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ABSTRACT

Drug delivery and release can increase therapeutic index by reducing the amount
of drug interactions with healthy tissues. Liposomes are a promising carrier type
for drug delivery and release. This thesis develops a microfluidic and analyti-
cal toolkit to fabricate and characterize liposomes on multiple size ranges toward
externally triggered release. Giant unilamellar vesicles (GUVs) were produced
using octanol-assisted liposome assembly (OLA), which enabled controlled en-
capsulation of diverse cargo including enhanced green fluorescent protein (eGFP)
and magnetic microspheres, while yielding narrow size distributions (mean di-
ameter of GUV 92+ 6 um). Stability and passive permeability were tested by
time-lapse counting and a calcein release assay, showing an exponential loss of
visible vesicles with 90% payload release within 24 h. To obtain more stable
carriers, small unilamellar vesicle (SUV) and large unilamellar vesicle (LUV)
were generated by hydrodynamic focusing. Dynamic light scattering (DLS) and
transmission electron microscopy (TEM) confirmed the presence of multimodal
liposome populations with diameters at about ~ 80 nm, ~ 180 nm and ~ 420 nm.
The nanoscale liposomes exhibited considerably higher stability compared to the
GUVs, with the particle concentration decreasing only ~ 5% over four days in an
experiment where the peaks of the liposome size distribution were measured to be
at ~ 200 nm and ~ 430 nm. To support reproducible microfluidic liposome pro-
duction, a four-channel piezoelectric pressure controller and companion software,
pressure controller software, were engineered, providing a 1000 mbar operating
range with < 0.7% reporting error versus a calibrated manometer and typically
3-10 s transitions between setpoints, at a feasible cost. Finally, a software named
EasyFlow was developed to streamline post-image analysis for droplet and vesi-
cle experiments, enabling threshold-based classification, polydisperse analysis,
as well as growth heterogeneity metrics compatible with high-throughput work-
flows. Collectively, these methods establish a robust platform for future studies
of magnetically responsive liposomes which could find uses in spatially localized,
externally triggered payload release.
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1. INTRODUCTION

1.1. Drug delivery and release

Cancer has been found to be the cause for 16.8% of all deaths in the world in the
21st century [22]. It is a very difficult disease to treat because of the wide variety
of mechanisms for its emergence and the fact that the pathogenic cells are difficult
to distinguish from healthy ones. For over a century, scientists have been search-
ing for a way to transport a drug precisely to the intended site to minimize side
effects. Paul Ehrlich was the first to clearly articulate this concept and he coined
the term magic bullet for it in 1908 [11, 158, 129]. The proposed mechanism
involved chemical recognition of targets on the surfaces of pathogenic and dis-
eased entities, which is similar to the way the adaptive immune system operates
(T and B-cells recognize specific antigens). Over time, many chemical targeting
methods have been developed, for example folate receptor targeting using drugs
or folic acid conjugated drug carriers and also antibody-drug conjugates [130,
17]. Additionally, there are other methods besides chemical targeting. For ex-
ample, mesoporous silica nanoparticles [66] or polymeric nanoparticles [69] and
liposomes [76] can be loaded with drugs, and they will naturally degrade and re-
lease the drugs inside (acidic) tumor microenvironments. If the pathogen is not
easily recognizable, the “bullet” may fail to reach the correct target, reducing its
effectiveness. This can result in a low ratio of the median toxic dose to the median
effective dose. This ratio is known as the therapeutic index (TI). [132, 52] To
increase the TI, drug delivery methods using carriers that have been engineered to
release the drug only at the site of interest have been proposed. Although chemi-
cal recognition of targets remains the most common method, spatial targeting has
also been explored. These approaches have the potential to enhance the therapeu-
tic index and reduce the required dose to treat patients. [11, 107, 137, 158]

The terms drug delivery and drug release are sometimes used interchangeably
in the literature, e.g., delivery is described in terms of release kinetics [2] and re-
lease is used to denote site-specific delivery to tumors [27, 82]. However, there is
a clear distinction between the two. Drug delivery denotes the process of trans-
porting a therapeutic agent to the site of action within the body. Drug release is
a sub-process that specifically denotes the liberation of an active drug from a dis-
abling system, enabling it to exert its therapeutic effect at the target site.

In addition to drug delivery, it is also important to consider drug release kinet-
ics because they affect the rate of drug adsorption and duration of circulation in
the patient before it is used up or expelled from the system. Ideally, drugs should
not be administered continuously, but rather periodically or even just once. This
way, the patients can live their lives more normally, and there is also less labor
required from the medical staff. [42, 85, 89]
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1.2. Vesicles and liposomes

As noted earlier, various types of carriers can serve to deliver drugs to target sites.
Among these, liposomes and other vesicular systems are particularly versatile.
They are synthetic spherical structures made of phospholipids that are designed
to mimic some properties, such as the separation of the inner and outer space, of
naturally occurring vesicles that have lipid bilayers (Figure 1).
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Figure 1: Cross-sectional schematic views of liposomes. The blue dots represent
hydrophilic heads and yellow squiggles represent hydrophobic tails of phospholipid
molecules. The liposome membrane separates the inner aqueous liquid (lumen) from
the outer aqueous environment. (a) Unilamellar liposome. (b and ¢) Multilamellar lipo-
somes.

The hydrophobic tails face towards each other (inward), while the hydrophilic
head groups are oriented towards the surrounding aqueous environment, forming
a (bilayered) membrane. This membrane forms a boundary between the inner
(lumen) and the outer aqueous media.

The thickness of a biological membrane is typically about 4-5 nm (18-carbon
acyl chain), but membranes can also be thicker in the case of long-chain phos-
pholipids. This thickness also affects the maximum diameter of the particles that
can be embedded into the membrane, for example, when producing magnetic li-
posomes (Section 1.2.4). For instance, spherical particles with 11 nm diameter
can only be incorporated into the membrane in the presence of longer chain (24
carbon atoms) phospholipids. However, particles with a diameter of 7 nm can fit
inside membranes even when the membrane is comprised of only 18-carbon-chain
phospholipids. [87]

An important structural parameter of liposomes is lamellarity, which refers to
the number of concentric phospholipid bilayers. Unilamellar vesicles contain a
single bilayer (Figure 1a). In contrast, multilamellar vesicles consist of multiple

12



bilayers, either nested within one another (Figure 1b) or arranged as a single li-
posome encapsulating smaller ones (Figure 1c). [32, 115] Unilamellar liposomes
are further categorized by size: giant unilamellar vesicles (GUVs) have a diam-
eter greater than 1 um, medium/large unilamellar vesicles (MUVs/LUVs) range
between 100 nm and 1 gm, and small unilamellar vesicles (SUVs) are less than
100 nm in diameter. [115]

In biological systems, vesicles are membrane-bound compartments formed by
cells both internally and externally to perform various functions, such as transport
of nutrients, waste disposal, and cell-to-cell signaling. These natural particles
were discovered gradually over the course of several decades. The first electron
microscopy images of particles that we now know as vesicles were published in
1967 by Peter Wolf, who called them platelet dust. [151, 56, 28]

In the early twenty-first century, research on extracellular vesicles (EVs), which
are vesicles that are usually formed by cells that eject parts of their cytoplasm, ac-
celerated. EV formation can occur when the cellular membrane closes a part of
itself so that a new particle is formed. This is similar to what happens during cell
division, but in the case of EV formation, the new particle does not contain all
the cellular parts needed to make a functional cell. On the other hand, vesicles
can contain many kinds of proteins and other substances both in their lumen and
within their membrane. [56, 28] In the case of liposomes, the composition is well
known and the size can also be controlled because they are synthetically produced,
unlike extracellular vesicles. This control makes liposomes be significantly better
suited than EVs for drug delivery and release applications as more homogeneous
drug carriers lead to a more defined stimulus-response and the ability to use mod-
ified phospholipids and other synthetic components opens the possibility to use
entirely different kinds of release mechanisms compared to EVs. [25, 84, 89, 76]
In addition to liposomes, phospholipids can also be used to produce other lipid
nanoparticles (LNPs), which is a more general term than vesicles. These parti-
cles, like liposomes, are composed of phospholipids and can be used for payload
delivery; for example, in vaccines. However, because their internal structures can
be significantly less ordered (they do not even have to contain bilayers), they are
outside the focus of this thesis. [135]

1.2.1. Structure of liposomes

To clarify how this tunability arises, a brief review of the molecular basis of lipo-
some assembly is provided. The primary structural units of cellular and vesicular
membranes are phospholipids. These are biological molecules with a phosphate-
containing polar, hydrophilic head group and two non-polar, hydrophobic hydro-
carbon chains. This amphiphilic structure allows phospholipids to be soluble in
both hydrophobic and hydrophilic environments and they can also act as surfac-
tants, spontaneously forming an interface layer between such environments. The
head group determines the charge of a phospholipid molecule, and in nature, it
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often comes in the form of phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), or phosphatidylserine (PS) among others. In ad-
dition, synthetic phospholipids can contain head groups from a virtually unlim-
ited set of structures. Similarly, fatty acid tail group (acyl chain) lengths can vary,
with the most common size being 16 to 18 carbons in biological membranes. [19,
chap. 12] Commercial catalogs list options from single digits to at least 24 carbon
atom chain lengths. [162, 30]

The acyl chain length also has an effect on the membrane phase transition
temperatures. Below a certain temperature, the phospholipids in the vesicle mem-
brane are packed together and are not diffusing around; this is called the gel phase.
Membranes in this state are more rigid/less fluid and relatively slow to respond to
disturbances. [19, chap. 12] Above this temperature, the phospholipids are con-
stantly moving in the membrane and there is space between the tail groups. This
is called the liquid crystalline phase, which is leaky because substances (such as
drugs in the case of drug delivery and release) can diffuse through the soft mem-
brane. However, the transition between the two phases is even leakier than the
liquid crystalline phase. This transition temperature is called the gel to liquid
crystal phase transition temperature (7,) and longer chains lead to a higher T,.
([19, chap. 12], [100, 116])

The saturation level of the fatty acids also affects membrane fluidity and phase
behavior. For example, 18:0 PC (1,2-distearoyl-sn-glycero-3-phosphocholine,
DSPC; here “18:0” denotes an acyl chain with 18 carbons and 0 double bonds) has
a T, of 55 °Cwhile that of 18:1 PC (1,2-dioleoyl-sn-glycero-3-phosphocholine,
DOPC), with one double bond in the chain, is —17 °C. This is because an un-
saturated bond in the acyl chain introduces a kink and consequently increases
membrane fluidity as the phospholipids are forced slightly further away from each
other, decreasing the attractive forces between them. ([19, chap. 12], [110, 59, 3])

Figure 2 shows two examples of common phospholipids and two examples
of membrane stabilizing agents. Dipalmitoylphosphatidylglycerol (DPPG) (Fig-
ure 2a) is a negatively charged phospholipid with an acyl chain length of 16 car-
bon atoms and a Ty, of 41 °C. The charge helps prevent liposome fusion [134].
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Figure 2b) is a neu-
tral, asymmetric, monounsaturated (containing one double bond in the lipid tail)
phospholipid with chain lengths of 16 and 18 carbon atoms (one chain is longer
than the other) and a T;,, of —2 °C. [3, 26] Cholesterol, which, as a sterol, is a
lipid based on a steroid nucleus (Figure 2c), acts as a stabilizer in the membrane
by making it more flexible when the temperature is below Ty, and more rigid when
the temperature is above Ty, effectively buffering the fluidity of the membrane.
([19, chap. 12], [70]) Synperonic F108 (Figure 2d) is a block copolymer that only
partially intercalates with the membrane and most of the molecule is exposed to
the opposite sides of the membrane, sterically blocking other objects from touch-
ing the membrane. This is another way to stabilize liposomes because it reduces
disturbances of the membrane structure. [125]

14
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Figure 2: Examples of phospholipids and membrane stabilizers. (a) Dipalmi-
toylphosphatidylglycerol (DPPG) (charged) and (b) 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (neutral) as examples of phospholipids. (c) Cholesterol and (d)
Synperonic F108 as examples of natural and synthetic membrane stabilizers, respectively.
The letters x, y, and z indicate that the blocks in the brackets are repeated X, y, and z num-
ber of times in the polymer.
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1.2.2. Liposome production methods

Together, the structural and compositional choices determine which fabrication
routes are feasible and how stable the resulting vesicles will be, motivating a
brief overview of liposome production methods. For example, in the case of thin
film hydration (TFH) (also known as the Bangham method) (Figure 3a), which
was the first widely used laboratory-scale liposome production technology, a thin
(multilamellar) film of phospholipids is formed by depositing phospholipids in an
organic solvent on the inner surface of a container and evaporating the solvent.
The film is then hydrated with an aqueous solution under agitation, causing the
phospholipids to self-assemble into bilayers that peel off and close into spherical
vesicles, forming heterogeneous multilamellar liposomes. [13, 83]

