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ABSTRACT

This thesis aims to examine liposomes generation in microfluidic systems. As such, it
presents the continuous flow formation by two dimensional hydrodynamic flow focusing
(2D HFF) of nano-sized liposomes in microfluidic channels. Using our platform, different
lipid size particles are generated by altering the flow rates and flow rate ratios of two
miscible fluids; a central stream of DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine)
lipids in ethanol and an aqueous buffer. The effect of varying both the lipid composition
and flow parameters for the synthesis of DPPC nano-sized liposomes within our platform
was assessed with regards to size, concentration, charge and polydispersity of the result-
ing liposomes. The addition of either positively and negatively charged lipid particles
to the main DPPC bilayer constituent, by respectively incorporating DDAB (didodecyl-
dimethyl-ammonium bromide) and DOPG (1,2 dioleoyl-sn-glycero-3-phosphoglycerol) was
studied as to its effect of liposome charge, size and polydispersity. Experimental flow con-
ditions were duplicated within a COMSOL Multiphysics© in order to gain insight into
the fluidic behavior of the system, and study the effect of FRR on flow focusing. Fi-
nally, encapsulation of a fluorescent FITC-LC-TAT peptide was performed to validate
the potential of this device as an all-in-one liposome synthesis and drug loading plat-
form. Liposomes with sizes ranging between 60 nm to 800 nm were produced with low
polydispersity and high particle throughput from alteration of the flow rate ratio and
lipid concentration. Control of liposomes size was attained by adjusting the FRR or the
inlet concentration with higher FRR and lower concentrations reducing the size of the
liposomes generated. Stable, unilamellar and mono-disperse liposomes are generated at
a maximum concentration of 1740 x E8 particles/mL in less than two minutes, with
higher FRR enabling the most rapid generation of liposomes with similar diameter and
significant lower polydispersity index than the obtained by other batch technique. The
results suggest that the use of microfluidic devices could be employed for liposome pro-
duction with a possible advantage to minimize the degree of parallelization of processes.
It also emphasizes on the potential technical feasibility of microfluidic processes for future

industrial applications.
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Cette these traite de la formation de liposomes par le biais de systemes microfluidiques.
Plus précisément, elle aborde la formation continue par concentration axiale hydrody-
namique bi-dimensionnelle (2D HFF ou hydrodynamic flow focusing) de nano-liposomes
dans les conduits microfludiques. Par ce processus, un flux central de phospholipides dis-
sous dans un solvant (ethanol) est focalisé par deux flux aqueux concomitants, résultant
en la diffusion du solvant dans l’eau et en la diminution de la concentration des lipides
dans le solvant, formant ainsi des liposomes. Dans le cadre de cette these, différentes
tailles de liposomes sont générés en controlant les parametres du flux continu des con-
duits microfluidiques. De ce fait, un contréole du débit des flux lipidiques et aqueux ainsi
que du taux entre les débits (plus communément appelé FRR pour Flow Rate Ratio)
garantit la production continue et controlée de liposomes isuues d'un large éventail de
taille. Nos résultats démontrent que la taille des liposomes est dépendante du taux de
débit entre les deux fluides, ainsi que la composition et la concentration des lipides for-
mant les liposomes. Des liposomes stables et relativement monodisperses a base de DPPC
(1,2-dipalmitoyl-sn-glycero-3-phosphocholine) et de taille comprise entre 60-800 nm sont
générés et ce avec un haut taux de reproducibilité. Par ailleurs, I'ajout de molecules
lipidiques chargées positivement ou negativement au flux de lipide contenant le DPPC,
par le biais de I'incorportaion de molecules de DDAB (didodecyl-dimethyl-ammonium
bromide) et de DOPG (1,2 dioleoyl-sn-glycero-3-phosphoglycerol), fut étudié quant a son
influence sur la charge, la polysidpersité et la taille des lipsoomes qui en résultent. Pour
finir, 'encapsulation d’un peptide fluorescent FITC-LC-TAT a l'interieur des liposomes a
été démontrée et imagéee par microscopie a fluorescence. La taille des liposomes ayant un
impact déterminant sur leur capacité a charger des molécules biologiques, leur biodistri-
bution in-vivo ainsi que sur leur taux de clairance, il devient primordial de développer des
méthodes de production de liposomes qui sont a la fois reproductibles et qui permettent

un controle efficace de la taille des liposomes générés et de leur polydispersité.

i
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Chapter 1

Introduction

1.1 Background and Motivation

A major challenge in the development of nanoparticles (NPs) for drug delivery is the
control of size and size distribution [1, 2]. To avoid measurements perturbed by poly-
dispersity in vesicle size, a solution of vesicles of uniform diameters is a prerequisite for
studying size-dependent properties [2]. In addition, NPs diameters have been shown to
play an important role on their circulation time within the body and their elimination
[3]. Traditional bulk methods of NPs preparation are however limited by difficulty in
controlling size [4], as well as by problems of scale-up [5-8]|, inconsistent encapsulation
efficiency [9-11], along with difficulty in effective sterilization [12]. In addition, long
processing times, difficulty in obtaining relatively monodisperse products, large reagent
volumes [13], and the multiple and lengthy steps necessary for encapsulation [14-16],
make bulk synthesis methods time-consuming and uneconomical [1, 17].

Compared to their non-organic nanoparticles counterparts, the use of liposomes as a de-
livery vehicle offers many advantages including longer circulation times within the body
[18], protection and controlled release of the encapsulated molecules [19, 20|, and the
ability to overcome biological barriers to achieve targeted delivery [21, 22]. The search
for new strategies to alleviate the current issues facing liposome fabrication and provide
control over both lipid aggregation and particle size while enabling encapsulation of var-
ious compounds, continues to remain a challenge in the field of liposome technology [23].
In this context, drug-loaded nano-liposomes can be produced in one step only with a mi-
crofluidic continuous process with many advantages over classical methods. This includes
reducing the use of organic solvents, as well as providing fast, single-stage production and
producing stable, uniform liposomes [24, 25].

The production of nano/microsized liposomes is mostly based on the formation of a dried
lipid film [26, 27], and include processes such as thin-film hydration [28-30], ethanol in-
jection [31-34], and detergent dialysis methods [35, 36]. Because these processes rely
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on the self-assembly of lipids in a bulk phase, which is heterogeneous and uncontrolled
[18, 37, 38], the resultant liposomes are polydispersed in size and often multilamellar. Fur-
ther post-processing by extrusion [28, 29], freeze—thaw [11, 39, 40], sonication [29], and/or
high-pressure homogenization [25, 39] is often required, in order to obtain liposomes with
specific size and conformations [41]. In this context, drug-loaded nano-liposomes can be
produced in one step only with a microfluidic continuous process with many advantages
over classical methods. This includes reducing the use of organic solvents, as well as

providing fast, single-stage production and producing stable, uniform liposomes [24, 25].

1.2 Purpose

This thesis provides an analysis of a 2-D hydrodynamic flow focusing microfluidic tech-
nique for the continuous flow production of nanoscale lipid-based vesicular systems. The
main goal of this project is to develop an integrated microfluidic platform for the formu-
lation of liposome-based nanoparticles for the encapsulation of a fluorescent protein more
specifically an FITC labeled LC-TAT cell-penetrating peptide. TAT (Trans-Activator
of Transcription) is a protein encoded for by the TAT gene in HIV-1 and stimulates
HIV-1 gene expression during transcription initiation and elongation [42]. In addition,
by antagonizing the CXCR4 receptor, reports suggest that TAT selectively encourage
the reproduction of less virulent M-tropic (macrophage-tropic) strains of HIV early in
the course of infection, allowing the more rapidly pathogenic T-cell-tropic strains (which
use the CXCRA4 receptor) to emerge later after mutating from M-tropic strains [43]. We
hypothesize that microfluidics will enable a lower polydispersity and more homogeneous
size distribution of the synthesized nano-liposomes, by providing an acute control over the
flow conditions inside the microfluidic channels. Controlling the lipid and water stream
flow conditions and composition will thus guarantee loading of the encapsulated molecules
by enhancing the controllability and reproducibility of the size of the synthesized lipo-
somes. This work is divided into three distinct parts: (1) Simulation and optimization of
fluid flow and design geometry using COMSOL Multiphysics© and a Computer-Assisted
Design (CAD) Solidworks© softwares, (2) Fabrication of the microfluidic platform using
microfabrication techniques and (3) Visualization and characterization of the device and

the synthesized fluorescent peptide encapsulating liposomes.
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1.3 Overview of the Thesis

The thesis is divided into eight different chapters that follows this Introduction chap-
ter. In the second chapter, the advantages of liposome formation using the microfluidic
approach over traditional bulk-mixing techniques are discussed. For that purpose, a
description of several state-of-the art microfluidic methods used to produce nano-sized
liposomes (mainly SUVs and LUVs) with narrower size distribution will be included, fo-
cusing on the use of continuous-flow microfluidics. For that purpose, the theory and other
fundamental principles of microfluidics and hydrodynamic flow focusing will be exposed.
The third chapter describes the microfabrication methods and methodology associated
with the design and manufacturing of our proposed microfluidic device. In the fifth and
sixth chapters respectively, the 2D/3D numerical simulations, flow visualization as well
as the HFF device characterization experiments will be presented. As such, the synthesis
and characterization of DPPC based liposomes is described in the sixth chapter where
we will discuss the role of flow parameters such as the flow rate ratio (FRR) as well as
lipid composition (lipid concentration and lipid bilayer constituents) in determining lipo-
some characteristics such as size, charge and particle concentration. The seventh chapter
will discuss the loading and encapsulation of FITC-LC TAT peptide into the liposomes.
Finally, we will conclude with a summary and suggested improvements for future itera-
tions of this device with a view to potential industrial translation of this technology. The
Appendix section follows the conclusion section and is divided into four different parts:
(A) The CFD simulation results, (B) Flow Visualisation (C) Micro-fabrication visuals
and protocols (D) Liposomes Preparation protocols and (E) The Nanoparticle Track-
ing Analysis (NTA) reports and raw data and (F) A draft of the submitted manuscript

resulting from this thesis.
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Chapter 2

Literature Review

2.1 What are Liposomes?

Liposomes are vesicular structures consisting of one or more lipid bilayer membranes that
encapsulate an aqueous volume as illustrated in Figure 2.1. Whether the drug is encap-
sulated in the core or in the bilayer of the liposome is dependent on the characteristics
of the drug and the encapsulation process [44]. Hydrophilic drugs can be loaded into
the interior aqueous core of liposomes, whereas lipophilic and amphiphilic drugs can be

incorporated into the lipid bilayers.

Inner aqueous

Phosphalipid bilayer
Lipophilic drug molecules

Bilayer membrane

Figure 2.1: Unilamellar vesicular liposomes with incorporated lipophilic drug.

Liposomes application had important impact in several industries. The industrial appli-
cations contain liposomes as drug delivery vehicles in medicine, adjuvants in vaccination,
signal enhancers/carriers in medical diagnostics and analytical biochemistry, solubilizers
for various ingredients as well as support matrix for various ingredients and penetration
enhancer in cosmetics [21]. As such liposomes are widely used as drug and gene delivery
vehicles [44]. The main advantages and disadvantages associated with liposomes and their
use is illustrated in Table 1. As drug delivery vehicles, liposomes can provide metabolic
protection, prolong circulation time, reduce toxicity, control drug release, and enhance

cell /tissue specificity of delivery. Several liposomal drugs, for example Doxil (PEGylated

4
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liposomal doxorubicin), have reached clinical use [1]. In addition to conventional drugs,
liposomes hold great promises as delivery vehicles for oligonucleotide-based therapeutics,

including siRNA [25].

Table 2.1: Advantages and disadvantages of liposomes [21].

Advantages Disadvantages

Liposomes increased efficacy and therapeutic

index of drugs (for example: actinomycin-D) Low solubility

Liposome increased stability by encapsulation Short half-life

Liposomes are non-toxic, flexible,

biocompatible, completely biodegradable, and Possible oxidation and hydrolysis-like
non-immunogenic for both systemic and reaction of phospholipids.

non-systemic administrations.

They reduce the toxicity of the encapsulated Leakage and fusion of the drugs or
agent (amphotericin B, Taxol) molecules encapsulated
They help reduce the exposure of sensitive High production costs (using
tissues to toxic drugs conventional batch techniques)

Polynomial order in each direction of

Site avoidance effect
each element

Flexibility to couple with site-specific ligands

. . Fewer stables
for active targeting purposes.

Due to their structure, chemical composition and colloidal size, all of which can be well
controlled by preparation methods, liposomes exhibit several properties which may be
useful in various applications. The most important liposomal properties are their col-
loidal size, and special membrane and surface characteristics. They include bilayer phase
behavior, its mechanical properties and permeability, charge density, presence of surface
bound, or attachment of special ligands, correspondingly [2]. The characteristics of lipo-
somes are determined by the choice of lipid, their composition, method of preparation,
size and surface charge. Liposomes have been applied as drug carriers due to their ability
to prevent degradation of drugs, reduce side effects and target drugs to site of action.
However, limitations of liposomes include low encapsulation efficiency, rapid leakage of

water-soluble drug in the presence of blood components and poor storage stability [44].

2.1.1 Classification of Liposomes

Classifications of liposomes are based on their size and lamellarity. Different size and
lamellarity (number of lamellae or bilayers) depends on their composition and their
method of preparation. Even though the lipid bilayer itself is only about 4 nm thick,

the diameters of liposomes and vesicles are an order of magnitude larger. The diameters
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of liposomes and vesicles range between 20 nm to 50 um [3]. These classifications, which

are important as different classes of liposomes have very different suitability for drug

delivery purposes, are shown in Figure 2.2:

C

=

Large Unilamellar Vesicles (LUVs)

e
e
i
Wyl

Small Unilamellar Vesicles (SUVs)

Figure 2.2: Schematic illustrations of (A) MLVs, (C) LUVs and (E) SUVs, as well as their
respective freeze-fracture electron micrographs in (B), (D) and (F).
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Multilamellar Vesicles (MLVs): Multilamellar vesicles contain two or more concen-
tric lamellae and range in size from 0.2-10 pm. The advantages of MLV systems are that
they are extremely easy to prepare. The preparation simply involves the addition of an
aqueous solution to a dry lipid film followed by mechanical agitation [3]. MLVs have
also been shown to encapsulate a variety of molecules [15, 16, 45]. One disadvantage of
MLVs, however, is that due to their large size they are very rapidly eliminated from the

circulation following intravenous administration [46].

Small Unilamellar Vesicles (SUVs): In contrast to MLVs, SUVs have a single bi-
layer and their size is typically below 100 nm [16]. These vesicles are most commonly
formed by sonication of a solution containing MLVs, which re-forms the MLV systems
into single bilayer vesicles [47]. Otherwise, SUVs can be formed by detergent dialysis
[3]. SUVs have low encapsulation efficiency due to their size and are eliminated from the
circulation more rapidly than LUVs [19]. Due to the high radius of curvature in these
vesicles, there is an asymmetric distribution of lipids in the outer and inner monolayer
that can result in rapid destabilization of the vesicle. Therefore, SUVs below 100 nm
have not been commonly used as drug delivery systems. Examples of the use of SUVs
include acting as contrast agents for MRI imaging by encapsulating gold nanoparticles

[48] or as a membrane model system for studying the interaction of molecules [49, 50].

Large Unilamellar Vesicles (LUVs): LUVs also consist of a single bilayer and typi-
cally range in size from 100-400 nm . These systems can be prepared from MLV prepara-
tions by a well-established extrusion procedure which involves forcing the MLVs through
polycarbonate filters of a defined pore size under nitrogen gas pressure [21]. In vivo stud-
ies have suggested that vesicles in the size range of 100-200 nm have prolonged half-lives
in circulation compared with larger vesicles and have exhibited optimal tumor localiza-
tion and retention [19]. A large majority of liposomal formulations intended for in vivo
drug delivery applications utilize LUVs because they are more stable and are eliminated
more slowly from the circulation than SUVs and MLVs. However, it has been proven

that their elimination is highly dependent on liposomal lipid composition [51, 52].

2.1.2 The Role of Liposome Properties

Consideration of shape and size in nanoparticle design is crucial for application like drug
delivery and targeting. Whereas the geometry of a particle it what drives initial internal-
ization, its size is what ultimately determines the successful completion of uptake [19].
Therefore, control of liposomes properties such as uniform particle size and good colloidal

stability are essential for liposomes to be developed as in vivo drug carriers.
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Particle Size: The size of a nanoparticle is an important design parameter that can
be tailored for purposes of directing particle distribution in vivo. Size drives several
biological phenomena with discrete cut-off size ranges that include circulation half-lives,
extravasation through leaky vasculature and macrophage uptake [19]. As such, the rate
of opsonisation and clearance by the reticuloendothelial system (RES) of the injected
liposomes from the blood circulation is dependent on the composition and size. RES
is part of the immune system and their main function is to eliminate foreign materials
from the body. It consists of cells such as blood monocytes and macrophages found
mainly in the Kuepfer cells in liver, the lung and the spleen. Shortly after intravenous
injection, the liposomes become coated by serum proteins called opsonins. Once they are
opsonized, they will rapidly be phagocyted by the RES cells, and the major part of the
injected liposomes will be accumulated in the liver and spleen [19]. As shown in Figure
2.3, depending on their size, shape and surface charge, nanoparticles display disparate

in-vivo fates.
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Figure 2.3: Accumulation of nanoparticles in the lungs, liver, spleen and kidneys depending on
their (a) size, (b) shape and (c) surface charge [19].

From Figure 2.3, small-sized nanoparticles (including liposomes) with diameters <5 nm
rapidly undergo renal clearance upon intravenous administration and are filtered out by
the kidneys. In addition, due to the presence of vascular fenestrations measuring 50-100
nm in the liver, nonspecific accumulation of larger particles occur. Consequently, small li-
posomes (< 70 nm in diameter) show shorter circulation time as they extravasate through
the fenestrated capillary walls in the liver. Because opsonisation decreases with a decreas-
ing in liposome size, liposomes with a size of 70 to 200 nm will have a greater chance to
escape from RES and remain in the circulation longer to eventually reach their target.
Small liposomes have a relatively larger surface area, and will have a lower density of

opsonins on the membrane surface which results in lower uptake by the macrophages.
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Moreover, particles >200 nm are rapidly filtered by the spleen, due to the 200-500 nm
size range of inter-endothelial cell slits. Therefore, large liposomes (>200 nm in diameter)
are rapidly opsonized and taken up by the (RES) disappear from the blood circulation
within short time and primarily end up in the spleen.

Finally, larger, more rigid particles in the micrometer range (2-5 pum), have been shown to
accumulate readily within capillaries of the lungs, providing possibly a distinct advantage
when targeting one of the predominant sites of metastatic disease. In this case, resident
macrophages of the liver, spleen and lungs contribute to substantial particle uptake.
Taken together, nanoparticles averaging ~100 nm generally prove long-lasting in the

circulation.

Particle Shape: The circulation half-life of a particle is also heavily affected by shape.
Novel 'top-down’ and "bottom up’ fabrication techniques have enabled the exploration
of different geometries of nanoparticles, including cylindrical and discoidal shapes, which
have been shown to exhibit pronounced effects on pharmacokinetics and biodistribution
[19]. Different nanoparticle shapes exhibit unique flow characteristics that substantially
alter circulating lifetimes, cell membrane interactions and macrophage uptake, which in
turn affect biodistribution among the different organs. The principle of form follows func-
tion has heavily influenced nanoparticle architecture, with distinct geometries affecting
hemorheological dynamics, cellular uptake and in vivo fate (Figure 2.3). As an example,
discoidal particles exhibit unique tumbling and margination dynamics that favor vessel
wall interaction substantially more than spherical particles, with implications for particle

binding and adhesion to endothelium [19].

Particle Charge: Nanoparticle surface charge represents another design feature that
can be tailored to prolong circulation lifetimes and selectively enhance accumulation at
specific sites of interest (Fig.2.3). NPs with neutral and negative surface charges have
been shown to reduce the adsorption of serum proteins, resulting in longer circulation half-
lives. Neutral-charged liposomes with tightly packed membranes tend to remain longer in
the circulation and exhibit increased drug retention, compared to charged systems. In ad-
dition, certain plasma proteins have an affinity for liposomes, and the affinity is enhanced
if the liposomes are charged. In particular, cationic systems are expected quickly interac-
tion with various components in systemic circulation and thus having shorter half-life in
vivo [19]. Tt is also known that anionic liposomes containing negatively charged lipids such
as phosphatidyl-serine (PS), phosphatidic-acid (PA) and phosphatidyl-glycerol (PG) are
quickly taken up by macrophages and thus disappear from the circulation in short time.
In Figure 2.3, taking into account singular design parameters of size, shape and surface
charge independent of one another. We can conclude that the in-vivo biodistribution of

the particles relies on the interplay of several of the above parameters.
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2.2 Liposomes Synthesis Techniques

Since their discovery by Bangham et. al [53], numerous lab-scale and a few large scale
techniques for liposome preparation have been developed, each with its own advantages
and possible limitations. The present section aims at providing a concise review of li-
posomes conventional preparation techniques, focusing on the processes tailored towards
nano/micro scale liposome fabrication of MLVs, LUVs and SUVs as opposed to large

micro-scale liposomes like giant unilamellar vesicles (GUVs).

2.2.1 Conventional Fabrication Methods

The key factor which governs the manufacture of liposomes is the realization that lipid/
phospholipid membranes form as a result of unfavourable interactions between lipids
or phospholipids and water molecules. Thus, the emphasis in making liposomes is not
towards assembling the membranes, but towards getting the membranes to form vesicles
of the right size and structure, and to entrap materials with high efficiency and in such
a way that these materials do not leak out of the liposomes randomly [54]. As a result,
liposome synthesis generally involve four basic stages which include: drying down lipids
from organic solvents; dispersing the liquid in aqueous media, purifying the resultant
liposome and analyzing the final product [21]. In the following sections, some of the most

applied conventional methods of liposome production are described.

Bangham Method: The Bangham method is one of the first methods for liposome
formation and is still widely used [3, 21]. The process involves the dissolution of lipids
in an organic phase, the removal of the organic solvent, usually via evaporation, and
finally the formation a lipid film [55]. The final step is the dispersion or hydration of the
lipid film with an aqueous media, carried out in conjunction with agitation to separate
the swelling lamellae from the vessel surface and form sealed spherical structure. The
main drawback of the Bangham method lies in the solvent removal stage which is time-
consuming. Furthermore, this technique often produces liposomes who are several microns
in size (usually MLVs) which limit their consumption due to low entrapment efficiency
specially for water soluble active agents. In addition to the difficulty in removing organic
solvent, this technique is associated with small scale production rates which limits its use

for large-scale, industrial applications [55].

Detergent Depletion Method: The detergent depletion is a mild process for the
production of a wide variety of vesicle types and highly homogeneous liposomes [55]. The
method is based on the formation of detergent-lipid micelles, followed by the removal of
the detergent to form liposomes. The disadvantages of this method are that the final

concentration of liposomes in the solution as well as the entrapment efficiency of any
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hydrophobic compound are very low. The detergent also remains in the formulation.
Also, because the size and homogeneity of liposomes produced are based on the rate at
which the detergent is removed and the initial ratio of detergent to phospholipid, this
method is very time consuming. Furthermore, the process of removing the detergent may

also remove any other small hydrophilic compound [55].

Cross-Flow Filtration (CFF) Detergent Depletion Method: In 1998, Peschka et
al. [56] developed a combined conventional detergent depletion method with a cross-flow
technique as shown in Figure 2.4, a combination which can meet the demand for the fast

removal of detergents.

Piezometer -
.
Pump ©
_‘—

Membrane System

Filtrate

Figure 2.4: Schematic representation of the experimental setup of a CFF unit [41].

