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CHAPTER 1

General Introduction



1.1 Lipid-based nanoparticles and their application to commercial products

Liposomes are closed spherical vesicles composed of lipid bilayers. Since Bangham et al. first
discovered and reported on them in 1964 [1], liposomes have been actively investigated [2]. As a result,

numerous liposomal products are commercially available in various fields [2,3].

Liposomes have unique physicochemical properties, making them an important subject of
investigation. They are composed mainly of amphiphilic phospholipids, which allow the encapsulation
of hydrophilic compounds in the internal aqueous phase and hydrophobic compounds in the lipid
bilayers depending on their chemical properties. In addition, liposomes have high biocompatibility
and biodegradability because phospholipids are the main components of cell membranes. These

characteristics are among the reasons that liposomes are applied in a wide range of fields.

Various types of lipid-based nanoparticles (Lb-NPs) have been developed, beginning with
liposomes (Figure 1.1). The development of liposomes was followed by that of solid lipid
nanoparticles (SLNs), nanostructured lipid carriers (NLCs), and, most recently, RNA carrying lipid
nanoparticles (LNPs), which have come of age with the development of mRNA vaccines against
COVID-19 [4-6]. SLNs were introduced in 1991 by Miiller [7,8]. They consist of a solid lipid core
surrounded by a surfactant shell. Triglycerides and fatty acids are widely used as components of SLNs
because of their high melting points (above body temperature) [7]. NLCs consist of solid and liquid
crystalline lipids and reportedly have the potential for higher drug-loading capacity and

physicochemical storage stability compared to SLNs [8,9] and liposomes [10].



Figure 1.1 Diverse lipid-based nanoparticles (Lb-NPs). Schematic representation of (a)
liposomes encapsulating hydrophobic and hydrophilic drugs, (b) lipid nanoparticles (LNPs) in which
nucleic acids are organized in inverse lipid micelles, (c) solid lipid nanoparticle (SLN), and (d)

nanostructured lipid carrier (NLC).

The following subsection focuses on liposomes and LNPs, which are the most versatile Lb-NPs,

and gives an overview of their physicochemical properties and clinical applications.

1.1.1 Physicochemical properties of liposomes and their clinical applications and products

The term “liposome” was coined shortly after the discovery of closed lipid bilayer vesicles that
form spontaneously in the aqueous phase. Liposomes are classified into several categories according
to their size and internal structure (Figure 1.2). The size range of liposomes is very broad, and particles
with sizes ranging from tens of nanometers to micro-order size can be prepared and observed.
Unilamellar liposomes smaller than approximately 100 nm are called small unilamellar vesicles
(SUVs). By contrast, unilamellar liposomes with sizes of approximately 200 to 500 nm are referred to
as large unilamellar vesicles (LUVs), whereas microscopic liposomes larger than 1000 nm are called
giant unilamellar vesicles (GUVs). In terms of structure, liposomes with several to several dozen

lamellae and an onion-like structure are called multilamellar vesicles (MLVs), and liposomes



containing multiple small vesicles are called multivesicular vesicles (MVVs).

Suv LUV
20-100 nm  200-500 nm >1000 nm 500-1000 nm 500-1000 nm

Figure 1.2 Classification of liposomes according to size and lamellarity: (a) small unilamellar
vesicle (SUV), (b) large unilamellar vesicle (LUV), (¢) giant unilamellar vesicle (GUV), (d)

multilamellar vesicles (MLV), and (e) and (f) multivesicular vesicles (MVV).

The size of liposomes can be adjusted according to their purposes and applications. For
parenteral drug delivery carriers, especially those for intravenous injection, liposomes with sizes of
10200 nm are preferable because larger liposomes tend to be phagocytosed and eliminated from
blood. In addition, larger liposomes with broader size distributions are difficult to sterilize by filtration
(0.2 pum filters are commonly used for non-thermal pharmaceutical sterilization). Moreover, liposome
size also affects the cellular uptake and biodistribution of liposomes and encapsulated drugs [11,12].
However, slightly larger liposomes can also be applied in topical products such as transdermal
formulations and cosmetics because topical administration does not depend on stable blood circulation
and sterilization in principle. By contrast, microsized giant liposomes have been used as models of

cells for the functional analysis of membrane proteins and intracellular phenomena [13—15].

The internal structure of liposomes affects the drug release profile and drug concentration in
blood and thus can contribute to more extended release of drugs in blood and at the application site

and can reduce the potential adverse effect of drugs [16,17].

Liposomes are essentially composed of phospholipids (for example, phosphatidylcholine,
phosphatidylglycerol, and phosphatidylserine) and cholesterol. These components also make up the
cell membrane. The physicochemical properties of liposomes can be modulated by selecting the type
of phosphatidylcholine and amount of cholesterol. It is also possible to modify the surface of

liposomes to obtain additional functions and characteristics. Polyethylene glycol (PEG) is often used



to achieve stealth in blood circulation. Target-specific ligands are also applied to obtain the ability to

deliver the liposomes to target organs and cells.

The potential of liposomes as drug delivery carriers was recognized shortly after their discovery
because of their stability and ability to encapsulate both hydrophilic and hydrophobic drugs. As a result,
more than 10 liposomal nanomedicines have been approved. In addition to pharmaceutical products,
numerous liposomal cosmetic products are on the market. Clinically approved liposomal medicines

and commercially available liposomal cosmetics are listed in Tables 1.1 and 1.2, respectively.



Table 1.1

Clinically approved liposome-based medicines

. . ctive ingredien omposition arrier ndication for use anufacturer
(TXZ‘:‘:’I:IZT::MM Active ingredient Compositi Carri Indication f Manufact
AmBisome - HSPC/DSPG/cholesterol . . . .
(iv.) Ampbhotericin B (52.6:26.3:21.1) Liposomes Fungal infections Sumitomo Pharma
I(??Iu)noXome Daunorubicin DSPC/cholesterol (2:1) Liposomes AIDS-related Kaposi's sarcoma Galen
Depocyt . ) DOPC/DPPG/cholesterol/ Liposomes . R DepoTech Corporation/
(Spinal) Cytarabine/Ara-C triolein (7:1:11:1) (Multivesicle) Neoplastic meningitis Pacira Pharmaceuticals
DepoDur Morphine sulfate DOPC/DPPG/cholesterol/ Liposomes Pain management Pacira Pharmaceuticals,
(Epidural) P triolein (7:1:11:1) (Multivesicle) 9 Inc.
Doxil/Caelyx Doxorubicin HSPC/cholesterol/DSPE- PEGylated ::D’erIZ?escti aKn: ggﬁsnzgrzirr]:aer’ HIV- Janssen Pharmaceutical
(i.v.) PEG2000 (56.3:38.4:5.3)  liposomes P ’ K.K.
myeloma
Epaxal Inactivated hepatitis A virus . Liposomes i
(im.) (stain RGSB) DOPC/DOPE (75:25) (Virosome) Hepatitis A Crucell
DEPC/DPPG/cholesterol/ . . .

Exparel . . . . Liposomes . Pacira Pharmaceuticals,
(s.C.) Bupivacaine tricaprylin (Multivesicle) Pain management Inc

" (43.2:4.5:45.4:15.9) )
Eunglzone Ampbhotericin B DMPC/DMPG Liposomes Systemic fungal infections Apothecon .
(i.v.) Pharmaceuticals
Inflexal V. Inactivated hemagglutinin Linosomes
. of influenza virus strains A DOPC/DOPE (75:25) p Influenza Crucell, Berna Biotech
(i.m.) and B (Virosome)
I_.|pusu Paclitaxel EPC/cholesterol (8:2) Liposomes Squamous non-small-cell lung Luye Pharmaceuticals
(i.v.) cancer, esophageal cancer
Margibo Vincristine ESM/cholesterol (60:40) Liposomes Acute lymphoblastic leukemia Acrotech Biopharma, Inc.

(i.v.)




Table 1.1 (continued) Clinically approved liposome-based medicines

Trade name

(Administration) Active ingredient Composition Carrier Indication for use Manufacturer

Metpact Mifamurtide DOPS/POPC (3:7) Liposomes High-grade, resectable, Takeda France SAS
(i.v.) nonmetastatic osteosarcoma
Mvocet Combination therapy with
(i X ) Doxorubicin EPC/cholesterol (55:45) Liposomes cyclophosphamide in metastatic Teva B.V.
o breast cancer
Combination therapy with
Onivyde Irinotecan DSPC/cholesterol/DSPE- PEGylated fluorouracil and leucovorin in losen Pharma
(i.v.) PEG2000 (59.8:39.9:0.3)  liposomes metastatic pancreatic P
adenocarcinoma
Visudyne . . . . o - -
(iv.) Verteporphin DMPC/EPG (62.5:37.5) Liposomes Choroidal neovascularization Clinigen Limited
Vyxeos Daunorubicin/Cytarabine DSPC/DSPG/cholesterol . . . Celator Pharmaceuticals
. - . Liposomes Acute myeloid leukemia
(i.v.) (1:5) (7:2:1) Inc.
Lipo-Dox - DSPC/cholesterol/DSPE- PEGylated Breast and ovte'man cancer, HIV- Sun Pharmaceutical
Doxorubicin related Kaposi's sarcoma,

Industries Ltd.

(i.v.) PEG2000 (56.3:38.4:5.3)  liposomes

myeloma.

DEPC (dierucoyl phosphatidylcholine); DMPC (dimyristoyl phosphatidylcholine); DOPC (dioleoyl phosphatidylcholine); DOPE (dioleoly phosphatidylethanolamine); DOPS (dioleoyl
phosphatidylserine); DPPA (dipalmitoyl-phosphatidic acid); DPPC (dipalmitoyl phosphatidylcholine); DPPG (dipalmitoyl phosphatidylglycerol); DSPC (distearoyl
phosphatidylcholine); DSPE (distearoyl phosphatidylethanolamine); DSPG (distearoyl phosphatidylglycerol); DSPE-PEG2000 (distearoyl phosphatidylethanolamine-N-
[amino(polyethylene glycol)-2000); EPC (egg phosphatidylcholine); ESM (egg sphingomyelin); HSPC (hydrogenated soy phosphatidylcholine); POPC (palmitoyl-oleoyl

phosphatidylcholine). i.v. (intravenous); i.m. (intramuscular); s.c. (subcutaneous). References: [3,6,18,19]



Table 1.2

Marketed liposomal cosmetic products

Product name

Producer

Activity

Celadrin® Topical Liposome
Lotion

NOW Solutions

Topical liposome lotion

Capture Totale

Christian Dior

Antiaging and skin repair

Soothing cream for eye

Eye Perfector Avon o
irritation
Evgryday Skin® Penetrating Kara Vita Skin moisturizer
Lotion
Moisture Liposome Face Cream Decorte Skin moisturizer
Moisture Liposome Eye Cream Decorte Skin moisturizer, conditioner
Liposome Advanced Repair
Serum Time Released Decorte Skin moisturizer, conditioner
Multilamellar Liposomes
Liposome Treatment Liquid Decorte Skin moisturizer, conditioner
Moisture Liposome Decorte Skin moisturizer, conditioner
Moisture Liposome Mask Decorte Skin moisturizer, conditioner
Na.tural Progesterone Liposomal NOW Solutions Skin conditioner
Skin Cream
C-Vit Liposomal Serum Sesderma Skin moisturizer, conditioner
Fillderma Lips Lip Volumizer Sesderma L'p volumlzgr, wrinkle repair,
skin moisturizer
Lumessence Eye Cream Aubrey Organics Anti-wrinkle & firming

Russell Organics Liposome
Concentrate

Russell Organics

Skin moisturizer &
rejuvenator

Clinicians Complex Liposome
Face & Neck Lotion

Clinicians Complex

Skin conditioner, sunscreen

Rehydrating Liposome Day
Creme

Kerstin Florian

Skin moisturizer

Liposomal Vitamin C

California Gold
Nutrition

Supplement

Reference: [6]



1.1.2 Physicochemical properties of lipid nanoparticles and their clinical applications and

products

LNPs are the latest generation of Lb-NPs. The term “LNP” has been applied to oligonucleotide-
encapsulated Lb-NPs with an electron-dense core inside the particles instead of a hollow inner aqueous

phase [20].

Oligonucleotides can be used to modulate gene expression through a wide range of processes,
including RNAI, target protein generation, target degradation by RNase H-mediated cleavage, splicing
modulation, non-coding RNA inhibition, gene activation, and programmed gene editing. For example,
siRNAs and miRNAs down-regulate the generation of target proteins by binding the antisense strand
of these RNAs to form the RNA-induced silencing complex and thus degrade the target mRNAs. These
mRNAs are translated into proteins; therefore, mRNA medicines can generate the target proteins in
the patient’s body. Thus, these molecules have therapeutic potential for myriad diseases, and several
oligonucleotide medicines have recently been approved [21] and are undergoing clinical trials [22].
These technologies have the potential to meet medical needs that could not be met using conventional

small molecules.

However, oligonucleotides interact with biomolecules or work inside the cell, especially in the
cytosol or nucleus. Therefore, they must be delivered to target organs and cells and released into target
organelles [20]. However, oligonucleotides are easily degraded during storage and also in the body
[5]. Therefore, the development of nanoparticle technologies to deliver intact oligonucleotides to target
cells and organs has attracted much attention. LNPs are among the most promising nanoparticle
technologies for pharmaceutical applications because of their high biocompatibility and high potential
to deliver RNAs into cytosol. Consequently, a number of RNA encapsulated LNP-based

nanomedicines have been clinically approved in recent years, as shown in Table 1.3.

LNPs are essentially composed of several types of lipids, including cationic/ionizable lipids,
helper lipids, cholesterol, and surface modifiers such as PEG or target ligands [18,20,23]. Cationic or
ionizable lipids are important components that interact with negatively charged RNAs to encapsulate
the RNAs into LNPs. Cationic lipids can also interact with cell membranes and introduce LNPs into
cells because of their positive charge. Ionizable lipids can have pKa values in the acidic pH range,
which gives them neutral charge at physiological pH and prevents them from interacting with blood

cells and serum proteins and from being excluded from blood circulation [24,25]. The structure and



chemical properties of cationic or ionizable lipids reportedly affect RNA activity and efficacy [26-28].
It has also been reported that these types of helper lipids affect RNA activity and efficacy [26,29].
Recent papers have introduced the concept of selective organ targeting delivery by simply changing
the composition ratio of cationic and helper lipids [30,31]. Thus, the precise optimization of the LNP
formulation has attracted much attention. In addition to the main components of LNPs, the type and
amount of surface modifiers also affect the efficient targeting of organs and tissues, RNA efficacy, and
intracellular fate [32,33]. The size and polydispersity index of LNPs, like those of liposomes, affect
their activity, for example, the efficiency of LNP and RNA delivery, and the endosomal escape rate

inside cells [34,35].