In the case of solvent injection (commonly referred to as ethanol injection),
a solution of phospholipids in a water-miscible solvent, such as ethanol, is injected
into a larger mass of water while stirring, and the original phospholipid solvent
is subsequently removed by evaporation or dialysis. It is a technique for efficient
solvent exchange, where phospholipids dissolved in a non-aqueous solvent are
suddenly exposed to an aqueous environment and self-assemble into liposomes as
a result (Figure 3b). [16, 145, 83]

(C)) (b)

N\ N
©©
Thin film hydration Ethanol injection
(C) Aqueous (d)
l buffer
Phospholipids l to l oA
in alcohol Liposomes A | —
GUVs
T LO TOA
Aqueous
buffer
Hydrodynamic focusing Octanol-assisted liposome assembly

Figure 3: Examples of liposome production methods. Different ways to produce lipo-
somes. (a) Thin film hydration (TFH). (b) Ethanol injection. (c) Hydrodynamic focusing
(HDF). (d) Octanol-assisted liposome assembly (OLA) method for GUV production. IA
— inner aqueous phase, LO — lipid-oil, OA — outer aqueous phase.
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The most obvious way to load payload into the lumens of these liposomes is by
dissolving it in the bulk aqueous liquid in the case of solvent injection or the
hydration buffer in the case of TFH. The payload will be encapsulated within the
liposome lumens as the liposomes form in the buffer that contains the payload.
This is not a very efficient way of loading in that a large amount of the payload
is necessarily left non-encapsulated. ([19, chap. 12], [16]) If there is a need to
incorporate some material into the membrane, then it must be first mixed with
the phospholipids in solution and dried to form the thin film that is subsequently
hydrated in the TFH method. [19, chap. 12]

To gain more control over the size distribution of the liposomes produced using
the solvent exchange approach, it is possible to use a microfluidic hydrodynamic
focusing (HDF) approach (Figure 3c). In this case, an alcohol-based solution of
dissolved phospholipids is jetted into a stream of water-based solvent inside of a
microfluidic chip. This leads to a more homogeneous size distribution compared
to the ethanol injection method that can be influenced by adjusting the flow rate
ratio of alcohol to water. [164]

It should be noted that it is still possible to get relatively uniform liposome size
distributions also with TFH and ethanol injection by incorporating post-formation
processing steps, such as extrusion and sonication. In the case of extrusion, the
liposomes are passed through a membrane filter with a selected pore size one or
more times in order to force larger liposomes to reform towards the size dictated
by the pores. [105, 20] In the case of sonication, the liposomes are exposed to ul-
trasound in order to reduce their size. This also tends to reduce the polydispersity
of the liposome solution. [152, 131]

All of the above mentioned production approaches are based on the self-as-
sembly of phospholipids into liposomes, relying on the natural tendency of phos-
pholipids to form spherical bilayers. [19, chap. 12] In other words, these ap-
proaches are stochastic and yield highly heterogeneous liposomes. One higher-
control method for liposome production using microfluidics is based on creating
a water-in-oil-in-water emulsion and is called octanol-assisted liposome assembly
(OLA). This method could be viewed as the microfluidic equivalent of the droplet
transfer method from Yanagisawa et al. [155], where droplets of inner aqueous
media fall through a phospholipid containing oil phase into a bulk outer aque-
ous medium. Figure 3d shows an OLA microfluidic chip with three inputs, one
oil-phase and two water-phase liquids that are combined to yield GUVs. This ap-
proach, like the droplet transfer method, makes it possible to separately control
the composition of inner and outer aqueous liquids at production time and to load
arbitrary (including very large) payloads into liposomes. On the other hand, these
approaches can only produce GUVs. [31, 156, 155]

Table 1 provides a non-exhaustive overview of common liposome production
methods. While Figure 3 introduced ethanol injection, HDF and OLA, the table
also includes electroformation, solvent inversion, reverse-phase evaporation and
detergent removal methods. These examples highlight the overall diversity of
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strategies available when selecting an appropriate liposome production method.

Among these, the OLA and HDF methods are also used in this thesis.

Table 1: Liposome production methods.

Method Working principle Assembly regime
Thin film hydration Hydration of dried Stochastic self-assembly
(TFH) [83] bilayers

Solvent/Ethanol injection
[83]

Solvent inversion [23]

Hydrodynamic focusing
(HDF) [164]

Octanol-assisted
liposome assembly
(OLA) [156]

Electroformation [118]

Reverse phase
evaporation [7]

Simple mixing

Diffusion driven solvent
exchange

Microfluidic mixing

Microfluidic assembly

Field-driven hydration of
bilayers into GUVs

Emulsification followed
by solvent removal

Stochastic self-assembly

Stochastic self-assembly

Controlled self-assembly

Template-guided
assembly

Field-assisted assembly

Emulsion mediated
assembly

Detergent removal [7] Lipids are solubilized in Micelle to bilayer
detergent, then purified to  transition
form bilayers

Droplet transfer [155] Lipids are solubilized ina  Micelle to bilayer
light oil phase, then water  transition

droplets falling through
that phase form first
micelles, then liposomes

Bold methods are used in this thesis.

1.2.3. Applications and properties

Because liposomes are composed of phospholipid bilayers, which closely resem-
ble natural biological membranes, they can exhibit relatively low immunogenicity,
especially when surface-modified with materials like polyethylene glycol (PEG)
(PEGylated). This allows them to circulate in the bloodstream with minimal
recognition by the immune system. [89, 142, 136] In addition to their stealth
characteristics, liposomes have potential to be used for drug delivery to the cen-
tral nervous system as they can be engineered to cross the blood-brain barrier
by the use of cationic phospholipids in their composition. This is attributable to
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their similarity to EVs, which are naturally employed by the body for intercellular
communication and transport of materials across biological barriers. [89, 142]

Liposomes are also very versatile for the fact that they can encapsulate a wide
range of payloads: hydrophilic substances and particles can be loaded into the lu-
men, whereas hydrophobic payloads can be embedded within the membrane. The
lipid bilayer provides a protective barrier that prevents the payload from interact-
ing with the environment. [14, 89, 143]

Liposomes can be made fusogenic by carefully selecting the phospholipid
composition (neutral, cationic and aromatic group modified phospholipids) so that
the membrane tends to merge with the normally slightly negatively charged cell
membranes. The positive head group charge makes the liposomes be attracted
to cell membranes. The aromatically modified head groups interacting with the
positively charged phospholipids make the liposome membrane slightly unstable,
making it prone to merging with cell membranes. [29, 71] These liposomes could
be used to incorporate particles or transmembrane proteins into cell membranes
as well as to transfer hydrophilic substances directly into the cytoplasm of cells.
[29, 71, 87, 113].

Due to these characteristics, liposomes have been used in the clinical practice
of drug delivery for decades to regulate drug release rate and for targeted delivery;
for example, in Doxil and AmBisome. [14, 89, 128]. However, these clinically
used solutions all have passive release control mechanisms, there is no active ex-
ternally controlled trigger, such as light, ultrasound or magnetic field, causing the
payload release. For the payload release rate, the composition of the bilayer can
be tuned to allow for slow spontaneous payload leakage, or the membrane can be
disturbed using other methods, such as magnetic fields in the case of magnetoli-
posomes, for actively controlled payload release. [6]

Another application of liposomes is using them as model systems in research.
For example, GUVs have been used to investigate the effect of various factors on
membrane properties, including the influence of peptides, photoacoustic waves
and magnetic nanoparticles. They have also been used as cell models. [5, 133,
109, 75, 38]

1.2.4. Liposomes for controlled drug release

An advantage of active control of payload release over passive control is that off-
target interactions can be reduced by restricting the area of payload release to only
the areas of interest, thus increasing the TI, regardless of any microenvironment
similarities in different areas of the body. One promising way to achieve this kind
of effect is using special kind of liposomes in which superparamagnetic nanopar-
ticles, such as iron oxide, barium-hexaferrite, or other magnetizable materials, are
incorporated into or associated with the membrane (see a superparamagnetic iron
oxide nanoparticle (SPION)-loaded liposome in Figure 4a). These are commonly
referred to as magnetic liposomes or magnetoliposomes. The particles should
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be small enough to consist of only a single magnetic domain to make sure that
they are superparamagnetic so that they do not stay magnetized in the absence of
external fields.

Usually, the magnetic particles are associated with the membrane by loading
them between the phospholipid bilayer or attaching them to the surface using
charge or via anchor molecules. Magnetic liposomes can become temporarily
permeable when an external oscillating magnetic field is applied to them (Fig-
ure 4b). In the case of a low frequency (~ 50 Hz) oscillating magnetic field, the
mechanism appears to be a physical membrane disturbance, as depicted in the fig-
ure. With high frequency (~ 100 kHz) magnetic fields, the mechanism is based
on the heat generated from Neel relaxation causing a phase transition boundary
to appear in the membrane, which creates space for material to move through the
bilayer. This externally triggered permeability opens up the potential for magnetic
liposomes to be used for drug delivery and release applications. [113, 89, 143, 94]

It deserves a mention that, while any liposome carrying magnetic particles may
be called a magnetic liposome, if the particles are not attached to the membrane,
the effect that external magnetic fields have on the permeability of the membrane
is much smaller than when they are associated with the bilayer. [47, 89]
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Figure 4: Magnetoliposomes. (a) Magnetoliposome at rest. (b) Permeabilization
through gap formation under an oscillating magnetic field.

The use of magnetic liposomes in the development of drug delivery and controlled
drug release systems has previously been reported in the literature. [113, 89] For
example, Guo et al. [51] used magnetic liposomes loaded with doxorubicin and
coated with methotrexate to target cells with folate receptors on their surfaces.
These liposomes were shown to increase the spatial precision of drug delivery by
using a combination of magnetic field and laser light based targeting. Y. Liu et al.
[81] used magnetic particles embedded in liposomes to direct them into the target
area and as contrast agents to be able to observe the migration of the liposomal
carriers using a magnetic resonance imaging (MRI) machine. Nappini et al. [95]
found that a 5.2 kHz magnetic field applied to magnetic liposomes will cause them
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to switch from the gel phase to the liquid crystal phase after about 5 to 8 h. This
renders the liposomes permeable and the payload (drug) is then able to leak out of
the carriers. J. F. Liu et al. [80] demonstrated the possibility of remote-controlled
localized triggering of payload release from magnetic liposomes. In that case,
the mechanism involves the use of a static gating field and a dynamic triggering
magnetic field to cause the particles in drug-carrying liposomes to release their
payloads only in specific areas in space.

1.3. Microfluidics

As mentioned above (Table 1), some of the ways to make liposomes involve the
use of microfluidics. This is a field that manipulates liquids using chips with
channel diameters on the order of micrometers. At this scale, surface tension
and diffusion play a significant role in determining the behavior of liquids. It
offers versatile platforms for a wide array of applications where small volumes
and high precision are required. They are employed as mixing devices and reac-
tion chambers for both chemical synthesis and biological processes, such as poly-
merase chain reaction (PCR). These systems enable the creation of liposomes,
generation and manipulation of droplets (emulsions), and efficient mixing of lig-
uids. For instance, microfluidic droplet generators can efficiently produce thou-
sands of individual reaction compartments, which serve as miniature “vessels”
for high-throughput biochemical reactions. Such high throughput methods make
it possible to investigate the variability among individual cells, including antibi-
otic susceptibility testing, metabolic pathway analysis, and evolutionary studies
by studying growth heterogeneity. Similarly, microfluidic techniques are widely
employed for liposome and LNP synthesis, allowing controlled size distribution
and encapsulation efficiency. [164, 15, 156, 121, 98, 97, 161]

Microfluidic devices can also serve as growth chambers for bacteria and mam-
malian cells, organ-on-chip systems, and nanomaterial (including nanogel) syn-
thesis platforms. Growth chambers typically consist of microfabricated compart-
ments in which cells can be cultured under controlled conditions while nutri-
ents and signaling molecules are continuously supplied through microchannels.
These systems facilitate studies of chemical effects and concentration-dependent
responses in cell populations. [50, 124] Furthermore, single-cell analysis can be
achieved by isolating individual cells within microchambers [149]. Related appli-
cations include assessing blood cell deformability using microfluidic constriction
channels [37]. Organ-on-chip systems represent another significant application
of microfluidics. These devices integrate living cells within environments that
mimic tissue architecture and physiological conditions. They incorporate perfu-
sion channels for nutrient delivery and waste removal, and can include mechanical
actuation to simulate mechanical strain to provide a more physiologically relevant
model for drug testing and disease modeling. [61, 63, 112]
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A slightly different type of application for microfluidics is the use of various
sensors. For example, most pregnancy tests are lateral flow devices where the
liquid is introduced at the inlet and travels to the detection zone and can techni-
cally be considered to be microfluidic devices. In this case, there are technically
no microchannels, but rather the liquids travel along a paper strip. [157, 4, 119]
Microfluidics has also been used to develop actuators and touch sensors for soft
robotics applications. [146, 58]

1.3.1. Pressure and flow control

Microfluidic devices work on the basis of liquid flow through microchannels. The
Navier—Stokes equations describe the flow of incompressible Newtonian liquids:

du
p(E—i-u‘Vu):—Vp—i-T]Vzu—i—f, (1.1)
where p is the density of the liquid, u is the flow velocity field, p is the pressure,
7 is the viscosity of the fluid, f represents an external body force per unit volume,
and V-u = 0. [126] Because viscous forces generally outweigh inertial ones in
microchannels, the equation can be simplified to the Stokes flow regime [126, 74]:

—Vp+nViu+f=0. (1.2)

Therefore, the immediate cause of liquid flow is the pressure gradient. This is true
even for a simple flow controller, such as a syringe pump. The plunger motion sets
a volumetric rate upstream, but the flow in the chip still arises from the pressure
that hydraulic resistance and compliance create in the fluid path. [159, 77]

To work with microfluidics, it is important to have good control over the flow
rates of the liquids in the chip. The two main ways to control the flow of liquids in
a microfluidic chip are flow control (using a device such as a syringe pump) and
pressure control (using a pressure controller). [73, 77, 159]

In volumetric flow-controlled systems, such as syringe pumps, a computer-
controlled piston moves the plunger at a defined speed to impose a programmed
volumetric flow rate. Because the pump acts like a current source, the inlet pres-
sure needed to sustain the flow rate depends on the compliance of the syringe, tub-
ing, and chip walls. This compliance leads to slower settling and rate-dependent
transients. [65] Pressure-based control has a much quicker response time because
these controllers actively change the pressure that moves the liquid through the
microfluidic system. Pressure changes in the system propagate at the speed of
sound. It can also be more stable than flow control because pressure controllers
avoid the small mechanical irregularities seen in the syringe-pump systems, for
example, jittering stemming from the difference between the dynamic and static
friction of the plunger. These fluctuations can cause problems in sensitive applica-
tions, such as flow cytometry or homogeneous droplet/liposome generation. [164,
57,77]
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The most common way to automatically maintain stable control over physi-
cal parameters like pressure is by using a proportional-integral-differential (PID)
algorithm, which is a feedback-based loop control algorithm that works by con-
tinuously calculating and summing three error value-based mathematical terms
(Equation (1.3)):

de(t)
dt ’

t

m(t) = Kpe (1) + K; /0 e(7)dt + Kq (1.3)
where m(r) denotes the value of the manipulated (controlled) output variable. K,
K, and Ky are the proportional, integral, and derivative gains, respectively. These
gains are controller parameters that are optimized per application. [21] The error
value £(¢) denotes the deviation of the controlled parameter (such as pressure)
from the setpoint (reference value) at time ¢. The integration variable 7 represents
past time values over the interval [0,¢]. ([9, chap. 10]; [21])

The proportional term in Equation (1.3) reacts directly to the error value and
increasing it can lead to a faster response, but it can also lead to overshooting the
target and instability if it is too large. The derivative term is meant to dampen
oscillations and reduce overshooting. Finally, the integral term is meant to elim-
inate long term errors and increasing the K; can improve the response speed; but
again, too high values can lead to instability. Finally, the derivative term is used
to predict future errors based on the rate of change of the measured error value. It
improves stability in cases where the controlled parameter has a lot of inertia and
the controlled (process) variable changes slowly. [9, 21]

1.3.2. Pressure and flow control device types

In practice, the advantages of pressure- versus flow-based control are realized
only if the hardware delivers the required performance characteristics, including
response time, stability, and chemical compatibility. Practical factors such as cost
and ease of use must also be considered.

Syringe pumps are widely used flow controllers for small-scale microfluidics.
They are inexpensive and simple to deploy. However, they can exhibit flow-rate /
pressure oscillations due to motor steps and mechanics and sample wastage from
upstream dead volumes (syringe barrel, fittings, tubing). [55, 10, 18]

Peristaltic pumps are another relatively affordable flow control solution. Com-
pared to syringe pumps, they offer the ability to dispense virtually unlimited
amounts of liquid together with the possibility to recirculate the same liquid in
a closed system. On the other hand, they also come with the drawbacks of higher
flow pulsation, typically not being able to produce very low flow rates, as well as
overall lower dispensing accuracy. [18, 45]

Piezoelectric pumps are small self-contained flow controller devices that can
also be used to drive liquids. They offer quicker response times compared to sy-
ringe pumps and can also be used for continuous pumping, like peristaltic pumps.
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One drawback is that they are less resistant to harsh chemicals, like organic sol-
vents, because the liquid flows through the pump. Also, they can only pump
relatively low viscosity fluids and have significant backflow. [154]

Pressure controllers/pumps are typically (but not in every example) the most
advanced and also the most costly solutions for driving the flow of liquids in
microfluidic systems. They offer the most stable operation and the fastest response
times. They are also the best solution when very low flow rates are desired because
control over low flow rates requires high precision and stability. [106, 159]

The simplest way to achieve pressure control is to apply hydrostatic pressure
by placing the reservoir higher than the chip, allowing gravity to pull the liquid
into the chip. [24, 96] The more common way to use pressure in microfluidic ex-
periments is by using a pressure pump or controller. These systems create a pres-
sure difference between the inlet and outlet containers of a microfluidic system.
This means they cannot be used to continuously recirculate liquids in a closed-
loop configuration as it is not possible to create a loop where one point is at the
same time at the lowest and the highest pressure level (except the trivial solution
of no flow). [104] However, unlike with syringe pumps, arbitrarily large reser-
voirs can be used with pressure controllers as the reservoir itself does not actuate
the liquid. These solutions offer the fastest response times, since pressure is the
fundamental driving parameter behind flow in microfluidic systems, as discussed
in Section 1.3.1. With these controllers, it is possible to achieve pulseless flow
and they can have near-zero dead volume as air can push all the liquid out of the
tubes and through the microfluiodic chip. [73]

The other drawback of the pressure control approach compared to flow con-
trol systems (like syringe and peristaltic pumps), is the possibility of backflow
if the relative input pressures fluctuate.[160]. Mitigations for this include direc-
tional valves and careful planning of the relative pressures and their changes in an
experiment. For example, it is possible to use a vacuum as the primary driving
factor and adjust the relative flow rates of the different input liquids by applying
significantly weaker positive pressures to the input channels. [62, 160]

1.3.3. Practical considerations for reliable microfluidic operation

In addition to the constraints introduced by different flow and pressure controllers,
achieving the correct operating regime in microfluidic chips is a non-trivial task
and may require maintaining laminar streams for controlled mixing or, conversely,
inducing local instabilities or shear to promote droplet breakup and vesicle forma-
tion. [156, 164]

Generally, it is important to remove all air from a microfluidic system at the
beginning of an experiment. Due to surface tension, bubbles tend to adhere to
channel walls. This issue is especially pronounced with chips that are made of
hydrophobic materials, such as polydimethylsiloxane (PDMS), where water does
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not wet the inner surface of the chip as readily as it would with a hydrophilic
material. [156]

Another challenge is related to the sorption, wettability, and solvent compat-
ibility of materials. PDMS is widely used because it is optically clear and con-
venient, but it absorbs and adsorbs hydrophobic small molecules and can skew
concentrations and cause time-dependent leaching. It also swells in many or-
ganic solvents. Quantitative studies show losses exceeding 90% for high partition
coefficient compounds and slower washout due to bulk absorption compared to
thermoplastics like cyclic olefin copolymer. Mitigations include coatings, careful
solvent pairing, and switching to glass or thermoplastics if chemical compatibility
and minimal sorption are needed. [139, 147, 49]

Partly related to sorption are the phenomena of biofouling and clogging. Cell,
colloid, or protein suspensions can aggregate and clog microchannels, degrading
chip performance and reducing experimental reproducibility. Reviews also high-
light sieving and adhesion as common mechanisms for this phenomenon. Geome-
try optimization as well as emerging strategies like microbubble streaming can be
employed to reduce arch formation (bridging) and cluster buildup. For adsorption
and adhesion, the main alleviation strategies are careful selection of chip materials
and microchannel coating. [33, 12, 139, 49]

In some applications, such as PCR chambers, it is important to have precise
and uniform control of temperature. Rapid heat transfer and large surface-to-
volume ratios inherent to microscale systems make uniform temperature control
challenging. Proposed solutions include specially designed channel topologies,
PID controllers with both heating and cooling elements, as well as photothermal
heating approaches. [153, 122, 64] Open or partially open systems, as well as
semi-permeable chip materials, such as PDMS enable evaporation that can change
concentrations and disrupt reactions. Recent reviews and designs propose closed-
loop heating, integrated sensing, diffusion-limited layouts and even the use of
mineral oil in the uncured PDMS mixture to suppress evaporation during thermal
cycling. [122, 49, 64]

Despite these challenges, microfluidics enables precise fluid manipulation, fast
reactions, minimal reagent consumption, and integration of complex workflows
on chip. In particular, droplet microfluidics offers compartmentalization for single-
cell analysis, high-throughput screening, and tunable material synthesis, while mi-
crofluidic nanoparticle formulation improves batch-to-batch reproducibility and
control over size and loading. [147, 98, 149, 37, 31]

1.4. Dose-response and heterogeneity in microcompartment
assays

Liposomes and droplets exhibit comparable appearances in microscopy images,
which allows them to be analyzed with similar computational methods. High-
throughput droplet (emulsion) studies already provide a substantial foundation in
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this regard, particularly in work focused on bacterial growth and antibiotic sus-
ceptibility. In such experiments, dilute bacterial suspensions are encapsulated in
water-in-oil droplets so that, according to Poisson statistics, most droplets contain
either no cell or a single cell, typically at average loading values of 0.1 to 0.3 cells
per droplet. This configuration enables single-cell level measurements. Even with
identical inputs, outcomes vary across compartments in ways that are not visible in
bulk measurements. Because liposomes and microdroplets share key morpholog-
ical features relevant for image processing, the same analytical principles can be
transferred between the two systems. This section introduces the basic terminol-
ogy and summary measures used to describe such variability. These definitions
complete the conceptual groundwork for the research statement and objectives
that follow. To anchor the terminology in a concrete setting, single-cell bacte-
rial assays in droplets provide parallel readouts that reveal meaningful variation
across nominally identical compartments, motivating robust analytical methods to
quantify and model these differences. [149, 97, 161, 93]

For antibiotic susceptibility testing in particular, droplet-based approaches en-
able high-throughput analysis where potency is commonly analyzed using a con-
centration-viability plot (antibiotic concentration on the horizontal axis, often log-
scaled, and bacterial cell viability on the vertical axis). The resulting viability
(dose-response) curve is typically sigmoidal (S-shaped). [127] The concentration
yielding 50% viability is the inhibitory concentration (IC)so when testing a single
strain of bacteria, or minimum inhibitory concentration (MIC)sy when testing a
population of different strains of bacteria.

The Gompertz model is a sigmoidal mathematical function, discovered by
Benjamin Gompertz in 1825 to model human life expectancy [111], that is widely
used to model growth curves and for survival analysis, as well as other phenom-
ena, such as the decay of the adoption rate of technological products. It captures
the lag phase, exponential growth, and stationary phase of bacterial populations
via an unusual double exponent equation[165]:

y(1) :A-exp[—exp(¥(/l—t)+ 1], (1.4)

where y(t) is population size at time ¢, A is the maximum population size (asymp-
tote), i is the maximum growth rate and A is the lag time before exponential
growth and e is Euler’s number. By fitting bacterial growth data to the Gompertz
equation, it is possible to estimate how substances, such as antibiotics, affect their
growth. By analyzing the curve’s shape and inflection point, the MIC of an an-
tibiotic and related metrics can be determined.[165, 138]

The Gompertz model is not necessarily the most accurate representation of
the viability curve, therefore, other s-curve functions are also used, for example
Equation (1.5):

B 1
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where ¢ is the antibiotic concentration and cgae, @, and a; are parameters that
need to be fitted using the least-squares method. [123]

Instead of reporting a single MIC value, modern approaches model MIC as
a distribution across a population or replicate measurements. This accounts for
variability and uncertainty. A probability density function then shows how likely
different MIC values are. For example, a narrow peak near 28 ng/mL, the red
graph in Figure 5, indicates that most cells are inhibited at that particular concen-
tration, whereas the broad distribution, in blue, reveals heterogeneity in resistance.
[90, 150]
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Figure 5: MIC probability density. Example of a narrow and a wider probability density
as a function of concentration (p(c)) as calculated from a fitted cell viability curve, plot
of minimum inhibitory concentration (MIC) values across bacterial strains. In this figure,
MIC denotes MICjs (the concentration inhibiting 50% of isolates).

1.5. Research statement and objectives

While high frequency magnetic field induced permeabilization of liposomes has
been extensively studied, the low frequency approach remains comparatively un-
derexplored. Published work on magnetoliposomes has not yet advanced the tech-
nology toward clinical translation and none of the reported systems have reached
clinical trials. Consequently, while the technology readiness level (TRL) of mag-
netoliposomes remains below 6 (stage 1 clinical trials), magnetic liposomes actu-
ated by very low frequency magnetic fields are still only at TRL 1. The work in
this thesis focuses on the preliminary steps needed to explore this gap by develop-
ing liposomes suitable for systematic experimentation with the goal of advancing
magnetic liposomes actuated by very low frequency fields from TRL 1 (obser-
vation of low frequency magnetic field based permeabilization of membranes)
toward levels 2 or 3 (proof of concept for remote controlled and localized per-
meabilization of membranes). At this early stage, the focus is not on producing
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clinically injectable carriers, as is the case with high frequency magnetic fields,
but on developing model systems that make the underlying release mechanisms
experimentally accessible. In this context, it is necessary to develop closed com-
partments based on phospholipid bilayers to achieve this goal. [8]

This thesis aims to increase the accessibility of reproducible microfluidic and
analytical methods for liposome fabrication and characterization, and to deter-
mine quantitative baselines for stability and passive leakage that will enable future
model-based in vitro studies of localized payload release.