The cross-flow filtration unit consists of a starting reservoir (which contains the mixed
micelle solution which is subjected to tangential filtration), a pump, a filtration device
(membrane system with a cutoff of a selected molecular weight) and tubing with an
integrated rotary slide valve and a manometer to monitor pressure. As the pressure on the
membrane increases, fast removal of detergent occurs. By using the cross-flow filtration
process, liposomes of defined size, homogeneity and high stability can be obtained. Large
quantities of liposomes can be produced in a significantly shorter time compared with
other methods used for detergent removal. In addition, sterile products can be obtained by
these methods when starting with sterile filtered mixed micelles and autoclaved devices.
The waste filtrate can also be recycled to minimize the production costs [41]. Regardless
of the advantages of this method compared with other liposome formation techniques,

there is still the issue of residual ethanol in the final product [17].

Emulsion: FEmulsion methods for the production of liposomes generally involve the
formation of a water-in-oil emulsion through the addition of a small amount of aqueous
media to a larger volume of immiscible organic solution containing the phospholipid [17].
The mixture is agitated to disperse the aqueous media as tiny droplets throughout the
organic solvent and the lipid aligns itself into a monolayer at the boundary between the

organic and aqueous phases [57]. The size of the droplets is controlled by the agitation
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applied and the amount of lipid present, since there must be sufficient lipid to surround the
droplet or it may fuse with other droplets [58]. The water-in-oil emulsion is transformed
into a liposomal suspension through the formation of a double emulsion. The organic
solution containing the water droplets is added to a large volume of aqueous media and
agitated, producing a water-in-oil-in-water emulsion. A lipid monolayer also forms around
the organic droplets producing aqueous cores surrounded by two lipid monolayers that
are separated by an organic layer [17]. Unilamellar liposomes with high entrapment of
the initial aqueous media can then be formed by the removal of the organic solvent, for

example, by passing a stream of nitrogen through the double emulsion [58].

Injection Method: The ethanol injection method was first described in 1973 by Batzri
and Korn [13]. Tt involve the dissolution of the lipid into an organic phase, followed by the
injection of the lipid solution into aqueous media, forming liposomes [55]. The particle size
of liposomes produced by this method is a function of lipid nature and concentration, the
drug to lipid ratio and the organic solvent and aqueous phase composition [32]. Overall,
the ethanol injection method is a simple method, but some lipids are poorly soluble
in ethanol and heterogeneous liposomes are formed if adequate mixing is not achieved
[55]. Notably, the inkjet method, a modern variation of the ethanol injection method,
was developed by Hauschild et al. [59] for liposome formation with excellent control on

particle size and high potential for scaling up.

Membrane Contractor: Developed by Charcosset el al. [31], this technique for lipid
vesicles preparation was developed for large-scale industrial production of liposomes for
both its scaling-up properties as well as its large range of possible operating conditions.
This new process for solid lipid nanoparticle formation consisted of a membrane contrac-
tor, which can be used for large scale production of liposomes [17]. Figure 2.5a shows a
device using a syringe for injection (V = 60 mL); Figure 2.5b a pilot plant (V = 3 L) using

two pumps for the injection of both organic and aqueous phases through a membrane.
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Figure 2.5: Schematic drawing of the experimental set-up for preparation of liposomes at inter-
mediate volume of preparation using membrane injection [31].
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In this method shown in Figure 2.5, a lipid phase was pressed at temperatures above the
melting point of the lipid through a membrane with a specified pore size. Nitrogen gas at
pressures below 6 bar was sufficient for passing the molten phase through the membrane.
Solid lipid nanoparticles with particle size between 70 and 215 nm were formed and
collected by recirculation of a cold stream of aqueous phase inside the membrane module.
The advantages of this new technique it that it is advantageous for the preparation
of small vesicles having narrow size distributions, with good reproducibility, yield and
stability [31].

Reverse Phase Evaporation Method: The reverse-phase evaporation process was
first described by Szoka and Papahadjopoulos [35]. The technique is carried out by
dissolving the lipids in an organic solvent, adding a small volume of aqueous phase, then
sonicating the solution to produce inverted micelles [55]. The organic solvent is removed
using a rotary evaporator and a viscous gel forms [60]. A disadvantage of the reverse-
phase evaporation method is that the compound to be encapsulated within the vesicles
is in contact with an organic solvent, therefore the process is not suitable for fragile

molecules such as peptides [61].

Heating Method: The heating method developed by Mozafari [54] to produce lipo-
somes involves hydration of the phospholipid components in an aqueous solution con-
taining 3% (vol) glycerol and increasing the temperature to 60 °C or 120 °C, depending
on the absence or presence of cholesterol, respectively. Glycerol is utilized since it is a
water soluble and physiologically acceptable chemical with the ability to act as an iso-
tonising agent and increase the stability of lipid vesicles due to preventing coagulation
and sedimentation. No degradation of the lipid ingredients was reported for liposomes
fabricated by the heating method [62]. Also there is no need for sterilization once high
temperature (i.e. 120°C) is used in this technique. A further improved version of the
heating method, called the Mozafari method [62], has recently been employed for the
encapsulation and targeted delivery of the food-grade antimicrobial nisin. The Mozafari
method allows large-scale manufacture of the carrier systems in one step without the need
for the prehydration of the ingredient material, and without employing toxic solvents or
detergents [55].

Supercritical Fluid Methods: Supercritical fluids technology (SCF) has been uti-
lized in liposomal preparation because of its friendliness, non-toxicity to the environment
and its possibility to achieve solvent-free liposomes and industrial- scale of liposome pro-
duction [63]. It can provide sterile operating conditions and one-step production that can
alleviate the current liposome sterilization issues [55].

Several SCF processes have been used to generate drug carrier systems (Figure 2.6).
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This includes: Supercritical Anti-Solvent (SAS) process [64, 65], the Rapid Expansion of
Supercritical Solutions (RESS) process [64, 66], the Aerosol Solvent Extraction System
(ASES) process [7], the Gas Antisolvent Precipitation (GAS) [5], and the Particles from
Gas-Saturated Solutions (PGSS) [30]. Various DG processes have been developed to pro-
duce drug carrier systems. The processes include the Supercritical Liposome Method [67],
the Supercritical Reverse Phase Evaporation (scRPE) method [68], Depressurization of an
Expanded Solution into Aqueous Media (DESAM) technique [17], SuperFluids phospho-
lipid nanosomes (SFS-CFN) process [69], the Supercritical Fluid Extraction of Emulsion
(SFEE) [4], the Depressurization of an Expanded Liquid Organic Solution—Suspension
(DELOS-SUSP) [8], and the Continuous Anti-Solvent (CAS) [70].

Raw lecithin and cholesteraol in
ethanaol

HPLC Pump

= m
oo

Pressure
Transducer, —S;?—)
Vacuum
v
4

Pressure Release Valve

Hand Pump

]

4
4

CO, Cylinder

Filter

Organic Solvent

EDZ Bottle Trap

(a) SCRPE (b) SAS

DA

“/ Indicator

Expansion
Chamber
(filter in base)

.......................

Vesicle
Formation
Chamber

Solvent

i 1
i Temperature : Tank
: Controlled Bath

(c) DESAM

Figure 2.6: Super Critical Fluid Processes for Liposome Production.

On the downside, the encapsulation efficiency using SCFs methods is usually lower than
that achieved using other conventional liposome formation techniques [55] and the sta-
bility of the liposomes is short [71]. Otake et al. [68] recently developed a new method
known as the improved supercritical reverse phase evaporation (ISCRPE) technique to
avoid the use of organic solvents in liposome formation and enhance the stability and the

drug loading efficiency of the vesicles.
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High-pressure Homogenization Method (HPH): High-pressure homogenizers are
used for the preparation of liposomes and lipid dispersions because of their vesicle dis-
ruption capability. The sample is injected at high and constant pressure in a specially
designed part of the homogenizer where rearrangement of liposome structure takes place

due to turbulence, cavitations and shear [55, 61].

Sample

Impact Shear Force Cavitation
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Pressure
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Figure 2.7: Schematic of high-pressure homogenization showing the process of impact, shear
and cavitation. [61].

Properties of liposomes prepared by high pressure homogenization depend on the in-
terplay of different experimental parameters: Mean liposome diameter decreases with
increasing inlet pressure, number of cycles and ethanol concentration, and increases rais-
ing ionic strength [72]. HPH is especially useful for the production of very small liposomes

as they are especially suitable for intravenous applications [55].

Dual Asymmetric Centrifugation (DAC): First reported by Massing et al. [73]
for the preparation of liposomes, DAC differs from conventional centrifugation by an
additional rotation of the sample around its own vertical axis. While the conventional
centrifugation constantly pushes the sample material outwards, this additional rotation
constantly forces the sample material towards the center of the centrifuge as shown in
Figure 2.8. This unique combination of two contra-rotating movements results in shear

forces, mechanical turbulence and cavitations thus resulting in efficient homogenization.
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Figure 2.8: Schematics of the principle of Dual Asymmetric Centrifugation (DAC) [73].
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It was shown that the DAC speed, the lipid concentration, the homogenization time and
the addition of a mixing aid (glass beads) are all critical for the size of the liposomes.
Optimized conditions resulted in liposomes of 60 + 5 nm and a trapping efficacy of 56 +
3.3 % for the model compound calcein [73]. On the downside, although DAC has high
trapping efficiency, this method is especially useful for producing batch sizes of about a

gram or even less [40].

Freeze-drying: Freeze-drying is a relatively new method for the preparation of sub-
micron liposomes of narrow size distribution which was developed by Li et al in 2005 [74].
The method is based on the formation of a homogeneous dispersion of lipids in water-
soluble carrier materials. To obtain the lipid-containing solid dispersion, liposome-forming
lipids and water-soluble carrier materials are dissolved in tert-butyl alcohol/water co-
solvent systems to form an isotropic monophase solution, and then the resulting solution
is lyophilized after sterilization by filtration through 0.2 gm pores. On addition of water,
the lyophilized product spontaneously forms homogeneous liposome preparation which
are also sterile and pyrogen-free [74]. In this method, the lipid/carrier ratio is the key

factor affecting the size and the polydispersity of liposome preparation.
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Figure 2.9: Schematic diagram explaining the process of freeze-drying [40].

Freeze-drying processes still suffer from some difficulties in terms of residual water con-
tent and drug leakage due to ice crystals as well as phase transition of bilayers during
rehydration. Besides, this process naturally consumes a larger amount of energy with
considerably high cost due to the lyophilizing step [40]. Finally, the process is very time
consuming as it requires first, freezing the sample at -40 °C for 8 h, followed by drying
for 48 hours and finally drying the product at 25 °C for 10 h [17].

A summary of the advantages and disadvantages of the conventional methods of liposomal

production is reported in Table 2.3.
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Table 2.3: Advantages and disadvantages of conventional methods of liposomal production.
(Adapted from [17, 55])

Methods Advantages Disadvantages
Contains the organic solvent,
requires vigorous agitation, large
Bangham Simple Process vesicles without control on particle

size, time consuming, sterilization
issue.

Ethanol Injection

Simple Process

Organic solvent residue, time
consuming, sterilization issue.

Reverse Phase
Evaporation

Simple design, suitable
encapsulation efficiency

Large quantity of organic solvent
use, time consuming, sterilization
issue.

Detergent
Depletion

Simple design, homogenous
product, control of particle size

Organic solvent and detergent
residue, time consuming, poor
entrapment efficiency, low yield,
need sterilization.

Cross-Flow
Detergent
Depletion

Homogeneous product, control of
particle size. Sterile products.
Waste filtration to minimize
production costs.

Cross-flow membranes are prone to
failure. Some detergent residue
remain.

Emulsion

Simple, potential to fabricate
multivesicular liposome for delivery
of multiple compounds that are not

stable in combination

Large amount of organic solvent,
requires vigorous agitation,
sterilization issue.

Dense Gas
Techniques

Possible in situ sterilization,
producing stabilize and
homogenous liposome, low organic
solvent consumption.

Need to multiple stages to achieve
the final size of liposome. High
pressure(200-300 bar) readily block
nozzles. High capital cost, low
yield and encapsulation efficiency.

Dual asymmetric
centrifugation

Simple method, homogenous
liposome production with 60 nm
size, high trapping efficiency.

Not suitable for bulk production,
high pressure, with agitation.

High-pressure
Homogenization

Produce liposome with diameter up
100 nm, simple design, suitable for
bulk production.

High pressure, sterilization issue,
non homogenous liposome
production, organic solvent residue.

Heating method

Simple design, organic solvent free,
no sterilization need, scale-up.

Use of high temperature that may
not be cost effective for large scale.

Freeze-drying
method

Produce highly homogenous
liposome solution which are also
sterile and pyrogene-free

Residual water content and drug
leakage. High energy consumption.
Time consuming.

Membrane
Contractor

Simple process for controlled
particle size, no use of organic

High temperature, membrane
blockage and sterilization issues.

solvent
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In summary, limitations of conventional preparation methods include complexity and
length of procedures, low drug encapsulation efficiency and polydisperse size distributions.
Furthermore, most of these techniques are not suitable for the encapsulation of sensitive
substances because of their exposure to mechanical stresses (e. sonication, high-shear
homogenisation, a high pressures), potentially harmful chemicals (eg. volatile organic
solvents and detergents) or low/high values of pH during the preparation. Recently,
new procedures have been reported for producing liposomes to address the issues in
conventional production technologies. They include microfluidic methods which are going

to be addressed in the next section.

2.2.2 Microfluidic Techniques

Microfluidics is a technology that enables precise control and manipulation of fluids and
fluid interfaces at the micrometer scale. In microfluidic chips, the fluid streams can merge
and form well-defined interface by laminar flow, as opposed to the typically chaotic flows
in bulk mixing (BM) [25]. According to the difference in manipulation modes of flow,
microfluidics is categorized into two classes: continuous-flow microfluidics and digital
(droplet-based) microfluidics [1]. In continuous-flow microfluidics, liquid flow is continu-
ously manipulated through micro-fabricated channels, whereas discrete and controllable
droplets are manipulated in droplet-based microfluidics [37].

In this sub-section, the fundamental theory of fluid and mass transfer, and the implication
of using microfluidic devices for mixing are firstly discussed. This is followed by a review
of the use of different microfluidics techniques for the production of liposomes, emphasiz-
ing on continuous-flow microfluidics based liposomal production. Finally, the advantages
of liposome formation using microfluidics compared to traditional bulk mixing are also

discussed.

Fluid Dynamics Principles at the Microscale

A microfluidic mixer is not simply a miniaturized version of a macroscale mixing device.
It has to be designed in such a way as to leverage the physical characteristics of mass and
fluid transfer in a micro-confined domain [24]. This is because many physical character-
istics, including the surface-to-volume ratio (SVR) and diffusion-based mass transfer, do
not scale linearly from macro- to micro-domains [25]. Another peculiarity of microfluidic
systems is represented by the omnipresence of laminar flow, due to the predominant role
exerted by viscous forces [75]. These factors thus become significant at the microscale, and

their effects should be considered while designing and developing microfluidic devices [24].

The behavior and motion of fluids can be described by the Navier-Stokes equations

(Eq.2.1), which are based on a couple of partial equations. The first equation is the
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conservation of mass, which states for a fluid in steady-state, that the rate of mass en-
tering a system is equal to the rate of mass leaving the system. The second equation
is the conservation of momentum, which states that in a closed system (no exchange of
any matter with the outside and no outside forces acting) is the total momentum con-
stant. The third equation conservation of angular momentum, which states that when
no outer torque acts on an object or closed system, no change of angular momentum can
occur. The fourth and last equation is the conservation of energy, which states that the
total energy of an isolated system (a system where no matter or energy can pass) cannot

change.

The final form of the equations, for incompressible Newtonian fluids, is presented below:

ov
p{g—i—(%V)v] =-—Vp+uV’+F (2.1)
Where: v is the flow velocity, p is the fluid density, p is the pressure, u is the dynamic

viscosity and F' represents outer forces.

From Eq. (2.1), one can determine which forces that are governing for a specific system.
At high flow rates and long characteristic length scales the inertial and mass movement
dominates and the flow will be turbulent, while at low flow rates viscous forces dominate
and the flow will be laminar. As shown in 2.10, fluid flow is generally categorized into
two regimes: laminar (a) and turbulent (b). In laminar regime the fluid flows in parallel
layers with no cross currents perpendicular to the main flow direction, whereas turbulent
flow is generally characterized by the formation of vortices and flow fluctuations in space
and time [75].

(a) > |d

»

(b) d

Y

Figure 2.10: Fluid flow lines represented in the case of (a) laminar and (b) turbulent flow regimes
[75].

The Reynolds number (Re) and gives the ratio of inertial forces to viscous forces. A
fluid flow is then said to flow laminar if Reynolds number is low (Re < 1500) but to be
turbulent if the number is high (Re > 1500). The Reynolds number can be derived from
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the Navier-Stokes equations, (Eq.2.2), by neglecting the non-linear term p(v-V v) (which
can be done at low flow velocities) and making the equation dimensionless (replace all

physical variables in units of the characteristic length scale).

The Reynolds number is defined as:

_ pDyv
1

Re

(2.2)

Where: p is the density, Dj, is the hydraulic diameter or characteristic length, v is the
mean velocity of the fluid and p is the dynamic viscosity. At low Reynolds number the
viscous forces tend to dominate over the inertial forces, resulting in linear flows (laminar
flow). The hydraulic diameter is a term used when handling flows in non-circular channels.
In other terms, the hydraulic diameter is used so one can calculate different entities, such

as Reynolds number, as if the channel of interest were circular. It is defined as:

_aa

Dy, iz

(2.3)

Where: A is the cross-sectional area and P the wetted perimeter of the cross-section.
Often, micro-system deals with very small Reynolds number 109 and the flow can be

sald to be laminar in most microfluidic devices.

Notably, in a fluidic domain where the flow is laminar, mass transfer is dominated by pas-
sive molecular diffusion and advection. Diffusion is defined as the mechanism of molecule
transport from a domain of higher concentration to a domain of lower concentration by
Brownian motion, resulting in a gradual mixing of material. Diffusion-based mass transfer

is described mathematically using Fick’s laws [76].

_pe

J:
dx

(2.4)

Where: J is the "diffusion flux,” and measures the amount of substance that will flow
through a unit area during a unit time interval, ¢ is the species concentration, z is a
spatial coordinate, and D is the diffusion coefficient. For spherical particles, D can be

derived from the Stokes-Einstein equation [77]:

D_ kT
67 pr

(2.5)
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Where: k is Boltzmann’s constant; T is the absolute temperature; r is the radius of
the particles (or molecules) and p is the dynamic viscosity of the fluid medium. The
diffusion coefficient for a small molecule in water at room temperature has a typical value
of 107?m?s™* [76].

Diffusion is a non-linear process in which the time required for a species to diffuse scales
quadratically with the distance covered. On a microscale, the diffusion distance can be
extremely small, especially if fluid streams are hydrodynamically focused. A decrease in
diffusion distance has the effect of dramatically reducing the time required for complete
mixing to be achieved. Therefore, diffusion becomes a viable method to transport particles

and mix chemical species in microfluidic systems [24].

Microfluidic Liposomes Fabrication Processes:

Based on the flow types in microfluidic devices, nanoparticles synthesis can be primarily
divided into two categories: The single phase continuous flow synthesis and emulsion
(2-phase) micro droplets/segmented flow synthesis [78]. The easiest and most basic de-
sign for a micro-mixer is represented by either T- or Y shaped channel micro-mixers [79)].
The mixing process in this type of micro mixer is obtained by guiding the two liquids
to be mixed in contact through a flow-through channel. Continuous flow synthesis mix
and react reagents in microchannels under diffusion-based laminar flow reaction condi-
tions. Reaction times, temperatures, mixing efficiency, and reagent concentrations are
parameters to control particle quality. The microfluidic generation of micro droplets for
nanoparticle synthesis is taking place in micro droplet reactors to improve the mixing

efficiency in microfluidic channels, and further reduces the particle size distributions.

Droplet Generators: Within the microfluidic context, droplet-based microfluidics
make use of small volumes (droplets) of fluids to carry out different chemical reactions
and assays [6]. The devices that are used to create these droplets are called Microfluidic
Droplet Generators (MFDG). MFDGs produce monodisperse emulsions of two immiscible
fluids when shearing forces of a continuous phase (CP) overcome the surface tension of the
disperse phase (DP), thus forming droplets. These oil-in-water O/W or water-in-oil W/O
droplets, are then used as confined reaction containers in which reagents and conditions
can be manipulated to our benefit [6]. Since these droplets are in the order of Pico-liter
to Nanoliter volumes the reagent consumption is minimal thus allowing high-throughput
screening of chemical libraries and conditions at low cost, and offering a unique environ-
ment for chemical synthesis.

In droplet microfluidic devices, T-shaped junction and “How-focusing” are the most com-
monly used channel geometries for generating droplets [79]. Droplet formation in a T-
junction was first proposed by Thorsen et al. [80] to form water droplets in a set of oil

phases. In the T-junction device, the disperse phase and continuous phase flowed out
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from two perpendicular channels and formed an interface at the junction. Due to the
shear force exerted by the continuous phase, the disperse phase thinned gradually and
eventually broke into droplets.Droplet size in this type of microfluidic devices depends
on several parameters such as: the dynamic behavior related to the flow rates, intrin-
sic properties of the fluids (viscosities, densities and interfacial tension) and parameters

correspondent to the geometry of the device [6].
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Figure 2.11: Droplets generation in microfluidic devices: (A) Channel layout of T-junction
device. (B) Formation of droplets in a T-junction device. (C) A “flow-focusing” droplet device.
(d) Droplets generation at different flow conditions in “flow-focusing” device.

Conventional methods for making droplets involve manual or mechanical agitation of
multiphase fluids. Since there is no way to control the uniformity of the shear or impact
stresses involved in droplet breakup, droplets formed in these ways are highly polydis-
perse in size. In contrast, using microfluidic devices with prescribed channel dimensions
and geometries, and by controlling the flow rates of two immiscible liquids, the flow con-
ditions in droplet breakup can be highly repeatable and thus it is feasible to generate
microdroplets of uniform size distributions (1-3% dispersity) [79]. Applications of this
technology are found in high added value industries such as those in pharmaceuticals,
photonics, aggressive chemical industry, small molecule synthesis, molecular biology, and

cosmetics [6].
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Continuous Flow 2D HFF: Typically, the process of HFF involves forcing a stream
of lipid in alcohol solution to flow in the central (or inner) channel of a microfluidic
device. The lipid stream is then intersected and sheathed by two lateral (or coaxial)
stream(s) of a water phase (typically distilled water or aqueous buffers) [24]. This process
is shown in Figure 2.12, where we see a stream of lipid solution dissolved in ethanol
being hydrodynamically focused into a narrow sheet having a rectangular cross-section
in the case of microchips with cross flow geometry, or a circular cross-section in the case
of 3D annular coaxial chips. Microfluidic low focusing techniques have been shown to
produce uniformly dispersed liposomes and allow for direct control of liposome size via fine
adjustments to either FRR or TFR [51]. Jahn et al. [37] postulated that: ”"decreasing the
sample stream width to micrometer length scales allows for controlled and reproducible
mechanical and chemical conditions across the stream width, especially compared to more
traditional bulk-phase preparation techniques (i.e., test tubes and beakers)”. Figure 2.12B

illustrates one of such bulk method which is the process of ethanol injection.

A h .
Wihor P lipid self-assembly

/ A \ Small

Lipids in ethanol —> | v unilamellar
liposomes
Water phase focused stream (W)

water phase flow rate
ethanol flow rate

TFR = iotal flow rate FRR =

B Lipids in
ethanol
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Waler unilamellar
phasﬂ IIPDEO mes

Figure 2.12: Schematic representation of the process of liposome formation using (A) a microflu-
idic device by the process of liposome (SUV) self-assembly and (B) via the ethanol injection
procedure [51].

