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Chapter 1

Introduction

1.1 Overview

The research question of this master’s thesis concerns the production of nanomedicines using a
microfluidic system supplied by the company Dolomite. This system was new and had never been
used before in the research lab where this study was conducted (Advanced Drug Delivery and
Biomaterials (ADDB) / Louvain Drug Research Institute (LDRI) / UCLouvain).

Before directly discussing the experiments carried out during 2024, Chapter 1 will be devoted to
the context and the justification of this research question. Firstly, the history of nanomedicines
will be briefly discussed, with a focus on nanomedicines in recent years and the importance of
nanoparticles (NPs) in medicine. Secondly, a point will be dedicated to the different polymers
and drugs used during this work. Thirdly, this chapter will discuss the different criteria used to
assess the quality of NPs, which will therefore be evaluated during the experiments in this work.
A point will be made about NP production methods with a focus ont the conventional method
and its limitations. Finally, before discussing the microfluidic system used for this work, the use

of microfluidics for the production of nanomedicine will be discussed.

1.2 Context

Nanomedicine is a discipline that aims to improve application from medical diagnostics, treatments
and therapies to prevention by applying nanotechnologies in medicine in order to exploit material
properties at the nanoscopic scale. This branch of medicine appeared thanks to Richard Feynman
in 1959 with the production of nanometer-sized materials [1]. Nanomedicine has made possible the
increase of precision, efficacy, and safety of treatments compared to more conventional ones [2][3].
It leads to a wide range of benefits, such as early diagnosis and improved monitoring of disease

progression, improved medical imaging, drug delivery, etc [2].
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Nanomedicine has rapidly gained in importance. Numerous treatments based on it are currently
available on the market. For example, Doxorubicin Liposomal (Doxil®)) was approved in 1995 by
the Food and Drug Administration (FDA) in the United States. Doxil®) consists of encapsulating
doxorubicin in liposomes. It was designed to improve the efficacy of doxorubicin while reducing
its side effects. Traditionally, doxorubicin has been highly effective in treating cancer but exposes
patients to significant side effects (e.g. cardiac toxicity). Liposome encapsulation of doxorubicin
allows better control in order to target cancerous tissues and better spare healthy tissues while in-
creasing the accumulation of doxorubicin in these cancerous tissues. Doxils@®) have been extended

to many cancers [4][5]|6][7].

Another example of a recent nanomedicine application is Moderna’s COVID-19 vaccine, known
as mRNA-1273. The design of this vaccine is based on the use of lipid NPs to deliver messenger
RNA (mRNA) to human cells. This vaccine induces an immune response that protects against
infection and reduces the severity of the disease. It plays a crucial role in preventing infection
by the SARS-CoV-2 virus, which causes COVID-19. It is one of the first COVID-19 vaccines to
receive emergency use authorization (EUA) from the FDA in December 2020. Lipid NPs protect
the mRNA during intramuscular injection and facilitate its entry into cells. The mRNA is then
translated into a protein by the cell’s ribosomes, which is then recognised as foreign and triggers
an immune response. It is the memory of the immune system which, when subsequently exposed

to SARS-CoV-2, triggers a rapid and effective immune response [8][9][10].

As the previous examples illustrate, nanomedicine has been a constantly expanding science for
many years, offering a wide range of new avenues of discovery. Nanomedicine covers a wide scope
of applications. Concrete examples are dendrimers, which are branched polymers used to transport
substances to specific cells; fullerenes and nanocages, forms of carbon with specific configurations
used to transport drugs or for medical imaging; quantum dots, semiconductor nanocrystals used

mainly for biomedical imaging because of their unique fluorescent properties and many more [11].

Among the most recent and promising advances, the use of NPs for drug encapsulation is an
area of considerable interest. NP encapsulation increases the effectiveness, precision and safety of
bioactive molecules through a number of key benefits including improved solubility and stability,
decrease toxicity, controlled release, targeting. This enthusiasm for nanomedicine opens up new
prospects for new and effective treatments. This is reflected by the large number of clinical trials
for a wide variety of diseases [12][13|. These new treatments offer a new approach to cure diseases
which, until now, have had no effective treatment, or, have had high infection or mortality rates.
For example cancer, which is one of the leading causes of death worldwide, making it a major

public concern, with high biological complexity. Cancer presents therapeutic challenges, as some
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cancers remain difficult to treat and some treatments have violent side effects [14][15][16].

The FDA has already approved 64 formulations of NPs in 2023, most of them are lipid, polymeric
and inorganic/metallic [17]. Applications for lipid NPs and their role have already been discussed.
Metallic NPs are involved in a wide range of diseases. Their metallic composition gives them unique
properties such as electrical conductivity, magnetism and specific optical properties [18]|[19]. This
enables various applications, such as the use of gold NPs to fight cancer by converting light energy
into heat [18|. Metallic NPs are also used for more specific diseases such as iron deficiency anaemia,
an iron-related disease. Ferumoxytol, an iron oxide NP, is used to improve the distribution of iron

in the body to counter iron deficiencies [20][21].

Finally, polymer NPs are also used in the treatment of various diseases such as cancer, cardiovas-
cular disease, etc. Their use is popular thanks to their high biocompatibility and biodegradability,
their controlled release property and subcellular size [22]. These NPs also have the ability to
encapsulate a wide range of drugs, both hydrophobic and hydrophilic [22][23]. One example is
the use of poly(lactide-co-glycolide) PLGA NPs to encapsulate irinotecan (a chemotherapeutic
agent). PLGA is a polymer described in section 1.3.1.1. These NPs provide prolonged circulation

in plasma and controlled release of irinotecan, making treatment more effective [24].

Although nanomedicines have many advantages, they face challenges and limitations. NPs can be
toxic and non-biocompatible. They can induce undesirable immune responses due to their small
size and specific properties, which is not the case with conventional methods [25]. Moreover, the
production of homogeneous and reproducible NPs on a large scale remains a major challenge. The
techniques must therefore become more reliable to obtain mass production economically while
ensuring good efficiency and safety in the homogeneity of the size, the shape, the composition of
the NPs [26].The approval of nanomedicine is subjected to strict and long-term regulation by the
FDA and the European Medicines Agency (EMA) [27].

NPs can be coated with biocompatible materials such as silica (improves targeted delivery), hy-
droxyapatite (frequently used in bone regeneration), chitosan (for drug delivery and gene therapy)
or more commonly PEG (increases residence time in the bloodstream and reduces recognition by
the immune system) [28](29][30][31]. These materials make them less detectable by the immune
system, allowing them to circulate for longer periods in the body and, for example, to accumulate
selectively in tumours [32]. This shows that NPs are enabling the emergence of more effective and
targeted drug therapy. They also pave the way for a promising future that will meet the challenges

of disease treatment and nanomedicine [33][34].
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1.3 Nanomedicines

Nanomedicine refers to the use of nanotechnology in medicine, i.e. the use of engineered ma-
terials generally on a scale of several nanometers for therapeutic treatments and diagnostics.
Nanomedicines can also refer to NPs in which a bioactive molecule is encapsulated [35][36]. NPs
are nanoscale structures, usually in the range of a few nanometers to a few hundred nanometers,
which can be made from a variety of materials, such as polymers, lipids, metals, and inorganic
materials. These materials offer a versatile platform for the design and manufacture of NPs with
specific physicochemical properties such as the size, the electric charge on the surface, etc (de-
scribed in section 1.4) [36][17][37]. There are a large number of production methods for these NPs,
each with its advantages. The conventional method, some more modern methods, their advantages
and limitations will be discussed in section 1.5. This master thesis focuses only on polymeric NPs

more precisely PLGA NPs. NPs made from other materials will not be addressed.

1.3.1 Polymers used to form nanomedicines

Polymers represent the largest class of biomaterials. They are used in many areas of medicine,
including orthopedics, dentistry, cardiovascular implants, ...[38] They can be of natural origin or
obtained using synthetic organic processes. The polymer results from the association of several
monomers repeated in a particular sequence, creating a long monomer chain. The properties of
polymers therefore tend to be more complex than those of their monomers. It is important to
understand the unusual properties of polymers. The choice of one polymer for one application
rather than another depends on this understanding [38]. They range from the least water-soluble
polymers to the most hydrophobic polymers through polymers with an intermediate polarity (such
as PLGA). Polymers are associated with a specific molecular weight [38]. Molecular weight refers to
a whole series of information on physical and mechanical properties (resistance, elasticity), thermal
properties (melting temperature), rheological properties (viscosity, solubility). The number average
molecular weight (M,,) is defined by formula 1.1 and the weight average molecular weight (M) is
defined by formula 1.2.

M, = ZZL;W (1.1)
M, = —EZ:]]VV‘%Q (1.2)
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Where N; is the number of moles of species ¢, and M; is the molecular weight of species 7.

Polymers finding their applications in the medical field have generally a M,, ranging from 25,000
to 100,00 and a M, from 50,000 to 300,000 [38].

1.3.1.1 PLGA

actide
Metal catalystEnzyme catalyst
rature,
y
Poly(lactide-co-glycolide)

o o PLGA

Figure 1.1: Structural Formula of the formation of PLGA

Among this diversity of polymers, PLGA is one of the most widely used in clinical medicine. Its
structure is shown in Figure 1.1. It is a biocompatible and biodegradable polymer obtained from
two monomers: polylactic acid (PLA) and polyglycolic acid (PGA). An ester bond binds them
together to obtain the polymer (more precisely via ring-opening reaction between them). The
degradation of this ester link by hydrolysis allows to reobtain the monomer of PLA and PGA,
endogenous and non-toxic component that enters in the krebs cycle. Manipulating the monomer
molar ratio (PLA:PGA ratio) allows to alter the hydrophobicity of the polymer and consequently
the rate of degradation and release. PLGA is therefore an ideal biomaterial to encapsulate both hy-
drophilic and lipophilic therapeutic agents and to release them afterwards. When selecting PLGA
for NPs production, it is essential to consider the molar ratio of the monomers, the mean molecular

weight, the degree of crystallinity, as well as the size and shape of the monomers [38][39][40].

Table 1.1: Features of Resomer RG752S and Resomer RG502H [41][42][43][44](39]

Resomer RG 752S Resomer RG 502H
Lactide :Glycolid (75 :25) Lactide :Glycolid (50 :50)
HO[C2H402|n[C2H202|mCH3 | [C3H402]x[C2H202]y
Ester terminated Acid terminated
Mw = 13000 Mw = 14200

Table 1.1 shows the characteristics of the polymers used in this master’s thesis. The experiments
were carried out with resomer RG 752S and resomer RG 502H. They are well-known and have been
widely used as nanomedicine polymers in several studies [39][44][45][43][46][47]. The variation in
the lactide:glycolid ratio will have a direct effect on the degradation time of the NPs [38]. This
is why it is interesting to study both Resomer RG 7525 and RG 502H, even if some experiments

5
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will be limited to the study of only one of the two polymers. The articles found in the literature
testify to the ability of these two polymers to form NPs using both conventional methods and
microfluidic systems. The studies also show to the ability of these polymers to form solid, stable
and fairly reproducible NPs [39]|44][45][43][46][47]|. All polymers are purchased from Evonik.

1.3.2 Model Drug

Figure 1.2: Rapamycin structural formula

The drug that will be used as a model drug in this work to test the efficacy of encapsulating a
drug in polymeric NPs is rapamycin. Rapamycin, also called Sirolimus, is a macrocyclic compound
discovered in the bacteria Streptomyces hygroscopicus (Figure 1.2). This substance was quickly
identified as having immunosuppressive and anti-proliferative properties. This is why rapamycin
quickly found medical use [48][49].

Rapamycin acts as an allosteric inhibitor of mammalian target of rapamycin complex 1 (mTORC1).
This complex plays a regulatory role and can be implicated in development of diseases such as
cancer. Indeed, the mTORC1 complex regulates the proliferation and growth processes cells. This
complex regulates biogenesis of cellular components (such as proteins, lipids, ...) but also other
processes such as energy metabolism and autophagy in response to growth-promoting signals such
as nutrient intake, growth factors, oxygen, etc. Because of its action on this complex, making it im-
munosuppressive and anti-proliferative, medical research has developed an interest in rapamycin.
Certain diseases, such as cancer or certain genetic diseases, presents a poor regulation of this
complex. Rapamycin can also intervene in the treatment of neurological diseases, transplantation,
age-related diseases, longevity and metabolism. Rapamycin has likewise a long-term inhibitory ef-
fect on complex 2 (mMTORC2) in certain cell types. Little is known about the role of this complex
2. The literature describes in broad terms an impact of this complex on cell survival and on the
organization of the actin cytoskeleton. The interest in rapamycin does not therefore stem from
its weak influence on mTORC2. Rapamycin is generally used in the prophylaxis of organ rejec-
tion during renal transplantation. Cyclosporine, an immunosuppressive drug, and corticosteroids,
drugs that imitates the effects of hormones produced by the adrenal glands, are generally used in

combination with rapamycin for varying lengths of time depending on the patient’s immunological
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risk[48][49].

The molecular weight of rapamycin is 914.2 g/mol. This drug has a logP of 4.3 and is thus hy-
drophobic [49]|. Rapamycin is a drug with a small therapeutic window, i.e. the concentration range
for which rapamycin is effective without being toxic in the blood is small [50]. Tt fully justifies the
encapsulation of this drug, which would make it possible to work over a wider concentration range
while maintaining a prolonged and controlled release. It would therefore be possible to maintain
more stable plasma levels over a longer period with less frequent administration. Targeting NPs
would enable lower doses of rapamycin to be used, thanks to better accumulation of rapamycin
in the target tissues, which would also reduce side effects. Rapamycin has already demonstrated
good stability when encapsulated in NPs. This drug has thus often been used in the literature as
a model drug [2][12][13][49]|51][52]. Abnormalities resulting from the take of rapamycin (in gen-
eral, regardless of the mode of administration) are generally mild, asymptomatic and self-limiting.

Consequently it is rarely necessary to change the dose or to stop the treatment [49].

1.4 Physicochemical properties

Several parameters are essential to reflect NPs quality for medical applications and can easily be

controlled.

One of the most critical properties is the size [nm| of the NPs. It influences the biodistribution of
the molecule, the ability of NPs to cross physiological barriers, to penetrate cells and ultimately
their rate of drug release. In this kind of application case, the goal is to minimize the size of NPs

in order to optimize their accumulation in the target area [37][53][54].

Related to size, another property is the polydispersity index (PDI) [-|. PDI is defined as the narrow
size distribution of NPs. Therefore a low PDI ensures reproducibility and homogeneity of NPs size
and properties [37][53][54].

The third parameter to measure is the zeta potential [mV]| which measures the apparent electric
charge on NPs surface. The aim is to maintain the zeta potential with a sufficient charge (>=420
mV) to ensure good colloidal stability (surface load can also affect interactions with proteins and
cells in the body). It is thus necessary to target a zeta potential with a high magnitude without
achieving an electrostatic overload. The surface charge is responsible whether the NPs repel each
other sufficiently or agglomerate. An electrostatic overcharge, for example, could be the cause of

colloidal instability leading to agglomeration or precipitation of the NPs [37][53].

The concentration of NPs [particles/mL| in a certain volume is also interesting for two reasons.
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First, for industrial purposes, the goal is to produce NPs at large scales and high concentrations will
maximize the amount produced. In addition, it can influence the delivery efficiency by controlling
the amount of drug administered. For many drugs, the aim is to maintain a certain concentration
of these drugs for example in the blood. An optimal concentration allows the frequency of admin-
istration to be reduced [49][55]|56].

The proportion of encapsulated drug compared to the total amount of drug introduced is described
by encapsulation efficiency |%]| [57].This will vary from one drug to another, from one polymer to
another as well as by changing the production conditions. The goal is to find the conditions that
optimize it and thus maximize it. High encapsulation efficiency is important to maximize the use
of the drug and reduce side effects [58].

Finally, the degradation/release is the last physicochemical properties to evaluate. The rate of
degradation and the mechanisms leading to it will influence the lifetime of NPs in the body. A
controlled release rate as well as a prolonged release is essential and involves a controlled degrada-
tion [59].

Other complex elements such as biological biocompatibility with target cells of the organism,
surface functionalization, and mechanical properties of NPs can be examined but are more specific
to certain applications [33][34][60][61].