Achieving this goal requires overcoming key challenges, including creating
a more financially attainable pressure source that features high output precision
and stability, for microfluidic experiments, and establishing robust quantitative
methods to assess the cargo loading efficiency and release dynamics of liposomes.
The work addresses these challenges by designing and testing a pressure regulator
device and contributing advanced image analysis tools, methodologies, and model
particles to enable the future development of magnetically responsive liposomes
for localized drug delivery.

Paper I: Development of an affordable microfluidic method to produce GUVs,
that could be characterized under an optical microscope, with the aim of creating
a model system for phospholipid membrane characterization and in vitro pay-
load release studies. Demonstration of the encapsulation of various payloads into
GUVs. Determination of the stability of the GUV's and their spontaneous payload
release characteristics.

Paper II: Development of an affordable, stable, and precise pressure controller
for stable microfluidic applications. Demonstration of the usefulness of the device
by the production of SUVs using a HDF method.

Paper III: Development of new software requiring no programming expertise
for post-image analysis of particles in droplet experiments, along with method-
ological pipelines for preparatory analysis steps.
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2. MATERIALS AND METHODS

In this work, liposomes of a wide range of sizes (from 100 nm SUVs to 100 um
GUVs) were produced and investigated. This necessitated the use of both optical
and electron microscopy. The liposomes were produced using two microfluidic
techniques, and their stability was characterized by counting the liposomes from
microscopy images at different time points as well as by a calcein leakage assay.
A software for bulk analysis of droplets and liposome microscopy images was
also developed. This chapter is a brief overview of these methods.

2.1. Optical microscopy

In order to monitor the microfluidic production of GUVs, an optical microscope
was used (Eclipse TS-100, Nikon Instruments Inc., USA). This was necessary
because the channel width of less than 100 um of the microfluidic chips renders
direct observation of experiments without magnification impractical. In addition,
the use of microscopes enabled video recording of the process because the spatial
resolution of the camera would not have been sufficient without the magnification
of a microscope. However, they are inherently unable to resolve details that are
smaller than the half wavelength of light (assuming a numerical aperture of 1),
which is about 200 nm for blue light (wavelengths from 400 nm to 500 nm), unless
more advanced super-resolution systems are not used [141]. This is described by
Abbe’s formula d = ZNLA’ where d is the minimum distance between two points
that can still be resolved, A is the wavelength, and NA is the numerical aperture.
[1,43]

In an optical microscope, the light from the sample is first collected by an
objective lens that creates a magnified real (with converging light rays) image at an
intermediate image plane inside the microscope. Then, an ocular (eyepiece) lens
converts the real image into a virtual (with diverging light rays) one that can be
captured by the human eye or a camera. The total magnification of the microscope
is determined by the product of the magnifications of the two lenses. [1] In the
case of an inverted microscope, the sample is placed on top of the objective and a
series of mirrors is used to view it from below. The light that is observed comes
through the sample from above and therefore this kind of microscope is used to
view transmitted light. On the other hand, a confocal microscope uses a system
to filter out light that is out of focus and allows imaging of different layers of a
sample. [53, 102] This kind of microscopy was used to investigate GUVs with
magnetic microparticles loaded inside them (Section 3.4.2).

In fluorescence microscopy, light of a shorter wavelength (excitation light) is
used to excite fluorescent molecules within a sample. These molecules subse-
quently emit light of a longer wavelength (fluorescent emission), which is then
collected by the objective lens for imaging. Optical filters placed into the optical
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path between the sample and the detector are used to ensure that only the emit-
ted light is detected and the excitation light filtered out. This technique is widely
used in biological research to visualize specific materials and structures in a wide
range of samples, including living cells. It also enables the selective labeling of
specific cellular structures with fluorescent marker molecules, enabling precise
visualization of their localization and dynamics within the cells. Figure 6 depicts
what a typical fluorescence microscope looks like. The excitation light is usually
produced by a separate lamp module, it passes through a filter box and the objec-
tive lens, and finally reaches the sample. The fluorescence light is then emitted
by the sample, which then passes through the objective lens, filter box, and is
then directed to the ocular lens by a mirror. [78, 36] In this thesis, fluorescence
microscopy was used to investigate GUVs produced via OLA (Section 3.4).
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Figure 6: Fluorescence microscope. The excitation light comes from a specialized lamp,
passes through a filter box (and the objective lens) and reaches the sample. The fluores-
cence light is emitted from the sample, passes through the filter box and reaches the ocular
lens.

2.2. Electron microscopy

Since the resolution of basic optical microscopy is practically limited to the mi-
crometer scale, other imaging methods, such as electron microscopy (EM) tech-
niques, are needed to resolve structural details of the objects that are smaller than
that, such as ~ 100 nm sized liposomes studied in this work. One of such tech-
niques, transmission electron microscopy (TEM), generates high-resolution im-
ages by transmitting an accelerated and focused electron beam through a thin
specimen. Because the de Broglie wavelength of accelerated electrons (< 10 pm
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at > 20 kV) is several orders of magnitude shorter than that of visible light, EM
can achieve much higher spatial resolution than optical microscopy. [108, 34]

Figure 7 contains a schematic of how the image is formed in a TEM. The
electrons are emitted from the cathode and pass through a series of lenses and
apertures on the way to the sample and also from the sample to the camera, which
can be a phosphorous screen that is photographed or a charge coupled device
(CCD) camera. [40]

Cathode (electron gun)
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Figure 7: Transmission electron microscopy (TEM). The electrons are emitted from
the cathode and pass through a series of electromagnetic lenses and apertures on the way
to the sample and from the sample to the charge coupled device (CCD) camera that is
placed on the bottom of the vacuum column.

The contrast of the resulting image arises from the variation in electron transmis-
sion, which depends on sample thickness and composition. To enable imaging, the
specimen is mounted on a support grid, which is typically a copper mesh coated
with a thin carbon film. The grid provides mechanical support while allowing
electrons to pass through the sample regions.

For imaging liposomes with TEM, additional preparation is required because
liposomes lack inherent electron density. They must be immobilized on the TEM
grid and stained with electron-dense agents to enhance contrast. The staining
might also help liposomes to maintain their shape to some extent during imaging
so that their morphology can be resolved. [117]

In this work, negative staining with uranyl acetate was used to prepare SUV
samples for imaging. A 5 uL droplet of suspended liposomes was pipetted on
a formvar—carbon coated TEM grid made of copper and incubated for 5 min. The
sample was then stained using a 2% aqueous uranyl acetate solution for 2 min.
Finally, the sample was washed with a drop of deionized water and air dried.
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The samples were imaged using a Tecnai G2 Spirit BioTwin (FEI, Hillsboro, OR,
USA) transmission electron microscope configured at a 120 kV accelerating volt-
age and the images were captured using an Orius SC1000 CCD camera (Gatan
Inc., Pleasanton, CA, USA). The imaging was performed in the Institute of Cel-
lular and Molecular Biology, University of Tartu.

2.3. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) was used to determine the size of liposomes with
diameters in the nanometer range. This technique takes advantage of the fact that
particles in a solution undergo Brownian motion, leading to time-dependent fluc-
tuations in the intensity of scattered light. This phenomenon makes it so that the
hydrodynamic radius of the particles can be calculated from the diffusion coeffi-
cient using the Stokes—Einstein equation (Equation (2.1)):

ksT

= 6anD’ 2.1)

Ru
where Ry is the hydrodynamic radius, kg is the Boltzmann constant, T is the
solution temperature, 7 is the viscosity of the solvent and D is the diffusion coef-
ficient. [79, 92, 35] The size range of particles that a DLS instrument can detect
is between about 1 nm and 1 um [67, 68].

In a DLS instrument, the intensity of scattered light is analyzed through an
autocorrelation function, which measures the similarity of the signal (autocorre-
lation) at two subsequent points separated by a delay time, 7. This is calculated
according to Equation (2.2):

(DIt + 7))
@0y -

where g?(7) is the autocorrelation function at a particular delay time 7, and I is
the intensity of a scattered light as a function of time. [41]

The autocorrelation of the scattered light drops over time depending on the
size of the particles. Smaller particles move around faster and therefore the au-
tocorrelation of the scattered light from those particles decays faster compared
to that from larger particles. For polydisperse systems, the measured autocorre-
lation function represents a superposition of decays arising from particles with
different diffusion coefficients. This decay is analyzed using cumulant analysis,
which yields the average autocorrelation decay rate and higher-order cumulants
describing the width of the decay-rate distribution. The mean diffusion coeffi-
cient obtained from the first cumulant, I', is then converted into a corresponding
hydrodynamic particle size using Equation (2.1) from above. [41]

The quality of the correlation data strongly depends on the homogeneity of the
sample. The polydispersity index (PDI) is used as a numerical parameter to gauge

g (1) = (2.2)
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the reliability of the measurement. It is calculated using PDI = %, where [l is

the variance of the fitted decay rates and I" is the average autocorrelation decay
rate. A low PDI indicates a narrow size distribution and reliable results, while
a high PDI suggests the presence of multiple populations or aggregation, which
complicates interpretation. When size distributions overlap, the peaks may merge,
reducing the resolution and accuracy of the results. [41] Another way to express
the PDI is as the square of the standard deviation (o) of the particle diameter
divided by the mean particle diameter (d) itself (PDI = (%)2). [60]

All DLS measurements of HDF-produced liposome sizes and concentrations
in this thesis were performed using a Zetasizer Ultra (Malvern Panalytical, Spec-
tris PLC, London, UK). Samples were analyzed using a DTS0012 measurement
cuvette. The ZS XPLORER software v3.31 (Malvern Panalytical) was configured
to assume the dispersant to be water with a refractive index of 1.45 and absorption
of 0.001. All the samples were prepared by diluting the sample itself in ultra-
pure water to reach the necessary sample volume with an appropriate dilution
factor, which was typically 20x. The default concentration measurement protocol
of the ZS Xplorer was used, performing three repetitions and averaging the results
by the particle size bin values so that the concentration values measured for any
given diameter were exported and manually added and divided by the number of
measurements.

2.4. Octanol-assisted liposome assembly (OLA)

The octanol-assisted liposome assembly (OLA) approach uses a two-junction
chip, the design of which is described in Yandrapalli et al. [156], to produce GUVs
(100 nm diameter). This approach has the significant advantage of making it pos-
sible to load arbitrary water soluble payloads into the vesicles. The main downside
of this method is that the liposomes produced contain some octanol inside their
membranes, which may be problematic for some applications. In addition, these
liposomes are relatively unstable due to their giant size.

A vacuum generator was connected via a polytetrafluoroethylene (PTFE) tube
to a 50 mL centrifuge tube, which was in turn connected to the output channel of
the microfluidic chip by another PTFE tube. Three input liquids were contained
in 1.5 mL centrifuge tubes and connected to the chip via PTFE tubes (Figure 8).
The input liquid tubes (inner aqueous phase (IA) — inner aqueous liquid, lipid-
oil (LO) — phospholipids in octanol, outer aqueous phase (OA) — outer aqueous
liquid) were manually raised and lowered to adjust the relative flow rates. This
approach made use of gravity to adjust the input pressures.

During GUV production experiments, IA and OA reservoirs were filled with
solutions containing 300 mM saccharides (sucrose and glucose from Merck , Ger-
many) and 0.5% w/v Synperonic F108 (Croda International Plc, UK) dissolved in
ultrapure water. The LO liquid was 5 mg/mL POPC (Avanti polar lipids, USA)
dissolved in 1-octanol (Merck, Germany), which was stored at 4 °C and heated
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to 60 °C for 30 min before each OLA experiment. As an exception, for the ex-
periment where 3.2 um diameter magnetic microparticles (COMPEL™ Fluores-
cent Magnetic COOH, Microspheres, Glacial Blue (Bangs Laboratories, USA))
were loaded into the GUVs, the saccharide and Synperonic F108 concentrations
in the IA and OA solutions were halved and 0.5 mg/mL of magnetic particles
were added. For enhanced green fluorescent protein (eGFP) loading, 50 ng/uL
of eGFP was added to the IA solution. The production and purification of eGFP
from a bacterial expression system was performed according to the protocol in
Reinsalu et al. [114]. For calcein loading and liposome counting experiments,
5 mM calcein was added to the IA solution, whereas for the calcein release exper-
iments, the concentration was set to the self-quenching level of 60 mM.

In contrast to Yandrapalli et al. [156], who used an active pressure controller
system to drive each of the input channels simultaneously, here a simplified setup
with only a single Fluika VG350 vacuum generator (Dolomite Microfluidics,
UK) was used to drive the liquids through the chip. An inverted optical micro-
scope (Eclipse TS-100, Nikon Instruments Inc., USA) was used to monitor lipo-
some production and the production process was captured by a high-speed camera
(Huawei Technologies Co., Ltd., China).