10
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Table 1.3

Clinically approved LNP-based nanomedicines

Active ingredient Patisiran Tozinameran Elasomeran

Trade name Onpattro Comirnaty Spikevax

Company Alnylam Pfizer/BioNTech Moderna
LNP-formulated RNA | siRNA mRNA mRNA

Indication hATTR amyloidosis Prevention of COVID-19 Prevention of COVID-19

mRNA/siRNA dose;
administration route

0.3 mg/kg; intravenous

30 pg; intramuscular

100 pg; intramuscular

Components

DLin-MC3-DMA/DSPC/cholesterol/
PEG2000-C-DMG

ALC-0315/DSPC/cholesterol/ALC-0159

SM-102/DSPC/cholesterol/PEG2000-DMG

Molar lipid ratio of
components (%)

50:10:38.5:1.5

46.3:9.4:42.7:1.6

50:10:38.5:1.5

Molar N/P ratio?

3

6

6b

Buffer

+ Potassium phosphate, monobasic,
anhydrous
- Sodium phosphate, dibasic, heptahydrate

*pH~7

- Potassium dihydrogen phosphate
- Disodium hydrogen phosphate dihydrate
* Potassium chloride

- pH7-8

* Tris (tromethamine)

- pH7-8

Other excipients

+ Sodium chloride
+ Water for injection

- Sodium chloride
- Sucrose

- Water for injection

+ Sodium acetate
+ Sucrose

- Water for injection

Storage conditions

2°C-8°C

-90 °C to -60 °C

-50°Cto-15°C

@ N = ionizable cationic lipid (nitrogen), P = nucleotide (phosphate). ® Estimate. DLin-MC3-DMA ((6Z,9Z,28Z,31Z)heptatriaconta-6,9,28,31-tetraen19-yl-4-(dimethylamino) butanoate), PEG2000-C-DMG
(Alpha-(3' -{[1,2di(myristyloxy)propanoxy] carbonylamino } propyl)w-methoxy, polyoxyethylene), DSPC (1,2-Distearoyl-sn-glycero-3-phosphocholine), ALC-0315 ((4hydroxybutyl) azanediyl)bis (hexane-
6,1-diyl)bis(2hexyldecanoate)), ALC-0159 (2-[(polyethylene glycol)-2000]-N,N ditetradecylacetamide), SM-102 ((heptadecan-9-yl 8-{(2-hydroxyethyl)[60x0-6-(undecyloxy) hexyl] amino} octanoate)),

PEG2000-DMG (1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000) Reference: [5,36]



1.2  Drug development pathway and flow

The development of a new therapeutic product is a long, complex, and expensive process. The
drug development pathway from the identification of seeds to commercialization typically takes 10—
12 years or longer. This development flow and drug development lifecycle usually consists of five

stages, as shown in Figure 1.3.

In the discovery and development (basic research) stage, one or several new therapeutic seeds
are identified from among thousands or tens of thousands of candidates. In small-molecule drug
development, the focus is on promising compound discovery because excipients in the drug product
are unlikely to affect the activity of candidate compounds. For nucleic-acid-loaded nanoparticulate
medicines, however, the components of the nanomedicine reportedly have a significant impact on the
overall quality of the product and the pharmacokinetics of the nucleic acids and the nanoparticles
carrying them [30,31,33]. Therefore, when nanoparticle-based medicines are developed, it is necessary

to optimize the composition and formulation at this stage [37].

The next stage is preclinical research. In preclinical research, the efficacy and toxicology/safety
of a candidate product are examined by using cell lines (in vitro) and animals (in vivo) before testing

the candidate compound/product in people.

After the efficacy and safety of a candidate compound are confirmed in preclinical research, the
development process moves to clinical research. In this stage, the candidate compound/product is
administered to humans. Here, the efficacy, safety/toxicity, and quality in humans are examined.
Clinical research is divided into three phases. In Phase 1 study, the candidate compounds/products are
administered to relatively few healthy volunteers or people with the disease/condition (generally, 20—
100 people). The purpose of Phase 1 study is to confirm the appropriate dose strength,
pharmacokinetics, and drug safety in humans. In Phase 2 study, a higher number of people with the
disease/condition (typically up to several hundred people) are enrolled for participation. This study
evaluates the concept of the mode of action and therapeutic effect of the candidate product at
therapeutic dosing levels. Finally, after proof of concept of the candidate is confirmed, a Phase 3 trial
is conducted. Numerous volunteers who have the disease or condition (approximately 300 to 3000

people) are studied at this stage to confirm the efficacy and monitor adverse reactions.

The pharmaceutical company files an application to market the candidate product if it has

evidence from its basic research, preclinical research, and clinical research that the drug is safe and

12



effective for its intended use. The company prepares a new drug application (NDA), which outlines
the full history of candidate product development, and submits it to the appropriate authority, which
is the Ministry of Health, Labor, and Welfare (MHLW) in Japan (in the United States, it is the Food
and Drug Administration, and in Europe, it is the European Medicines Agency). The NDA is then
reviewed by the Pharmaceuticals and Medical Devices Agency and approved by the Minister of the
MHLW for marketing.

After approval, the company manufactures and markets the product to patients. Production is
performed stably under management to maintain good manufacturing practices. Once it is on the
market, the pharmaceutical company is responsible for monitoring adverse events and providing
information on the medicine to promote its proper use. The need and demand for medicines vary
according to changes in the number of patients, the potential efficacy of the medicine, and the post-
approval addition of new indications. Therefore, it is necessary to supply medicines stably in

accordance with the needs of the market.

Discovery and Preclinical Clinical Authority

Development Research Research Review
* Phase 1 « Post-Market Drug
* Phase 2 Safety Monitoring
* Phase 3

The number of compounds/ formulations of nanomedicines

Tens of thousands of J Most promising candidate
seeds are screened. is determined.

The preparation and manufacturing scale

Preparation for clinical trial supply (scale-up from grams Stable supply of high-quality

to tens or hundreds of kilograms intended for commercial
demand) is needed.

product is needed. Adjustment of
production scale is also needed.

Figure 1.3 Basic drug development process and flow

CTN: clinical trial notification, NDA: new drug application

1.3  Preparation methods for lipid-based nanoparticles

Lb-NPs can be prepared by several methods. The most conventional and widely used method

is thin-film hydration (the Bangham method) [2,20]. In this method, the lipid components are dissolved

13



in an organic solvent and dried under reduced pressure to form a thin lipid film on the inner surface of
a flask. The aqueous solution is then poured into the flask to prepare the liposomes. This method is
easy to implement, but a sizing process such as ultrasonication or extrusion is needed to prepare small
liposomes with a narrow size distribution [38]. In addition, the method is difficult and time-consuming
to scale up because the surface area and thickness of the lipid thin film affect the physicochemical
properties of the Lb-NPs. In addition, it is necessary to change the manufacturing machine/equipment
during scaling up or when adjusting the production scale according to the needs of patients. Therefore,

this manufacturing process is not preferred and requires considerable effort.

The other popular and conventional method is solvent injection, where ethanol is commonly
used as an organic solvent because of its safety [2,38]. In this method, lipids in organic solvent solution
are poured dropwise into the aqueous phase to prepare Lb-NPs. Batzri et al. first described this method
in 1973 [39]. This method is also easy to implement and enables the preparation of nanosized Lb-NPs;
however, the Lb-NP size cannot be adjusted very precisely. The poor controllability of the organic
solvent/aqueous solution interface and inhomogeneous dilution of the organic solvent promote the
preparation of lipid bilayer intermediates of different sizes and produces Lb-NPs with low
homogeneity and a narrow size range. Because this preparation method is also a batch-scale process,
it has the same difficulties as the thin-film hydration method with scaling up and adjusting the

production scale.

The microfluidic-device-assisted solvent dilution method has become the most promising and
attractive method. Ethanol is also the most commonly used organic solvent in this method owing to
its safety [2,38]. An organic solvent solution containing lipid components and the aqueous solution is
introduced into the microfluidic device to prepare Lb-NPs. This method can be used for the continuous
preparation of Lb-NPs simply by introducing the two solutions and diluting the ethanol rapidly and
homogeneously in a microchannel. Therefore, this method makes it possible to prepare homogeneous
Lb-NPs with fine tuning in a wider size range and also to prepare Lb-NPs on scales ranging from

laboratory scale to mass production scale using the same concept and platforms.

This preparation method has been studied recently, and some channel structures suitable for
preparing Lb-NPs have been proposed. T- or Y-shaped microfluidic channels were the first-generation
channel structures for preparing Lb-NPs via microfluidic technology [40]. They produce a laminar
flow in the channel, and the Lb-NPs are precipitated on the liquid/liquid interface. Then, a

hydrodynamic flow-focusing channel was developed to increase the area of the liquid/liquid interface

14



between the aqueous and organic solvent phases [41—43]. The organic solvent phase is sandwiched
between the aqueous phases, forming a sheath of fluid on both sides of the aqueous phase in the
microfluidic device, which promotes more rapid dilution of ethanol [44]. In the second-generation
structure, a microfluidic channel equipped with mixer structures was developed to allow for rapid
ethanol dilution by inducing chaotic mixing or secondary flow in the channel [45]. The staggered
herringbone mixer is among the widely used microfluidic devices that enable the rapid mixing of the
aqueous and organic solvent phases by inducing chaotic mixing flow in the channel. The concept of
this device was proposed by Stroock et al. in 2002 [46]. This microfluidic structure was
commercialized by Precision Nanosystems Inc. Another microfluidic device, which was
commercialized by Blacktrace Holdings Ltd., incorporates branched mixer structures in the channel.
More recently, Precision Nanosystems Inc. developed a toroidal mixer microfluidic device that allows

increasing flow rates to be used, enabling mass production [47].

Kimura et al. developed a microfluidic device equipped with baffle structures. This device, the
invasive lipid nanoparticle production (iLiNP) device [48], induces secondary flow in the channel at
high flow rates and can dilute the ethanol phase rapidly, which enables the preparation of Lb-NPs in a
considerably wider size range compared to other microfluidic devices, including commercially

available microfluidic devices such as the staggered herringbone mixer [48,49].

As mentioned above, microfluidic-device-assisted solvent dilution has potential for use as an
alternative method for preparing Lb-NPs and might solve the problems of conventional batch-scale
preparation methods. However, this microfluidic-device-assisted solvent dilution method has several
problems that must be solved to extend its application for drug development and manufacturing. In
the following section, I describe the problem with the optimization process of Lb-NP formulations and

the mass production of Lb-NPs in the context of Lb-NP preparation using microfluidic devices.

1.3.1 Formulation screening of lipid nanoparticles via microfluidic technology

As mentioned in subsection 1.1.2, LNPs are composed of several types of functional lipids [50].
It is widely known that the types of lipids and composition ratios of lipids and also RNAs are directly
related to the encapsulation efficiency of RNAs, the size and polydispersity of LNPs, and the gene
silencing/expression efficiency of RNAs [20]. Thus, it is crucial to explore and discover the most

promising LNP compositions and formulations by evaluating numerous types of LNPs in the non-

15



clinical phase, especially in the basic research (discovery and development) stage. LNPs are currently
prepared by diluting an ethanol phase containing all the components of LNPs with an aqueous phase
in the flow channel of a microfluidic device. It is extremely time-consuming and labor-intensive to
prepare numerous types of LNPs using this conventional method because ethanol solutions for each
lipid composition of the LNPs must be prepared, placed in syringes, and injected into pumps. In
addition, when the solution is replaced, a cleaning solution must be prepared to clean the microfluidic
device and tubes, and the cleaning solution and previously used solution must be discarded. All
syringes used for the preparation of LNPs must be washed. Thus, as more LNP compositions are tested,
the preparation process takes longer both before and after solutions are introduced into the microfluidic

device.

1.3.2 Mass production for lipid-based nanoparticles via microfluidic technology

One drawback of Lb-NP preparation using a microfluidic device is the low production
throughput. To overcome this difficulty, several solutions have been proposed and investigated: (1)
the parallelization/integration of microfluidic devices, (2) increasing the flow rate, and (3) increasing

the lipid concentration in the ethanol phase.

The parallelization/integration of microfluidic devices is a simple method of increasing the
production rate of Lb-NPs. However, Lb-NPs prepared in this way must be carefully evaluated because
they might have low homogeneity, and the physicochemical properties and efficacy of the
encapsulated drugs might vary. Several pumps and devices must be used in the parallelization and
integration of microfluidic devices; in fact, Pfizer uses eight pairs of pumps to prepare its COVID-19
vaccine [51]. When several pumps and devices are used, the process control and management of each
pump and device during manufacturing, which is labor-intensive and undesirable [51], must be

considered.

To increase the flow rate, it is necessary to change the microfluidic device and flow rate between
the initial development and later stages. This change might affect the physicochemical properties of

the Lb-NPs and the activity of the encapsulated drug.

By contrast, concentrated Lb-NPs can be obtained in a single short run time by using a highly
concentrated lipid solution. The concentration of Lb-NPs is critical for the efficient delivery and

release of the loaded drug. In addition, concentration steps using ultracentrifugation or tangential flow
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filtration can be omitted, eliminating the possibility of changes in the particle properties of Lb-NPs

during the concentration process.

There are many reports on the mass production of Lb-NPs by the parallelization and integration
of microfluidic devices and by increasing the flow rate, and there are few reports on the preparation
of Lb-NPs using highly concentrated lipid solutions in the ethanol phase. The reason is that the use of
high-concentration lipid solutions in microfluidic devices is thought to produce larger and less
homogeneous Lb-NPs [52-54], making it difficult to control the particle properties. Therefore,
knowledge of and evidence for the use of highly concentrated lipid solutions is extremely scarce, and
the effects of a highly concentrated lipid solution on the structure and physicochemical properties of

Lb-NPs are still not clearly understood.

