.4 was pumped with another PHD Ultra Pump into the
side streams. Buffering solution is a premixed mixture of chloroform and toluene in a volume
ratio of 1:2. The third T junction introduced raw lipids dissolved in IPA, and the fourth set of
buffer solution entering the system was phosphate buffer saline (PBS) (3mM sodium azide,
2.7mM potassium chloride, 10mM phosphate, pH 7.4)

2

1

5

4

3
Figure 0-5 Dimension of Microfluidic Chip used for liposome self-assembling (1-5:
10µm, 2-5: 40µm, 3-5: 40µm, 4-5: 80µm)

Tygon® Microbore Tubing with a dimension of 0.020”× 0.060” was used as connecting
tubes (Jo Morris, VIC, AUS). Needles with a metal canula, 21 gauge×1.0” and 5cc/5mL
Terumo® dispensing syringes (Doug Ford Analog Design, VIC, AUS) were used for
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connection purpose. The flow rates were controlled with PHD Ultra syringe pumps (Harvard
Apparatus, MA, USA).

Resulting liposomes were collected and measured with dynamic light scattering (DLS)
equipment (Zetasizer Nano ZS particle sizer from Malvern Instruments Ltd UK) for size and
size distribution measurement. Each sample were run at DLS at least 3 times for 60 seconds
and the mean result was recorded. A He/Ne laser of 633 nm wavelength was used as the light
source and the detection angle was set at 173°. Confocal microscope (Leica Microsystem Pty
Ltd) was used for measurements of liposomes from the microfluidic system. The lamellarity
of liposomes was determined by thin-section transmission electron microscopy (TEM) at
Adelaide Microscopy Centre.
4.2.3

Single emulsions

Single emulsions were generated at the microfluidic channel with a design shown in Figure
4.8. For water-in-oil emulsions, the water phase containing Milli-Q water with blue dye
entered the main stream and the oil phase (oleic acid with Span 80 (0.025 %w/v) entered the
side streams. While for oil-in-water emulsions, the oil phase (oleic acid) entered the main
stream in the centre and the water phase (Milli-Q water with blue dye and sodium dodecyl
sulfate (SDS) (0.83M)) entered the side streams.
2

f

1
3

Figure 0-6 Microfluidic channel for single emulsion generation
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4.2.4

Double emulsions

Double emulsions (w-o-w) were generated in the modified PDMS channels as shown in
Figure 4-9. The water phase 1 (w1) containing 0.83M SDS with blue dye in Milli-Q water
entered channel 1, the oil phase containing oleic acid with folic acid (7×10-5M) with Span 80
(0.025%w/v) entered channel 2, and the second water phase (w2, Tween 80 (0.0016% w/v)
with blue dye in milli-Q water) entered channel 3.

2

3

1

2

1
3

Figure 0-7 Cross junction and T-junction channels are designed for double emulsion
formation

4.3

Result and discussion

4.3.1

Generation of liposomes

The initial concentrations of POPC in IPA of 2, 5, 10 and 20 mM were tested for liposome
self-assembling process. The analysis result from DLS shows that the shape of final vesicles
is the most spherical when the initial raw lipid concentration is 5 mM or 10 mM. The length
and width of liposomes are almost equal at 10 mM, but a difference between them is found to
be about 30 nm for a lower initial concentration (2 mM) and 50 nm for a higher initial
concentration (20 mM). It is observed that the size distribution of self-assembled liposomes is
more uniform at a lower initial lipid concentration (Fig 4.10). Considering both size shape
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and size distribution of self-assembled liposomes, 5 mM is selected as the lipid concentration
for liposome self-assembling process.

Figure 0-8 Size distributions of self-assembled liposomes formed from various initial
lipid concentrations
To reduce variations in liposome sizes often encountered in batch processing, microfluidic
devices were fabricated for make uniform-sized liposome vesicles by the soft lithography
technique. In this technique, a patterned elastomer was used as a mask, mould or stamp to
make desired channel size and shape. There are several advantages of soft lithography. It
creates the possibilities to pattern both UV sensitive and non-UV reacting material. There is
also a possibility to create non-planar surfaces or for larger pattern areas. The strategy makes
the PDMS microchannels faster, easier and cheaper to produce.