To image GUVs after production, a fluorescence microscope (EVOS M5000,
Thermo Fisher Scientific Inc., USA) was used for GUVs imaging and a confocal
microscope (LSM710, Zeiss, Germany) was used to image the GUVs that con-
tained magnetic microspheres.

As the correct operation of the OLA chip depends on the proper functionaliza-
tion of the outlet channel walls, the chip was coated using polystyrene sulfonate
(PSS, Merck, Germany) and polydiallyldimethylammonium chloride (PDADMAC,
Merck, Germany) using the protocol from Yandrapalli et al. [156] to render it hy-

drophilic.
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Figure 8: OLA experiment schematic. The inner aqueous phase (IA), outer aqueous
phase (OA), and the lipid-oil (LO) solutions are propelled through the chip and towards
the outlet. The first junction produces alternating droplets of IA and LO. GUVs are
formed at the second junction. Adapted with permission from Paper I under the CC BY
license.
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2.5. Liposome production via hydrodynamic focusing (HDF)

The second approach based on microfluidics involved the use of a single junc-
tion chip to produce liposomes in a process known as hydrodynamic focusing
(HDF). Figure 9 shows the experimental setup of the liposome production. The
microfluidic chips were made out of PDMS and bonded to glass, as described in
Paper 1. One input was a solution of phospholipids in alcohol. The second input
channel was fed with ultrapure water. A solution of phospholipids (3.9 mM di-
palmitoylphosphatidylcholine (DPPC), 0.1 mM DPPG, and 1 mM of cholesterol)
dissolved in ethanol (imaged with TEM) or isopropanol (for the stability assess-
ment) was jetted into a stream of ultrapure water-based buffer (Section 3.5). As
the alcohol gets diluted suddenly, the phospholipids become exposed to a predom-
inantly water-based solvent and thus spontaneously organize into liposomes with
a diameter of ~ 100 nm. These phospholipids were chosen because their 7j, of
~ 41 °C, making it relatively easy to conduct experiments both below and above
this temperature as this level is above room temperature and is easily achievable
with simple tools.

In cases where calcein was loaded into the lumens of the liposomes, the result-
ing liquid was tangential flow filtered (TFF), if needed, using a HBM-TFF-EVs-
S filter (Hansabiomed, Estonia) with a pore size of 50 nm. The purpose of the
filtering was to remove the unloaded calcein from the medium surrounding the
liposomes.

Compressor (Not connected, closed)

(Vacuum to drive outlet flow)

Vacuum
pump

Pressure Pressure

Computer Phospholipid +

Water Alcohol Outlet reservoir
reservoir (LUV)

reservoir
— /

7

Phospholipids ||| water
in alcohol .

Water

Figure 9: HDF liposome production experimental setup. A mixture of phospholipids
in alcohol is jetted into a stream of ultrapure water-based buffer. Adapted with permission
from Paper II under the CC BY license.
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2.6. Liposome counting

One way to assess the physical stability of GUVs was to count the seemingly in-
tact ones at different time points when the GUV's where deposited on a microscope
slide and kept in a sealed chamber. To do this, GUVs containing calcein were
produced and placed in a sealed 30 uL hybridization chamber. Whole slide scans
were performed using an inverted microscope built around a Till iMIC body (Till
Photonics/FEI, Munich, Germany) at different time points. A PlanFLN 10x (NA
0.3) objective (Olympus Corp., Tokyo, Japan) was used. An additional 2x mag-
nification was provided by a TuCam dual camera adapter (Andor Technology,
Belfast, UK) in the emission path. An iXon Ultra 897 EMCCD camera (Andor
Technology, Belfast, UK) was used for image acquisition. For epifluorescence
imaging, the probes were excited with a 488-nm PhoxX laser diode (Omicron-
Laserage, Rodgau, Germany) and the emitted light was spectrally separated with
a ZT488/561rpc polychromatic dichroic mirror (2.0 mm substrate, Chroma Tech-
nology, Bellows Falls, USA) and a BrightLine 524/628-nm dualband bandpass
filter (Semrock Inc., Rochester, USA). A tiling protocol with autofocusing en-
abled in the Live Acquisition 2.7 software (FEI, Munich, Germany) was used to
control the process. The images were stitched together using the Microscopy Im-
age Stitching Tool (MIST) plugin for the Imagel] open-source software. A 20%
overlap between the images with an uncertainty of 1% was assumed by the plugin.

After stitching of the fluorescent channel images, the GUVs were counted us-
ing an Al assisted approach. A computer vision model was trained using the
Yolov5 software package from a dataset of 60 images with pixel dimensions of
640x640. The batch size was 32 images, training was carried out with 40 im-
ages and 20 images were used for validation. A deep neural network containing
379 layers with one class and a learning rate of 0.01 was trained to detect the
liposomes. The Leaky ReLU activation function was used in the middle/hidden
layers and the sigmoid activation function was used for the final detection layer
in the neural network. Stochastic gradient descent was used as an optimization
function. After training, a detection precision of about 95% was achieved. An ex-
ample of the Al-assisted GUV detection is presented in Supplementary Figure S1
of Paper 1.

An application, called Liposome counter (LC) (Figure 10), was developed to
make the liposome counting process more ergonomic and efficient. The appli-
cation combines automatic computer vision through the machine learning model
described above and manual identification to count the number of liposomes and
their sizes on an image. The interface contains a text field where the user is ex-
pected to enter the absolute path to the file that is being analyzed.
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Figure 10: Liposome counter. A screenshot of the Liposome counter (LC) application.
In this case, five eGFP containing GUVs have been manually identified on an fluorescence
microscopy image.

At this stage, the user may either initiate automatic liposome detection by select-
ing “Calculate positions automatically” or perform manual annotation by clicking
on the image to place liposome indicator boxes where none are present. Indi-
cators are rendered as semi-transparent red rectangular overlays. Each overlay
can be repositioned via click-and-drag and resized by dragging its edges. Shift-
clicking an overlay records its current dimensions as the default for subsequently
added overlays, whereas clicking an existing overlay removes it.

2.7. Calcein release from liposomes

To assess the stability and payload release kinetics of liposomes, a payload release
experiment using calcein, a self-quenching fluorescent dye, was carried out. The
fluorescence of calcein is concentration-dependent: the fluorescence increases
with concentration until 4 mM, after which the molecule starts self-quenching and
the overall fluorescence intensity drops as concentration increases (Figure 11).
[54]
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Figure 11: Calcein fluorescence vs. concentration. The fluorescence intensity of a
calcein solution increases with concentration until 4 mM and then the trend reverses as
the calcein starts to self quench. Reprinted with permission from Hamann et al. [54].
Copyright © 2002, Plenum Publishing Corporation.

This phenomenon makes it possible to calculate the amount of calcein released
from liposomes based on Equation (2.3):
R= F-h x 100%, (2.3)
Fioo—Fo

where R is the percentage of released calcein, F is the fluorescence intensity at the
given time point, Fj is the initial fluorescence intensity and Fjqg is the fluorescence
intensity after the destruction of all the liposomes using Triton X-100. [72]

Liposomes were loaded with a high concentration of calcein (60 mM). In this
state, the fluorescence of the molecule is heavily suppressed (self-quenching).
Upon the calcein release (leakage) from the liposomes, the released calcein start
to fluoresce more, and thus, the overall fluorescence intensity of the solution in-
creases. The liposome solution was diluted 1:50 so that the concentration of cal-
cein in the space outside the liposomes could not reach higher than 4 mM even
after all the calcein was released from all the liposomes. A Synergy Mx mi-
crotiter plate reader (Bio-Tek Instruments, Inc., USA) was used to measure the
fluorescence intensity of the samples. Periodic measurements were automati-
cally performed with a filter configured to excitation and emission bandwidths
of 485/9.0 nm and 526/20.0 nm, respectively. To make control samples, the cal-
cein/IA solution was also diluted 1:50, like the samples containing GUVs. To
negate the effects of uncontrolled parameters, such as temperature, the fluores-
cence intensity values of all samples were normalized using the mean fluores-
cence intensities measured from the control samples at each time point. After
the automatic measurement process was completed, 0.5% (final concentration)
Triton-X was added to all the samples to break any remaining or still intact GUV
membranes.
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2.8. EasyFlow post-image analysis software

EasyFlow is a software developed to analyze data produced from the image analy-
sis of droplets used as miniature reaction vessels. For example, fluorescent bacte-
ria containing a CRISPR system with an anhydrotetracycline (aTc) toggle switch
were encapsulated and incubated in droplets at different temparatures. EasyFlow
analysis revealed that the bacterial initiation of replication was blocked by the
CRISPR system at 37 °C, but not at 42 °C. The microscopy images being studied
need to first be analyzed using tools such as CellProfiler™ to produce numerical
data in CSV files, after which they can be used to analyze and plot the data easily
using EasyFlow.

EasyFlow expects a comma delimited CSV or an XLSX file with a title row
as an input. Each row in the input file should represent one droplet. A standard
CellProfiler CSV output format is expected: sample name, volume and intensity.
Droplets with the same sample name are grouped together in the analysis. The
volume represents the size of the particle (cell, droplet, or liposome), but does not
necessarily mean physical volume. If the input data for CellProfiler is a stack of
slices, e.g. obtained from confocal microscopy, then it represents an estimated
physical volume, but if the data is instead originating from a 2D image, then
this value represents the area of the particle in the image. Intensity refers to the
measured value obtained for a given droplet, such as the amount of green color or
the number of particles detected inside it.

The user is expected to insert a threshold intensity value that is used to classify
droplets as negative (below the threshold) or positive (above the threshold) results.
This is useful for experiments where the intensity indicates success or failure.
EasyFlow then plots histograms of the distribution of all the droplet intensities
and droplet volumes. A scatterplot of the volume and intensity of all the particles
and a scatter barplot of the intensities of each of the samples is also generated.
On both scatterplots, the positive and negative particles are plotted with different
colors so that the user can easily see the distribution.

Next, there is the special-case module, where the user can choose between
a polydisperse droplet analysis and a growth heterogeneity mode. In the poly-
disperse droplet analysis mode, the software will plot the viability of the various
samples (number of above threshold particles) compared to a control sample, if
one exists. In the growth heterogeneity mode, the user can choose to plot the
single cell viability and MIC probability densities or to just perform a Gompertz
fit. The software is designed so that new special-case modules could be added if
necessary, such as modules for antibiotic synergy analysis or time-lapse growth
dynamics.

There is a Droplets - polydisperse - Dummy.csv file included with the source
code to make it possible to quickly test the capabilities of EasyFlow. Figure 12
shows representative outputs produced from this dataset. Figure 12a displays
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droplet intensities by sample tube as a scatter plot. Points are colored to dis-
tinguish negative and positive droplets based on an intensity threshold that the
user sets manually. This plot is intended to help the user choose a threshold that
will be applied throughout subsequent EasyFlow analyses to separate droplets
where the reaction occurred from those where it did not. Figure 12b summarizes
the polydisperse analysis. The horizontal axis distinguishes sample tubes. The
vertical axis reports the total volume of droplets in each tube, computed using
only droplets classified as positive under the manually set threshold. The thick
dotted line shows the volume of droplets whereas the thin solid lines show the
within-tube droplet size distribution, normalized relative to the mean size in that
tube. The heights of these lines represent relative proportions of size populations
and do not correspond to the absolute volume values on the vertical axis. Leg-
end entries report the upper bound of each size bin; the lower bound equals the
upper bound of the next lower, or zero for the smallest bin. Figure 12c presents
a single-cell viability plot. The horizontal axis displays antibiotic concentration
and the vertical axis shows the ratio of positive droplets (live cells) to negative
droplets (no live cells). Antibiotic concentrations for each tube are entered manu-
ally via a text field. A regression line is fitted using Equation (1.5), allowing the
experimenter to assess the goodness of fit. Figure 12d shows the MICsq probabil-
ity density derived from the fitted model in panel c.
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Figure 12: EasyFlow output data. (a) A scatterplot showing the intensity values per
input label (tube). Droplets are classified as negative or positive based on a manually
entered threshold value. (b) Polydisperse droplet analysis plot showing the sizes of posi-
tively classified droplets per label (tube). (c) Single cell viability plot with a fitted regres-
sion line using Equation (1.5). (d) Probability density plot of MIC values across bacterial
strains. In this figure, MIC denotes MICs (the concentration inhibiting 50% of isolates).

40



3. RESULTS AND DISCUSSION

Reliable pressure control is essential for reproducible microfluidic liposome pro-
duction, and high-throughput experiments also require ergonomic tools for quan-
titative analysis. This chapter therefore starts by presenting enabling pressure-
control developments: first, a software interface for multi-channel pressure and
vacuum operation (pressure controller software (PCS)), then a low-cost multi-
channel pressure regulator (piezoelectric pressure controller (PEPC)), followed
by a performance characterization of the regulator.

