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1. Introduction

1.1. History of cancer chemotherapeutics

Cancer is recognized as one of the most challenging public health problems worldwide,
causing about 10 million deaths in 2020 (Sung et al., 2021). Despite significant advances
regarding our understanding of its etiology and the way to treat it, this disease keeps
deteriorating the quality of life of many patients and entails numerous physical and
psychological impairments (Cleeland et al., 2003), which calls for concerted effort to find
new effective therapeutic solutions. So far, the four approaches to treat the disease have

been surgery, radiotherapy, immunotherapy, and chemotherapy.

Eight decades ago, the field of cancer chemotherapy emerged with the introduction and
approval of nitrogen mustard as the first cancer chemotherapeutic agent. Despite its
remarkable outcomes in tumor regression, an utter remedy was not achieved (DeVita and
Chu, 2008). The next milestone in cancer chemotherapeutics was achieved in the 1950s
with the introduction of methotrexate. Methotrexate became the first chemotherapeutic

agent that could result in cancer remission (Li et al., 1958).

Since then, more than 200 different cancer chemotherapeutics have been introduced and
used for the treatment of different types of cancer (NCI). Nevertheless, the challenging
battle of finding an ultimate treatment to completely eradicate various types of cancer
using chemotherapy has remained unresolved. The main reason is that the use of
chemotherapeutic agents is limited and inefficient due to several intrinsic and extrinsic
barriers. Such barriers arise from the physicochemical properties of the chemotherapeutics
(such as poor water-solubility, suboptimal partition coefficient and protein binding, etc.),
pharmacokinetics-related factors (poor bioavailability, insufficient target site accumulation,
etc.) and pharmacodynamics-related factors (toxicity, narrow therapeutic index, etc.).
Altogether, the existence of such barriers results in suboptimal biodistribution, dosing
difficulties, adverse effects and suboptimal efficacy. Therefore, there is an increasing
demand for improving and maximizing the anticancer effects of the chemotherapeutic

agents.



1.2. Drug Delivery Systems: liposomes and micelles

To improve shortcomings related to cancer chemotherapeutics efficacy, various drug
delivery systems (DDS) have been designed and evaluated. DDS refer to devices or
formulations that are designed to enhance the therapeutic efficacy of the drugs by
improving and controlling their bioavailability, release and ultimately their disposition into
target tissues (Jain, 2008). Among different types of DDS, nanoparticles (NP) have
considerably attracted scientists’ attention, owing to a number of technical features and in
vivo performance characteristics that can improve drug delivery. Two examples are the
better accumulation at the target site through enhanced permeability and retention effect

(EPR) seen in some forms of cancer as well as the aptitude for surface modifications.

To date, almost 30 different NP have been clinically approved by FDA and/or EMA, among
which, 9 NP belong to cancer treatment (Anselmo and Mitragotri, 2021) (Figure 1).
Overseeing all NP in the clinic or in clinical trials, it is evident that two nanoparticulate
formulations are frontrunners and have particularly been investigated, namely liposomes

and (polymeric) micelles (Anselmo and Mitragotri, 2019).

Abraxane
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Figure 1. Cancer chemotherapeutic NP that have received the FDA and/or EMA approval. The purple

navigation signs represent liposomal formulations and the blue signs represent non-liposomal NP.



Both liposomes and micelles are self-assembled spherical vesicles that are composed of
amphiphilic units, with a hydrophilic head and one or more hydrophobic tails (Figure 2). In
the process of self-assembly, the key parameter that determines the initiation of colloidal
particle formation is known as critical micelle concentration (CMC). CMC refers to the
concentration above which the amphiphilic molecules form a colloidal aggregate (Shi et al.,
2011). Lowering the concentrations below the CMC results in disassembly of the particles
and tilts the balance between the formed colloidal particles and the corresponding

monomers towards the latter.

Figure 2. Schematic drawing of a liposome (left) and a polymeric micelle (right). The cross-sectional view is

presented for each nanoparticulate system.

Once the concentration of the amphiphilic molecules exceeds the CMC, the particles are
formed in a number of different geometries. The main determinant factor that drives the
final geometry of the self-assembly is called critical packing parameter (CPP). CPP is a
dimensionless parameter that is defined using a formula (Equation 1). In general, the CPP
is directly proportional to the volume of hydrocarbon chain and inversely related to the
surface cross area of the hydrophilic head and the length of the hydrocarbon chain
(Israelachvili et al., 1980). Besides the nature of the amphiphilic molecules, CPP is also
dependent on medium conditions including temperature, ionic force, pH, etc. (Bryant et al.,

2019).



Analyzing the correlation between the CPP and the geometry of the particles has shown
that a CPP of lower than 0.3 results in formation of conical structure of the monomeric
units, which eventually results in spherical micelles (Israelachvili et al., 1980; Israelachvili et
al., 1976; Lichtenberg et al., 2013). On the other hand, most amphiphilic units that are the
building blocks of the liposomes (i.e., phospholipids) have a CPP of between 0.5 to 1. Such
CPP values would lead the phospholipids to form a cylindrical shape and eventually, bilayer

formation of liposomes.
CPP=V (SL)*

Equation 1. CPP calculation formula. V represents the volume of hydrocarbon chain; S represents the

surface cross area of the hydrophilic head and L represents the length of the hydrocarbon chain.

Altogether, understanding the similarities and the differences between the micellar and
liposomal formulations would shed more light into the path of selecting an effective

formulation towards cancer treatment.

1.2.1. Polymeric micelles (PM)

After the introduction of PM as a potential drug delivery system in 1980s (Bader et al., 1984;
Pratten et al., 1985), they have been extensively used in the delivery of various drugs of
interest (Hamaguchi et al., 2005; Kim et al., 2004; Talelli et al., 2010; Yoo and Park, 2001).
PM are formed as a result of self-assembly of amphiphilic block copolymers once the
concentration of the polymer in aqueous environment exceeds the CMC. Mainly, PM allow
for encapsulation of hydrophobic drugs owing to the hydrophobic nature of their inner
core. On the other hand, the hydrophilic blocks of the block copolymer congregate on the
surface to form the outer shell, thereby improving PM stability in aqueous media
(Nasongkla et al., 2006; Shiraishi and Yokoyama, 2013; Soga et al., 2005; Yokoyama, 2014).
The main advantages of PM are solubility enhancement and surface modification. The latter
can ameliorate blood circulation time, which consequently improves tumor targeting (Deng
et al., 2012) through the enhanced permeability and retention (EPR) effect and/or through
selective target cell interaction using target-selective ligands (e.g., antibodies, sugar
moieties, folate residues, etc.)(Fang et al., 2011; Gothwal et al., 2016; Lu and Park, 2013;
Torchilin, 2006).
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Several techniques of PM preparation have been employed to effectively encapsulate the
drugs of interest. The most commonly used methods for PM preparation include
nanoprecipitation (Fessi et al., 1989; Gagliardi et al., 2021), oil in water (O/W) emulsion
followed by solvent evaporation (Bodmeier and Huagang, 1990), and the dialysis method
(Scholz et al., 1995; Yu and Eisenberg, 1996). Selection of a particular method is determined
by the features of the polymer and the cargo, as well as the desired physicochemical

properties of the prepared PM (Rao and Geckeler, 2011).

Nanoprecipitation is a single-step technique in which the polymer and the cargo, which in
most cases is a hydrophobic drug, are initially dissolved in an organic solvent and then
emulsified in an aqueous medium. Upon addition of the polymer/cargo mixture to the
aqueous phase, the organic solvent will diffuse into the dispersion media. This causes the
polymer concentration to increase above the CMC, which eventually results in the rapid
formation of the self-assemblies and entrapping the cargo inside its hydrophobic core (Fessi
et al., 1989; Gagliardi et al., 2021; Martinez Rivas et al., 2017). The main advantages of this
method are the simplicity of the process and the absence of any extra surfactants in the

final product (Almoustafa et al., 2017).

O/W emulsion solvent evaporation is another widely used method of PM preparation,
which is based on dissolving the polymer in an organic solvent followed by dispersion in the
stabilizer-rich aqueous phase. Emulsification is performed through high-speed
homogenization or sonication and at the last step, the organic solvent is removed via
evaporation (Gagliardi et al., 2021). In contrast to nanoprecipitation method, the O/W
emulsion solvent evaporation techniqgue demands the presence of a surfactant, which is
responsible for NP associated toxicity. Moreover, the PM formation is dependent on

emulsification methods, which could complicate the preparation process.

Another method of PM preparation is based on dialysis. In this method, the polymer and
the drug are dissolved in an organic solvent, placed in a dialysis compartment, and dialyzed
against an aqueous phase. The organic solvent inside the dialysis compartment slowly
diffuses out of the membrane and is replaced by water. Once the water content inside the

membrane is sufficiently high, the polymer spontaneously self assembles to form PM with



the hydrophobic tails converging towards the center and the hydrophilic head affixing

outwards (Kesharwani et al., 2019).

1.2.2. Liposomes

Besides PM, liposomal drug formulations are the other widely used and efficient drug
delivery system. Despite numerous preclinical studies that are performed on liposomal drug
products, only 30 liposomal formulations are currently evaluated in clinical trials (Anselmo
and Mitragotri, 2021). Exclusively in the field of cancer therapy, out of 9 FDA and/or EMA
approved nanoparticle formulations that has entered the market, 7 are liposomes (Anselmo
and Mitragotri, 2021) (Figure 1). Liposomes have gained huge popularity in the field of drug
delivery owing to their biocompatibility, biodegradability, relatively simple manufacturing
and their unique competence in encapsulating and delivering both hydrophobic and
hydrophilic therapeutic agents (Deshpande et al.,, 2013). To characterize a liposomal
formulation, several parameters should be assessed including particle size, polydispersity
index, zeta potential, drug encapsulation efficiency, drug to lipid ratio, in vitro release, shelf-
life stability, etc. These liposome critical quality attributes are heavily dependent on
multiple factors including the lipid type, the lipid concentration as well as the preparation

method (Akbarzadeh et al., 2013).

To date, several methods have been designed and refined to manufacture liposomes
including but not limited to thin film hydration (TFH), solvent dispersion, detergent-
depletion, and microfluidic-based methods (Akbarzadeh et al., 2013; Bozzuto and Molinari,
2015). Understanding the process of liposome formation enables a more rational selection
of the technique and increases the chance of a successful translation to the manufacturing

of clinical batches as well as industrial-scale production.

Thin film hydration (TFH) was a revolutionizing method at the time that was exploited to
make the very first liposomal formulation in 1965 (Bangham and Horne, 1964). During the
first TFH attempts, lipids were initially dissolved in chloroform, followed by chloroform
evaporation under vacuum condition. After formation of the thin lipid film, it was hydrated
with an aqueous phase through gentle shaking or sonication, which led to bilayer structure

and vesicle formation (Bangham and Horne, 1964). Almost 60 years later, the method is still
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intact with the addition of extrusion at the end of the process as the main modifications to
obtain small uniform vesicles. The two main drawbacks of this method are the need for
post-formation modification processes to obtain monodisperse liposomes as well as the

limited capacity to scale up (Wagner and Vorauer-Uhl, 2011).

Soon after the presentation of liposomes using TFH method, another technique of liposome
preparation emerged, i.e., the solvent injection method (Batzri and Korn, 1973). Using this
technique, lipids are dissolved in an organic solvent (mostly ethanol) and are injected into
a large volume of the aqueous phase. The rapid change of the ethanolic environment into
water forces the lipids to self-assemble into liposomal vesicles (Akbarzadeh et al., 2013;
Bozzuto and Molinari, 2015; Patil and Jadhav, 2014; Wagner and Vorauer-Uhl, 2011). This
method is a more simplified technique compared to the TFH method and it eliminates the
need for the post modification steps. Nevertheless, the solvent injection method results in
a diluted liposome dispersion, which in turn leads to a low concentration of the liposomes

and importantly, in a lower drug entrapment efficiency (Akbarzadeh et al., 2013).

The microfluidic manufacturing technique is another method of liposome preparation. This
technique employs a mixing device in which lipids are initially dissolved in an organic solvent
and under a controlled flow rate, dispersed in the aqueous phase and form self-assemblies.
Owing to the unique advantages of this method such as decent reproducibility,
straightforward scale up, enhanced control on the key characteristics of the liposomes, and
reduced post modification steps, microfluidics is gaining huge popularity (Valencia et al.,
2012). Nevertheless, the industrial transition from conventional methods of liposome
preparation to microfluidic approaches is expensive and laborious. Moreover, as the name
implies, the devices that are employed to produce liposome dispersion (among other NP)
are designed in micrometer size (Valencia et al., 2012), which further limits the scale-up
possibilities. The latter issue could be addressed by rational design of devices towards

millifluidic approaches.

All the above-mentioned techniques are well adapted to small-scale production of

liposomal drug products. Therefore, the translation of small-scale to industrial-scale



production of liposomes requires a meticulously designed production setup to overcome

challenges that are associated with such a translation.

1.3. Manufacturing of pharmaceutical products: Batch preparation vs.

continuous manufacturing

1.3.1. Large-scale production of raw materials: polymeric micelles as an example

Large-scale manufacturing of therapeutic nanoparticles in the pharmaceutical industry
must be approached at two levels, one is the industrial-scale production of the raw
materials, and the other is the industrial-scale production of the nanoparticles. Regarding
the former, we have explored PM as an example. Obtaining the desired raw materials in
the desired quantity and quality is the prerequisite for micellar formulation preparation.
Therefore, selecting the proper polymer type and polymerization protocol plays a

significant role in the quality of the final formulation.

Radical polymerization (RP) is recognized as one of the most popular methods in
synthesizing amphiphilic block copolymers for drug delivery purposes. This method is well
suited for laboratory-scale production (Moad and Solomon, 2006), owing to its low-cost
process as well as its adaptability to different monomers (Hong et al., 2002). Currently,
various strategies are employed within the scope of RP to obtain polymers for therapeutic
purposes, including atom transfer radical polymerization (ATRP) (Lin et al., 2016), reversible
addition fragmentation chain-transfer polymerization (RAFT) (Zhang et al., 2008), and

uncontrolled free radical polymerization (FRP) (Soga et al., 2004).

The fundamental requirement for applying any of the RP methods in polymer synthesis is
the presence of free radicals in the polymer, which react with monomers in a chain reaction
(Greszta et al., 1994). However, monitoring the purity and the reproducibility of the
synthesized polymer is more feasible at small scales due to a well-controlled synthesis
process that can be achieved in laboratory scale. Nevertheless, large-scale production is
always more appealing since it obviates the need for synthesizing multiple batches and

thus, reduces the batch-to-batch variation.



Despite the promising results obtained in the laboratory scales, the polymer synthesis
transition to industrial scale can be problematic. Main complications that can be
encountered are the increased viscosity through preparation and difficulties in heat and
mass transfer, which can potentially result in suboptimal quality of the final polymer
product (llare and Sponchioni, 2020). Such complications appear in different stages of the
synthesis, including the monomer synthesis, the macroinitiator synthesis or the final
polymerization. Therefore, different impurities (such as undesired homopolymer or
unreacted materials) could possibly emerge in the final polymer product and subsequently,
disturb the formation of the corresponding PM. A feasible solution to overcome large-scale
production problems is changing to continuous synthesis of the polymer. Besides enhancing
the quality of the final polymer at industrial scales, continuous synthesis improves the

safety, simplifies the synthesis and is more time efficient (Reis et al., 2020).

1.3.2. Large-scale production of nanoparticles: liposomes as a model nanoparticulate
system
To explore the large-scale production of raw materials in drug delivery field, polymeric
micelles and specifically, polymers as the building blocks were discussed as an example in
the previous section. Moving to large-scale production of nanoparticles, we focused on
liposomes as a model nanoparticulate system. Going from bench to bedside, several steps
are required to obtain a ready-to-use liposomal formulation, namely, liposome formation,
drug loading, purification, sterilization and filling. In between these steps, attentive quality
controls and characteristic evaluations are required. In this context, to meet the high clinical
demand for therapeutic NP in cancer therapy, it is crucial to develop an efficient

manufacturing setup for industrial-scale production of liposomes.

Currently, the key industrial-scale technique for liposomal drug product manufacturing is
batch-type bulk production (Shah et al., 2020). Typically, in bulk production, multiple steps
are conducted discretely, sequentially, and independent of one another to obtain the final
formulation from the lipid precursors. Upon successful completion, liposome dispersions
are quality controlled, filled in the appropriate containers after which the production line is

made ready for the next batch (Lee, 2017; Lee et al., 2015).



Although widely used, there are multiple complications associated with batch production
technique. This method suffers from inefficiency and labor-intensiveness, partly as a result
of the manufacturing process and its required discrete production steps. Additionally,
batch-type bulk production is relatively prone to batch failure at the end of the processing
line. Moreover, this technique is sensitive to scalability problems including batch-to-batch

variations (Lim et al., 2014, Shah et al., 2020).

To mitigate potential batch-type bulk production problems, continuous flow manufacturing
(CFM) can be an elegant solution. CFM is a method in which the aforementioned production
steps are conducted in an uninterrupted and coherent setup. Therefore, an end-to-end
production line is designed through which the formulation flows, starting as raw materials

and ending as a refined liposomal drug product (Allison et al., 2015) (Figure 3).

Final
Llposome Drug Inprocess Purlﬁcatlon Inpr ) product
formation loading control

Final
Liposom formation....Drug loading....Inprocess control....Purification....Inpr product

Figure 3. Liposome preparation process. Batch-type bulk preparation is performed through multiple discrete

steps (top) while CFM concept hinges on a coherent production line (bottom).

Benefitting from its coherent and uninterrupted setup, CFM is labor-efficient and also more
suitable for large-scale production (Costa et al., 2016). Regarding the latter, CFM does not
require large manufacturing vessels, which in turn minimizes the risk of temperature
variations and mixing problems. Additionally, CFM allows for a better control over the
guality of the final product by changing the composition and process parameters while the
system is running. This is feasible owing to the CFM potential for implementation of real-

time in-line quantification of liposomes’ key quality attributes (Chen et al., 2019).

In the context of CFM, microfluidic/millifluidic dispersion techniques to form liposomal
particles have been extensively studied (Carugo et al., 2016; Chen et al., 2019; Kastner et

al., 2014; Lou et al., 2019). In the early 2000, hydrodynamic flow focusing (HFF) was used
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as one of the earliest microfluidic techniques to form liposomal dispersions within CFM
setup (Jahn et al., 2004). In this method, the organic solvent containing lipids is confined
and focused by the aqueous stream. As a result, the organic phase mixes promptly with the

aqueous phase and liposomes will form upon mixing (Rhee et al., 2011).