Liposome vesicles were formed at the interfaces of two streams which were introduced at
different inlets in the microfluidic system (Figure 4-8). The advantage of this system is that
the flow rate of two streams can be controlled.
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The resulting liposomes with a size ranging from 50 to 150 nm were successfully achieved by
controlling the flow rate ratio (FRR), which is the ratio between the volumetric flow rate of
the buffer solution PBS (QB) and the volumetric flow rate of the solvent (QS). In this set of
geometry of microfluidic system, FRR= QB/ QS = (Q2+Q3)/Q1. Different FRRs directly
influence the focused stream width (wfs), which is the stream width of the focused sample
(IPA solution with raw lipids) inside channel f. The relationship between wfs and width of
channel f (Df) is explained with FRR:
𝑤𝑤𝑓𝑓𝑓𝑓 =

𝐷𝐷𝑓𝑓
𝑄𝑄
1 + 𝑄𝑄𝐵𝐵
𝑆𝑆

Equation 1 shows within the same set of geometry (i.e. a constant Df), an increase in FRR
decreases wfs and vice versa.

𝑤𝑤𝑓𝑓𝑓𝑓 ∝

1
𝐹𝐹𝐹𝐹𝐹𝐹

The average diameter and size distribution of the resulting liposomes generated with different
FRRs, which were measured by DLS were shown in Figure 4-12. At a lower FRR, the
vesicles are in the range of 150±30 nm, while at a higher FRR of 40, the resulting vesicles
have a uniform size of 70 nm. The standard deviation of size distribution of liposomes
decreases as FRR between PBS and lipid streams increases. The standard deviation is the
lowest when FRR equals to 40. Self-assembling process was not observed when FRR is
greater than 40. It can be seen from Figure 4-12 that with an increase in FRR, the average
size and size distribution of POPC lipid vesicles decrease. This result is in agreement with
earlier literature studies (Jahn et al, 2010).
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Figure 0-9 Effect of FRR on average diameter of self-assembled liposomes formed by
hydrodynamic focusing of POPC with PBS side streams

Figure 0-10 Liposome Size Distributions at FRR 40
Figure 4-10 shows a typical size distribution of self-assembled liposomes at a FRR of 40 in
another set of microchip with a larger tube diameter. The average size of the liposomes is 200
nm with a standard Gaussian distribution. Therefore, the geometry design of microchannel is
another influencing factor on the size of final liposomes. The size of liposomes increases with
increasing diameter of the tubes.
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The liposome vesicles were further characterized by transmission electron microscopy (TEM)
as shown in Figure 4-11. The vesicles have a size range of 60-80 nm with a narrow size
distribution.

Figure 0-11 Unilamellar morphology of POPC vesicles in TEM (stained with OsO4)
Since the double lipid layer can enclose and bind different classes of substances, liposomes
are commonly utilised as a carrying agent for drug, hormones, enzymes and gene delivery.
Microfluidic systems can be utilized for generating uniform-sized liposomes so that the
delivery of these agents can be well controlled. Some other similar lipid vesicles commonly
used as substance-delivery tools, such as proteasomes, virosomes and niosomes (Catherine T.
Lo et al, 2010), can also be produced from the similar microfluidic systems.
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4.3.2

Single emulsion generation

Single emulsion was generated in a microfluidic chip as a preliminary step for double
emulsion generation. Water-in-oil (w/o) and oil-in-water (o/w) emulsions were produced with
a three-inlet PDMS microchip as shown in Fig 4-14. The fluid entering into the microfluidic
system from the side streams cut the central flow to form droplets. The size of the droplet is
very dependent on the flow rate, FRR and the channel width for the central stream. To
produce water-in-oil single emulsions, the water phase is introduced in the central stream
while the oil phase enters from the side streams.