The experimental results are then presented in two parts. First, the production
of GUVs via OLA using an off-the-shelf vacuum source, enabling microscopy-
based characterization, on-chip payload loading and subsequent stability and pas-
sive leakage measurements. Second, because the OLA-produced GUVs exhibit
substantial passive release, the chapter shifts to HDF to produce smaller, oil-free
liposomes and to assess their size distributions and stability, using the PEPC for
stable multi-channel pressure control. Finally, the chapter concludes with a com-
plementary post-image analysis tool that streamlines the evaluation of droplet-
and vesicle-based experiments.

3.1. Pressure controller software (PCS)

To have an ergonomic pressure control interface for sources / regulators in mi-
crofluidic experiments, a Node.js based software package named the PCS was de-
veloped. The software has two modes: one to handle multiple instances of Fluika
pressure/vacuum generators connected via universal serial bus (USB) simultane-
ously, and another mode to control the PEPC. The graphical user interface (GUI)
in both modes is similar and allows the experimenter to conveniently change and
monitor multiple pressure channels simultaneously.

3.1.1. Fluika mode

The pressure generator used for the OLA experiments (Section 3.4) lacked an
ergonomic control interface. To address this, a custom controller application was
developed as part of this thesis.

The Fluika device is connected to a PC and communication with it is handled
via a serial protocol. A Node.js based software with a browser-accessible GUI was
implemented using a client-server architecture. The Node.js application commu-
nicates with the pressure source using the serialport library. The GUI is exposed
at the URL localhost:7005.

The GUI provides a pressure controller unit view with a drop-down menu for
selecting the appropriate serial port. After connection, the pressure controller view
displays an input field for the user to specify the desired pressure value, while the
current pressure reported by the pump is displayed in real time. There is a text
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field for the user to assign a custom name for the device. The software supports
the simultaneous control of multiple Fluika devices, each connected to a different
USB port.

This enables an experimenter to monitor and quickly change the pressure target
values for multiple channels at the same time while reducing mistakes, as custom
name labels make it easier to keep track of which input field in the GUI controls
which pump. The application also contains a safety feature that shuts down the
power to the Fluika device in case it detects an error. This is necessary to prevent
the device from flooding the microfluidic chip with the wrong liquid, especially
the LO solution during OLA, which can ruin the chip.

3.1.2. PEPC mode

The PEPC control mode GUI features all the same ergonomic features as the
Fluika mode with minor differences due to the fact that the PEPC is a single de-
vice featuring multiple pressure output channels and needs calibration. In this
case, there is a single dropdown menu at the top of the screen that the user needs
to select a serial port to connect. Once connected, four controller views are dis-
played, one for each channel on the PEPC (Figure 13).

/devitty.usbmodem2101 -

Lo A
-4.2470 mbar
0 +
Set as zero Calibrate ADC offset Calibrate by scanning Chart Target: undefined mbar, Zeroing factor: 5 mbar, Requested as: () mbar ADCOffset: -12.08 mbar
OA B
-4.4930 mbar
0 +
Set as zero Calibrate ADC offset Calibrate by scanning Chart Target: undefined mbar, Zeroing factor: § mbar, Requested as: (-) mbar ADCOffset: -7.45 mbar
Outlet c
0.45901 mbar
0 +
Set as zero Calibrate ADC offset Calibrate by scanning Chart Target: undefined mbas, Zeroing factor: O mbar, Requested as: (-) mbar ADCOffset: -56.35 mbar
1A D
-5.3010 mbar
0 +
Set as zero Calibrate ADC offset Calibrate by scanning Chart Target: undefined mbar, Zeroing factor: 6 mbar, Requested as: (-) mbar ADCOffset: -17.46 mbar

Calibrate all ADC offsets Calibrate all channels by scanning

Figure 13: Pressure controller application. There is a dropdown menu at the top that is
used to select a serial port to connect to. Four channel controller views are shown when a
device is connected. Reprinted with permission from Paper II under the CC BY license.

It is possible to perform calibration actions on all the channels together and sepa-
rately. The first time the application is connected to a PEPC, it will automatically
prompt to perform initial calibration for all channels. PEPC calibration is a three
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step process. First, to correct for the static error of the analog to digital converter
(ADC) at 0 mbar, the “ADC offset” calibration is performed by disconnecting and
opening all input and output channels and then recording the voltages reported by
the valves. 25 measurements are averaged for each channel to obtain the calibra-
tion offset values.

Second, “calibrating all channels by scanning” is done by connecting both in-
put channels (pressure and vacuum) with all the output channels closed and then
setting varying target pressure values and recording the resultant reported volt-
ages. The correspondence between the requested and reported resultant pressures
are plotted for each channel and can be viewed by clicking on the “Chart” button
in the respective channel controller view. These calibration curves are used to
perform a reverse lookup (via interpolation) to adjust the voltage that is sent to the
valve when the user requests a given pressure value. As an example, if during cal-
ibration it was determined that sending a request to the PEPC for 20 mbar resulted
in an output pressure of 15 mbar, then it follows that in order to obtain an output
pressure of 15 mbar, the application must request 20 mbar from the PEPC instead.
The software records the calibration values in the local storage of the browser and
uses them to make sure that the user gets the desired output pressures. The limits
of the achievable output values are also determined and the GUI adjusts the min-
imum and maximum available pressure values for each channel so that the user
cannot request impossible values.

Third, each channel controller contains an additional “Set as zero” button that
allows the user to set an additional offset to the scale. The purpose is to allow
the user to correct for any pressure differentials caused, for example, by the liquid
column pressure in the tubes leading from reservoirs into microfluidic chips.

Overall, the PCS contains everything that an experimenter might need to con-
duct experiments with both the PEPC pressure regulator, as well as the Fluika
miniature pressure regulation kit. In addition, it also allows for infinite customiza-
tion by virtue of by being open-source.

3.2. PEPC pressure regulator

This section describes the hardware and the embedded software of the PEPC as
well as characterizes its performance in the context of its intended application and
compares it to some of its closest analogs.

3.2.1. Pressure regulator design and construction

Since the stability of the pressure source can be crucial for the quality of the re-
sults of a microfluidic experiment and one of the stated aims of this thesis is to
increase the accessibility of microfluidic liposome production, the design of an
open-source, high-stability pressure regulator that could compete with the rela-
tively expensive commercial analogs available on the market was undertaken. The
custom pressure regulator, named the PEPC, was designed and constructed from
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commercially available “off the shelf” components (Figure 14). The design of
this pressure regulator is described in detail in Paper II. Briefly, it is a device con-
sisting of four voltage controlled proportional pressure regulation valves (Tekno
plus vakuum, Hoerbiger AG, Switzerland), an Arduino-based microcontroller and
a custom mainboard with an analog to digital (ADC) and a digital to analog con-
verter (DAC) device. Internally, the system uses analog signals between 0 V and
10 V to communicate the target pressure to the pressure regulation valves and the
current output pressure measured by the valves is communicated to the controller
via the same method. Externally, the PEPC communicates with a computer via
a serial connection (USB) to a laptop computer. It can control pressure in the
range from —1000 mbar to 1000 mbar with an accuracy of 0.7% of the requested
value, given powerful enough pressure sources.

ADG Mainboard Microcontroller
ainboar (Arduino) PC
Pressure
Pressure
akidl output 1
(PID) P
Vacuum input Pressure Pressure
valve 2 output 2
(PID) P
Pressure input
Pressure
Pressure
valve 3 outout 3
(PID) P
Pressure
Pressure
valve 4 output 4
(PID) P

Figure 14: Main components of the pressure regulator. Main components and con-
nections inside the device. Reprinted with permission from Paper II under the CC BY
license.

The pressure regulator valves internally use a PID control algorithm that is pre-
tuned by the manufacturer. This algorithm is used only inside the valves and is
actually hidden from the control electronics in the PEPC, however, it affects the
response characteristics of the controller.

The PEPC was deliberately over dimensioned in terms of its maximum output
pressures for the specific microfluidic experiments performed as part of this thesis
because the initiation of the experiment requires more extreme conditions that
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steady state operation. First, to displace trapped air, liquid must be driven through
the channels with sufficient force to overcome the adhesion of bubbles to channel
walls. In the case of symmetrical chip designs, such as those used in this work,
liquid must flow through both sides of the chip simultaneously. If one side fills
faster, air can get trapped on the other side because a liquid plug forms at the
junction where the two channels meet, making purging even harder. Excessive
flow rates, however, can lead to cavitation and generate new bubbles inside the
chip, which is also counterproductive. The solution to this problem is to quickly
increase and decrease the flow rates to dislodge the trapped air bubbles. All this
means that the system must be capable of high flow rates during priming, even
though only low flow rates may be required during the actual experiment.

However, for experiments, precise control of low flow rates can be essential.
In GUV production, three relative flow rates need to be balanced exactly and
even small perturbations can disrupt proper operation. In the case of HDF, the
required precision is less strict, but fluctuations of the relative flow rates will lead
to decreased homogeneity of the final product. [156, 164]

3.2.2. PEPC firmware

Since the PEPC contains an Arduino, the firmware was written for it using the
official Arduino IDE. It was designed to read input commands using Serial.read(),
if there are any to be read, and immediately apply the appropriate voltages to the
valves. Then it would report its current state back to the PC by sending a JSON
formatted string using Serial.write().

The format of the JSON packet is like this: {“A”: 13520, “B”: 13432, “C™:
14112, “D”: 13580, “A_r": 15000, “B_r”: 0, “C_r": 0, “D_r”: 0, “multiplier”:
0.000187505722045}. This describes the whole current state of the PEPC. “A”
indicates the current measured pressure value (voltage) in output channel A. A_r
is the current requested pressure value for output channel A. The multiplier value
is the value that the current measured pressure value should be multiplied by to
find the corresponding voltage between O V and 10 V where 0 V, 5V and 10 V
indicate —1000 mbar, 0 mbar and 1000 mbar of relative pressure, respectively.

The firmware is designed so that it holds no other configuration than the current
requested integer values (between 0 and 65535) for each channel. All conversion
to voltages and calibration is handled on the side of the controlling PC. The JSON
packet also includes a conversion multiplier to quickly convert reported output
values to approximate voltage values. This multiplier never changes and further
corrections must be performed on the side of the coordinating computer by cali-
bration, as described in Section 3.1.2, if high accuracy is required.

3.3. PEPC performance characterization

The central design goal of the PEPC was to provide a highly stable input pressure
source for microfluidic experiments where small fluctuations can cause significant
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disturbances in the quality and quantity of the product of the experiment. There-
fore, it was important to measure its stability and responsiveness. An experiment
was devised in which a script repeatedly set predetermined pressure targets and
recorded the output until stabilization. A signal is considered stabilized when the
average standard deviation of the signal measured over 5 s has dropped below
0.75 mbar. The standard deviations of stabilized output pressures after transi-
tioning to various target pressures are shown on Figure 15. It is apparent that
the standard deviation (SD) of the pressure does not tend to be higher than about
40.15 mbar and the average SD is £0.12 mbar, corresponding to a stability of
0.006% full scale (FS). This is similar to the closest commercial analogs of the
Elveflow OB1™ MK4 (—900 to 1000 mbar version), the Fluigent MFCS™ and
the Biophysical tools I’CS™ with their respective reported stabilities of 0.005%
FS, < 0.1%, and 0.007% FS.

0.8
S 0.6+
E
c
i)
©
L 04+
@)
°
2
©
-g 0.2 —_—
S = E— — —_—
(D e — I —
— = . = ==
0
10 20 50 100 500

Stabilized pressure target [mbar]

Figure 15: PEPC stability. SDs of 5 second-long samples of stabilized pressure values
measured at various target pressures. The blue lines represent average SDs. Translucent
black lines represent SDs from individual measurements. Reprinted with permission from
Paper II under the CC BY license.

While the self-reported stability of the PEPC is impressive, it is also important
to gauge the realiability of those self-reported values. Table 2 lists the average
differences between the values reported by the PEPC and a calibrated differen-
tial manometer (Kane 3500-5, Kane International Limited, Welwyn Garden City,
UK). Each difference listed is an average of five reading differences measured si-
multaneously by the PEPC and the manometer. To calculate the reporting error
values, the value reported by the PEPC was subtracted from that obtained using
the manometer. The £ values indicate SD values calculated from 5 samples. The
reporting values are normalized so that the reporting error at 0 mbar is defined as
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0. This is justified as the user can perform the same normalization using the “Set
as zero” button for the corresponding channel in the GUI of the PCS. The report-
ing errors appear to increase together with the distance of the reported pressure
value, but never reaches above 0.7% of the reported value within the £380 mbar
relative pressure measurement range of the manometer, which is adequate to rep-
resent the accuracy of the device for many low pressure applications. [156, 48,
148, 99, 163, 144]

Table 2: Reporting error of the PEPC compared to a calibrated manometer. Reprinted
with permission from Paper II under the CC BY license.