1.4  Outline of thesis

As described in subsection 1.3, microfluidic-device-assisted Lb-NP preparation methods have
excellent potential as a promising Lb-NP preparation method. Nevertheless, challenges remain for the
broad application of microfluidic devices from the research phase to the practical mass production

phase.

A major challenge for the microfluidic preparation of Lb-NPs is the lack of an LNP preparation
platform suitable for the high-throughput formulation screening of LNPs. As mentioned in subsection
1.3.1, the preparation of LNPs using microfluidic devices is simple and easy to control; however, the
conventional platform is unsuitable and inefficient for preparing numerous types of LNPs

simultaneously.

The other major challenge involving microfluidic preparation platforms is the production
throughput. The production rate of a hydrodynamic flow-focusing device is <10 mL/h, and that of a
staggered herringbone micromixer is <100 mL/h [55]. More efficient mass production methodologies
have been investigated recently by using a toroidal mixer [47] and parallelized and integrated
microfluidic devices; however, the production rate is <20 L/h [38,55,56]. The parallelization and
integration of microfluidic devices is currently the most promising mass production method. However,
it may affect quality control; for example, the uniformity of Lb-NPs may be reduced if each
microfluidic device prepares Lb-NPs with slightly different particle sizes. It is necessary to consider

and evaluate other combinable options for further increasing the production throughput or for mass
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production without the parallelization and integration of microfluidic equipment. The use of highly
concentrated lipid solutions can increase the throughput of Lb-NPs. As mentioned in subsection 1.3.2,
although the potential for using highly concentrated lipid solutions is high, the applicability of highly
concentrated lipid solutions in the microfluidic-based production of Lb-NPs has rarely been reported.
Thus, the effect of using highly concentrated lipid solution in microfluidic devices on the

physicochemical properties of Lb-NPs has not been elucidated.

To address these challenges and accelerate the development and clinical application of lipid-
based nanomedicines, I conducted the investigations described in this thesis. Chapter 2 describes the
development of a microfluidic platform for the on-device formulation screening of LNPs. A novel
microfluidic platform for on-device formulation screening is proposed and evaluated to provide a
proof of concept. In chapter 3, to address the challenges for mass production, I investigate the
applicability of a highly concentrated lipid solution for the microfluidic-based preparation of Lb-NPs
with a placebo formulation to clarify the fundamental effect of lipid concentration. In chapter 4, I
investigate the detailed physicochemical properties of drug-loaded liposomes prepared using high-
concentration lipid solutions. Liposomes loaded with the model compound paclitaxel were prepared
using low- and high-concentration lipid solutions. Then, the differences in physicochemical properties

and drug activity were evaluated.
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CHAPTER 2

Microfluidic Platform Enabling Efficient On-Device Preparation of

Lipid Nanoparticles for Formulation Screening



2.1 Introduction

RNAs, including aptamer, antisense oligonucleotide, small interfering RNA (siRNA),
microRNA, messenger RNA, self-amplifying RNA, and CRISPR RNA, have great potential for
accessing undruggable targets and addressing complex medical needs [1,2]. RNAs are unstable and
easily decomposed in the body and blood [3,4]; thus RNA-based medicines must be combined with
drug carriers for delivery to target organs and cells [5,6]. Among the numerous nanoparticle
technologies available, lipid nanoparticles (LNPs) are the most promising RNA carriers,
demonstrating great efficacy and biocompatibility [7-11]. LNPs are composed of several functional
lipids. For RNA delivery, LNPs are designed with cationic or ionizable lipids, helper lipids, cholesterol,
and surface modifiers; the lipid composition has a considerable impact on the efficacy and stability of

RNA-loaded LNPs [12—15].

Microfluidic devices are established tools for LNP production [16,17], including RNA
medications [18,19]. This technology allows for greater control of LNP size and dispersion than
conventional manufacturing processes. Although this technology is user friendly, it requires the
solution to be changed and flow channel to be cleaned after each round of preparation. This can be
particularly time-consuming and labor-intensive when producing LNPs under various preparation

conditions.

Several studies have attempted to overcome the limitations of microfluidic technologies [20—
23]. These studies employed robotic liquid handling systems to explore optimal lipid compositions
but neglected to assess the potential of a continuous screening system based on a microfluidic platform.
Valencia et al. [24] developed a microfluidic platform for polymeric nanoparticle synthesis; however,
the flow rate was not sufficiently high (~60 pL/min) for rapid condition screening, and the
microchannel structure of the particle-formation region was not suitable to feed sample solutions at

high flow rates [24].

This study proposes a novel microfluidic platform for continuous screening of LNP formation
that fully integrates lipid composition adjustment and LNP formation sections into a single device. I
investigated the flow stability of the microfluidic platform to continuously adjust the lipid composition
to the flow conditions and compared the physicochemical properties of generated LNPs, including
their size and polydispersity index (PDI). Following proof-of-concept experiments, siRNA-loaded

LNPs with different lipid compositions and surface modifier ratios were prepared, and their
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physicochemical properties and gene-silencing activity were evaluated via in vitro experiments. I
found that the proposed platform allows for the effective adjustment of lipid composition by
controlling the flow conditions of the lipid solutions and does not require a large number of individual
syringes with distinct lipid compositions for LNP optimization screening. Further, the platform allows
for continuous flow of the lipid solution through the microchannel, circumventing the need for the

microchannel to be cleaned and, therefore, the use of cleaning solutions.

2.2 Experimental
2.2.1 Materials

POPC, DSPC, DOTAP, and DMG-PEG2000 were purchased from the NOF America
Corporation (White Plains, NY, USA). Cholesterol and ethanol (> 99.5% for HPLC) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). siGL4 was purchased from Hokkaido System Science
(Sapporo, Japan). The sense and antisense strand sequences of siGL4 were 5'-
CCGUCGUCUUCGUGAGCAATT-3" and 5-UUGCUCACGAAUACGGTT-3’, respectively.
Monohydrate, phosphate-buffered saline (PBS) and acetic acid were purchased from FUJIFILM Wako
Pure Chemical Corporation (Osaka, Japan). N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid
(HEPES) was purchased from Nacalai Tesque (Kyoto, Japan). Quant-iT RiboGreen RNA reagent was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). Sodium acetate was purchased from
KANTO CHEMICAL (Tokyo, Japan).

2.2.2 Fabrication of microfluidic device with baffle structures

The microfluidic device was purchased from Shin-Etsu Chemical (Chiyoda City, Japan). The
microfluidic device was fabricated by a typical wet etching method using 10% hydrofluoric acid, the
glass substrate with the microchannel was covered with a planar glass substrate, and a pair of glass
substrates was bonded using thermal fusion bonding. The microchannel structure and dimensions of
the microchannel are summarized in Figure 2.1. The microfluidic device has three inlets and two

mixing regions. The baffle structures were applied to the mixing regions of the channel.

2.2.3 Evaluation of flow rate stability
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The stability of the flow rate was evaluated by the weight of the solution collected from the
outlet of the microfluidic device (see Figure 2.1). I used milli Q water prepared by the Milli-Q
Advantage system (Millipore, Milford, MA, USA) as the aqueous phase and ethanol as an organic
phase. I introduced ethanol through separate inlets and changed the FRR from “50 to 50” to “10 to
90”. I applied a TFR of 500 and 600 uL/min, and the FRR of the aqueous phase and the two ethanol
phases were set to 3. The recovery rate (%) was calculated as the weight of the solution collected from

the outlet, per unit time, divided by the theoretical mass of the mixture of water and ethanol.

2.2.4 Preparation of POPC/cholesterol LNPs by off- and on-device mixing

To prepare the POPC/cholesterol LNPs by off-device mixing, a 14 mM POPC and 6 mM
cholesterol mixture solution was dissolved in ethanol. The lipid/ethanol solution was introduced from
two inlets, and PBS was introduced from one inlet into the microfluidic platform at a TFR of 500
puL/min by changing the FRR from 1 to 3. In comparison, when preparing the POPC/cholesterol LNPs
by on-device mixing, a 28 mM POPC/ethanol and 12 mM cholesterol/ethanol solution were separately
introduced into the microchannel. The investigated TFR and FRR were identical. After collecting the
LNP solution from the outlet, it was dialyzed overnight with PBS using dialysis membrane tubing with
a 12-14 kDa MWCO (Repligen Corporation, Waltham, MA, USA). The size of dialyzed LNPs was
measured by dynamic light scattering (DLS) with a Zetasizer Ultra instrument (Malvern Instruments,

Worcestershire, UK).

2.2.5 Preparation of DOTAP/DSPC/Cholesterol/DMG-PEG2000 LNPs

LNPs with different lipid compositions were prepared via on-device solution mixing. Two
solutions composed of different lipids were prepared, one with 7.2 mM cholesterol, 0.8 mM DSPC,
and 0.08 mM DMG-PEG2000, and the other with 7.2 mM DOTAP, 0.8 mM DSPC, and 0.08 mM
DMG-PEG2000. The lipid solutions were introduced into the platform and mixed with 25 mM acetate
buffer (pH 4.0) or 100 png/mL siRNA in 25 mM acetate buffer (pH 4.0). The total flow rate (TFR) was
540 pL/min, and the flow rate ratio (FRR) of the aqueous and ethanol phases was 2. The composition
of the LNPs was changed by adjusting the FRR of the two ethanol phases. After collecting the LNP
solution from the outlet, it was dialyzed overnight with PBS. The size and zeta potential of the dialyzed

LNPs were measured using DLS and ELS, respectively. The RiboGreen assay was used to measure
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siRNA encapsulation efficiency [25].

2.2.6 Preparation of LNPs with different surface modification ratios of polymer

LNPs coated with different amounts of surface modifiers were prepared via on-device solution
mixing. Two different lipid solutions were prepared, one with 2.4 mM DOTAP, 0.4 mM DSPC, 1.2
mM cholesterol, and 0.48 mM DMG-PEG2000, and the other with 2.4 mM DOTAP, 0.4 mM DSPC,
and 1.2 mM cholesterol. These lipid solutions were introduced into the microfluidic platform and
mixed with 50 pg/mL of siRNA in PBS. The investigated TFR was 600 pL/min, and the FRR of the
aqueous and ethanol phases was 3. The composition of the LNPs was changed by adjusting the FRR
of the two ethanol phases. When preparing 0% and 12% PEG modified LNPs, each valve which was
placed between the pump and microfluidic platform was closed to prevent the reverse flow. After
collecting the LNP solution from the outlet, it was dialyzed overnight with PBS. The size and zeta
potential of the dialyzed LNPs were measured by DLS and ELS. The RiboGreen assay was used to

measure siRNA encapsulation efficiency [25].

2.2.7 In vitro assay

HeLa cells stably expressing firefly and renilla luciferase (HeLa-dluc) were cultured as
previously described [26]. Cells were seeded at a concentration of 6 x 10° cells per well in a 96 well-
microplate for 24 h prior to LNP treatment for cell viability and gene expression assays. The cells were
then treated with LNPs and incubated for 24 h. After incubation, cell viability was measured using a
Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s protocol. For gene
expression assays, firefly luciferase activity was measured using a One-Glo assay and a GloMax
Explorer System (Promega, Madison, WI, USA) according to the manufacturer’s protocol. The
amount of protein in the cell lysate was measured using a BCA protein assay kit (Bio-Rad Laboratories,

Hercules, CA, USA).

2.2.8 Statistical analysis

The results are expressed as mean + standard deviation. For a one-to-one comparison, an
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unpaired multiple t-test was performed. For multiple comparisons, I performed one-way ANOVA

followed by Dunnett’s multiple comparison test.

2.3  Results and discussion
2.3.1 On-device LNP-formulation screening using the proposed microfluidic platform

For on-device formulation screening, the microfluidic platform was equipped with three inlets
and two mixing regions, which enabled the continuous adjustment of LNP composition. The LNP
composition can be adjusted in the first mixing region by changing the FRR of the two ethanol phases.
In the second mixing region, LNPs are formed by diluting the lipid-containing ethanol phase to an
aqueous phase (Figure 2.1). The microfluidic platform consisted of ten sets of baffle structures as
previously reported [27]. The baffle structure was 150 um in width and 20 um in length. The flow rate
stability was investigated during continuous adjustment of the rates. The recovery rate of the solutions
was ~100% with little variation, regardless of the TFR and FRR (Figure 2.2 (a) and (b)). These results
indicate that the microfluidic platform allows for on-device lipid formulation screening by controlling

flow conditions.
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Figure 2.1 Microfluidic platform for on-device LNP formulation screening. (a) Overview of

the platform showing three inlets and two baffle structure regions. From three of the two inlets (1% and
27 inlet), a lipid-containing ethanol solution is introduced. By modulating the flow rate ratio (FRR)
of these solutions and mixing them in the 1% mixing region, the mixture can be adjusted to meet the
target composition. From the 3™ inlet, aqueous phases are introduced and mixed with the lipid mixture
solution in the 2" baffle region; LNPs, with user-determined compositions, are obtained from the
outlet. (b) Photograph of mixing region with ten sets of baffle structures in the flow channel.

(c) Photograph and dimensions of the flow channel and baffle structure.
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Figure 2.2 Recovery rates for flow rate ratios (FRRs) of two ethanol phases from 1-9 (flow

percentages of 50/50 to 90/10). The total flow rate (TFR) was (a) 500 pL/min and (b) 600 pL/min.
The FRR of the aqueous phase and the total for the two ethanol phases was 3. The error bars represent
the standard deviation (SD) of at least three independent experiments. Not significant (N.S., P> 0.05)
against the FRR (of two ethanol phases) of 1 was determined by one-way ANOVA followed by

Dunnett’s multiple comparison test.