Figure 0-12 Single emulsion w/o formed in microchannels (Diameter of channel f is 300
𝝁𝝁m, trial 1, 2, 3 at FRR equals to 20, 30 and 40)

Figure 4-12 shows the dynamic transformation of the main stream into a droplet form. For
water-in-oil single emulsions, the droplet size was measured at different FRRs, while the inlet
1 stream flow rate was fixed at 1 𝜇𝜇l/min. The size of water-in-oil droplets decreases from 238
to 155 𝜇𝜇𝜇𝜇 as FRR increases from 80 to 1200. It is observed that the droplets deform when

FRR is lower than 20. The size of the droplet decreases exponentially as FRR increases. The
change in the droplet size becomes negligible when FRR exceeds 400. Figure 4-13 shows
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that at the same flow rate for the centre water stream phase (inlet 1), increasing FRR will
decrease the size of droplets. The size distribution of resulting droplets has a very low
standard deviation. The size distribution monitored by the confocal microscope is almost
unique at FRR 20 to 40. The actual result of the size of formed droplet is in line with standard
functional curve.

Figure 0-13 FRR influence on droplet size for water-in-oil droplet generation

Surfactant/emulsifier plays an important role in stabilizing the water-in-oil droplets. It is
observed that without emulsifier droplets coalescence at the exit of the microfluidic system.
Span 80 was used as a stabilizer for water-in-oil emulsions at 2% (w/w) with respect to the
continuous phase. SDS at 1% (w/w) was used as a stabilizer in the water phase for oil-inwater droplet. Droplet coalescence was significantly reduced after the addition of emulsifiers
and the stability of w/o and o/w emulsions was increased. Figure 4-14 shows the resulting
single oil-in-water emulsions in the presence of SDS.
The formation of oil-in-water droplets is similar to water-in-oil droplet formation, but the oil
phase enters the centre stream while the water phase via the side streams. These droplets have
a very uniform size with a diameter of 158-161 um.
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Figure 0-14 Morphology of oil-in-water single emulsion generated (red droplet with a
diameter of 158um and yellow droplet of 161um)
With a fixed flow rate of 60µl/min for the water phase, the oil phase flow rate is varied within
the range of 0.1 to 1.5µl/min. The size of droplets formed decreases as the flow rate ratio
(FRR) increases. The decrease rate is in a log order. It is found that with this microchannel
design, the o/w emulsions only form within the volumetric FRR from 80 to 1200.

At the same FRR, it is noticed that a higher flow rate of the oil phase results in a smaller
droplet formation. Therefore, FRR is not the only factor influencing the size of the resulting
droplets in a cross section microchannel.
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4.3.3

Double emulsion generation (w/o/w)

Channel wall coating and addition of surfactants in both oil and water phases are the key
steps for generating double emulsion in a microfluidic chip. When the second phase enters
the uncoated microfluidic chip, the single emulsion generated before is destroyed. The
interruption comes from both physical shear stress of the entering stream and the
hydrophobic interactions between the wall and the solution. The stability of an o/w droplet in
a hydrophobic microfluidic capillary is lower than that in a free space. Therefore, w/o/w
droplets are not be able to form by only optimising flow rates and the concentrations of
stabilizing surfactants in each phase.

Figure 0-15 Interaction between channel wall and the intermediate phase of w/o/w
emulsion
Figure 4-15 shows the oil residue remains along the original channel wall without channel
modification or coating. This hydrophobicity interaction will change the flow property inside
the channel and interrupts the formation of double emulsions. Besides this interruption, the
shear stress from side streams is another key influencing factor. When double emulsion is
formed after two streams are merged; the oil layer may be disrupted later down the channel,
or at the outlet of the channel by shear stress of the flows. The hydrophobicity of the channel
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wall needs to be changed into hydrophilicity after the second intersection where the second
oil layer is formed.
To coating the PDMS channels, these channels were first produced without plasma treatment.
By varying the ratio between Part A and Part B and heating time, the resulting PDMS
channels were able to bind at all ratios tested. However, the texture of PDMS pieces was
softer at higher ratios.
LbL (Layer by Layer) deposition of positively and negatively charged solutions over the
channel wall was performed to change the hydrophobicity of channel walls. This process
produces a long-term stable hydrophilic coating to assure an effective wetting of the channel
walls by the continuous aqueous solution.