Compared to other bulk methods, this method is a relatively simply technique which
results in the formation of small unilamellar vesicles (SUVs); therefore it does not require
post-processing homogenisation steps. Like many microfluidic protocols, phospholipids
are firstly dissolved in ethanol; a small amount of the lipid solution is then injected into
water, above the transition temperature (7,,), triggering SUV formation. Analogously to

MHF, the formation of liposomes is ascribed to the miscibility of ethanol and water that
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causes the diffusion of alcohol molecules into water and the consequent “self assembly”
of lipids to form liposomes. The size and homogeneity of the SUVs is dependent upon
the experimental parameters, specifically: lipid concentration, rate of injection of the
alcoholic lipid solution and stirring rate [51]. Conventional bulk production of liposomes
mainly relies on self-assembly of lipids in a bulk phase, which is heterogeneous and uncon-
trolled. The resultant liposomes are polydispersed in size and are multilamellar. Further
post-processing by extrusion, freeze-thaw, sonication, and/or high-pressure homogeniza-

tion is often required to produce mono-disperse solutions [51].

Confinement and well-defined mixing in microfluidics makes it attractive for production
of liposomes ranging from tens of nanometers to tens of micrometers in diameter [25].
The self-assembly in microfluidics can be controlled by varying liquid flow rates, ratios
of cross-flows and the composition and concentration of lipids, resulting in tunable sizes,
and narrower size distributions [38]. Several studies on liposome production by planar

(2D) flow focusing in microfluidics have been reported (Figure 2.13).
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Figure 2.13: Schematic diagram of microfluidic channels for liposome formation: (A) three-inlet
design [37] and (B) five-inlet design [38].

Jahn et al. (2004) [37] first reported on the controlled synthesis of submicrometer-sized
liposomes through MHF, where an isopropyl alcohol (IPA) containing the dissolved lipids
flows through a center inlet channel, and an aqueous solution flows through the two side
inlet channels (Fig. 2.13A). The stream of lipids in TPA is hydrodynamically focused by
two aqueous streams at the cross junction of the microfluidic chip [37]. Jahn et al. (2007)
then made significant modifications in their microfluidic system to greatly improve the
control over size and size distribution. As shown in Fig. Figure 2.13B, their new microflu-
idics device has five-inlet channels and three-outlet channels, which are fabricated in a
silicon wafer. The lipid IPA solution is injected into the center channel of the microflu-
idics network, while phosphate-buffered saline (PBS) is injected into two side channels

intersecting with the center channel. Owing to this three-outlet design, relatively high
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liposome concentration were produced at the center point in the channel once the focused
IPA stream is diluted to the critical concentration for formation of the more stable lipo-

somes along the interfacial region [25].

Carugo et al. [51] evaluated the production of liposomes employing different microfluidic
chips (see Fig. 2.14) and lipid formulations in terms of the size and homogeneity of the
end product. Moreover, a detailed analysis of the effects of the operating parameters
(especially FRR) on liposomes dimensions, taking into consideration the effect of resid-
ual alcohol on the viscosity of the liposomal samples and thus on the determination of

liposome size by light scattering measurements was provided.
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Figure 2.14: Schematic diagram of microfluidic channels for liposome formation with a ta-
ble explaining the geometrical characteristics of the chips employed for the microfluidic
experiments[51].

Liposomes produced using MHF were compared with those obtained by the bulk ethanol
injection method [51]. Different device architectures have been considered for lipo-
some production. Devices include microscale chips (cross-sectional dimensional range of
100-320 pm) with mixing channel displaying distinct architectural features (i.e., straight,
serpentine-like, and containing micropillar structures) and scaled-up versions of microscale
flow focusing architectures, with cross-sectional channel dimension in the millimetre
range. In addition, the effective encapsulation of drugs by liposomes produced using
MHF was investigated. Ivermectin was employed as a model drug since it has recently
been shown to be a highly potent inhibitor of yellow fever virus replication and, although
less efficiently, of several other flaviviruses. Results shows that this drug did not cause
large modification of the liposome size produced by MHF microfluidics, as the liposome

containing ivermectin were only marginally larger than the empty ones [51].

More recently, in May 2017, Michelon et al. [81] presented a simple T-junction plan

focusing design for nanoscale liposome formation. Their work aimed to perform a sys-
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tematic study of the liposome formation using planar (2D HFF') microfluidic devices with
different channel aspect-ratios, as an alternative to enhance the throughput of liposome

synthesis as shown in Figure 2.15.
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Figure 2.15: Schematic diagram of microfluidic device aspect-ratio and associated photo-mask
for micro-fabrication [81].

Liposomes with a low polydispersity and a precise control of the size were successfully
produced from alteration of the flow rate ratio and channel aspect-ratio. Higher aspect-
ratio ensured rapid generation of liposomes with similar diameter and significant lower
polydispersity index than the obtained by other batch technique. Besides, [-carotene
was successfully incorporated into liposomes with efficiency of approximately 60% and

was independent of the microfluidic device aspect-ratio [81].

Lately, efforts in hydrodynamic focusing shifted towards using cascaded streams to focus
the sample stream first vertically, then horizontally, leading to the development of 3-D

hydrodynamic flow focusing devices for the production of polymeric NPs.

3D HFF: Different authors have proposed micro-fabricated devices capable of focus-
ing the sample horizontally and vertically [79, 82-89]. Such devices add an additional
dimension of focusing and are often referred to as 3D hydrodynamic focusing devices to
distinguish them from traditional 2D focusing devices. Building these devices requires
complex methods such as multi-step photo-lithography, leading to an increase in fabri-
cation cost. The process of 3D focusing in this device can be divided into two steps.
First, the sample stream is focused in the vertical direction using microfluidic drifting.
The lateral drift of the sample flow is caused by the effect of the Dean vortices induced
by the centrifugal effect of the curve, which transports the fluid in the opposite side of
the channel. Second, classic horizontal focusing is obtained using two horizontal sheath
streams. The result of these two steps is a stream focused in both the vertical and hori-

zontal directions.
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3-D HFF microfluidic platforms have only been recently adopted for the synthesis of NPs,
thus offering increased particle controllability and reproducibility. Recently Lim et al.
[89], reported parallel synthesis of NPs using a multilayer microfluidic system to enhance
the production yield without losing the advantages of reproducibility, controllability, and
robustness of 3D HFF shown in Figure 2.16.
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[
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Figure 2.16: 3D HFF microfluidic device for parallel NP synthesis. (A) Top view of the Device.
(B) Optical microscope image of the 3D HFF region. (C) Schematic illustration of one of the 8
parallel 3D HFF units in the device [89].

The device channels in Fig.2.16A were visualized using red and blue food coloring dyes
in the upper and lower microchannels, respectively. In Fig.2.16B. the red and green food
coloring dyes represent the PLGA-PEG polymer in ACN solution and pure ACN, respec-
tively. The relevance of this novel microfluidic design for the development of polymeric
PLGA-PEG NPs was assessed by synthesizing NPs in the range of 13-150 nm with high
production rates. Microfluidic platforms also allowed systematic tuning of the biophysic-
ochemical properties of NPs, facilitating their screening and optimization. They have
demonstrated the controlled synthesis of PLGA-PEG NPs by rapid and tunable mixing
in microfluidic platforms known as 2D hydrodynamic flow focusing (HFF) and 3D HFF.
3D HFF isolates the precipitating polymers from microchannel walls and eliminates mi-
crochannel clogging, which has enabled reproducible synthesis of monodisperse NPs with

tunable sizes from 30-230 nm.

Page 27 of 129



Selya Amrani Chapter 2

Conclusion

Several microfluidic devices have been developed to synthesize particles with diameters
ranging from a few nanometers to several micrometers. Recent iterations have achieved
sub-micron accuracy through the use of computational fluid dynamics to refine and im-
prove chip design [83]. In this section, we reviewed nanoparticle synthesis in microfluidic
systems which was either carried out either by continuous laminar flow or in multi-phase
droplet reactors. In addition, we compared the process of 2-D and 3-D hydrodynamic
flow focusing, where the prior is used for particle synthesis and the second is preferred
in applications where accuracy of positioning the focused flow is paramount. In the case
of 2-D HFF, reported nanoparticles demonstrated less particle size distributions com-
pared to those produced by conventional methods. Because synthesized nanoparticles
have unique properties based on their sizes, shapes, and morphology, controlled synthesis
processing methods and devices are highly desirable to yield homogeneous nanoparticle

populations.
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Thesis Objectives

3.1 Goals

The purpose of this study is three-fold; the primary task being the design and conception
of a simple, low-cost, rapid, passive microfluidic device for the synthesis of liposomal
nanoparticles and on-chip molecule encapsulation; secondly, the characterization of par-
ticles obtained under varying microfluidic synthesis parameters should be performed,
notably varying phospholipid concentrations and flow rate ratios; and finally, the encap-
sulation of a water-soluble compound to validate this platform.

This device endeavors to reduce the synthesis times associated with current cumbersome
production methods and eliminate the requirement for post processing (such as filter
extrusion). Ideally, the device is to produce small unilamellar vesicles (SUVs), ranging
between 50-300 nm, which are ideally suited for use as drug delivery systems [19]. Once
a suitable concept is devised, correlations with respect to synthesized particle diameters
between phospholipid: solvent concentration and fluid flow rates are determined. Finally,
the encapsulation of a fluorescent molecule (namely an FITC labeled TAT peptide) is
performed to demonstrate the feasibility of this proof-of-concept platform as a one-step

solution for bioactive molecule-encapsulated liposomes.

3.2 Hypothesis

The formation of liposomes in microfluidic chips is governed by the diffusion of different
molecular species (mainly alcohol, water, and the lipids) at the liquid interface between
the solvent (alcohol) and non-solvent (water) phases which triggers the formation of
liposomes by a mechanism described as “self-assembly” [51]. We hypothesize that by
adjusting flow parameters such as the flow rate ratio (FRR) between the water and the
solvent stream as well as the composition and concentration of the lipids composing the

liposomes’ bilayer, we will be able to generate liposomes with a narrow size distribution
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and with low polydispersity. The size range shall be comprised within the suitable size
range that guarantee optimal circulation time and clearance rate from the body but also
above in order to demonstrate the versatility of this platform and its potential to prepare

on-demand liposomes at any size and composition.

3.2.1 Effect of the Flow Rate Ratio (FRR)

Different microfluidic techniques have been shown to produce uniformly dispersed lipo-
somes and allow for direct control of liposome size via fine adjustments to the flow rate
ratio (FRR). Jahn et al. postulated that: "decreasing the sample stream width to mi-
crometer length scales allows for controlled and reproducible mechanical and chemical
conditions across the stream width, especially compared to more traditional bulk-phase
preparation techniques (i.e., test tubes and beakers)” [37] From the literature, we ex-
pect: (a) the mean diameter of the liposomes produced to be directly related to lipid

concentration and inversely related to FRR [37, 38].

3.2.2 Effect of Concentration

Both lipid and ethanol concentration have a significant effect on liposome properties (in
both bulk and microfluidic methods) [51]. The mean diameter of the liposomes produced
is directly related to lipid concentration [25]. In addition, previous reports on bulk injec-
tion methods have suggested a higher liposome polydispersity as the solvent concentration

increases [90].

3.2.3 Effect of Charge

The coating material studied is often limited to neutral or anionic lipid mixtures such
as DMPC or DPPC. Limited data is provided on the comparison between different lipid
mixtures or on the use of cationic lipids, which may be more suitable for medical or
biotechnological applications (e.g. as delivery systems for anticancer drugs or as trans-
fection reagents), and which are routinely used in the industry [51]. Using DPPC as the
main bilayer constituent, the effect of varying the dissolved lipid concentration as well
as the flow rate ratio on the resulting liposome diameters is investigated. As a proof-of
concept, the encapsulation of fluorescent labeled FITC-LC-TAT peptide (FITC-LC-Tyr-
Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-NH,) is performed to validate the use of this
microfluidic device as an all-in one synthesis and loading platform for liposomes. In addi-
tion, by adding either positively and negatively charged lipid particles to the main bilayer
DPPC constituent, by incorporating DDAB and DOPG compounds respectively, the ef-
fect of liposome charge and stability in addition to its size is investigated with respect to
its impact of the encapsulation of the FITC-LC-TAT peptide.
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Methodology

4.1 Materials

Negative photoresist, SU-8 2050, was purchased from Microchem Corp. (Boston, MA,
USA). Sylgard 184 elastomer kits, consisting of a prepolymer and a curing agent of
PDMS, were purchased from Dow Corning Corp. (Saint-Laurent, QC, Canada). Tygon
0.020” ID microbore tubing was purchased from Cole-Parmer Canada Inc. (Montreal,
QC, Canada). A quick setting epoxy adhesive was purchased from LePage-Henkel (Mis-
sissauga, ON, Canada). 2-propanol (IPA), acetone, methanol (MeOH), all analytical
grade, and glass microscope slides were purchased from Fisher Scientific (Waltham, MA,
USA). Anhydrous ethyl alcohol (EtOH) was purchased from GreenField Specialty Al-
cohols Inc. (Brampton, ON, Canada). Trichloro(1H,1H,2H,2H-perfluorooctyl) silane,
DOPG (1,2-Dioleoyl-sn-glycero-3-phosphoglycerol) and DDAB (Didodecyldimethylam-
monium bromide) were purchased from Sigma Aldrich (Oakville, ON, Canada). FITC-
LC-TAT fluorescent peptide was purchased from AnaSpec Inc. (Fremont, CA, USA).
DPPC (1,2-Dipalmitoyl-sn-glycero-3-phosphocholine) was purchased from Avanti Polar
Lipids Inc. (Alabaster, AL, USA). Glass vials were purchased from VWR International
(Radnor, PA, USA), 1 mL and 10 mL Hamilton glass syringes were obtained from Fisher
Scientific (Ottawa, ON, Canada). Ultra-pure water (MilliQQ) from a Millipore filtration

system (resistivity above 18.2 MQ-cm) was used for all experiments.
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Figure 4.1: Chemical structures of the compounds used: (a) DPPC (1,2-Dipalmitoyl-sn-

glycero-3-phosphocholine), (b) DDAB (Didodecyldimethylammonium bromide), (c) DOPG (1,2-
Dioleoyl-sn-glycero-3-phosphoglycerol) and (d) FITC labeled LC-TAT peptide.

Liposomes of DPPC have been determined to have a transition temperature of 41.3 °C
[91]. This means that DPPC is in the gel phase at room temperature. For the prepara-
tion of different negatively/positively charged liposomes, DOPG and DDAB molecules,
were added respectively to the DPPC lipids at a certain weight ratio. Composition of
samples used for the DDAB: DPPC and DOPG: DPPC liposomes synthesis experiments
are presented in Appendix D.

4.2 Methods

4.2.1 Computer-Assisted Design (CAD)

The design was primarily based on previous work done by Tien Sing Young et al. with
liposomes, utilizing flow focusing as an effective means of mixture by diffusion. Once
a suitable prototype was achieved, the channels were modeled using a computer aided
design (CAD) software (SolidWorks 2016 - Dassault S.A., Vélizy, France) and the 3D/2D
geometry was exported to be used in computational fluid dynamics (CFD) studies using
the "CAD Import Module” in COMSOL. The same design was then converted to a *.dzf
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file to order the photo-mask for subsequent micro-fabrication in the cleanroom.

4.2.2 Numerical Flow Simulations

Numerical simulations were conducted using COMSOL Multiphysics 5.2a (COMSOL Inc.,
Burlington, MA, USA). The "COMSOL Multiphysics”, "CAD Import” as well as the "Mi-
crofluidics” Modules were selected. Laminar Flow Models include both 2D and 3D "Time-
Dependent” and "Steady-State” Analyses. Stationary Steady state studies are governed
by "Incompressible Navier-Stokes” (4.2.2) and "Continuity” (4.2.2) equations where the

final forms assuming incompressible Newtonian fluids, are presented below:

J
p{(s—z—l—(u-V)u] =-Vp+uV>+F (4.1)

p[V - (u)] =0 (4.2)

Where: wu is the flow velocity, p is the fluid density, p is the pressure, p is the dynamic

viscosity and F' represents outer forces.

Whenever we consider mass transport of a dissolved species (solute species) concentration
gradients will cause diffusion. If there is bulk fluid motion, convection will also contribute
to the flux of chemical species. Therefore, we are interested in solving for the combined

effect of both convection and diffusion. For a dilute species:

(507;

Where: ¢; is the species concentration (in mol.m™3), N; is the molar flux (in m™2s™!, R
is a net volumetric source for ¢: R > 0 means that a chemical reaction is creating more
of the species, and R < 0 means that a chemical reaction is destroying the species. D; is

the diffusion coefficient of the species (in m?/s).

The simulation assumes water as the working fluid, with the sub-domain settings sum-

marized in Table 4.1 as follows:

Page 33 of 129



Selya Amrani Chapter 4

Table 4.1: Computational Parameters used for CFD Modeling and their Values.

Parameters Description Value(s)

Laminar Inflow Qinlet = 10 [pL/min] =

Flow Rate at Inlet 1 Lipid in Ethanol Flow Rate cst

Laminar Inflow . .
Flow Rate at Inlet 2 Water Flow Rate Q2inlet = 40-480 [pL/min]

po= 1,000 [kg/m?]
pi1= 0.00195 [Pa.s]

2D: N = 146, 302
3D: N = 711,375

Material (Fluid) Inlet 1 and 2

Mesh Number of domain elements

The main variable in these simulations are the inlet fluid flow rates. Flow focusing devices

are typically characterized by their Flow Rate Ratio (FRR), which is defined as follows:

:Q1+Q2

FRR
o

(4.5)

Where: Q1 and @)y represent flow rate of the lipid stream dissolved in ethanol and the

water flow rates respectively (in pL/min).

A no-slip boundary condition for the walls was applied. This boundary condition ensures
that the fluid comes to rest at the channel walls. The inlets and outlets were defined
as the openings at the extremities of the solid model, contrary to the configuration of
the actual device, whereby the inlets and outlets are through the upper surface of the
channels. The normal inflow sample and buffer inlet flow rates were set to the values

demonstrated in Table 4.1. The outlet boundary was set to a pressure, p , of 0 Pa.

The next step is the implementation of a mesh. In the 2-D space, the mesh (shown in
Figure 4.2), was user-defined to be adequate with the area of interest located at the Y
junction, with a high number of elements and nodes. Meshing was optimized so that the
calculated and theoretical values of the flow focusing width (Df) converge towards the

same value (five significant numbers after zero which corresponds to um +/- 0.00001 um)
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Figure 4.2: 2D Mesh of the microfluidic flow focusing junction displaying magnified views of
the meshing elements at two different areas of the microfluidic structure. The red region close
to the boundaries of the Y-junction has a higher number of and smaller size elements compared
to the rest of the structure (yellow).

The complete 2D mesh (Figure 4.2) consists of 146,302 domain elements and 4,918 bound-
ary elements. The parameters used to define the mesh at the model boundaries can be
found under Appendix A. The 3D model, the finalized imported geometry has 1 domain,
14 boundaries, 36 edges, and 24 vertices. The complete mesh consists of 711,375 domain

elements, 59,592 boundary elements, and 2881 edge elements. It is shown in Figure 4.3 :
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Figure 4.3: 3D Mesh of the MHF junction showing the meshing elements size and distribution
at various areas of the microfluidic structure.

As shown in Figure 4.3, tetrahedral elements were used to mesh the 3D flow-focusing
geometry with COMSOL Multiphysics. Tetrahedra are also known as a simplex, given
that any 3D volume, regardless of their shape or topology, can be meshed with tetrahedra.
They were also chosen as they represent the only kind of elements that can be used with
adaptive mesh refinement. Mesh refinement was manually adjusted around the central
flow focusing region (as shown in the blue box of Figure 4.3) and around the edges to get

more accurate velocity/concentration profiles.
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Application Builder: The optimization phase in the design of the microfluidic flow fo-
cusing device relied on the use of the Application Builder; a component of the COMSOL
Microfluidics software that allows the creation easy-to-use applications based on pre-
established numerical simulations [92]. To that effect, after the numerical simulations
were developed and computed on Comsol, applications were created using Application
Builder which exploited the different variations in the CAD designs and iterations of the
microfluidic chips. These were used in order to optimize the designs 2D /3D dimensions
and geometries based on the resulting velocity, concentration and pressure profiles ob-
tained at different flow rate ratios (FRRs). Notably, as shown in Figure 4.4, control of
the the inlet velocities and flow rates as well as the inlet concentrations to name a few,
can be modeled. It is also possible based on the inlet flow rates to get the value of the
FRR. In addition, because the volume of the syringe and thereby its cross section can
change the FRR, the effect of using different syringe models was incorporated to get the
best estimate of the FRR. Finally, it is possible to change the mesh size (coarse, normal,
fine, finer and extra fine). As we refine the mesh, the solution will become more accurate
however computation time increases correspondingly. The application therefore gives an
estimate of the computation time which can range from a couple of seconds in the 2D

domain to several hours for some complex 3D models.
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Figure 4.4: User Interface of the Application generated using Application Builder via COMSOL
Multiphysics.

The Application interface shown in Figure 4.4, make it possible for any user to customize
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the numerical simulation parameters based on the microfluidic CAD design without hav-
ing to change the input simulation parameters or disturb the source code. This had the
added bonus of reducing significantly the computation time (H). Buttons are available to
compute or reset input parameters to their initial/standard values (A). The graphic/visual
interface (I) with the geometry, velocity and concentration profiles of structure is also dis-
played. Furthermore, interactive meshing parameters let the user select the meshing size
(from coarse to extremely fine) (B), without having to change manually the computational
parameters displayed in the Appendix Table A.1. In addition, to ease the transition from
the theoretical to the experimental field, it is possible for the user to select the number
of pumps available (C) and the appropriate syringe (E), which can prove to be useful to
recreate the experimental setup conditions. Similarly, the input flow rates can be inserted
in (D) and corresponding calculated velocities (in m/s) at the inlets as well as the FRR
(Fig.4.4 F) are calculated accordingly. Also, the input concentration at inlet (in mol /m?)

in (G) can be changed to reflect the experimental values.

Overall, this application allows the customization of the interface and a control over the
inputs and outputs that the user of the application is allowed to manipulate by including
only the parameters relevant to the design of a specific device or process. The code used
to build the Application in Figure 4.4 as well as other versions of the App which cover

other microfluidic chip designs can be found under Appendix A.

4.2.3 Device Manufacturing and Assembly

With the design of the chip validated using numerical analytical tools, the fabrication
process follows. By exploiting the McGill Nanotools Microfab (MNM) facilities, the com-
plete fabrication of the microfluidic chip was performed using photo- and soft lithography

techniques.

Photo-lithography: The microfluidic channels were manufactured via negative pho-
tolithography onto a silicon wafer, followed by soft lithography in PDMS. The initial
step consists of utilizing the previously constructed CAD geometry to create a chrome
photomask comprised of a top view of the channels. For this negative lithographic pro-
cess, a dark field photomask was created. The pattern or channels to be created were
transparent, and everything else was covered in chrome. The photomasks were obtained
from the Center of Microfluidic Systems (CMC, Toronto Ontario, Canada) and are shown
in Appendix C. In the McGill Nanofab-Microtools facility (Montreal, QC, Canada), the
photomask was used to create a positive mold onto a silicon wafer. Firstly, the process
consists of spinning a negative photoresist, SU-8 2050, at 1700 rpm for 30s to achieve a
thickness of 100 pm. Conventional ultraviolet photolithography was performed using the
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aforementioned photomask, whereby the exposed negative photoresist was cross-linked

and thus became insoluble to the developer.

Soft-lithography: Prior to the soft lithography process, the mould was treated with
PFOTS (trichloro(1H, 1H, 2H, 2H perfluorooctyl)silane) via chemical vapor deposition
to aid with the demolding process. Vacuum was applied for about 1-1.30 h, resulting
in the vaporization of the silane. After silanizing the PDMS master, pouring of an
elastomer, PDMS, onto the previously silanized mould. The elastomer kit was composed
of a pre-polymer and a curing agent, which was mixed in a 10:1 w/w ratio, as per the
manufacturer’s protocol. The prepared mixture was poured onto the wafer, which was
then degassed in the vacuum desiccator to remove any bubbles within the elastomer and
cured at 70 °C for 3 hours. Once cured, the channels were carefully cut and removed from
the cured polymer with a surgical scalpel or razor blade. The bottom face, containing
the channels, was temporarily covered with transparent packing tape so as to avoid any
contamination or dust deposits. A 1.2 mm biopsy punch was then used to puncture the

inlet and outlet ports.