Requested value (mbar) Average reporting error  Average relative

(mbar) reporting error (%)

—380 2.55+0.10 0.67£0.03

—200 0.62+0.16 0.31+0.08

-50 0.10£0.13 0.20£0.26

0 0.00+0.08 N/A

50 —0.09+£0.13 —0.19+£0.25

200 0.47+0.17 0.23+0.08

380 1.48+0.11 0.39£0.03

The last characteristic of the PEPC that was studied is the response speed when the
target pressure changes. Figure 16 shows how much time the pressure regulator
takes to transition between various target pressure values. Transitioning, in this
case, is defined as the point in time from which the average values recorded during
the first, third, and fifth seconds following that time point are within £0.25 mbar
(SD) of each other. The transition time of the PEPC is typically between 3 and
10s. This is relatively slow compared to the commercial analogs, but is good
enough for most microfluidic particle production experiments that do not require
significant fast changes to the input rates once the system has reached the opera-
tional regime.

The varying transition and stabilization times are caused by the unpredictabil-
ity of the PID algorithm in the valves. The transition time is dependent on the
particular values that are transitioned between and also to some unknown extent
on the history of the pressure chart before the start of the transition process (the
integral term). It is unknown because the PID parameters used in the valves are
hidden by the manufacturer.
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Figure 16: PEPC pressure response speed. Time taken to transition between various
target pressure values. Outputs A, B, C and D correspond to the four valves in the PEPC.
Reprinted with permission from Paper II under the CC BY license.

In addition, the accuracy of the pressure reported by the PEPC was measured by
comparing the pressure readouts against the manometer.

Table 3 shows a comparison of the PEPC versus some commerial alternatives,
including the Fluika VG350 used in the OLA experiments below (Section 3.4), is
an example of. The values listed in Table 3 are specifically calculated for this table
so that it would be possible to compare it to commercial and open-source analogs.
The data for the Elveflow OB1™ was retrieved from OBI MK4 Flow controller
[103]. The Fluigent MFCS™ values are from Microfluidic Flow Control System
- Fluigent [88].

The PEPC exhibits similar stability and accuracy to those of the alternatives.
The settling time is longer compared to commercial alternatives other than the
Fluika system, which is comparable in that regard. Moreover, the stability of the
PEPC is also significantly superior to that of the Fluika device. Moreover, the
total parts cost was about 4,000 €, roughly one third of comparable commercial
systems and even less than the cost of four Fluika units.
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Table 3: Pressure regulators. Adapted with permission from Paper II under the CC BY license.

PEPC Elveflow Fluigent Fluika Biophysical [120] [39] [44]
OB1™ MFCS™ miniature tools
pneumatic pP2CcsS™
control kit
Pressure —1000 to —900 to 0 to 1000 —350to 500 —1000 to 0 to 690 0 to 2200 0 to 2000
range 1000 1000 1000
[mbar]
Stability 0.006% FS 0.005% FS <0.1% 1to 1.5% FS 0.007% FS 0.01% FS 0.3% FS 0.02% FS
Response 69 10 10 - 4 - - -
time [ms]
Settling 2100 50 - 10000 S5orl7 - - -
time [ms]
Min 0.05% FS* 0.0064% FS  0.03% FS 0.5% FS 0.006% FS - - -
increment 0.0015% FS
(step size) (theoretical)
Accuracy <0.7% " 2.5% 0.25% FS 0.2% FS 0.5% FS 0.16% FS 0.37% FS 0.09% FS

* Arbitrarily limited in software.

** In the range of —380 — 380 mbar.



3.4. GUV production via OLA

Despite repeated attempts, the success rate of the microfluidic chip outlet channel
coating with PSS and PDADMAC never exceeded ~ 10%. For this reason, pre-
coated chips were obtained from Dr. Naresh Yandrapalli (author of Yandrapalli et
al. [156]) and they were used for all GUV production experiments reported here.

At first, GUVs (POPC, which is a neutral charge phospholipid) were produced
using the OLA approach, enabling precise control over the distribution of parti-
cles or other materials relative to the membrane (Paper I). Figure 17 shows two
images of the production of GUVs using OLA, where it is possible to see how
5 mM calcein (yellow) filled liposomes are formed in the experiment. Some of the
liposomes contain a large amount of octanol (as evidenced by the white crescent
shapes) while some are relatively oil-phase-free. It was not possible to reduce the
amount of octanol flow significantly due to the low stability of the vacuum gener-
ator and the way that the relative pressures of the input channels were controlled
by hand in the given experimental setup (Figure 8). The relative pressures would
constantly change as the amount of liquid in the reservoirs dwindled, changing
the relative pressures and flow rates. If the LO flow rate fell too low, liposome
production would stop and it would be necessary to increase it significantly above
the normal operational rate in order to restart the production. The experiments
involving this liposome production method were driven by Fluika pressure pump
units and not the PEPC, as the latter device was developed as a direct consequence
of the challenges encountered during the OLA experiments.
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Figure 17: OLA production. A vacuum pump pulled the liquids through the chip and
towards the outlet (right side). The formation of alternating water and oil droplets in
the first (left) junction is seen on the optical microscopy images (IA is yellow due to a
calcein dye) and GUVs were formed at the second junction. Adapted with permission
from Paper I under the CC BY license.

Figure 18a illustrates the appearance of ultrapure water containing liposomes un-
der stationary conditions. The crescent shapes that were visible in the outlet chan-
nel during production (Figure 17) had disappeared because the calcein has a lower
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density than water and therefore it has risen to the top of the liposome. Since op-
tical microscopy imaging is performed from the above or from below, depending
on the microscope used, the oil is therefore not as easily visible in such static
cases. The crescent was visible in the outlet channel of the chip because the flow
of liquid caused the calcein to move towards the leading edge of the liposome.
The histogram of the size distribution, determined with the aid of LC, with the
the average diameter of 92+ 6 um (SD, PDI = 0.004) of these GUVs is shown
in Figure 18b. The size distribution of the GUVs is rather narrow. This is desir-
able since the opposite case of a highly heterogeneous liposome population would
create unnecessary noise in liposome stability and payload release experiments.
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Figure 18: GUVs. (a) Optical microscopy image of GUVs in a droplet placed on a
microscopy slide . Size of zoomed-in insets is 100 gum x 100 um. (b) Diameter histogram
of GUVs (n = 91), the average diameter is 92+ 6 um (SD) corresponding to a PDI of
0.004. Graph bars show the relative amount of GUVs with diameters in the respective
5 um range. The orange line represents the Gaussian fit of the data. Reprinted with
permission from Paper I under the CC BY license.

3.4.1. GUV physical stability

To gauge the practical value of the GUVs and to provide a baseline for payload
release experiments, their physical stability was studied by assessing their degra-
dation and leakage rates. For this, eGFP containing GUVs were produced and
their stability was studied in two ways, first by counting the number of liposomes
and then by a calcein release assay. Figure 19a shows the results of a liposome
counting experiment (initial count ~ 1000) in a sealed chamber on a microscope
slide. After 140 h, the number of liposomes fell by ~ 80% following an expo-
nential decay curve with a half-life of ~ 61 £2 h (standard deviation of mean).
Figure 19b depicts a fluorometric calcein release experiment where the liposomes
were kept in a sealed microtiter plate and the fluorescence intensity of the solution
was measured periodically to calculate the amount of payload released from the
liposomes. The payload release percentage again followed an exponential path.
50% of the payload had been released after only 2 h and after 24 h, 90% of the
calcein had been released (the rest of the release occurred after treatment with

51



Triton X-100). From these results it is apparent that the release rate of calcein
exceeds the rate at which the liposomes disappear. It was concluded that the GUV
membranes are significantly permeable to calcein (even without external stimuli)
and that the high baseline payload release rate from these POPC liposomes makes
it difficult to conduct externally triggered payload release experiments as there is
little time to go through all the steps, which may take tens of minutes and even
hours in some cases. Since the temperature of POPC is —2 °C and the experi-
ments were performed at ambient (room) temperature, the GUV membranes were
in the liquid crystalline phase during these stability experiments. Since this phase
is inherently leaky compared to the gel phase, it is possible that GUVs with a
higher T, could be more stable. This was not tested, but could be considered as
an option for future research. [19, 143, 86]

An interesting observation relating to the stability of the GUVs is that they
would start to rapidly break down when the liposome containing solution was
dissolved 1:7 (volume:volume) or more with a liquid that had not been mixed
with 1-octanol beforehand. Combined with the fact that the liposome containing
solution flowing out of the chip will inevitably contain some dissolved octanol due
to the nature of the OLA method, this suggests that the octanol, although being
almost insoluble in water (solubility of 0.3 g/L), will start to rapidly diffuse out
of the liposome membranes when the concentration in the surrounding aqueous
solute is low enough, disrupting their integrity. [46]
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Figure 19: GUYV stability. (a) Disappearance of GUVs in a chamber over time (100%
GUVs at + = 0). The chart follows an exponential decay curve with a half-life of ~
61 42 h (standard deviation of mean). Images taken at the three time points indicated in
red are shown in Supplementary Figure S2 of Paper I. (b) Calcein release measured via
fluorescence assay. After the first 24 h of the experiment, 90% of the calcein was released.
Reprinted with permission from Paper I under the CC BY license.

3.4.2. Encapsulation of payloads into GUVs during production

In parallel with the GUV stability studies, the payload encapsulation capabilities
of the OLA method were also tested. This approach naturally allows for easy
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insertion of various substances, including nano- and microparticles, into the gi-
ant liposomes with a high loading efficiency during their formation unlike most
other methods, where the liposomes are formed first and the payloads are inserted
separately or where the encapsulation happens by random chance (see Table 1).

In this case, microscale fluorescent magnetic particles or eGFP were added to
the IA solution (as in Figure 8) and the experiment was otherwise performed as
described in Section 3.4. Figure 20a shows enhanced green fluorescent protein
(eGFP) and Figure 20b fluorescent magnetic microspheres of 3.2 um diameter
loaded inside the lumens of the GUVs, demonstrating the successful loading of
both nano- and microscale objects into the GUVs. The corresponding size dis-
tributions of the loaded GUVs are shown in Figures 20c and 20d, respectively.
Analysis with the LC utility shows standard deviations of 13 yum and 6 um (Fig-
ures 20c and 20d), similar to the 6 m standard deviation of the non-loaded GUVs
in Figure 18b. From these distributions, the PDIs are 0.009, 0.004 and 0.004, re-
spectively. This provides further indication that the OLA method is suitable when
GUVs with homogeneous size distributions are desired.
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Figure 20: GUVs loaded with nano- and microscale payloads. (a) GUVs contain-
ing eGFP under fluorescence microscopy. (b) GUVs loaded with fluorescent magnetic
microparticles imaged with confocal microscopy. (c) Histogram of the size distribu-
tion of the eGFP containing liposomes (n = 45, average diameter of 134+ 13 um (SD,
PDI = 0.009)). (d) Histogram of the size distribution of the magnetic particle containing
GUVs (n =33, average diameter of 99+ 6 um (SD, PDI = 0.004)). Both histograms were
obtained by measuring the diameters of the GUVs directly from the microscopy images.
Orange curves are the Gaussian fittings of the histograms. Adapted with permission from
Paper I under the CC BY license.
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3.5. HDF liposome production and SUV/LUV stability

Because the GUVs were determined to be suboptimal in terms of stability for the
purposes of studying payload release, smaller and potentially more stable lipo-
somes were produced using a HDF method. This approach is much simpler than
the OLA method as there are only two input liquids, making it easier to control
the experiment, and there is no need to functionalize the channels of the microflu-
idic chip. The liposomes are oil-phase free and more stable due to their three
orders of magnitude smaller size of around 100 nm, which unfortunately makes
them not observable under an optical microscope and therefore makes it more
difficult to conduct localized payload release experiments. If the liposomes were
visible with an optical microscope, it would be much easier to analyze the results
of such experiments as it would be possible to directly observe any morphological
or fluorescence changes in the liposomes.

Figure 21a shows the HDF chip during the production process. The jet of
phospholipids dissolved in ethanol was focused by adjusting the relative pressure
values of the two input and one output channel at the beginning of the experi-
ment and remained constant until the phospholipid solution ran out after about
10 min. For these experiments, the PEPC was used, unlike the OLA experiments,
where a Fluika pressure pump was used instead. The higher stability of the pres-
sures driven by the PEPC compared to the Fluika pump surely served to make
the size distribution of the resulting liposomes narrower as the flow rate ratio of
the two input liquids influences the size of the liposomes produced in the HDF
experiment. Figure 21b shows the results of a DLS measurement of a sample of
SUVs/LUVs produced using the HDF method, with ethanol as the solvent for the
phospholipids, and filtered using TFF. There are three size populations of parti-
cles: one at ~ 80 nm one at ~ 180 nm and another at ~ 420 nm. The widths
of the peaks are satisfactory, with clearly distinguishable populations. The PDI
of this sample is relatively high at 0.2489 due to the multimodality of the size
distribution; however, it is satisfactory for the goals of this research (creating the
preconditions for the study of payload release kinetics from magnetic liposomes),
as it is a straightforward process to filter the liposomes to isolate the desired peak
of the size distribution if needed. If the other peaks were to be filtered out, the
PDI would fall to about 0.02, 0.03, 0.01 for the individual peaks. TEM imaging
results, shown in Figure 21c confirm the size distribution determined using DLS.
SUVs created using the HDF method were also studied for their physical stability.
The results showed that the smaller (hundreds of nm diameter) and octanol-free
DPPC (neutral), DPPG (negatively charged) and cholesterol containing liposomes
were much more stable compared to the ~ 100 um diameter POPC GUVs ob-
tained from the OLA experiments. Over the course of four days at 4 °C, the
concentration dropped from 220 x 10° particles/mL to 210 x 10° particles/mL in
an experiment where the bimodal liposome size distributions were at ~ 200 nm
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Figure 21: HDF liposome production results. (a) Bright field image of the microfluidic
chip during operation. (channel width is 170 um) (b) Size distribution of the liposomes
measured using DLS. (c) Negative-stained TEM image of the produced SUVs. Adapted
with permission from Paper II under the CC BY license.

and =~ 430 nm (isopropanol was used as the phospholipid solvent in this case) ac-
cording to DLS measurements. This change of ~ 5% of the concentration over
four days indicates more than good enough stability to perform various experi-
ments with them: this level of stability is sufficient for assays that can take several
hours or even days for the active steps in addition to preparation times, such as
payload release assays or membrane protein synthesis experiments. [91, 101, 143,
140]. In the case of the GUVs, the same kind of drop in the number of liposomes
occurred already after 2 to 3 h and the amount of calcein released after 2 h was
already 50% of the original amount. Part of this change in stability may be due to
the significantly higher T, of ~ 41 °C compared to the —2 °C of the GUVs.