Production of monodispersed double emulsion was attempted on a piece of microchannel
with 5 inlets, and the flow rates were varied shown in Table 4-2. Unfortunately, no double
emulsions were successfully generated. This may be caused by a high initial aqueous flow
rate. The lowest initial flow rate is 1 µl/min with the PHD Ultra Pump. A more accurate and
low-flow-rate pump will be sought in future for further investigation of double emulsion
production in such a design.
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Table 0-2 Flow rate trials for double emulsion generation

Flow

Rate

(µl/min)

FRR

Double emulsion

w1

o

w2

2

2

50

1:2:50

deformed

1

1

50

1:2:100

deformed

1

1

40

1:2:80

deformed

1

1

100

1:2:200

back flow

0.5

0.5

50

1:2:100

deformed

0.1

0.1

50

1:2:100

deformed

Since single w/o and o/w emulsions were able to be generated through 3-inlet cross-junction
channels, two pieces of 3-inlet cross-junction chips were joined together for double emulsion
generation. After LbL coating (refer to section 4.2.1.3) or PDMS channel modification during
fabrication (refer to section 4.2.1.4) was used to change the hydrophobicity of the channel
wall in the second 3-inlet channel to avoid oil residue, double emulsions were successfully
generated with a connecting tube at a length less than 2 cm. Longer connecting tubes failed to
transfer single emulsions to the second channel. Less pressure head is required for tubes less
than 2 and this low-pressure head ensures not to break the single emulsions formed in the first
channel.
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Figure 0-16 Water-in-oil-in-water double emulsion generated with microfluidic system
(marked droplets with diameter of 180 and 184µm)
The double emulsions were collected and analyzed shown in Figure 4-16. Around 200
droplets from two sets of experiment were analyzed and it was found that these droplets have
a mean diameter of 80 µm and 181 µm for the first emulsion (blue color) and the second
emulsion (black color) respectively. The standard deviations for two sets of droplets are 1.6%
(0.87 µm) and 1.7% (1.75 µm) for two layers.

The success of double emulsion generation through two 3-inlet channels provides a new
venue for making drug delivery vehicles. Many hydrophobic drugs can be encapsulated in the
middle phase of the double emulsion(Yan et al, 2013). Literature has shown encapsulation of
liposome in the middle phase of a double emulsion for drug delivery (Qing Wang et al,
2009). This channel design allows well controll over the size and size distribution of the
resulting emulsion. Furthermore, the process efficiency can be significantly increased.
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Another factor for contributing to the stability of a w/o/w double emulsion is surfactants
added into each phase Experimental results demonstrate that the type and concentration of
surfactants play a critical role in double emulsion formation and the stability. The optimized
surfactant type and concentration in each phase for different phase are summarized in Table
4-3.

Table 0-3 Surfactant used in each phase and their concentrations
Flow phase

Surfactant

HLB

Concentration
(%w/v)

Inner

SDS

40.0

0.1000

Middle

Span 80

4.3

0.0250

Outer

Tween 80

15.0

0.0016

Flow in the microfluidic system for the double emulsion production was further the
characterised. Flow characteristics of this system are impacted by flow rate, pressure set,
microfluidic chip dimension (diameter and length), fluid properties (viscosity and density).
Since it is a steady laminar flow inside the microfluidic system, the Bernoulli equation
(Equation 1) was used to calculate the pressure drop inside this microfluidic system.

Where P is pressure energy, ρ is fluid density, v is flow velocity, ρgh is potential energy per
unit volume.
By varying different flow rate ratios, the pressure change can be calculated from Equation 1
and the pressure changes for each phase in w/o/w double emulsion formation are presented in
Figure 4-18. The slope is the fluid resistance (Rf), which is the lowest for the outer aqueous
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phase and therefore, at the same pressure, the volumetric flow rate is the highest. As shown in
Figure 4-17, Rf is 10 times lower at the outer phase than the inner phase for successful double
emulsion generation. Therefore, to reduce the resistance of the outer phase flow, the diameter
of this final tube needs to be larger than the rest of the channel for continuous phase
generation.