4.2.4 Liposome Fabrication and Loading

The phospholipid-solvent mixtures (DPPC:EtOH) were prepared using DPPC dissolved
directly into EtOH at various concentrations. They were prepared in glass vials (VWR
International Radnor, PA, USA) and stored at 4°C until use. For the encapsulation
studies, a 0.5 mg/ml stock solution of fluorescent FITC-LC-TAT peptide was prepared
as per the manufacturer’s protocol by adding 2 ml of MeOH to a 1 mg of FITC-LC-TAT
and stored at 20°C.

For the bare liposomes fabrication, inlet 1 was blocked, MilliQQ water flowed through
inlet 2, and DPPC:EtOH flowed through inlet 3. For the runs correlating diameter with
lipid concentration, DPPC:EtOH solutions at concentrations of 1, 2, 3, 5, and 10 mg/ml
were prepared. The flow rate ratios (FRRs), defined as the total volumetric flow rate
divided by the focused sheath flow rate, investigated were ranging between 5-50. For
the peptide encapsulation investigation, the FRR was set to 50 and the DPPC:EtOH
concentration was 3 mg/ml. The control batch was prepared by flowing MilliQ water,
3 mg/ml DPPC:EtOH, and MeOH through inlets 1, 2, and 3, respectively. The same
setup was used for encapsulation, with the exception of the incorporation of 0.5 mg/ml
FITC-LC-TAT:MeOH flowing through inlet 3, i.e., loaded. Detailed batch descriptions
can be found in Appendix D.
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4.2.5 Characterization of Liposome Properties
Zeta Potential

Surface properties of liposome formulations can vary depending on the composition of the
lipid. There are cationic, anionic and neutral lipids, which can be used for preparation of
liposomes. Zeta potential can be used to identify any correlation between the liposome
incorporation and retention of and surface charge properties of the liposomes. The zeta
potential is charge at the slip plane of the particle surface, and although it is not a direct
measurement of the surface charge, it is a good estimation. Zeta potential is one of the
important factors affecting liposomes stability, incorporation efficiency and interactions
with biological system in vivo. The zeta potential of liposomes was measured using a
zetasizer Nano ZS (Malvern, UK). The samples were analyzed using the Zetasizer for ten

cycles with a voltage of 4 mV.

Size/ Concentration

In order to evaluate the size of the loaded and unloaded liposomes (both prior and follow-
ing FITC-LC-TAT peptide encapsulation), dynamic light scattering (DLS) measurements
were coupled with nanoparticle tracking analysis (NTA) measurements in order to char-

acterize the particles size, size distribution, polydispersity and concentration.

0.204

Avg. Count Rate:  467.8 keps
Baseline Index: 9.6/100.00%
Elapsed Time: 00:01:40

(a) DLS (b) NTA

Figure 4.5: Size Measurement using (A) Dynamic Light Scattering (DLS) and Nanoparticles
Tracking Analysis (NTA) methods.

Dynamic Light Scattering (DLS): The particle diameters were determined by use
of dynamic light scattering (DLS) via a ZetaPALS Zeta Potential Analyzer (Brookhaven
Instruments Corp. - Holtsville, NY, USA). DLS relies on the Brownian motion of particles
suspended in a solution to obtain a diffusion coefficient, from which the particle size is
determined. Typically, a red laser (675 nm) is emitted at a 90° angle. The recording

chamber temperature was set to 6 °C, and each run consisted of ten 10 second readings.
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Nanoparticle Tracking Analysis (NTA): Nanoparticle Tracking Analysis (NTA)
technique was also used for detecting simultaneously sub-micron particle size distributions
and particle concentrations of multiples samples. NTA measurements were performed
with a NanoSight LM14 (NanoSight, Amesbury, United Kingdom), equipped with a sam-
ple chamber with a 640-nm laser and a Viton fluoro-elastomer O-ring. The samples were
injected in the sample chamber with sterile syringes (BD Discardit 11, New Jersey, USA)
until the liquid reached the tip of the nozzle. All measurements were performed at room
temperature (T= 25 °C). The software used for capturing and analyzing the data was the
NTA 3.2 Build 127. The samples were measured for 40 s with manual shutter and gain
adjustments. The mean size and SD values obtained by the NTA software correspond to

the arithmetic values calculated with the sizes of all the particles analyzed by the software
(NANOSIGHT 3.2).

4.2.6 Imaging and Visualization

Negative Staining: Samples for negative staining were prepared using the Single-
droplet method [93]. After preparing a 2% aqueous solution of an uranyl acetate stain
(and adjusting the pH to 7.0 with 1M KOH, if required), formvar-carbon coated grids
were glow discharged prior to use in order to increase their hydrophilicity prior to their
use. A volume of 5 uL. of the sample was then pipetted on the grid so as to cover the
entirety of the grid surface. After approximately 10 seconds, 5 ul. of the uranyl acetate
stain was slowly pipetted on to sample, and the stain absorbed from the opposite side
using a wedge of filter paper. The grid was then allowed to dry and then examined by
TEM (transmission electron microscopy). Samples were imaged at a magnification of
50,000x at room temperature using a Philips Tecnai T12 electron microscope equipped

with an LaB6 filament and operated at an acceleration voltage of 120 kV.

Device Flow Visualization: For this part of the study, the fluid flow rates were
controlled with a Nexus 3000 syringe pump (Chemyx Inc. — Stafford, TX, USA) in con-
junction with syringes of various volumes (BD Medical — Mississauga, ON, Canada). The
image acquisition setup consisted of an inverted microscope (Eclipse TE 2000-U, Nikon
Corp.—Mississauga, ON, Canada), with fluorescence capabilities, which was used to visu-
alize the liposomes as well as the fluorescence emission from the FITC-LC-TAT peptide.
All images were captured using a CCD camera (Retiga-2000R, Qimaging—Surrey, BC,
Canada) and Nikon NIS-Elements D software. MilliQQ water, coloured with readily avail-
able food dyes, was used as the working fluid. The pumps were set to flow at various
flow rates and images of the flow focusing junctions were obtained at low (x20) and high

(x40) magnifications.
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Particle Count: The open-source software CellProfiler was used to quantitatively mea-
sure the fluorescent particles. A new pipeline was developed for detection of drug encap-
sulating liposomes. This pipeline has four major steps: 1) Background correction, 2)
Colony detection & Filtering, 3) Measuring Colony parameters, 4) Overlaying and saving
images. Background correction is done through its own inherent modules- Color to Gray,
Correct Illumination calculation, and Correct Illumination Apply. Modules for object

detection (Identify Primary Objects) based on thresholding are available in Cell Profiler.

4.2.7 Statistical Analysis

Data are expressed as mean + standard deviation (SD) of at least 5 replicates per group.
Statistical analyses were performed for multiple comparisons via one-way ANOVA and
Student’s t-test was used for direct result comparison. Differences were considered sig-

nificant at p < 0.05.
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Numerical Simulations and Flow

Visualization

The design stage involved optimizing the geometry and dimensions of the microfluidic
platform. To model the microfluidic device, a layout of the architecture was performed
using a CAD software program (SolidWorks 2016). Design features such as channels
heights, widths and geometry were optimized by modeling and simulation of the fluid flow
based on the design geometry and fluid conditions using a commercially available software;
COMSOL, a general-purpose software platform based on advanced numerical methods.
Finally, using an optical microscope, images of the flow focusing phenomena at the device
junction will be visualized and compared with their numerical models analogs obtained
using the COMSOL software. Finally, an application was created using Application
Builder to access the modeled simulations in a time-efficient manner prior to and during

the microfluidic experiments to validate the flow conditions inside the microfluidic device.

5.1 CAD Modeling

The following section describes the general principles that have been considered for de-

signing and constructing the microfluidic devices employed for liposomal production.

5.1.1 Design Requirements and Constraints:

Chip dimensions: As a practical rule, the total width and length of the chip should
be defined to comply with the dimensional constraints imposed by the typical size of
microscope stages that are routinely used to assess the correct functioning of the chips.
As a general design principle, the microfluidic device should fit within the maximum
width and length of conventional glass slides for microscopy (width=25-50 mm and length
= 75 mm). At the same time, as suggested by Carugo et al. [51], the thickness of

the device should comply with the working distance of microscope objectives. While in
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situ microscope observation may not be required in an industrial setting, it is a useful

requirement at a research and development stage.

Channel dimensions: The inlet channels should be long enough to allow the fluid
flows to fully develop before they intersect with each other, allowing for a stable and
predictable flow focusing regime. Channels should also be designed so as to guarantee
sufficient spacing between the inlet ports, allowing for robust and practical connection
with tubing and pumping units. A typical inlet channel length for microfluidic HFF chips
is in the range of 5-10 mm. Longer channels result in higher back-pressure, which could
potentially compromise device usability. Finally, the mixing channel should be designed
to allow for complete mixing of the solvents (ethanol or isopropanol, and water) at the
selected operating flow rates, and to comply with the dimensional requirements imposed

by microscope interfacing.

Relative orientation of the inlet channels: In MHF chips, the angle between the
side and central inlet channels should be defined so as to minimize fluid dynamic pertur-
bations at the intersection between flows, particularly if devices are designed to operate

at high throughput regimes. In the literature, this angle is in the range of 30°- 90°.

Fabrication Method: The constitutive materials should satisfy different requirements,
including resistance to solvents, optical transparency, compatibility with microfabrication
and bonding techniques, low surface roughness, and commercial availability. Due to its
versatility, PDMS is a commonly used material in soft-lithography, given its compat-
ibility with pharmaceutical-grade solvents (i.e., ethanol), ease of surface treatment by
exposure to oxygen plasma, ability to conform to a surface, and potential for bonding

with commercially available glass slides [51]

Operating Regime: 2D hydrodynamic flow focusing was selected as a microfluidic-
based regime for nanoscale liposome production, and its performance compared with
other micromixing geometries. Laminar as opposed to turbulent flow conditions has
been previously demonstrated to allow for precise control over the interfacial boundaries
between solvent and co-solvent streams, resulting in diffusion dominated mass transfer
and leading to liposomes of relatively uniform physical properties. Furthermore, liposome
size and dispersity in MHF chips has the advantage of being potentially controlled on-
demand by finely adjusting the hydraulic boundary conditions.

5.1.2 CAD Modeling

Once the final design was drafted, the 2D sketches (shown in Fig. 5.1 (top)) were con-
verted into 3D models which can easily be done by extruding the 2D geometry. The
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primary use of these models was for the CFD simulations, creation of the photomask,
and ultimately, the physical master for device fabrication. Figure 5.1 (bottom) shows an

isometric views for the final render of the assembled device.

;

27.052

©1.500

0.045

Figure 5.1: Schematic representation of the different components of the planar flow focusing
microfluidic device: (A) Water inlet, (B) Lipid/alcohol inlet (DPPC +/- DOPG/DDAB in
ethanol) (C) Loaded molecule for encapsulation (including FITC-LC TAT peptide) and (D)
Outlet. The upper left insert represents a 2-D technical diagram of the pattern of the device
geometry (all dimensions in mm).

As shown in Figure 5.1, the base of the device was a standard glass microscopy slide (25
mm x 75 mm). The patterned PDMS and glass slide are then treated with oxygen plasma,

which renders the surfaces hydrophilic, and pressed together to create a fairly strong bond.
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Finally, the Tygon microbore tubing was inserted into the inlets and outlet and sealed
using quick-setting epoxy adhesive. Guidelines followed for designing and constructing
this microfluidic devices for liposomal production have been presented under subsection
5.1.1.

5.2 CFD Simulations

Following CAD design and modeling, the CFD capabilities of COMSOL Multiphysics
were exploited in order to simulate in both the 2D and 3D space the flow profiles of the
one phase/ two fluid flows inside the microfluidic device. Under laminar fluid flow, the
mixing of miscible liquids is governed by molecular diffusion which facilitates numerical
simulation of the alcohol-water interface [90]. Relevant simulations include velocity and
concentration profiles of the alcohol-water mixtures for different HFF conditions (FRR).
In the current work we have reported mainly steady state and time dependent simulations.
Stationary studies allows solving equations which do not vary with time. It was used to
solve for the velocity profile at the flow focusing junction. On the other hand, time-
dependent study, used to solve the concentration profile of the diluted lipid species over
time, shows how concentration vary with time. Time-dependent study generally takes

much longer to simulate and also requires a huge amount of processing memory.

5.2.1 2D Models

Our 2D model approximates flow at the vertical midplane with two-dimensional flow simu-
lations which is an idealization of the three-dimensional channel flow in the microchannel.
The analysis and prediction of the focused stream width employs a simple model based
on mass-conservation principles. The 2D focused stream width is computed under these

simplified assumptions:
1. Flow in the microchannel is steady, laminar and incompressible;
2. Fluids are Newtonian ;
3. The effect of gravity is neglected ;
4. No slip boundary condition at channels walls ;
5. Fluids have the same density (in both the inlet channels and the outlet channel) ;
6. Fluids flow in a rectangular microchannel ;

7. The four channels have the same height.
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According to the mass conservation principle, the volume of sample liquid that passes

through the inlet channel (@) must match the volume of the focused stream:

Q2 = vowsh = vywsh = Qg (5.1)
This leads to: 0
2

= — 2

W= (5.2)

Where: wy and w, represent the width of the focused stream and central inlet channel,
respectively. ()2 and @y are the volumetric flow rates of the central inlet channel and
focused stream, respectively. h is the height of the channels, and vy and vy are the average
velocity of the flow in the central inlet channel and of the focused stream, respectively.
The amount of fluid passing through the outlet channel (channel 0) must be equal to the
total amount of the fluid supplied from the three inlets (central Q2 and two lateral Q):

Qo = vowph = Q1 + Q2 (5.3)
Q1+ Qe

where: 1 and () are the volumetric flow rates for the two lateral channels, and vy and
wy are the average velocities of the flow and width of the mixing channel, respectively.
Combining Eq.5.1 and Eq.5.4, and assuming v, and v; have the same values, it is possible
to obtain the relationship between the width of the focused stream and volumetric flow
rate of the inlets:

Wy Q2

w Gt Qs (5:5)

For an outlet width of 45 um, we get the following values of w; for the given flow rates
(@1 and @) and FRRs as shown in Fig.5.2 (a):
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FRR  Qa[uL/mn] QuiluL/mn] wj[um]

10.00
5 10 40 9.00 E 900 ¢
10 10 90 450 g jgg
15 10 140 3.00 £ 600
20 10 190 2.25 T 500 ,
25 10 240 1.80 g 400
30 10 290 150 5 oo
35 10 340 129 £ 1o g V2
40 10 390 113 2 o000 o
50 10 490 100 0 10 20 FRR 30 40 50 60
(a) (b)

Figure 5.2: (a) Table showing the experimental Values for the width of the focused stream at
channel junction (in gm) and corresponding FRRs and flow Rate values (in pm). (b) Width
of the focused stream at the microfluidic device junction (in pum) as a function of the flow rate
ratio (FRR).

From the graph displayed in Figure 5.2 (b), we observe a tendency of a decreasing width
of the focused stream as the FRR increases. The curve was fitted with a power trendline
(correlation coefficient: R? = 1) with a plateau at w; = 1.00 um. Both Equation 5.5 and
Figure 5.2 provides a simple guideline for predicting the focused stream width. However,
it does not reflect the effect of other factors such as device structure, channel surface, and
fluidic property (such as differences in fluid densities or viscosities), which could affect

the focusing process.

In order to gain insight into the fluidic behavior of the system, experimental conditions
and results were duplicated within the 2D /3D space using a COMSOL Multiphysics ©
model to elucidate the structure, direction, proportion, and fate of fluid lamina through-
out the flow focusing region. It is important to visualize the flow profiles in both 2D and
3D. Ideally, a 3D representation will enable us to ensure that a laminar flow distribution
is achieved inside the channels for all FRRs conditions. With turbulence, the diffusion of
the lipid species and the rate of mass transfer at the alcohol/water interface is harder to
predict and reproduce which would lead to chaotic mixing and correlate in heterogeneous
liposome particles sizes due to their different mixing times. By varying the flow-rates at
the inlets (Fig. 5.3), different flow-focusing widths were achieved. In planar (2D) focus-
ing, the fluid is characterized by a low Reynolds number and exhibits laminar flow. Thus,
the fluid stream will have maximum velocity in its center and zero velocity at the wall,
if approximated with the parabolic flow profile characteristic of a low Reynolds number
[83]. From figure 5.3, the flow velocity increases from zero value at the inlet to 0.45 - 4.5
m/s at the outlet depending on the FRR.

Page 47 of 129



i Surface: Conceriration {rolm®) Streamie: Velcity field i
10
035 o
03 B
M-
Hozs ¢
02 o Hs
| B
| ERER
o1 F
i i F R/R/ 5 3
= £ 032 -0.15 0.1 0.08 -] 0.0s o1
Surface: Vidocity magnibude. tw"? Streamine: Velscry fed i Surface: Conceriration {rolm®) Streamie: Velcity field =
u 1
c s
o7 42
04 | &4
| B
02 2
&= i F RR/ 1 0 3
g E 0 -0.15 0.1 0.08 -] 0.0s o1
Surface: Vidocity magnibude. tw"? Streamine: Velscry fed i Surface: Conceriration {rolm®) Streamie: Velcity field =
16 L H
o
- 43
12
M-
1 a e
- | B
04 7
o 2
i i F RR/ 2 0 2
2 025 -0.15 0.1 0.08 -] 0.0s o1
Surface: Vidocity magnibude. tw"? Streamine: Velscry fed i Surface: Conceriration {rolm®) Streamie: Velcity field =
10
*
c s
s
a3 @ W
o |
2
. | B
15
1
00 2
5 F RR/ 5 0 L
g L. -0.15 0.1 0.08 -] 0.0s o1

Figure 5.3: 2D CFD Simulations showing the Velocity (left) and the Concentration profiles
(right) at the flow focusing junction of the microfluidic device at the given FRRs.
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Whereas there is no theoretical upper limit to the FRRs that could be simulated, there is
however, a practical lower limit as the back flow occurs from the side channels into main
channel. As we reach high flow rates inside the device, high inlet pressures are attained
which can compromise both the flow focusing capability of the device and its structural
integrity as high back pressures can result in the burst of the tygon inlets and/or the
PDMS interface. Consequently, the 2D pressure profiles at the flow focusing junction

were also simulated and are reported in the next section.

2D Pressure Profiles

The pressure profile at the flow focusing region inside our microfluidic devices are illus-
trated in Figure 5.4. Pressure profiles help both evaluate and isolate the range of the
maximum backpressure and therefore the maximum FRR that the device can sustain
before failure (burst of the PDMS chips). As such with both the 2D pressure profiles
and by experimentally increasing the FRR it was discovered that due to the device ge-
ometries (width, height an length of the channels) and the pressure associated with the
tubing and syringe cross section injection the maximum FRR attainable had to be lower
or equal than FRR=100. A higher FRR resulted in a backflow of the fluid and a burst
and destruction of the PDMS chips. The shear modulus of PDMS being 100kPa and the
internal pressure inside the device at FRR=100 being close to 80 kPa [84]

[ o Contour: Pressure iPe)

| =

(a) FRR=5 (b) FRR=50

Figure 5.4: 2D Pressure Profiles at Flow Focusing Junction

It can be seen that pressure decreases from inlet to the outlet and varies also depending
on the FRRs. From Figure 5.4a, at FRR=5 (low flow rate ratio), the maximum pressure
located at the inlet is of 72.36 Pa and the minimum at the outlet around 10.4 Pa. At
a higher FRR=50 (Figure 5.4b), the maximum pressure is more than a hundred time
higher at the inlet (6.86 x 10* Pa) and also a hundred times lower at the outlet (around
0.96 Pa). A C-shaped pressure profile is observed at the junction of three channels. The
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pressure is at maximum at the inlets and then gradually decreases as we travel along the

channel.

5.2.2 3D Simulations

‘ Slice: Velocity magnitude (m/s)

(a) Isometric View

Sikce; Velosity magreude (mis)

(b) yz Plane (c) zy Plane

Figure 5.5: 3D Velocity Profiles at Flow Focusing Junction at FRR = 50.

Velocity Profile: The 3D numerical simulation performed for the different focusing
ratios (FRR: 5-50) indicates that thickness of the focused plane decreases with an increase
of the focusing ratio as expected from the 2D simulations. Also, along the xy axis of
symmetry, from Figure 5.5b, which shows a cross-section of the velocity profile at the yz
plane, it appears that the velocity is maximum at the center of flow focusing junction. Its
maximum value reaches approximately 3.5 m/s for a FRR of 50 which is in accordance

with findings from the 2D simulations.

Page 50 of 129



Selya Amrani Chapter 5

Concentration Profile: The concentration distribution of lipid in ethanol sheathed
by two adjacent water streams is simulated with a 3-dimensional model in Comsol Multi-
physics. Assuming an inlet concentration of 10 mol/m? and a time-dependent, laminar

flow, we obtain the following 3D concentration profile:

™,
U {mcm?\f) Strearline: Velocity field
L

=,

Figure 5.6: 3D Concentration Profiles at Flow Focusing Junction at FRR=50. The small insert
on the right shows the 3-D flow focusing velocity profile lines at the microfluidic junction.

The simulation couples the convective and diffusive mass transfer of ethanol with the full
Navier-Stokes equation (Eq. 2.1) for incompressible flow, considering spatially varying
viscosity that depends on the local alcohol/water volume fraction. The mass diffusivity
of alcohol and water results from the mass flux due to diffusion and the concentration
gradient at the diffusive EtOH /water interface. The directionality of the mass flux occurs
from high concentration towards low concentrations of the respective solute [38]. This
means ethanol diffuses from high concentration of alcohol towards the aqueous phase
whereas the water diffuses towards the focused alcohol stream, resulting in the concen-

tration profile shown in Figure 5.6.

In the 3D models, the diffusion of color particles across the boundary results in a color
intensity profile across the flow that is not perfectly sharp. The 2D simulations are
therefore preferred for better visualization of the diffusion of the diluted species as well
as the velocity profile along the boundary of the flow. They also mobilize less extensive

processing and computing resources and require less time to compute.
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Chapter 6
Device Characterization

In order to fully characterize our HFF device and its liposomes synthesis and loading
capabilities, flow visualization of the flow focusing junction was first conducted to quali-
tatively visualize the effect of varying the FRR on the width and behavior of the focused
stream at the focusing junction. A comparison between the simulated flows, computed
using Comsol Microfluidics and the experimental flows inside the platform is then pro-
vided. Next, visualization of the synthesized liposomes was conducted by negative stating
TEM microscopy thus offering both a quantitative and qualitative representation of both
the shape and morphology as well as the size of synthesized liposomes in aqueous condi-
tions. Finally, in the third section, the effect of varying both the lipid composition and
flow parameters for the synthesis of DPPC nano-sized liposomes within our platform was
assessed with regards to size, concentration, charge and polydispersity of the resulting

liposomes.

6.1 Flow Visualization

Hydrodynamic flow focusing was first examined from the plan view using an inverted light
microscope to visualize the flow focusing at the microfluidic junction. Focusing stream at
magnifications of (x20) and (x40) are shown for different flow rate ratios (FRRs) in the

following chapters. The remaining pictures are displayed in Appendix B.

6.1.1 Qualitative Flow Visualization Results:

Liposomes formation in HFF occurs by a diffusively driven process, when a stream of
lipids dissolved in an organic solvent such as ethanol is hydrodynamically sheathed be-
tween two oblique aqueous streams in a microfluidic channel [37]. The main concept of
hydrodynamic focusing is to reduce the stream width and consequently the mixing path
length of the focused stream. A stream of lipids resolubilized in ethanol is hydrodynam-

ically focused into a very narrow sheet with a thickness varying from a few micrometers
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down to sub-micrometers depending on the respective water-to-ethanol volumetric flow
rate ratios (FRR).