2.3.2 Physicochemical properties of generated LNPs

The proposed platform can operate stably over a wide range of FRRs for the two ethanol phases
(Figure 2.2). Next, I compared the size (hydrodynamic size, nm) and PDI of LNPs prepared using the
microfluidic platform with those using ordinary off-device mixing of lipid components. For on-device
mixing, 28 mM 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)/ethanol and 12 mM
cholesterol/ethanol solutions were separately introduced and mixed in the first mixing region. In off-
device mixing, 14 mM POPC and 6 mM cholesterol were dissolved in ethanol and mixed in a tube.
The FRR of the two inlets for the ethanol phase was fixed at 1, regardless of the on- and off-device

mixing conditions.
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LNP size exhibited a similar reduction trend for both on- and off-device mixing with little difference
(Figure 2.3 (a)). The LNPs of on-device mixing had a PDI of ~0.2, which was almost comparable to
that of off-device mixing (Figure 2.3 (b)). Therefore, my microfluidic platform can efficiently mix the
lipid components in the microchannel and produce LNPs with physicochemical properties comparable

to those of conventional off-device mixing processes.
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Figure 2.3 Physicochemical properties of POPC/cholesterol LNPs produced at various FRRs.

(a) Hydrodynamic size and (b) polydispersity index (PDI) of LNPs produced by on-device and off-
device mixing, respectively. In on-device mixing, one ethanol phase contained POPC and the other
contained cholesterol. In off-device mixing, both ethanol phases were pre-mixed before being
introduced through two inlets. The error bars represent the SD calculated from at least six independent
experiments. Significant difference (*; P <0.05, **; P <0.01) against on-device mixing was calculated

by unpaired multiple t-tests.

2.3.3 Application of on-device screening for LNP compositions

I investigated the feasibility of producing LNPs with different ratios of 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), a cationic lipid component. This has practical significance
because cationic lipids are essential for the function of RNA-loaded LNPs. First, I prepared LNPs
without siRNA (Figure 2.4 (a)—(c)). As the ratio of DOTAP in the LNP composition increased, LNP

size decreased from 75 to 48 nm (Figure 2.4 (a)). PDI was almost constant (< 0.2) except for LNPs
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with the highest ratio of DOTAP. My results are comparable with previous findings that 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC) and cholesterol promote the stability of LNPs and contribute to
their structural integrity [28]. The zeta potential gradually increased as the ratio of DOTAP in LNP
increased. This result was a reasonable consequence of incorporating an amount of DOTAP with

cationic potential.

Next, | screened the lipid composition in the preparation of siRNA-loaded LNPs (Figure 2.4
(d)—(g)). LNP size was nearly constant (73-96 nm), independent of changes in lipid composition,
which I assumed to be the effect of siRNA interacting electrostatically with DOTAP. This electrostatic
interaction was reflected in the lower PDI values for LNPs with siRNA (Figure 2.4 (e)). In both LNPs
with and without siRNA, the zeta potential increased with the increasing DOTAP ratio (Figure 2.4 (c)
and (f)), but the zeta potential was higher in LNPs without siRNA. Mechanistically, the positive charge
of DOTAP forms a complex with the negative charge of siRNA, and the complexes between DOTAP
and siRNA are encapsulated into the LNP. Therefore, siRNA-loaded LNPs showed a lower zeta
potential than LNPs without siRNA. The siRNA encapsulation efficiency was ~100% for all
compositions, but significant differences were observed compared to the LNPs composed of DOTAP/
DSPC/ cholesterol = 2/1/7 (Figure 2.4 (g)). These results suggest that the microfluidic platform allows

on-device lipid composition screening when incorporating commercial cationic lipids and siRNA.
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Figure 2.4 Preparation of DOTAP/DSPC/Cholesterol/DMG-PEG2000 LNPs at varying

FRRs. (a—c) LNPs without siRNA; (d—g) LNPs with siRNA. The x-axis shows the lipid composition
of LNPs, except for DMG-PEG2000, in the molar ratio as indicated in the x-axis title. All LNPs
included 1% of DMG-PEG2000 in the molar ratio. The error bars represent the SD from at least three
independent experiments. Significant difference (*; P < 0.05, **; P < 0.01) against the
DOTAP/DSPC/Cholesterol/DMG-PEG2000 (2/1/7/0.1 in molar ratio) LNP was calculated by one-

way ANOVA followed by Dunnett’s multiple comparison test.
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2.3.4 On-device screening for optimized surface modification of LNPs

I then applied the microfluidic device to screen for LNP surface modifications. It is widely
accepted that the efficiency of gene silencing and delivery to target organs/tissues of siRNA is
influenced by not only the size and composition of the LNPs, but also the amount of surface modifiers
on the LNPs [12,23,25,29-31]. To validate the broader application of this device, I selected 1,2-
dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000) as a model surface

modifier and prepared LNPs with different surface modification ratios.

LNP size decreased with increasing amounts of DMG-PEG2000 (Figure 2.5 (a)). DMG-
PEG2000 can generate a hydrate layer at the interface between the LNP and its intermediates in the
outer aqueous phase, resulting in a decrease in the size of the LNPs [30,32]. PDI values were
consistently below 0.2 from 0% to 7% DMG-PEG2000 (Figure 2.5 (b)). In contrast, LNPs modified
with 9% and 12% DMG-PEG2000 showed slightly higher values. As the amount of DMG-PEG2000
increased, the LNPs exhibited a multimodal particle-size distribution (Figure 2.5 (¢)). This may be due
to the excess amount of DMG-PEG2000, which behaves like a surfactant, generating micelle-like
particles and inducing LNP instability [33,34]. The zeta potential of the LNPs showed a decreasing
trend, comparable to that of LNP size (Figure 2.5 (d)). LNPs without DMG-PEG2000 showed the
highest zeta potential (~44 mV), which I attributed to the activity of DOTAP (as described in
subsection 2.3.3). As the amount of DMG-PEG2000 increased, the thickness of the hydrate layer on
the surface of the LNPs also increased until the cationic potential of the internal parent LNPs could no
longer be detected using electrophoretic light scattering (ELS). The encapsulation efficiency was

almost constant, and all LNPs encapsulated ~100% of siRNA (Figure 2.5 (e)).

After four weeks of storage at 4 °C, LNPs without DMG-PEG2000 tended to be larger than
LNPs with the surface modifier (Figure 2.6). This can be explained by the absence of DMG-PEG2000
inducing interactions and agglomeration between LNPs. On the contrary, even if the DMG-PEG2000
amount was minimal (e.g., 1%), the steric stability of LNPs would be maintained for at least four

weeks at 4 °C.

38



(a) LNP size (b) Polydispersity index (c) Particle size distribution

- 0.4 20
E — PEG 0%
£ 0/
] 0.3 —15 — PEG2%
5 3 — PEG 6%
) = z —_ %
E S 02 Fro PEG 12%
ES 8
'E 0.1 =5
=
T
0.0 0 1 T T 1
001 2 3 45 6 7 9 12 01 2 3 4 5 6 7 9 12 10 100 1000 10000
PEG amount (%) PEG amount (%) Hydrodynamic size (nm)
(d) Zeta potential {e) Encapsulation efficiency
50 120
s 100 ; =
E-w
%:m 5 80
S o 60
g2 w40
ﬁ 10 20
0
0 1 2 3 4 5 6 7 9 12 001 2 3 4 5 6 7 9 12
PEG amount (%) PEG amount (%)
Figure 2.5 Properties of siRNA-loaded DOTAP/DSPC/Cholesterol/DMG-PEG2000 LNPs

prepared at varying FRRs of two organic solvent phases. (a) LNP size, (b) PDI, (c) particle size
distribution, (d) zeta potential, and (¢) encapsulation efficiency of siRNA in LNPs. The error bars
represent the SD calculated from at least three independent experiments. Significant difference (*; P
< 0.05, **; P <0.01) against the unmodified (0% DMG-PEG2000 modified) LNP was calculated by

one-way ANOVA followed by Dunnett’s multiple comparison test.
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Figure 2.6 Stability of siRNA-loaded DOTAP/DSPC/Cholesterol/DMG-PEG2000 LNPs

after 4 weeks at 4 °C. (a) LNP size, (b) PDI, (c) zeta potential, and (d) encapsulation efficiency of
siRNA in LNPs. The error bars represent the SD calculated from at least three independent experiments.
Significant difference (*; P < 0.05, **; P < 0.01) against each initial value was calculated by one-way

ANOVA followed by Dunnett’s multiple comparison test.

From a physicochemical perspective, I concluded that LNPs were successfully prepared using
the microfluidic platform. I performed in vitro gene knockdown and cytotoxicity assays using
representative LNPs to evaluate the effect of DMG-PEG2000 on the efficacy and safety of siRNA-
loaded LNPs.

LNPs modified with 3% DMG-PEG2000 showed the highest luciferase knockdown activity
among the six types of LNPs at siGL4 RNA doses of 100 and 60 nM (Figure 2.7 (a)). Although DMG-
PEG2000 below a certain amount played a fundamental role in enhancing the dispersity of LNPs,
excessive amounts of DMG-PEG2000 prevented the interaction of LNPs with HeLa cells even within

that DMG-PEG2000 concentration range [35].
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On the contrary, at 30 nM siGL4 RNA, I observed higher knockdown efficiency at PEG
amounts of 12%. LNP size, rather than the DMG-PEG2000 modification amount, might have
contributed to knockdown efficiency; it has also been reported that smaller particles exhibit higher

intracellular uptake [36].

Regarding the cytotoxicity of siRNA-loaded LNPs at different DMG-PEG2000 compositions,
I found that cell viability tended to be lower in LNPs modified with 9% and 12% DMG-PEG2000
than in the controls (Figure 2.7 (b)). Excessive amounts of DMG-PEG2000 are known to be cytotoxic
[37]. In this case, I assumed that the cytotoxicity might be attributed to excess amounts of DMG-

PEG2000 acting as a surfactant.

Based on these results, my microfluidic platform allowed me to easily evaluate slight
physicochemical differences among more than ten different LNP compositions. Given this efficiency,
my proposed method can save time, expenses, and resources (especially expensive ingredients
including RNAs and other bioactive ingredients (functional lipids and surface modifiers)), making it

cleaner/“greener” than the conventional technology.
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Figure 2.7 In vitro efficacy and cytotoxicity assays of siGL4 RNA-loaded

DOTAP/DSPC/Cholestero/DMG-PEG2000 LNPs. (a) Luciferase knockdown efficiency (%). The
error bars represent the SD calculated from at least three independent experiments. Significant
difference against 3% DMG-PEG2000 modified LNP (*; P < 0.05, **; P < 0.01) and 12% DMG-
PEG2000 modified LNP (}; P < 0.05) was calculated by one-way ANOVA followed by Dunnett’s
multiple comparison test. (b) Cell viability (%). The error bars represent the SD calculated from at
least three independent experiments. Significant difference against control (*; P < 0.05) was calculated

by one-way ANOVA followed by Dunnett’s multiple comparison test.

2.4 Conclusion

I developed a novel microfluidic platform for the continuous formulation of LNPs with varying
lipid compositions. My microfluidic platform was capable of independent and stable flow of the three
solutions. Lipid formulation screening and optimization of surface modifiers can easily be manipulated.
This platform enables a more convenient and seamless design of LNPs, reduces the time and costs
associated with screening, and minimizes the amount of active pharmaceutical ingredients and lipids
disposed as waste. [ propose that my microfluidic platform represents an optimized and more efficient
alternative to the conventional technology, and that it could accelerate the development and application,

both experimental and clinical, of LNP formulations.
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CHAPTER 3
Microfluidic Device-Enabled Mass Production of Lipid-Based

Nanoparticles for Applications in Nanomedicine and Cosmetics



3.1. Introduction

Liposomes and lipid-based nanoparticles (Lb-NPs) are nanosized vesicles that mainly consist
of one or several kinds of amphiphilic phospholipids, and usually include cholesterol. The application
of Lb-NPs has been expanded from medical use to broader areas such as cosmetics and nutrition [1].
In particular, various liposomal cosmetics for skincare and anti-aging are on the market. In
pharmaceutical fields, Lb-NPs are among the most reliable and successful drug delivery carriers that
can encapsulate hydrophilic or hydrophobic drugs and ribonucleic acids. The use of more than 10
approved clinical products, including AmBisome [2,3], Doxil [3,4], Onpattro [3,5,6], Comirnaty [7,8],
and Spikevax [8], has proven the safety and efficacy of delivering Lb-NPs. Although the potential of
Lb-NPs has been widely confirmed, the number of approved clinical products has barely increased

[3.9].

The major obstacles in the clinical and commercial application of Lb-NP technologies might be
the difficulties associated with the mass production and scaling up as well as with the stability of
Lb-NPs during manufacturing and storage. In the traditional batch process, the lipid thin-film
hydration method is commonly used to produce Lb-NPs. Using this method, large and polydisperse
particles are generated, and a subsequent size reduction process, such as extrusion, sonication, or
homogenization, is essential to control the size of Lb-NPs for pharmaceutical applications. These size-
tuning processes sometimes result in the breaking of the encapsulated molecules because of physical
load [9]. Moreover, the execution of several processes in the production of Lb-NPs could be time-
consuming, complicated, and difficult to control [10]. It is, therefore, difficult to precisely control the

particle size [11].

Recently, microfluidics has received considerable attention as a novel process for
manufacturing Lb-NPs and is expected to simplify production and reduce the barriers to scaling up
[11,12]. Microfluidics can be used in the generation of Lb-NPs by introducing only the aqueous phase
and lipids into the organic solvent phase. The process parameters affecting the control of Lb-NP size
have been explored considerably [13—15]. The dilution rate of the organic solvent and lipid
concentration in the organic solvent phase substantially affect the size of Lb-NPs. The dilution rate of
the organic solvent is changed by the dimension and structure of the microfluidic channel, the total
flow rate (TFR), the velocity of the aqueous and organic solvent phases, and the flow rate ratio (FRR)
of the aqueous phase to the organic solvent phase. In general, smaller Lb-NPs are produced by rapid

mixing of the lipid and aqueous solutions using microchannel or micromixer structures [15-17].
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A microfluidic device equipped with baffle structures was recently developed in my laboratory
to produce LNPs with precise size control [13,18]. The developed microfluidic device named iLiNP®
showed better size controllability of Lb-NPs over a wide range compared with other devices.
Previously, Kimura et al. characterized iLiNP® by changing the TFR and FRR using 10 mg/mL 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and approximately 50 mg/mL POPC as the

highest concentration under a specific process condition [13,19].