3.6. Post-image analysis of droplet experiments with EasyFlow

In the same spirit as the PEPC, which was introduced as a solution to improve the
accessibility and stability of microfluidic operation, the LC served as a practical
tool for liposome counting within the scope of this work. However, LC is not
suited to high-throughput or to cross-experiment comparability. To meet those
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needs, standardized post-image pipelines (pipeline as a software workflow pro-
tocol) were established, and their outputs are processed in EasyFlow to provide
threshold-based classification, polydisperse summaries, and growth-type metrics.
The pipelines are:

1. Droplet detection and mean fluorescence measurement using CellProfiler™,

2. Droplet and fluorescent object detection in fluorescent images using Cell-
Profiler™,

3. Droplet and object detection in brightfield images using a combination of
Iastik and CellProfiler™.

The first pipeline is designed to track the change of the intensity of a fluo-
rescent signal in droplets, while the second pipeline can be used to observe the
number of fluorescent particles per droplet over time. Both of these rely on flu-
orescence to analyze micro-compartments. These pipelines have potential to be
applicable for the analysis of payload release experiments from liposomes, but
only in the case of GUVs, since SUVs and even LUVs are too small to be imaged
with sufficient resolution (for the corresponding experiments), and therefore they
are not discussed further in this thesis.

The most pertinent one of these pipelines for the goals of this thesis is the third
one, based on its potential use for the analysis of magnetic liposome images. It
enables the analysis of the encapsulation of small particles inside droplets, as well
as liposomes. An example of the results of an experiment utilizing this pipeline
is shown in Figure 22a. In this case, microplastic beads were encapsulated in
droplets and imaged using an optical microscope. The images were processed
using the machine learning image processing software named Ilastik to produce
a microbead location probability map image. CellProfiler then used this prob-
ability map to produce the intensity value for each droplet. CellProfiler works
by finding the droplets and then determining the color intensity in the detected
droplets. The result was a histogram showing the distribution of how many mi-
croplastic beads were encapsulated in droplets. The histogram revealed that most
commonly the droplets contained 3—4 beads and that the encapsulation yield gen-
erally followed the Poisson distribution as shown in Figure 22b. A similar analysis
might in the future be performed on magnetoliposomes in order to better under-
stand the effect of the number of embedded magnetic particles on payload release
dynamics.
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(a) Microplastic encapsulation in droplets (b) Encapsulation of beads in stochastic process
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Figure 22: EasyFlow pipeline 3 results. Microplastic beads encapsulated in droplets
analyzed using using a combination of Tlastik and CellProfiler™. Reprinted with permis-
sion from Paper III. Copyright © 2025 Elsevier B.V.
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4. CONCLUSIONS AND OUTLOOK

This thesis set out to enable localized payload release from liposomal carriers by
first building reliable ways to make, control, and measure the vesicles themselves.
The central result is a set of methods that make microfluidic liposome fabrication
and quantitative readouts reproducible enough to support future studies of remote
triggering.

While the original aim of developing magnetically responsive liposomes for
controlled release remains to be fully realized, this work established critical met-
hodological foundations. Paper I established on-chip production and optical char-
acterization of GUVs and quantified their stability and passive leakage. Paper II
delivered a stable, multi-channel pressure regulator and control software that im-
proved the reliability of flow-driven fabrication. Paper III provided a practical
route from microscope images to statistically interpretable quantities for droplet
and vesicle experiments.

GUVs production was demonstrated and a passive-leakage baseline was es-
tablished for GUVs (~ 90% calcein was released within 24 h, with a liposome
half-life of ~ 61 &2 h). Nanoscale liposomes with bimodal size distributions near
~ 200 nm and ~ 430 nm that remained stable over days (only ~ 5 % concentra-
tion decrease over four days) were produced using HDF, while the development
of a four-channel pressure controller enabled stable operation using negative and
positive pressures simultaneously to drive experiments with multiple input lig-
uids. The post image analysis software EasyFlow provided a standardized image
to numbers route for droplet and vesicle experiments by converting microscope
images and CellProfiler outputs into decision-ready plots and metrics. These ca-
pabilities are applicable to vesicle payload readouts and to future triggered-release
assays that rely on intensity-based classification. Together with the pressure-stable
fabrication workflows, this closes the loop from on-chip production to quantita-
tive readouts and defines consistent acceptance criteria for leakage baselines and
for subsequent field-triggered release tests.

The integration of magnetic responsiveness (with magnetic particles) into li-
posomal systems remains an unresolved methodological challenge for the devel-
opment of the necessary model systems. Although the existing literature often
presents (magneto)liposome fabrication as straightforward, their reliable and re-
producible preparation is technically demanding in practice. One way to approach
the issue might be to produce GUVs via OLA, introducing the magnetic nanopar-
ticles via the LO liquid. The PEPC being significantly more stable compared
to the system used in Paper I would make it possible to repeatably produce ho-
mogeneous GUVs of varying sizes (to study how the liposome size affects the
payload release). Unfortunately, the issues of octanol contamination of the lipo-
some membranes and the stability of the GUVs would remain. However, even
with the instability, it might be possible to study the payload release dynamics
and their size dependence of the liposomes under very low frequency external
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magnetic fields with well developed experimental pipelines. Alternatively, mag-
netic liposomes could be produced using yet another method, such as TFH. These
liposomes might then be used to test the payload release dynamics under low fre-
quency magnetic fields. These liposomes would likely not be as homogeneous
as those that can be produced using microfluidics (OLA and HDF), but the size
dependence of the payload release dynamics could still be studied by extruding
the liposomes to different sizes and then accounting for the difference.

Building on the methodologies developed here, future research can focus on
incorporating magnetic nanoparticles into liposomes and validating controlled re-
lease under external stimuli. The tools and techniques presented in this thesis
provide a valuable platform for these advancements.
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SISUKOKKUVOTE

Mikrovoolutuslik liposoomide valmistamine ja analilis
ruumiliselt piiritletud kaugmaojutusalaga ravimikandurite
arendamiseks

Ravimite sihipédrane kohaletoimetamine on teaduses olnud eesmirgiks juba iile
sajandi, alates Paul Ehrlichi "vdlukuuli"(ingl. k. magic bullet) kontseptsioonist.
Tanapdeval on selleks eesmirgiks suurendada ravimi terapeutilist indeksit, hoides
dra toimeainete liigset moju tervetele kudedele. Erinevalt tavapérasest ravimite
manustamisest eristatakse siin selgelt organismisisest ravimi transporti (toime-
tamine Oigesse kohta) ja selle ohjatud vabastamist (toimeaine vabanemine juhi-
tud kiiruse ja ajastusega). Sihitatud ravimkandur- ja ohjatud vabastamissiisteemid
voimaldavad ravi tdhusust tdsta terveid kudesid puudutavate kérvalmdjude vi-
hendamise ldbi. Toimeainete kapseldamiseks, edasikandmiseks ja vabastamiseks
pakuvad hiid vdimalusi liposoomid. Kéesoleva doktoritdo eesmiirk suures plaanis
oli teha samme selles suunas, et oleks vdimalik vilja arendada ravimkandursiis-
teem, mille puhul saaks kehavilisete ja mitteinvasiivsete mojuritega ravimi toi-
meainet valitud kehasisestes ruumipiirkondades ravimikanduritest vabastada. An-
tud t66s on valitud uuritavateks kanduriteks liposoomid ja konkreetseks eesmér-
giks on arendada vilja mikrovoolutusel ja analiiiitiliste] meetoditel pShinev to6-
riistakomplekt eri suurusega liposoomide valmistamiseks ja iseloomustamiseks.

Hiiglaslikke iihekihilisi vesiikuleid (GUYV, ingl. k. liih.) valmistati mikrovoo-
lutiga, kasutades oktanool-abistatud liposoomide koostamise (OLA, ingl. k. liih.)
meetodit. See ldhenemine voimaldas vesiikulitesse tdpselt kapseldada magnetili-
si mikrokerasid ja fluorestsentsvalku (eGFP, ingl. k. lith.). GUV-sid iseloomustas
kitsas suurusjaotus keskmise 1dbimddduga 92 + 6 um. Vesiikulite piisivust ja 14-
bilaskvust hinnates selgus, et nende arv viheneb ajas eksponentsiaalselt ja 24 h
jooksul vabanes ligikaudu 90 % neisse paigutatud kaltseiinist.

Vastupidavamate kandjate saamiseks valmistati hiidrodiinaamilise fokusseeri-
mise (HDF, ingl. k. lith.) meetodil vdikeseid (SUV, ingl. k. lith.) ja suuri (LUYV,
ingl. k. liith.) tihekihilisi vesiikuleid. Diinaamilise valguse hajumise (DLS, ingl.
k. liih.) ja ldbivkiirguse elektronmikroskoopia (TEM, ingl. k. liih.) uuringud kin-
nitasid eri suurusega liposoomide olemasolu (umbes 80 nm, 180 nm ja 420 nm).
Nanomdddulised liposoomid olid GUV-dest mérksa piisivamad: nelja pdevaga vi-
henes osakeste hulk vaid ligi 7 % v0rra, kusjuures suurusjaotuse tipud jdid endiselt
200 nm ja 430 nm juurde.

Selleks, et tagada mikrovoolutuspdhise tootmise tookindlus, valmistati nelja
kanaliga piesoelektriline rohuregulaator ja seda juhtiv tarkvarapakett. Seade voi-
maldab suhtelist rohku méérata vahemikus 1000 mbar. Seadme raporteeritava
véljundvéirtuse modteviga jadb alla 0,7 % ja lilemineku aeg iihelt viljundrohult
teisele on 3-10s.
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Lisaks arendati vilja pildianaliiiisi tarkvara nimega EasyFlow emulsiooni til-
kade (mitsellide) ja vesiikulite uuringute andmet66tluse automatiseerimiseks. See
tarkvara voimaldab objekte liigitada ja analiiiisida nende poliidisperssust sobides
seega suuremahuliste eksperimentide analiiiisiks.

Kuigi kirjanduses esitatakse magnetoliposoomide valistamist tihti suhteliselt
lihtsa protseduurina, osutus nende usaldusviirne tootmine tegelikkuses metodo-
loogiliselt keerukaks iilesandeks, mis ootab veel lahendamist. Uks voimalik viis
selle lilesande lahendamiseks vdiks olla OLA abil GUV-sid valmistades magne-
tilised osakesed olifaasi (LO, ingl. k. liih.) vedeliku kaudu membraani sisse pan-
na. Kahjuks oleksid sellised liposoomid tden#oliselt ikkagi oktanoolised ja liialt
ebastabiilsed. Vi siis oleks ka vdimalik kasutada hoopis monda kolmandat li-
posoomide valmistamismeetodit, néditeks dhukese kile hiidreerimist (TFH, ingl.
k. liih.). Sellisel viisil moodustatud liposoomid oleksid HDF ja OLA meetodil
toodetud liposoomidest modtmetelt heterogeensemad, kuid ka nende liposoomi-
de puhul peaks olema vdimalik uurida nende membraanide lekkivuse sdltuvust
nende suurusest uurida. Niiteks oleks selleks vdimalik kasutada liposoomide eks-
truuderit, et jireltootluses liposoomide suuruseid vdiksemaks muuta ja seejérel
modta membraanide ldbistatavuse varieeruvust erinevate suurustega liposoomide
puhul.

Kokkuvottes moodustavad t60s arendatud meetodid ja seadmed tervikliku siis-
teemi magnetiliselt tundlike liposoomsete ravimikandjate uurimiseks ja loob eel-
dused viliselt juhitavate toimeaine vabastamise siisteemide vilja arendamiseks.
Jargmine samm selles uurimussuunas on magnetoliposoomide valmistamine, mil-
leks selles 10put6os esitatud vahendid ja meetodid loovad tugevad eeldused.
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