Light microscopy images are shown in Figure 6.1 that depicts the focusing of a central
lipid stream (dark stream) by two aqueous water streams (not visible) in a microfluidic

device.

(Control) » | (Control)

.
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Figure 6.1: (Continued from Previous Page) Light microscopy images of the flow focusing
junction at (x20) and (x40).

As shown in Figure 6.1, the focused stream at the center of the flow focusing junction
is not always centered along the mid-line of the channel and symmetrical. In practi-
cal hydrodynamic focusing applications, the centerline of the hydrodynamically focused
stream may not coincide with the centerline of the channel [94]. This has led to studies
focusing towards developing theoretical models for asymmetric hydrodynamic focusing
(for unequal flow rates at device inlets) in rectangular microchannels with either high or
low aspect ratios, as an attempt to predict both the location and the width of the focused
stream [94].
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Overall, it has been proven that the width of the focused stream is independent of the
stream location but is dependent on the aspect ratio (height/width) for the rectangular
channels [94]. Other studies demonstrate that for low Reynolds numbers (Re < 5), a
slightly convex shape of the focused streams is generated [95] and is to be expected in
microfluidic channels due to viscous forces dominating inertial ones at low Re numbers.
This can cause flow disturbances in a way reminiscent of that of a turbulent flow at high Re
numbers. This phenomenon can be observed in our flow focusing device at low flow rate
ratios (FRRs) (Figure 6.1; FRR 5), where one can see that the flow is not symmetrical
but in fact leans slightly towards the upper side of the central channel wall. In this
case, the flow rate being so low, our pump was not able to minimize flow perturbations
and provide a continuous pulsatile-free flow and a fixed, constant focused stream width.
Retrospectively, this can give us to expect a higher polydispersity and standard-deviation
of the particles diameters at low FRRs compared to high FRRs, where a better control

of the flow focusing enables a constant more laminar flow.

6.1.2 Comparison between Experimental and Simulated Flows:

Initial attempts at hydrodynamic focusing were aimed at confining sample flow to a nar-
row column, which is generally referred to as 2D flow focusing [96]. In 1998, Knight et
al. demonstrated the possibility of significant microfluidic focusing in 2D by confining

the sample flow from a 10 pm nozzle to a width of only 50 nm [82, 83].

The following image sequence in Figure 6.2 shows a comparison of the focused alco-
hol stream in a the 65 wm wide central micro-channel and the two 45 pum wide side
micro-channels, imaged with an optical microscope and the 2-D model simulation for the
respective FRRs of 5, 10, 20 and 50 for flow rates corresponding to 40, 90, 190 and 490

wL/min.
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Figure 6.2: Comparison of the focused stream imaged with an optical microscope and the 2-D
model simulations for the respective FRRs of 5, 10, 20 and 50.
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Overall, the 2D simulation results are well substantiated with the experimental find-
ings. The shape and width of the focused ethanol stream is represented correctly in the
simulation with a tendency to decrease its thickness with an increase in the FRR. Exper-
imentally however, obtaining precise measurements of the width of the focused stream in
the micrometer scale is not possible as ethanol and water continuously inter-diffuse along

the interface.

Conclusion:

In conclusion, changes in FRR resulted in variable stream widths of the focused sol-
vent/lipid stream. Experimental investigations indicated that in the case of symmetric
side streams focused flow sheet was not necessarily uniform with undesirable thickening
close to the walls of a micro-channel observed in the case of low FRRs (Figure 6.1). By
manipulating flow rates of the focusing flows, location of the focused sheet can be de-
formed and moved out of the symmetry plane and most importantly, a precise control of
the width of the focused stream, on which the size and polydispersity of the generated
liposomes depend on, is achieved. Maintaining a precise control of the focused stream

width is crucial in various applications of the flow focusing systems [83].
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6.2 Visualization of Liposomes by EM

In order to characterize the synthesized liposomes, their morphology, shape and structure
has visualized by negative staining cryogenic transmission electron microscopy (Cryo-
TEM). Negative-staining, a rapid, simple and conventional technique of electron mi-
croscopy (EM), has been commonly used to initially study the morphology and structure
of proteins and lipids for half a century [97]. In addition to providing a visual of the
liposomes formed, it can also give us an approximation of the size distribution of the

liposomes in solution.

Figure 6.3 shows the nano-lipsoomes formed at FRR= 30 and Cpppc= 10 mg/mL.

Avg: 85+ 25nm &
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Figure 6.3: TEM image of the nanoliposomes after negative staining (FRR= 30, Cpppc= 10
mg/mL). The small insert show the size distribution of the particles as measured by Cell Profiler
with the average value (in nm + SD).

The measuring tool of the TEM gave an approximate estimation of the particle size dis-
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tribution within the sample which in turn gives an global overview of the polydispersity
of the liposome product. A quantitative analysis of the size distribution of the liposomal
particles has then been drafted as displayed in the small insert (Fig. 6.3). On average,

particle sizes approximate 85 nm =+ 25 nm.

Furthermore, at this condition (FRR=30, Cpppc= 10 mg/mL), the liposomes particles
have a good size distribution but are not completely monodisperse. In term of their mor-
phology, the particles are spherical and mostly unilamellar or bilamellar (multilamellar).
Aggregates has been detected but are not significant. In comparison, for a lower flow rate
ratio and for the same concentration, the aggregate formation is significant which in turn,
causes significant artifact and noise, making it difficult to get an estimate of particle size

distribution. This is shown in Figure 6.4:

100 nm

HV=120.0kV
Direct Mag: 18500x
FEMR

Figure 6.4: TEM image of the nanoliposomes after negative staining (FRR= 10, Cpppc= 10
mg/mL).

Overall, we conclude that at low FRRs and high DPPC concentrations, aggregation of

liposomes is significant which results in high particle polydispersity.

Another condition was tested for an intermediate flow rate ratio (FRR =30) and a lower

concentration (C=5 mg/mL). This is shown in Figure 6.5:
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Figure 6.5: TEM image of the nano-liposomes after negative staining (FRR= 30, Cpppc= 5
mg/mL). The small insert show the size distribution of the particles as measured by Cell Profiler
with the average value (in nm+ SD).

Particles have a good size distribution but polydispersity is more significant. As shown in
the small insert of Fig.6.5 here a plot of particle size distribution ranging from 30-160 nm
is displayed, particle size average 70 nm + 30 nm but the liposomal population is highly
heterogeneous. In this condition however, aggregate formation was however insignifi-
cant. In term of their morphology, the particles are spherical and mostly unilamellar (no
multilamellarily). This can be seen in Figure 6.6 where a close-up of the liposomes is

given.
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Figure 6.6: TEM image of the nanoliposomes after negative staining (FRR =30, Cpppc= 5
mg/mL)

In Figure 6.6, one can observe than a few of the synthesized liposomes are in fact not
completely separated but tend to stick to on another thus forming bigger sized liposomes
resembling MLVs. This phenomenon is however not a common occurrence. The captured
image in Fig. 6.6 is not statistically significant with the majority of the samples ob-
served under TEM being for the most part SUVs similar to those displayed in Figures 6.3
and 6.5. However, this suggests that careful sonication of the samples for several minutes
might be recommended prior to size measurements in order to be able to measure separate
liposomes instead of fused ones. Sonication of the samples for 15 mn followed by 1h re-

cuperation of the samples was therefore established prior to DLS and NTA measurements.

Several methods can be used to apply TEM in the evaluation of morphology and archi-
tecture of liposomes. The freeze-fracture electron microscopy is an optimal technique for
examining the ultrastructure of rapidly frozen biological samples by TEM, but the prepa-

ration of the samples (cryo-fixation, fracturation and the following operation of shading
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with evaporated platinum or gold) required caution and long time [98]. Negative staining
is an easier and faster procedure. According to this procedure, liposomes are surrounded
or embedded in a suitable electron dense material providing high contrast and good repro-
ducibility. In our case, a cationic negative stain (uranyl cation) was used that binds the
phosphate group of phospholipids, poorly penetrating the lipidic bilayer; nevertheless, it
allows the indicative evaluation of the liposomal internal structure without discriminating
on the fine details.

The negative staining of our liposomes (Figures 6.3, 6.4, 6.5 and 6.6) confirms the pres-
ence of a population of heterogeneous vesicles in which it is possible to emphasize the
presence of close bilayer structures spaced by free internal structure. Nevertheless, at
high samples concentrations, the shape of liposomes appeared distorted, although this
electronic microscopical technique ensures the complete structural analysis of the thin
transparent samples [98]. The possible artifacts could be due both to the staining process
(the interaction between the sample and the negative stain) and the distortion/alteration

induced during the drying steps are caused by the exposition of the samples to a vacuum.

Conclusion:

In conclusion, according to the results obtained from negative stating and TEM imag-
ing, the HFF generated liposomes have under optimal FRR and concentration, a good
polydispersity but are not fully monodisperse. Polydispersity increases with a decrease
in FRR and an increase in concentration. Also, the liposomes generated are not totally
unilamellar as we have MUVs generated under high lipid concentrations and a majority
of SUVs under a lower concentration. However, images obtained by negative staining
do not mirror completely the reality since the particles are distorted during the staining
process. In fact, as part of the drying processes, the particle loses its hydration shell.
Often, this shell stabilizes the soluble particle onto a certain configuration and deposition

on the carbon can cause it to change shape [93].
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6.3 Effect of Experimental Parameters on Liposome

Properties

In this section, characterization of liposomes characteristics such as size, charge and
concentration are conducted to investigate the effect of fluid parameters such as the flow
rate and lipid composition on particles dimensions, size distribution and concentration.
As such, the size of the liposomes have been be measured by both dynamic light scattering
(DLS) using a Zeta Potential Analyzer and nanoparticles tracking analysis tools (NTA)

which also yields valuable information regarding particle concentration.

6.3.1 Effect of Lipid Concentration on Particle Size and Poly-
dispersity

The fate of intravenously injected liposomes is determined by a number of properties.
Two of the most important are particle size and zeta potential. Particle size is measured
using dynamic light scattering (DLS). This technique measures the time-dependent fluc-
tuations in the intensity of scattered light which occur because the particles are undergo-
ing Brownian motion. Analysis of these intensity fluctuations enables the determination

of the diffusion coefficients of the particles which are converted into a size distribution [99].

The size distribution of lipid particle with respect to the flow rate ratio (FRR) between the
lipid and water streams has been measured by DLS and plotted for every concentration.
Different DPPC concentrations in ethanol have been tested namely (C= 1, 2, 3, 5 and
10 mg/mL). Figure 6.7 shows all the graphs combined and displays the complete size
distribution profile for all the lipid concentration of DPPC in ethanol for concentration

ranging from 1 to 10 mg/mL.
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Figure 6.7: Particle size distribution profiles of 2D HFF synthesized liposomes as a function of
DPPC lipid concentration at inlet (C=1-10 mg/mL) for various FRRs (5-50) (n>15).

A logarithmic tendency curve has been fit to all the concentration profile in Fig. 6.7 with
a correlation factor averaging R?=0.9. At high lipid concentration (Cpppc= 10 mg/mL)
and low flow rate ratios (FRRs ~ 5 — 10) , particle sizes reach almost a micron (650-850
nm). However, at high FRR=50, the particle size is significantly smaller (100 nm). As we
will see from the next graphs, this is the case for almost every concentration, at the size
converges towards 100 nm for FRR= 50 and this is true for every concentration from 1
to 10 mg/mL. We can notice a tendency of a decrease in the correlation factor (R?) with
the decrease in concentration (from 0.985 at Cpppe= 10 mg/mL to 0.71 at Cpppc= 1
mg/mL). At low concentration, the flow and particle formation is less predictable and

stable respectively so the standard error is bigger.

Figure 6.8a gives a better representation of how flow rate (or FRR) affects the sizes of the
colloidal liposomal dispersions obtained at various DPPC concentrations. The z-average
diameter values are the means of at least 50 repeat measurements (standard deviations

in brackets) measured 5 times on 10 independent samples of concentrated liposomes.
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Figure 6.8: (a) Particle Size Distribution (in nm) of the synthesized liposomes showing a stacked
histogram representation of the NPs size distribution at given concentrations (Cpppc= 1-10
mg/mL) and FRRs (15, 30 and 50) (n>15). (b) Polydispersity index of the synthesized liposomes
as a function of the FRR and DPPc concentration [mg/mL].

From Figure 6.8a, one can observe quite clearly a distinct tendency of an increase of
particle size with both a decrease in FRR and an increase in DPPC concentration. In
addition, as the flow rate ratio (FRR) increases from 15-50, the differences in particle
sizes at various concentrations decreases and are less significant. For example, whereas
at FRR=15, particles at Cpppc= 5 mg/mL average ~ 350 nm, that size is almost dou-
bled at at Cpppec= 10 mg/mL (average ~ 550 nm). On the other hand, at FRR=50,

particle sizes reach a plateau of 100 nm and for every DPPC concentration (1-10 mg/mL).

Average values of the polydispersity index (an estimate of the width of the distribution)
for the liposomes prepared at two different FRRs (15 and 50) as various DPPC concentra-
tions (in mg/mL) are given in Figure 6.8b. The polydispersity values are the means of 30
repeat measurements (standard deviations in brackets) measured 5 times on 6 different
concentrated liposome samples.

Overall, all liposomal DPPC formulations exhibited homogeneity with a polydispersity
index (PDI) of less than 0.35. Overall, the average PDI index was higher at a FRR of 15

than at 50 and was maximum at a concentration of 1 mg/mL at FRR= 15.

6.3.2 Effect of Charge on Particle Size and Stability

The zeta potential of a particle is the overall charge that the particle acquires in a par-
ticular medium. Knowledge of the zeta potential of a liposome preparation can help to
predict the fate of the liposomes in vivo. Measurement of the zeta potential of samples in
the Zetasizer Nano is done using the technique of laser Doppler velocimetry. In this tech-
nique, a voltage is applied across a pair of electrodes at either end of a cell containing the

particle dispersion. Charged particles are attracted to the oppositely charged electrode
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and their velocity is measured and expressed in unit field strength as their electrophoretic
mobility [99].

After confirming the core-shell structure of the lipid NPs, and knowing their range of size
distribution based on the change in FRR, we investigated the possibility of controlling
the NP’s physicochemical properties, mainly size and surface charge while keeping other
conditions such as lipidic and aqueous flow rates and flow ratios the same. The zeta
potential (ZP) of colloidal systems and nano-medicines, as well as their particle size exert
a major effect on the various properties of nano-drug delivery systems. Not only the
stability of dosage forms and their release rate are affected but also their circulation in
the blood stream and absorption into body membranes are dramatically altered by the
ZP [100].

Figure 6.9 illustrates a change in zeta potential of the liposomal NPs when molecules
with different charges were introduced in the input streams along with DPPC. Generally
speaking, the higher the absolute value of the zeta potential, the more stable the system
will be. That means it will be better able to withstand additions of salt (which might
otherwise destabilize it). It will also usually show a lower viscosity [101]. If one is
relying on the electric charge alone to keep the system in a disperse state then the zeta
potential will usually need to be kept above 25 mV (positive or negative). Below 10
mV, the suspension is then unstable and the aggregates will quickly settle out from the

surrounding medium.
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Figure 6.9: Zeta Potential Measurements (in mV) of synthesized liposomes DPPC liposomes
with different DOPG/DDAB weight ratios (n>10).
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From Figure 6.10, we conclude that the zeta potential of the NPs can be controlled. From
slightly negative/neutral (ZP ~ —10 mV) to highly positive (ZP = 54 mV) or negative
(ZP ~ —60 mV) charge by utilizing DDAB or DOPG respectively along with DPPC in
the lipidic stream. During this process, the NPs size did not remain unchanged as shown
by Figure 6.10.
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Figure 6.10: Particle Size Distribution (in nm) of the synthesized liposomes (n>10).
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As shown in Fig.6.9, whereas our control (DPPC: EtOH solution of C=5 mg/mL) has a
low -10 mV zeta potential, adding DDAB and DOPG increase either positively or nega-
tively the charge. In fact, adding DDAB at a 1:5 ratio to the control C= 5mg/mL DDAB:
ETOH solution give a high zeta potential of approximately 50 mV and results in highly
stable lipid particles. On the other hand, adding DOPG gives a highly negative charge
to the DPPC: EtOH particles with the maximum being at -30 for a 1:10 ratio which
corresponds to a good particle stability. Further studies at higher DOPG: DPPC ratio
need to be tested and a compromise between charge and size need to be found as this
ratio (1:10 DOPG: DDPC gives the biggest size particles approx. 191 nm).

Conclusion:

Overall, our results show that the surface charge and size of the microfluidic synthesized
liposomes can be finely tuned by changing the lipid stream composition and incorporating
molecules with positively of negatively charged functional groups. Charge modification
of nano-systems offer an opportunity for prolonging the blood circulation time of drugs,
enhancing the possibility of its interaction with target cells of interest, and changing the

pharmaceutical properties of nanosystems.
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6.3.3 Effect of Concentration on Liposomes Yield and Size dis-

tribution

Nanoparticle tracking analysis (NTA) was used for the analysis of diluted samples of
nanosized lipid particles and liposomes aggregates. A direct comparison with DLS was
made in order to gain a more complete estimation of the distribution of liposomes sizes
for some conditions. In that case, five measurements of the same sample were performed

for every condition.

Qualitative Analysis:

In NTA, particles are visualized rather than imaged. Therefore, particles which are too
small to be imaged by the microscope can be visualized in real-time. Figure 6.11 shows
our HFF synthesized liposomal particles (Cpppo= 5 mg/mL, FRR=30) visualized by
NTA:

Figure 6.11: NTA video frame showing diluted liposomes particles at Cpppc= 5 mg/mL, FRR=
30 (dilution= 100). Measured size by NTA = 250 nm +50 nm.

Using the NTA technique, particles are seen as point scatterers moving under Brown-
ian motion, with larger particles scattering significantly more light and appearing bigger.
The high resolution of the NTA make us able to get an estimation of the sample poly-
dispersity at any given condition (concentration, FRR) before quantitative capture and
measurement. In Figure 6.11, the sample captured is slightly too concentrated. As a

consequence some particles are seen to overlap each other (dark blue particles) shown in
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Fig. 6.11. By adjusting the sample concentration and diluting the sample to twice more
(to 200 x), we are able to proceed with the size measurement and reduce noise prior to
quantitative measurements of sample size and concentration. Nonetheless, the sample
is fairly mono-disperse, with a polydispersity similar to what was observed by negative

TEM microscopy.

Quantitative Analysis:

Nanoparticle Tracking Analysis (NTA) enable the assessment of individual particles,
rather than averaging over a bulk sample. This provides a distinct advantage in de-
termining particle size [102]. Figure 6.12 displays the NTA particle concentration mea-
surements at two different concentrations (Cpppec= 5 mg/mL and Cpppe= 10 mg/mL)
and for three different flow rate ratios (FRR=15, FRR=30 and FRR=50). The error bars
displayed on the NTA graphs were obtained by the standard deviation of five different

measurements of each sample (n=5).

2500
mC5 Cc10

2000 1740
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1500
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1080 1044 988

! | I I
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Particle Concentration (E8/mL)

15 30 50
FRR

Figure 6.12: Particle Concentration (E8 particles/mL) of the synthesized liposomes as a func-
tion of DPPC concentration (mg/mL) and FRR.

From Figure 6.12, an inverse correlation between concentrations of lipid DPPC in ethanol
and liposome particle concentration can be observed with DPPC solutions at C= 5
mg/mL being 37.9 % more concentrated in liposomes than solutions at C= 5 mg/mL
at a FRR=15 and more than 22.3 % concentrated in liposomes at FRR=30. At FRR=50
however, no significant difference of concentration is noted between the two different
concentrations (Cpppc= 5-10 mg/mL). Alternatively, for a constant concentration of
Cpppc= 10 mg /mL, the difference in liposomal concentration is not significant at the
various FRRs. On the other hand, for Cpppc = 5 mg /mL, a tendency of a decrease in
sample concentration with an increase in FRR can be observed. This difference amounts
to more than 15.5 % between FRR 15-30 and to = 29.0% between FRR. 30-50.
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Figure 6.13: (Previous page.) NTA Measurements (n=>5) of liposome particles concentration
(E8 particle/mL) (left) and average concentration (right) as a function of size (nm) (a, ¢, e, g,
i, k). Averaged Intensity/Size graphs (n=>5) for liposomes samples (b, d, f, h, j, 1). For: C=5
mg/mL; FRR=15 (a,b), FRR=30 (c,d) FRR=50 (e,f) and at C = 10 mg/mL; FRR=15 (g,h),
FRR=30 (i,j), and FRR=50 (k,l). Samples were diluted 200 times prior to NTA measurement.

Overall, the analyzed samples (Cpppc= 5-10 mg/mL, FRR15-50) are not fully mono-
diperse. Contrary to the results acquired by DLS which show one main peak at a specific
value of particle hydrodynamic diameter, a closer look at the averaged concentration/size
peaks (red curves) in Fig. 6.13 (a, ¢, e, g, i, k) shows more than one peak, a consequence
of the sample polydispersity. Therefore, at C= 5 mg/mL, at FRR=15 (a, b), the highest
concentration reported is for liposomes particles measuring 130nm, however a secondary
peak is observed at 183 nm with half the concentration as well as minor peaks at 299,
369, 449 and 622 nm at a negligible concentration. Alternatively, at C=10 mg/mL, at
FRR= 30 (i,j), the highest concentration reported is for liposomes particles measuring
at 212 and 280 nm, but no secondary peaks are observed. However, the graph shows
a minor peak at 597 nm which is less than ten times the initial concentration. This
sample is therefore the most mono-disperse that has been measured. Similarly, at C= 10
mg/mL, at FRR= 15 (g, h), the highest concentration reported is for liposomes particles
measuring 164 nm, but two secondary peaks are observed at 282 and 338 nm at a fifth
of the maximum concentration. These results however do not necessarily indicate that
the samples are heterogeneous and polydisperse. The different peaks measured can be
due to the failure of the NTA of resolving and distinguishing between two colliding or
neighboring particles (i.e. resolution), thereby giving peaks which are multiple times big-
ger than the main peak with the highest concentration. For example, at C= 5 mg/mL;
FRR=50 (e,f), a main peak of particles at 137 nm is measured, but secondary peaks
which are respectively 2 times and almost 4 times the main particles size being mea-
sured at 288 and 439 nm respectively. This conclusion is supported by the Intensity /Size
graphs (right) shown in Fig.6.13 (b, d, f, h, j, and 1), where we see that the samples being

measured are not very scattered but in fact located with a 100-200 nm radius on the plots.

Conclusion:

Overall, we conclude that both DPPC concentration and FRR have a significant impact
on the concentration of liposomes obtained by HFF synthesis, with the FRR playing
a bigger influence on the resulting particle concentration to that played by the inlet
concentration of DPPC. NTA was shown to accurately analyze the size distribution of
the liposomes samples. Sample visualization and individual particle tracking are features
that enabled a thorough size distribution analysis and made possible the characterization
of our synthesized liposomal nanoparticles, complementing DLS. Live monitoring of the

NPs provided information about potential aggregation and size distribution of liposomes.
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Chapter 7
Loading Experiments

Liposomes enable the compartmentalization of compounds making them interesting as
drug delivery systems. A drug delivery system (DDS) is a transport vehicle for a drug
for in vivo drug administration. Drugs can be encapsulated, bound, or otherwise teth-
ered to the carrier which can vary in size from tens of nanometers to a few micrometers.
Liposomal DDSs have shown their capability to deliver drugs in a new fashion, allowing
exclusive sales of encapsulated drugs to be extended beyond the initial compound’s patent
expiration date [44]. However, existing methods to form liposomes and encapsulate drugs
are based on bulk mixing techniques with limited process control and the produced lipo-

somes frequently require post-processing steps [24].