The benefit of using a highly concentrated lipid solution is that concentrated Lb-NPs can be
obtained in a short run time. A high concentration of colloidal nanoparticles is critical to the delivery
efficiency and release of the loaded drug. In addition, a highly concentrated Lb-NP suspension allows
the solution to be diluted as needed to obtain the desired sample concentration. The preparation of
highly concentrated Lb-NPs is one of the major advantages for the mass production of Lb-NPs, which
is easier than concentration by ultracentrifugation or tangential flow filtration. In addition, it can
prevent changes in the particle properties of the Lb-NPs during concentration. However, the ability to
control the Lb-NP size using microfluidic devices, including iLiNP®, at high lipid concentrations, has
not been thoroughly investigated. Several investigations on the feasibility of applying a higher lipid
concentration with microfluidic devices have been reported; however, larger or polydisperse Lb-NPs

were prepared in such studies (Table 3.1 and 3.2).

This study was aimed at elucidating the controllability of Lb-NP size under conditions of low
to high lipid concentration using iLiNP® and comparing it with those of three commercially available
microchannel devices. The size and concentration (particles/mL) of Lb-NPs in the solution were

evaluated to estimate the formation of Lb-NPs at a high lipid concentration.
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Table 3.1

Previous reports on investigations to assess the application of extremely high lipid concentrations (> 50 mg/mL)

Formulation Device design FRR U @ !:IOW Particle size Dispersity
velocity
Flow-focusi 190 + 255 nm
ow-locusing . Two peaks: Bimodal
T | HSPC/mPEG-DSPE/Chol. | 90 mg/mL microfiuidics device 5 | 110 ul/min $53i5p7; distribution (20]
= 56.2/38.5/5.3 (45 georr}[etry-based 675+389)
90 mg/mL | Microreactor) 10 | 105uL/min | 347+283nm | Monodispersity
100 mM | Millireactor 1 mL/min 171.9+2.7nm | PDI: 0.285
SPC 60 mm Straight - [21]
200 mM channel 1 mL/min 2456 +4.0 nm PDI: 0.469
5 | Soybean lecithin 100 mM ri'f;‘;"(;}fﬁj‘fgiggjevice 10 |0.125m/s Ca. 180 nm PDI: ca. 0.2 [22]
a microfluidic vertical Ca.300 nm
6 | DMPC/DCP/Chol. = 5/1/4 | 80 mM flow focusing (VFF) | 30-50 | 4.5 mL/min > 250 PDI: > ca.0.25 | [23]
device ( hm)
7 75 M 16 | 95 mm/s 173.1 PDI: 0.23
m . .
8 Single hydrodynamic [y &=y 457 e 241.0 PDI: 0.29
focusing device
9 EPC/DOPE/DOTAP 92 mM 13 120 mm/s 202.4 PDI: 0.25 [24]
10 | =50/25/25 _— 16 | 95 mm/s 659.2 PDI: 0.64
m .
11 Double hydrodynamic | g™ "4 43" 1s 266.4 PDI: 0.29
focusing device
12 92 mM 13 | 120 mm/s 202.4 PDI: 0.25
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Table 3.2

Formulation

Lipid conc.

Device design

Previous reports on investigations to assess the application of slightly high lipid concentrations (< 50 mg/mL)

Particle size

Dispersity

channel

EPC/Chol. = 60/40 40 mM Double flow- 10 1.1 mL/min | 108.2 + 2.4 nm | Monodispersity
2 | EPC/POPC/Chol. = 30/30/40 40 mM focusing 10 1.1 mL/min | 180.3 £ 2.5 nm | Monodispersity | [25]
3 | POPCIChol. = 60/40 40 mM microfluidics device 444 4 mLmin | 139.0 2.7 nm | Monodispersity
HSPC/Chol /DSPE-PEG2000 . ,
4 | _ 3/1/1 40 mg/mL Staggered 1.5 12 mL/min | Ca. 100 nm PDI: <0.2
herringbone [26]
5 | DSy C/CNol/DSPE-PEG2000 1 40 gy | micromixer (SHM) | 4.5 | 12 mimin | Ca.100nm | PDI: <0.2
6 | POPC 20 mM Flow-focusing | 4 | g5 il /min | Ca. 170 nm N.A. [27]
microfluidics device
7 | DMPC/Chol /DHP = 5/4/1 40 mM Periodic disturbance | g 5| § 3 m( /min | Ca. 160 nm PDI: <0.2 28]
mixer (PDM)
Millireactor
8 | SPC 40 mM 60 mm Straight 5 1 mL/min 150.5+54 nm | PDI: 0.240 [21]




3.2. Experimental
3.2.1. Materials

POPC was purchased from the NOF AMERICA Corporation (White Plains, NY, USA).
Cholesterol and ethanol (= 99.5%, for HPLC) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dulbecco’s phosphate-buffered saline (D-PBS) was purchased from FUJIFILM Wako Pure

Chemical Corporation (Osaka, Japan).

3.2.2. Fabrication of microfluidic devices with baffle structures

iLINP® was fabricated using standard photolithography [29]. The detailed protocol has been
described previously [13,19,30]. In brief, the master molds were made from SU-8 3050 (Nippon
Kayaku Co., Ltd., Tokyo, Japan) for applying the 100 um thick layer onto silicon wafers and then were
exposed to UV light with a mask aligner. Finally, replicated poly (dimethylsiloxane) (PDMS) pieces
were bonded with PDMS replicas by the oxygen plasma treatment (CUTE-1MP/R, Femto Science,

Gwangju, Korea). iLINP® with three inlets was fabricated in the same manner.

3.2.3. Description and dimensions of the microfluidic devices

Figure 3.1 shows the structures of devices investigated in this study. The basic iLiINP® structure
(Figure 3.1 (a)) was defined based on previous results [13]. The width and height of the microchannels
were 200 and 100 pm, respectively. The width, length, and interval of each baffle were 150, 100, and
100 pum, respectively. Twenty baffles were placed in the microchannel immediately after the
confluence point. The other three devices, suitable for nanoparticle preparation, were purchased from
the Blacktrace Company. Two devices (Figure 3.1 (b) and (c)) had a straight channel without mixer
structures; the differences between the two devices were in the length and arrangement of channels in
the device. The straight device with a short channel (Figure 3.1 (b)) had three inlets (two of the five
inlets located on both the outer sides were not used for preparation), and the width and height of the
microchannel after the confluence point were 160 and 150 pm, respectively. The straight device with
a long channel (Figure 3.1 (c)) also had three inlets, and the width and height of the microchannels
were the same as those in the straight device with a short channel. The micromixer device (Figure 3.1

(d)) had three inlets and mixer structures divided into two parts [31]. The upper side of the mixer
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structure had four channels (125 pm width and 50 um height), and the lower side had one channel
(350 um width and 125 pm height). Twelve sets of branched mixer structures were located at points

throughout the channel.

(a)

Length: 16 mm

(b)

N -
150 um o :
Baffle structure

Depth: 100 um pth: 150 pm

Upper structure:
i {Depth: 50 pm) £
1 125 pf

Lower structure
: (Depth: 125 pm)

epth: 150 pm
Length: 80 mm

Figure 3.1 Structure of each device: (a) iLINP® (2-inlets); the straight device with short (b)

and long (c) channel; (d) the micromixer device

3.2.4. Preparation of POPC/cholesterol Lb-NPs

POPC/cholesterol (7/3 molar ratio) LNPs were prepared by mixing an aqueous phase and an
organic phase in each microfluidic device. The entire system and equipment used is shown in Figure

3.2. An ethanol solution containing a certain amount of POPC and cholesterol was used as the organic
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phase, and MilliQ water was used as the aqueous phase. These two solutions were placed in a liquid
feeding pump (Mitos P-Pumps, Blacktrace Company, Royston, UK) and fed into each microfluidic
device. The lipid solution was prepared with four POPC concentrations, viz., 10, 25, 50, and 100
mg/mL. The TFRs were 100, 500, and 1000 uL/min, and the FRR was fixed at 3. The collected LNP
suspensions were dialyzed with 10,000 MWCO dialysis membrane tubing (RC membrane spectra/pro
6, Repligen Corporation, Waltham, MA, USA) overnight against D-PBS solution. The size of the LNPs
was measured by dynamic light scattering (DLS) using a Zetasizer Ultra instrument (Malvern
Instruments, Worcestershire, UK). The concentration (particles/mL) of the LNPs in the solution was
evaluated using multi-angle dynamic light scattering (MADLS) with a Zetasizer Ultra instrument and

nano tracking analysis (NTA) with Nanosight (Malvern Instruments).

Microscope
' o ‘ 1

|

* liquid feeding pumps

Microfluidies device

| ‘E Outlet of Lb-NPs

Figure 3.2 The whole preparation system and instruments. The Aqueous phase and organic
phase with lipid components were fed from liquid feeding pumps to the microfluidics device located

on the microscope. The feeding speed and ratio could be controlled by the PC through software.

3.2.5. Calculation of interparticle distance between Lb-NPs

The interparticle distance is defined as the distance between Lb-NPs. According to Hao et al.

[32], the interparticle distance can be calculated as follows:

Interparticle distance = [(N21/6p)1/3-1]d
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In this formula, “d” and “¢” are the diameter of particle and particle volume fraction, respectively.
Particle volume fraction, ¢, is calculated as follows:
@ = nd3n/6v

where “v” and “n” are the unit volume and concentration of particles per unit volume, respectively.

3.2.6. Statistical analysis

The results are expressed as mean = SD. For one-to-one comparison, unpaired t-test was
performed. For multiple comparisons, I performed one-way ANOVA followed by Tukey’s multiple

comparison test.

3.3. Results and discussion
3.3.1. Comparison of the Lb-NP size controllability using the microfluidic devices

First, I evaluated the effect of the microchannel structure and lipid concentration on the Lb-NP
size controllability. The FRR of the aqueous phase to the lipid phase was fixed at 3 to produce a highly
concentrated Lb-NP solution to achieve high throughput. At a POPC concentration of 10 mg/mL, all
the microfluidic devices produced homogeneous Lb-NPs smaller than 200 nm; in particular, the
iLINP® and micromixer devices generated Lb-NPs smaller than 100 nm (Figure 3.3 (a), (c) and (e)).
At a POPC concentration of 100 mg/mL, the two straight channel devices could not produce Lb-NPs
smaller than 200 nm, and a heterogeneous particle size distribution was observed (Figure 3.3 (b), (d)
and (f)). On the contrary, iLINP® and micromixer devices could produce 130 to 180 nm-sized Lb-NPs
with a homogeneous size distribution depending on the flow conditions. Under high flow rate
conditions, iLINP® and micromixer devices formed homogeneous (polydispersity index (PDI) = 0.2
or < 0.2) and small-sized (mean hydrodynamic size = 130-140 nm) Lb-NPs compared with those
formed under low flow rate conditions (Figure 3.3 (d)). Generally, the rapid dilution of ethanol in the
microchannels leads to the production of homogeneous and small-sized Lb-NPs. The high lipid
concentration condition induces the aggregation of Lb-NPs or intermediates during Lb-NP formation
and forms heterogeneous and large-sized Lb-NPs using microfluidic devices, such as the straight
channel device. From these results, it is clear that iLINP® and micromixer devices maintain good

Lb-NP size controllability, even at a POPC concentration of 100 mg/mL. Previously, due to the slow
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dilution of ethanol, large-sized and heterogeneous Lb-NPs were prepared at high lipid concentrations
using a flow-focusing device, which has a similar channel structure as the straight short device I used
where the lipid containing organic solvent phase was sandwiched in-between the aqueous phases
[20,21,23,24]. These unfavorable results might be improved by increasing the FRR; however, the
Lb-NP concentration in the product is also reduced by increasing the FRR. Therefore, I conclude that
the flow-focusing device is not an appropriate structure for mass production of Lb-NPs using a highly

concentrated lipid solution.
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Figure 3.3 Transition of mean hydrodynamic size using (a) 10 mg/mL 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) solution and (b) 100 mg/mL POPC solution. Transition of
polydispersity index (PDI) using (c) 10 mg/mL POPC solution and (d) 100 mg/mL POPC solution.
The error bars represent the standard deviation calculated from repeating each lipid-based nanoparticle
(Lb-NP) formation experiment at least three times. Significant difference (*; P < 0.05, **; P < 0.01)
against iLINP® was calculated by one-way ANOVA followed by Tukey’s multiple comparison test.
(e—f): Particle size distribution (PSD) using (e) 10 mg/mL POPC at total flow rate (TFR) of 500

pL/min and (f) 100 mg/mL POPC solution at TFR of 1000.
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3.3.2. Effect of lipid concentration on the size of Lb-NPs produced using iLiNP® and

micromixer devices

I found a unique Lb-NP formation behavior of iLINP® (Figure 3.3). iLiINP® produced the
smallest Lb-NPs at a lipid concentration of 10 mg/mL and TFR of 1000 uL/min. However, I did not
observe any size differences between iLINP® and micromixer devices at 100 mg/mL POPC. For these
reasons, | selected iLiNP® and micromixer devices and investigated the effect of lipid concentration
on Lb-NP size. As shown in Figure 3.4, iLINP® produced Lb-NPs smaller than 100 nm at a TFR of
1000 pL/min in the POPC concentration range of 10-50 mg/mL. Under the same conditions, the
Lb-NP sizes produced by the micromixer device were at least 1.4-times larger than those produced by
iLINP® (Figure 3.4 (a)—(c)). Kimura et al. reported that iLiNP® could achieve a complete mixing
state within 3 ms at a TFR of 500 and FRR of 3 and 9, and the Lb-NP sizes formed under the flow
conditions were smaller than those prepared by a chaotic mixer device [13]. The micromixer device
needs to achieve a complete mixing state for approximately 192 ms at a TFR of 500 and an FRR of 1
[31]. This was comparable to the differences in the size of Lb-NPs in the POPC concentration range
of 1050 mg/mL (Figure 3.4 (a)—(c)). At a POPC concentration of 100 mg/mL, the Lb-NPs produced
by iLiNP® showed an almost similar trend of size reduction as those produced by the micromixer
device. The size of Lb-NPs produced by iLiINP® was maintained at 130 nm when the TFR was
increased from 500 to 1000 pL/min. However, the size of Lb-NPs prepared using the micromixer
device decreased upon increasing the TFR from 100 to 1000 pL/min. From these results, I conclude
that the threshold POPC concentration for different size reduction tendencies of iLINP® and the

micromixer devices is between 50 and 100 mg/mL.
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Figure 3.4 Transition of lipid-based nanoparticle (Lb-NP) size by changing the total flow rate

of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) solution to (a) 10 mg/mL, (b) 25
mg/mL, (c) 50 mg/mL, and (d) 100 mg/mL. The error bars represent the standard deviation calculated
from repeating each experiment at least three times. Significant difference (*; P < 0.05, **; P <0.01)

was calculated by unpaired t-test.
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3.3.3. Effect of lipid concentration on the concentration and interparticle distance between

Lb-NPs produced using iLINP® and micromixer devices

I found that the size and formation of Lb-NPs change as the lipid concentration increases
(Figure 3.4). It is assumed that Lb-NPs are formed from phospholipid molecules via lipid bilayer disk-
like intermediates [33—35]. I, therefore, assumed that the concentration of Lb-NPs in the final product
would reflect the concentration of Lb-NPs and intermediates immediately before forming Lb-NPs in
the microchannel. I measured the concentration (particles/mL) of Lb-NPs in the final product to clarify

the effect of lipid concentration (mg/mL) and Lb-NP size on Lb-NP formation.