In general, a microfluidic/millifluidic device consists of T- or Y-shaped channels in which the
organic solvent flows through one channel and the aqueous phase is pumped through the
other channel(s) of the device. The mixed stream of the organic phase and the aqueous
medium can have a laminar flow or turbulent flow fluid dynamics (Tomeh and Zhao, 2020).
The type of fluid dynamics depends on the microfluidic/millifluidic channel configuration as
well as the fluid characteristics such as fluid velocity, viscosity, etc. Independent of the fluid
dynamics, the two fluids mix rapidly and thus, the polarity of the organic solution decreases.
This in turn results in lowering its capacity to solubilize the lipids and eventually, liposomes
with certain physicochemical characteristics are self-assembled (Shah et al., 2020; Tomeh
and Zhao, 2020). To control the main physicochemical characteristics of the produced
liposomes, several composition and process parameters are used such as temperature,
total flow rate (TFR), flow rate ratio between the organic phase and the aqueous phase,
aqueous phase composition, lipid composition and lipid concentration (Costa et al., 2016;

Kastner et al., 2014; Lim et al., 2014; Zook and Vreeland, 2010).

From the liposome particle formation as the initial step towards obtaining a final product,
several manufacturing processes are performed including the removal of the solvent
residues and unencapsulated drug, sterile filtration, filling and quality control of the finished
product. Interestingly, numerous studies so far have focused on the primary formation of
the nanoparticles using microfluidic/millifluidic devices in a continuous flow manufacturing
setup while the integration of aforementioned production steps later in the procedure have

not systematically been investigated.

Immediately after liposome formation, the formulation requires to be cleared of the both
the organic solvent residues as well as the unencapsulated fraction of the therapeutic
agent. To purify the prepared liposome dispersion in a CFM setup, tangential flow filtration

(TFF) can be used. TFF method is based on the tangential flow of a solution alongside the
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surface of the membrane. Hence, the flow direction of the permeate is perpendicular to the
flow direction of the retentate. In comparison to the conventional methods of purification
such as centrifugation, filtration or dialysis, TFF is a faster and more efficient method
(Maurer et al., 2014). Moreover, unlike the other methods, TFF is more compatible with a
CFM setup and can be further improved to maximize the cleaning efficiency (Worsham et

al., 2019).

Throughout the formulation process, it is required to ensure the quality of the final product
and monitor the characteristics of the liposomes such as particle size, polydispersity index,
zeta potential, drug encapsulation efficiency, drug release, and particle stability (Porfire et
al., 2019). To evaluate these properties, several instruments have been developed and are
being used. Nevertheless, integrating these devices into a CFM setup requires additional

provisions to the instruments.

The final step before releasing a liposomal drug formulation is to confirm the sterility of the
product. Sterilization of a pharmaceutical product can be achieved via different methods
including heat sterilization, radiation sterilization, gas sterilization, filtration and aseptic
processing (EMA, 2019). Each of these methods suffer from a particular drawback such as
alteration in the physicochemical properties of the NP, complexity of the process, toxicity
complications, as well as inconvenient translation to the industrial scale (Delma et al.,
2021). Regarding the latter, aseptic processing provides an excellent opportunity to be
integrated in large-scale CFM setup. All the above-mentioned steps can be potentially
unified and eventually, be translated to the development of an end-to-end manufacturing

system for production of parental formulations.

In the context of this doctoral thesis, we aimed to study the formation and characterization
of PM and liposomes at laboratory scale as well as industrial scale. We investigated the
changes in key critical quality attributes of both PM and liposomes by varying different
composition and process parameters. Moreover, we explored the possibility of formulation

production in the industrial scale using a continuous flow manufacturing setup.
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2. Aims and objectives

Controlling NP critical quality attributes using composition and manufacturing process

parameters ensures optimal in vivo performance for a defined therapeutic purpose,

effective fine-tuning of the NP, and finally, obtaining a more robust industrial-scale

production of the NP. The latter is of great importance since successful large-scale

production of therapeutic NP is key in meeting their increasing clinical demand. The main

aims of the current thesis are as follows:

Objective (l): assessing key composition and manufacturing process parameters of

polymeric micelles by focusing on the mPEG-b-p(HPMA-Bz) amphiphilic block copolymer

starting material. This objective can be split into the following sub-objectives:

A.

Establishment of a purification protocol to purify mPEG-b-p(HPMA-Bz) polymer that
was previously synthesized at an industrial scale using batch processing.
Evaluation and characterization of the corresponding polymeric micelles based on
the mPEG-b-p(HPMA-Bz) polymer with a certain level of purity.

Preparation and evaluation of the polymeric micelles based on different mPEG-b-

p(HPMA-Bz) block copolymers synthesized at laboratory scale via batch processing.

Objective (ll): assessing key composition and manufacturing process parameters of

liposomes as the leading clinically approved nanoparticle formulation. This objective can be

split into the following sub-objectives:

A.

Control two main critical quality attributes of liposomes, namely hydrodynamic
diameter (size) and polydispersity index (PDI) using several composition and
manufacturing process parameters.

Design and evaluation of a CFM setup to produce liposomal drug products at large
scale from raw materials all the way to a fine dispersion.

Integration of post-formation production steps, such as purification.

Continuous monitoring and adjustment of the composition and manufacturing

process parameters using in-line quality controls of critical quality attributes.
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3. Materials and methods

3.1. Materials

Egg phosphatidylcholine (EPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
polyethylene glycol-2000 (DSPE-PEG 2000) were purchased from Lipoid GmbH
(Ludwigshafen, Germany). Cholesterol (99% purity, product of USA) and calcein (product of
Japan) were obtained from Sigma-Aldrich. Paclitaxel was purchased from LC laboratories
(Woburn, USA). Polysorbate 80 (Tween 80, Fisher Scientific UK, Loughborough, Leicester,
UK) and bovine serum albumin (Sigma A-4503) were used as solubilizers of released PTX in
the release tests. Phosphate buffered saline (PBS) ready-to-use tablets (ROTI Fair PBS 7.4)
were obtained from Carl Roth GmbH (Karlsruhe, Germany). An advanced programmable
syringe pump PHD ULTRA was purchased from Harvard Apparatus, (Holliston, USA).
Minimate Tangential flow filtration (TFF) cassettes with a MWCO of 100 kDa and a filtration
area of 50 cm? were acquired from Pall Corporation (Ann Arbor, USA). Hollow fibers with a
MWCO of 100 kDa and a filtration area of 193 cm? were purchased from WaterSep (USA).
Regenerated cellulose MEMBRA-CEL MD10 dialysis tubing (MWCO 14 kDa) was obtained
from Viskase (product of USA). Slide-A-Lyzer cassette (MWCO of 10 kDa) was obtained from
Thermo-Fisher Scientific and Spectra/Por Float-ALyzer G2 dialysis membranes with MWCO
of 100 kDa and 300 kDa were obtained from Spectrum labs (Rancho Dominguez California,
USA). All cell labeling reagents and fluorescent dyes were purchased from Thermo Fisher
Scientific (Naarden, the Netherlands) unless stated otherwise. Cell medium and
supplements were obtained from Gibco BRL Thermo Fisher Scientific (Naarden, the
Netherlands). HEPES (99.5%) and NaCl (99%) were purchased from Carl Roth GmbH
(Karlsruhe, Germany). Ethylenediaminetetraacetic acid (EDTA) was purchased from Sigma-
Aldrich (product of the Netherlands). Ethanol was purchased from Carl Roth GmbH
(Karlsruhe, Germany). Tetrahydrofuran (THF, 99.5%), N,N-dimethylformamide (DMF,
HPLC), deuterated dimethylsulfoxide (DMSO-d6, 99.8 Atom%D) and dimethylsulfoxide
(DMSO) were obtained from Carl Roth GmbH (Karlsruhe, Germany). Gradient grade
acetonitrile (ACN, 99.9%) and HPLC grade trifluoroacetic acid (TFA, 99.0%) were obtained

from Sigma-Aldrich (product of France). Human hepatocellular carcinoma cells (HepG2) and
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human prostate cancer cells (PC3) were obtained from American Type Culture Collection
(ATCC). DMEM low glucose medium supplemented with 10% FBS and McCoy’s 5A medium
supplemented with 10% FBS were purchased from Sigma Aldrich. 96-well pClear black
plates (Greiner Bio-One) were used to seed the cells. Cell Voyager 7000S (CV7000S) was
obtained from Yokogawa Electric Corporation (Tokyo, Japan). Elplasia 96 microwell plate
with a microgrid of 200x200 pm squares in the bottom of each well (Kurarray Co Ltd., Japan)
was used for microspheroids generation. Two-lane Mimetas OrganoPlate was obtained

from Leiden, the Netherlands and matrigel was purchased from Corning (9.4 mg mL?).
3.2. Experimental techniques

3.2.1. Standard dynamic light scattering

The average hydrodynamic diameter (Z-ave) and polydispersity index (PDI) of the
formulated PM and liposomes (if required) were measured using standard dynamic light
scattering (DLS, Nano-s, Malvern Instruments Ltd., UK) using a laser with a wavelength of
633 nm at ambient temperature (24—-26 °C). PM were assessed after 10-fold dilution with
the corresponding dispersion medium. Liposomes, on the other hand, were assessed
without dilution (unless stated otherwise). In the case of liposomes, the refractive index
and the viscosity of the solvent was adjusted to account for the presence of ethanol in the
medium. Zeta potential of the PM was measured by diluting one volume of PM formulation
with nine volumes of a solution of HEPES (10 mM, pH 7.5) and analyzed with Malvern

Zetasizer (Nano ZS, Malvern Instruments Ltd., UK).

3.2.2. Spatially resolved dynamic light scattering

Average hydrodynamic diameter (Z-ave) and polydispersity index (PDI) of the liposomes in
an in-line or off-line setting was measured using a NanoFlowSizer device (NFS, InProcess-
LSP, the Netherlands) unless stated otherwise. The NFS device employs a spatially resolved
dynamic light scattering (SR-DLS) technology with low coherence near infrared light and at
a center wavelength of 1300 nm. To obtain DLS-type size characterization, backscattered
light (180°) that is resolved over approximately 2.5 mm with approximately 3 micron
resolution was analyzed (Besseling et al., 2019). Liposome size was assessed using the NFS

vial module feature for the off-line measurements and its respective flow-cell module with
15



1.9 cm inner diameter for the in-line measurements. In the off-line setting, particle
characterization results are presented as Z-ave and PDI, which were calculated from the
mean of 10 measurements (approximately 10 seconds each). On the other hand, the in-line
setting reports individual measurements that are approximately 5 seconds each. All the
measurements were performed at ambient temperature (24-26 °C) and the refractive
index and viscosity of the solvents were adjusted to the presence of the ethanol in the

formulation.

3.2.3. Near-infrared spectroscopy (NIR)

To obtain NIR spectra, a Bruker MPA FT near-infrared spectrometer was used (Bruker,
Germany). The device was equipped with a transflectance fiber probe with variable
pathlengths and connected to OPUS software (version 6.5). The spectra was obtained

between 12,500 and 4,000 cm™ with 16 cm™ optical resolution.

3.2.4. Nanoparticle tracking analysis (NTA)

To visualize liposomes’ motion in suspension, a NanoSight instrument was used (Malvern
Panalytical PLC, Worcestershire, UK). The NanoSight used in this experiment was equipped
with a blue laser (488 nm) and a sCMOS camera. Data was analyzed using NTA software

(version 3.2 Dev Build 3.2.16).

3.2.5. Gel permeation chromatography (GPC)

GPC device equipped with two MIXED-D columns (pLgel 5 um, 300x7.5mm, Agilent
technologies) and a pre-column (PLgel 5um 50x7,5mm, Agilent technologies) was used to
assess the weight average molecular weight (My), the number average molecular weight
(Mpn) and the molecular polydispersity index (Mw/My) of the polymers. In brief, the column
temperature was set at 55 °C and DMF solution supplemented with 10 mM LiCl was used
as the eluent at the flow rate of 0.7 mL min™. To analyze the block copolymers with different
levels of purity, 2-3 mg of the desired sample was dissolved in 1 mL of solvent (DMF + 10
mM LiCl) and incubated at 37 °C for 2-3 hours prior to the measurement. Afterwards, each

sample was filtered and measured with GPC.
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3.2.6. Reversed-phase ultra-high-performance liquid chromatography (UPLC)
An Agilent technologies UPLC system (1260 infinity I, CA, USA) connected to a UV/Vis
detector was used to determine the concentration of paclitaxel. The obtained peaks were

integrated using chromatographic Openlab CDS software.

Initially a UPLC-UV method was developed and optimized to quantify PTX. An Acquity UPLC
BEH C18 column (2.1 mm x 50 mm, 1.7 um) was used as the stationary phase to separate
analytes. An isocratic elution at a flow rate of 0.8 mL min?! was conducted for
chromatographic separation using ACN/H20 (40/60 % v/v) and 0.1% TFA as the mobile
phase. The injection volume was set at 2 pL and PTX was detected at A 277 nm with a run
time of 3.5 minutes. Different concentrations of PTX were tested to develop a calibration
curve, and the change in peak size and area under the curve (AUC) was monitored to
validate the PTX peak. The encapsulation efficiency (EE) and loading capacity (LC) of PTX

were calculated using equation 2 and 3:

EE%= Encapsulated drug (after filtration)/ initial amount of added drug*100%

Equation 2. Encapsulation efficiency calculation formula. EE represents the encapsulation efficiency in

percentage.
LC%= Encapsulated drug (after filtration)/ (initial amount of drug + polymer)*100%
Equation 3. Loading capacity calculation formula. LC represents the loading capacity in percentage.

Here, independent replicates were prepared. Each of the replicates represents an individual

formulation which was separately prepared and measured.

3.2.7. Ultraviolet-visible measurement (UV-Vis)

The fluorescent spectrum of calcein dye was recorded using Tecan i-control, infinite 200Pro
device. Calcein dye was used as a model hydrophilic compound to assess the effect of
counter current flow on the filtration process. A flat-bottom black 96 well plate was used
to measure the calcein content before and after applying the counter current. The emission
spectrum was recorded at excitation wavelength of A 480 nm at ambient temperature (24—

26 °C).
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3.2.8. Transmission electron microscopy (TEM)

TEM analysis was performed on PM formulations to confirm the size ranges obtained by
DLS and to visualize their morphology. Samples were allowed to adsorb for 10 minutes on
glow discharged formvar-carbon-coated nickel grids (Maxtaform, 200 mesh, Plano, Wetzlar,
Germany). Next, a negative staining was implemented using 0.5% uranyl acetate (Science
Services GmbH, Munich, Germany). Samples were studied with a TEM LEO 906 (Carl Zeiss,

Oberkochen, Germany), operating at an acceleration voltage of 60 kV.
3.3. Large-scale batch process of polymer synthesis

3.3.1. Scale-up production of polymers

The FRP technigue was employed for large-scale synthesis of mPEG-b-p(HPMA-Bz) polymer
at ChemConnection company (ChemConnection BV - Ardena, the Netherlands). During the
synthesis process, ABCPA and mPEG were esterified to synthesize PEG-ABCPA-PEG that is
used as the macroinitator. Next, DL-1-amino-2-propanol and methacryloyl chloride were
reacted to get HPMA. The HPMA-Bz monomers were synthesized by coupling the formed
HPMA with benzoyl chloride. Eventually, the monomer and the macroinitiator were
dissolved in an organic solvent in a molar ratio of 200:1 and the mPEG-b-p(HPMA-Bz)

polymer was obtained (Bresseleers et al., 2019).

3.3.2. Purification protocol

Large-scale synthesis of mPEG-b-p(HPMA-Bz) polymer requires downstream purification.
Purification was preformed using hot-ethanol micelle formation technique (Figure 4). The
impure polymer was dispersed in ethanol in a round bottom flask (70 °C, with continuous
stirring at 700 rpm) to reach a final concentration of 100 mg mL* of the polymer in ethanol.
After 20 minutes, the ethanol solution was added to the equal volume of Milli-Q water while
stirring at 700 rpm for 5 minutes at ambient temperature (24—-26 °C). The impurities that
did not dissolve in hot ethanol remained as precipitants instead of forming micelles. After
micelle formation, the dispersion was placed in a dialysis bag (MWCO of 10-14 kDa) and
dialyzed against water for 48 hrs at the ambient temperature (24-26 °C). Next, the sample
was centrifuged (at 4,000 rpm for 10 minutes) and the supernatant was collected and

filtered through a 0.2 um filter. The precipitant and the filtered supernatant were freeze-
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dried for 2-3 days and the purified polymer was obtained from the filtered supernatant. To
calculate the yield, the final mass of the freeze-dried purified polymer (obtained from the
supernatant) was divided by the initial amount of the impure polymer (in the beginning of
the process). In both cases, the yield was reported as % w/w. To calculate the amount of
the impurities, the final mass of the freeze-dried impurity (obtained from the precipitant)
was divided by the amount of the impure polymer in the beginning of the process and was

reported in w/w percentage.

After purifying the polymer, it was washed with water to further improve its quality. Briefly,
one mL of water was added to each 10 mg of the purified polymer. Following this, the
sample was vortexed and centrifuged (at 4,000 rpm for 10 minutes) and the supernatant
was separated from the undissolved fraction (i.e. the polymer). The washing and
centrifuging steps were repeated twice and next, both the supernatant and the polymer
were freeze-dried. To calculate the yield, the final weight of the freeze-dried purified and
water-washed polymer (obtained from the undissolved fraction) was divided by the initial
amount of the purified polymer and the yield was reported in w/w percentage. To calculate
the amount of the impurities, the final weight of the freeze-dried impurity (obtained from
the supernatant) was divided by the initial amount of the purified polymer and the content

was reported in w/w percentage.

5 9%
czaﬁfs = ©

Dissolving in hot Micelle formation Dialysis Centrifugation Filtration Freeze-drying
ethanol

Figure 4. Hot-ethanol micelle formation purification protocol. mPEG-b-p(HPMA-Bz) polymer containing
impurities was initially dissolved in hot ethanol and added to aqueous phase to form micelles. Subsequently,
dialysis was performed followed by centrifugation, filtration and lyophilization to obtain polymer with the

desired level of purity.
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3.3.3. Preparation of polymeric micelles (THF method)

To prepare non-drug loaded PM using the THF method, 10 mg of the mPEG-b-p(HPMA-Bz)
polymer was dissolved in 1 mL of THF at ambient temperature (24—26 °C). Next, the organic
solvent containing the polymer was added dropwise to 1 mL of Milli-Q water and the
colloidal solution was stirred at 1,000 rpm for 1-2 minutes. The formed dispersion was kept
under the fume hood overnight to evaporate THF. THF evaporation was followed by the

addition of Milli-Q water to restore the volume of the dispersion to 1 mL.