1.5 Methods used to produce nanomedicines

One of the great challenges of using NPs in medicine is the transition from the research stage to the
clinical stage and even further to scale up the production for industry.The conventional methods
confront this limit. Conventional methods also have a high batch-to-batch variability and the NPs
obtained have sub-optimal physicochemical properties [62][63]. On the one hand, this section will
be devoted to the presentation of the conventional method most commonly used for the production
of NPs. On the other hand, it will discuss more recent methods related to the research question

of this master’s thesis.

1.5.1 Conventional methods

The most common bulk method of production is traditionally the emulsion-solvent evaporation.
Other methods exist like bulk mixing using nanoprecipitation, ultrasound or rapid mixing methods.
Large scale industrialization and even clinical trials are difficult with these methods as these
produce large and heterogeneous NPs. That can lead to toxicity, short circulation time and low

tissue penetration. A high PDI leads to the obligation to use extra processes to ensure the quality of
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the NPs, which is economically not favourable on a large scale. The large batch-to-bacth variability

of these conventional methods are not ideal for continuous production [62].

A Solvent evaporation

> S @@ « Easily accessible
Stirring @ + Slow process
—_— s @ 4 @ * Encapsulation efficiency <560%
Aqueous - Large size NP (>150 nm)
_ @ « Heterogenous NP sizes
Polymer in organic solvent Polymeric NPs

B Microfluidic hydrodynamic flow focusing (HFF)

Water
@@ « Small size NP (<100 nm)
= Many variations used for
F"J'Yme'i @ polymeric NPs
In organic @ + Scalable production
solvent

@ | Dilute sample concentration
Water Polymeric NPs

Figure 1.3: Formulation methods for polymeric NPs (A) Emulsion-solvant evaporation
method (B) Hydrodynamic flow focusing method|[62]

The solvent evaporation method is characterized by the formation of two solutions separately,
namely an organic solution and an aqueous solution (Figure 1.3 (A)). Depending on the component
to be encapsulated, this method will vary slightly. When encapsulating hydrophobic component,
the polymer and the drug are solubilized in the organic phase which is added to the water solu-
tion in order to form an oil-in-water emulsion (O/W emulsion). Vigorous stirring is required to
exerts shear forces that will decompose the organic phase into small droplets in the aqueous phase.
For hydrophilic substances the idea remains the same but the emulsion will be different. Given
the solubility of the compound in water, NPs will be produced via a water-in-oil emulsion (W /O
emulsion). A further step is necessary in which the W/O emulsion is added to an aqueous phase
to form a double emulsion (water-in-oil-in-water). In both cases, surfactants can be added to the

phases to promote emulsion and evaporation of the organic phase [62][64].

By manipulating the polymer concentration, surfactant concentration, stirring method and choos-
ing a solvent with specific properties, it is possible to have an impact on physicochemical properties
(Section 1.4) such as the size [62][65]. The disadvantages of this method are repeated in Figure
1.3 (A).

1.5.2 Production of nanomedicines using microfluidics

Microfluidics technologies appear in NP formulations as an innovative approach to better meet

the limits of conventional methods. It allows a better control on the NP productions and their
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physicochemical properties. It also allows to produce continuously, rapidly and on a large scale
while saving reagents and handling small quantities of volumes, which is economically advanta-
geous. Microfluidics allows to reach smaller NP sizes, better percentage of EE and slower release
(Section 1.4) [62].

A microfluidic system allows to manipulate and study fluid on a small scale (at the picoliter to
nanoliter scale). This type of system is made up of a set of microscopic components used to control
flows. Components can be made of different materials such as polymers, glass, silicon, paper or
metal. Each material has its advantages. Microfluidic allows liquid to be transported to a zone
whose architecture allows a desired function : mixing, pumping, sorting, bio-chemical environmen-
tal control, droplet generation, or nanoprecipitation device. They offer a wide range of avenues
for new discoveries, in the field of nanomedicine and others like tissue engineering or biosensing

[62][66][67].

One of the most common microfluidic approaches for the formulation of polymeric NPs is hydro-
dynamic flow focusing (HFF). As shown in Figure 1.3 (B), a central laminary stream of organic
solvent containing the polymer is projected between two streams of aqueous solvents. This flow
configuration allows to synthetise NPs by nanoprecipitation. In other words, the HFF method

allows NPs to be synthesised by self-assembly in sub-microseconds [62].

10
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1.5.3 Hydrodynamic flow focusing variation
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Figure 1.4: Variations of HFF for polymeric NP production (A) 2D HFF (B) 3D HFF (C)
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62

Many changes can be made to the architecture of the devices, allowing slight modifications to be
made while retaining the original HFF concept. The purpose of these changes is to better adapt
the NP formulations to the desired applications. This is the case of the emergence of the 3rd
dimension in HFF (Figure 1.4 (B)), to counter polymer aggregation at the interface between the

different streams. Indeed, unwanted precipitation is problematic for microfluidic systems because

11
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it can eventually result in a clog of the channel, and even further, in a device failure [62|. Taking
the third dimension into account means that the organic stream containing the polymer can be
focused between two other organic streams. Other examples include the use of micromixer-type
designs (Figure 1.4 (C)), the incorporation of microvortices (Figure 1.4 (E)) or the use of three-
entry polymer designs (Figure 1.4 (D)) [62].

All this is reflected in a wide range of chip designs, adapted to different needs. This is also
a cause and consequence of the acceleration of research on microfluidics and, more broadly, on
nanomedicine. This development has also led to the invention of other structures, such as her-
ringbones (a structure that improves fluid mixing by inducing chaotic and turbulent movements),
which can be applied to architectures that enable HFF as well as others [62]. The interest in
microfluidics and the importance of chip design can therefore be seen in the wide variety of experi-
ments carried out on the subject. Software (such as AutoCAD®) 2015, Autodesk Inc, San Rafael,
CA, USA) is being used to optimise chip design [68].

1.5.4 Microfluidic systems using a chip

This point will focus on the presentation of chip-based microfluidic system. Generally, microfluidic
systems involving HFF techniques use a chip. However, it is possible to find other microfluidic

systems using HFF technology without using a chip [69].

A microfluidic chip corresponds to a network of micro-channels engraved in a material such as
glass, silicon or PDMS. The chip and microchannels are connected to tubes, syringe adapters or
to nothing (the device rests only on holes in the chip) via inputs and outputs drilled through the
chip. After the entry of the desired reagents, the chip performs the mixing or other function,
via external active means, such as pumps and/or passive mechanisms as hydrostatic pressure,
convection (which allows the focusing of flows), diffusion (molecular scale movement of molecules).
Mixing is also controlled by design parameters and specific flow conditions. The precursors combine
to form polymeric NPs. By adjusting microchannel operating parameters and flow conditions, it
is possible to vary the properties described in section 1.4 [66][70][67][71][72].

1.5.5 Microfluidics system used in this work

The device used in this project is the Dolomite microfluidics system. In this section, the different

components and specific properties of the device will be briefly detailed.
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1.5.5.1 Configuration

PLGA/Acetone flush
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Figure 1.5: Microfluidic device of Dolomite|73]

Figure 1.6: H Interface 7-way and two Linear Figure 1.7: 5D Input Chip|73]
Connectors 7-way|74]

Figure 1.8: Y-junction of the 5D Input Chip

This microfluidic system consists of three pressure pumps (one for PLGA, one for acetone flush,
and the last for water) defined by pump 1 (P1), pump 2 (P2), and pump 3 (P3) to move the fluids
to the chip (Figure 1.5).

P1 delivers the PLGA in acetone solution (with rapamycin for some experiments) (organic phase)
and is completed by a flow rate sensor setting an adjustable value range for the flow between
1-50pL /min. P2 is responsible for the movement of the acetone flushing fluid and work in combi-
nation with a 1-50pL/min flow rate sensor. The last pump, P3, and a 30-1000pL/min flow rate
sensor, deliver the filtered ultra-pure water (milliQ water) (aqueous phase). The fluids are trans-

ported via a network of fluorinated ethylene propylene (FEP) tubing with an inside diameter of
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0,25mm and outside diameter of 1,6mm. The assembly also has a T connector. This separates the
flow of water into two fluxes of equivalent flows. The length of the two tubes after the connector
is identical to ensure this equivalence. Higher in the device, the tubing is interrupted by three
2-way-in-lin-valves, one for each fluid. They allow to quickly open or close the flow streams. The
tubing is connected to the chip, (Figure 1.7 and 1.8), via an assembly consisting of an H Interface

7-way and two Linear Connectors 7-way, (Figure 1.6) [73][74].

Dolomite is a pioneer in the field of microfluidic systems guaranteeing EE percentages of up to
99%, a coefficient of variation (standard deviation from the mean particle size) of up to 1%, a
particle size distribution described as narrow, a high reproducibility, a high degree of control over
NP formulations and a waste percentage of around 0% [75]. The various microfluidic systems from
other companies agree with Dolomite on some of the advantages offered by such systems like the
high reproducibility of formulations, the large-scale production and the ability to work with small
volumes. However, only Dolomite presents its microfluidic system with attractive numbers. Some

systems will highlight other qualities, such as the low risk of clogging [76]|77][78].

1.5.5.2 5D input chip

The 5 Input chip, (Figure 1.7 and 1.8), is a hydrophilic flow focusing chip in glass designed to form
a central laminar flow surrounded by two external laminar streams. In this kind of application,
the central stream is connected to one side of the chip and contains the PLGA solution. The two

lateral flows come from the other side of the chip and correspond to the aqueous phase [73].

1.5.5.3 Nanoprecipitation by solvent diffusion

The microfluidic system of Dolomite makes possible the formation of NPs via solvent diffusion.
This concept is based on a rapid exchange between the PLGA acetone solution and the water
thanks to the flow-focusing strategy described in the previous section (section 1.5.5.2). Indeed,
the two lateral streams, which are faster than the central stream, will compress the latter and
thus cause this rapid exchange and the precipitation of NPs at the interface. This rapid interac-
tion between the two phases, resulting in the formation of an azetopic mixture, creates favorable
conditions for the development of NPs. Different nucleation sites will appear along this mixture
initiating the precipitation of PLGA. The growth of NPs is obtained by the accumulation of PLGA
on neoformed particles and their hardening through the diffusion of the solvent outside the polymer

matrix during and after the growth stage [74].
Theoretically, it is possible to influence the final average size of NPs as well as the size distribution

by manipulating the mixing timescale (time for the mixture to occur, 7,,;;). This control on 7.,

comes from the fact that by influencing the ratio of the flows between the organic phase (F,) and
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7
on the width W of the focused central stream. Indeed, 7,,;, can be described by 7,,,;, ~ ZV—; with D

= the diffusivity of the solvent (D ~ 1079[m?/s]) and W = the width of the central stream [74].

the aqueous phase (F,,) (also called flow rate ratio FRR with FRR = %), it is possible to play

This is true only in the case where 7., > Tugq, Tagy denoting the time it takes for a particle to
nucleate, grow and aggregate ~ 10* — 10? ms. In this case, the NPs begin to nucleate before the
mixture is even finished. The medium is therefore heterogeneous and this results in the formation
of large NPs. By reducing 7,,., it is possible to reduce the size of NPs. In the other case, when
Tmiz < Tagg, POlymer precipitation, initiated in a homogeneous medium, provides better stabiliza-
tion to NPs through the hydrophilic portion of the polymer. Size is suspected not longer to be

influenced by 7., and the polymer concentration [74].

Ultimately, all of this hinges on one final condition: 7 > (Tynz, Tagg), With 7 the residence time
of the fluid, which will be discussed in the following section. It seems logical that a NP, to be
created must reside longer in the channel than the time it takes to create and mature, but also to

experiment long enough mixing [74].

This variation of the TFR can be found in studies, which confirms the importance of the TFR
[39]40].

1.5.5.4 Influence of total flow rate (TFR)

The calculation of average residence time (7) is based in particular on knowledge of the total flow
rate (TFR) where TFR = F, + F,,, F,— the flow rate of the organic phase and F,, the flow rate
of the aqueous phase. Indeed, 7 is obtained from the following calculation: 7 = A x L/(F,, + F,)
where L= the length of the straight outlet channel and A = wd?/4 with d the cross-sectional
area of the outlet channel of average diameter. Another variable that can be controlled by the
microfluidics provided by Dolomite is the TFR, which influences the physicochemical properties
of the NPs [74].

During a call with the Dolomite experts, the company also confirmed that increasing TFR could be
a solution to counter excess polymer precipitation in the channels, which can lead to the formation

of a clog, which is bad for the devices.

Experiments involving variations of the TFR are available in the literature on the formulation of
NPs using microfluidics [39][40].
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1.5.5.5 Variables that influence NPs physicochemicals properties

As presented in sections 1.5.5.1 and 1.5.5.1, the microfluidic system allows to adjust the flow rates
of the different phases. In other words, this allows two key parameters to be configured, namely
the FRR and TFR. The influences of these two variables on NPs have already been discussed
in the previous sections 1.5.5.3 and 1.5.5.4. Concerning the Dolomite microfluidic system and
the literature about the formulations of NPs via microfluidic, no other experimentally adjustable
variable influences the characteristics of the NPs. In this work, the impact of varying these two
parameters on NP production will be studied. Dolomite tested and recommended five different
ratios with five associated total flows (Table 1.2) [74].

Table 1.2: Flows rate, TFR, FRR|74]

Fy [uL/min] | F, [uL/min| | TFR = F, + F,, [uL/min] | FRR = F,/F,,
30 10 40 0,333
40 10 50 0,250
50 10 60 0,200
60 10 70 0,167
70 10 80 0,143
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Chapter 2

Objectives

2.1 Overview

Chapter two will discuss the different objectives of this master thesis. First, the broader context
will be set out, with a discussion of the broader aim and long-term objective of this master thesis.
Secondly, a discussion of the various sub-objectives that have guided this dissertation over the year

will follow.

2.2 Objectives

The machine presented in section 1.5.5 arrived in ADDB laboratory of UCLouvain in Woluwe-
Saint-Lambert this year. The only information available on this microfluidic system was provided
by the Dolomite company. We had to start from scratch because no research of the subject had

yet been carried out in the laboratory.

The objective of this master thesis and other work that will be carried out on it, will initially be
to improve as much as possible our knowledge about the microfluidic device supplied by Dolomite,
with the aim of producing optimised NPs. It is therefore necessary to experiment several vari-
ables like different polymers and drugs to be encapsulated, different concentrations of these, and
the influence of the TFR and FRR on the physicochemical properties. Depending on the results
obtained, adjustments will have to be made and new avenues of discovery investigated. As seen in
section 1.5, this machine offers the potential to confront the challenges currently encountered by
conventional methods. By understanding and optimising the microfluidic system, it would thus be
possible to produce NPs adapted to different medical applications, for a large number of different
polymers and drugs and with sufficient production flow. The ultimate goal, in the long term, is to

generate a predictive model capable of informing the variables to be set (TFR and FRR) to produce
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NPs adjusted according to the desired properties (and therefore suitable for medical applications).
This could ideally be used for different polymers and drugs at different concentrations. This is
bearing in mind that one of the aims of using a microfluidic system rather than a conventional
method is to produce NPs in a more industrial way. Since the objective is to discover as much as
possible about the microfluidic system in order to build this predictive model is broad, vague and
not defined in terms of quantified results, several sub-objectives have been defined. This allows to

assess the progress of this master thesis and one day achieve this goal step by step.

The first sub-objective was simply to get to grips with the machine and succeed in producing
NPs without encapsulating drugs under the basic conditions recommended by Dolomite. In other
words, to explore the unknown that this machine represented in order to succeed in producing
NPs avoiding any problem with the installation (like chip blocking, leaks, ...). The protocols can
then be refined on the basis of the conclusions drawn from the experimentation. This enabled the
identification of certain limitations and avenues of exploration, which led to the development of the
following sub-objectives. It was observed that the production of NPs was subject to precipitation

in the chip channels. This is inherent in the production process and can increase the risk of chip

clogging.

The second sub-objective was thus, based on the observations made during the initial experiments,
to define and test FRR and TFR in order to reduce precipitation. The impact on size and PDI

was also measured.