The concentration of Lb-NPs was measured using two methods, NTA and MADLS. NTA is
among the most standard measurement methods for counting the number of nanosized particles, such
as extracellular vesicles, viruses, and proteins [36—38]. MADLS has a significant advantage over other
measurement methods because it can be used to count the number of detectable particles with a wider
range of size (from sub-nanometer to 10 pm diameter) [39]. Generally, NTA cannot measure Lb-NPs
with diameter < 50 nm because of the weak scattering from small-sized particles. Therefore, small-
sized Lb-NPs formed by iLiNP® at low lipid concentrations could not be measured by NTA (Figure
3.5 (a) and (b)). I mainly used MADLS to evaluate the Lb-NP concentration. NTA and MADLS were

employed to evaluate the concentration of Lb-NPs with diameter > 50 nm.

As shown in Figure 3.6 (a), the concentration of Lb-NPs produced by the micromixer device
was constant (1.3E+13-6.9E+13 particles/mL) at all POPC concentrations (10-100 mg/mL).
Comparable results were observed in NTA measurements (Figure 3.5 (b)). In contrast, the
concentration of LNPs prepared using iLiNP® decreased with the increasing lipid concentration. The
maximum concentration of Lb-NPs (5.9E+14 particles/mL) was obtained at a POPC concentration of
25 mg/mL, and the minimum concentration of Lb-NPs (1.2E+13 particles/mL) was obtained at a
POPC concentration of 100 mg/mL (Figure 3.6 (a)). As the POPC concentration increased from 10
mg/mL to 25 mg/mL, the concentration of Lb-NPs tended to increase. This upward trend may be
attributed to the smaller ratio of increase in Lb-NP size obtained compared to the ratio of increase in
lipid concentration. There was also a tendency for the concentration of Lb-NPs to decrease as the
POPC concentration increased from 25 mg/mL to 100 mg/mL. Likewise, this decreasing trend can be
explained by the larger ratio of the increase in Lb-NP size obtained compared to the ratio of increase

in lipid concentration.
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For practical applications, the ability to produce a highly concentrated Lb-NP suspension is
essential for a manufacturing apparatus. Therefore, I compared the concentration of Lb-NPs produced
by the micromixer and iLiNP® (Figure 3.6 (b)). When Lb-NPs with a diameter < 100 nm were
produced in the microfluidic device, iLINP® produced a higher concentration of Lb-NPs than the

micromixer device.

As for the interparticle distance calculated from the Lb-NP concentration and size of Lb-NPs
(Figure 3.6 (c)), the interparticle distance in the case of iLiINP® increased from 100 nm (at 10-50
mg/mL POPC) to 200400 nm (at 100 mg/mL POPC), whereas the interparticle distance in the case
of the micromixer device was constant. Assuming that intermediates individually become Lb-NPs, the
interparticle distance should decrease as the number of intermediates and Lb-NPs increases with
increasing lipid concentration. Conversely, the increase in interparticle distance is presumed to be due
to the fact that intermediates are unable to individually become particles and fuse with each other
during the particle formation process. This prediction is consistent with the results of increased Lb-NP
size as well as with the possible changes in the internal structure of the Lb-NP with increasing lipid
concentrations described in the Lb-NP concentration section. These findings suggest that although the
formation of Lb-NPs in the micromixer device did not change at all lipid concentrations, it might
change according to the lipid concentration in iLiNP®. The differences in the formation of Lb-NPs
might be attributable to the elevation in the critical concentration of ethanol at which phospholipids
generate and grow intermediates to form Lb-NPs. I previously reported the critical concentration of
ethanol for forming the intermediates, and the concentration range of ethanol was 60%—-80% when
using a chaotic mixer device with a POPC concentration of 10 mg/mL [14]. This critical concentration
of ethanol was changed depending on the concentration and chemical properties of the lipid species.
At higher POPC concentrations, the critical concentration of ethanol might be increased; therefore,

the rapid dilution rate in iLINP® could not work as effectively as it did at lower POPC concentrations.

Based on the results presented in Figure 3.6, I inferred the LNP formation in the microchannel
and have systematically illustrated it in Figure 3.7. At a high POPC concentration, the nucleation rate
of intermediates is faster than the ethanol dilution rate in both microfluidic devices because of the high
supersaturation in the solution. Therefore, intermediates can easily fuse to form large Lb-NPs rather
than bending intermediates to form spherical LNPs. On the contrary, at low POPC concentrations, the
dilution rate of ethanol dominates the size and concentration of Lb-NPs in both microfluidic devices.

Therefore, iLINP® allowed the production of small-sized Lb-NPs compared with the micromixer
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device by rapid ethanol dilution.
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Figure 3.5 (a) Mode diameter of lipid-based nanoparticles (Lb-NPs) measured by dynamic

light scattering (DLS) and nano tracking analysis (NTA); (b) particle concentration measured by multi-
angle dynamic light scattering (MADLS) and NTA. The error bars represent the standard deviation

calculated from repeating each Lb-NP formation experiment twice (N = 1-2).
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(b) LNP concentration
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Figure 3.6 Transition of the (a) concentration (particles/mL) of lipid-based nanoparticles

(Lb-NPs), (b) concentration of Lb-NPs per unit 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) concentration, and (c) interparticle distance in the final product using solutions with different
POPC concentrations. The error bars represent the standard deviation calculated from repeating each
Lb-NP formation experiment at least three times. Significant difference (*; P < 0.05, **; P < 0.01)
between iLINP® and micromixer under the same TFR conditions was calculated by one-way ANOVA

followed by Tukey’s multiple comparison test.
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Figure 3.7 The proposed mechanism of lipid-based nanoparticle (Lb-NP) formation in each
device and under each condition. (a) Each initial intermediate forms self-assembled Lb-NPs and
results in a large number of Lb-NPs. This mechanism of Lb-NP formation is dominant when using
iLiINP®. The most effective factor for reducing the size of Lb-NPs is the ethanol dilution rate. (b) The
initial intermediates fuse with the existing initial intermediates in the vicinity and reduce the number
of intermediates and Lb-NPs. This type of Lb-NP formation is dominant when using the micromixer
device (blue arrow) and also when using the highest lipid concentration (e.g., 100 mg/mL POPC) as
an ethanol phase with iLiINP® (red arrow). At the higher lipid concentration, the speed of growth of
intermediates was regulated by the ethanol dilution rate and the area of the aqueous-ethanol interface.
The contribution of the area of the aqueous-ethanol interface on Lb-NP size increased at the higher

lipid concentration.

3.3.4. Effect of increasing the area of the aqueous-ethanol interface on the concentration and

size of Lb-NPs produced using a three-inlet iLINP® device

Based on the process of Lb-NP formation in the microchannel proposed (Figure 3.7), I assumed
that both the rapid dilution of ethanol and the broad area of the aqueous-ethanol interface have a
considerable effect on the size and concentration of Lb-NPs at high lipid concentrations. The
micromixer device achieves slower ethanol dilution than iLiNP®, but the former has three inlets that
increase the aqueous-ethanol interface. The large aqueous-ethanol interface of the micromixer device
contributes to the prevention of the fusion of intermediates to the same extent as that of iLINP® at a

POPC concentration of 100 mg/mL. I fabricated a three-inlet iLINP® device (Figure 3.8 (a)) to verify
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the effect of the aqueous-ethanol interface area on the size and concentration of LNPs at a high lipid

concentration.

The three-inlet iLINP® device could produce 110-120 nm-sized Lb-NPs at a TFR of 1000
pL/min (Figure 3.8 (b)). The Lb-NP concentration and intraparticle distance between the Lb-NPs
prepared using the three types of microfluidic devices are shown in Figure 3.8 (c—d). The Lb-NP
concentration in the three-inlet iLiINP® device was more than four-fold higher than that in the two-
inlet iLiINP® and micromixer devices at a TFR of 1000 pL/min (Figure 3.8 (c)). Unlike the two-inlet
iLINP®, the concentration of Lb-NPs prepared using the three-inlet iLINP® was increased, and the
interparticle distance between Lb-NPs prepared using the three-inlet iLiINP® decreased with the

increasing TFR.

Compared with the two- and three-inlet iLiNP®, the micromixer device exhibited a smaller PDI
(Figure 3.8 (e)); however, the Lb-NPs prepared using each device showed monodispersity (Figure 3.8
(f)). Although the broader aqueous-ethanol interface achieved using the micromixer device might
slightly affect the dispersity of Lb-NPs, there was no significant difference among the three

microfluidic devices.

This difference in the size and concentration of Lb-NPs between the two- and three-inlet
iLINP® devices was not observed at a TFR of 500 pL/min. The Lb-NP preparation using the three-
inlet iLINP® at a TFR of 1000 nL/min allowed the production of the smallest Lb-NPs among the three
types of microfluidic devices. I assume that the increase in the aqueous-ethanol interface and rapid
ethanol dilution using the three-inlet iLiNP® allows the production of small-sized Lb-NPs and more

concentrated Lb-NP suspensions [24,25].
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(a) (b) Transition of LNP size
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Figure 3.8 (a) Device design of iLiNP and 3-inlet iLiNP. Transition of (b) the lipid-based

nanoparticle (LNP) size, (c) the concentration of LNPs, (d) the interparticle distance, and (e)
polydispersity index, using 100 mg/mL 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) in
ethanol as the organic solvent phase. (f) Particle size distribution (PSD) prepared using each
microfluidic device at 100 mg/mL POPC and a TFR of 1000 pL/min. The error bars represent the
standard deviation calculated from repeating each LNP formation experiment at least three times.
Significant difference (*; P < 0.05, **; P < 0.01) was calculated by one-way ANOVA followed by

Tukey’s multiple comparison test.
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3.4. Conclusion

I demonstrated the effect of lipid concentration on Lb-NP size using four microfluidic devices.
I explored the critical factors that affect the size tuning ability under high lipid concentrations. The
preparation of uniform and submicron-sized Lb-NPs in highly concentrated lipid solutions was
possible by introducing solutions at a high flow rate into microchannel devices using mixer structures,
such as those in iLINP® and micromixer devices. I found that the main factors controlling the particle
size varied depending on the lipid concentration and device structure. At low lipid concentrations,
ethanol dilution rate dominated the Lb-NP formation behavior. In contrast, the dilution performance
of the two-inlet iLINP® device and the micromixer device was insufficient in controlling the Lb-NP
production at a POPC concentration of 100 mg/mL. Based on these findings, I modified iLINP® to
increase the aqueous-ethanol interface and demonstrated that the three-inlet iLINP® could prevent the
fusion of the initial intermediates and produced the smallest Lb-NPs among the three types of

microfluidic devices.

I also confirmed that iLiINP® can produce a higher concentration of Lb-NPs per unit volume
than the micromixer device. This result suggests that iLINP® provides many advantages for the mass
production of size-controlled Lb-NPs using microfluidic devices. The performance of dense Lb-NP
suspensions is significant for practical application of the microfluidic technology in the production of
Lb-NP-based nanomedicines and cosmetics. I consider iLiNP®-based microfluidic devices to be a

suitable platform for mass production of Lb-NPs.

In conclusion, this chapter characterizes the factors that affect particle size controllability in the
case of highly concentrated lipid solutions. As a result, unimodal Lb-NPs of submicron size were

successfully prepared even under high concentration lipid conditions.
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CHAPTER 4

Controlling Lamellarity and Physicochemical Properties of Liposomes

Prepared using a Microfluidic Device



4.1 Introduction

Lipid-based nanoparticles (Lb-NPs) have been used in many clinical applications in the
pharmaceutical and cosmetic fields for therapeutic purposes. Lb-NPs can successfully deliver both
poorly water-soluble and water-soluble drugs and high molecular-weight modalities, such as
oligonucleotides. Based on their internal structure, Lb-NPs can be subdivided into liposomes [1], lipid
emulsions [2], lipid nanoparticles (LNPs) [1,3], solid lipid nanoparticles [1,4], and nanostructured
lipid carriers [1]. Lb-NPs have the great advantages of high biocompatibility and biodegradability [5].
Based on these characteristics, LNPs have been utilized for the vaccines against COVID-19 [1,6-8],
and liposomes are widely used in pharmaceutical products such as Doxil [1,6,9], AmBisome [6,10],

and cosmetic products [11].

The most basic Lb-NPs are liposomes, which are enclosed vesicles consisting of one or more
lipid bilayers. The size of such liposomes can be adjusted from nano- to micro-order, depending on
the target organ/cells for delivery and the site of application. The physicochemical properties of
liposomes, such as the encapsulation efficiency [12—16], drug release profile [12—16], morphology
[17], stiffness [17], and photoprotection of drugs [18], significantly impact drug delivery to target
organs and cellular uptake [14,19]. These physicochemical properties change depending on the

liposome composition, size, and lamellar structure of the lipid bilayer.