To prepare PTX-loaded PM via the THF method, 1 mg of PTX along with 10 mg of the
polymer were dissolved in 1 mL of THF and micelle formation was proceeded as mentioned
above. The final formulation of PTX-PM was filtered by passing it through a 0.45 um filters

in order to eliminate the un-encapsulated fraction (precipitations) of the drug.

3.3.4. Assessing the in vitro stability of PM using centrifugation method

PM characterization in terms of size, PDI, drug retention stability and polymer recovery was
determine by measuring the hydrodynamic diameter of the PM, the PDI, the percentage of
remained loaded PTX, and the percentage of remained polymer in the micellar form. After
preparation of empty and PTX-loaded PM, one volume of the PM was diluted with five
volumes of PBS (pH 7.4) and incubated at 37 °C with mild agitation. After 3 days of
incubation, a fraction of the non-drug loaded and PTX-loaded PM was centrifuged at 5,000
g (10 minutes). The leaked fraction of the drug from PTX-loaded PM was precipitated and
separated from the PM in the supernatant. To quantify the percentage of the remained
loaded drug, the supernatant was further diluted with ACN and measured using UPLC. To
assess the stability in size and PDI, after centrifugation, a part of the supernatant was taken
from non-drug loaded and PTX-loaded PM and measured with DLS. Changes in average PM
size were reported as PM stability in size. To investigate the polymer recovery, a fraction of
the supernatant was freeze-dried to remove the aqueous medium. Subsequently, the
sample was re-dissolved in DMF supplemented with 10 mM LiCl and incubated at 37 °C for
2-3 hours. To quantify the percentage of the remained polymer in the micellar form, the
sample was measured by GPC. Three independently prepared batches of PM were

analyzed, and the results were expressed as mean + standard deviation.
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3.4. Polymeric micelle evaluations based on lab-scale polymer synthesis

3.4.1. Preparation of polymeric micelles (ethanol method)

MPEGsk-b-p(HPMA-Bz) block copolymer with the identical PEG chain length (5 kDa) but
different molar feed ratios of macro-initiator to the monomer were synthesized using
ethanol method. A total of four polymer were synthesized and used in this study, namely:
MPEGsk-b-p(HPMA-Bz)17x, MPEGsk-b-p(HPMA-Bz)10k, MPEGsk-b-p(HPMA-Bz)sk, and mPEGs-
b-p(HPMA-Bz )3

To prepare PTX-loaded PM using the ethanol preparation method, different amounts of PTX
(1.5, 3 and 4.5 mg PTX) along 30 mg of each polymer were dissolved in 1 mL of ethanol
while heating at 60 °C. Maintaining the temperature, the ethanol solution was mixed with
1 mL of HEPES buffered saline (HBS 1x) and the colloidal solution was stirred at 200-400
rpm for 1-2 minutes. After PM formation, the formulations were dialyzed for 48 hrs against
HBS using a dialysis cassette (MWCO of 10 kDa) at the ambient temperature (24-26 °C). The
final formulation of PTX-PM was filtered through 0.45 um filters in order to eliminate un-

encapsulated fraction (precipitations) of the drug.

3.4.2. Invitro stability of the PTX-loaded PM

Stability studies (in terms of size and drug retention) of the different PM formulations were
studied by measuring the hydrodynamic diameter, PDI and percentage of remained loaded
PTX at different temperatures (7 days at 37 and up to 5 weeks at 25 and 4 °C). After
preparation of PTX-loaded PM at different drug to polymer ratios (i.e., 0.05, 0.1, and 0.15
w/w), PM formulations were incubated at the aforementioned temperatures (see above).
At each time points, PTX-loaded PM were sampled and centrifuged at 5,000 g for 10
minutes. The leaked fraction of the drug from PM after centrifugation precipitated and is
separated from the PM in the supernatant. To quantify the percentage of the remained
loaded drug, the supernatant was collected and diluted with ACN followed by UPLC
measurement. In this experiment, technical repeats are reported, which were generated by
sampling from one formulation incubated at a certain temperature. To assess the stability
in size after centrifugation, a fraction of the supernatant was withdrawn and measured with

Malvern DLS. Changes in average PM size were reported as the PM size stability. three
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independent replicates were prepared, each replicate represents an individual formulation

that was independently incubated and measured.

3.4.3. PTX release from PM in the presence of polysorbate 80/PBS and BSA/PBS

To assess PTX release from PTX-PM formulations, the release medium was composed of
phosphate-buffered saline (PBS) supplemented with either 4.5% bovine serum albumin
(BSA) or 0.2% v/v polysorbate 80. The required volume of the release media that was
needed to achieve an excessive amount of polysorbate 80 in the buffer was determined
based on the PTX solubility in 0.2% polysorbate 80 in PBS (Abouelmagd et al., 2015). PTX
solubility was assessed by adding 0.6, 1.2, and 2.4 mg of PTX powder to 1 mL of the release
medium. Samples were incubated at 37 °C for 24 hrs with mild agitating and afterwards,
samples were centrifuged for 20 minutes at 10,000 rpm to precipitate the un-dissolved
fraction of PTX. Next, one volume of the solubilized PTX in the supernatant was added to
10 volumes of ACN, followed by 10 minutes centrifugation at 5,000 g. A fraction of the
supernatant was analyzed by UPLC. To confirm the absence of any mixed micelles, 0.2%
polysorbate 80 micelles were incubated at 37 °C with PTX-loaded PM based on mPEGs-b-
p(HPMA-Bz)17x polymer (drug to polymer ratios of 0.1 w/w). Samples were checked with

Malvern Zeta sizer after 1 hrs, 6 hrs and daily until 7 days.

To evaluate the PTX release from PM, Float-A-Lyzer G2 dialysis membrane (MWCO of 100
kDa or 300 kDa) was used. TO start, PTX-loaded PM were placed in the dialysis bag and
submerged in 50 mL of 0.2% polysorbate 80 in PBS. During the 7-day incubation period at
37 °C, samples were gently agitated and the outer medium was frequently refreshed.
Samples were collected at different time point from the inside of dialysis membrane. To
measure the concentration of the remained encapsulated PTX, the samples were disrupted

with at least 2 volumes of ACN and measured by UPLC.

To assess the PTX release from PM in the PBS + BSA medium, 1 volume of the PM was mixed
with 2-3 volumes of BSA and placed in the dialysis membrane. The release study was
performed as described above. Prior to PTX measurement with UPLC, BSA was removed
from the medium by adding 5 volumes of methanol to 1 volume of the samples followed by

15 minutes centrifugation at 4,000 rpm. The supernatant was separated, and the solvent
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was dried under the vacuum rotator. After solvent evaporation, PTX precipitants were re-

solubilized in ACN and the concentration was measured by UPLC.

3.4.4. Cell culture and Cy-labeled PM preparation

HepG2 cells were cultured in DMEM + 10% FBS and PC3 cells were cultured in McCoy’s 5A
+ 10% FBS and maintained at 37 °C with 5% CO2 and humidified atmosphere. To study the
uptake and penetration of the PM, 1-3.3% w/w of either Cy3- or Cy5-conjugated polymer
was added to the unlabeled polymer. Synthesis of the dye-conjugated polymer was
described previously (Shi et al., 2015) and the PM were prepared as described in Section
3.4.1.

3.4.5. PM uptakein 2D

10,000 cells/well were seeded into 96-well plates and incubated overnight. The next day,
the medium was replaced with fresh complete medium and the cells were incubated with
the fluorescently labeled PM and imaged live with 60x objective of CV7000s as often and as
long as it was required for a particular experiment. Non-treated cells were used as negative
control. Organelle labelling was performed according to manufacturing instructions. For the
endosomes staining, the cells were incubated for 20 minutes at 37 °C with pHrodo Green
Dextran conjugate diluted in complete growth medium to a final concentration of 0.05 mg
mL?. The nuclei was stained with 10 nM Hoechst 33,342 in PBS (100 pL) for 10 minutes at
37 °C. Three independent replicates were prepared. Each of the replicates represents an

individual cell-cultured well, which was separately measured.

3.4.6. PM penetration in 3D

For the microspheroid generation, HepG2 cells were seeded in microwell plates (20,000
cells per well) and were randomly dispersed throughout the squares of the microgrid.
Individual microspheroids (diameter of 50-120 um) were established after 3-5 days of
culturing (37 °C in 5% CO2 and humidified atmosphere). 10 nM Hoechst 33,342 in full
culture medium (100 pL) was used to stain the cell nuclei (1 hrs at 37 °C). Afterward, half of
the cell culture medium was replaced with fresh complete medium containing the required
amount of fluorescently labeled PM. 20x objective of CV7000s was used to observe the PM

penetration in microspheroids. Similarly, non-treated microspheroids as negative controls.
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Gel penetrationsin 3D was studied using a 384-well microtiter Mimetas OrganoPlate. These
plates include 96 microfluidic tissue chips that connect the following neighboring wells: a)
a well filled with the mixture of cells and gel (i.e., gel channel, Figure 26), b and c) two wells
for providing growth medium (i.e., perfusion channel Figure 26), and d) a well for imaging.
In the gel channel, membrane-free capillary pressure barriers (i.e., phase guides) facilitate
exchange of nutrients, gases, and waste products between the medium and the gel channel

(Wevers et al., 2016).

To study the gel penetration in 3D, HepG2 cells were seeded in Mimetas OrganoPlate
(according to the manufacturer protocols). Briefly, harvested and counted cells were
centrifuged and the pellet was dissolved in Matrigel (106 cells per mL). Subsequently, 2 puL
of gel mixture per chip was placed in the gel channel of the OrganoPlate and incubated for
polymerization (30 minutes at 37 °C). Next, the medium inlet was filled with 50 pL of
complete growth medium and the perfusion was started by placing the plate on Mimetas
rocking platform at 37 °C (Trietsch et al., 2017). After 3-4 days, the nuclei were labeled with
10 nM Hoechst 33,342 in complete medium and incubated for 1 hrs at 37 °C. Next, fresh
complete medium with the required amount of PM was added to each chip and the plates
were placed on Mimetas rocking platform for continuous gravitational flow (Trietsch et al.,
2017). The depth of PM perfusion into the gel channel was measured after 4 or 24 hrsin 5
gel segments using 10x objective of CV7000s (Figure 26). Here, we used chips with non-
treated cells as negative controls. In this experiment, independent replicates were
prepared. Each of the replicates represents an individual cell-cultured well, which was

separately measured.

3.4.7. Image analysis
Image analysis protocols were customized and developed with Columbus Software (U.S.
National Institutes of Health, Bethesda, Maryland, USA). Fiji software was used to measure

gel penetration depth.
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3.5. Continuous flow manufacturing of liposomes

3.5.1. Preparation of liposomes

To prepare liposomes, we have used a millifluidic device with dimensions adapted from a
previously developed setup by Costa et al. (Costa et al., 2016). Our microfluidic system
consisted of two channels (i.e., inner and outer channels) through which the ethanolic
phase containing the lipids and PBS are injected using a syringe pump (Harvard apparatus).
More specifically, lipid mixture (consisting DSPE-PEG-2000, EPC, and cholesterol at a molar
ratio of 5:60:35 respectively) that was dissolved in ethanol was pumped through the inner
channel of the millifluidic device, which has an inner diameter (ID) of 0.6 mm, while PBS,
which is used as the aqueous phase, was injected through the outer channel with an ID of
3 mm. At a pre-defined flow rate ratio, the two streams come together, get mixed, and form
liposomes which were collected from an outlet that was an extension of the outer channel

(Figure 29).

3.5.2. Evaluation of composition and process parameters that influence the size and PDI
of the liposomes using Design of Experiment (DoE)
With the help of design of experiment approach (DoE, Design-Expert by Statease), we
designed and assessed the effect of several composition and process parameters on the
size and PDI of different liposome dispersions. These parameters include total flow rates
(TFRs), lipid concentrations, and ethanol content. TFR values varied from 5-70 mL min,
which resulted in Reynolds numbers in the range of 14-214 (depending on the formulation
preparation condition). The injected concentration of lipids in ethanol ranged from 10-100
mM total lipids, and the ethanol content at the point of liposome formation was set to
either 30 or 50% v/v ethanol. Within a D-optimal cubic model, 39 to 45 experimental runs
(i.e., liposomal formulations) were designed and evaluated. Liposomes were prepared with
various lipid concentrations and TFRs. To achieve the desired lipid concentration as defined
by the DoE design, a concentrated stock solution of lipids in ethanol (100 mM) was prepared
and mixed with pure ethanol using a static mixer. Next, the flow rates of the organic solution
and aqueous phase were set according to the run specifications in DoE and the ethanolic

lipid solution was directed into the inner channel while the aqueous phase (i.e., PBS) was
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led into the outer channel of the millifluidic device. Depending on the run specifications,
the flow rates of each phase was adjusted. The final ethanol content was set at 50% v/v and
30% v/v, which resulted in the flow rate ratios of 1 and 0.43 (organic phase to the water
phase). After formation, the liposomes were evaluated in terms of size and PDI. Non-
significant terms (p >0.05) were removed from the design model with exceptions that were
essential to preserve the hierarchy of the design and to generate a response surface model.
Heatmap plots were generated with the aid of DoE software, to demonstrate the
relationship between the process parameters (lipid concentration and TFR) and the

responses (size and PDI).

3.5.3. Size adjustment using the residence time of the liposomes in high ethanol

environment

3.5.3.1. Changes in liposome size over time as measured by NFS and NTA

A solution of 100 mM lipids in ethanol was prepared and mixed with pure ethanol using a
static mixer to obtain a 70 mM ethanolic lipid solution. Using the millifluidic device,
liposome dispersions were formed by mixing the ethanolic lipid solution with PBS in a one
to one flow rate ratio with a final TFR of 62 mL min. Thus, the obtained liposomal
formulation contained 50% v/v ethanol. Right after formation, the sample was fractioned
and aliquoted into 3 different vials for various downstream analyses. To the first portion, a
one to one mixture of PBS and ethanol was added in order to dilute the dispersion 10,000
times for NTA analysis. The concentration of particles in the dispersion (expressed as the
number of the particles per mL) and videos of the particle movements were recorded for
60 min using the NTA device. The second fraction of the sample was continuously quantified
for 90 minutes with respect to the mean size and PDI using the NFS instrument. The last
fraction of the dispersion was diluted 10 times with PBS at predefined time points for 90
minutes (i.e., 0, 1, 2.5, 5, 10, 20, 30, 60, 90 min after particle formation to fix particle size).
After completion of the continuous measurement of the second fraction, the diluted and
size-fixed samples were measured by NFS instrument. Three independent replicates were

prepared and analyzed.
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3.5.3.2. Defining the required ethanol content for liposome size growth

Liposomes were prepared as described in section 3.5.3.1. Right after formation, the
dispersion was diluted 1.25-, 2.5-, 5-, and 10-fold with PBS to reduce the ethanol content
from 50% to 40, 20, 10, and 5% v/v ethanol respectively. Next, the size and PDI of each
sample were continuously measured for 60 minutes using NFS device. For this experiment,

three independent replicates were prepared.

3.5.4. Effect of different dilution methods on liposome characteristics

Liposomes were prepared as described in section 3.5.3.1. Immediately after formation
liposome dispersions were diluted inline using a syringe pump to reduce the ethanol
content from 50% v/v to 5% v/v (10x dilution). The dilution process was performed using
either a standard medical three-way connected to the tubing or using a static mixer. The
hydrodynamic diameter and PDI of the liposomes were measured using a standard DLS

device (Materials and methods section 3.2.1).

3.5.5. Tangential flow filtration (TFF)

To clear the liposome dispersion from residual ethanol, a TFF system was used. A filtration
unit was connected to a peristaltic pump while disconnecting the retentate outlet from the
pump reservoir to convert it from the standard recycling configuration into a one-time-only
flow through configuration through which the dispersion passes along the filtration unit. To
evaluate the changes in pressure, two pressure gauges were positioned, one before and
one after the filtration unit. Two filtration units with filtration areas of 50 cm?and 193 cm?
were tested (see materials section for more details). To assess the effect of pressure at the
inlet and outlet on the filtration efficiency, various pressures were tested. Regarding the
inlet pressure, we changed the pump speeds to obtain inlet pressures from 21 to 207
kilopascal (kPa). With respect to the outlet pressure, we varied the filter outlet diameter to
obtain pressures from 14 to 52 kPa. The efficiency of TFF in removing ethanol was expressed
as the waste volume fraction. To calculate this parameter, the filtrate volume was divided
by the sum of the filtrate and retentate volumes. Three independent replicates were

prepared.
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3.5.5.1. Utilizing a counter current flow for enhancing the ultrafiltration

In the absence of liposomes, a solution of 0.5 mM calcein in PBS was prepared and passed
through the cleaning unit from an inlet and left the unit from the outlet. A clean stream of
PBS was flushed into the cleaning unit in the opposite direction (i.e., the counter current,
Figure 37). To investigate the effect of the counter current flow rate on sample purification,
the flow rate of the calcein solution (herein referred as TFF flow rate) was fixed at 65 rpm,
and the flow rate of the counter current was varied (60, 30, 15, and 7.5 rpm). On the other
hand, to investigate the effect of sample flow rate on the purification process, the counter
current flow rate was fixed at 60 rpm, and the TFF flow rate was varied (32, 65, and 120
rpm). In both cases, the sample was collected from the outlet and the calcein content was
measured using the UV spectrophotometry (Materials and methods section 3.2.7). The
fluorescence intensity of the calcein in the outlet was normalized to the fluorescence
intensity of the calcein in the inlet and expressed as the relative calcein intensity in

percentages.

3.5.6. Real-time measurements of the liposome size, PDI and ethanol content

Prior to the in-line measurements of the ethanol content, we sought to evaluate the effect
of liposomes on ethanol quantification using NIR. To this end, liposomes were prepared
using 70 mM of total lipid in ethanol and at 62 mL min! TFR. Right after preparation,
samples were dialyzed for 3 days against PBS (1L PBS per each mL of the ethanol/day),
followed by addition of known quantities of ethanol to the dispersions (i.e., 0.5, 1, and 5%
v/v ethanol). Ethanol content of the dispersions was quantified with NIR in an off-line

setting using the NIR probe module.