The final sub-objective was to define the TFR and FRR conditions favourable to the production
of NPs optimised according to their physicochemical properties for a fixed polymer and this time
by encapsulating a drug, rapamycin, in the NPs. Part of this sub-objective has been translated
into the statistical study of observed trends and the generation of a model that can be used to
return the values of the TFR and FRR that need to be set in order to obtain one or more desired

physicochemical properties.

To summarise, the objective of this first master thesis on this new microfluidic system was to find

out the unknown about its use.

18



Chapter 3

Reliable and Comparative Data Acquisition

3.1 Overview

Chapters 3, 4 and 5 will each be dedicated to an experiment. These experiments were selected

because they were the most relevant. They were carried out in chronological order.

For this first experience, before designing it, several small anecdotal experiments were carried out
in order to understand the operation and sensitivity of the microfluidic system. For example, this
allowed to establish the protocols used in this experiment. These are the result of adjustments to

previous protocols.

The aim of this first project was therefore to obtain, for the first time, a set of usable, complete

and relevant data.

Firstly, the materials used will be discussed. Next, a section will review the methodology followed,
presenting : the methodology for preparing the solutions and liquids used in the microfluidic
system, the protocol followed for producing the NPs using this system, and the characterisation
of the NPs. Finally, the results obtained for each physicochemical property and the observations

will be discussed.

3.2 Materials

Resomer RG 752S was purchased from Evonik. Resomer RG 502H was also purchased from Evonik.
The properties of these polymers can be found in Table 1.1.
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3.3. METHODS

3.3 Methods

3.3.1 PLGA solutions and liquids

A polymer solution was used for the organic phase of the microfluidic device. This solution was
obtained for all the experiments in this work from a dilution of a 2% PLGA solution. This choice
is justified by the fact that higher concentrations cannot be used in this microfluidic system [74].
The use of higher concentrations would increase the risk of clogging the channels by promoting
particle-to-particle aggregation and heterogeneous nucleation on the channel walls. From this so-

lution, various lower concentrations could be obtained by dilution.

The following protocol was recommended by members of the ADDB research laboratory at UCLou-
vain. The 2% PLGA solution was obtained by adding acetone to the polymer in a glass tube
previously rinsed with acetone. Once homogenised by vortexing, the solution was filtered using
a 0.22pm membrane filter and a glass syringe. The stock solution was then stored at -20°C, in a

closed glass container covered with parafilm.

Resomer RG 752S and Resomer RG 502H 0.5% solutions were used in this experiment. One per-
cent concentrations are often used to start [74][40]. However, the first tests on the microfluidic
system, not mentioned in this master thesis, showed that it was very efficient at 0.5% and that at

1%, the chip quickly clogged.

Filtered milliQQ water was used for the aqueous phase of the microfluidic system and filtered acetone

was used to flush the system.
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3.3. METHODS

3.3.2 Production of NPs using Dolomite’s microfluidic system

Figure 3.1: Pumps and valves location

Based on the protocol provided by Dolomite for the use of the microfluidic device and the initial
tests carried out on it, the following protocol has been designed [74]|. As a reminder, Section 1.5.5.1
describes the microfluidic system. At the chip’s Y junction, the water supplied by P3 arrived both
upstream (top channel) and downstream (bottom channel) of the chip (Figure 3.1). Acetone and
PLGA supplied by P2 and P1 respectively were injected from the left of the chip (Figure 3.1).

First, P3 was activated to flow the aqueous phase at an arbitrary pressure sufficient to allow the
fluid to flow. The corresponding valve (valve3, V3) was then opened. The pump was then switched
to flow mode and the desired target value of flow rate was implemented. Once the first flow was
stabilised, the same protocol was applied to the acetone-flush stream (P2) except that instead of
switching to flow mode, the pressure was simply adjusted to obtain a flow rate close to the target
flow rate for the PLGA.

Once the two flows have been stabilised and the pump pressures adjusted, the pressure at P1
was set close to P2 pressure. Based on the principle that since PLGA was solubilised in acetone,
the same solvent used for flushing, the same pressure returns more or less the same flow for both
streams. Since small variations in throughput can generate backflow, this avoids any problems by
directly obtaining a throughput close to the target throughput. The corresponding valve for P1
(valve 1, V1) was quickly opened and the valve corresponding to P2 (valve 2, V2) was then closed.
P1 was then switched to the flow mode to set the target value. The NPs were then collected in
an eppendorf. Once collection was complete, the output channel of the microfluidic device was

removed from the collection eppendorf.

After that, in this order, V2 was reopened followed by the closure of V1. Immediately after this,
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3.3. METHODS

P1 was switched off to prevent the pressure from rising to the limit of the pump (because the valve
now prevents reaching the target flow). P3 was then switched back to pressure mode. Gradually,
the pressure of P3 was decreased to a low pressure (100mbar) while the pressure of P2 was in-
creased to a higher pressure (2000mbar). V3 was then closed and P3 was switched off. After two
minutes, V2 and P2 was also closed and switched off. This enables a smooth transition from the
production stage to the flushing stage, minimising persistent dross. This more gradual method
optimises the PLGA flush and always keep a flow coming from the central channel preventing the
PLGA to go back up into the channels.

The NPs were then evaporated in a hood for approximately three hours. The NPs were then stored

in closed eppendorfs covered with parafilm at 4°C for three days before being characterized.

Table 3.1: Flow rates, TFR, FRR|74]

Number | F,, [uL/min] | F, [uL/min] | TFR=F,+ F,, | FRR = F,/F,
1 30 10 40 0,333
2 40 10 50 0,250
3 50 10 60 0,200
4 60 10 70 0,167
5 70 10 80 0,143

For this experiment, five different FRRs and TFRs were used (Table 3.1). These have been defined
thanks to Dolomite’s application note [74]. Three replicates of each combination of TFR and FRR
were performed for two different polymers. After waiting 30 seconds for the flows to become stable

and for the NPs to begin to form, the NPs were harvested for 2 minutes.

3.3.3 Characterisation of NPs

The size, PDI and Zeta potential characterization of the different replicates were performed with
Zetasizer Ultra from Malvern. NP concentration in the collected sample was measured using Ze-
taView®) | Nanoparticle Tracking Analysis (NTA) Instrument. The parameters and the protocols

used to operate the instruments are given in Appendix A.1.
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3.4. RESULTS AND DISCUSSION

3.4 Results and discussion
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Figure 3.2: Physicochemical properties of NPs of RG 502H and RG 752S for five FRRs
(a) Size of NPs (b) PDI of NPs (c) Zeta potential of NPs (d) Concentration of NPs

The values obtained are included in the appendix A.2. In this experiment, since the PLGA flow
is fixed, the aqueous flow varies, the TFR increases while the FRR is decreasing. Although the
two variables vary, the following graphs are expressed as a function of the FRR only, as carried
out by Dolomite in their application note. It is therefore important to keep in mind that the TFR
decreases along the X axis. For the concentration, only two replicates were measured for NPs made
with Resomer RG 752S.

The results obtained are satisfactory. In the literature, for a different microfluidic system using
the same or close polymers, the same size order overall is obtained (Figure 3.2(a)) [39]. A differ-
ence between the two polymers is observed, less marked in the literature [39]. RG 502H polymer
produces smaller NPs.
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3.4. RESULTS AND DISCUSSION

The PDI values obtained are all acceptable (<0.2, Section 1.4) (Figure 3.2(b)). These seem to be
higher for higher FRRs (and lower TFRs). It can also be observed that the standard deviation is
high during PDI measurements for RG 752S, which is not the case for RG 502H.

Concerning the zeta potential, the average value between replicates is very stable from one condi-
tion to another for RG 502H and a little less stable for the RG 752S (Figure 3.2(c)). However, the
standard deviation is very high, especially for the RG 752S. Zeta values are perfectly acceptable
(> +/- 20mV, Section 1.4).

There is higher concentration of NPs when they are made of RG 502H rather than RG 752S (Figure
3.2(d)). This concentration is stable from one FRR to another. In the literature, the concentration
values that can be found vary widely depending on the polymer, the production method, etc used.
Values ranging from 10® to 10 particles per mL have been reported [79][80]. The values obtained
are therefore consistent. In comparison with the values obtained by a researcher from the research
laboratory in ADDB at UCLouvain using the emulsion-evaporation-solvent method for the same

polymer, the concentration values obtained were lower by a factor of 10%.

(a) (b)

Figure 3.3: Precipitation during the production of NPs at a FRR of 0.143 after two
minutes (a) For RG 502H (b) For RG 7528

However, after a few minutes of production, precipitation is observable (Figure 3.3(a) and 3.3(b)).
This precipitation has already been observed in the uses prior to this experiment and the longer
the production is, the more the precipitation increases. The risk of this high precipitation is that
the device could become clogged or even lead to device failure [62]|. Precipitation can also modify
the flows, disrupting the ideal environment created for NP production. The NP characterisation

could consequently be affected.
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Chapter 4

Impact of TFR and FRR on polymer
precipitation in the chip channel during

NPs production

4.1 Overview

As seen previously, the precipitation in the outlet channel of the chip is omnipresent. This precip-

itation has several risks (Section 3.4) and it is better to minimize it.

The aim of this second experiment was to explore the impact of two variables on precipitation,
the TFR and FRR. This exploration will be done through different measurement points within
a domain. This domain is defined in X axes by the FRR and in Y axes by the TFR. The NPs
(without encapsulated drugs) produced were characterized and a precipitation score was assigned

at the end of each production.

The final goal was therefore to create a map allowing to visually see the most favorable areas of
the domain according to the different properties studied and the precipitation score. This would
make it possible to know, for conditions that have not been experimentally tested, the values of

the physicochemical properties and the precipitation score that could possibly be obtained.

Firstly, the materials used will be discussed. Then the methodology followed will be explained.
The methodology will be divided into four sections. The protocol for the preparation of the
solutions and liquids used in the microfluidic system will be described first. The second will cover
the protocol followed for the production of NPs using this system. It will also deal with the
development of the experimental plan. A section will then be dedicated to the characterisation of

the NPs. The last one will cover the software used to create the map. Finally, the results obtained
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4.2. MATERIALS

will be discussed.

4.2 Materials

Resomer RG 502H was purchased from Evonik. The properties of this polymer can be found in
Table 1.1.

4.3 Methods

4.3.1 PLGA solutions and liquids

The methodology for obtaining the solution of RG 502H for the organic phase, the aqueous phase
and the acetone to flush the system was identical to the one presented in the section 3.3.1. The

concentration of the polymer used in this experiment was also 0.5%.

4.3.2 Production of NPs using Dolomite’s microfluidic system

The concentration, the choice of polymer were therefore considered as fixed parameters. Only RG

502H nanoparticles were produced at a concentration of 0.5%.

Domain measurement points
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Figure 4.1: Experimental design

For the experimental design, it was estimated that it would be feasible to carry out 30 measure-
ment points, i.e. 30 different NP formulations, while guaranteeing the best possible overview of
the domain of study. The range of the area goes from a TFR of 30 to 800pL/min and an FRR of
0.143 to 0.5 (Figure 4.1). A single replicate was carried out for each point.
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4.3. METHODS

The experimental design was defined by selecting five FRRs. As the results of the previous exper-
iment were satisfactory, reusing the same ratios was appropriate. As production went well with a
ratio of 0.333, without too much precipitation, it was decided to test higher FRRs (0.4 and 0.5).
The other three ratios were selected on the basis of the extremes and the central ratio from the

previous experiment (0.143, 0.2 and 0.333).

Once the FRRs had been defined, the TFRs were defined accordingly on the basis of the limits of
the microfluidic system (Section 1.5.5.1 for sensor limits). The calibration curve for RG 502H 0.5%
in acetone, available in appendix B.1 was used to calculate F,. For a ratio of 0.5, the maximum
usable F, was 278nL/min, i.e. 50pL/min. The corresponding F,,, to comply with the FRR, was
556pL/min. This gives a TFR of 834ul/min. For ease of use, the maximum FFR was approx-
imated to 800pL/min and the minimum to 30pL/min. Six almost equidistant points were then
defined between these two values (30, 180, 340, 490, 650, 800pL /min).

The protocol for using the microfluidic system and to store NPs after collection was identical to
the one presented in section 3.3.2. Each production was carried out as follows. The NPs were
collected 30 seconds after the target flow rates had been set for the two streams. This collection
lasted two minutes. To estimate the precipitation level, a score between 1-5 was set with 1 being

equivalent to no precipitation and 5 a chip blocking.

4.3.3 Characterisation of NPs

The size and PDI characterization of the different replicates was performed with Zetasizer Ultra
from Malvern. The potential zeta was not measured because the experiment focused mainly on
the study of precipitation. The parameters and the protocols used to operate the Zetasizer are the

same as for the previous experiment and are described in Appendix A.1.

4.3.4 Modelling by R software

The construction of these prediction maps, at this stage of the master thesis, was carried out on
the R software. Two interpolation methods were used to exploit the data. The use of two different
methods allows a comparison of the results obtained and thus take a step back on the veracity of

the results.

First, the inverse distance weight (IDW) is an interpolation method that estimates the value of
unknown points relative to the inverse weighted distance of known points. In other words, this
method will assign a weight, more or less important, to the points measured according to the
inverse of the distance with the point to interpolate. Thus, the value of the furthest experimental

points will have only a feeble or no influence [81].
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4.3. METHODS

With

A; = Weight of point I

ho; = Distance to point I

ho; = Distance to another point J

0 = Power given to distance with 6 > 0

The weight assigned to a point was calculated using the formula 4.1. The Theta parameter is the
power given to the distance. This parameter was used in the calculation of the weight granted to

a point. This has been optimized [81].

Kriging was the second prediction method used. Before explaining how this method works, here
are a few explanations of different terms. The variance corresponds to the dispersion of a variable
(properties and precipitation score) around the mean. Semi-variance measures the average dissim-
ilarity between the values of the variable at two different points separated by a certain distance. It
therefore varies as a function of distance. The variogram measures the variance of the differences
between the values of a variable at two points separated by a certain distance. It tends towards
the value of the variance. The semi-variogram measures the semi-variance of the differences be-
tween the values of a variable at two points separated by a certain distance. It tends towards the

semi-variance, which at a long distance is half the variance [81].

Kriging relies on the construction of linear models that use variogram (or semi-variogram) models
to describe the relationship between the semi-variance of a variable and the distance, to predict the
other values of the map. To fit an empirical variogram to a theoretical model, variogram models

are used, which are mathematical functions [81].

The kriging method is based on the assumption of second-order stationarity of a variogram. This
means that the variance is constant and the covariance between the points depends only on the
distance between them, not their position. If the second-order stationarity is not validated, the

kriging may be biased and incorect, which compromises the quality of the predictions [81].

Since the differences in magnitude between the two axes of the field can generate failures in the
prediction modelling, it was important to normalize the data according to the TFR and FRR.
Indeed since the TFR has a magnitude much larger than the FRR, the distances along this axis
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4.4. RESULTS AND DISCUSSION

will have a disproportionate impact on the calculated weights. This ensures the proper functioning
of both methods and explains why the axes extend over values from 0 to 1. As a reminder, the
FRR therefore actually extends from 0.143 to 0.5 and TFR from 30 to 800pL/min.

4.4 Results and Discussion

The values obtained as well as the precipitation score for each formulation are included in the

appendix B.2.

4.4.1 Prediction of physicochemical properties and precipitation score

The parameters chosen for both methods can be found in the appendices B.3. The linear model

used for prediction via kriging are in the appendix B.4.
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Figure 4.2: Predictions of physicochemical properties and precipitation score (a) Size
prediction using the IDW method (b) Size prediction using the Kriging method (c) PDI predic-
tion using the IDW method (d) PDI prediction using the Kriging method (e) Precipitation score
prediction using the IDW method (f) Precipitation score prediction using the Kriging method

The linear models used for prediction using the kriging method are not stationary of order 2. This

may compromise the quality of prediction using this method.

Overall, the two methods gave us the same information. The differences between the two are a
matter of detail. However, the overall information is sufficient to allows conclusions to be drawn.
Considering the number of measurement points, the predictions may be of lower confidence for
the predicted points furthest from the measurement points. This is particularly visible for Figure
B.2(b), where the points furthest from the measurement points tend quickly towards the average.
More different measurement points would make it possible to better cover the area and obtain
more solid prediction models that enable more accurate predictions. These predictions are too
imprecise to predict with certainty the values of the NPs properties obtained for a combination of
TFR and FRR not tested experimentally.