Figure 0-17 Pressure change of each phase with increasing flow rate, the slope is fluid
resistance

Results have also shown that double emulsions with the same outer droplet diameter can be
generated when the summation of flow rates of inner and middle phases (Qi+Qm) is kept the
same. Figure 4.19 shows the ratios of the diameter for the outer layer and that of the inner
layer when FRR (Qo/(Qi+Qm)) increases for double emulsions with an outer diameter of 100,
120 and 140 µm. Analysis shows that FRR has more impact on the droplet diameter ratio as
the outer diameter of a double emulsion increases.
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Figure 0-18 Relationship between droplet inner and outer diameter ratio and flow rate
ratio
This finding may be useful for providing a controlled environment for peptide selfassembling. Adjustment of FRR can control the volume of the middle phase of a double
emulsion. In the case of using self-assembled peptide nanotubes as a drug delivery carrier, the
volume of the middle phase in the organic solution which initiates the self-assembling
process can be adjusted based on the results presented in Figure 4-19. Hence, nanotubes with
desired size can be directly produced for drug delivery.
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4.4

Conclusion

Microfluidic system has been successfully applied on liposome and double emulsion
generation processes. The size and size distribution of liposome and double emulsions are
better controlled than traditional bulk processes. The unique multiple compartment structure
of double emulsions allows potential applications of controlled release drug delivery. Various
hydrophilic therapeutic substances, including vaccines, enzymes, hormones and vitamins can
be encapsulated in the inner aqueous phase and slowly released to the outer aqueous phase
(Yan et al 2013). Layer-by-layer coating and microchannel modification during fabrication
successfully changed the hydrophobicity of the inner channel wall. Furthermore, surfactants
with various HLB are added into different phases to enhance the stability of final double
emulsion.
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Chapter 5 Conclusion and Future Work
5.1

Conclusion

Microfluidic systems have been designed to produce drug delivery carriers in our research
study. Peptide self-assembling nanotubes, liposomes and double emulsions are selected for
generation in the microfluidic systems, and these drug carriers will significantly improve the
uptake of relatively unstable and poorly soluble therapeutic agents.
Macrocycles were successfully synthesized and the TLC, NMR and FT-IR spectra confirmed
their chemical structure. The antiparallel β-sheet structured nanotubes after self-assembly
were observed under confocal microscrope and TEM. However the designed glass capillarybased microfluidic system did not produce the expected nanotubes from the macrocycle
peptide.

Liposomes were chosen to be produced from a similar design system in which PDMS
channels were fabricated to replace the glass capillary. Liposomes were successfully
generated by entering the lipid solution through the central channel and buffer solution
through the side channels. Size and size distribution of liposomes were controlled by FRR of
two streams. The relationship between FRR and the size of self-assembled liposomes were
established. The resulting liposomes will increase the efficiency of drug delivery and also can
be applied in modeling of artificial cells and cellular organelles applications.

A number of microfluidic system designs were created for generating single and double
emulsions. The resulting droplets were highly consistent and monodispersed. The relationship
between droplet size and FRR was successfully determined. The production rate can be
controlled with the microfluidic system by an order of magnitude by using different flow
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ratios. These resulting double emulsions can be applied in drug encapsulation, biomolecular
screening and in vitro compartmentalization.

5.2

Future work

Peptide synthesis and purification steps can be repeated with Time-lapse Cryogenictransmission electron microscopy (cryo-TEM) detecting the complete structure and pathways
of nanotube self-assembly. More importantly, since AP-169 did not self-assemble into
nanotube structure, mass spectrometry at each individual step can be applied to ensure the
structure of each resulting compound. More repeat HPLC should be performed at each step to
purify the compound and increase the yield. Other choices of peptide nanotube self-assembly
process can be tested in microfluidic system. The self-assembling process will be controlled
by flow rate ratio between initial macrocycle flow and the buffer solution, which triggers the
process.

Upon the success of the liposomes, single and double emulsions in the microfluidic system,
real drugs will be further encapsulated in the above drug delivery carriers. These drugs will
be evaluated in the in-vitro cell models, and further in the animal models. The control release
of the drugs will be monitored and the outcomes of the drug release will be used to modify
and optimise current microfluidic systems.
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