Liposomes were prepared as described in section 3.5.3.1. Immediately after formation, the
liposome dispersion was diluted with PBS in an in-line setup utilizing a three-way connector.
After dilution, the liposome dispersion was directed to enter a flow-cell module of the NFS
instrument for real-time in-line quantification of the mean size and PDI. Next, using tubing
connections, the sample entered a vessel for ethanol quantification using an NIR probe. The

input sample was measured for 4 minutes, and the measurements were 5 seconds apart.
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Once the syringes containing the concentrated lipid, ethanol and PBS were emptied of the
materials, we continued to measure the size and PDI of the remained sample in the flow

cell in an off-line flow-cell module. Here three independent replicates were prepared.

3.6. Statistical Analysis
Statistical analysis on non-DoE graphs was performed using GraphPad prism software

(Prism 9 for Windows 64-bit, Version 9.1.1) and statistical significance was defined at an

alpha threshold of < 0.05.
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4. Results

4.1. Batch process: large-scale synthesis of polymer

MPEGsk-b-p(HPMA-Bz) block copolymer was previously synthesized at large scale at
ChemConnection company (Bresseleers et al., 2019). Previous experiments with PM based
on this batch of polymer demonstrated instability in particle size and drug retention.

Therefore, it was required to characterize this polymer and remove any possible impurities.

4.1.1. Characteristics of impurities

To assess the purity of the large-scale synthesized mPEG-b-p(HPMA-Bz) polymer, NMR and
GPC analyses were conducted. GPC analysis revealed one peak appearing with two fade
shoulders (Figure 5A). Characterizing the peak showed an M, of 27 kDa and a PD of 1.55
(Table 1).

Table 1. Characterization of the impure mPEG-b-p(HPMA-Bz) polymer. GPC Analysis of the large-scale
synthesized mPEG-b-p(HPMA-Bz) block copolymer revealed a PD of 1.5 and Mw of around 27 kDa.

Mp Mn MW Mz MZ+1 I\/IV PD

27835 17668 27299 36606 44570 25905 1.54511

In the obtained NMR spectrum of the polymer, multiple low-intensity peaks appeared at
different chemical shifts of the spectrum (Figure 5B). Nevertheless, integration of the peak
at 5 ppm, which corresponds to the relative number of monomer units in the polymer, was

showed approximately 50 monomers per polymer chain.
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Figure 5. Characterization of impure mPEG-b-p(HPMA-Bz) polymer. A) GPC chromatogram and B) *H NMR
spectrum (DMSO-d6, 400 MHz).

To verify the impurities, we initially analyzed ethanol- and water-insoluble precipitants from
the impure polymer using GPC and NMR (Figure 6A and 6B). We observed that 3.2 £ 0.4 %
w/w of the impure polymer was the ethanol- and water-insoluble impurities. In the GPC
analysis of this fraction, two large-molecular weight peaks with M, of above 1,000 kDa and
above 100 kDa appeared before the peak corresponding to the residues of the polymer
(Figure 6A and Table 2). Such large-sized impurities in the ethanol-insoluble fraction could

be corresponding to the presence of the homopolymer.
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Figure 6. Characterization of ethanol-insoluble and water-insoluble impurities. A) GPC chromatogram and

B) 'H NMR spectrum (DMSO-d6, 400 MHz).
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Table 2. Characterization of ethanol- and water-insoluble impurities. GPC Analysis show two large-molecular

weight peaks with Mw above 100 kDa.

Peak Mp Mhn Mw M. Mz+1 My PD
1 1170752 996828 1287309 1705604 2191936 1234272 1.29141
2 105194 104763 104766 104769 104772 104765 1.00003
3 28251 20498 28552 35791 41655 27431 1.39292

After purification, the purified polymer was washed with water to eliminate any water-
soluble impurities and the collected impurities were analyzed with GPC and NMR (Figure
7A and 7B). After the water wash, it was revealed that the purified (and not water washed)

polymer contained 9.8 + 0.6 % w/w water-soluble impurities.

In the GPC analysis of such impurities, 3 peaks emerged in the chromatogram with My, of
35.2 kDa, 9.5 kDa and 4.4 kDa (Table 3 and Figure 7A). The first peak possibly corresponds
to the polymer residues. However, the molecular weights of the second and the third peaks
are in concurrence with the molecular weights of the macroinitiator and PEG respectively

(Table 3), which both are water soluble.
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Figure 7. Characterization of water-soluble impurities. A) GPC chromatogram and B) 'H NMR spectrum

(DMSO-d6, 400 MHz).
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Table 3. Characterization of water-soluble impurities. GPC Analysis show three peaks with Mw that possibly

correspond to the residues of the polymer, the macroinitiator and PEG respectively.

Peak Mp Mhn Mw M. Mz+1 My PD
1 31456 32351 35242 38256 41210 34798 1.08936
2 9570 9398 9550 9702 9855 9527 1.01617
3 4510 4350 4434 4516 4596 4421 1.01931

4.1.2. Characteristics of the purified polymer

Following the purification protocol, a purification yield of 68.4 + 5.8 % w/w was obtained.
GPC chromatogram of the purified polymer showed only one peak, with two fade shoulders
(Figure 8A). The peak had a similar M, and My, to that of the impure polymer (M, of 28 kDa
and PD of 1.6, Table 4).
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Figure 8. Characterization of the purified polymer. A) GPC chromatogram and B) *H NMR spectrum (DMSO-
dé6, 400 MHz).

Table 4. Characterization of the purified polymer as determined by GPC Analysis. GPC Analysis of the purified
MPEG-b-p(HPMA-Bz) block copolymer revealed a PD of 1.6 and Mw of around 28 kDa.

Mp Mn Mw Mz MZ+1 |\/IV PD

27019 17194 27876 39933 54396 26241 1.62126
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In the obtained NMR spectrum, however, almost all the low-intensity excess peaks were
removed from the spectrum and approximately 54 monomers per polymer chain were

obtained (Figure 8B).

To further improve the purification quality, the purified polymer was washed with water.
After washing, 82.7 £ 3.0 % w/w of the polymer was recovered (purified and water-washed).
As a result of washing, the GPC spectrum revealed a single peak with no additional
shoulders (Figure 9A). This peak had an My, of 29 kDa with an improved PD of 1.5 (Table 5
and Figure 9A).
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Figure 9. Characteristics of the purified and water-washed polymer. Representative A) GPC chromatogram

and B) 1H NMR spectrum (DMSO-d6, 400 MHz).

According to NMR analysis of the rinsed polymer, each polymer chain contained

approximately 100 monomers (Figure 9B).

Table 5. Characteristics of the purified and water-washed polymer as determined by GPC Analysis. GPC
Analysis of the purified mPEG-b-p(HPMA-Bz) block copolymer revealed a PD of 1.5 and M of around 30 kDa.

Mp Mn Mw Mz MZ+1 I\/IV PD

27019 19741 29277 40812 56061 27763 1.48306
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4.1.3. Characterization of the micelles based on different polymers

4.1.3.1. In vitro stability of non-drug loaded PM based on polymers obtained from
different purification method
To assess the stability of non-drugloaded PM-based formulations, the mean size (presented
as hydrodynamic diameter), the size distribution (presented as PDI), and the PM integrity
(presented as polymer recovery) was monitored after 3 days at 37 °C. Results show that the
stability of PM (in terms of size and PDI) didn’t depend on the presence of polymer
impurities (Figure 10 A to D). However, PM based on the impure polymer demonstrated the
largest mean size of all (approximately 80 nm). Other PM based on the purified polymer,
the purified and water-washed polymer as well as the lab-scale synthesized polymer had
sizes of approximately 60 nm with PDIs around and below 0.1 (Figure 10 B to D). Data
obtained from GPC show that almost 100% of the polymer was recovered in all PM based

on polymers with different levels of purity (Figure 10E).
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Figure 10. Evaluation of PM stability by monitoring the changes in PM size and PDI (A, B, C, and D) and
polymer recovery (E) during storage at 37 °C for 3 days. In this condition, the size and PDI changes were

monitored for A) CC impure polymer, B) CC purified polymer, C) CC purified and water-washed polymer and
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D) Laboratory-scale (inhouse) synthesized polymer. Data are presented as mean + SD of independent

replicates (n = 3).

4.1.3.2. In vitro stability of PTX-loaded PM based on polymers obtained with an
alternative purification method
After thoroughly studying the properties of non-drugloaded PM and given that the addition
of drugs might possibly alter PM physicochemical properties, we sought to better
understand the behavior of the drug-loaded PM. To this end, PTX-loaded PM based on
MPEG-b-p(HPMA-Bz) polymer with different purity levels were prepared and evaluated
with respect to the mean size (presented as hydrodynamic diameter), the size distribution
(presented as PDI), the PM integrity (presented as polymer recovery), and drug retention
during storage at 37 °C for 3 days. The results demonstrate that all PM based on polymers
with different levels of purity show a hydrodynamic diameter of around 70 nm. After 3 days
of storage of PTX-loaded PM at 37 °C, the size and PDI of the PM did not change drastically
across the studied groups (Figure 11 A, B, D and E). It should be noted that, two technical
repeats in the PM based on purified polymer and purified-water-washed polymer were
outliers resulting in an elevation in size and PDI (Figure 11B and 11D). In all the PM based
on polymers with different purity levels, almost 100% of the polymer was recovered after

3 days of incubation (Figure 11C).
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Figure 11. Evaluation of PTX-loaded PM stability during storage at 37 °C for 3 days. PM were monitored

regarding the changes in PM size and PDI (A, B, D, and E), polymer recovery (C) and PTX retention in PM (F).

In this condition, changes in the size and PDI were monitored for A) CC impure polymer, B) CC purified

polymer, D) CC purified and water-washed polymer and E) Laboratory-scale (inhouse) synthesized polymer.

Data are presented as mean * SD of independent replicates (n = 3).

For the PM based on polymers with different purity levels, the encapsulation efficiencies

(%) were comparable and all were above 75% (Table 6).

Table 6. Encapsulation efficiency (%) of PM based on four mPEG-b-p(HPMA-Bz) block copolymers. The

polymers differed in their level of purity and the micelles were prepared at a drug to polymer ratio of 0.1 (1

mg PTX and 10 mg polymer, n > 3).

Polymers with different level of purity EE (%)
CCimpure polymer 77 +1
CC purified polymer 92+11
CC purified and water-washed polymer 81+9
Inhouse synthesized polymer 77 +1
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To evaluate the drug retention during storage in the drug-loaded PM formulations, PTX-
loaded PM were prepared with the initial preparation drug to polymer ratio of 0.1 and
incubated at 37 °C for 3 days. Results show that regardless of the polymer’s purity level, all
PM revealed a relative stability in terms of drug retention. Here, more than 70% of the drug

was retained in the different PM formulations after 3 days of incubation (Figure 11F).

4.2. Batch process: Lab-scale synthesis of polymers
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Figure 12. Preparation and evaluation of polymeric micelles based on four different mPEGsk-b-p(HPMAB2z)
block copolymers. PM are prepared via nanoprecipitation and dialyzed against aqueous phase to remove the
organic solvent. PM were obtained with different characteristics and show specific drug retention, drug

release and penetration in tumor spheroids (Sheybanifard et al., 2020).

4.2.1. Characterization of small-scaled synthesized mPEGsy-b-p(HPMABz) PM

MPEGsk-b-p(HPMA-Bz) block copolymers were previously synthesized at laboratory scale
with four different molecular weights of the pHPMA-Bz as the hydrophobic blocks (i.e., 3,
5, 10 and 17 kDa) and with an identical molecular weight of PEG (i.e., 5 kDa). The GPC and
NMR analysis of the lab-scale synthesized polymers showed that all variants of the polymer

have a very low PD (Table 7).
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Table 7. Characterizing the lab-scale synthesized mPEGsk-b-p(HPMA-Bz) block copolymers. *H NMR and GPC

analysis was used to determine the M» and M of the polymer (Sheybanifard et al., 2020).

Polymer MI:M  Mnby'H- Mnby GPC My by GPC  Polydispersity
NMR (kDa) (kDa) (kDa) (Mw/Mn) (GPC)
MPEGsk-b-p(HPMA-Bz)17¢ 1:200 22.1 15.8 20.7 1.31
MPEGsk-b-p(HPMA-Bz)10¢ 1:100 15.0 13.2 17.5 1.32
MPEGsk-b-p(HPMA-Bz)sk  1:50 10.2 10.8 14 1.30
MPEGsk-b-p(HPMA-Bz)3k  1:25 7.7 8.9 11 1.24

Following the preparation and characterization of empty PM based on these polymers
(Bagheri et al., 2018), we sought to evaluate PTX-loaded PM formulations based on the
aforementioned polymers. As indicated in Tables 8-10, we assessed the encapsulation
efficiency (EE), loading capacity (LC), particle size, size distribution and zeta potential of the
different PM. The obtained data show that on the one hand, the hydrodynamic diameter
(z-ave) and polydispersity index (PDI) of the PM of a given polymer was independent of the
PTX loading percentage. On the other hand, decreasing the hydrophobic block size (from
17 to 3 kDa) and consequently the hydrophobic/ hydrophilic ratio of the polymer, resulted
in a decrease in the average size of the PM (from 53 to 38 nm). A slightly negative zeta
potential (between -1.6 and -3.5 mV) was observed for all variants. With respect to the EE
of PTX, data show a range of approximately 40-70% (with the exception of the last
formulation in Table 10 where the EE was 21%). Such EE resulted in LC's ranging from
approximately 2—9% (Tables 8-10).

Table 8. Physicochemical properties of PM with a drug to polymer ratio of 0.05 (1.5 mg PTX and 30 mg

polymer). PM were prepared based on four different mPEGsk-b-p(HPMA-Bz) block copolymers. Data are

presented as mean + SD of independent replicates (n = 4) (Sheybanifard et al., 2020).

Polymer Z-ave PDI Zeta potential*,  EE (%) LC (%)
(nm) (mV)
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MPEGs-b-p(HPMA-Bz)17«  52+1 0.05+0.03 -2.8+1.4  56.6+3.3 2.7%0.2

MPEGsk-b-p(HPMA-Bz)ioc  51+1 0.04+0.03 -2.7+1.2 513+116 24+0.6

mMPEGsk-b-p(HPMA-Bz)sk 40+1 0.06+0.05 -3.5+0.9 56.8+39 2.7%0.2

mMPEGsk-b-p(HPMA-Bz)3« 39+3 0.13+0.06 -34+1.0 451+8.7 22+04

Table 9. Physicochemical properties of PM with a drug to polymer ratio of 0.1 (3 mg PTX and 30 mg
polymer). PM were prepared based on four different mPEGsk-b-p(HPMA-Bz) block copolymers. Data are

presented as mean * SD of independent replicates (n = 4) (Sheybanifard et al., 2020).

Polymer Z-ave PDI Zeta potential* EE (%) LC (%)
(nm) (mV)

MPEGsk-b-p(HPMA-Bz)17k 531 0.05+0.01 -2.1+04 52.6+6.7 49+0.6

MPEGs-b-p(HPMA-Bz) 10k 51+1 0.04+0.02 -32+19 539%79 50+0.6

MPEGsk-b-p(HPMA-Bz)sk 401 0.05+0.03 -3.3+20.7 42789 3.9*0.8

mMPEGsk-b-p(HPMA-Bz)3k 381 0.10+0.03 -3.1+1.2 43.4+9.2 4010

Table 10. Physicochemical properties of PM with a drug to polymer ratio of 0.15 (4.5 mg PTX and 30 mg
polymer). PM were prepared based on four different mPEGsk-b-p(HPMA-Bz) block copolymers. Data are

presented as mean * SD of independent replicates (n = 4) (Sheybanifard et al., 2020).

Polymer Z-ave PDI Zeta potential*, EE (%) LC (%)
(nm) (mV)

MPEGsk-b-p(HPMA-Bz)17« 53+2 0.07+0.03 -1.6+0.7 67.0%+20.1 87+2.6

MPEGsk-b-p(HPMA-Bz)10k 51+2 0.04+0.01 -1.7+0.6 69.4+22.1 9.0+2.9
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MPEGsk-b-p(HPMA-Bz)sk  40+1 0.04+0.03 -16+1.2 62.2+184 8124

MPEGsk-b-p(HPMA-Bz)sk 40+3 0.14+0.04 -2.1+2.0 21.2+96 28+13

* Zeta potential was measured in a solution of HEPES (10 mM, pH 7.5).

4.2.2. Size stability evaluation of unloaded PM based on different polymer types

We started evaluating the size stability of the PM in the absence of the drug. To this end,
non-drug loaded PM based on all four polymer variants were prepared and stored either at
4 °Cor 25 °Cfor 5 weeks. Results show maximal size stability when the non-drug loaded PM

were stored in these conditions (Figure 13).
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Figure 13. Alteration in PM size after storage at A) 4 °C and B) 25 °C. PM show maximum stability with no

substantial change in size over the tested period (Sheybanifard et al., 2020).

To further mimic the physiological condition, the same experiment was conducted on PM
that were incubated at 37 °C for 7 days. As shown in Figure 14A, PM from all four polymer
variants showed stability in size up to 7 days. TEM images of these PM showed no obvious
aggregation and further confirmed the observed stability of the PM as demonstrated by

DLS analysis (Figure 14B).
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Figure 14. Stability in size of PM based on four polymer types after storage at 37 °C. A) Hydrodynamic
diameter variations obtained by DLS, and B) TEM images of empty PM immediately after preparation and

after 7 days of storage at 37 °C (size bar is 100 nm) (Sheybanifard et al., 2020).

4.2.3. Evaluating the effect of drug to polymer ratio on drug leakage and size stability of
PM based on different polymer types

To evaluate the drug retention during storage in the drug-loaded PM formulations, PTX-
loaded PM were prepared and incubated at 37 °C for 7 days. The obtained results
demonstrate that PM based on the polymer with the shortest hydrophobic block (i.e.,
MPEGsk-b-p(HPMA-Bz)sk) was by far the leakiest under all drug to polymer ratios (Figures
15A, 15C and 16A). After 6 hours of incubation, only 40% of the drug was retained in the
PM with an initial drug to polymer ratio of 0.1. After 24 hrs, only 20% of PTX was retained
inside these PM. At this time point, PM based on the polymer with the longest hydrophobic
block size (i.e., mPEGsk-b-p(HPMA-Bz)17«) retained almost 80% of PTX. On the other hand,
PM formulations based on mPEGsk-b-p(HPMA-Bz)10k and mPEGs-b-p(HPMA-Bz)sk showed
an intermediate PTX retention; with relatively more PTX leakage from PM prepared of
MPEGsk-b-p(HPMA-Bz)sk polymer (i.e., the polymer with shorter hydrophobic block size) (Fig
16A).
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Figure 15. Changes in encapsulation retention and mean size (presented as hydrodynamic diameter) of PM.
PM were prepared based on all four mPEGsk-b-p(HPMA-Bz) block copolymer with drug to polymer (w/w) ratios
of 0.05 (A and B) and 0.15 (C and D). Samples were stored at 37 °C for 7 days (Sheybanifard et al., 2020).