A large demarcation is visible at the level of the NPs size between the NPs produced at a low
TFR (TFR=30 pL/min, larger NPs) and those produced at other TFR (Figures B.2(b) and 4.2(a)).
Similarly, a demarcation is visible between an FRR of 0.143 and the others in terms of precipitation
score and PDI values (Figure 4.2(c), 4.2(d), 4.2(e) and 4.2(f)). In fact, the precipitation score and
the PDI are higher (4 for precipitation score and > 0.2 for the PDI) for an FRR of 0.143.

4.4.2 Correlation between variables and properties

A possible correlation between the properties studied, the precipitation score and the two variables
TFR and FRR were investigated.
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Figure 4.3: Correlation between variables and physicochemicals proper-
ties/precipitation score (a) Between size and FRR (b) Between size and TFR (c) Between
PDI and FRR (d) Between PDI and TFR (e) Between precipitation score and FRR (f) Between

precipitation score and TFR (g) Between precipitation score and PDI (h) Between precipitation
score size and PDI (i) Between precipitation score and size

Looking at all the graphs in this section, very little correlation is visible between the variables

and the properties. However, Figure 4.3(h) shows a certain correlation between PDI and size and
Figure 4.3(c) between FRR and PDI.
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Chapter 5

Drug Encapsulation, Statistical Analysis
and Modelling

5.1 Overview

During this last experiment, the aim was to go further than the previous ones by encapsulating
a drug in NPs. The drug used was rapamycin, presented in Section 1.3.2. Although rapamycin
encapsulation had already been carried out in the literature, a few small tests were carried out
beforehand to check that rapamycin encapsulation worked with this microfluidic system [52|. This

enabled to refine the final protocol. The latter will be discussed in Section 5.3.

More precisely, the goal was to obtain final solid and complete data, until the encapsulation of
rapamycin. Similar to the previous experiment, this experiment worked on a certain number of
points within a domain of study. This will be detailed in section 5.3. One of the objectives pur-
sued was to assess the influence of two variables, TFR and FFR, thanks to graphical analysis and
modelling, on the various physicochemical properties studied. The EE (Section 1.4) was measured
for the first time. With these data, another objective was to produce a predictive model capable
of returning as a response the TFR and FRR to be set for a target physicochemical properties.
Finally, the last objective of this experiment was to detect any influence of rapamycin and dialy-
sis, the process used to separate unencapsulated rapamycin from encapsulated rapamycin, on the

physicochemical properties.

Firstly, the materials and methods will be described. As in Chapter 4, the protocol for the
preparation of the solutions and liquids used in the microfluidic system will be described first.
This is followed by the methodology used for choosing the experimental design and for producing
the NPs. The next section will deal with the methodology for the post-treatment of NPs, followed

by a section on their characterisation and another on the software used. The results will then be
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discussed, first the graphical results, then those of the models. Finally, the information will be

summed up in a conclusion.

5.2 Materials

Resomer RG 502H was purchased from Evonik. The properties of this polymer can be found in
Table 1.1. Rapamycin and Pluronic F-127 (Section 1.3.2) were purchased respectively from Tokyo
Chemical Industry (TCI) and from Sigma-Aldrich. A description of pluronic acid and pluronic
F-127 can be found in the Appendix C.1.

5.3 Methods

5.3.1 Solution of PLGA and rapamycin and liquids

In order to correctly isolate the effects of the TFR and FRR, the polymer, the drug and their
concentrations used were fixed. Only the TFR and FRR were varied. A solution of PLGA (RG
502H) 0.5%, Rapamycin 0.1% was used for the organic phase. The choice of polymer concentration
is justified by previous experiments in which a concentration of 0.5% gave good results. That of
rapamycin is based on experiments carried out by one of the laboratory’s researchers from the
research laboratory in ADDB at UCLouvain.

This solution was obtained by dilution from more concentrated stock solutions of PLGA and ra-
pamycin. The methodology used and the concentration for the PLGA stock solution is presented
in section 3.3.1. The rapamycin stock solution had a concentration of 1%. The following pro-
tocol was recommended by a member of the ADDB research laboratory. This was obtained by
mixing rapamycin with filtered ethanol in an eppendorf. The solution was then vortexed until

homogenisation. The stock solution was stored at -20°C covered with parafilm.
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5.3.2 Production of NPs using Dolomite’s microfluidic system

. Domain measurement points
Table 5.1: Measurement points P
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Figure 5.1: Experimental design

The field of study was defined on the basis of the results of previous experience (4.4.1). Since
FRR=0.143 and TFR=30 pL/min gave poorer results, the range was redefined from 180 to
800pL /min for TFR values and from 0.2 to 0.5 for FRR. In order to obtain robust results, three
replicates per point were carried out. Given the number of replicates, the experimental plan was
designed with only eight measurement points (Table 5.1 and Figure 5.1). The idea behind this
choice of plan was to progressively increase the TFR by testing two FRRs each time, representing as
much of the surface area studied as possible. In Table 5.1, the darker the color, the higher the value.

The experimental design chosen does not allow the effect of TFR or FRR on the various physico-
chemical properties to be isolated effectively. For a fixed TFR, the FRR sometimes varies differently
from one TFR to another. It is therefore difficult to assess only the effect of the TFR on size for
example, since for two different TFRs, the FRRs used are also sometimes different. The value of
each property obtained could be influenced as much by one variable as by the other. For example,
points 2 and 3 in Table 5.1 differ according to the TFR and the FRR. Other points, such as points
2 and 8, vary only at the TFR level.

In some sub-sections of the results, a number has been associated with each combination of vari-
ables so that all measurement points can be graphically represented based on the number, not
the FRR. Plotting a property according to the FRR would hide a possible effect of the TFR. The

associated numbers are shown in the Table 5.1.
Measuring EE requires a purification step for the NPs once they have been produced. The non-

encapsulated rapamycin must be separated from the rapamycin encapsulated inside the NPs in

order to be able to measure the encapsulated quantity. Centrifugation or dialysis are two com
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monly used methods [82]. These were tested beforechand. It was observed that centrifugation
formed a non deformable pellet which distorted the results of NP characterisation. Consequently
the method chosen for this experiment was dialysis. A minimum of 1mL of each formulation was
required for dialysis. NPs were produced to obtain 1.2 mL. 1mL was dialysed while the remaining
200pL was characterised without being dialysed. The dialysed NPs were then characterised. The
aim is to check whether dialysis has an influence on the properties of the NPs. The production
volume was calculated on the basis of the TFR [pL/min| where the time of each production was

adapted.

The microfluidic device was used in the same way as described in Section 3.3.2. The directly
characterised NPs followed the same protocol as presented in Section 3.3.2 except that they were
characterised the day after they were produced. The other NPs were dialysed directly according

to the protocol described in Section 5.3.3 and were characterised after dialysis.

5.3.3 Dialysis

The protocol used for dialysis was based on the user guide of the dialysis cassette and experi-
ments conducted by one of the laboratory’s researchers from the research laboratory in ADDB at
UCLouvain [83]. Once the cassette membrane had been hydrated for two minutes, the dialysed
sample was added to the cassette. The excess air was removed before plunging the cassette into
the dialysis buffer in a hood on a rotating plate. The dialysis buffer was a solution of milliQ) water
containing 5% pluronic acid. The dialysis buffer was changed after four hours with milliQ water.
The rest of the dialysis took place overnight (17h). The sample was then collected using a 1mL
syringe with a needle. The cassettes used were Slide-A-Lyzer™ G2 Dialysis Cassette from Thermo
Fisher Scientific.

5.3.4 Characterisation of NPs

Size, PDI and Zeta potential were measured for each result before and after dialysis in order to
obtain robust data. EE could only be measured after dialysis. Size, PDI and zeta potential were
measured with the same instrument as in Section 3.3.3. The parameters used to operate the Ze-

tasizer are the same as for the previous experiments and are described in Appendix A.1.

Rapamycin was quantified by High-Performance Liquid Chromatography-UV (HPLC-UV). The
HPLC-UV used is the HPLC SPD-20A from Shimadzu. The methodology for calculating EE, the

protocol followed for the HPLC-UV and the parameters that have been set are listed in Appendix
C.2.
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5.3.5 Modelling by JMP software

JMP PRO 17 is the software that was used to model the data and produce graphs. The use of this
software, the theory behind it, presented in section 5.3.5.1, 5.3.5.2 and 5.3.5.3, and the results and
discussions obtained were carried out with the help of the plateforme technologique de Support
en Méthodologie et Calcul Statistique (SMCS) from UCLouvain [84]. This software is easier to
use and better suited to statistical analysis and prediction in chemistry than R. JMP is able to

graphically represent all the data. It allows to draw conclusions on the trends of the effects of the
two investigated variables (TFR, FRR) [84].

The graphical representation of the data is essential because, when modelling, it has a comparative
role with respect to the conclusions made on the basis of valid models. It is also the only source of
information when a model is invalid. The various graphs presented in this section allow to discuss
the impact of the variables, but also the variability of the data, the quality of the data over the

entire study field, the presence of outliers and/or an effect of the replicates [84].

The modelling and graphical analysis was carried out only on NP properties after dialysis. This
choice is justified by the fact that it would make this work more cumbersome and confusing by
increasing the number of models to be discussed, whereas there is no significant difference between
the results obtained before and after dialysis (Section 5.4.1). Moreover, the final characterisation

of the NPs is more interesting.

5.3.5.1 Foundations of quadratic modelling

During a study on defined area, the choice of experimental conditions to experiment or not is
important. Developing an effective experience plan generates strong models. The modelling of

models made with the JMP software is based on a quadratic equation 5.1 [84].

y=a+bx FRR+cxTFR+dx FRRxTFR+ex FRR?> + f x TFR*[84] (5.1)

The JMP software allows, on the basis of this quadratic model, to quantify the main effects,
interactions and quadratic effects of the studied factors. The experimental plan serve as an exper-

imental framework to collect data. The data is then used to adjust the quadratic model [84].

Knowledge of experimental design was developed during this master’s thesis, and the experimen-
tal design chosen for this experiment was therefore not optimal. The experimental design used,
described in section 5.3.2, did not allow to correctly approximate all the terms of the quadratic
equation. Indeed, this design did not allow a complete quadratic model to be defined, as it can

only define the quadratic effect of one of the two variables. Part of the information, if it is present,
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could not be modelled. The quadratic effect of the FRR was studied. Graphically, it was the one
most likely to have a quadratic effect (Section 5.4.3). The Appendix C.3 describes two optimal
designs commonly used for JMP model production [84].

5.3.5.2 Model diagnosis

In order to validate the application conditions of a model, a diagnosis of the model was carried
out. Firstly, the R-squared and adjusted R-squared were evaluated. This value should ideally be
maximized and is between 0 and 1. R-squared provides information on the amount of variability
explained by the model. A R-squared close to one explains a large portion of the data variance
(statistical measure of data variability). The predicted and real values, in the case of a high R-
squared, are practically the same and inversely for a low R-squared. The adjusted R-squared is
similar to R-squared and allows the comparison of one model with another, which is not allowed
by the R-squared. Then, the homogeneity of the variance was checked graphically as well as the
normality of residuals using a normal quantile plot. The significance of the model was assessed
thanks to an analysis of variance. Modelling also makes it possible to detect a potential lack of fit
reflecting a problem in the choice of the model. If one of these conditions was not validated, due
to a p-value that is too high for example, the model was considered invalid. It was judged as not
correctly explaining the data. The different valid models addressed in the rest of this work have

been validated according to this diagnosis [84].

Invalid models are theoretically not usable. The various possibilities offered by the model are
thus unusable. However, it is interesting to understand why they are invalid. Understanding
the behavior of data is therefore limited to graphical interpretation. This graphic interpretation
remains useful to compare the conclusions made statistically and mathematically by the valid
models [84].

5.3.5.3 Designing models: variants and adaptations by property

A large number of quadratic models were generated for this work. Some were validated while

others were invalidated.

Each physicochemical property studied in this experiment was modelled on the basis of the two
variables for NPs with and without rapamycin. For the modelling of encapsulation efficiency, only

the case of NPs with rapamycin was studied.
In addition to the two-variable models, models incorporating a third variable were produced for

each property in order to investigate a possible effect of replicates (N). The effect of replicates

corresponds to all the systemic or random variations that can occur between different replicates of
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a measurement point of an experiment. There can be many causes, such as the day effect (when
replicates are run on different days), the batch effect (when the material used comes from two
different batches), the learning effect (when there is learning between the different replicates run),
etc. As the experiment was carried out sequentially over several days, this kind of effect could
occur. This could explain that one set of values of a replicate differs from the values of the other
replicates generating noise in modelling. Modelling and graphic representation make it possible to
identify this effect [84].

The replicates were thus considered as a categorical variable dividing the points into three groups
for each case (with and without rapamycin). For these models, the quadratic equation 5.1 should
contain an additional term designating the main effect of the replicates. The modelling of this
third variable should be treated with caution. Initially, only the modelling of the TFR and FRR
was of interest. The variability of the data can sometimes generate noise that prevents the correct
effects from being perceived. When this third variable is include in the models, the noise is reduced
by modelling it, which can distort the model. For this reason, three-variable models will tend to
improve the validation of the conditions applications, such as R-squared, for example, without

necessarily providing the right information on the impact of the TFR and FRR. [84].

Finally, models excluding points defined as outliers were generated to see the impact and variability
brought by them on the different models. This data analysis is interesting because it can help to
better highlight the effects of the variables. It is also logical that removing the extremes will reduce
the model variability and will therefore increase the validation of the application conditions. The
different points were defined as outliers graphically and/or via modelling. Outliers were chosen
based on the hypothesis that they may disrupt the model and they don’t follow the trends. But
nothing certifies that they were outliers. The choice of these outliers and the response of the
models generated by these choices must thus be treated with caution. The various points defined
as outliers will be described for each property later in this work (Section 5.4.3). In some cases,

their exclusion allowed to obtain a valid model [84].

5.4 Results and discussions

Precise data on the physicochemical properties obtained for the various products are given in the
Appendix C.4.

The condition TFR =593uL/min and FRR=0.4 with rapamycin has only two replicates when

measuring EE and the zeta potential.
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5.4.1 Impact of dialysis on physicochemical properties of NPs
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Figure 5.2: Physicochemicals properties of NPs before and after dialysis with and
without rapamycin (a) Size of NPs with rapamycin (b) Size of NPs without rapamycin (¢) PDI
of NPs with rapamycin (d) PDI of NPs dialysis without rapamycin (e) Zeta potential of NPs
dialysis with rapamycin (f) Zeta potential of NPs without rapamycin
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Dialysis only slightly affected the physicochemical properties of the NPs (Figure 5.2). With ra-
pamycin, no overall difference was visible between before and after dialysis (Figure 5.2(a), 5.2(b)
and 5.2(c)). The difference observed between before and after are random and not very present.
Without rapamycin, a very small difference is visible, with a slight shift towards higher post-
dialysis values (Figure 5.2(d), 5.2(e) and 5.2(f)). This applies to all properties. As the difference is
very small, it is negligible. For the remainder of this work, only the characterisation after dialysis

will therefore be studied. It is also possible to note a large variability in the values obtained.

5.4.2 Comparison with and without rapamycin
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Figure 5.3: Physicochemicals properties of NPs after dialysis with and without ra-
pamycin (a) Size (b) PDI (c) Zeta

The graphs showing the comparison before dialysis can be found in the appendix C.5.

The order of magnitude of the difference between NPs with and without rapamycin is not major

and is thus negligible (Figure 5.3). No trend can be seen for NPs with rapamycin compared with
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NPs without rapamycin and vice versa. The standard deviations of the different conditions are
often large. This shows that the values obtained for the different properties, with and without
rapamycin, are fairly variable and the same ranges of values can be obtained in both conditions.

Rapamycin has therefore no influence on NP physicochemical properties.

5.4.3 Graphical interpretation of the data on JMP software

The three replicates were defined by different coloured dots in the following graphs and the points
defined by a star represent the measurement points considered as outliers. These latter will be dis-
cussed again in section 5.3.5.3 on modelling and have undergone a specific treatment. A smoothing

line is also visible in blue for each FRR class, showing the trends in TFRs.