Comparisons of the physicochemical properties and effects on drug activity between uni- and
multi-lamellar liposomes have been reported [15-21]. Generally, liposomes are classified according
to their preparation method. For example, liposomes prepared using a lipid thin-film hydration method
tend to form multi-lamellar vesicles. Then, uni-lamellar vesicles can be obtained by extrusion or
sonication of the multilamellar vesicles. Liposomes are also classified according to particle size.
Specifically, micro-ordered liposomes form multilayer lamellar vesicles, while nano-ordered
liposomes form single-layer lamellar vesicles. However, Scott et al. observed that even if liposomes
of uniform particle size are obtained by extrusion through a 100 pm membrane filter, they still contain
some multilamellar vesicles [22]. Thus, if the lamellar properties of liposomes are inferred from
indirect physicochemical properties, the evaluations and results might include large uncertainties
regarding the lamellar properties of these liposomes. In addition, micro-ordered liposomes have often
been evaluated as representatives of multi-lamellar liposomes in terms of liposome size [15,16,19,20].
It is more desirable to evaluate multi- and uni-lamellar liposomes in a realistic size range that can be

applied to drug delivery for intravascular administration by injection, such as intravenous (IV)
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injection or infusion; however, such reports remain scarce.

Microfluidic technology is widely used to prepare nanoparticles composed of lipids and
polymers [23]. Microfluidic technology offers precise particle size control, ease of operation, and
continuous production, allowing seamless scale-up from laboratory (lab) to production scale [24].
Therefore, this preparation technique is one of the most promising nanoparticle preparation methods
currently being investigated [25]. According to the literature, liposomes prepared using microfluidic
devices have been characterized by microscopy and X-ray diffraction and were observed to form both
uni- and multi-lamellar structures [26,27]. However, the effect of the microfluidic preparation

conditions on the detailed lamellar structure of liposomes is still not fully understood.

I previously reported that microfluidic technology can be used to prepare uniform liposomes of
different sizes and particle concentrations by simply changing the lipid concentration in the same
formulation [28]. Based on these findings, I considered the possibility of obtaining liposomes with
different lamellar structures by changing the process parameters and lipid concentrations. In particular,
I reported that a large number of small-sized liposomes were prepared under the condition of using
the low lipid concentration and the microfluidic device which equipped the baffle structure inside the
channel (Kimura et. al. named this device “invasive lipid nanoparticle production (iLiNP)” [29]),
whereas a small number of larger liposomes were prepared by using high lipid concentration solution
[28]. These differences might affect not only the size and number of liposomes but also the internal

lamellarity of liposomes, which have a potential to change the drug release and activity.

In this current study, paclitaxel (PTX) was used as a model compound, and PTX-loaded
liposomes were prepared with homogeneous compositions. Specifically, the PTX-loaded liposomes
were prepared under three lipid concentrations and two flow rate ratio (FRR) conditions using a
microfluidic device (Figure 4.1 (a)). In this study, I focused on the preparation of liposomes with
different lamellar properties and compared their physicochemical properties. Furthermore, I confirmed

the effect of the liposome lamellar structure on the in vitro release kinetics and in vitro activity of PTX.

4.2 Experimental
4.2.1 Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was purchased from the NOF
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AMERICA Corporation (White Plains, NY, US). Cholesterol, ethanol (> 99.5%, HPLC grade),
Tween® 80 (TWS80), and 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from Sigma-Aldrich
(St. Louis, MO, US). Monohydrate, phosphate-buffered saline (PBS) was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Paclitaxel (PTX) was purchased from Tokyo
Chemical Industry (Tokyo, Japan).

4.2.2 Fabrication of microfluidic device with baffle structures

The microfluidic device was fabricated using standard photolithography [30]. The detailed
protocol has been described in the literature [29,31]. Briefly, the master molds were made from SU-8
3050 (Nippon Kayaku, Tokyo, Japan) for the 100 pm thick layer on silicon wafers. Next, the SU-8
layer on the silicon wafer was exposed to UV light with a mask aligner after which replicated
poly(dimethylsiloxane) (PDMS) pieces were bonded with a glass substrate by oxygen plasma
treatment (CUTE-1MP/R, Femto Science, Gwangju, Korea). The channel structure and dimensions of

the microfluidic device are illustrated in Figure 4.1 (a).

4.2.3 Preparation of PTX-loaded liposomes

PTX-loaded liposomes were prepared by mixing an aqueous phase and lipid/ethanol (organic)
phase in the microfluidic device. An ethanol solution containing certain amounts of POPC, cholesterol,
and PTX (POPC/cholesterol/PTX = 90/7/3 molar ratio) was used as the organic solvent phase, while

MilliQ water was used as the aqueous phase.

These two solutions were placed in a liquid feeding pump (Mitos P-Pumps, Blacktrace
Company, Royston, UK) and fed into the microfluidic device. The lipid solution was prepared with
three concentrations (10, 50, and 100 mM) of the total components. The total flow rate (TFR) was
maintained at 500 uL/min and the FRR was fixed at 3 or 9. The collected liposome suspensions were
dialyzed with 10,000 MWCO dialysis membrane tubing (SnakeSkin™ Dialysis Tubing, Thermo
Fisher Scientific, Waltham, MA) overnight against a PBS solution. The dialyzed liposome suspension
was then filtered through a 0.45 um filter (DISMIC®, ADVANTEC MFS, California, US) to remove
the crystalized/unincorporated PTX. The size of the LNPs was measured by dynamic light scattering

(DLS) using a Zetasizer Ultra instrument (Malvern Instruments, Worcestershire, UK).
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4.2.4 Evaluation of the encapsulation efficiencies, drug loading, and recovery ratios of PTX-

loaded liposomes

The PTX EE% was expressed as the mass of PTX encapsulated over the total PTX amount in
the PTX-loaded LNP suspension filtered through a 0.45 pum filter. The PTX-loaded liposome
suspension was filtered through a 0.45 pum filter, diluted with a mixture of acetonitrile and water
(50:50), and subsequently measured by HPLC. The PTX-loaded liposome suspension filtered through
a 0.45 um filter was placed in a unit with a centrifugal filter (Amicon Ultra, MWCO 50 kDa, Merck,
Darmstadt, Germany) and centrifuged for 10 min at 7500 rpm and 4 °C. The ultrafiltered solution was
then collected and analyzed by HPLC using the method described above. The EE% was calculated as

follows:

EE% = ((PTX concentration in PTX-loaded liposome solution filtered through 0.45 um filter) — (PTX
concentration in the ultracentrifuged solution)) / (PTX concentration in PTX-loaded liposome solution

filtered through 0.45 pm filter) x 100

The drug loading (DL%) was expressed as the mass of the PTX loaded over the total weighted
mass of the freeze-dried samples. The PTX-loaded liposomes filtered through a 0.45 pum filter were
lyophilized by freeze dryers (EPSILON2-4LSCplus, Martin Christ, Germany) and the lyophilized

powder was then weighed. The DL% was calculated as follows:

DL% = (PTX amount in PTX-loaded liposome solution filtered through 0.45 pum filter per unit
volume) / (Mass of PTX-loaded LNPs filtered through 0.45 um filter after lyophilization per unit

volume) — (Theoretical amount of PBS salt weight per unit volume)) x 100

The percentage recovery (Recovery%) was expressed as the ratio of the PTX amount loaded in
the liposome and the total theoretical amount of PTX added. The percentage recovery was calculated

as follows:
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Recovery% = (PTX amount in PTX-loaded liposome solution filtered through 0.45 um filter per unit
volume) / (Theoretical PTX amount of PTX-loaded liposome solution before filtering through 0.45

um filter per unit volume) x 100

For the HPLC analysis, an Agilent 1200 Series high-performance liquid chromatograph
(Agilent Technologies, Palo Alto, CA) equipped with a YMC-Pack Pro C8 column (4.6 x 50 mm; 5
pum bead diameter) and a UV detector were used to quantify the drug content in the samples. Samples
were eluted with a mixture of acetonitrile and water (50:50, v/v) for 5 min (retention time = 2.8 min)
followed by acetonitrile and water (90:10, v/v) for 5 min. The elution flow rate, injection volume, and

detection wavelength were set at 1.0 mL/min, 20 pL, and 227 nm, respectively.

4.2.5 Evaluation of the lamellar structure of liposomes using SAXS and TEM analysis

Small-angle X-ray scattering (SAXS) measurements were performed on the beamline BL15A2
at the Photon Factory (Ibaraki, Japan). A wavelength of 1.2 A was employed and the X-ray detector
(PILATUS 2M, DECTRIS, Switzerland) distance was set to 1.5 m. SAXS data were collected with 1

s exposure time and integrated 300 images.

The morphology and inner structure of the liposomes were observed by transmission electron
microscopy (TEM, HITACHI H-7600) at an acceleration energy of 100 kV. Liposome suspensions
were diluted with PBS at the appropriate concentration and added to carbon-coated copper grids (400
mesh) followed by staining with a 2% phosphotungstic acid solution. TEM images were collected

using a CCD camera (XR16, AMT imaging).

4.2.6 In vitro release study

Each sample of PTX concentration was adjusted to 50 pg/mL of which 1 mL was placed in the
10,000 MWCO dialysis membrane tubing. The tubing was inserted in 100 mL of PBS containing 0.1%
of TW80 and incubated at 37 °C under constant agitation. At timed intervals, 0.5 mL of release medium
was sampled and replaced with 0.5 mL of fresh PBS containing 0.1% of TW80. The release medium
was then analyzed by HPLC. At the endpoint, the samples remaining in the dialysis membrane tubing

were also collected and analyzed by HPLC. The release ratio (Release%) was calculated as follows:
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Release% = (PTX amount in the release medium sampled at each time point) / (PTX amount in the

initial sample) x 100

4.2.7 Fluorescence polarization assay of liposomes

The membrane fluidity was evaluated by fluorescence polarization assay (FPA). At the
liposome preparation process stage, 0.5 mol% DPH was added to each lipid mixture/ethanol sample
to produce DPH-labeled PTX-loaded liposomes. Fluorescence polarization (P) values were obtained
using a microplate reader (Infinite® 200 PRO, TECAN, Japan). The excitation/emission wavelengths
were set to 360/430 nm, and the measurement temperature was maintained at 25 °C. After the FPA
measurement, the degree of change in the fluorescence polarization value (AP) was calculated as

follows:

AP = (P values of each liposome suspension) — (P values of 100 mM FRR3 liposome suspension)

4.2.8 Cell culture and in vitro assay

HeLa cells were cultured in cell-culture dishes (Corning) containing Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS), penicillin (100 U/mL), and
streptomycin (100 pg/mL) at 37 °C in 5% CO». Cells were seeded at a concentration of 4 x 103 cells
per well in a 96-well microplate for 24 h prior to the liposome treatment for the cell viability assay.
The cells were then treated with liposomes and incubated for 48 h at 37 °C in 5% CO,. After the
incubation, the cell viability was measured using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan)

according to the manufacturer's protocol.

4.2.9 Statistical analysis

The results are expressed as mean + standard deviation. For multiple comparisons, I performed

one-way ANOVA followed by Tukey’s multiple comparison test.
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4.3 Results and discussion
4.3.1 Investigation of the physicochemical properties of the PTX-loaded liposomes

First, I investigated the physicochemical properties of the PTX-loaded liposomes. The particle
size of the liposomes decreased with decreasing lipid concentration and increasing FRR (Figure 4.1
(b)). These trends were comparable to those of placebo liposomes and other publications [28,29]. The
polydispersity index (PDI) of the liposomes was lower than 0.2 except at the lowest lipid concentration
(Figure 4.1 (c)). Indeed, at a lipid concentration of 10 mM, the liposome sizes were smaller than 50
nm, which might have contributed to the higher PDI values compared to those of the larger liposomes.
The FRR affected both the recovery (recovery%) and drug loading (DL%) percentages. Thus, the
liposomes prepared at an FRR of 9 showed a higher recovery% than those prepared at an FRR of 3
(Figure 4.1 (d)). Notably, Zheng et al. reported the same trend using erythromycin as the model
compound for the hydrophobic drug [32]. The DL% showed a similar trend to that of the recovery%
(Figure 4.1 (e)). The PTX in the ethanol phase was precipitated once the ethanol phase made contact
with the aqueous phase and the PTX concentration reached the supersaturated concentration.
Hydrophobic PTX was incorporated into the lipid bilayer of liposomes at the interface of the aqueous
and ethanol phases. A higher FRR induced more rapid ethanol dilution. Therefore, the faster liposome
formation rate allowed for the incorporation of PTX into the lipid bilayer rather than the crystallization
of PTX [32]. The EE% of PTX into the liposomes was almost 100%, indicating that almost all the

PTX was loaded into the liposomes (Figure 4.1 (f)).
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Figure 4.1 (a) Schematic illustration of the microfluidic device and the preparation method

of the paclitaxel (PTX)-loaded liposomes: Composition of lipid, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC)/cholesterol/PTX = 90/7/3 molar ratio; total flow rate (TFR) = 500 pL/min,
and flow rate ratio (FRR) of the aqueous and ethanol phases = 3 or 9. Physicochemical properties of
PTX-loaded Liposomes: (b) Particle size, (c) polydispersity index (PDI), (d) percentage recovery, (e)
percentage drug loading (DL%), and (f) percentage encapsulation efficiency (EE%). The error bars
represent the standard deviation calculated from repeating each experiment at least three times.
Definition of symbols: **, P < 0.01 (vs 10 mM FRR = 3); +, P <0.05; 11, P <0.01 (vs 10 mM FRR =
9) for (¢) and §f, P <0.01 (vs each lipid concentration of FRR = 9) for (d) and (e).

4.3.2 Evaluation of the lamellar structure of liposomes

Liposomes of different sizes and physicochemical properties were prepared with the same lipid
compositions, as shown in Figure 4.1. The liposomes were then analyzed by small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM) techniques to elucidate their internal
structure, especially their lamellarity. For the SAXS measurements, peaks derived from the lamellar

structure were observed in the liposomes prepared at lipid concentrations of 100 mM and 50 mM

85



(Figure 4.2 (a) and (b), respectively). Comparing the two liposomes prepared with the latter lipid
concentration, the liposomes prepared with an FRR of 9 presented peaks with a weaker peak intensity
than those prepared with an FRR of 3. This indicated that the liposomes prepared with an FRR of 3

formed more multi-lamellar structures than those prepared with an FRR of 9.