The drug retention as a function of the initial drug to polymer ratio was assessed in the
most and the least stable PM (i.e., PM based on mPEGs-b-p(HPMA-Bz)17« and mPEGsk-b-
p(HPMA-Bz)sk respectively). Results show that irrespective of the PM type, a higher drug
retention was obtained at a lower initial drug to polymer ratio (Figures 16B and 16C). Similar
findings were observed with the set of PM based on mPEGsk-b-p(HPMA-Bz)17x, where drug
retention was more than 80% for PM with initial drug to polymer ratio of 0.05 and 0.1 (i.e.,
5and 10% w/w PTX loading) after 7 days of incubation (Figure 16B). Meanwhile, at this time
point, PM with higher initial drug to polymer ratio of 0.15 (i.e., 15% w/w PTX loading)
showed the highest drug leakage (44% of PTX retention). Of all the prepared PM with
different drug to polymer ratio and based on different polymer variants, PM based on
MPEGsk-b-p(HPMA-Bz)3¢ with initial drug to polymer ratio of 0.15 (i.e., 15% PTX loading) was
the least stable with almost no drug remained encapsulated at the end of the incubation

period. At this time point, around 13% and 40% of PTX was retained in PM with initial drug
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to polymer ratio of 0.1 (i.e., 10% PTX loading) and 0.05 (i.e., 5% PTX loading), respectively
(Figure 16C).
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Figure 16. PTX retention in PM during 7 days of storage at 37 °C in HBS medium. A) PM were generated
based on different variants of mPEGsk-b-p(HPMA-Bz) at a drug to polymer ratio of 0.1, B) PM based on mPEGsk-
b-p(HPMA-Bz)17x polymer with initial drug to polymer (w/w) ratios of 0.1, 0.15, and 0.45 and C) PM based on
MPEGsk-b-p(HPMA-Bz)sk polymer with initial drug to polymer (w/w) ratios of 0.1, 0.15, and 0.45. Results are

presented as mean * SD of three technical repeats (n = 3) (Sheybanifard et al., 2020).

Besides the drug retention, we also evaluated the stability of PM regarding the mean size
(presented as hydrodynamic diameter), light-scattering intensity (presented as derived
count rate) and size distribution (presented as PDI) during 7 days of storage at 37 °C. For all
the aforementioned analyses, PM showed a high stability at the initial drug to polymer ratio
(w/w) of 0.1 (Figure 17 A to C). Moreover, TEM images of the PM based on different polymer
variants showed no obvious aggregation, which further confirms the observed stability of

the PM as demonstrated by DLS analysis (Figure 17).
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Figure 17. Stability of the PTX-loaded PM based on different mMPEGsk-b-p(HPMA-Bz). PM were prepared with
initial drug to polymer ratio of 0.1 and stored at 37 °C for 7 days to evaluate A) Mean size, B) Derived count
rate, C) PDI, and D) Morphology (size bar is 100 nm). In Figures A, B and C, data are presented as mean + SD

of three independent replicates (n = 3) (Sheybanifard et al., 2020).

The stability of PTX-loaded PM were also examined at two other temperatures, namely 25
and 4 °C for 5 weeks (Figures 18 A to J). The obtained results point to a higher PM stability
in terms of both drug retention and mean size once they are stored at 4 °C. At this
temperature, PM were most stable with the polymer type or drug to polymer ratio slightly
affecting PTX stability (Figures 18B, 18D, 18F). Storing the PM at 25 °C show an intermediate
stability in comparison to 4 and 37 °C. At 25 °C, the overall drug retention of the PM based
on the polymer with the shortest hydrophobic block (i.e., mMPEGsk-b-p(HPMA-Bz)s3k) was
inferior compared to the PM based on the longest hydrophobic block (i.e., mPEGs-b-
p(HPMA-Bz)17«) (Figure 18G). In terms of mean size, however, only the PM based on the

longest hydrophobic block (i.e., mPEGsk-b-p(HPMA-Bz)17k) showed a relatively stable profile
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over the 5 weeks of storage whereas PM based on the other 3 variants of the polymer

showed instability after to 2-3 weeks of storage (Figure 18I).
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Figure 18. Changes in drug retention and size of PM when stored at 25 and 4 °C for 5 weeks. PM of all four
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polymers were stored at 25 °C while loaded with A) 5%, C) 10%, and E) 15% PTX or stored at 4 °C with B) 5%,
D) 10%, and F) 15% PTX loading. The PTX retention of the PM with different initial drug to polymer ratios were
compared for the PM based on polymer mPEGsk-b-p(HPMA-Bz)17x and mPEGsk-b-p(HPMA-Bz)sk at G) 25 °C and
H) 4 °C. Heatmaps represents changes in PM size during 5 weeks of storage at 1) 25 °C and J) 4 °C (Sheybanifard
et al, 2020).

4.2.4. In vitro release evaluation of PTX-loaded PM in presence of polysorbate 80 and
BSA
We studied the drug release of PTX-loaded PM in 0.2% polysorbate 80 micelles or 4.5% BSA
dispersion mediums. Polysorbate 80 micelles can interact with PTX and albumin captures
PTX with high protein binding (more than 90%) (Eiseman et al., 1994; Kumar et al., 1993).
Therefore, including polysorbate 80 micelles or BSA in the release media improves our
understanding of the in vivo drug release kinetics. The surfactant nature of polysorbate 80
results in formation of micelles in aqueous media. To validate the absence of any mixed
micelles formed during incubation between polysorbate 80 and mPEG-b-p(HPMA-Bz), we
incubated PM with 0.2 v/v % polysorbate 80 micelles for 7 days and evaluated the
dispersion using Malvern DLS. Data show two peaks, one corresponding to polysorbate 80
micelles (mean size of around 10 nm) and the other corresponding to PM (mean size of
around 60 nm) (Figure 19). Results obtained with DLS confirmed the absence of any mixed
micelles between polysorbate 80 and PM based on mPEG-b-p(HPMA-Bz) polymer,
indicating that the polysorbate 80 micelles do not disturb the PM based on mPEG-b-
p(HPMA-Bz) polymer. Moreover, PTX can be captured by the polysorbate micelles only

upon its release from the PM.
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Figure 19. Intensity-based size analysis of the PM based on mPEGsk-b-p(HPMA-Bz)17« polymer that was
incubated with 0.2% polysorbate 80 micelles for 7 days at 37 °C. Two individual peaks were observed that
indicate the presence of micelles from polysorbate 80 and PM based on mPEGsk-b-p(HPMA-Bz) polymer and

confirms the absence of mixed micelles (Sheybanifard et al., 2020).

The same experiment was also conducted with PM incubated with PBS/BSA 4.5% w/w.
Similar to the results obtained with polysorbate 80, DLS analysis showed two peaks,

indicating that the BSA did not disrupt the PM (Figure 20).

Size distribution by intenity

—
Ui
i

Y
o

Intensity (percent)
un

0.1 1 10 100 1000 10000
Size (d.nm)

Figure 20. Intensity-based size analysis of the PM based on mPEGsk-b-p(HPMA-Bz)17x polymer that was
incubated with 4.5% PBS/BSA for 7 days at 37 °C. Two individual peaks were observed that indicate the
presence of BSA and PM based on mPEGsk-b-p(HPMA-Bz) polymer.

We started the PTX-release evaluation by preparing PM at initial drug to polymer ratio of

0.1. Independent of the media, we observed a prompt release of PTX from PM within the
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first 4 hours (PTX release was between 36 to 69%, depending on the PM variant). Such fast
release was followed by a steady release during the following 7 days (Figure 21). In either
media, PM based on the shortest hydrophobic blocks size (i.e., MPEGsk-b-p(HPMA-Bz)sk)
showed the fastest release. However, once the molecular weight of the hydrophobic block
was increased, we observed a slower drug release. Specifically, it was observed that after 7
days of incubation, 72-78% of the loaded PTX was released from PM based on mPEGsk-b-
p(HPMA-Bz)17x and mPEGsk-b-p(HPMA-Bz)10k while 81-90 % of the loaded-PTX was released
from PM based on mPEGsk-b-p(HPMA-Bz)sk and mPEGsk-b-p(HPMA-Bz)sk (Figure 21).
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Figure 21. Evaluation of the PTX release from PM based on different mPEGsk-b-p(HPMA-Bz) variants at 37
°C (initial drug to polymer ratio of 0.1). The release was assessed in A) PBS with 0.2% polysorbate 80 micelles
or B) PBS with 4.5% BSA. Data are presented as mean + SD of three independent replicates (Sheybanifard et
al., 2020).

Besides evaluating the PTX release in different media, we studied the effect of the initial
drug to polymer ratio (w/w) on the drug release profile of PM. To this end, we prepared
PTX-loaded PM based on different polymer variants and investigated the release in the
presence of 4.5% BSA containing medium (7 days at 37 °C). The drug release was compared
for the PM based on polymers with the longest and the shortest hydrophobic blocks at drug
to polymer ratio of 0.05, 0.1, and 0.15. The obtained data indicated the independency of

PTX release from the initial drug to polymer ratio in both formulations (Figures 22).
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Figure 22. Evaluation of PTX release from PM with varying initial drug to polymer ratios in PBS with 4.5%
BSA medium (37 °C for 7 days). The release was performed for PM based on A) mPEGsk-b-p(HPMA-Bz)17« and
B) mPEGsk-b-p(HPMA-Bz)sk variants. Data are presented as mean = SD of three independent replicates

(Sheybanifard et al., 2020).

4.2.5. Evaluation of the effect of PM mean size on the uptake by tumor cells cultured in
2D
We investigated the effect of Cy3-labeled PM mean size on their uptake by cancer cells. To
this end, we cultured monolayer-grown PC3 prostate cancer cells and HepG2 hepatocellular
carcinoma cells and used PH Rodo dextran green to label the endosome. As depicted in
Figure 23, after two hours of incubation, both cell types internalized the PM based on
MPEGsk-b-p(HPMA-Bz)17x (PM were partially co-localized with the endosomal staining).
There were minor differences in the uptake of the differently sized PM in PC3 cells (Figure
23). Interestingly, HepG2 cells, showed a relatively higher PM uptake compared to PC3 cells.
This was more pronounced with PM based on the polymer with the short hydrophobic block

(i.e., mPEGsk-b-p(HPMA-Bz)sk and mPEGsk-b-p(HPMA-Bz)ax).
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Figure 23. In vitro uptake of PM by PC3 and HepG2 cells in 2D culture. A) Examples of attained confocal
microscopy images after 2 hours of incubation of Cy3-labeled PM based on mPEGsk-b-p(HPMA-Bz)17« with PC3
and HepG2 cells; Red: PM label, blue: nuclei stained with Hoechst 33342, and green: endosomes labeled with
pHrodoTM green; size bar 10 um. B) Fluorescence intensity associated with PC3 and HepG2 cells after
incubation with PM based on four different mPEGsk-b-p(HPMA-Bz) block copolymers for four hours.
Fluorescence intensity was normalized by subtraction of baseline fluorescence of non-treated cells. Data are

presented as mean + SD of independent replicates (n = 3) (Sheybanifard et al., 2020).

4.2.6. Evaluation of the effect of PM mean size on their penetration into 3D cultured
tumor tissue

In order to investigate the effect of mean size of MPEGsk-b-p(HPMABz) PM on tumor tissue

penetration, we prepared two different culture media with different degree of complexity:

a) microspheroids from HepG2 cells that were grown in low attachment Elplasia microplate

and b) hydrogel embedded HepG2 3D cultures in OrganoPlate.

To study the PM penetration into the microspheroids, we incubated PM based on four
different mMPEGsk-b-p(HPMA-Bz) block copolymers with HepG2 microspheroids
(approximate diameter of 50-100 pum) and imaged with confocal microscopy. Evaluating the
PM penetration into the tumor microspheroids after 4 hours of incubation showed minor
differences in the penetration of PM based on four polymer variants and with different
mean size. In general, we observed a relatively higher PM penetration in case of PM based
on the polymers with longer hydrophobic block sizes (i.e., mMPEGsk-b-p(HPMA-Bz)17x and
MPEGsk-b-p(HPMA-Bz)10k). Furthermore, we investigated the penetration kinetics for the

PM based on mPEGsk-b-p(HPMA-Bz)17« using live imaging over time. Data show a deeper
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penetration of the PM in microspheroids over time (Figure 24). Here, the periphery of the
microspheroid was the major contributor of the fluorescence intensity signal in the first 1-
2 hours. After 4, 8, and 16 hours of incubation, however, most of the fluorescence intensity

signal was originated in the central parts of the micro spheroid.
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Figure 24. PM penetration into HepG2 microspheroids. A) Representative examples of maximum projection
images of acquired Z stacks showing the penetration of Cy5-labeled PM into the HepG2 microspheroids (after
4 hours of incubation at 37 °C). B) Cy5 fluorescence intensity detected in the microspheroids that is normalized
by subtraction of baseline fluorescence of non-treated wells (microspheroids were incubated with PM for 4
hours). Data are presented as mean + SD of independent replicates (n = 3); C) Penetration kinetics of PM
based on mPEGsk-b-p(HPMA-Bz)17« polymer (representative images); Red: PM label, blue: nuclei stained with

Hoechst 33342, size bar 100 um (Sheybanifard et al., 2020).

To evaluate the ability of PM to penetrate into the extracellular matrix surrounding tumor
cells, we used the hydrogel embedded HepG2 3D cultures in OrganoPlate. PM based on all
four variants of the polymer were prepared and incubated with HepG2 cells seeded in
OrganoPlate and confocal microscopy imaging was performed after 4 hours and 24 hours

of incubation with cells (Figure 25, representative images for each formulation).
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Figure 25. Cy3-labeled PM penetration into 3D cultured gel embedded HepG2 in OrganoPlate.
Representative examples of confocal microscopy images after 4 hours (top) and 24 hours (bottom) of
incubation. It shows channels geometry of the OrganoPlate and image fields used for Cy3 intensity analysis.

Red: PM label, blue: nuclei stained with Hoechst 33342, size bar 100 um (Sheybanifard et al., 2020).

The obtained data show that after 4 hours of incubation, PM based on mPEGsk-b-p(HPMA-
Bz)sk present the highest fluorescence signal at the deepest gel layers (400 and 500 um).
After 24 hours, the differences were minimal and PM formulations based on all polymer
variants showed approximately the same gel penetration behavior. Here, PM based on
MPEGsk-b-p(HPMA-Bz)3x showed minimal gel penetration at all depths and at both time
points (Figure 26).
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Figure 26. PM penetration into 3D cultured gel embedded HepG2. A) A schematic view of PM penetration in
HepG2 cells seeded in OrganoPlate. B) Top view of the PM penetration. A representative confocal microscopy
image of gel embedded HepG2 in OrganoPlate in the presence of Cy3-labeled PM in 5 depth layers (after 4
hours of incubation). Red: PM label, blue: nuclei stained with Hoechst 33342, size bar 200 um. C) and D)
Normalized Cy3 fluorescence intensity detected in the 300 um by 100 um regions of the gel after C) 4 and D)
24 hours of continued perfusion of PM through the medium channel. Data are normalized by subtraction of
baseline fluorescence of non-treated cells and presented as mean * SD of independent replicates (n = 3)

(Sheybanifard et al., 2020).

4.3. Continuous flow manufacturing of liposomes

After successful synthesis and purification of the mPEGsk-b-p(HPMA-Bz) PM polymer
building block and having elucidated the key physicochemical characteristics of the polymer
building block that determine critical quality attributes of PM, in the following section we
focus more on the overall nanoparticle composition and on key process parameters during
manufacturing, both of which are equally important in controlling the critical quality
attributes. For this assessment we evaluated another nanoparticle type, namely liposomes.

To better understand the key composition and manufacturing process parameters that
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determine the final liposome critical quality attributes, we designed and tested a novel

continuous flow manufacturing setup (Figure 27).
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Figure 27. Continuous flow manufacturing of therapeutic nanoparticles. Liposomes were prepared using a
millifluidic device and processed for purification, characterization and in-line control of critical quality
attributes in a coherent continuous system. Reproduced from Ref. (Sheybanifard et al., 2023) with permission

from the Royal Society of Chemistry.

The initial step in CFM manufacturing of liposomal drug products is to actually form the
liposomes. Liposomes were formed using DSPE-PEG-2000, EPC, and cholesterol at a molar
ratio of 5:60:35 respectively (Materials and methods section 3.5.1). We chose a millifluidic
device to produce the liposomes in an uninterrupted approach. After formation, the
dispersion requires rapid alcohol clearance and removal of unencapsulated drug. To this
end, we chose a purification unit (i.e., a tangential flow filtration (TFF) unit). To assess and
control the product’s quality, it is crucial to continuously monitor critical quality attributes
of the liposomes (e.g., particle mean size and residual ethanol content) in real time while
the system is running. Ultimately, a parenteral liposomal product requires sterilization as

the final step (Figure 27).
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4.3.1. Design and production of a millifluidic device: PTFE tubing fixed by
polydimethylsiloxane lithography

As mentioned above, the actual liposome formation is the first step in the manufacturing

of a final liposomal product. To form liposomes, a millifluidic mixing device was assembled

roughly in line with a previous study (Costa et al., 2016) that connected two channels with

predefined dimensions (Materials and methods section 3.5.1). The first device we designed

was made using polydimethylsiloxane (PDMS) lithography method (Figure 28).
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Figure 28. Liposome forming millifluidic device made by PDMS lithography method. Lipids that are dissolved
in the organic phase would flow through the inner channel (the needle inserted in PDMS) and the aqueous
phase flows through the outer channel (made from PTFE tubing). Formed liposome dispersion leaves the

device from an outlet which is the extension of the outer channel.

Over time, however, we observed leakage of materials from the intersection of the inner
channel (the needle) and the outer channel (the PTFE tubing). Therefore, the device
required to be repaired and/or modified. Nevertheless, liposome dispersions were
prepared and assessed with the device to check the effect of composition and process

parameters on their characteristics after removal of the organic solvent.