5.4.3.1 Size of NPs with rapamycin

Rapamycin = With

FRR [-]
0,2 0,3 04 0,5
°
*
180
*
170 °
H °
2 160 ¢
= °
'-§ ° . ° H
2 °
©
9 150 °
a [ ]

140

130

200 400 600 200 400 600 200 400 600 200 400 600 800
TFR [uL/min]

Figure 5.4: Size [nm| after dialysis for NPs with rapamycin for each FRR tested based on TFR

The FRR has an impact on the size of the NPs (Figure 5.4). By decreasing it, the NP size decreases
accordingly. This can be seen through the overall trend of points data to increase with ratios across
the graph. Then, within each ratio class, except when the FRR is 0.3, it is possible to identify that
increased TFR tends to give larger NPs. This is represented in particular by the slope of the trend
lines for each FRR. The change in slope for an FRR of 0.3 compared to others can be explained by
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the presence of an outlier. In this case, the trend line is not particularly representative. Another
outlier was also defined. Both were defined based on a larger measured size than the overall trend
of the measurement points. The variability of the measurement points within each group of points
representing the same TFR and FRR conditions is not negligible. However, this variability is
fairly consistent from one group to another. This homogeneity implies a certain homogeneity of
variance and a degree of reliability in the measurements. It enables them to be compared from one
measurement point to another. This also reinforces the idea that the different replicates were not

affected differently by the experimental conditions. Indeed, none replicate effect can be identified.

5.4.3.2 Size of NPs without rapamycin
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Figure 5.5: Size [nm] after dialysis for NPs without rapamycin for each FRR tested based on TFR

The influence of FRR and TFR on size of NPs without rapamycin is the same as those with
rapamycin. That confirms the conclusions reached in the section 5.4.2. In the case without
rapamycin, it is the class with an FRR equal to 0.2 rather than 0.3, as in the case with rapamycin,
that indicated a different influence of the TFR compared to other FRR classes. It could be that
the influence of the TFR diminishes and reverses at very low ratios. The outliers are much less
significant and their designation as outliers is debatable. In fact, they are not abnormally large or
small. These outliers have been defined for modelling (achieved in a subsequent section (Section

5.4.5.1)). The aim is to see what impact it would have to remove three of the most extreme
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points in size modelling. The choice of these three outliers was supported by the fact that, when
modelling, these three points are the ones that deviate furthest from the observed value when
predicted (Appendix C.6.1). The variability between the replicates is quite consequent although
less so than in the case with rapamycin. No effect of the replicates is visible graphically. The

same conclusions on variability and on the effect of replicates can be drawn as for the case with

rapamycin.

5.4.3.3 PDI of NPs with rapamycin
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Figure 5.6: PDI after dialysis for NPs with rapamycin based on TFR and FRR (a) for
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The effect of TFR on PDI is highly variable (Figure 5.6(a)). It is different for each FRR. This effect
seems to be very important for a ratio of 0.2, with a sharp increase in PDI for a high TFR before
reversing abruptly for a ratio of 0.3. The TFR then gradually loses its influence on the PDI as the
FRR increases to no longer have influence for a FRR of 0.5. Although this graph gives the impres-
sion that the FRR is a categorical variable, it should not be forgotten that it is in fact a continuous
variable, just like the TFR. So trends are unlikely to change suddenly. However, it is possible to
imagine that the influence of the TFR on the PDI would reach a maximum between a ratio of 0.2
and 0.3. It is certain that the influence of the TFR varies according to the FRR set. Figure 5.6(b),
which inverts the TFR and FRR axes, better illustrates the effect of the ratio which, apart from
a TFR of 180pL/min, decreases the PDI as it increases. No effect of replicates is visible graphically.

The use of triplicates in the design of experiments is also being questioned. Diagrams will be
used to illustrate this section (Figure 5.7(a), 5.7(b)). The values shown in these diagrams are not
correct, but serve to illustrate the point. The blue line represents the mean without exclusion of

outliers and the red line with exclusion of outliers.

Statistically, the measurement made for a point under certain conditions (example PDI measure-
ment for a FRR=0.3 and a TFR=387) has 68% chance of ending up in the zone defined by the
real average value added or decreased from the real standard deviation of this point under these
conditions [86]. Using three outliers is not ideal because if one of the replicates falls outside this
zone (32% chance for each measurement point), it will seriously distort the calculation and loca-
tion of the average from the real average (Figure 5.7(a)). In addition, it is difficult to determine
whether this is the point that differs from the other two or the other two that best represent the
average (Figure 5.7(a) and 5.7(b)). Using five replicates, for example, has a better probability of
estimating the real location of this average and the outliers. This calls into question the outliers

defined and the average obtained. These values should be treated with caution [84].

For a FRR of 0.2, the low variability between the different replicate measurements refers to a small
standard deviation. This small standard deviation supporting the idea that the average estimated
by the 3 points is close to the real average. This is consistent with the idea that the estimated
TFR impact is correct. For a FRR equal to 0.3, when the TFR is 387, it is possible to observe a
great variability between the points. This leads to greater uncertainty about the accuracy of the

average value.

The homogeneity of the variability of the replicates between the different points makes it possible
to suspect the presence of of one or more outliers. No trend of the FRR, as with the analysis of the
size of NPs with rapamycin (Figure 5.4) makes it possible to suspect one point more than another.

The two outliers were defined based on a graph of the predicted values compared with the values
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observed when producing models (Section on models: Section 5.4.5.2, Appendix with the model:
Appendix C.6.2). Other outliers were tested, but the model excluding these outliers gave the best

result.

5.4.3.4 PDI of NPs without rapamycin
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Figure 5.8: PDI after dialysis for NPs without rapamycin for each FRR tested based on TFR

The influence of TFR on PDI in the case without rapamycin is rather clear (Figure 5.8). It is
preferable to decrease the TFR to obtain lower PDI values. The FRR seems to have no specific
influence on the PDI. A high degree of variability between the different points generates a lot
of noise, which could prevent information from being correctly observed. This variability is par-
ticularly high for a FRR of 0.5 and a TFR of 800pL/min which is a measurement point at the
boundary of the domain and also for a FRR of 0.3 and a TFR of 387pL /min. Three outliers were
defined, presenting a more extreme value in groups of replicates with high variability. This choice

is comforted during the modelling (Section 5.4.5.2), allowing to improve the models.

It is possible to observe a slight effect of replicates, with higher PDI values for red replicates and
lower for blue replicates. As explained in Section 5.3.5.3, several natural explanations can explain
the presence of an effect of replicates. An adjustment could be made to take account this effect

to better approximate the data. As the protocol was the same for all the replicates, this effect of
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replicates is probably due to sequential work. It is not possible to determine which values are the
reference values. To do this properly, other comparative data to serve as reference data and to
highlight this effect and the adjustment to be made would be needed.

5.4.3.5 Zeta potential of NPs with rapamycin
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Figure 5.9: Zeta [mV] after dialysis for NPs with rapamycin for each FRR tested based on TFR

The FRR has no impact on the zeta potential (Figure 5.9). The TFR increases the zeta potential
by a few millivolts by decreasing. This latter trend would be reinforced if the outliers were re-
moved. The variability of the replicates seems more acceptable or even very satisfying for a ratio
of 0.4. The variability for a TFR of 180pL/min and a FRR of 0.2, conditions with the outliers, is
high. The others are generally weaker, although two of the three conditions still show significant
variability. This questions the possibility that the limits are exceeded for such conditions and that
a domain restriction would allow better control over variability. An effect of the replicates could
possibly be detected with the points in blue having higher values. However, in the case of an FRR
of 0.4 or 0.5, the values of the different replicates are relatively similar. A possible adjustment
could be made if the effect of the replicates is confirmed.
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5.4.3.6 Zeta potential of NPs without rapamycin
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Figure 5.10: Zeta [mV] after dialysis for NPs without rapamycin for each FRR tested based on
TFR

An effect of the replicates is clearly visible in the study of NPs without rapamycin (Figure 5.10).
With the exception of one measurement point, the replicates in red are shifted downwards. No
impact of the FRR is visible. The effect of the TFR is difficult to perceive and variable from
one FRR class to another. At low ratios, the TFR seems to have no effect, but for higher TFRs,
the impact seems to be more significant and variable. Modelling can be particularly useful for
assessing the impact of the TFR and FRR in this case. The variability between replicates was
fairly uniform, except for the replicates where an outlier was identified. This is worth around 15
mV and more, which is not negligible. The consequences of good and poor variability have already

been discussed in Section 5.4.3.1.
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5.4.3.7 EE of NPs
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Figure 5.11: EE |%)] after dialysis for NPs without rapamycin for each FRR tested based on TFR

Increasing the FRR increases EE (Figure 5.11). The TFR also influences the EE, to a lesser extent,
by reducing it as it increases. Three outliers were identified, however only two were necessary dur-
ing the modelling (without outliers with a TFR of 387pL/min and FRR of 0.4) (Section 5.4.5.4).
An effect of the replicates could be visible with measurement points in green often inferior to the

others. This effect, if it exists, is very slight

5.4.4 Outliers common to several properties

Each measurement point defined as an outlier for one property was compared with those defined
for another property in order to identify any similarities between the different outliers defined for

each property.

In the case with rapamycin, two measurement points were defined as outliers for two different
properties. One of the replicates, with a TFR of 387puL/min and a ratio of 0.3, is an outlier for
PDI and EE. Another replicate under the same conditions is an outlier for size and PDI. Without
rapamycin, one of the replicates for a TFR of 800pL/min and an FRR of 0.5 is an outlier for both
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the PDI and the zeta potential. All the other outliers are different from one property to another.

This leads to suspect that these three measurement points may be unreliable. The assumption that
these are not good productions and therefore they distort the results can be made. To a greater
extent, this combination of variables could tend to generate outliers especially for the condition
TFR=387pL/min and FRR=0.3 which generated two outliers. However, certain factors mitigate
against these hypotheses. First, the values for the other properties are correct. Secondly, these
outliers only concern certain replicates of the same condition, and not all three replicates. Finally,

outliers have been defined as such but nothing certifies that they are outliers.

5.4.5 Modelling: Effect tests

Effect Tests
Sum of

Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 3763,2000 22,2957 0,0002*
TFR [pL/min] 1 1 1078,6635 6,3907 0,0217*
FRR [-]*TFR [uL/min] 1 1 1335,0236 7,9096 0,0120*
FRR [-]*FRR [-] 1 1 96,0000 0,5688 0,4611
N 2 2 324,2500  0,9605 0,4025

Figure 5.12: Effect tests, modelling of size after dialysis without rapamycin with extreme points

Once the conditions for applying a model have been validated, the model can be used. Thanks
to effect tests provided in the model results, the presence or absence of an effect of the variables
on the property studied can be identified (Figure 5.12). Effect tests specifies whether the effect of
the variable is a main effect, a quadratic effect or whether it is due to the interaction between the
two variables. As explained in Section 5.3.5.1, the design of the experiment allows us to assess the

possible quadratic effect of only one of the two variables [84].
The effect of the variable is significant for a p-value of less than 5%. To give an example, the effect

tests obtained when modelling the size without rapamycin with outliers, revealed that the FRR
and the TFR have a main effect as well as an effect through their interaction (Figure 5.12) [84].
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All the responses from the effect tests on the variables (orange row) as well as the precision of
whether or not the conditions of application of the model are validated (blue row) for the different
models are shown in Table 5.2 and Table 5.3. Table 5.2 is for the NPs with rapamycin and Table
5.3 is for the NPs without rapamycin. These tables show the significance (S) or the non-significance
(NS) of the different effects of the variables for each physicochemical property studied. For each
property, models with and without outliers were also produced to study the impact of outliers on
the significance of the variables and the validity of the models (yellow row). The outliers used are
those defined by stars in each graph analysed in Section 5.4.3. A row has also been dedicated to

the significance of the replicate effect (purple row).

The models incorporating this third variable did not change the validation or the significance of
the two others variable except for the zeta case. Indeed, without modelling the effect of replicates,
the models produced were invalid. Therefore only zeta require an extra column for the model with
the replicate effects. The significance of the effects of the other variables is thus identical with or

without modelling the effect of the replicates.

The information in Tables 5.2 and 5.3 will be discussed in the following subsections dedicated to

each property. Given the number of models produced, only the most interesting will be discussed.

5.4.5.1 Size modelling

The basic modelling, without removing the outliers and without adding the third variable for the
size, was already satisfactory and valid. The integration of this third variable into the modelling
did not show much added value. Only the modelling with all the points as well as without the
outliers will be discussed. Their respective models and their validation parameters are included in
the Appendix C.6.1.

Basic model

The application conditions for this model have been validated.
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Interaction Profiles
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The graphical analysis (Section : 5.4.3) of TFR and FRR effects are confirmed (Tables 5.2 and 5.3
and Figures 5.13(a) and 5.13(b)). In the case without rapamycin, the modelling makes it possible
to highlight the effect of the two variables via their interaction. (Tables 5.3 and Figure 5.13(b)).
Depending on the FRR chosen, the effect of the TFR is not not the same. For a high FRR value
(0.5), it is preferable to minimise the TFR used to minimise the size of the NPs. But for a low
FRR (0.2), varying the TFR has no influence on the size of the NPs.

The R-squared and adjusted R-squared are for the model with and without rapamycin respectively

0.45, 0.34 and 0.6, 0.46. The meaning of R-squared and adjusted R-squared is explained in Section

5.3.5.2. The high variability prevents to correctly predict the sizes but the model is usable to

observe the trends.

Improved model

23



5.4. RESULTS AND DISCUSSIONS
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Figure 5.14: Interaction profiles of the size of NPs of the improved model (a) With
rapamycin (b) without rapamycin

The interaction profiles of the modelling without outliers (Figure 5.14(a) and 5.14(b)) being very
similar to those with outliers. A quadratic effect of the ratio is detected, in the case with rapamycin
(Table 5.2). This effect, even if it was not detected in the basic model, could already be assumed
by the curvature of the interaction profile as a function of the FRR and is accentuated in the model

without outliers.

The R-squared and adjusted R-squared go up to 0.72 and 0.66 for with rapamycin and up to 0.76

and 0.71 for without rapamycin which is good progress.

5.4.5.2 PDI modelling

The initial modelling, without the effect of replicates and considering outliers, generated invalid
model in both cases. In the case with rapamycin, a lack of fit was detected and in the case without

rapamycin, the model is not significant (p-val<5% in the analysis of variance).

The exclusion of the two defined outliers (Figure 5.6(a)) is sufficient to obtain a valid model for
NPs with rapamycin. The inclusion of the effect of replicates makes no sense from a graphical point
of view and results in a model that is valid but less efficient than without this effect. In the case
without rapamycin, although excluding the three outliers produces a valid model, the inclusion of
the third variable, which is slightly visible graphically (Figure 5.8), increases the significance of

the model. This makes sense because this effect was suspected graphically.

The initial model and the most optimal model in both cases are presented in Appendix C.6.2. As

the base model is invalid, it is unusable and will not be presented.
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Improved model
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Figure 5.15: Interaction profiles of the PDI of NPs of the improved model (a) With
rapamycin (b) without rapamycin

The effect of the TFR and FRR on the PDI and their interaction is significant for NPs with
rapamycin (Table 5.2). In the interaction profiles, this is clearly visible with the straight lines
(main effect)(Figure 5.15(a)). These lines for a low FRR and a high FRR have a different slope
but intersect at one point, reflecting the interaction between the FRR and the TFR. Indeed,
depending on the TFR fixed, the impact of FRR chosen on the PDI varies.

Graphically, the effects of the variables were difficult to understand. Thanks to the interaction
profiles and by cross-referencing these with the graphs produced in Section 5.4.3.3 and 5.4.3.4, it

is now easier to understand the complexity of the variables.

For a very low TFR, it is preferable to set a low FRR to minimise the PDI, but the trend quickly
reverses and around 250-300pL /min it is preferable to set a higher FRR. For the TFR, the inter-
action profile recommends a low TFR except for a very high FRR of 0.5 where the TFR no longer
has any impact (almost horizontal line for an FRR of 0.5, so the effect of the FRR = 0.5 on the
TFR is negligible (Figure 5.15(a))). Graphically, this is only true at the extreme of the research
area according to the FRR axis, and intermediate FRRs such as 0.3 and 0.4 recommend higher
TFRs to reduce the PDI (Figure 5.6(a)). Graphically, removing the outliers, it can be seen that
this trend is only weakly confirmed for a TFR of 180 and 387uL/min and stops for higher TFRs
(Figure 5.6(b)). There is therefore a statistical and graphical contradiction.