In this section, our microfluidic hydrodynamic flow focusing method is demonstrated to
control liposome formation and compound encapsulation that guarantees liposome size
homogeneity and adjustable encapsulation. The technology utilizes microfluidics for fu-
ture pharmacy-on-a-chip applications. The microfluidic system allows for precise control
of mixing via molecular diffusion with reproducible and controlled physico-chemical con-
ditions compared to traditional bulk-phase preparation techniques (i.e. test tubes and

beakers) [37, 38].
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7.1 FITC labelled LC-TAT peptide Imaging

TAT is a cell-penetrating peptide (CPP) encompassing a highly cationic cluster composed
of 6 arginine and 2 lysine residues in the very middle of the peptide sequence and an a-
helical structure on the N-terminal part [103]. The TAT peptide sequence (47Y GRKKR-
RQRRR57) has been found to be essential for cellular entry [103]. In addition, TAT
(Trans-Activator of Transcription) is a protein encoded for by the TAT gene in HIV-1
and stimulates HIV-1 gene expression during transcription initiation and elongation [42].
In addition, by antagonizing the CXCR4 receptor, reports suggest that TAT selectively
encourage the reproduction of less virulent M-tropic (macrophage-tropic) strains of HIV
early in the course of infection, allowing the more rapidly pathogenic T-cell-tropic strains
(which use the CXCR4 receptor) to emerge later after mutating from M-tropic strains [43].
The ability to alter the concentration and control the amount of encapsulated compounds
within liposomes in a continuous-flow mode is another interesting feature towards tailored
liposomal drug delivery for cancer therapy.Prior to any further investigation, the chosen
encapsulation peptide molecule FITC-LC TAT, was observed using light and fluorescence

microscopy. As shown in Figures 7.1 and 7.2.

Figure 7.1: Optical imaging of the FITC labeled LC-TAT peptide at different magnifications.
Scale bar: 1000 pum (x4), 100 pm (x10 and x20) and 50 pum (x40).

Using optical microscopy capabilities, it is not possible to resolve the FITC-LC-TAT

peptide at magnifications of this amplitude. At 20x and 40x we can see a cluster of
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peptides aggregating into small groups, but visualization of the peptide itself is beyond our

reach. In order to be better able to observe the peptide, we visualize it under florescence

as shown in Fig. 7.2.

s0um

CY5 -

Figure 7.2: Optical imaging of a C = 0.5 mg/mL concentrated FITC labeled LC-TAT peptide
in methanol using different filters at 40x (left) and 20x (right).
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In Fig. 7.2, FITC-LC TAT was observed under fluorescence with DAPI, FITC, Cy5 and
TRITC filters. The molecules have an excitation wavelength of 493 nm and an emis-
sion wavelength of 522 nm [104]. Being located in the green range, the FITC-LC TAT
molecules were clearly visible using the FITC filter and moderately visible using the DAPI
filter given the proximity of the green to the blue range in the UV spectra.

7.2 Characterization of the Encapsulation Process

Subsequently, liposomes containing FITC-LC TAT were observed via microscopy, The
representative sets of figures (Fig. 7.3) are visualized under fluorescence with the FITC

filter, DAPI and light microscopy, of on-chip, passively loaded liposomes.

Figure 7.3: Optical imaging of a liposomes encapsulating FITC labeled LC-TAT peptide using
different filters: FITC green (b 1, 2 and 3) and DAPI blue (c 1, 2 and 3) at 10 x (a1, b1 and c1),
20x (a2, b2 and c2) and 40x (a3, b3 and c3).

After setting the DPPC concentration and FRR for liposomal synthesis to 3 mg/mL
and 30, respectively, FITC-LC-TAT encapsulation was attempted. Approximately 1 ml
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of product was obtained in less than three and a half minutes, with larger volumetric
outputs, and in turn faster production times, achievable simply by increasing the fluid
flow rates. As an example, by increasing the FRR to 50, 1 mL of liposomes encapsulating
molecules can be made in approximately 2 minutes. Detailed preparation times for every
FRR can be found in Appendix D.

From the figures above, it can be observed that the fluorescence and vesicles overlap.
Liposomes should not be affected by the loading time due to the minute volume of sol-
vent present in the mixture [105]. The fluorescence images in Fig. 7.3 imply that the
FITC labeled LC-TAT peptide was successfully encapsulated within the liposomes. Op-
tical microscopy (not shown here) comparing batches of encapsulated liposomes with the
fluorescent peptide prior and following filtration by dialysis confirmed the absence of
any free FITC-LC-TAT peptides. Quantitative image-based particle count of the FITC-
encapsulating liposomes has been performed by exploiting the capabilities of Cell Profiler,
with a screen-shot of the report of Area C2 and a plot detailing the particle count over
every microscopy view (Bi-3, Ci-3) in Fig. 7.3 is shown in 7.4 (B). The reports for the

remaining microscopy areas can be found in the Appendix, Section D.

A.

o Input image, cycle #1

100 100
200 200
300 300

500 500

m Cell Count P% Covered Area

100
200

300

500

Figure 7.4: (A) Automatic particle counting of Area C2 in Fig. 7.3 by Cell Profiler, and (B)
average particle count over the microscopy areas; (B1-3, C1-3) displayed in Fig. 7.3. Error bars
are + standard errors.
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Overall, particle count in the B frames are the highest, with over 80 particles at B2) and
60 particles at B1, compared to the C areas; 70 particles at C2 and 10 particles for Bs and
C1 respectively. This is to be expected as the B areas encompass an FITC green filter
whereas the C frames contain a DAPI blue filter of the fluorescent particles.

After approximately an hour, the particles appear to aggregate, and form large vesicle

clumps as shown in Figure 7.5.

Figure 7.5: Optical imaging showing aggregation of liposomes encapsulating FITC labeled LC-
TAT peptide using an FITC filter at x20 (a) and x40 (b) after one hour of deposition into a
microscopy glass slide.

Upon deposition on a microscopy glass slide and subsequent evaporation of their aqueous
media, interactions occurred spontaneously and large liposomal aggregates were formed,
which were now visible with fluorescence optical microscopy, as shown in Figure 7.5.
Multiple interactions occur, giving rise to very large aggregates, hundred of microns large.
The stability and fusion of liposomes is a phenomenon has has been studied extensively,
and investigated either qualitatively using the turbidity method or quantitatively using

the calcein florescence method or more recently by atomic force microscopy (AFM) [106].

Conclusion:

In summary, the laminar flow and facile fluidic control in microchannels enabled re-
producible self-assembly of lipids into liposomes in a sheathed flow-field. Confining a
water-soluble compound to be encapsulated to the immediate vicinity where liposomes
formation is expected to occur reduces sample consumption without affecting liposome
loading [37]. The ability to alter the concentration and control the amount of encapsulated
compounds within liposomes in a continuous-flow mode is another interesting feature to-
wards tailored liposomal drug delivery. The liposome formation strategy demonstrated in
this dissertation offers potential for point-of-care drug encapsulation, eliminating shelf-life

limitations inherent to current liposome preparation techniques.
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Chapter 8

Conclusion

8.1 Summary

In this study, we have developed and demonstrated a straightforward microfluidic ge-
ometry incorporating an optimal flow-focusing angle as a proof-of-concept capable of
continuous-flow synthesis and loading of DPPC liposomes. A simple, low-cost, and easily
scalable in parallel, double flow-focusing device was utilized as a preliminary prototype to
provide a high throughput and rapid synthesis of size-tunable nano-liposomes. With our
platform, we reduced the number of different apparatus required and reduced the amount
of steps needed for the synthesis of liposomes. The initial study revealed an interesting
trend regarding increasing the dissolved phospholipid concentration whereby the particle
diameter increases with an increase in DPPC concentration. Additionally, we established
a correlation between increasing the FRR and the resulting decrease in particle diameter.
With further extrapolation, it is posited that the liposome size ultimately achieves a min-
imal plateau. The platform enabled the synthesis of particles with a range of diameters
simply by adjusting the buffer flow rate. Moreover, the platform presents the possibility
of multiple encapsulated agents in the synthesis of not only liposomes but also various
nano-/microparticulate systems. Using hydrodynamic focusing in microfluidic channels,
nanosized liposomes with smaller size and narrower size distribution are easily formed
by varying flow parameters. They include flow rate, flow ratio, concentration of lipids
solution, as well as characteristic dimensions in microfluidics channels. However, the
problem of scaling up liposome production needs to be addressed during the implemen-
tation of microfluidics technology for practical applications [24]. Microfluidics provides a
new platform for the development and optimization of liposomes in the emerging field of
nanomedicine. It can control liposome self-assembly and potentially lead to applications

in instant liposome synthesis as part of point-of-care personalized therapeutics [1].
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8.2 Limitations and Future Work

Our microfluidic device is characterized by a relatively simple, double 2D HFF config-
uration for liposomal synthesis. We outline several improvements to incorporate in any
future experiments.

Although we were successfully able to visualize FITC molecules following encapsulation
and loading into lipsomes, this was done only qualitatively as a proof-of-concept. Future
work should include quantifying the encapsulation efficiency of the FITC-LC-TAT loaded
liposomes which can be done using several techniques such as High Performance Liquid
Chromatography (HPLC) or by flow cytometry. In addition, Cryo-TEM imaging of the
microfluidic synthesized liposomes prior to and following encapsulation should give a bet-
ter visualization of liposomes in solution without the disadvantages of negative straining,
and thus yield more accurate images to observe any change in morphology or lamellarity
following encapsulation. Visualization of the the loaded and unloaded liposomal sam-
ples using cryo-electron microscopy should therefore be considered in order to replace the
primary yet simple negative staining method. With Cryo-EM, the sample is always in
solution and never comes into contact with an adhering surface. Therefore, the shape
that is observed is the true shape of the hydrated molecule in solution and has not been
distorted by attaching itself and flattening against any surface. Also, contrary to negative
staining there is no stain to distort the sample. Stain does not always lay down evenly,
which can generate artifacts and false contrasts when reconstructing the structure of a
sample [97]. Furthermore, the staining process requires that the sample be blotted dry.
During the drying, the sample can be damaged in many ways, such as by flattening and
twisting. Finally, by negative staining, when the sample adheres to the carbon grid, it
could stick in a preferential orientation, compromising the resolution of the image in that
direction. In our case, however low dose methods have been used, so the electron beam
caused less damage to the sample.

We also recommend testing the current DPPC lipidic formulations with a broader range
of DDAB and DOPG ratios, possibly with the addition of poly(ethylene glycol) PEG
and cholesterol to increase their stability and half-life for future in-vivo studies. A more
extensive study of the effect of the incorporation of DOPG and DDAB or any analo-
gous positively and negatively charged molecule onto the DPPC lipid stream at every
FRR and its impact on encapsulation efficiency has yet to be investigated. Furthermore,
the coating of liposomes with the PEG polymer ensures their stabilization and turns
them into sterically stabilized liposomes (SL) characterized by long-circulating blood life-
times, reduced interaction with and uptake by the reticulo-endothelial system (RES) and
enhanced accumulation in tumors [107]. Moreover, the fictionalization of PEG allows
subsequent attachment of biologically active or even cell-targeting molecules to prepare

sterically stabilized immuno-liposomes, which retain long survival times in circulation
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and target recognition [108]. It is possible to efficiently encapsulate biologically active
compounds in liposomes produced using microfluidics. Notably, on-chip liposome loading
with bioactive compounds (both hydrophilic and lipophilic) has seen a limited number
of advancements in recent years, and may represent an exciting avenue of research in
the near future [51]. Encapsulation of a range of different therapeutic compounds should
be therefore attempted. In addition to synthesizing and loading liposomes, it is hoped
that the geometry of this simplistic device could potentially be utilized as a beneficial
manufacturing platform for other types of nanoparticles such as polymeric compounds or

emulsions.

8.3 Prospects

Microfluidics is a relatively novel technology for the production of micro- and nano-sized
liposomes. The characteristics of laminar flow and tunable mixing in microfluidics sys-
tems have distinctive advantages in liposome formation over traditional methods, such
as thin-film hydration and reverse-phase evaporation. Reproducible control of particle
size and size distribution can be implemented in continuous microfluidics flow systems.
Using hydrodynamic focusing in microfluidic channels, nanosized liposomes with smaller
size and narrower size distribution are easily formed by varying flow parametersb. They
include flow rate, flow ratio, concentration of lipids solution, as well as characteristic
dimensions in microfluidics channels. However, the problem of scaling up liposome pro-
duction needs to be addressed during the implementation of microfluidics technology for
practical applications. Microfluidics provides a new platform for the development and
optimization of liposomes in the emerging field of nanomedicine. It can control liposome
self-assembly and potentially lead to applications in instant liposome synthesis as part of

point-of-care personalized therapeutics.
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Appendix A

CFD Simulations

I. Simulation Parameters

Table A.1: Computational Parameters used for Mesh Modeling (in 2D) and their Values.

Parameters Value(s)
Maximum Element Size 0.0025 [m]
Minimum Element Size 2.32 x 107 [m)
Maximum Element Growth Rate 1.08
Curvature Factor 0.25
Resolution of Narrow Regions 1.00

II. 2D Simulations
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FRR 40| ﬁ

Figure A.1: CFD Simulations of the flow focusing junction of different flow rate ratios (FRRs:15-
50) using COMSOL Multiphysics. Other FRR conditions (5,10, 20 and 50) can be found in
Fig.5.3.
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III. Application Builder:

A.3.1. Algorithm

function: Reset_Param 7 Resets parameters to their default values and prompts a
message box before continuing %

String answer = confirm("Are you sure you want to reset parameters to their
default value?");

if (answer.equals("Yes")){model.param().set("Qlinlet", 10);
model.param() .set ("Q2inlet", 10);

model.param() .set ("Cin", 10);

model.param() .set ("Cdrug", 10);
model.param() .set ("statusp", 0);

zoomExtents ("Plot_Mesh/graphicsi");

zoomExtents ("Plot_Velocity/graphicsi");

zoomExtents ("Plot_Concentration/graphicsi");}

function: Statusp % Flow Rate Selection %
model.param() .set ("statusp", 1);

double Q1= model.param().evaluate("Qlinlet");

double Q2= model.param() .evaluate("Q2inlet");

double Al= model.param().evaluate("A1");

double A2= model.param().evaluate("A2");

if (Q1<100)

{model.param() .set ("statusp",0);}

if(Q1>101)

{model.param() .set("statusp",0);}

if (Q2<100)

{model.param() .set("statusp",0);}

if(Q2>101)

{model.param() .set ("statusp",0);}

function Ser % Syringe Selection %

model.param() .set("ser_a","A1");

model.param() .set("ser_a","A2");

model.param() .set ("statusp", 0);

function: pumps_rbutton

double Nx= model.param() .evaluate ("Nx");

if (Nx<=1) ;{model.param() .set ("Q2inlet", 0);
model.param() .set ("statusp", 0);
model.param() .set ("FRR_exp", "FRR_EXP"); }

if (Nx>=2) {model.param().set("statusp", 0);

alert ("Please enter a value for both Q1 and Q2");}
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A.3.2. Other Applications
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and geometry (a-f) and (g) microfluidic focusing angle (in deg.®) at junction and its effect on
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Appendix B

Flow Visualization

-
-

Figure B.1: Optical images of the flow focusing junction at (x20) and (x40): (a)—(b) Control,
(¢)—(d) FRR5 and (e)—(f) FRR10
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Figure B.2: Optical images of the flow focusing junction at (x20) and (x40): ) FRR15,
(¢)—-(d) FRR20, (e)—(f) FRR25, and (g)-(h) FRR30
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Figure B.3: Optical images of the flow focusing junction at (x20) and (x40): (a)—(b) FRR35,
(c)-(d) FRRA0, and (e)—(f) FRR50
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Appendix C

Microfabrication

I. Microfabrication Protocols:

6. Lift-off PDMS with

1. 5pin coat 5U-8 onto
4 channels
silicon wafer p
P i
2. Expose 5U-8 to UV 7. Cut PDMs to size &
via photomask puncture infoutlets

3, Post-exposure bake d \ 8. Treat surfaces to
2 oxygen plasma

Z 4. Rinse & remove g p _
T uncrosslinked T

— : together
N y
o = photoresist
5. Pour PDMS onto
patterned wafer
l 10. Insert tubing for
& = assembled device

Figure C.1: Photo- and soft- lithography procedures for MHF chip fabrication [105].

Protocol: 1) Spin at 1700 rpm for 100 p thickness. Soft bake to evaporate solvent. 2) Exposure energy
requires: 317 m.J/em?. 3) Bake at 65°C for 4 min., then 95°C for 9 min. 4) Develop for 8 min., rinse
with fresh solution for 10 sec., rinse with IPA for 10 sec. 5) Mould silanized prior to this step. Cured for
1 h at 70°C. 6) Gently lift-off so as to not damage channels. 7) Protect channel side with tape to avoid
contamination. 8) Plasma treatment for 1 min at 50 W. 9) Gently press together, eliminating all air

bubbles between surfaces. 10) Insert tubing approximately 3/4 down into PDMS (Adapted from [105]).
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II. Photomasks and Drawings:
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Figure C.2: Sketch drawing showing all the CAD Designs developed for the microfluidic device.
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Figure C.3: Dark-field four inch (4 in) photo-mask (a) and 2-D sketch drawings showing the
designs of the two (4 in) masks (b) and (c) respectively, used for the fabrication of the master
via photo-lithography.
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I1I. Si Mask Imaging:

Figure C.4: Fabricated silicon master design geometries: (a) Inlet, (b) Double T-junction, (c)
120° junction, (d) Y-junction with 90° curvature, (e) 120° flow focusing curvature, (f) Serpentine
channels, (g) Y-junction (h) T-junction.
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Appendix D

Liposomes Preparation

I. Unloaded Liposomes Formulations

Table D.1: Experimental Values for the time required to synthesize 1 mL of loaded/unloaded
liposomes at corresponding FRRs.

FRR Time

5! 25 min 00 s
10 11 min 07 s
15 07 min 09 s
20 05 min 16 s
25 04 min 10 s
30 03 min 27 s
35 02 min 56 s
40 02 min 34 s
50 02 min 02 s

Table D.3: Composition of samples used for the DDAB/DPPC based liposomes synthesis ex-
periments.

DDAB [mg] DPPClmg] Weight Ratio
0.00 5.00 Control
5.00 5.00 1:1

0.50 5.00 1:2

1.00 5.00 1:5

0.50 5.00 1:10

0.25 5.00 1:20

103



Table D.4: Composition of samples used for the DOPG/DPPC based liposomes synthesis ex-
periments.

DOPG [mg] DPPC[mg] Weight Ratio
0.00 5.00 Control
2.50 5.00 1:2

1.00 5.00 1:5

0.50 5.00 1:10

0.25 5.00 1:20

0.01 5.00 1:50

II. Encapsulation & Cell Profiler Reports

Input image, cycle #1

100

200

300

500

Lip outlines

100
Threshold 0.00888
200 # of accepted objects 60
10th pctile diameter 11.5 pixels
Median diameter [15.0 pixels
300 90th pctile diameter 20.6 pixels
.Area covered by objects .2.8 %
Thresholding filter size 1.0

Declumping smoothing filter size 6.7

Maxima suppression size 6.7

100 200 800

Figure D.1: Cell Profiler Report for liposomes samples measurements of Area B1.
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Input image, cycle #1

100

200

300

500

400 800

Lip outlines

Threshold

# of accepted objects 81

10th petile diameter 119 pixels
Median diameter 144 pixels
90th petile diameter |22.2 pixels
Area covered by objects 38%
Thresholding filter size [10

Declumping smoothing filter size |6.7

Maxima suppression size 6.7

Figure D.2: Cell Profiler Report for liposomes samples measurements of Area B2.

Input image, cycle #1

100
200

300

500

Lip outlines

Threshold 0.0445
# of accepted objects g

10th petile diameter 4.2 pixels
Median diameter 6.5 pixels
90th petile diameter 102 pixels
Area covered by objects 01%
Thresholding filter size 1.0

=

Declumping smoothing filter size |2.

Maxima suppression size

Figure D.3: Cell Profiler Report for liposomes samples measurements of Area B3.
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Input image, cycle #1

100

200

300

500

Threshold

# of accepted objects 68

10th pctile diameter 10.9 pixels
Median diameter 15.7 pixels
90th pctile diameter 25.2 pixels
Area covered by objects 32%
Thresholding filter size 1.0

Declumping smoothing filter size 67

Maxima suppression size 6.7

Figure D.4: Cell Profiler Report for liposomes samples measurements of Area C2.

Input image, cycle #1
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400
500
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Lip outlines
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# of accepted objects
10th pctile diameter 6.4 pixels
=04 Median diameter 8.6 pixels
90th petile diameter 14.6 pixels
400 Area covered by objects 0.1%
Thresholding filter size 10

Declumping smoothing filter size 3.4

il Maxima suppression size 33

Figure D.5: Cell Profiler Report for liposomes samples measurements of Area C3.
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Appendix E

NTA Reports

NANOSIGHT sample 2017-05-31 15-13-00

€7 &
304 25 4
0
Bl £ 20
g I i
S 20 ] ]
: w e
=1 | =]
51 5
8 i 8
£ <
13 sample-15-13-10| &
S sample-151415| O o5 _|
05 - sample-15-15.07
‘\7%\ sample-15-15.52 00
[ sample-15-16-39
/ i &2
o T T T T T T T T T 1 o T N — T T T 1
o 100 200 30 40 %0 60 700 800 90 1000 o 100 200 30 40 50 60 700 800 90 1000
Size (nm) Size (nm)
FTLAC 1 Size graph for Averaged FTLA Concentration / Size for Experiment:
sample 2017-05-31 15-13-00 sample 2017-05-31 15-13-00
Error bars indicate + / -1 standard error of the mean
Included Files Results
sample 2017-05-31 15-13-10 Stats: Merged Data
sample 2017-05-31 15-14-15 Mean: 164.9 nm
sample 2017-05-31 15-15-07 Mode: 129.5 nm
sample 2017-05-31 15-15-52 SD: 65.7 nm
sample 2017-05-31 15-16-39 D10: 108.7 nm
D50: 144.0 nm
Details D9O: 247.0 nm
NTA Version: NTA 3.2 Dev Build 3.2.16 Stats: Mean +/- Standard Error
Script Used: SOP Standard Measurement 03-13-00PM 31~ Mean: 164.9 +/- 1.7 nm
Time Captured: 15:13:00 31/05/2017 Mode: 129.7 +/- 5.5 nm
Operator: SD: 64.5 +/- 4.5 nm
Pre-treatment: D10: 109.6 +/- 2.1 nm
Sample Name: D50: 143.2 +/- 2.0 nm
Diluent: D90: 247.6 +/- 8.4 nm
Remarks: Concentration: 1.74e+009 +/- 6.78e+007 particles/m|
88.3 +/- 3.4 particles/frame
Capture Settings 90.6 +/- 3.4 centres/frame
Camera Type: sCMOS
Laser Type: Blue405
Camera Level: 14
Slider Shutter: 1259
Slider Gain: 366
FPS 25.0
Number of Frames: 374
Temperature: 25.0°C
Viscosity: (Water) 0.9 cP
Dilution factor: Dilution not recorded
Analysis Settings
Detect Threshold: 25
Blur Size: Auto
Max Jump Distance: Auto: 8.6 - 9.0 pix

Figure E.1: NTA Report for liposomes samples measurements at a DPPC:EtOH lipid concen-
tration of C=5 mg/mL and FRR=15 (dilution=100x).
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NANOSIGHT sample2c5frr30 2017-06-02 15-10-51
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Size (nm) Size (nm)
FTLA Concentration / Size graph for Experiment: Averaged FTLA Concentration / Size for Experiment:
sample2c5frr30 2017-06-02 15-10-51 sample2c5frr30 2017-06-02 15-10-51
Error bars indicate + / -1 standard error of the mean
Included Files Results
sample2c5frr30 2017-06-02 15-11-07 Stats: Merged Data
sample2c5frr30 2017-06-02 15-11-50 Mean: 214.3 nm
sample2c5frr30 2017-06-02 15-12-35 Mode: 184.1 nm
sample2c5frr30 2017-06-02 15-13-18 SD: 89.5 nm
sample2c5frr30 2017-06-02 15-14-03 D10: 133.4 nm
D50: 188.7 nm
Details D90: 315.8 nm
NTA Version: NTA 3.2 Dev Build 3.2.16 Stats: Mean +/- Standard Error
Script Used: SOP Standard Measurement 03-10-51PM 02J~ Mean: 214.7 +/- 8.2 nm
Time Captured: 15:10:51 02/06/2017 Mode: 180.0 +/- 8.3 nm
Operator: SD: 87.8 +/-2.5nm
Pre-treatment: D10: 135.7 +/- 2.6 nm
Sample Name: D50: 188.7 +/- 7.4 nm
Diluent: D90: 324.2 +/- 24.2 nm
Remarks: Concentration: 7.35e+008 +/- 2.40e+007 particles/ml
37.3 +/- 1.2 particles/frame