4.3.2. Design and production of a millifluidic device: PTFE tubing fixed by a supporting
structure

Using the same dimensions (Costa et al., 2016), the millifluidic device was modified with the

addition of a concrete structure to support the channels (Figure 29). With the newly
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assembled device, we aimed to evaluate the impact of composition and process parameters
on the liposome key quality attributes in the presence of the ethanol as the organic solvent.

To achieve this aim, we prepared a range of liposomal dispersions.

100 mm
10 mm - -

3mmID 0.6mmID

Figure 29. Liposome forming millifluidic device made by PTFE tubing fixed by a supporting structure. Lipids
that are dissolved in the organic phase would flow through the inner channel (the needle) and PBS flows
through the outer channel (PTFE tubing). Formed liposome dispersion leaves the device from an outlet which
is the extension of the outer channel. Reproduced from Ref. (Sheybanifard et al., 2023) with permission from

the Royal Society of Chemistry.

4.3.3. Effect of composition and process parameters on liposomes characteristics. Part I:
evaluation of the liposome dispersions in the presence of the organic solvent
Liposome dispersions were formed and the mean particle size and PDI were measured
before removal of the organic solvent using a spatially resolved dynamic light scattering
device (i.e., NanoFlowSizer device). As shown in Figure 30, the liposome mean size
decreased upon using high TFRs and low lipid concentrations. By decreasing the TFRs and
increasing lipid concentration, liposome mean size increased from below 100 nm to above
150 nm (Figure 30A, blue area). Across this range, liposomes were fairly monodisperse with
PDIs below 0.25 (Figure 30B blue/green areas). Further decreasing the TFR and increasing
lipid concentrations resulted in PDIs above 0.25 (Figure 30B green/red areas). In this range,
intensity-based graphs of NFS showed multiple populations of particles in the dispersion
(data not shown). The obtained models from the DoE software were significant (p-value <

0.0001) with R? of 0.89 (for size) and 0.92 (for PDI) (Table 11).
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Figure 30. Heatmaps of response surface model obtained from liposome dispersions that were prepared by
millifluidic device made by PTFE tubing fixed by a supporting structure and in the presence of the organic
solvent. Panel A) Presents the mean size (hydrodynamic diameter in nm) and B) Presents the PDI of the
liposomes in relation to the lipid concentration (x axis) and the total flow rate (y axis). The ethanol content as
a composition parameter was fixed during this experiment and set at 50% v/v ethanol at the point of mixing.
In each graph, each red dot represents the results of an individual liposomal formulation. Reproduced from

Ref. (Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.

Table 11. ANOVA analysis for the size and PDI responses corresponding to the heatmap models shown in
Figure 30. Data were obtained from liposome dispersions that were prepared with the millifluidic device made
by PTFE tubing fixed by a supporting structure and in the presence of the organic solvent (i.e., 50% v/v ethanol
at the point of mixing). Reproduced from Ref. (Sheybanifard et al., 2023) with permission from the Royal

Society of Chemistry.

ANOVA Size (50% v/v ethanol) PDI (50% v/v ethanol)
R? 0.8885 0.9192
Adjusted R? 0.8641 0.8984
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Predicted R? 0.8117 0.8538

Lack of fit (p-value) 0.0103 0.0962
Model Reduced cubic Reduced cubic
Model significant? Yes, p-value < 0.0001 Yes, p-value < 0.0001

4.3.4. Effect of composition and process parameters on liposomes characteristics. Part

Il: evaluation of the liposome dispersions after the removal of the organic solvent
In the previous section, the size and PDI of the liposomes were assessed in the presence of
the ethanol and immediately after liposome formation. Prior to initiating subsequent steps,
knowing this information enables immediate interventions and early parameter corrections
if necessary. However, it is also essential to assess the effect of composition and
manufacturing process parameters on liposome size and PDI in the final formulation and
after the removal of the ethanol. Therefore, we evaluated these characteristics using a
standard Malvern DLS device after dialyzing the liposomes against PBS to remove the
residues of the organic solvent. As shown in Figure 31, our results confirm the effect of TFR
and lipid content on liposome size and PDI in the absence of the ethanol. Similar to the
previous experiment, the liposome dispersions with mean sizes from below 110 nm to
above 150 nm were monodisperse with PDIs below 0.15 (Figure 31). The obtained models
from DoE software were significant (p-value < 0.0001) with R? of 0.71 (for size) and 0.69 (for
PDI) (Table 12).
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Figure 31. Heatmaps of response surface model obtained from liposome dispersions that were prepared by
millifluidic device made by PDMS lithography method and after removal of the organic solvent. Panel A)
Presents the mean size (hydrodynamic diameter in nm) and B) Presents the PDI of the liposomes in relation
to the lipid concentration (x axis) and the total flow rate (y axis). The ethanol content as a composition
parameter was fixed during this experiment and set at 50% v/v ethanol at the point of mixing and the
measurements were performed after 2 days of dialysis using standard DLS. In each graph, each red dot

represents the results of an individual liposomal formulation.

Table 12. ANOVA analysis for the size and PDI responses corresponding to the heatmap models shown in
Figure 31. Data were obtained from liposome dispersions that were prepared by millifluidic device made by

PDMS lithography method and after removal of the organic solvent with 50% v/v ethanol at the point of

mixing.

ANOVA Size (50% v/v ethanol) PDI (50% v/v ethanol)
R? 0.7112 0.6866
Adjusted R? 0.6546 0.6442
Predicted R? 0.5351 0.5240

Lack of fit (p-value) 0.9608 0.0706
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Model Reduced cubic Reduced cubic

Model significant? Yes, p-value < 0.0001 Yes, p-value < 0.0001

4.3.5. Evaluation of changes in the liposome size and PDI by changing the ethanol
concentration at the point of liposome formation

So far, we have evaluated the critical quality attributes of the liposomes by changing one

composition and one process parameter, namely lipid concentration and total flow rate,

respectively. In the next experiment, another influential parameter is evaluated, i.e., the

ethanol concentration at the point of liposome formation.

Liposome dispersions were prepared at a fixed TFR of 50 mL min! and fixed final lipid
concentration of 25 mM. The ethanol percentages at the point of mixing, however, was
unique for each formulation through changing the flow rate of the ethanol stream relative
to the aqueous phase stream. As a result, by changing the ethanol concentration at the
point of mixing, the flow velocity ratio (FVR) between ethanol and water was altered as
well. As shown in Figure 32A, liposome size is at its maximum (i.e., hydrodynamic diameter
of 317 nm) when the ethanol percentage at the point of formation is very high (i.e., 76.23%
v/v). By decreasing the ethanol concentration at the point of the mixing and consequently
decreasing the FVR, smaller liposomes were obtained with a hydrodynamic diameter of
around 120 nm (i.e., at 50% v/v and 46.1% v/v of ethanol). Decreasing the ethanol
percentage beyond this point led to an increase in size again (hydrodynamic diameter of
136 nm and 210 nm for 23.8% v/v and 18.2% v/v respectively). Analyzing the results
regarding the size and PDI revealed that the minimum size and PDI of the liposomes were

obtained from the 50% v/v ethanol at the point of mixing (Figure 32).
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Figure 32. The effect of ethanol content at the point of mixing on A) Liposome size and B) PDI. Liposomes
that were prepared with 50% v/v ethanol at the point of mixing demonstrated the minimum size and PDI.
Data sets that are significantly different are shown at different levels: * p<0.05, ** p<0.01, *** p<0.001, and
**%*%<0.0001 and data sets that are deemed not significantly different are shown with ns (p>0.05). The
liposomal dispersions are prepared at a fixed lipid concentration and a fixed TFR with different ethanol
concentrations at the point of formation. Reproduced from Ref. (Sheybanifard et al., 2023) with permission

from the Royal Society of Chemistry.

Similar to 50% v/v, the obtained size and PDI at 23.8% and 46.1% v/v ethanol were also
promising. Therefore, we selected 30% v/v ethanol as an intermediate value and repeated
the same DoE in this condition. Liposomal particles were formed with similar composition
and process parameters as described in the previous sections, except for the ethanol
content at the point of mixing. In contrast to the previous experiments, we decreased the
ethanol content from 50% v/v to 30% v/v (Figure 33). As shown in Figure 33A, the resulting
liposome size and PDI were controlled by the lipid concentration and TFR similar to what
was shown before. Nevertheless, liposomes that were prepared in lower ethanol
percentage condition (i.e., 30% v/v ethanol at the point of mixing) show larger sizes in
comparison to their counterparts which were formed at a higher ethanol percentage (e.g.,

100 nm in 30% v/v ethanol vs. 80 nm in 50% v/v ethanol). Another major difference
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between the two sets is that almost all of the liposomes that prepared with 30% v/v ethanol
at the point of mixing show polydispersity with PDI values between 0.2 and 0.5 (Figure 33B).
Moreover, the obtained PDIs did not correlate to the changes in TFR and lipid
concentrations (Figure 33B). The obtained model for the size graph was significant (p-value

< 0.0001) with R? of 0.74. Regarding the PDI plot, the model was not significant (Table 13).
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Figure 33. Heatmaps of response surface model obtained from liposome dispersions that were formed with
30% v/v ethanol at the point of mixing. Panel A) Presents the mean size (hydrodynamic diameter in nm) and
B) Presents the PDI of the liposomes in relation to the lipid concentration (x axis) and the total flow rate (y
axis). The ethanol content as a composition parameter was fixed during this experiment and set at 30% v/v
ethanol at the point of mixing. Measurements were performed before removal of the organic solvent using
NFS device and in each graph, each red dot represents the results of an individual liposomal formulation.

Reproduced from Ref. (Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.

Table 13. ANOVA analysis for the size and PDI responses corresponding to the heatmap models shown in
Figure 32. Data were obtained from liposome dispersions that were prepared by millifluidic device made by

PTFE tubing fixed by a supporting structure and in the presence of the organic solvent (30% v/v ethanol at the
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point of mixing). Reproduced from Ref. (Sheybanifard et al., 2023) with permission from the Royal Society of

Chemistry.
ANOVA Size (30% v/v ethanol) PDI (30% v/v ethanol)
R? 0.7364 0.0000
Adjusted R? 0.6939 0.0000
Predicted R? 0.5828 -0.1652
Lack of fit (p-value) 0.2234 0.0056
Model Reduced cubic Mean
Model significant? Yes, p-value < 0.0001 -

4.3.6. Evaluation of changes in the liposome size and PDI as a result of prolonged
residence time of the liposome dispersions in high ethanol environment
Interestingly, during our experiments we observed that liposomes size increased over time
once they remain in contact with high percentages of ethanol after particle formation and
before dialysis. In order to further explore the effect of high ethanol environment on
liposome quality attributes, liposomes were formed with 70 mM lipid in ethanol and TFR
was set at 62 mL min't while having 50% v/v ethanol at the point of mixing. Liposomes were
kept exposed to this high ethanolic environment for a certain period of time while the size
and PDI were continuously monitored. Initially and right after formation, the liposome
hydrodynamic diameter was recorded as 83 nm (i.e., at zero time point). As time passed,
the size gradually increased until it reached 150 nm after 90 min (Figure 34A). Although the
liposome size gradually increased, the PDI remained constant and even modestly decreased
(below 0.2). This suggests the presence of a single population of particles in the formulation
and that excludes the presence of large aggregates (Figure 34B). We hypothesize that
sudden decrease of ethanol concentration halts the growing process. To this end, samples
were taken from the dispersion at different arbitrary time points and were diluted with PBS

to decrease the ethanol concentration to a very low content (i.e., we attempted to lower
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the ethanol concentration down to 5% v/v, Figure 34, black data points). We observed that
the liposome size remained unchanged upon dilution. Therefore, we confirmed that the

growth in size of the liposomes was a result of their presence in high ethanol environment.

The next step was to systematically evaluate and identify the exact critical ethanol
concentration below which no size growth is observed. As shown in Figure 34C, decreasing
ethanol concentration resulted in a slower size increase. The maximum increase in size was
observed with liposomes prepared with 50% v/v ethanol at zero time point. Once the
ethanol content was reduced to 40% v/v at the time point zero, liposome hydrodynamic
diameter increased from 86 nm to 110 nm within 60 minutes. At 20% v/v (or less) ethanol

at the time point zero, liposome size remained unchanged.
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Figure 34. The effect of residence time of the liposomes in high ethanol environment on size and PDI as

critical quality attributes. A) Hydrodynamic diameter (size, nm) and B) PDI of liposomes in the presence of

50% v/v ethanol at the time point zero (green dots) and after decreasing the ethanol content to 5% v/v at a
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defined time point (black dots). C) Hydrodynamic diameter (size, nm) and D) PDI of liposomes as a result of 1
hour incubation with different initial ethanol concentrations (i.e., 50% v/v to 40, 20, 10, and 5% v/v at the
time point zero). E) Time point zero and F) Time point 1-hour representative images of incubating liposomes
in high ethanol environment (i.e., 50% v/v). G) Representative image of liposome dispersions depicting the
changes in turbidity of the formulation through time. Liposomes were formed with 70 mM lipid in ethanol
while the TFR was set at 62 mL min* (n=3). Reproduced from Ref. (Sheybanifard et al., 2023) with permission

from the Royal Society of Chemistry.

To better understand the mechanism behind liposome size growth, an NTA device was used
to record the number of the particles in a one-hour video. Liposomes were formed and
incubated for one hour in a medium containing 50% v/v ethanol. The obtained results

during this hour show that the number of particles decreased over time (Figure 35).
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Figure 35. Changes in the concentration of liposomes over time as a result of incubation at high ethanol
environment (i.e., 50% v/v ethanol). Liposomal dispersions were diluted 10,000 times with a mixture of PBS
and ethanol (one to one ratio) before NTA analysis. Reproduced from Ref. (Sheybanifard et al., 2023) with

permission from the Royal Society of Chemistry.

Although understanding the exact mechanism behind the increase in liposome size merits

further investigations, based on the obtained results from NFS and NTA, we hypothesize
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that a type of vesicle annealing process happens that might be driven by Ostwald-ripening

or coalescence mechanism.

4.3.7. Effect of different dilution methods on liposome characteristics

Before the dispersions enters the tangential flow filtration unit, liposome dispersions must
be diluted with clean dispersion buffer (PBS in our case). The way by which this dilution is
performed may have an impact on the eventual particle characteristics. To assess this
possible effect, we tested the liposome size and PDI before and after dilution using a regular
three way or a static mixer. The obtained results show that the hydrodynamic diameter of
liposomes in both approaches are similar and close to 80 nm (Figure 36A). However, the
un-diluted samples showed slightly larger particle sizes after 1 day of dialysis. With regard
to the PDI, all samples were monodisperse as indicated by a PDI around or smaller than 0.1

(Figure 36B).
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Figure 36. The effect of dilution method on the liposome A) Hydrodynamic diameter (nm) and B) PDI.
Liposomes were obtained with similar characteristics regardless of the dilution method. However, the
undiluted liposomes show slightly larger particle size. Liposomes were formed with 70 mM lipid in ethanol

while the TFR was set at 62 mL mintand samples were diluted 10 times (n=3).
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4.3.8. Removal of the organic solvent using tangential flow filtration

After identifying the key composition and process parameters that determines the
liposome critical quality attributes, we sought to explore methods of removing the residual
organic solvent and the un-encapsulated drug within the CFM setup. To reach this goal, a
tangential flow filtration (TFF) unit was used, and liposome dispersions were purified

(Figure 37).
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Figure 37. Schematic view of a filtration cassette to purify the liposome dispersion using TFF. Dispersion

containing ethanol enters the membrane through an inlet and clean sample leaves the cassette through an
outlet. In case a counter current flow is used, a clean buffer flows in an opposite direction and enters the
cassette through an inlet that is positioned close to the dispersion’s outlet and the counter current leaves the
cassette from an outlet that is positioned adjacent to the dispersion’s inlet. Reproduced from Ref.

(Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.

4.3.8.1. Utilizing a counter current flow for enhancing the filtration

To study how we could most effectively utilize the TFF device and purify our samples in a
CFM setup, we first tested the effect of having a counter current flow in the filtration unit
on the purification efficiency of our samples. As depicted in Figure 38, despite our attempts
to vary the sample flow rate and the counter current flow rate, the experiment was not
successful and almost all the calcein dye was recovered in the outlet under different
conditions (Figure 38). Therefore, to improve the purification efficiency, we removed the

countercurrent flow and went on with changing other factors such as the pressure and the
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surface area of the filtration unit. These experiments are further outlined in the sections

below.
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Figure 38. The presence of a counter current of a clean buffer could not improve the filtration efficiency. A)
Relative calcein intensity as a function of counter current flow rates. B) Relative calcein intensity as function

of sample flow rates.

4.3.8.2. Effect of liposome presence and the filtration unit’s surface area on the
dispersion purification
To better understand the impact of liposomes on the efficiency of the cleaning process, we
first passed water through the filtration unit. As shown in Figure 39, the filtration efficiency
of water sample with the smaller surface area (i.e., 50 cm?) was 14% at the minimum inlet
pressure (i.e., 21 kPa) and slightly increased upon increasing the inlet pressure and reached
15% at the maximum tested inlet pressure (i.e., 207 kPa, Figure 39A, light blue bars). When
the filtration unit with a larger surface area (i.e., 193 cm?) was used, the waste volume
fraction was 41% at the minimum inlet pressure (i.e., 21 kPa) and 46% at the maximum
tested inlet pressure (i.e., 207 kPa, Figure 39A, dark blue bars). Here, the average filtration

efficiency of the sample using the surface of 193 cm? was 44%. The obtained results show
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that in the absence of liposomes, the filtration efficiency of the water sample is significantly
increased by increasing the filter surface area while slightly increased by increasing the inlet

pressure.

The next step was to evaluate the effect of the presence of liposomes on the filtration
efficiency and on the waste volume fraction. As shown in the Figure 39B, with the smaller
surface area filtration unit (i.e., 50 cm?) the waste volume fraction produced from liposome
dispersion sample was 9% at the minimum inlet pressure (i.e., 21 kPa) and 5% at the
maximum tested inlet pressure (i.e., 207 kPa, Figure 39B, light green bars). When the
filtration unit with a larger surface area (i.e., 193 cm?) was used, the waste volume fraction
was 14% at the minimum inlet pressure (i.e., 21 kPa) and 6% at the maximum tested inlet
pressure (i.e., 207 kPa, Figure 39B, dark green bars). Similar to the water samples, in the
presence of the liposomes, increasing the filter surface area enhanced the filtration
efficiency. However, the mere presence of liposomes strongly reduced the filtration

efficiency (Figure 39B).
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Figure 39. The effect of liposome dispersion, surface area and inlet pressure on filtration efficiency using an
open TFF system. A) Effect of surface area and inlet pressure on the waste volume fractions of water B) Effect
of surface area and inlet pressure on the waste volume fractions of liposomal dispersion. Data sets that are

significantly different are shown at different levels: * p<0.05, ** p<0.01, *** p<0.001, and ****<0.0001 and
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data sets that are deemed not significantly different are shown with ns (p>0.05, n=3). Reproduced from Ref.

(Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.

4.3.8.3. Effect of outlet pressure on liposome purification

So far, the two process parameters that apparently promote the filtration efficiency are
large surface area and a minimal inlet pressure. As the next step, we evaluated the effect
of the outlet pressure on the filtration efficiency. To this end, we started our experiments
by keeping the outlet diameter as is (i.e., 3.2 mm) and measured the outlet pressure. As
shown in Figure 40A, the pressure gauge at the outlet diameter of 3.2 mm was recording
outlet pressures of 0 kPa, which resulted in having no bars corresponding to the outlet
diameter of 3.2 mm in the Figure 40A. In this condition, the waste volume fractions were
15, 16 and 12% for the inlet pressures of 21, 35, and 69 kPa respectively (Figure 40B). Next,
we decreased the outlet diameter to 0.5 and 0.2 mm and as a result, the outlet pressure
was increased (Figure 40A). At the smallest outlet diameter tested (i.e., 0.2 mm), and at an
inlet pressures of 21, 35, and 69 kPa, the outlet pressures increased to 14, 21, and 52 kPa
respectively (Figure 40A, dark orange bars). When an inlet pressure of 21 kPa and a 0.2 mm
outlet diameter was used, the outlet pressure was 14 kPa resulting in obtaining the
maximum waste volume fraction (i.e., 36%). This value is comparable to the corresponding
value of water samples in Figure 39A and thus seems to minimize the impact of the
presence of liposomes on the filtration efficiency (Figure 40B). Overall, decreasing the
outlet diameter increased the outlet pressure, which apparently leads to a more evenly
distributed pressure throughout the filtration unit and consequently, results in a higher
waste volume fraction. Collectively, the three main parameters that can maximize the
filtration efficiency are low inlet pressures, large filtration surface area and adjusted outlet

pressure to distribute the pressure equally along the entire filter surface area.
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Figure 40. The effect of outlet pressure on filtration efficiency using an open TFF system. A) Outlet pressure
of the filtration unit as a function of inlet pressures obtained at different outlet diameters. B) Waste volume
fraction as a function of outlet pressures and inlet pressures assessed in liposomes. Data sets that are
significantly different are shown at different levels: * p<0.05, ** p<0.01, *** p<0.001, and ****<0.0001 and
data sets that are deemed not significantly different are shown with ns (p>0.05). Pressures with a star sign on
top of them in panel A) were out-of-range measures (n=3). Reproduced from Ref. (Sheybanifard et al., 2023)

with permission from the Royal Society of Chemistry.

4.3.9. In-line measurement of liposome characteristics, size, PDI and ethanol content

4.3.9.1. Probe-based calibration plots of ethanol using NIR spectroscopy

In-line real-time quantification of the liposome properties leads to avoiding batch-to-batch
variations and ensures the quality of the finished product. In the current thesis, the key
properties that were monitored in real-time were the ethanol content of the formulation,
the liposome size and PDI. To measure the ethanol content in-line, an NIR instrument was
used. Initially, we confirmed the accuracy and precision of the NIR device in detecting
ethanol using a probe by preparing samples of PBS/ethanol with different ethanol contents.
Partial least squares multivariate calibration plots were generated using second derivative
of NIR absorbance. The obtained calibration curves in both sets of ethanol standards (i.e.,
from 0.156 to 5% v/v and from 1.56 to 50% v/v ethanol in PBS), showed a very good
correlation between the actual ethanol content and the predicted outcomes. Here, the R?
was 0.998 and 0.999 for the calibration curves obtained from low range and high range of

the ethanol standards respectively (Figure 41).
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Figure 41. The content of ethanol in PBS/ethanol mixture was quantified by NIR spectroscopy in a probe
setting. Second derivative NIR absorbance for A) Ethanol standards containing 0.156-5% v/v ethanol and B)
Ethanol standards containing 1.56-50% v/v ethanol. Predicted ethanol content for C) Ethanol standards

containing 0.156-5% v/v ethanol and D) Ethanol standards containing 1.56-50% v/v ethanol.

4.3.9.2. Ethanol quantification in the presence of liposomes using NIR spectroscopy
After confirming the NIR accuracy and precision in quantifying the ethanol content in an
ethanol/PBS solution, we aimed to assess the ethanol content in the presence of the
liposome dispersion in off-line and in-line settings. The results demonstrate the accuracy
and precision of the NIR in detecting the ethanol content in very low concentrations in an
off-line setting (i.e., 0.5% v/v ethanol in liposome dispersion, Figure 42A). In an in-line
setting, the NIR device demonstrated sufficient accuracy and precision, which was tested
by measuring the ethanol content in a liposome dispersion to which a known amount of

ethanol was added (Figure 42B).
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Figure 42. The content of ethanol in liposome dispersions was quantified by NIR spectroscopy. A) Off-line
validation measurements of different ethanol contents in a liposome dispersion. B) In-line analysis and
quantification of the ethanol content in an in-flow liposome dispersion with the pre-defined 10% v/v ethanol
content. Liposomes were formed with 70 mM lipid in ethanol while the TFR was set at 62 mL min (n=3).

Reproduced from Ref. (Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.

4.3.9.3. Size and PDI quantification in an in-line setup using NFS device

Size and PDI were the next quality attributes of the liposomes that were quantified In-line.
In-line real-time assessment of the quality attributes provides the opportunity for any
required instant interventions and early correction of the parameters during CFM
operation. Prior to in-line size and PDI measurements, a comparison was done between the
two size determination devices: the standard Malvern DLS and the new NFS device. The
outcome in terms of size and PDI of the same liposome dispersions in an off-line setup was
compared (Figure 43, red circles present the off-line measurements of size and PDI). After
preparation, particle size was fixed by diluting liposomal dispersions with PBS to eliminate
the effect of the high ethanol environment on size growth. As shown in the Figure 43, the
off-line measurements of the samples indicated a size of 85 + 3 nm and a PDI of 0.23 + 0.04
using the NFS device (mean and SD of three independent batches). Measuring the same
samples in a Malvern DLS device, the recorded size was 71 + 2 nm and the PDI was 0.09 +

0.01 (mean and SD of three independent batches). The obtained size and PDI of the
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liposomes from each device were comparable (yet not identical). Moreover, such a
monodisperse sample revealed a PDI of less than 0.1 in standard DLS device and a PDI of
below 0.25 in NFS instrument, emphasizing on the influence of the measurement device

specifications (e.g., laser wavelength, etc.) on the obtained size and PDI.

Next, we prepared and measured the dispersions in an in-line setup. In the beginning of the
measurements, the NFS indicated that the measurement criteria were not yet optimized
(Figure 43, measurements in the blue area). Specifically in the first two batches, the size
and PDI were larger than expected and/or fluctuating. Within this timeframe, the PDI
measurements yielded values mostly above 0.35 and the sizes were larger than expected
(in batch 1) and/or fluctuating (in batch 2). After 40 to 80 seconds (depending on the batch),
the NFS software judged the measurement reliable and indicated that the criteria is met
(Figure 43, measurements in the green areas). At this time, the recorded values were
precise and accurate and the measurement was apparently stabilized, displaying a size of
82 £ 3 nmand a PDI of 0.22 £ 0.10 (mean and SD of three independent batches in that time
frame). These values were in the range that was expected based on the previous off-line
measurements in the vial configuration. From the time the syringe pumps were turned off
to the time the dispersion flow stopped, the measurements were shown in a red area. Once
the in-line measurements were finished, the remaining formulations in the flow cell were
inspected in a follow up off-line measurement and we observed roughly similar size (83 + 3
nm) and PDI (0.16 + 0.03) results (mean and SD of three independent batches, Figure 43,
orange triangles). The obtained results confirmed the precision and accuracy of the NFS

device in the in-line assessment of the liposome size and PDI.
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Figure 43. In-line and off-line quantification of liposome A) Hydrodynamic diameter and B) PDI using
NanoFlowsSizer. Blue areas refer to the time period in which the measurements were less reliable due to
factors such as instability of the flow and/or formation of large (or aggregated) vesicles. Green areas refer to
the time interval in which the measurements were reliable. Red areas refer to the time period in which the
syringe pumps were turned off and consequently, the flow rate was decreased to zero. Prior to size and PDI
measurements of the in-line and flow-cell module off-line samples (i.e., black circles and orange triangles
respectively), one volume of the liposome dispersions were diluted with 4 volumes of PBS in an in-line setup.
Liposomes were formed with 70 mM lipid in ethanol while the TFR was set at 62 mL min' (n=3). Reproduced

from Ref. (Sheybanifard et al., 2023) with permission from the Royal Society of Chemistry.
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5. Discussion

A major challenge in the development of therapeutic NP from bench to bedside is to ensure
formulations are obtained with the desired critical quality attributes while their
manufacturing method is translated from laboratory scale to industrial scale. To overcome
this challenge, it is crucial to systematically evaluate and utilize composition and
manufacturing process parameters as essential tools to control the critical quality attributes
of therapeutic NP and to lay the groundwork for the development of an industrial-scale

production setup.

Within the scope of the research work presented in this thesis, we evaluated formulation
and manufacturing aspects of two prototypic nanoparticulate systems. Initially, we focused
on evaluating the design and production aspects of polymeric micelles (PM), which critically
depend on the physicochemical properties of their mPEG-b-p(HPMA-Bz) amphiphilic block
copolymer building block. The production of the amphiphilic block copolymer used here
was translated from a laboratory scale to industrial scale. In the second part of this thesis,
we looked at the composition aspects and manufacturing method of another nanoparticle,
namely liposomes, which less critically depends on the physicochemical properties of its
main building block (i.e., the phospholipids) but more on the dispersion medium
composition and on the actual process parameters during manufacturing. In this context
we designed and evaluated a continuous flow manufacturing setup that allows for better
controlled manufacturing and a smoother translation to clinical (and/or industrial)

manufacturing.

5.1. Key design and production aspects of polymeric micelles based on
mPEG-b-p(HPMA-Bz) amphiphilic block copolymer

Since 2013, amphiphilic block copolymers of methoxy poly(ethylene glycol)-b-(N-(2-

benzoyloxypropyl) methacrylamide) (mPEG-b-p(HPMAmM-Bz) have been successfully used

to prepare M electron-stabilized polymeric micelles for therapeutic purposes (Shi et al.,

2013). As a consequence of the preclinical successes achieved with PM based on mPEG-b-

p(HPMA-Bz) block copolymer and their expanding use in drug delivery field, developing a

robust procedure to scale up the synthesis of the polymer is of great importance. In that
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regard, free radical polymerization (FRP) is a feasible synthesis method (Bresseleers et al.,
2019; Shi et al., 2015; Shi et al., 2013) in which a polymer is synthesized via a macroinitiator
route using free radicals as the building blocks. However, large-scale polymer synthesis has
multiple drawbacks such as increased viscosity and difficult heat and mass transfer that

eventually result in low reproducibility and inefficient production.

Specifically for large-scale synthesis of mPEG-b-p(HPMA-Bz) block copolymer using FRP, in
the process of mMPEG-ABCPA-mPEG synthesis as the macroinitiator, incomplete
esterification of ABCPA and mPEG may lead to the formation of mPEG-ABCPA or unreacted
PEG and/or ABCPA. Thus, the presence of the aforementioned impurities in the
macroinitiator results in a solution containing a mixture of mPEG-b-p(HPMA-Bz) block
copolymer, unwanted p(HPMA-Bz) homopolymer, and unreacted PEG impurities.
Moreover, defective coupling of macroinitiator (i.e., mPEG-ABCPA-mPEG) and the
monomer (i.e., HPMA-Bz) can also result in the presence of each of the unreacted

components in the final product.

The homopolymer (i.e., p(HPMA-Bz)) and the monomer (i.e., HPMA-Bz) impurities can
eventually incorporate themselves into the micelle core and consequently increase the size
of the micelles and decrease the capacity to encapsulate drugs (Bagheri et al., 2018). The
presence of free PEG and macroinitiator, on the other hand, might result in inaccurate
characterization of the polymer’s properties such as its molecular weight (Mw) and may
cause the measured My, to deviate from its calculated value (Wilbon et al., 2013). Moreover,
it can result in unwanted reactions with the target drug (Saraf et al., 2020). Therefore, it is
essential to minimize the impurities of the block copolymer either during synthesis or post-

modification through purification.

Here, we aimed to introduce a new step in the synthesis process to ensure sufficient purity
of large-scale synthesized mPEG-b-p(HPMA-Bz) polymer (Bresseleers et al., 2019). We
successfully established a purification protocol to detect and eliminate different classes of
impurities. Previous experiments with PM made of the impure block copolymer
demonstrated instability in particle size and drug retention. However, we did not observe

substantial differences in the evaluated physicochemical characteristics between PM based
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on the impure polymer and the purified polymer. Nevertheless, it is more desirable to use
a polymer with the highest level of purity due to the potential drawbacks associated with

the impure polymer as mentioned above.

As shown by this example, in vivo drug retention and physical stability of PM demands a
comprehensive understanding of how process and composition parameters determine the
critical quality attributes that ensure optimal PM performance in vivo and to carefully
control these parameters. To shed more light on how composition parameters determine
the main critical quality attributes, size and drug retention capacity of PM based on the
MPEG-b-p(HPMA-Bz) block copolymer were evaluated. More specifically, we formulated
and evaluated PM based on several lab-scale synthesized mPEG-b-p(HPMA-Bz) block
copolymers (differing from each other in terms of hydrophobic block size) and loaded these

PM with different quantities of paclitaxel (PTX) by changing the drug to polymer ratio.

Indeed, particle size plays a major role in the in vivo performance of PM (and therapeutic
nanoparticles in general). Thus, it is crucial to specify the appropriate size range (Bae and
Park, 2011). Previous studies have shown that PM size should be larger than 10 nm in order
to evade renal filtration (Hoshyar et al., 2016) and smaller than 200 nm to allow for sterile
filtration. PM in this size range can potentially improve circulation time and consequently,
enhance the accumulation in the target site. In general, the target diameter of PM are
aimed at 10-100 nm (Jones and Leroux, 1999; Yokoyama, 2011), while research has shown
that sub 50 nm PM demonstrate superior tumor penetration (Cabral et al., 2011). During
the research work presented in this thesis, we aimed at forming monodisperse PM with
hydrodynamicdiameters around and less than 50 nm using the mPEGs-b-p(HPMA-Bz) block

copolymer.

In our studies, we found that there was no difference in cellular uptake (both in 2D and 3D
microspheroid culture) between PM of different sizes. Nevertheless, 40 nm PM based on
MPEGsk-b-p(HPMA-Bz)sx showed superior penetration after 4 hours of incubation in our 3D
cultured human hepatocellular tumor model at all depth layers. This is in agreement with
earlier observations that showed the influence of the PM size on their tumor penetration

(Cabral et al., 2011; Priwitaningrum et al., 2016). Intriguingly, although PM based on
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MPEGsk-b-p(HPMA-Bz)sk had a comparable size, the tissue penetration capacity appeared
inferior. We hypothesize that the relatively poor penetration observed with mPEGs-b-
p(HPMA-Bz)sx is a result of poor stability of these PM when they are incubated in biological
media. This is understandable, since the critical micelle concentration can be expected to

go up with smaller hydrophobic blocks in the copolymer.

Besides PM size, drug retention (which can also be expressed as drug release rate) is
another key quality attribute of PM that is determined by multiple factors including PM core
hydrophobicity, PM size, and the drug to polymer ratio (i.e., drug loading) (Yu et al., 2013).
Drug release rate reflects the mass transfer of active drug over time and is dependent on
the drug concentration (inside vs. outside of the drug delivery vehicle). After release in the
blood circulation, many hydrophobic drug molecules tend to bind to proteins that are
presentin the blood stream. As an example, albumin is the major protein that captures PTX
with high protein binding (more than 90%) (Eiseman et al., 1994; Kumar et al., 1993).
Therefore, to assess the drug release rate from PM, we used albumin to solubilize the
released fraction of PTX and better mimic the in vivo condition. We measured the fraction
of PTX that was retained in the PM at a specific time point and calculated the released

fraction using an indirect method.

Based on evaluation of the drug release rate as a function of polymer hydrophobicity, we
showed that PM based on mPEGsk-b-p(HPMA-Bz) block copolymer with longer hydrophobic
block sizes (i.e., 10k and 17k) were more effective in retaining the drug during storage and
released PTX at a slower rate compared to the PM based on the shorter hydrophobic block
sizes. These findings are in line with observations from other researchers (Hussein and

Youssry, 2018; Lin et al., 2003).

It was previously shown that using a centrifugation method, the PTX release of PM in PBS
is approximately 30% of the initial encapsulated drug after 10 days (Shi et al., 2015). In our
studies, we added polysorbate 80 micelles and albumin to the incubation buffer. Both
additives can potentially interact with and capture PTX and consequently, better represent
the drug release behavior in the biologic milieu and predict the in vivo release kinetics.

Regardless of formulation type, we observed that between 36-69% of PTX is released in the
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first four hours. The acceptability of a limited burst release is determined by the required
time for PM to significantly accumulate in tumor site after administration using the EPR
effect (Maeda et al., 2013). As it is shown in literature, both a drug release rate that is too
slow or too rapid are suboptimal. A too slow drug release can translate to suboptimal
pharmacological activity, and a too rapid drug release enhances clearance resulting in
suboptimal drug accumulation at the site of interest (Yokoyama, 2014). Generally,
researchers aim for a slow but sustained drug release profile. Ideally, the encapsulated drug
should be retained in the PM during its residence time in the circulation and gets rapidly
released upon entry into the target tissue. The latter is very crucial in order to avoid drug
resistance (Deng et al., 2012). Since such a release behavior would be challenging to achieve
in practice, a sweet spot must be found between maximal drug retention and release for

each drug and formulation.

Another composition parameter that was evaluated during the research presented here
was the PTX loading percentages (i.e., the drug to the polymer ratios). Our results
demonstrated that increasing the drug to polymer ratio (i.e., around 15% w/w) leads to
more PTX leakage over time and relatively low stability during storage. Nevertheless, the in
vitro PTX release rate did not change upon changes in the drug to polymer ratio. Considering
the benefits of formulating PM with high drug loading, we selected the highest drug loading

percentage that showed promising storage stability (i.e., the 10% w/w) as the optimum.