For rapamycin free NPs, a quadratic effect of the FRR and a main effect of the TFR were identified
(Table 5.3 and Figure 5.15(b). It allows to better identify the quadratic effect, which was difficult
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5.4. RESULTS AND DISCUSSIONS

to observe graphically due to the high variability of the measurements and the weakness of this
effect (Figure 5.8). It is thus preferable to use intermediate FRR to reduce the PDI.

The R-squared and adjusted R-squared are 0.84 and 0.80 for with rapamycin and is to 0.68 and

0.54 for without rapamycin.

5.4.5.3 Zeta modelling

As with PDI, the conditions applications for basic model for both with and without rapamycin
are not valid. The reason for these invalidities is due to a non-significant model (p-val<5% in the
analysis of variance). Adding the replicate effect to the modelling makes sense, as it is graphically
visible (Figures 5.9 and 5.10). It is therefore logical that the modelling of this third variable should
have an impact on the validation of the models. Moreover, excluding outliers only is not enough
to obtain a valid model (and conversely with the effect of replicates only). Consequently, the mod-
elling is improved by defining the different replicates as a third categorical variable and excluding

outliers from the modelling. The basic and improved models are available in the Appendix C.6.3.

Improved model
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(a) (b)
Figure 5.16: Interaction profiles of the zeta potential of NPs of the improved model (a)
With rapamycin (b) without rapamycin

Only TFR has an impact (main effect) on the zeta potentiel for NPs containing rapamycin (Table
5.2 and Figure 5.16(a)). The modelling perfectly confirms the trends seen graphically (Figure 5.9).

For the case without rapamycin, no effect is detected (Table 5.3 and Figure 5.16(a)). In the in-
teraction profiles, the difference between the two extreme FRR and TFR is minimal. Graphically,

the TFR has no effect on potential zeta for a ratio of 0.2 and 0.3 and then becomes quite variable
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5.4. RESULTS AND DISCUSSIONS

above a FRR of 0.3 (Figure 5.10). This effect was complicated to interpret. Since the effect of the
replicates is strong, it is possible that it dominates the explanation of the variability of the data.
The effect of other variables with weaker effects may thus be masked. However, it is also likely

that the other variables simply have no effect.

The R-squared and adjusted R-squared is 0.56 and 0.4 for with rapamycin and is to 0.57 and 0.4

for without rapamycin which are low values.

5.4.5.4 EE modelling

The modelling of all the measurement points also faces a problem of too low significance which
invalidates the model. Different models were then tested, excluding two or three outliers (men-
tionned Section 5.4.3.7), adding or not the effect of replicates. All of these tested models are valid.
The model with the best condition of application is the model that excludes the three outliers and

includes the replicates as a variable. This model as well as the initial model can be found in the
Appendix C.6.4.

Improved model
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Figure 5.17: Interaction profiles of the EE of NPs of the improved model

Overall, the responses from the different valid models were identical. Only the R-squared as well
as the p-value of certain effects are more significant for some, but remains present for others. The
significance of the interaction of the two variables is close to a p-value of 5%, the significance
threshold. The interaction becomes very weakly significant only in the modelling excluding the
three outliers and integrating the effect of the replicates. This effect is therefore not certain since
it is not significant in the majority of models but could be possible. (It is then not included in the
Table 5.2). Figure 5.17 shows the interaction profile of this model. The interaction profiles of the
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5.4. RESULTS AND DISCUSSIONS

other models are almost identical, and the same trends emerge.

A strong effect of the FRR is visible (Table 5.2 and Figure 5.17). This effect was already visible
graphically (Figure 5.11). The graph also shows a possible slight effect of TFR not visible through
modelling. This can be explained by the fact that the modelling removed three outliers. The
R-squared and adjusted R-squared are for this model respectively 0.86 and 0.79.

5.4.6 Predictive models

The models produced allow predictions to be made. These make it possible to provide isocurves
of the physicochemical properties whose target values can be fixed, for example. An example of
an isocurve is presented in the Appendix C.6.5. These make it possible to give, on the basis of a

target value of a physicochemical property, all the possible combinations of variables.

However, given the high variability of the data in the graphs and models presented in the previous
sections, the predictions are not reliable. The number of replicates and measurement points is also
too small to provide enough data to develop a robust predictive model. Much more data would
be needed to establish a predictive model. Furthermore, the experimental design does not allow a

complete quadratic model. So part of the information, if present, cannot be modeled.

5.4.7 Comparison with the literature and summary of effects

No study using the same polymers, drug and microfluidic machine was found in the literature.
The expectations formulated on the basis of the literature therefore come from articles whose ex-

perimental conditions are as close as possible to those used in this work.

In comparison with the literature, the sizes, PDIs and zeta values obtained are satisfactory
[39]]40][87][88][89]. In fact, the values are in the same order of magnitude as those found in the lit-
erature for microfluidic systems. Sizes often vary between approximately 100 and 250 nm. Further
studies, involving other polymers and drugs (in different concentrations), other microfluidic sys-
tems and surfactants, etc. have shown that it is possible to achieve NPs between 50 and 100nm or
even reaching around 600nm and more. PDI values are also regularly between 0 and 0.2, with some
conditions showing PDI above 0.2. The zeta potential is strongly influenced by the constituent
materials [90]. The values obtained are fully consistent with the literature [39][40](87][88][89].

The literature on EE values is a little more controversial [39][40]. Some articles claim that mi-
crofluidic systems can provide EE values, without the use of surfactant, between 10 and 30%,
depending on the variables set, while others claim that certain peaks at 40% can be measured.

Every articles agree that the use of surfactant increases EE, which can now be as high as 50%.
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5.4. RESULTS AND DISCUSSIONS

The values obtained can thus be considered low. This idea is reinforced by the fact that Dolomite
describes this microfluidic system as having an EE of up to 99% [75]. The variability obtained
for the various physicochemical properties is also too high compared to what can be found in the
literature [39]40][37][53][54]{91][92].

For the following tables, this legend will be used (Table 5.4).

Table 5.4: Legend of Tables

Symbol Signification
Ve Increase
N Decrease
~ Stable, no effect
> Variable, max or min

Table 5.5: Summary of the effects of TFR and FRR on physicochemical properties for NPs with
rapamycin

FRR TFR
¢ ¢
If TFR \, then \, | If FRR \, then
or or
/! N\
~ ¢
/! ¢

Table 5.6: Summary of the effects of TFR and FRR on physicochemical properties for rapamycin-
free NPs

FRR | TFR
hN
>

R
N\

Table 5.7: Summary of the effects of TFR and FRR on physicochemical properties for NPs con-
taining drugs based on RG 502H polymer, as reported in the literature

FRR | TFR
~ |/
NN
~ N
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Table 5.8: Summary of the effects of TFR and FRR on physicochemical properties for NPs con-
taining drugs based on several articles

FRR TFR
Size N\ Ve N
PDI N\, AW ~or S
Zeta | ~ or > | ~ or
EE D Ve

Here is summary tables of the effects of the two variables (Tables 5.5 and 5.6). The trends ob-
tained graphically and via modelling have been compared. These tables allow a better comparison
with the literature. For ease of comparison, the trends observed in the literature have also been
summarised in the case of NPs containing a drug (Tables 5.7 and 5.8). These trends are highly
variable from one article to another and vary greatly depending on the experimental conditions
used, which are not identical to those used in this work. One of the tables shows the results from
the most similar experiment, using the same polymer as for this experiment, the RG 502H (Table
5.7) |39]. The other table represents a summary of the effects found in the literature for different
microfluidic systems, using different substances for the NPs (Table 5.8) [40][87][88][89]. For the
sake of clarity, the effects of the variables have been summarised as far as possible. It should be

kept in mind that these trends can be highly variable.

The effects of the variables on size are quite clear in the literature. The effect obtained during this
work is contradictory with what is found. In the literature, to minimise the size of the NPs, it is

better to use a high TFR and a high FRR (or no influence of the FRR) (Tables 5.7 and 5.8). The
results obtained in this work indicate the opposite (Tables 5.5).

In the literature, the influence of the TFR and FRR on the PDI is highly variable. In this work it
is also the property for which the effects of the variables were the most difficult to perceive. Since
the two variables interact, variations in one influence the other. It is thus difficult to describe
trends. In the literature, it is preferable to use a low FRR to minimise PDI values (Tables 5.7 and
5.8). The results obtained confirm this only for low TFR values (below 200-250nL/min, Section
5.4.5.2) (Tables 5.5). The effect of the TFR on the PDI is a little less clear-cut and differs from
article to article (Tables 5.7 and 5.8). The results show that it is preferable to use a high FRR for
a low TFR, but that when the TFR increases, the FRR must be rapidly reduced (Table 5.7). The
most favourable condition for obtaining the lowest possible PDI is to set the FRR at 0.5 and the
TFR at 180pL/min (Tables 5.15(a)).

The effect of FRR on zeta (Tables 5.5) is in line with what is expected based on the literature
(Table 5.8), but a slight effect of TFR is detected (Tables 5.5) on zeta that is not generally found
in the literature (Table 5.8). Without rapamycin, this effect is not seen (Tables 5.6), which is
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consistent with the literature (Table 5.8).

Finally, the effect of TFR on EE (Tables 5.5) is consistent with what was observed in the article
with the closest experimental conditions (Table 5.7). However, the effect of the FRR on EE

obtained in this work (Tables 5.5) is contradictory to what can be found in the literature (Tables

5.7 and 5.8).

5.4.8 Conclusion

An assumption that enables to remain critical in the face of deviations from expectations and
observed variability is the choice of the experimental design. Indeed, since this work is the first
done on Dolomite microfluidics system in the ADDB laboratory of UCLouvain, no information
base was available. The domain has been defined largely according to the limits offered by the
machine. A too large area, going out of optimal conditions of production could therefore prevent

from observing the right trends.

Moreover, since the knowledge of experimental design was developed during this latest experiment
with JMP, a non-optimal plan was defined. As explained in Section 5.4.6 and C.3, more optimal
designs would allow full quadratic modelling and thus ensure that all the information has been
modelled.

In addition to a better experimental design, a larger number of measurement points and replicates
could reduce the variability of the data, improving the modelling. However, it is necessary to
remain realistic in the choice of the number of measurement points and replicates. Experiments
carried out with, for example, five replicates would allow a more accurate estimate of the model
parameters (for example, the average of replicates). An accumulation of data, as experiments are
carried out on this microfluidic system, would make it possible to improve the prediction of pre-

dictive models. More data would counterbalance current variability to better detect information.

Other hypotheses can be made regarding to the origin of the large variability obtained between
the different replicates of the same combination of conditions. It can come from the microfluidic
system used and the way it has been used, the way in which the NPs are preserved and harvested
after production and the temperature during the production of the NPs [93]. Using a surfactant

can help decrease this variability [65].

The variability of the replicates is not homogeneous for each combination of variables for one
property. This heterogeneity is also different from one physicochemical property to another. In
other words, there is no trend to define which combinations of variables achieve low variability for

all properties. It is possible to determine certain conditions common to two properties reflecting
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low variability (such as an FRR of 0.2 for the PDI with rapamycin (Figure 5.6(a)) and the EE
(Figure 5.11)) or conversely an high variability. This can question the limits of the field. Indeed, it
is possible to notice that the variability is highest in the case without rapamycin for PDI (Figure
5.8) and zeta potential (Figure 5.10) and in the case with rapamycin for EE (Figure 5.11) when
the FRR and TFR are set at 0.5 and 800pL/min. Similary, variability is also high for the case
of zeta potenital with rapamycin (Figure 5.9) at 0.2 and 180pL/min. It might be interesting to
carry out an experiment on a smaller area with measurement points closer together to compare

the results obtained.
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Chapter 6

Conclusion

6.1 Putting the objectives into context

The aim of this master thesis was therefore to explore a new microfluidic system at UCLouvain
designed for the production of NPs. The use of a microfluidic system offers a number of advan-
tages over more conventional production methods (less batch-to-batch variability, continuous flow
production, etc). This production system is thus better suited to producing industrialised NPs. It

is with this in mind that this thesis was oriented.

As the machine was new, the aim of this master thesis was to explore it as far as possible. The
guideline used, which is the long-term objective of this master thesis, is to develop a system capable
of returning variables to be fixed in order to obtain an optimised NPs. It would first have to be

developed for a specific polymer and drug, then extended to other polymers and drugs.

But to start, the first objective was to succeed in producing NPs. Once this had been achieved,
the next objective was to obtain data for several conditions in order to check that NPs production
still worked when the two variables were changed and also to obtain a database for future reflec-
tions. This allowed the following objectives to be defined. The first was to examine the rate of
precipitation in the chip. Indeed, some conditions produce more precipitation which hinders the
continuous production of NPs. It was therefore necessary to present this precipitation and define

the most favourable conditions regarding to this precipitation.

The second objective was to make a first step towards this predictive model, trying to achieve it and
also to identify the influence of TFR and FRR on the production of NPs according to the different
physicochemical properties. This objective has been partially achieved. The different trends of the
effects of variables have been identified but the predictive model obtained is not reliable. However,

it has provided valuable insights for the achievement of this functional predictive model.
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6.2 Improvement path and perspectives

6.2.1 Improving the predictive model

A number of areas for improvement have already been highlighted in Section 5.4.8, which discusses
the conclusion of the data modelling experiment. These are included in this conclusion. Several

points can be rethought to obtain a predictive model that fits the data well.

Among these, the use of a more appropriate experimental design would enable a good compar-
ison between the different data points as well as providing sufficient information for predictive
modelling. The current experimental design does not allow a complete quadratic model to be
generated, which is necessary to ensure that all the information has been modelled. The use of a

complete factorial design with 3 levels, as described in Appendix C.3 would be more suitable.

In addition, the high variability in the dataset and the number of replicates currently used mean
that it is not possible to establish a quality model that fits the data well. There are several possible

solutions.

Increasing the number of replicates would allow a more accurate estimate of the model parameters
to be made. In addition, it will be easier to certify which point is an outlier and thus destabilises
the predictive model. This was explained in Section 5.4.3.3. Similarly, using a larger number of
data points would improve the accuracy of the model. Storing measurements over time can be a

solution for increasing the amount of data, but care must be taken to avoid the day effect.

Moreover, the area under study remains large. As explain in Section 5.4.8, since the aim is to
obtain an efficient predictive model, restructuring the domain towards a smaller area with less
variability could be of interest. This field can therefore be defined according to two objectives:
"Produce NPs with optimised physicochemical properties and with low variability between pro-
ductions". This would also make it possible to compare the trends in the effects of the variables

observed with those obtained in this master thesis.

Questions may arise about the protocol used. The variability of the measurements could be due
to the method of collection or storage of the NPs, the temperature during production or simply
the microfluidic system itself [93]. The integration of a surfactant in the protocol, according to the

literature, can also reduce variability [65].
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6.2.2 New perspectives

The methodology used to calculate EE may be subject to inaccuracies. The current calculation is
based on the volumes and concentrations used. The volume is not constant, it can vary depending
on the experimental conditions (evaporation of solvent for example). By incorporating a lyophila-
tion step into the protocol, it is possible to base EE calculations on mass, which is constant and

also measured with great precision.
It would also be interesting to test other chip models with other designs. This could have an
impact on the different outcomes. A comparison between the results would thus be interesting and

the use of another chip could also have an impact on the variability of the measurements.

Finally, a more distant perspective of this master thesis would be to extend the production to

other polymers and other encapsulated drugs.
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Appendix A

Reliable and comparative data acquisition

A.1 Zetasizer Ultra and Zeta view parameters and protocols

For the Zetasizer Ultra from Malvern, the samples analysed were obtained by dilution of generally
20puL sometimes 40uL of NPs in 1mL milliQ) water. This depends on the intensity of the perceived

signal (and the shape of the correlogram). The following parameters have been set.