Capture Settings 39.2 +/- 1.4 centres/frame
Camera Type: sCMOS
Laser Type: Blue405
Camera Level: 15
Slider Shutter: 1206
Slider Gain: 366
FPS 25.0
Number of Frames: 374
Temperature: 25.0°C
Viscosity: (Water) 0.9 cP
Dilution factor: Dilution not recorded
Analysis Settings
Detect Threshold: 31
Blur Size: Auto
Max Jump Distance: Auto: 7.6 - 8.4 pix

Figure E.2: NTA Report for samples measurements at a DPPC:EtOH lipid concentration of
C=5 mg/mL and FRR= 30 (dilution=100x).
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NANOSIGHT samplec5fr50 2017-06-02 15-23-24
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FTLA Concentration / Size graph for Experiment: Averaged FTLA Concentration / Size for Experiment:
samplec5frr50 2017-06-02 15-23-24 samplec5frr50 2017-06-02 15-23-24

Error bars indicate + / -1 standard error of the mean

Included Files Results
samplec5frr50 2017-06-02 15-23-32 Stats: Merged Data
samplec5frr50 2017-06-02 15-24-15 Mean: 175.0 nm
samplec5frr50 2017-06-02 15-24-54 Mode: 136.0 nm
samplec5frr50 2017-06-02 15-25-42 SD: 75.1 nm
samplec5frr50 2017-06-02 15-26-32 D10: 115.5 nm

D50: 147.0 nm
Details D90: 294.4 nm
NTA Version: NTA 3.2 Dev Build 3.2.16 Stats: Mean +/- Standard Error
Script Used: SOP Standard Measurement 03-23-24PM 02J~ Mean: 181.5 +/- 12.6 nm
Time Captured: 15:23:24 02/06/2017 Mode: 128.3 +/- 7.2 nm
Operator: SD: 75.8 +/- 13.3 nm
Pre-treatment: D10: 113.1 +/- 5.0 nm
Sample Name: D50: 151.0 +/- 5.2 nm
Diluent: D90: 283.2 +/- 34.4 nm
Remarks: Concentration: 5.22e+008 +/- 8.01e+007 particles/ml

26.5 +/- 4.1 particles/frame

Capture Settings 28.9 +/- 4.4 centres/frame
Camera Type: sCMOS
Laser Type: Blue405
Camera Level: 14
Slider Shutter: 1259
Slider Gain: 366
FPS 25.0
Number of Frames: 374
Temperature: 25.0°C
Viscosity: (Water) 0.9 cP
Dilution factor: Dilution not recorded
Analysis Settings
Detect Threshold: 31
Blur Size: Auto
Max Jump Distance: Auto: 8.2 - 8.8 pix

Figure E.3: NTA Report for samples measurements at a DPPC:EtOH lipid concentration of
C=5 mg/mL and FRR= 50 (dilution=200x).
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NANOSIGHT test 2017-05-31 14-36-20
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FTLA Concentration / Size graph for Experiment: Averaged FTLA Concentration / Size for Experiment:
test 2017-05-31 14-36-20 test 2017-05-31 14-36-20

Error bars indicate + / -1 standard error of the mean

Included Files Results
test 2017-05-31 14-36-30 Stats: Merged Data
test 2017-05-31 14-37-17 Mean: 256.5 nm
test 2017-05-31 14-38-02 Mode: 163.8 nm
test 2017-05-31 14-38-48 SD: 95.0 nm
test 2017-05-31 14-39-43 D10: 154.3 nm
D50: 225.0 nm
Details D90: 402.1 nm
NTA Version: NTA 3.2 Dev Build 3.2.16 Stats: Mean +/- Standard Error
Script Used: SOP Standard Measurement 02-36-20PM 31~ Mean: 255.5 +/- 14.0 nm
Time Captured: 14:36:20 31/05/2017 Mode: 180.5 +/- 10.9 nm
Operator: SD: 89.4 +/- 3.1 nm
Pre-treatment: D10: 161.9 +/- 10.0 nm
Sample Name: D50: 231.8 +/- 18.7 nm
Diluent: D90: 394.7 +/- 10.5 nm
Remarks: Concentration: 1.08e+009 +/- 1.34e+008 particles/ml
55.0 +/- 6.8 particles/frame
Capture Settings 58.9 +/- 6.8 centres/frame
Camera Type: sCMOS
Laser Type: Blue405
Camera Level: 12-13
Slider Shutter: 1200 - 1232
Slider Gain: 146 - 219
FPS 25.0
Number of Frames: 374
Temperature: 25.0°C
Viscosity: (Water) 0.9 cP
Dilution factor: Dilution not recorded
Analysis Settings
Detect Threshold: 13-19
Blur Size: Auto
Max Jump Distance: Auto: 6.8 - 7.8 pix

Figure E.4: NTA Report for samples measurements at a DPPC:EtOH lipid concentration of
C=10 mg/mL and FRR=15 (dilution=100x).
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Details

NTA Version:
Script Used:
Time Captured:
Operator:
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Sample Name:
Diluent:
Remarks:

Capture Settings

Camera Type:
Laser Type:
Camera Level:
Slider Shutter:
Slider Gain:
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Temperature:
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Dilution factor:

Analysis Settings

Detect Threshold:
Blur Size:
Max Jump Distance:

NTA 3.2 Dev Build 3.2.16
SOP Standard Measurement 02-16-00PM 31May2017.txt
14:16:00 31/05/2017

sCMOS

Blue405

12

1200

146

25.0

374

25.0°C
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13
Auto
Auto: 6.4 - 8.8 pix

Results

Stats: Merged Data
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Figure E.5: NTA Report for samples measurements at a DPPC:EtOH lipid concentration of
C=10 mg/mL and FRR= 30 (dilution=100x).
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Included Files Results
samplec10frr50 2017-06-02 14-29-54 Stats: Merged Data
samplec10frr50 2017-06-02 14-30-45 Mean: 175.6 nm
samplec10frr50 2017-06-02 14-31-42 Mode: 118.5 nm
samplec10frr50 2017-06-02 14-32-29 SD: 78.0 nm
samplec10frr50 2017-06-02 14-33-13 D10: 107.6 nm

D50: 151.9 nm
Details D90: 308.3 nm
NTA Version: NTA 3.2 Dev Build 3.2.16 Stats: Mean +/- Standard Error
Script Used: SOP Standard Measurement 02-29-34PM 02J~ Mean: 178.2 +/- 8.6 nm
Time Captured: 14:29:34 02/06/2017 Mode: 139.3 +/- 12.6 nm
Operator: SD: 75.9 +/- 4.4 nm
Pre-treatment: D10: 110.9 +/- 4.0 nm
Sample Name: D50: 153.3 +/- 6.9 nm
Diluent: D90: 312.7 +/- 23.9 nm
Remarks: Concentration: 4.94e+008 +/- 5.14e+007 particles/ml

25.1 +/- 2.6 particles/frame

Capture Settings 26.6 +/- 2.7 centres/frame
Camera Type: sCMOS
Laser Type: Blue405
Camera Level: 15
Slider Shutter: 1206
Slider Gain: 366
FPS 25.0
Number of Frames: 374
Temperature: 25.0°C
Viscosity: (Water) 0.9 cP
Dilution factor: Dilution not recorded
Analysis Settings
Detect Threshold: 20
Blur Size: Auto
Max Jump Distance: Auto: 8.7 - 10.1 pix

Figure E.6: NTA Report for samples measurements at a DPPC:EtOH lipid concentration of
C=5 mg/mL and FRR= 50 (dilution=200x).
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ABSTRACT

This paper presents the continuous flow formation by two dimensional (2-D) hydrodynamic flow focusing (HFF)
of nano-sized liposomes in microfluidic systems. We introduced the use of nanoparticle tracking analysis (NTA)
to estimate for the first time the throughput of synthesized liposomal NPs by measuring quantitatively the concen-
tration of the synthesized particles directly at the outlet. The size distribution and concentration of the nano-sized
liposomes, as well as the polydispersity and zeta potential (ZP) of the liposomal dispersions were investigated
under various flow rate ratios (FRRs) and lipid formulations, by the selective incorporation of either positively
charged DDAB (didodecyl-dimethyl-ammonium bromide) or negatively charged DOPG (1,2 dioleoyl-sn-glycero-
3- phosphoglycerol) lipids to the main bilayer DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) constituent.
The challenges of encapsulating labeled LC-TAT peptide, which plays a direct role in the HIV regulation and
transcription, overcame and could be achieved via one-step nanoliposomes synthesis, in order to validate the po-
tential of this device as an all-in-one nanoparticle synthesis and loading platform. Liposomes with sizes ranging
between 60 nm to 800 nm were produced with low polydispersity and high particle throughput from alteration
of the flow rate ratio and lipid concentration. Stable and unilamellar liposomes were generated at a maximum
concentration of 1740 x E8 particles/mL in less than two minutes, with higher FRR enabling the most rapid
generation of liposomes with similar diameter and significant lower polydispersity index than those obtained by
other batch techniques.

1],]7

1 INTRODUCTION thesis methods time-consuming and uneconomica

. . . Th ducti f /microsized i i
A major challenge in the development of nanoparticles © procuction ol nanofmicrosizect posomes 13

(NPs) for drug delivery is the control of size and size
distribution 2. To avoid measurements perturbed by
polydispersity in vesicle size, a solution of vesicles of
uniform diameters is a prerequisite for studying size-
dependent properties>. In addition, NPs diameters
have been shown to play an important role on their cir-
culation time within the body and their elimination?>.
Traditional bulk methods of NPs preparation are how-
ever limited by difficulty in controlling size*, as well
as by problems of scale-up>~8, inconsistent encapsu-
lation efficiency®'!, along with difficulty in effective
sterilization '. In addition, long processing times, dif-
ficulty in obtaining relatively monodisperse products,
large reagent volumes '3, and the multiple and lengthy
steps necessary for encapsulation 416, make bulk syn-

mostly based on the formation of a dried lipid
film 81 and include processes such as thin-film
hydration?%-?2 ethanol injection®32%, and detergent
dialysis methods?”-*®. Because these processes rely
on the self-assembly of lipids in a bulk phase, which
is heterogeneous and uncontrolled®*=3!, the resul-
tant liposomes are polydispersed in size and of-
ten multilamellar. Further post-processing by ex-
trusion 2120 freeze—thaw 13233 sonication?!, and/or
high-pressure homogenization343? is often required,
in order to obtain liposomes with specific size and con-
formations 3.

Compared to their non-organic nanoparticles counter-
parts, the use of liposomes as a delivery vehicle offers
many advantages including longer circulation times
within the body?’, protection and controlled release



of the encapsulated molecules3637, and the ability to
overcome biological barriers to achieve targeted de-
livery333°. The search for new strategies to allevi-
ate the current issues facing liposome fabrication and
provide control over both lipid aggregation and parti-
cle size while enabling encapsulation of various com-
pounds, continues to remain a challenge in the field
of liposome technology. In this context, drug-loaded
nano-liposomes can be produced in one step only with
a microfluidic continuous process with many advan-
tages over classical methods. This includes reducing
the use of organic solvents, as well as providing fast,
single-stage production and producing stable, uniform
liposomes #0-34,

Jahn et al.? first reported on the controlled synthesis
of submicrometer-sized liposomes through microflu-
idic flow focusing (MHF). New iterations of the MHF
device containing five-inlet channels and three-outlet
channels were later introduced3!, which produced rel-
atively high liposome concentration and catalyzed the
formation of more stable liposomes along the interfa-
cial region3*. Since then, several flow focusing mi-
crofluidic devices have been developed for the pro-
duction of micro/nanoscale lipid-based vesicular sys-
tems*!**. With efforts being deployed to define the
parameters determining particle size distribution of the
liposomal preparation. Pradhan et al.** exploited a
syringe pump-driven microfluidic injection device to
produce liposomes under different conditions. They
observed a decrease in particle size of the liposomes
with a decrease in needle diameter (or increase in
hydrodynamic pressure), a decrease in lipid concen-
tration in the alcohol solution, a decrease in phase
transition temperature (7,) of the lipid bilayer and
the absence of cholesterol (or decrease in membrane
rigidity**.  The effect of microfluidic chip design
and lipid formulations were also notably evaluated by
Carugo et al.* in terms of the size and homogeneity
of the end product, where the role of lipid formulation,
lipid concentration, residual amount of solvent, pro-
duction method (including microchannel architecture),
and drug loading was evaluated in determining lipo-
some characteristics*. Devices with mixing channel
displaying distinct architectural features (i.e., straight,
serpentine-like, and containing micro-pillar structures)
and scaled-up versions of microscale flow focusing ar-
chitectures in the millimeter range were introduced,
citing the effects of operating parameters (especially
the FRR) on liposomes dimensions*.

However, while a variety of techniques for liposome
synthesis have been reported that take advantage of
microfluidic flow elements to achieve precise control
over the size and polydispersity of nanoscale lipo-
somes, with important implications for nanomedicine

applications, these methods suffer from extremely lim-
ited throughput, making them impractical for large-
scale nanoparticle synthesis*'. As an alternative to
enhance the throughput of liposome synthesis, Mich-
elon et al.*® performed a systematic study of the ef-
fect of channel aspect-ratios for nanoscale liposome
formation. A simple T-junction plan focusing design
for liposome formation using planar (2-D) HFF mi-
crofluidic devices was presented. More complex high
aspect ratio microfluidic vertical flow focusing has also
been developed by Hood et al*! as an attempt to over-
come the throughput limits of established microfluidic
nanoparticle synthesis techniques*!. Vertical flow fo-
cusing technique was utilized to generate populations
of small, unilamellar, and nearly monodisperse liposo-
mal nanoparticles with exceptionally high production
rates and sample homogeneity.

Building upon previous HFF work®/, in which we
developed a double flow-focusing microfluidic ge-
ometry capable of sub-hour synthesis and controlled
loading of DSPC tunable liposomes, this new plat-
form addresses some of the issues previously encoun-
tered with the last prototype, including the low par-
ticle yield and diluted liposomal solutions at the out-
let. In this work, we therefore address the high
throughput synthesis of liposomal particles bellow the
500 nm range without compromising the final parti-
cle concentration at the outlet. In addition, since the
through-put of microfluidic devices is generally ex-
pressed in terms of mg per minute, this gives lim-
ited information as to the particle count/ concentra-
tion of liposomes in solution. As such, this work
represents the first attempt to estimate quantitatively
the throughput of hydrodynamic flow-focusing mi-
crofluidic devices for liposome formation, expressed
in terms of the concentration of the produced li-
posome nanoparticles directly at the outlet. Using
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
as the main bilayer constituent, particle diameters and
concentrations were evaluated with respect to phos-
pholipid concentration, composition and flow rates.
In addition, by adding either positively and nega-
tively charged lipid particles to the bilayer DPPC con-
stituent, by incorporating DDAB (didodecyldimethy-
lammonium bromide) and DOPG (1,2 dioleoyl-sn-
glycero-3-phosphoglycerol) respectively, the effect of
the lipid charge and the colloidal stability on lipo-
some size is investigated at different FRRs. Finally,
as a demonstration of the generality of the microflu-
idic mixing encapsulation process, encapsulation of
a bioactive molecule; an FITC labeled LC-TAT cell-
penetrating peptide is demonstrated. TAT (Trans-
Activator of Transcription) is a protein encoded for
by the TAT gene in HIV-1 and stimulates HIV-1 gene
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expression during transcription initiation and elonga-
tion*®. In addition, by antagonizing the CXCR4 recep-
tor, reports suggest that TAT selectively encourage the
reproduction of less virulent M-tropic (macrophage-
tropic) strains of HIV early in the course of infection,
allowing the more rapidly pathogenic T-cell-tropic
strains (which use the CXCR4 receptor) to emerge

later after mutating from M-tropic strains*’.

2 MATERIALS AND METHODS
2.1 Materials

Negative photoresist, SU-8 2050, was purchased from
Microchem Corp. (Boston, MA, USA). Sylgard 184
elastomer kits, consisting of a prepolymer and a curing
agent of PDMS, were purchased from Dow Corning
Corp. (Saint-Laurent, QC, Canada). Tygon 0.020" ID
microbore tubing was purchased from Cole-Parmer
Canada Inc. (Montreal, QC, Canada). A quick setting
epoxy adhesive was purchased from LePage-Henkel
(Mississauga, ON, Canada). 2-propanol (IPA), ace-
tone, methanol (MeOH), all analytical grade, and
glass microscope slides were purchased from Fisher
Scientific (Waltham, MA, USA). Anhydrous ethyl
alcohol (EtOH) was purchased from GreenField
Specialty Alcohols Inc. (Brampton, ON, Canada).
Trichloro(1H,1H,2H,2H-perfluorooctyl) silane,
DOPG (1,2-Dioleoyl-sn-glycero-3-phosphoglycerol)
and DDAB (Didodecyldimethylammonium bromide)
were purchased from Sigma Aldrich (Oakville,
ON, Canada). FITC-LC-TAT fluorescent peptide
was purchased from AnaSpec Inc. (Fremont, CA,
USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) was purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Glass vials were purchased
from VWR International (Radnor, PA, USA), 1 mL
and 10 mL Hamilton glass syringes were obtained
from Fisher Scientific (Ottawa, ON, Canada). Ultra-
pure water (MilliQ) from a Millipore filtration system
(resistivity above 18.2 MQ-cm) was used for all
experiments.

2.2 Methods
2.2.1 Computer-Assisted Design (CAD):

The design was modeled using a computer aided de-
sign (CAD) software (SolidWorks 2016 - Dassault
S.A., Vélizy, France) and the 2D geometry was ex-
ported to be used in computational fluid dynamics
(CFD) studies using the "CAD Import Module" in

COMSOL. The same design was then used to fabri-
cate the photo-mask for subsequent micro-fabrication
in the cleanroom.

2.2.2 Numerical Flow Simulations:

The microfluidic channel geometry used for simula-
tion (Fig. 1) originated from the SolidWorks 2016
sketch used for the experimental fabrication; how-
ever, the microfluidic channels leading to and from
the flow focusing junction area were truncated to leave
only the Y junction of interest. Numerical simulations
were then conducted using COMSOL Multiphysics
5.2a (COMSOL Inc., Burlington, MA, USA). The
"COMSOL Multiphysics", "CAD Import" as well as
the "Microfluidics" Modules were selected. Laminar
Flow Models include both 2D "Time-Dependent" and
"Steady-State" Analyses. Stationary Steady state stud-
ies are governed by "Incompressible Navier-Stokes"
(1) and "Continuity" (2) equations where the final
forms assuming incompressible Newtonian fluids, are
presented below:

P[Ztﬂu'v)u] =-Vp+uV*+F (1)

pIV-(w]=0 2)

Where: u is the flow velocity, p is the fluid density, p
is the pressure, ¢ is the dynamic viscosity and F repre-
sents outer forces.

For mass transport of dissolved (solute) species, con-
centration gradients will cause diffusion®’. In ad-
dition, convection will also contribute to the flux of
chemical species by bulk fluid motion. Therefore, we
were interested in solving for the combined effect of
both convection and diffusion. For a dilute species:

N;=—-D;VC;+cju 3)
SC,‘

% (V. N) =R,

5 +(V-Ni) =R, “4)

Where: c¢; is the species concentration (in mol.m™3),
N; is the molar flux (in m~2s~1, R is a net volumetric
source for ¢: R > 0 assumes that a chemical reaction is
creating more of the species, and R < 0 that a chemical
reaction is destroying the species. D; is the diffusion
coefficient of the species (in m? /9).



With water as the working fluid, the flow focusing de-
vice is characterized by the Flow Rate Ratio (FRR),
which is defined as follows:

_ O+
01

Where: Q) and QO represent flow rate of the lipid
stream dissolved in ethanol and the water flow rates
respectively (in uL/min).

A no-slip boundary condition for the walls was ap-
plied, to ensure that the modeled fluid comes to rest
at the channel walls. The inlets and outlets were de-
fined as the openings at the extremities of the solid
model, contrary to the configuration of the actual de-
vice, whereby the inlets and outlets are through the
upper surface of the channels. The outlet boundary
was set to a function of pressure, with p = 0 Pa.
Tetrahedral elements were used to mesh the 2D flow-
focusing geometry with COMSOL Multiphysics for
adaptive mesh refinement. Mesh refinement was man-
ually adjusted around the central flow focusing re-
gion and around the edges to get more accurate ve-
locity/concentration profiles. Detailed information re-
garding the computational parameters used for mesh-
ing the flow focusing region and their values can be
found in the Supplemental Information under the CFD
section.

FRR )

2.2.3 Device Manufacturing and Assembly:

The microfluidic channels were manufactured via neg-
ative photolithography onto a silicon wafer, followed
by soft lithography in PDMS. The initial step consists
of utilizing the previously constructed CAD geometry
to create a chrome photomask comprised of a top view
of the channels. For this negative lithographic process,
a dark field photomask was created. The pattern or
channels to be created are transparent, and everything
else was covered in chrome. The photomasks was
obtained from the Center of Microfluidic Systems
(CMC, Toronto Ontario, Canada) and used to create
a positive mold onto a silicon wafer. Firstly, the
process consists of spinning a negative photoresist,
SU-8 2050, at 1700 rpm for 30s to achieve a thickness
of 100 ym. Conventional ultraviolet photolithog-
raphy was performed using the aforementioned
photomask, whereby the exposed negative photoresist
was cross-linked and thus becomes insoluble to the
developer. The mould was then treated with PFOTS
(trichloro(1H, 1H, 2H, 2H perfluorooctyl)silane) via
chemical vapor deposition to aid with the demolding
process. Vacuum is applied for about 1-1.30 h, result-
ing in the vaporization of the silane. After silanizing

the PDMS master, pouring of an elastomer, PDMS,
onto the previously silanized mould. The elastomer
kit was composed of a pre-polymer and a curing
agent, which was mixed in a 10:1 w/w ratio, as per the
manufacturer’s protocol. The prepared mixture was
poured onto the wafer, which was then degassed in
the vacuum desiccator to remove any bubbles within
the elastomer and cured at 70 °C for 3 hours. Once
cured, the channels are carefully cut and removed
from the cured polymer with a surgical scalpel or
razor blade. The bottom face, containing the channels,
was temporarily covered with transparent packing
tape so as to avoid any contamination or dust deposits.
A 1.2 mm biopsy punch was then used to puncture
the inlet and outlet ports. A representative view of
the assembled microfluidic device and its geometry is
depicted in Figure 1.

Figure 1: Schematic representation of the different com-
ponents of the planar 2-D flow focusing microfluidic de-
vice: (A) Water inlet, (B) Lipid/alcohol inlet (DPPC +/-
DOPG/DDAB in ethanol) (C) Loaded molecule for encap-
sulation (including FITC-LC TAT peptide) and (D) Outlet.
The upper left insert represents a 2-D technical diagram of
the design pattern of the device geometry (all dimensions in
mm).

2.3 Liposome Fabrication and Loading

The phospholipid-solvent mixtures (DPPC:EtOH)
were prepared using DPPC dissolved directly into
EtOH at various concentrations. They were prepared
in glass vials (VWR International Radnor, PA, USA)
and stored at 4°C until use. For the encapsulation stud-
ies, a 0.5 mg/ml stock solution of fluorescent FITC-
LC-TAT peptide was prepared as per the manufac-
turer’s protocol by adding 2 ml of MeOH to a 1 mg
of FITC-LC-TAT and stored at 20°C.