5.2. Key design and production aspects of liposome dispersions

After identifying composition parameters such as the physicochemical characteristics of the
polymer building block as well as the drug to polymer ratio as the main determinants of the
critical quality attributes of the PM, we next focused more on liposomes and the main
composition and manufacturing process parameters that control the liposome critical

quality attributes.

To prepare the liposomes in the current thesis, we used an ethanolic lipid solution of DSPE-
PEG-2000, EPC, and cholesterol. EPC (highly purified egg phosphatidylcholine) was selected
as the main bilayer compartment of the liposomal particles. Owing to its low phase
transition temperature, EPC does not require high temperatures in order to dissolve in
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ethanol and form liposomes, making it a viable choice for screening and optimization
purposes. The other bilayer component of liposomes was DSPE-PEG-2000, which improves
the stability of the particles during storage and is responsible for their prolonged circulation
upon i.v. injection. Lastly, the third bilayer component was cholesterol. Among many other
benefits, cholesterol improves the packing of phospholipid molecules (Demel and De Kruyff,
1976), which results in better retention of the encapsulated drugs in the liposomes. For our
lipid composition, we chose DSPE-PEG-2000, EPC, and cholesterol at a molar ratio of 5:60:35
respectively (Materials and methods section 3.5.1). It has previously been shown that
incorporation of 5-7 mol % PEG-lipids results in maximum liposome stability (Baekmark et
al., 1997), while a two to one ratio of PC versus cholesterol has been shown to improve the
formulation stability and to achieve a controlled drug release, mainly owing to the effect of
cholesterol at this molar ratio on enhancing the packing density of the phospholipid

molecules (Briuglia et al., 2015).

To assess and control the critical quality attributes of liposome dispersions, multiple
composition and manufacturing process parameters can be employed. During the studies
presented in this thesis we observed that total flow rate (TFR), lipid concentration, ethanol
concentration and residence time of the liposomes in high ethanol environment can

critically influence the critical quality attributes of liposomes, namely size and PDI.

In line with what is observed in other studies (Carugo et al., 2016), we noted that decreasing
lipid concentration and increasing TFR leads to liposomes with a smaller mean particle size.
Regarding the effect of the lipid concentration on particle size, Yang et al. proposed a
hypothesis arguing that decreasing the lipid concentration reduces the probability of
merging of the freshly formed lipid bilayers, which in turn results in a smaller liposome size
(Yang et al., 2012). Increasing TFR, on the other hand, affects the mixing of organic and
aqueous streams. It was previously hypothesized that when the TFR is high, the two streams
mix more rapidly and consequently phospholipid bilayers form, merge, and develop into
liposomes more quickly. As a result, slow lipid bilayer merging is avoided, resulting in

smaller and more monodisperse liposomes dispersion (Yanar et al., 2020).
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By carefully changing the TFR and lipid concentration, we could obtain monodisperse
liposomes with sizes varying between 80 to 150 nm (PDIs <0.25). At first glance, such a
difference in size may not appear big. However, within this size range usually a striking
difference in the in vivo performance of the liposomes is seen concerning their
pharmacokinetics and organ distribution (Nagayasu et al., 1999). It is worth noting that
within this range in which there is a 1.9 times increase in liposome diameter from 80 nm to
150 nm, an increase in drug encapsulating volume of up to 6.6 times can be expected (the

volume calculated as a function of the diameter).

Ethanol content at the point of mixing is another composition parameter that affects
liposome size and PDI. Our results show that once the ethanol content at the point of
liposome formation is 50% v/v, monodisperse liposomes with small sizes are obtained. Both
going up or down from 50% v/v ethanol content resulted in an increase in liposome size and
PDI. Another advantage of liposome formation in such a high ethanol content is the fact
that it allows for high lipid concentrations to be present at the point of liposome formation,
leading to a relatively concentrated liposome dispersion. This, in turn, enhances the

encapsulation efficiency of hydrophilic drugs that are encapsulated in the aqueous interior.

Indeed, previous studies already revealed the effect of composition and manufacturing
process parameters such as lipid concentration, ethanol concentration, and TFR on
liposome key quality attributes (Carugo et al., 2016; Costa et al., 2016). However, in the
majority of these studies, relatively low concentrations of the lipid starting materials and
organic solvent at the point of liposome formation were used (approximately between 5-
25 mM and 10-25% v/v respectively) (Hood et al., 2014; Jo et al., 2020; Lim et al., 2014; Lim
et al.,, 2020; Lou et al., 2019; Lv et al., 2021; Tiboni et al., 2021). This in turn limits the
encapsulation efficiency of hydrophilic drugs in the liposome vesicles. More importantly,
while performing our experiments, we discovered that the presence of high ethanol
environment can be an influential manufacturing process parameter to control the
liposome size and PDI as well. Our results show that liposome size increases with increasing
the residence time of liposomal dispersion in a medium containing high percentages of
ethanol. At 50% v/v ethanol, the maximum size growth was observed, confirming that 50%

v/vis the optimum percentage to form the liposomes and fine-tune the size. Once a desired
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particle size is obtained, the size can be effectively fixated by decreasing the ethanol
percentage below a certain threshold (i.e., below 20% v/v) via simply diluting the sample

with PBS.

The mechanism of particle growth is currently not fully understood. However, it is possibly
a type of vesicle annealing that is hypothetically driven by an Ostwald ripening mechanism.
In this mechanism, lipids diffuse through the dispersion medium facilitated by the high
percentage of ethanol. Especially small liposomes tend to expel more phospholipids into
the dispersion medium than the larger counterparts. Meanwhile, liposomes that are
already large tend to more effectively take up the phospholipids and consequently, their
size increases. However, besides Ostwald ripening, liposomal coalescence may also play a

role.

After assessing the effect of composition and process parameters on the actual formation
process of the liposomes as the first production step of the CFM setup, we investigated the
subsequent liposome purification step using a tangential flow filtration (TFF). Purification
of the liposomal dispersion is required at two levels; first, to remove any residual organic

solvent and second, to remove any potential un-encapsulated drug.

TFF operates on the principle of repeated cycling the liposomal dispersion over a
semipermeable membrane (Clutterbuck et al., 2017). Since multiple cycles are often
required for sufficient purification, this process is not suitable for continuous flow
manufacturing and is mainly used for bulk production. To incorporate it into the CFM setup,
we attempted to improve the TFF performance to allow for single pass purification, and
determined that the requirements included a low inlet pressure, a pressure evenly
distributed over the entire filtration unit and a sufficiently large surface area of the filter

membrane.

During the production of liposome dispersions, it is essential to control the critical quality
attributes to ensure the overall quality of the final product. As a matter of fact, CFM allows
for in-line and real-time evaluation of these quality attributes, which helps avoiding batch-

to-batch variations and eventually, lowers the risk of batch failure. In-line quality control
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enables instant interventions and thus, provides the opportunity of real-time correction if

required (De Beer et al., 2011; Helal et al., 2019).

As part of the research work described in this thesis, an NIR instrument was used for in-line,
real-time quantification of the ethanol content of a dispersion that runs through the CFM
setup. Besides this, another ground-breaking new instrument, namely the NanoFlowSizer
was used as an instrument enabling in-line and real-time quantification of size and PDI of
the particles while they are in flow (depending on the type of flow cell, the flow can vary

between 0 to >2,000 mL min-1).

Quantification of ethanol content is essential for two reasons. First, a parenteral
formulation to be used in clinic simply cannot contain more than 5,000 ppm (0.5%) ethanol
(Group, 2019), and thus, the content of ethanol residues must be measured and limited.
Second, different concentrations of ethanol in the agueous medium of the dispersion result
in different viscosity and refractive index values. Defining these two parameters is essential
to obtain a reliable in-line size measurement from NFS. On the other hand, quantification
of size and PDl is crucial due to their significant impact on the nanoparticle in vivo behavior

(Bae and Park, 2011; Danaei et al., 2018).

Evaluating the liposome size with the NFS device in an off-line setup showed that the size
and PDI of the liposome obtained with the NFS were comparable (yet not identical) to the
values obtained from standard DLS. Nevertheless, monodisperse samples with only one
particle population showed a PDI lower than 0.1 in standard DLS device and a PDI of below
0.25 in NFS instrument. Therefore, samples with PDIs equal and lower than these values
(i.e., 0.1 and 0.25 for standard DLS and NFS respectively) were considered as desirable

monodisperse dispersions.

The fact that the same particle size distribution results in different PDIs as measured with
DLS and NFS arises from the fact that the PDI represents the relative variance of the
scattering intensity-based size distribution. Size and wavelength are factors responsible for
defining the scattering intensity. Therefore, different devices with different wavelengths of
light (e.g., =633 nm for standard DLS vs. A=1300 nm for the SR-DLS based NFS) might show
different intensity-based size distribution (Z-ave) and PDI.
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All in all, our experiments showed that combined with the in-line NIR instrument, the NFS
instrument is perfectly suitable for in-line real-time size and PDI measurements as part of
the CFM setup. Still, it is important to keep in mind that the stability of the NFS for in-line
measurements as well as its data reliability and quality of the flow corrections that it
calculates are all affected by flow instabilities and particle aggregates, both of which must

be kept to a minimum.

5.3. Conclusions and outlook

Within the scope of the research work presented in this thesis, the production of two of the
most advanced NP formulations in the field of nanomedicine was investigated and
systematically evaluated regarding the effect of composition and manufacturing process on
their critical quality attributes. Several aspects of synthesis and manufacturing were closely
assessed with the aim of facilitating the translation to clinical production. The first part of
the research work focused on polymeric micelles (PM) while the second part was dedicated

to liposomes.

Regarding the critical quality attributes of PM, a key finding was that the quality of the block
copolymer starting material is an important (composition) parameter. Therefore it is
necessary to obtain and to work with the polymer with high level of purity. Proper
purification protocols become even more important during scale up due to the inherent
shortcomings associated with the large-scale production including increased preparation
viscosity and difficulties in heat and mass transfer. Therefore, a purification protocol was
established for purifying the large-scale synthesized block copolymer. Of note, it is indeed
more desirable to optimize the large-scale synthesis of the polymer in a way that obviates
the need for further post-modification processing (e.g., purification). Nevertheless, further
investigations are required for introducing the purification protocol that was demonstrated

in the current thesis into the scale-up manufacturing process.

During our experiments we also observed that the drug to polymer ratio as well as the
hydrophobicity of the block copolymer building block play major roles in controlling the PM
critical quality attributes. In our studies, we defined a drug to polymer ratio of 10% w/w as
the optimum drug loading percentage that showed promising storage stability. Regarding
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the hydrophobicity of the block copolymer, high in vitro stability and drug retention, and
slow drug release were observed with PTX-loaded PM made of polymers with longer
hydrophobic block sizes. On the other hand, superior in vitro tumor penetration was
observed in PM based on polymers with shorter hydrophobic block sizes (i.e., mPEGsk-b-
p(HPMA-Bz)sk). Future in vivo studies are required to determine the critical impact of drug
release rate and tissue distribution on the antitumor efficacy of these PM. Furthermore,
such studies assist specifying the PM characteristics that are crucial to obtain and control

the optimal PM-based PTX nanomedicine.

In the second part of the studies performed within the scope of this thesis we focused on
liposomes. We aimed at developing a CFM setup in order to better control the composition
and manufacturing process parameters that are important for the critical quality attributes
of liposomes. Eventually, utilizing these parameters may enable a novel end-to-end
manufacturing line for liposomal drug production that can be operated in an automated
and remote fashion. With the help of a millifluidic device, we could achieve relatively
monodisperse liposomal particles and we could control their critical quality attributes such
as mean size and polydispersity using several composition and manufacturing process
parameters. These parameters include lipid concentration (as a composition parameter) as
well as TFR and liposome incubation time in high ethanol environment (as manufacturing
process parameters). There are yet other composition and manufacturing process
parameters that should be explored in future studies, namely lipid composition, process
temperature, flow rate ratios and aqueous medium composition (e.g., drug concentration,
osmolarity, ionic strength). Moreover, during the studies presented in the current thesis,
we mainly focused on size and PDI of liposomes as two critical quality attributes. Other
liposome quality attributes such as drug retention and release require additional studies

with drug-encapsulating liposomes.

Next, the possibility of using a single pass TFF to remove the residues of the organic solvent
as well as integration of two in-line and real-time measuring instruments to assess the mean
particle size (Z-ave), PDI and ethanol residues were evaluated. The obtained results confirm
that careful fine-tuning of these techniques make them suitable for integration into the

CFM setup, eventually allowing one all-encompassing, coherent system. Since the CFM
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technique is a modular manufacturing setup, it enables the integration of other in-process
analysis instruments as well. As an example, a Raman spectrometer probe could be

explored as a means to quantify total lipid and drug content in-line.

Indeed, the in-line in-process analysis features that have been explored here can in the
future become part of fully automated control of the process using feedback loops that
tune and adjust the key process parameters. Eventually this allows for a simple scale-up by
letting the system run in a remote-controlled fashion for the time needed to achieve the
desired batch size. This comes with the further benefit of a minimized chance of batch
failures. We are convinced that the CFM setup is not limited to manufacturing of liposomal
drug products and that further exploration of its value for polymeric and lipid NP is

warranted.

Concluding, we believe that the results presented in the current thesis and the lessons
learnt can pave the way towards a more rational design, better production and easier scale-
up of nanomedicinal drug products with the aim to foster their clinical translation and show

their therapeutic value in patients.
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6. Summary: Controlling Critical Quality Attributes of Therapeutic
Nanoparticles Upon Scale-up Manufacturing (by Maryam

Sheybanifard)

Polymeric micelles (PM) and liposomes are two leading nanoparticulate drug delivery
systems. Despite numerous advantages, their clinical success is hampered by challenges
related to maintaining the critical quality attributes while translating the manufacturing
process from laboratory-scale to clinical and industrial scale. We argue that these
challenges can be overcome by identifying and controlling the key composition and
manufacturing process parameters that directly impact the nanoparticle critical quality
attributes. We first explored this with PM and we next addressed liposomes.

Concerning PM, besides the quality of the block copolymer starting material in terms of
purity, the length of the hydrophobic block appeared to be the primary parameter that
determines PM critical quality attributes, including physical stability and drug release rate.
Longer hydrophobic blocks led to better stability, while a shorter hydrophobic block led to
a smaller particle size, which appeared preferable in tumor penetration capacity. Drug-to-
polymer ratio was another parameter that was of key importance, and our studies helped
find the maximum loading capacity of the micelles without jeopardizing drug retention and
stability.

Regarding liposomes, the manufacturing method appeared crucial in controlling the quality
attributes. Thus, a continuous flow manufacturing setup was developed to better control
the composition and manufacturing process parameters. This approach may especially be
suitable for scale-up and clinical production. We discovered that parameters like lipid
concentration, total flow rate and residence time of liposomes in the high ethanol
environment determined liposomes’ final particle size and polydispersity, which we could
measure in an in-line setting. This will enable a novel end-to-end manufacturing line for
liposomes and also other NP that can be operated in an automated and remote fashion.
In conclusion, systematic evaluation and effective utilization of the key composition and
manufacturing process parameters of PM and liposomes enables better control of their

critical quality attributes, which will foster their scale up for clinical trials and for the market.
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6. Zusammenfassung: Kontrolle kritischer Qualitatsmerkmale von
therapeutischen Nanopartikeln in der GroRproduktion (von
Maryam Sheybanifard)

Polymermizellen (PM) und Liposomen sind zwei der meist genutzten nanopartikulare
Arzneimittelabgabesysteme. Trotz zahlreicher Vorteile wird ihr klinischer Erfolg oft durch
Schwierigkeiten behindert, welche mit der Beibehaltung der kritischen Qualitatsmerkmale
einhergehen, die wihrend der Ubertragung der Herstellungsmethode vom LabormaRstab
auf den klinischen und industriellen Mal3stab entstehen. Wir argumentieren, dass diese
Herausforderungen durch die Identifizierung und Kontrolle der wichtigsten Parameter fir
die Zusammensetzung und den Herstellungsprozess, die sich direkt auf die kritischen
Qualitatseigenschaften der Nanopartikel auswirken, tiberwunden werden kdnnen. Wir
haben dies zunachst mit PM untersucht und uns dann mit Liposomen befasst.

Bei PM scheint neben der Reinheit des Blockcopolymer-Ausgangsmaterials, die Lange des
hydrophoben Blocks der wichtigste Parameter zu sein, der die kritischen
Qualitatseigenschaften von PM, wie die physikalische Stabilitat und die Freisetzungsrate
von Arzneimitteln, bestimmt. Ein langerer hydrophober Block flihrte zu einer besseren
Stabilitat und ein kiirzerer hydrophober Block flihrte zu einer kleineren Partikelgrofie, was
fir die Tumorpenetrationskapazitat vorteilhaft erschien. Das Verhaltnis von Wirkstoff zu
Polymer war ein weiterer wichtiger Parameter, und unsere Studien trugen dazu bei, die
maximale Beladungskapazitat der Mizellen zu finden, ohne die Riickhaltung des Wirkstoffs
und die Stabilitat zu gefahrden.

Bei den Liposomen erwies sich das Herstellungsverfahren selbst als entscheidend fir die
Kontrolle der Qualitatsmerkmale. Daher wurde ein kontinuierliches Herstellungsverfahren
entwickelt, um die Zusammensetzung und die Parameter des Herstellungsprozesses besser
kontrollieren zu kénnen. Dieser Ansatz eignet sich besonders fiir eine Hochskalierung. Wir
entdeckten, dass Parameter wie die Lipidkonzentration, die Gesamtdurchflussrate und die
Verweilzeit der Liposomen in der Umgebung mit hohem Ethanolgehalt die letztendliche
PartikelgrofRe und Polydispersitdt der Liposomen bestimmen, die wir in einem Inline-
Versuchsaufbau gemessen haben. Dies wird letztendlich eine neuartige Ende-zu-Ende-
Herstellungslinie fir Liposomen und auch andere NP erméglichen, die automatisiert und
ferngesteuert betrieben werden kann.

Zusammenfassend ldsst sich sagen, dass die systematische Bewertung und effektive
Nutzung der wichtigsten Parameter fiir die Zusammensetzung und den Herstellungsprozess
von PM- und Liposomendispersionen dazu beigetragen haben, ihre kritischen
Qualitdatsmerkmale zu kontrollieren, und dass sie die Hochskalierung fir klinische Versuche
und fur den Markt férdern werden.
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