In contrast, the two liposomes prepared with 100 mM lipid showed comparable peak intensities.
These results suggested that high lipid concentrations (e.g., 100 mM) can form multi-lamellar
liposomes, regardless of the FRR. At moderate lipid concentrations (e.g., 50 mM), the FRR may affect
the lamellarity of the liposomes. At such concentrations, the lower FRR could induce the formation of
multi-lamellar liposomes, whereas the higher FRR could form liposomes with less lamellae (Figure
4.2 (b)). In addition, from the results of Figure 4.1 (a), the liposomes that showed a stronger peak
intensity in the SAXS results had a larger mean hydrodynamic size of more than 50 nm. Based on
these results, for the same lipid composition and preparation method, the hydrodynamic size of the
liposomes could be closely related to their lamellar structures. Moreover, these results proved that the
liposomes prepared from a 10 mM lipid concentration consisted of uni-lamellar liposomes because

they showed almost no peaks derived from the lamellar structure (Figure 4.2 (c)).

TEM analysis was also carried out to confirm the SAXS results. In the TEM images, the
liposomes prepared with 100 mM and 50 mM lipid concentration showed multi-lamellar vesicles
inside the liposomes (Figure 4.3 (b), (c¢), (e), and (f)). In contrast, the liposomes prepared at a lipid
concentration of 10 mM showed only homogeneous particles, which indicated that these liposomes
consisted mainly of uni-lamellar liposomes (Figure 4.3 (a) and (d)). These TEM images were
consistent with the SAXS results, and I therefore concluded that the liposome lamellarity can be

changed by adjusting the lipid concentration and flow conditions.
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Figure 4.2 SAXS profiles of PTX-loaded liposomes prepared with (a) 100 mM, (b) 50 mM,

and (c) 10 mM concentrations at FRR values of 3 and 9
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Figure 4.3 TEM images of the PTX-loaded liposomes: (a) 10 mM FRR =3, (b) 50 mM FRR
=3, (c) 100 mM FRR =3, (d) 10 mM FRR =9, (¢) 50 mM FRR =9, and (f) 100 mM FRR = 9. (Scale
bar: 100 nm)

4.3.3 Investigation of the release profiles of PTX from liposomes

I next investigated the release profiles of PTX from liposomes using dialysis [33] to evaluate
the effect of the physicochemical properties on drug release behavior. The PTX release profile from
liposomes produced from the lowest (10 mM) lipid concentration showed the fastest release kinetics
compared to the liposomes prepared with the higher lipid concentration (50 mM and 100 mM)
solutions (Figure 4.4 (a)). The liposomes with higher lamellarity released PTX more slowly because
the presence of several lamellae inside the liposomes delayed the transport of PTX from the inter- to

the outer layers and the release of PTX to the outer phases of the liposomes [16].

The residual PTX in the dialysis membrane bag also showed an extended-release trend. Indeed,
a significantly higher amount of PTX was present at the end of the release test in the liposomes

prepared with 100 mM lipid than in those prepared from the other two concentrations (Figure 4.4 (b)).

The total amount of PTX at the time point of 72 h decreased to 58-71% of the initial PTX
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amount. [ anticipated that the Tween 80 (TW80) present in the release medium would degrade the
PTX during the release test, and indeed, the total amount of PTX decreased after 72 h of the release
study. Abouelmagd et al. reported that PTX was decomposed by TW80, and the assay value became
lower than 75% after 3 d of incubation at 37 °C [33]. Notably, their reported value was almost

equivalent to my assay decreasing ratio after 72 h of incubation.

At lipid concentrations of 50 mM and 100 mM, the liposomes prepared using an FRR of 3
showed a slightly faster release rate after 24 h than those prepared with an FRR of 9. According to the
SAXS and TEM results, liposomes prepared with an FRR of 3 had an equal number or more lamellar
structures than those prepared using an FRR of 9. I therefore supposed that these differences in the
release rate might be derived from physicochemical properties other than the lamellar structure. Hence,
I proceeded to analyze these liposomes using a fluorescence polarization assay (FPA) to evaluate the
fluidity of the lipid membrane. Liposomes with high lipid bilayer fluidity show low fluorescence
polarization from 1,6-diphenyl-1,3,5-hexatriene (DPH) in the lipid bilayer. In contrast, liposomes with
low lipid bilayer fluidity show high fluorescence polarization because the rigid lipid layer suppresses
DPH rotational movement. Therefore, the degree of the change in the fluorescence polarization value
(AP) is the index of the lipid membrane fluidity. In this study, the liposomes prepared with an FRR of
9 and lipid concentrations of 50 mM and 100 mM showed significantly higher AmP values than those
prepared using an FRR of 3 (Figure 4.5). These results revealed that for each lipid concentration, the
liposomes prepared using an FRR of 3 displayed a higher membrane fluidity than those prepared with
an FRR of 9. These differences could be attributed to the different loading ratios of PTX. It has been
reported that the cholesterol content influences the membrane fluidity and phase transition temperature
of liposomes [34]. PTX, a hydrophobic drug, was therefore expected to be inserted into the lipid
bilayers and to play a similar role to that of cholesterol. Some studies have also suggested that the
membrane fluidity of liposomes affects the release rate of drugs loaded into the liposomes [35,36]. In
summary, the drug release performance can be controlled by tuning the physicochemical properties

and liposome inner structure by changing the lipid concentration and flow conditions.
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4.3.4 In vitro cytotoxicity assay

To confirm the effect of the PTX release profile on the PTX activity, I evaluated the cytotoxicity

of the PTX-loaded liposomes in HeLa cells. As shown in Figure 4.6, the liposomes prepared with a
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lipid concentration of 100 mM at FRR values of 3 and 9 showed significantly higher HeLa cell
viability in the PTX concentration range of 0.1-10 ng/mL compared to the cell viability observed
following treatment with the PTX solution. This was consistent with the results of the PTX release
profiles. From these results, I concluded that multilamellar liposomes could regulate the release of

PTX, and its activity in cultured cells could be moderate.
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Figure 4.6 In vitro cytotoxicity assay of the PTX-loaded liposomes. Error bars represent the

standard deviation calculated from repeating each experiment at least three times. Symbol definitions:

* P<0.05; **, P<0.01 (vs PTX solution).

4.4 Conclusion

I investigated the structural differences in PTX-loaded liposomes prepared using a microfluidic
device. I observed that the lipid concentration and FRR affected the inner structure and
physicochemical properties, such as the liposome size and DL%. More lamellar structures in the
liposomes were associated with a more extended release of PTX from the liposomes. Furthermore, the
differences in DL% affected the fluidity of the liposome membranes, leading to differences in the
release kinetics of PTX from the liposomes 24 h after the in vitro PTX release study. These differences
in the release kinetics of PTX were also reflected in the evaluation of the PTX activity in an in vitro

cytotoxicity study. The extended release of drugs from liposomes may contribute to lower adverse side
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effects in patients and less frequent dosing, owing to prolonged drug activity.

In this chapter, I established a method for preparing liposomes that exhibit different lamellar
structures and drug release properties even with the same lipid composition. Few studies have focused
on the lamellar nature of liposomes prepared by ethanol dilution using microfluidic technology. My
findings will be valuable for more detailed design and quality control of liposome-based
nanomedicines and cosmetics. | anticipate that these findings will make a substantial contribution to
the precise formulation of liposomes using microfluidic devices in the pharmaceutical and cosmetic

fields.
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CHAPTER 5

Conclusion and Future Prospects



5.1 Conclusion and future perspectives

A method of preparing lipid-based nanoparticles (Lb-NPs) using microfluidic-device-assisted

ethanol dilution was developed in the present research and described in this thesis.

Chapter 2 described the development of a novel microfluidic platform that enables the
adjustment of lipid nanoparticle (LNP) composition and LNP preparation on a device in a single step
for more efficient LNP formulation screening. The stable flow of three solutions simultaneously using
this microfluidic platform was demonstrated even when the flow rates of the two ethanol phases were
varied over a wide range of 50/50 to 10/90. This excellent flow rate stability contributed to the ability
to precisely change the LNP composition and to prepare LNPs that exhibit trends in the
physicochemical properties comparable to those of a conventional off-device preparation method.
Ultimately, I proved the concept of on-device LNP formulation screening by investigating changes in
the LNP composition and amount of surface modifier. The results clearly confirmed that my
microfluidic platform concept worked well and could be among the best ways to prepare a large
number of LNPs in the early development phases of pharmaceutical and cosmetic product
development without requiring additional time and cost compared to conventional microfluidic-

device-assisted LNP preparation.

Chapter 3 investigated the applicability of a highly concentrated lipid solution in the
microfluidic-device-assisted preparation of Lb-NPs. To gain basic knowledge and experience in the
application of highly concentrated lipid solutions, four types of microfluidic devices, three
commercially available devices and one device developed in my laboratory (invasive lipid
nanoparticle production (iLiNP)), and four lipid concentrations were examined. The results showed
that microfluidic devices with mixer structures in the channel were capable of preparing smaller,
monodisperse Lb-NPs using highly concentrated lipid solutions. To clarify the factors affecting the
size reduction of Lb-NPs, I investigated the particle concentration and interparticle distance of Lb-
NPs. I inferred that the key factors in the preparation of smaller and monodisperse Lb-NPs, even in
highly concentrated solutions, were the dilution rate of the organic solvent phase and the interfacial
area between the organic solvent and aqueous phases. The subsequent preparation of Lb-NPs using a
three-inlet iLiNP device and a comparison of the physicochemical properties of Lb-NPs prepared
using the iLiNP and micromixer devices demonstrated the correctness of my inferences and estimation
of the key influencing factors in the Lb-NP formation process. Having identified the factors that affect

particle size controllability when highly concentrated lipid solutions are used, I succeeded in preparing
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submicron-sized unimodal Lb-NPs even under high lipid-concentration conditions.

Chapter 4 described the evaluation of the physicochemical properties of Lb-NPs, especially
liposomes, prepared with lower and higher lipid concentrations using paclitaxel (PTX) as a model
drug compound. The liposomes prepared using a highly concentrated lipid solution showed <120 nm
particles and a better polydispersity index. The drug loading rate did not increase in a lipid-
concentration-dependent manner, but the effect of flow rate ratio (FRR) on the drug loading rate was
clearly observed. Small-angle X-ray scattering and transmission electron microscopy observation
revealed that liposomes prepared using higher lipid concentrations had multilamellar structures, and
the degree of lamellar structure was affected by the FRR at a lipid concentration of 50 mM. In addition,
the internal lamellar structures of liposomes were found to affect the release profiles of PTX, and the
liposomes prepared with a lipid concentration of 100 mM showed the slowest release profiles.
Interestingly, liposomes with similar multilamellar structures showed different trends in the later part
of the release profile. Therefore, I evaluated the fluidity of the lipid membrane of the liposomes; the
results suggested that the fluidity of the lipid membrane may vary with the drug loading ratio and
contribute to the differences in the later release profile of PTX. The liposomes prepared with a lipid
concentration of 100 mM at an FRR of 9, which showed the slowest release profiles in all six samples,
also showed relatively higher cell viability compared to PTX solutions in in vitro assay, confirming
the extended release of PTX from multilamellar liposomes. I established a method for preparing
liposomes with the same lipid composition but different lamellar structures and drug release properties
simply by changing the lipid concentration. This finding is valuable for the precise control of the

physicochemical properties of liposomes.

In this thesis, I summarized the findings and outcomes of my research on the preparation of
Lb-NPs via microfluidic-device-assisted organic solvent dilution. To accelerate the application of
microfluidic devices in the preparation of Lb-NPs in the cosmetic and pharmaceutical fields, I
addressed two urgent concerns. The first is the lack of an appropriate microfluidic platform for
preparing numerous types of LNPs for formulation screening, and the second is the lack of knowledge
and experience in the scale-up and mass production of Lb-NPs, especially with the use of highly
concentrated lipid solutions. The first concern was addressed by proposing and developing the novel
microfluidic platform for adjusting the compositions of LNPs on the device. The second concern was
addressed by examining the applicability of highly concentrated lipid solutions and identifying the

influencing factors that can be varied to obtain smaller Lb-NPs. For a more practical evaluation, the
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model-drug-encapsulated liposomes were prepared using highly concentrated lipid solutions, and their
physicochemical properties, drug release profiles, and drug activities were evaluated in comparison
with those of liposomes prepared using lower-lipid-concentration solutions. This evaluation revealed
that the lipid concentration affects not only the size but also the lamellarity of the liposomes, which in

turn affect the drug release profile and drug activity.

The optimization of the LNP compositions and physicochemical properties can be accelerated
by utilizing a novel microfluidic platform for LNP formulation screening. I believe that a reduction by
more than 50% of the time required to prepare LNPs for formulation optimization can be expected.
By optimizing the composition and physicochemical properties of LNPs in conjunction with the
optimization of the chemical structure and sequence of siRNAs and mRNA:g, it is possible to design
LNPs that are more effective and can be delivered efficiently to target organs and tissues, which will
help maximize the value of the encapsulated active ingredient. Highly optimized LNPs can provide

higher efficacy and reduced adverse effects for patients.

In addition, an understanding of the critical material attributes, process parameters, and quality
attributes in the preparation of Lb-NP-based medicines will result in smoother and more seamless
scale-up and proper quality control and management in practical production. These improvements will

enable a stable supply of high-quality medicines, a critical mission for pharmaceutical companies.

Thus, maximizing the efficacy of Lb-NPs and the active ingredients encapsulated in them and
a better understanding of the factors that affect the quality of Lb-NPs during manufacturing may help
shorten development timelines, reduce the number of dropout candidates, and increase the success
rates of drug development. With increasing drug development success rates and decreasing

development costs, the number of nanomedicines in clinical use is expected to increase.

Finally, I hope that the fruits of my research will further spread these wonderful lipid-based
nanomedicines and thus bring more value and benefits to patients. In addition, I hope that these Lb-NPs
and knowledge of their preparation methods and technologies will be widely used in fields beyond

pharmaceuticals, such as cosmetics and foods.
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