For the bare liposomes fabrication, inlet 1 was
blocked, MilliQ water flowed through inlet 2, and



DPPC:EtOH flowed through inlet 3. For the
runs correlating diameter with lipid concentration,
DPPC:EtOH solutions at concentrations of 1, 2, 3,
5, and 10 mg/ml were prepared. The flow rate ra-
tios (FRRs), defined as the total volumetric flow rate
divided by the focused sheath flow rate, investigated
were ranging between 5-50. For the peptide encap-
sulation investigation, the FRR was set to 50 and the
DPPC:EtOH concentration was 3 mg/ml. The control
batch was prepared by flowing MilliQ water, 3 mg/ml
DPPC:EtOH, and MeOH through inlets 1, 2, and 3,
respectively. The same setup was used for encapsu-
lation, with the exception of the incorporation of 0.5
mg/ml FITC-LC-TAT:MeOH flowing through inlet 3,
i.e., loaded. Detailed batch descriptions can be found
in the Supplementary Information.

2.4 Characterization
2.4.1 Zeta Potential Measurements

In order to quantify their colloidal stability, the zeta
potential of the liposomes was measured using a Zeta-
sizer Nano ZS (Malvern, UK). The samples were ana-
lyzed for ten cycles with a voltage of 4 mV.

2.4.2 Size/ Concentration Measurements

In order to evaluate the size of the loaded and un-
loaded liposomes (both prior and following FITC-LC-
TAT peptide encapsulation), dynamic light scattering
(DLS) measurements were coupled with nanoparti-
cle tracking analysis (NTA) measurements in order to
characterize the particles size, size distribution, poly-
dispersity index (PDI) and concentration.

Dynamic Light Scattering (DLS): The particle di-
ameters were determined by use of dynamic light scat-
tering (DLS) via a ZetaPALS Zeta Potential Ana-
lyzer (Brookhaven Instruments Corp. - Holtsville, NY,
USA). DLS relies on the Brownian motion of particles
suspended in a solution to obtain a diffusion coeffi-
cient, from which the particle size is determined. A
red laser (675 nm) is emitted at a 90° angle, with the
recording chamber temperature set to 6°C. Each run
consisted of ten 10 second readings.

Nanoparticle Tracking Analysis (NTA): NTA was
also used for detecting simultaneously sub-micron par-
ticle size distributions and particle concentrations of
multiples samples. Measurements were performed

with a NanoSight LM14 (NanoSight, Amesbury,
United Kingdom), equipped with a sample chamber
with a 640-nm laser and a Viton fluoro-elastomer O-
ring. The samples were injected in the sample cham-
ber with sterile syringes (BD Discardit II, New Jer-
sey, USA) until the liquid reached the tip of the noz-
zle. The samples were measured for 40 s with manual
shutter and gain adjustments. All measurements were
performed at room temperature (T=25 °C). Data was
processed by the NTA 3.2 Build 127 software.

24.3 Imaging and Visualization

Negative Staining: Samples for negative staining
were prepared using the Single-droplet method?>!. Af-
ter preparing a 2% aqueous solution of an uranyl ac-
etate stain (and adjusting the pH to 7.0 with IM KOH
when required), formvar-carbon coated grids were
glow discharged in order to increase their hydrophilic-
ity prior to their use. A volume of 5 ul was then pipet-
ted on the grid so as to cover the entirety of the grid
surface. After approximately 10 seconds, 5 ul of the
uranyl acetate stain was slowly pipetted on to sample,
and the stain absorbed from the opposite side using a
wedge of filter paper. The grid was then allowed to
dry and then examined by TEM (transmission electron
microscopy). Samples were imaged at a magnification
of 50,000x at room temperature using a Philips Tecnai
T12 electron microscope equipped with an LaB6 fil-
ament and operated at an acceleration voltage of 120
kV.

Device Flow Visualization: The fluid flow rates
were controlled with a Nexus 3000 syringe pump
(Chemyx Inc. - Stafford, TX, USA) in conjunction
with syringes of various volumes (BD Medical — Mis-
sissauga, ON, Canada). The image acquisition setup
consisted of an inverted microscope (Eclipse TE 2000-
U, Nikon Corp.—Mississauga, ON, Canada), with flu-
orescence capabilities, which was used to visualize the
liposomes as well as the fluorescence emission from
the FITC-LC-TAT peptide . All images were cap-
tured using a CCD camera (Retiga-2000R, Qimag-
ing—Surrey, BC, Canada) and Nikon NIS-Elements D
software. MilliQ water, colored with readily available
food dyes, was used as the working fluid. The pumps
were set to flow at various flow rates and images of the
flow focusing junctions were obtained at low (x20) and
high (x40) magnifications.

Particle Count: An open-source software; CellPro-
filer, was used to quantitatively measure the fluores-



cent particles count. A pipeline was custom developed
for detection of drug encapsulating liposomes. The
pipeline has four major steps: 1) Background correc-
tion, 2) Colony detection & Filtering, 3) Measuring
Colony parameters, and 4) Overlaying images. Back-
ground correction was done through its own inherent
modules- Color to Gray, Correct Illumination calcu-
lation, and Correct Illumination Apply-. Modules for
object detection (Identify Primary Objects) were based
on thresholding and are available in Cell Profiler.

2.5 Statistical Analysis

Data are expressed as mean =+ standard deviation (SD)
of at least five replicates per group. Statistical analyses
were performed for multiple comparisons via one-way
ANOVA and Student’s t-test was used for direct result
comparison. Differences were considered significant
atp <0.05.

3 RESULTS AND DISCUSSION

In order to fully characterize the HFF device and its
liposomes synthesis and loading capabilities, flow vi-
sualization of the flow focusing junction was first con-
ducted to qualitatively visualize the effect of varying
the FRR on the width and behavior of the focused
stream at the focusing junction. A comparison be-
tween the simulated flows, computed using Comsol
Microfluidics and the experimental flows inside the
platform as imaged by optical microscopy is therefore
provided. Next, visualization of the synthesized lipo-
somes was conducted by negative stating TEM mi-
croscopy thus offering both a quantitative and quali-
tative representation of the shape and morphology as
well as the size of synthesized liposomes in aqueous
conditions. Finally, the effect of varying both the lipid
composition and flow parameters for the synthesis of
DPPC nano-sized liposomes within the platform was
assessed with regards to size, concentration, charge
and polydispersity of the resulting nanoliposomes.

3.1 Comparison between Experimental
and Simulated Flows

Initial attempts at hydrodynamic focusing were aimed
at confining sample flow to a narrow, planar column,
which is now commonly referred to as two 2-D flow
focusing>2. The possibility of significant microfluidic
focusing in 2-D was first demonstrated by confining a
sample flow from a 10 um nozzle to a width of only 50
nm>3,

Liposomes formation in HFF occurs by a diffusively
driven process, when a stream of lipids dissolved in
an organic solvent such as ethanol, is hydrodynami-
cally sheathed between two oblique aqueous streams
in a microfluidic channel*°. Light microscopy images
of the focusing stream at magnifications of (x20) and
(x40) are shown for different flow rate ratios (FRRs) in
Figure 2 which depicts the focusing of a central lipid
stream (dark stream) by two aqueous water streams
(not visible).

The main concept of HFF is to reduce the stream
width and consequently the mixing path length of the
focused stream. A stream of lipids resolubilized in
ethanol is hydrodynamically focused into a very nar-
row sheet with a thickness varying from a few mi-
crometers down to sub-micrometers depending on the
respective water-to-ethanol volumetric flow rate ratios
(FRRs)>*. The focused stream at the center of the flow
focusing junction is not always centered along the mid-
line of the channel or symmetrical as shown in Figure
2. For low Reynolds numbers (Re < 5), a slightly con-
vex shape of the focused streams is generated and is
to be expected in microfluidic channels due to viscous
forces dominating inertial ones at low Re numbers>>.
This can cause flow disturbances in a way reminiscent
of that of a turbulent flow at high Re numbers. This
phenomenon can be observed in this flow focusing de-
vice at low FRRs (such as FRR 5), where one can
see that the flow is not symmetrical but in fact leans
slightly towards the upper side of the central channel
wall. Retrospectively, a higher polydispersity and SD
of the particles diameters at low FRRs compared to
high FRRs is therefore expected, where a better con-
trol of the flow focusing enables a constant more lam-
inar flow.

Flow-focusing was first examined from the plan view
(Figure 2), to compare the focused alcohol stream in a
the 65 um wide central micro-channel and the two 45
um wide side micro-channels, imaged with an optical
microscope and the 2-D model simulation for the re-
spective FRRs of 5, 10, 20 and 50 for flow rates corre-
sponding to 40, 90, 190 and 490 uL/min. Overall, the
2-D simulation results were well substantiated with the
experimental findings. The shape and width of the fo-
cused ethanol stream was well represented in the sim-
ulation with a tendency to decrease its thickness with
an increase in the FRR. Experimental investigations
indicated that in the case of symmetric side streams
focused flow sheet was not necessarily uniform with
undesirable thickening close to the walls of a micro-
channel observed in the case of low FRRs (Figure 2).
By manipulating flow rates of the focusing flows, loca-
tion of the focused sheet could be deformed and moved
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Figure 2: Comparison between 2-dimensional model simulations of the concentration profile at the focusing junction for the
respective FRRs of 5, 10, 20 and 50 and the focused stream imaged with an optical microscope at (x20) and (x40) respectively.

out of the symmetry plane and most importantly, a pre-
cise control of the width of the focused stream, on
which the size and polydispersity of the generated li-
posomes depend on, was achieved. Maintaining a pre-
cise control of the focused stream width is crucial in

various applications of the flow focusing systems>°.

3.2 Visualization of Liposomes by Nega-
tive Staining Electron Microscopy

Figure 3 shows the DPPC:EtOH lipsoomes formed
at a flow rate ratio of FRR=30 and a concentration
of Cpppc= 10 mg/mL and Cpppc= 5 mg/mL respec-
tively. At the former condition (FRR=30, Cpppc=
10 mg/mL,) the liposomes particles are spherical and
mostly unilamellar. Although no clear correlation be-
tween the concentration of DPPC and the size of the li-
posomes could be drawn from TEM images alone, re-
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Figure 3: Transmission Electron Microscopy (TEM) image of the DPPC:EtOH liposomes after negative staining at FRR =30
for: (A) C=5 mg/mL, and (B) C= 10 mg/mL. The small inserts show the size distribution of the particles as measured by Cell

Profiler with the average value (in nm £ SD).

gardless, at high samples concentrations (Cpppc= 10
mg/mL; Fig. 3A), liposomal population appear big-
ger in size, with lesser particles below 30 nm observed
than at Cpppc=5 mg/mL (Fig. 3B). In some cases, the
shape of liposomes appeared distorted. This could be
attributed to both the HFF process and to the negative
staining technique as well®’. Although the electronic
microscopy technique ensures the complete structural
analysis of the thin transparent samples>®, possible ar-
tifacts could be due both to the staining process (the
interaction between the sample and the negative stain)
and the distortion/alteration induced during the drying
steps caused by the exposition of the samples to a vac-
uum?!. In fact, as part of the drying processes, the
particle loses its hydration shell. Often, this shell sta-
bilizes the soluble particle onto a certain configuration
and deposition on the carbon can cause it to change
shape?!.

3.3 Effect of Experimental Parameters
on Liposome Size and Size Distribu-
tion:

The size distribution of lipid particle with respect to
the FRR between the lipid and water streams has been
measured by DLS and plotted for every concentration.
Different DPPC concentrations in ethanol have been
tested namely (Cpppc=1, 2, 3, 5 and 10 mg/mL). Fig-
ure 4A. shows all the graphs combined and displays
the complete size distribution profile for all the lipid

concentration of DPPC in ethanol for concentration
ranging from 1 to 10 mg/mL. A logarithmic tendency
curve has been fit to all the concentration profiles.

Different microfluidic techniques have been shown to
produce uniformly dispersed liposomes and allow for
direct control of liposome size via fine adjustments to
the FRR. Decreasing the sample stream width to mi-
crometer length scales allows for controlled and repro-
ducible mechanical and chemical conditions across the
stream width, especially compared to more traditional
bulk-phase preparation techniques (i.e., test tubes and
beakers).39. It has been found that the mean diameter
of the liposomes produced to be directly related to lipid
concentration and inversely related to the FRR3%3!,
Both lipid and ethanol concentration have been proven
to have a significant effect on liposome properties (in
both bulk and microfluidic methods)**. The mean di-
ameter of the liposomes produced is directly related to
lipid concentration3*,

From Figures 4A. and B., we observe that at high
DPPC lipid concentration (10 mg/mL) and low flow
rate ratios (FRRs ~ 5 — 10), particle sizes reach almost
a micron (650-850 nm). However, at high FRR=50,
the particle size is significantly smaller, in the range of
100 nm for almost every concentration (Cpppc= 1 to
10 mg/mL). At low concentration, the flow and parti-
cle formation is less predictable and stable respectively
so the standard error is bigger. A better illustration of
the effect of FRR on the sizes of the colloidal liposo-
mal dispersions as a function of DPPC concentrations
is presented in Figure 4B. A distinct tendency of an in-
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Figure 4: Particle size distribution profiles of 2D HFF synthesized liposomes as a function of DPPC lipid concentration at
inlet (C=1-10 mg/mL) for various FRRs (5-50) (A), with (B) showing a stacked histogram representation of the NPs size
distribution at given concentrations (C=1-10 mg/mL) and FRRs (15, 30 and 50) (n>15).

crease of particle size with both a decrease in FRR and
an increase in DPPC concentration is recorded. In ad-
dition, as the flow rate ratio (FRR) increases from 15-
50, the differences in particle sizes at various concen-
trations are significantly smaller. For example, the size
was almost doubled (550 nm in average) at FRR=15
and Cpppc= 10 mg/mL than at FRR=15 and Cpppc=
5 mg/mL where they average ~ 350 nm. In addi-
tion, all liposomal DPPC formulations exhibited ho-
mogeneity with a polydispersity index (PDI) of less
than 0.35. Overall, the average PDI index (an estimate
of the width of the distribution) was higher at a lower
FRRs and for lower DPPC concentrations. Average
values of the polydispersity index for the liposomes
prepared at two different FRRs (15 and 50) as various
DPPC concentrations (in mg/mL) are reported in the
Supplemental Information.

After confirming the core-shell structure of the lipid
NPs, and knowing their range of size distribution based
on the change in FRR, we investigated the possibil-
ity of controlling the NP’s physicochemical properties,
mainly size and surface charge while keeping other

conditions such as lipidic and aqueous flow rates and
flow ratios. Both the zeta potential (ZP) of colloidal
systems and their size exert a major effect on the var-
ious properties of nano-drug delivery systems. Not
only the stability of dosage forms and their release
rate are affected but also their circulation in the blood
stream and absorption into body membranes are dra-
matically altered by the ZP>°. The coating material
studied is often limited to neutral or anionic lipid mix-
tures such as DMPC or DPPC. Limited data is pro-
vided on the comparison between different lipid mix-
tures or on the use of cationic lipids, which may be
more suitable for medical or biotechnological applica-
tions (e.g. as delivery systems for anticancer drugs or
as transfection reagents), and which are routinely used
in the industry®. Using DPPC as the main bilayer
constituent, the effect of adding negatively charged
DOPG or positively charged DDAB lipid molecules
at different weight ratios to the lipid stream on the re-
sulting liposome diameters and charge is investigated.
The composition of the batch samples can be found
in the Supplemental Information under the Liposome



Synthesis Section.

As we can see from Fig. 5 B., whereas the control
(Cpppc= 5 mg/mL) has a low -10 mV zeta potential,
adding DDAB and DOPG increase either positively or
negatively the charge. In fact, adding DDAB at a 1:5
ratio to the control Cpppc= 5 mg/mL solution yields
a high zeta potential of approximately 50 mV and re-
sults in highly stable lipid particles. On the other hand,
adding DOPG gives a highly negative charge to the
DPPC: EtOH particles with the maximum being at -30
for a 1:10 ratio which corresponds to a good particle
stability. Further studies at higher DOPG: DPPC ratio
need to be tested and a compromise between charge
and size need to be found as this ratio (1:10 DOPG:
DDPC gives the biggest size particles approx. 191
nm).

For DOPG, high weight ratio give solutions that are
less homogeneous. For both conditions, a weight ra-
tio of 1:5 constitutes the best compromise between
size/stability.

Overall, results showed that the surface charge and
size of the microfluidic synthesized liposomes can be
finely tuned by changing the lipid stream composi-
tion and incorporating molecules with positively of
negatively charged functional groups. Charge modi-
fication of nano-systems offer an opportunity for pro-
longing the blood circulation time of drugs, enhancing
the possibility of its interaction with target cells of in-
terest, and changing the pharmaceutical properties of

nanosystems 36 .

3.4 Effect of DPPC Concentration on
Yield and Size Distribution of Lipo-
somes

Nanoparticle tracking analysis (NTA) was used for the
analysis of diluted samples of nanosized lipid particles
and liposomes aggregates. A direct comparison with
DLS was made in order to gain a more complete esti-
mation of the size distribution of liposomes at various
conditions. Figure 6 shows the HFF synthesized lipo-
somal particles (C= 5 mg/mL, FRR=30) visualized by
NTA:

Using the NTA technique, particles are seen as point
scatterers moving under Brownian motion, with larger
particles scattering significantly more light and appear-
ing bigger®®. The high resolution of the NTA make it
possible to get an estimation of the sample polydisper-
sity at any given condition (concentration, FRR) be-
fore quantitative capture and measurement. In Figure
6a, the sample captured is fairly monodispersed, with
a polydispersity similar to what was observed by neg-

ative TEM microscopy.

Figure 6 displays the NTA particle concentration mea-
surements at two different concentrations (Cpppc= 5
mg/mL and Cpppc= 10 mg/mL) and for three differ-
ent flow rate ratios (FRR=15, FRR=30 and FRR=50).
An inverse correlation between concentrations of lipid
DPPC in ethanol and liposome particle concentration
can be observed with DPPC solutions at C= 5 mg/mL
being 37.9 % more concentrated in liposomes than so-
lutions at C= 5 mg/mL at a FRR=15 and more than
22.3 % concentrated in liposomes at FRR=30. At
FRR=50 however, no significant difference of concen-
tration is noted between the two different DPPC con-
centrations (C =5-10 mg/mL). Alternatively, for a con-
stant concentration of Cpppc= 10 mg /mL, the differ-
ence in liposomal concentration is not significant at the
various FRRs. On the other hand, for Cpppc = 5 mg
/mL, a tendency of a decrease in sample concentration
with an increase in FRR can be observed. This differ-
ence amounts to more than 15.5 % between FRR15-30
and to ~ 29.0% between FRR 30-50. Hydrodynamic
flow-focusing technique using planar microfluidic de-
vices for liposome formation is characterized as a low-
throughput process due to the limited volumetric flow
rates imposed by the small channel dimensions gener-
ally used although so far, no quantitative estimate of
the concentration of the produced particles has been
cited. The maximum flow rate and phospholipids con-
centration are generally restricted by limitations asso-
ciated to fluid rheological behavior, which can increase
internal pressure leading to clogging issues *®. Overall,
it is concluded that both DPPC concentration and FRR
have a significant impact on the concentration of lipo-
somes obtained by HFF synthesis, with the FRR play-
ing a bigger influence on the resulting particle con-
centration to that played by the inlet concentration of
DPPC*’. Sample visualization and individual particle
tracking are features that enabled a thorough size dis-
tribution analysis and made possible the characteriza-
tion of the synthesized liposomal nanoparticles, com-
plementing DLS. Live monitoring of the NPs provided
information about potential aggregation and size dis-
tribution of liposomes.

4 ENCAPSULATION OF FITC-LC TAT

Subsequently, liposomes containing FITC-LC TAT
were observed via microscopy, The representative sets
of figures (Figure 7) are visualized under fluorescence
with the FITC filter, DAPI and light microscopy, of on-
chip, passively loaded FITC-LC TAT nanoliposomes.

After setting the DPPC concentration and FRR for li-
posomal synthesis to 3 mg/mL and 30, respectively,
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Figure 6: A) NTA video frame showing diluted liposomes particles at C= 5 mg/mL, FRR=30 (dilution = 100). Measured size
by NTA =250 nm +50 nm (Video can be found in the Supplemental Information). B) Particle Concentration (E8 particle/mL)
of the synthesized liposomes as a function of DPPC concentration (mg/mL) and FRR. The error bars displayed on the NTA
graphs were obtained by the standard deviation of the different measurements of each sample (n>10).

FITC-LC-TAT encapsulation was attempted. Approx-
imately 1 ml of product was obtained in less than three
and a half minutes, with larger volumetric outputs, and
in turn faster production times, achievable simply by
increasing the fluid flow rates. As an example, by in-
creasing the FRR to 50, 1 mL of liposomes encapsu-
lating molecules can be made in approximately 2 min-
utes. Detailed preparation times for every FRR can be
found in the Supplemental Information. From Fig.7,
it can be observed that the fluorescence and vesicles
overlap. Liposomes should not be affected by the load-
ing time due to the minute volume of solvent present
in the mixture*’. The fluorescence images in Fig. 7
imply that the FITC labeled LC-TAT peptide was suc-
cessfully encapsulated within the liposomes. Opti-
cal microscopy (not shown here) comparing batches

of encapsulated liposomes with the fluorescent pep-
tide prior and following filtration by dialysis confirmed
the absence of any free FITC-LC-TAT peptides. A
quantitative estimate of the number of encapsulated
FITC-LC-TAT peptide in liposomes is provided in the
Supplemental Information which shows the automated
particle count averaged over the the microscopy areas
(B1-3, C1-3) in Fig. 7.

From the encapsulation results, the microfluidic plat-
form is therefore demonstrated to control liposome
formation and compound encapsulation in a way that
compete with existing conventional methods in lipo-
some size homogeneity and adjustable encapsulation.
Confining a water-soluble compound to be encapsu-
lated to the immediate vicinity where liposome for-
mation occurs has the added advantage of reducing



Figure 7: Optical imaging of a liposomes encapsulating FITC labeled LC-TAT peptide using different filters: FITC green (B1,
2 and 3) and DAPI blue (C1, 2 and 3) at 10 x (A1, B1 and C1), 20x (A2, B2 and C2) and 40x (A3, B3 and C3).

sample consumption without affecting liposome load-
ing3?. Moreover, having a precise control over the
concentration and amount of encapsulated compounds
within liposomes in a continuous-flow mode is another
interesting feature of this platform.

5 CONCLUSION

In this study, we have developed and demonstrated
the use of a microfluidic flow-focusing device for the
continuous synthesis and loading of DPPC liposomes.
This simple, low-cost, and easily scalable in paral-
lel double flow-focusing device, enabled reproducible
control of the size and size distribution of nanosized li-
posomal particles. With this platform, we reduced both
the number of different apparatus required for liposo-
mal fabrication as well as the amount of steps needed
for the synthesis of monodisperse liposomes. Results
revealed an interesting trend regarding increasing the

dissolved phospholipid concentration whereby the par-
ticle diameter increases with an increase in DPPC con-
centration. Additionally, we established a correlation
between increasing the FRR and the resulting decrease
in particle diameter with a plateau reached around 60
nm.

The ability to alter the concentration and control the
amount of encapsulated compounds within liposomes
in a continuous-flow mode is another interesting fea-
ture towards tailored liposomal drug delivery for can-
cer therapy>!'. These findings suggest that this plat-
form would provide the possibility of the development
and optimization of not only liposomes but also var-
ious nano-/microparticulate systems in the emerging
field of nanomedicine, along with offering the possi-
bility of loading multiple encapsulated agents during
their synthesis in a very time-effective manner. Such
a microfluidic platform can control their self-assembly
and potentially lead to applications as part of point-of-



care personalized therapeutics. However, the problem
of scaling up the nano-/microparticulate systems pro-
duction needs to be addressed during the implementa-
tion of microfuidics technology for practical applica-

tions#0.
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