For size and PDI, dilution was carried out in DTS0012 cells. The temperature has been set at
25°C. The equilibration time was set at 10 sec. The analysis model used was the multiple narrow
modes. Measurements were performed three times for each replicate and the mean value as well

as the standard deviation were retained. The remaining parameters have been selected by default.

To measure zeta, the sample was transferred to DTS1070 cells using a 1mL syringe. This syringe
was rinsed twice with milliQQ water between each use. Three measurements were also performed
for each replicate. The pause between each repetition has been set at 10 seconds. The model used
was auto mode. The equilibration time has also been set at 10 seconds. The remaining parameters

have been left as default.

For the concentration measurements, the ZetaView was rinsed manually using a 20mL syringe of
milliQ) water. Calibration was then carried out using polystyrene 100nm (PS100) at a dilution of
1:250,000. Approximately 800-900nL of PS100 were injected using a 1mL syringe. Once calibration
has been successfully completed, the ZetaView was rinsed again with 20mL of milliQQ water. The
temperature was set at 24°C. The sensitivity (laser power) was set at 75% and the shutter (exposure
time) at 100. The sample was diluted between 1:20,000 and 1:40,000 depending on the number
of detected NPs. 1mL of the sample was injected into the ZetaView. Between each analysis, the
ZetaView was rinsed with 20mL of milliQ.
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A.2 Tables of physicochemical properties of NPs
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Appendix B

Impact of TFR and FRR on polymer
precipitation in the chip channel during

NPs production

B.1 Calibration curve of Resomer RG 502H 0.5% in acetone

Calibration flow PLGA 502H 0,5% in acetone
300

2004

100+

Mesured Flow [pL/min

Oft+r—r—rrrrr T
0 20 40 60

Flow value entered in the system [pl/min]

Figure B.1: Calibration curve of Resomer RG 502H 0.5% in acetone

B.2 Tables of physicochemical properties of NPs
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B.3. PARAMETERS

B.3 Parameters

For the IDW method, the value of the theta parameter for size, PDI and precipitation score has
been optimised to 5, 2.5 and 1.5 respectively.

For the construction of linear models in the second method, four parameters must be set. The
y-intercept, the type of model used, the start of the threshold or plateau, and the value of the first
point. The mathematical function used, also called variogram models, was the spherical model.
This model is often used and is defined by the formula B.3.|81]

The y-intercepts for size, PDI and precipitation were set at 356, 0.0007 and 0.44 respectively.
They correspond to the value of the variance of the residuals. The residuals were calculated by
subtracting the trend. The start of the plateau was set at 0.25, 0.2 and 0.28 respectively. The
value of the first point was set at 43, 0.00024 and 0.21.
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B.4

Semivariance
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B.4. LINEAR MODELS

Linear models

Variogram of size residues

— Fitted variogram model

= = Variance of size residuals

Variogram of PDI residues

— Fitted variogram model

= = Variance of PDI residuals
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Figure B.2: Linear models of the semi-variance of physicochemicals properties used for
Kriging predictions to predict the point of the field of study (a) Variogram of size residues
(b) Variogram of PDI residues (c¢) Variogram of precipitation score residues

The various variograms are not stationary of order 2. In fact, they do not tend towards the variance

and the semivariance does not depend solely on the distance, the points are fairly scattered.
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Appendix C

Drug Encapsulation, Statistical Analysis
and Modelling

C.1 Pluronic acid

CH,
/{,( o) o\/~|\
H o S OH
- !

Figure C.1: Pluronic acid Structural Formula

Acid pluronic or poloxamere is a copolymer composed of three blocks, as shown in figure ... . It
is characterized by the presence of a hydrophobic central block, polypropylene glycol (PPG)(or
polypropylene oxide(PPO)), surrounded by two hydrophilic blocks, polyethylene glycol (PEG) (or

polyethylene oxide(PEQ)). This structure gives it amphiphilic properties. Acid pluronic can there-
fore increase the solubility of hydrophobic compounds in water. Some poloxamers can also form
gels, useful for drug delivery for example. Due to its properties, it is widely used in the industrial,

medical, cosmetic and pharmaceutical fields.[95][96]

Pluronic F-127 is a specific type of pluronic acid. Its molecular weight is 12600 g/mol. The F refers
to "Flakes". Pluronic acids can be defined by 3 letters, F (Flakes), P (paste) and L (Liquid). The
next two numbers (12) refer to the molecular weight of the PPO block. The last number refers to
the weight fraction of the PEO block (7 for 70%). Pluronic F-127 have a very high proportion of
PEG, which makes this pluronic acid very soluble in water.[97]|98]

74



C.2. CALCULATION OF EE, HPLC-UV PARAMETERS AND PROTOCOL

C.2 Calculation of EE, HPLC-UV parameters and protocol

The following protocol was drawn up on the basis of research carried out by one of the laboratory’s
researchers from the research laboratory in ADDB at UCLouvain. The NPs sample was diluted by
a factor of ten in acetonitrile (ACN). ACN was used to break up the NPs and enable the HPLC-UV

to measure the amount of rapamycin.

The following parameters have been set. The mobile phase used was 100% ACN. Sampling lasted
seven minutes. The maximum pressure was set at 350 bar for safety reasons. The wavelengths used
for HPLC-UV were 254 and 277nm. 254nm is an intense absorption band for many compounds
and 277nm was used because rapamycin has a maximum absorption peak at this wavelength. The

retention time was 2.9 minutes. The total flow of ACN was set at 1L /min.

The EE was calculated on the basis of volumes and concentrations. The following methodology
was used. Rapamycin calibration curves were analysed from 1.5625 to 100pg/mL. The received
area value was translated into concentration via the calibration line. The concentration, weighted
by its dilution factor, was multiplied by the volume measured after dialysis. In this way, the mass
of rapamycin measured by HPLC-UV could be calculated. Then, the volume generated by the
organic flow was calculated on the basis of the respective time of each production and the flow
rate of this stream. By multiplying this volume by the rapamycin concentration of the solution
used, the initial mass of rapamycin introduced could be calculated. The EE was then calculated
on the basis of the amount of rapamycin measured by HPLC-UV compared with the amount of

rapamycin initially introduced.

C.3 Optimal experimental design

Figure C.2: Factorial design with a central point and complete factorial plan with three levels [99]
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C.4. TABLE OF THE PHYSICOCHEMICAL PROPERTIES

The factorial design with a central point requires the use of minimum five points. These are points
are "the four factorial points" and the central point. The four factorial points correspond to the
four corners of the study domain (In red in Figure C.2, the central point being represented by the
red circle). To provide more power to the model, it is usual to repeat the experiment from the
point to the center several times. The factorial design with a central point provides the coefficients

of the first five terms of the quadratic equation .

The complete factorial plan with three levels, based on nine points, is one of the experimental
plan by excellence. Indeed, it completes the previous plan by adding four additional points,
namely intermediate points between the minimum and maximum variables (Star points in Figure
C.2). These points are located between the minimum and maximum levels for each variables,
perpendicular to the central point. This model allows to obtain all the coefficients of the quadratic

equation and to optimize the interactions between the different variables.

C.4 Table of the physicochemical properties
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C.5. COMPARISON WITH AND WITHOUT RAPAMYCIN

Table C.7: EE of the NPs for three replicates

Number FRR [-] TFR [puL/min] N1 EE [%] N2 EE [%] N3 EE [%]

1 0,2 180 7,94 2,89 8,77
2 0,5 180 20,72 13,66 23,16
3 0,3 387 39,05 6,49 12,18
4 0,4 387 31,97 10,34 17,05
5 0,3 593 10,40 6,03 6,74
6 0,4 993 227 / 14,66
7 0,2 800 2,83 0,93 4,9

8 0.5 800 18.9 26,09 158

C.5 Comparison with and without rapamycin

Comparison with and without rapamycin

2001

Number associate to the conditions

(a)
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-6~ With rapa
-©- Without rapa

Comparison with and without rapamycin
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Figure C.3: Physicochemical properties of NPs with and without rapamycin before
dialysis (a) Size (b) PDI (c) Zeta
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C.5. COMPARISON WITH AND WITHOUT RAPAMYCIN
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C.6. JMP MODELLING

C.6 JMP modelling

C.6.1 Models of NPs size

C.6.1.1 Basic model of NPs size

Response Size after dialysis [nm] Rapamycin=With
Whole Model
Actual by Predicted Plot

= 180
=]
i
< 10
€
S
2 160
©
2
& 150
©
g
V140
140 150 160 170 180
Size after dialysis [nm] Predicted RMSE=9,6101
RSq=0,46 PValue=0,0154
Effect Summary
Source Logworth PValue
FRR [-] 1,908 | 001235
TFR [uL/min] 1,855 0,01396
FRR [-]*FRR [-] 0,404 7] 0,39470
TFR [UL/min]*FRR [-] 0,290 | 0,51270
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 2180557 72,6852 0,7568
Pure Error 16 1536,6667 96,0417 Prob > F
Total Error 19  1754,7224 0,5345
Max RSq
0,5270
Residual by Predicted Plot
e X
£ 20
2 _ * o
]
3 10 .
S G
s Q °
O < 0 [} [ ]
% ° é ° :
g ° ° °
& -10 °
140 150 160 170 180
Size after dialysis [nm] Predicted
Summary of Fit
RSquare 0,459857
RSquare Adj 0,346143
Root Mean Square Error 9,610089
Mean of Response 159,875
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 1493,9026 373,476 4,0440
Error 19 1754,7224 92,354 Prob > F
C. Total 23 3248,6250 0,0154*

Figure C.4: Basic model of size NPs
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=With
Whole Model

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept 133,76797 8,055341 16,61 <,0001*
FRR [-] 48,5 17,54554 2,76  0,0123*
TFR [uL/min] 0,0229948 0,008493 2,71 0,0140*
(TFR [pL/min]-490)*(FRR [-]-0,35)  -0,03956 0,059298  -0,67 0,5127
(FRR [-]-0,35)*(FRR [-]-0,35) -170,8333  196,1651 -0,87 03947
Effect Tests
Sum of

Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 705,67500 7,6410 0,0123*

TFR [uL/min] 1 1 677,08130 73314 0,0140*

TFR [UL/min]*FRR [-] 1 1 41,10466 04451 05127

FRR [-]*FRR [-] 1 1 70,04167 0,7584  0,3947

Residual Normal Quantile Plot

Size after dialysis [nm] Residual

wn — [aV] m < N O~ [ee} [e)] wn
e o O © O o o o o [SIEE
o o
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Leverage Plot
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Figure C.5: Basic model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=With

TFR [pL/min]*FRR [-] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
190
*
S 180 =)
g % g 180
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TFR [UL/min]*FRR [-] Leverage, P=0,5127 FRR [-]*FRR [-] Leverage, P=0,3947

Figure C.6: Basic model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without

Whole Model
Actual by Predicted Plot
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Effect Summary
Source Logworth PValue
FRR [-] 3,838 0,00015
TFR [UL/min]*FRR [-] 1,959 0,01098
TFR [uL/min] 1,693 0,02027 A
FRR [-]*FRR [-] 0338 ] 0,45907
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 857,6129 285,871 1,9580
Pure Error 16 2336,0000 146,000 Prob > F
Total Error 19 31936129 0,1610
Max RSq
0,7532
Residual by Predicted Plot
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Size after dialysis [nm] Predicted

Summary of Fit

RSquare 0,662641
RSquare Adj 0,591618
Root Mean Square Error 12,96476
Mean of Response 161,25
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 6272,8871 1568,22 9,3299
Error 19  3193,6129 168,08 Prob > F
C. Total 23 9466,5000 0,0002*

Figure C.7: Basic model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without
Whole Model

Analysis of Variance

Source DF Squares Prob > F

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept 105,32842 10,86728 9,69 <,00071*
FRR [-] 112 23,6703 4,73 0,0001*
TFR [uL/min] 0,0290236 0,011457 2,53  0,0203*
(TFR [uL/min]-490)*(FRR [-]-0,35) 0,2254517 0,079997 2,82 0,0110*
(FRR [-]-0,35)*(FRR [-]-0,35) 200 264,642 0,76  0,4591
Effect Tests

Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 3763,2000 22,3887 0,0007*
TFR [uL/min] 1 1 1078,6635 64174  0,0203*
TFR [UL/min]*FRR [-] 1 1 1335,0236 79426 0,0110*
FRR [-]*FRR [-] 1 1 96,0000 0,5711  0,4591
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Figure C.8: Basic model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without
TFR [pL/min]*FRR [-]

Leverage Plot
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Figure C.9: Basic model of size NPs (cont.)
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C.6. JMP MODELLING

C.6.1.2 Improved model of NPs size

Response Size after dialysis [nm] Rapamycin=With
Whole Model
Actual by Predicted Plot
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Size after dialysis [nm] Predicted RMSE=6,2664
RSq=0,73 PValue=0,0001
Effect Summary
Source Logworth PValue
FRR [-] 4,046 0,00009
TFR [uL/min] 2,430 0,00372
FRR [-]*FRR [-] 0,555 :l 0,27852
TFR [UL/min]*FRR [-] 0,034 | 0,92419
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 53,71876 17,9063 0,4084
Pure Error 14 613,83333 43,8452 Prob > F
Total Error 17 667,55210 0,7494
Max RSq
0,7477
Residual by Predicted Plot
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K
] .
53 ° . ! s
T 5 L °
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£° .
9 5 ° o® 3 °
) ° °
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Size after dialysis [nm] Predicted

Summary of Fit

RSquare 0,72558
RSquare Adj 0,66101
Root Mean Square Error 6,2664
Mean of Response 158,1364
Observations (or Sum Wgts) 22

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 1765,0388 441,260 11,2372
Error 17 667,5521 39,268 Prob > F
C. Total 21 2432,5909 0,0001*

Figure C.10: Improved model of size NPs
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=With

Whole Model

Parameter Estimates

Prob>|t|
<,0001*
<,0001*
0,0037*
0,9242
0,2785

Term Estimate Std Error t Ratio
Intercept 128,30864 5,745178 22,33
FRR [-] 62,076521 12,18439 5,09
TFR [uL/min] 0,0195934 0,005832 3,36
(TFR [pL/min]-480,591)*(FRR [-]-0,35909) -0,003955 0,040951 -0,10
(FRR [-]-0,35909)*(FRR [-]-0,35909) -150,7584 134,6715  -1,12
Effect Tests

Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 10192563 259566  <,0001*
TFR [uL/min] 1 1 443,2317 11,2874  0,0037*
TFR [UL/min]*FRR [-] 1 1 0,3663 0,0093 09242
FRR [-]*FRR [-] 1 1 49,2094 1,2532  0,2785
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Figure C.11: Improved model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=With
TFR [pL/min]*FRR [-]

Leverage Plot

Size after dialysis [nm] Leverage
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Figure C.12: Improved model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without
Whole Model

Actual by Predicted Plot
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Size after dialysis [nm] Predicted RMSE=10,317
RSq=0,77 PValue=<,0001
Effect Summary
Source Logworth PValue
FRR [-] 4,455 0,00004
TFR [UL/min]*FRR [-] 2,601 0,00250
TFR [uL/min] 1,715 0,01929 A
FRR [-]*FRR [-] 0,773 :l 0,16870
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 220,3880 73,463 0,6442
Pure Error 13 1482,5000 114,038 Prob > F
Total Error 16 1702,8880 0,6002
Max RSq
0,7981
Residual by Predicted Plot
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Summary of Fit

RSquare 0,768101
RSquare Adj 0,710127
Root Mean Square Error 10,31652
Mean of Response 160,5238
Observations (or Sum Wgts) 21

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 5640,3501 1410,09 13,2489
Error 16 1702,8880 106,43 Prob > F
C. Total 20 73432381 <,0001*

Figure C.13: Improved model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without
Whole Model

Analysis of Variance

Source DF Squares Prob > F

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept 106,13235 9,154868 11,59 <,0001*
FRR [-] 108,46109 19,14253 567 <,0001*
TFR [uL/min] 0,0240307 0,009238 2,60 0,0193*
(TFR [uL/min]-485,095)*(FRR [-]-0,35238) 0,2282352 0,063757 3,58 0,0025*
(FRR [-]-0,35238)*(FRR [-]-0,35238) 328,09061 227,5871 144 0,1687
Effect Tests

Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 3416,7680 32,1033 <,0007*
TFR [uL/min] 1 1 720,2206 6,7671  0,0193*
TFR [UL/min]*FRR [-] 1 1 1363,8759 12,8147 0,0025*%
FRR [-]*FRR [-] 1 1 221,1864 2,0782 0,1687
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Figure C.14: Improved model of size NPs (cont.)
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C.6. JMP MODELLING

Response Size after dialysis [nm] Rapamycin=Without
TFR [pL/min]*FRR [-]

Leverage Plot
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Figure C.15: Improved model of size NPs (cont.)
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C.6. JMP MODELLING

C.6.2 Models of NPs PDI

C.6.2.1 Basic model of NPs PDI

Response PDI after dialysis [-] Rapamycin=With
Whole Model
Actual by Predicted Plot
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PDI after dialysis [-] Predicted RMSE=0,0423
RSq=0,52 PValue=0,0057

Effect Summary

Source Logworth PValue
FRR [-] 1914 | 0,01218
FRR [-]*TFR [uL/min] 1,855 | 0,01397
TFR [uL/min] 1344 | 0,04527 A
FRR [-]*FRR [-] 0,431 :l 0,37078
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 002166281 0,007221 9,3586
Pure Error 16 0,01234533 0,000772 Prob > F
Total Error 19 0,03400815 0,0008*
Max RSq
0,8251

Residual by Predicted Plot
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PDI after dialysis [-] Predicted

Summary of Fit

RSquare 0,518225
RSquare Adj 0,416799
Root Mean Square Error 0,042307
Mean of Response 0,124833
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 0,03658119 0,009145 51094
Error 19 0,03400815 0,001790 Prob > F
C. Total 23 0,07058933 0,0057*

Figure C.16: Basic model of NPs PDI
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=With

Whole Model
Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
Intercept 0,1703693 0,035463 4,80 0,0007*
FRR [-] -0,214 0,077242 -2,77 0,0122*
TFR [uL/min] 8,0122e-5 3,73%e-5 2,14 0,0453*
(FRR [-]-0,35)*(TFR [uL/min]-490) -0,000707 0,000261 -2,71  0,0140*
(FRR [-]1-0,35)*(FRR [-]-0,35) -0,791667 0,863593 -0,92 0,3708
Effect Tests
Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 0,01373880 7,6757 0,0122*
TFR [uL/min] 1 1 0,00822029 4,5926  0,0453*
FRR [-]*TFR [uL/min] 1 1 0,01311793 7,3289 0,0140*
FRR [-]*FRR [-] 1 1 0,00150417 0,8404 0,3708
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Figure C.17: Basic model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=With

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
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Figure C.18: Basic model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without
Whole Model

Actual by Predicted Plot
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PDI after dialysis [-] Predicted RMSE=0,0522
RSq=0,14 PValue=0,5456

Effect Summary
Source Logworth PValue
TFR [uL/min] 0820 | 0,15127
FRR [-]*FRR [-] 0,389 :l 0,40806
FRR [-] 0,131 ] 0,73922 A
FRR [-]*TFR [uL/min] 0,120 ] 0,75861
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 0,00304705 0,001016 0,3334
Pure Error 16 0,04874597 0,003047 Prob > F
Total Error 19 0,05179302 0,8014
Max RSq
0,1931
Residual by Predicted Plot
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PDI after dialysis [-] Predicted

Summary of Fit

RSquare 0,142712
RSquare Adj -0,03777
Root Mean Square Error 0,052211
Mean of Response 0,152183
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 0,00862193 0,002155 0,7907
Error 19 0,05179302 0,002726 Prob > F
C. Total 23 0,06041495 0,5456

Figure C.19: Basic model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without

Whole Model
Analysis of Variance
Source DF Squares Prob > F
Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
Intercept 0,0958375 0,043764 2,19 0,0412*
FRR [-] 0,0322 0095323 034 07392
TFR [uL/min] 6,899e-5 4,614e-5 1,50 0,1513
(FRR [-]-0,35)*(TFR [uL/min]-490)  -0,0001 0,000322  -0,31 10,7586
(FRR [-]-0,35)*(FRR [-]-0,35) 0,9016667 1,065745 0,85 0,4081
Effect Tests
Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 0,00031105 0,141 0,7392
TFR [uL/min] 1 1 0,00609470  2,2358 0,1513
FRR [-]*TFR [uL/min] 1 1 0,00026497  0,0972 0,7586
FRR [-]*FRR [-] 1 1 000195121  0,7158  0,4081
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Figure C.20: Basic model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without

FRR [-]1*TFR [pL/min]

Leverage Plot
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Figure C.21: Basic model of NPs PDI (cont.)

99



C.6. JMP MODELLING

C.6.2.2 Improved model of NPs PDI

Response PDI after dialysis [-] Rapamycin=With
Whole Model
Actual by Predicted Plot

0.2 ()

PDI after dialysis [-] Actual
L

0,05 0,1 0,15 0,2
PDI after dialysis [-] Predicted RMSE=0,0205
RSq=0,84 PValue=<,0001

Effect Summary
Source Logworth PValue
FRR [-]*TFR [uL/min] 4,828 0,00001
TFR [uL/min] 4,255 0,00006 ~
FRR [-] 3,582 0,00026 ~
FRR [-]*FRR [-] 0,283 :l 0,52061
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 0,00219767 0,000733 2,0738
Pure Error 14 0,00494533 0,000353 Prob > F
Total Error 17 0,00714300 0,1498
Max RSq
0,8878
Residual by Predicted Plot
0
= 0,04
i)
2 s o o
= 1‘3" 0,02 R
T3 o o °
L x 0 Py - PY
g °
[ ]
= -0,02 ° s o M
0,05 01 0,15 0.2

PDI after dialysis [-] Predicted

Summary of Fit

RSquare 0,837877
RSquare Adj 0,799731
Root Mean Square Error 0,020498
Mean of Response 0,114818
Observations (or Sum Wgts) 22

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 0,03691627 0,009229 21,9647
Error 17 0,00714300 0,000420 Prob > F
C. Total 21 0,04405927 <,0001*

Figure C.22: Improved model of NPs PDI
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=With

Whole Model

Parameter Estimates

Term Estimate
Intercept 0,1240062
FRR [-] -0,175266
TFR [uL/min] 9,753e-5
(FRR [-]-0,35455)*(TFR [uL/min]-499,364) -0,000758
(FRR [-]-0,35455)*(FRR [-]-0,35455) 0,2884518
Effect Tests
Sum of
Source Nparm DF Squares
FRR [-] 1 1 0,00884213
TFR [uL/min] 1 1 0,01192621
FRR [-]*TFR [uL/min] 1 1 0,01503470
FRR [-]*FRR [-] 1 1 0,00018081
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Figure C.23: Improved model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=With

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
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Figure C.24: Improved model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without
Whole Model

Actual by Predicted Plot

0,22

PDI after dialysis [-] Actual
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PDI after dialysis [-] Predicted RMSE=0,0255
RSq=0,68 PValue=0,0065

Effect Summary
Source Logworth PValue
TFR [uL/min] 2689 | 0,00205
FRR [-]*FRR [-] 2,017 | 0,00962
N 1,256 | 0,05549
FRR [-] 0,501 | 031571 A
FRR [-]*TFR [uL/min] 0,084 ] 0,82440
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0,04 .

0,02 ° °

0 a0 (] (]

Residual

-0,02 °

PDI after dialysis [-]

-0,04 [ )
0,08 0,1 0,12 0,14 0,16 0,18 0,2 0,22
PDI after dialysis [-] Predicted

Summary of Fit

RSquare 0,679521
RSquare Adj 0,542173
Root Mean Square Error 0,025486
Mean of Response 0,145524
Observations (or Sum Wgts) 21

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 6 0,01928157 0,003214 4,9474
Error 14 0,00909367 0,000650 Prob > F
C. Total 20 0,02837524 0,0065*

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept 0,0596158 0,026296 2,27 0,0397*
FRR [-] 0,0555657  0,053399 1,04 03157

TFR [uL/min] 0,0001009 2,673e-5 3,78 0,0020*
(FRR [-]-0,3381)*(TFR [uL/min]-465,381) 0,0000436 0,000193 023 08244

(FRR [-]-0,3381)*(FRR [-]-0,3381) 1,7909542 0,597738 3,00 0,0096*
N[1] 0,0190285 0,008255 2,30 0,0370*

Figure C.25: Improved model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without

Whole Model
Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
N[2] -4,28e-5 0,007881 -0,01  0,9957
Effect Tests
Sum of
Source Nparm DF Squares  F Ratio Prob > F
FRR [-] 1 1 0,00070333 1,0828 0,3157
TFR [uL/min] 1 1 0,00925750 14,2522  0,0020*
FRR [-]*TFR [uL/min] 1 1 0,00003320 0,0511  0,8244
FRR [-]*FRR [-] 1 1 0,00583120 8,9773  0,0096*
N 2 2 0,00465115 3,5803  0,0555

Residual Normal Quantile Plot

0,04
0,03
T 002 -
S
4
« 0,01
2 0
>
©
2 -001
jJ]
&
© I
5 -0,02
[a
-0,03
-0,04
FRR [-] TFR [pL/min]
Leverage Plot Leverage Plot
0,22 0,22
(0] ()
o 0,20 ) 0,20
9] ° ]
3 0,18 ° 3 0,18
— -
— ° ® _o® T
2 3 016 / % S 016+ o °
» O o » O
= 8 0,14 . ° s 8 0,14 -
2 x 0 )‘.’—"—.' . 8o -
9] o ° 9] o0
£ 0,12 &£ 0,12
© ° ° < e
2 o0 ° 2 910 o
[ )
0,08 0,08
0,2 03 04 0,5 200 400 600 800 1000
FRR [-] Leverage, P=0,3157 TFR [uL/min] Leverage, P=0,0020

Figure C.26: Improved model of NPs PDI (cont.)
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C.6. JMP MODELLING

Response PDI after dialysis [-] Rapamycin=Without

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]

Leverage Plot Leverage Plot
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FRR [-]*TFR [uL/min] Leverage, P=0,8244 FRR [-]*FRR [-] Leverage, P=0,0096

N
Leverage Plot

0,22

PDI after dialysis [-] Leverage
Residuals
o
>
5 o
]
e
°

011 012 013 014 015 016 017
N Leverage, P=0,0555

Least Squares Means Table

Least
Level Sq Mean  Std Error Mean
1 0,14439672 0,01256748 0,164667
2 0,12532544 0,01191996 0,151125
3 0,10638256 0,01143245 0,122714

Figure C.27: Improved model of NPs PDI (cont.)
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C.6. JMP MODELLING

C.6.3 Models of NPs zeta potential

C.6.3.1 Basic model of NPs zeta potential

Response Zeta after dialysis [mV] Rapamycin=With
Whole Model

Actual by Predicted Plot

*

-25

-30

Zeta after dialysis [mV] Actual

-50 -45 -40 -35 -30 -25
Zeta after dialysis [mV] Predicted RMSE=5,4184
RSq=0,18 PValue=0,4034

Effect Summary

Source Logworth PValue
FRR [-]*FRR [-] 0,576 _| 0,26542
FRR[-] 0,529 ] 0,29589 A
FRR [-]*TFR [uL/min] 0,474 :l 0,33602
TFR [uL/min] 0415 | 038446 A
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 8142463 27,1415 09116
Pure Error 16 476,38933 29,7743 Prob > F
Total Error 19 557,81396 0,4574
Max RSq
0,3018

Residual by Predicted Plot

15 *
©
2
g_‘é 10
3% s L .
£ = 0 2o o [}
o % % 3 :o
E = -5 8

-10 °

-50 -45 -40 -35 -30 -25

Zeta after dialysis [mV] Predicted

Summary of Fit

RSquare 0,182408
RSquare Adj 0,010283
Root Mean Square Error 541836
Mean of Response -43,1292
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 124,45042 31,1126 1,0597
Error 19 557,81396 29,3586 Prob > F
C. Total 23 682,26438 0,4034

Figure C.28: Basic model of NPs zeta potential
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=With

Whole Model

Parameter Estimates

Term

Intercept

FRR [-]

TFR [uL/min]

(FRR [-]-0,35)*(TFR [uL/min]-490)
(FRR [-]-0,35)*(FRR [-]-0,35)

Effect Tests

Source Nparm
FRR [-] 1
TFR [uL/min] 1
FRR [-]*TFR [uL/min] 1
FRR [-]*FRR [-] 1

Estimate
-43,08272
-10,63333
0,0042628
0,033
126,91667

Std Error tRatio Prob>|t|
4,541762 -9,49 <,0001*

9,892527  -1,07 0,2959
0,004788 0,89 0,3845
0,033433 099 0,3360
110,6018 1,15 0,2654

Sum of

DF Squares F Ratio Prob > F
1 33920333 1,1554
1 23,268453 0,7926
1 28602819  0,9743

1 38658817 1,3168

Residual Normal Quantile Plot

15

Zeta after dialysis [mV] Residual

FRR [-]

Leverage Plot
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FRR [-] Leverage, P=0,2959
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0,2654

TFR [pL/min]

Leverage Plot

Zeta after dialysis [mV] Leverage

Residuals

-30

-50

TFR [uL/min] Leverage, P=0,3845

Figure C.29: Basic model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=With

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
25 -25
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g o
] -30 S -30
3 3
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> > PY
g 3 232 48
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o 3 o 45  — s
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FRR [-]*TFR [uL/min] Leverage, P=0,3360 FRR [-]*FRR [-] Leverage, P=0,2654

Figure C.30: Basic model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without
Whole Model

Actual by Predicted Plot

Zeta after dialysis [mV] Actual

-50 -40 -30 -20 -10
Zeta after dialysis [mV] Predicted RMSE=8,9998
RSq=0,29 PValue=0,1493

Effect Summary
Source Logworth PValue
TFR [uL/min] 0991 | 0,10204
FRR [-]*TFR [uL/min] 0,809 | 0,15521
FRR [-]*FRR [-] 0,631 0,23365
FRR [-] 0,483 | 0,32870 ~
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 194,7988 64,9329  0,7729
Pure Error 16 1344,1320 84,0082 Prob > F
Total Error 19 1538,9308 0,5259
Max RSq
0,3776
Residual by Predicted Plot
“ 20 *
2%
Reie]
°g 10 %
Y x °
S PY
s °
S %° 3 .

N
o
\
o
S
\
IN
S
o

-30 -20 -10
Zeta after dialysis [mV] Predicted

Summary of Fit

RSquare 0,287351
RSquare Adj 0,13732
Root Mean Square Error 8,999798
Mean of Response -38,6618
Observations (or Sum Wgts) 24

Analysis of Variance

Sum of
Source DF Squares Mean Square  F Ratio
Model 4 620,5208 155,130 1,9153
Error 19 1538,9308 80,996 Prob > F
C. Total 23 21594516 0,1493

Figure C.31: Basic model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without
Whole Model

Analysis of Variance

Source DF Squares Prob > F

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept -53,94739 7,543784 -7,15  <,0001*
FRR [-] 16,472333 16,43131 1,00 03287
TFR [uL/min] 0,0136641 0,007953 1,72 0,1020
(FRR [-]-0,35)*(TFR [uL/min]-490) 0,0821986 0,055532 148 0,1552
(FRR [-]-0,35)*(FRR [-]-0,35) 22599167 183,7076 1,23 02336
Effect Tests

Sum of
Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 81,40133 1,0050 0,3287
TFR [uL/min] 1 1 239,08200 2,9518 0,1020
FRR [-]*TFR [uL/min] 1 1 17746411 2,1910  0,1552
FRR [-]*FRR [-] 1 1 122,57336 1,5133  0,2336

Residual Normal Quantile Plot
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Figure C.32: Basic model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
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FRR [-]*TFR [uL/min] Leverage, P=0,1552 FRR [-]*FRR [] Leverage, P=0,2336

Figure C.33: Basic model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

C.6.3.2 Improved model of NPs zeta potential

Response Zeta after dialysis [mV] Rapamycin=With

Whole Model

Actual by Predicted Plot

Zeta after dialysis [mV] Actual

-50
Zeta after dialysis [mV] Predicted RMSE=2,8418
RSq=0,56 PValue=0,0221

-40

Effect Summary
Source Logworth PValue
TFR [uL/min] 2,503 0,00314
N 1,085 | 0,08227
FRR [-]*FRR [-] 0,301 :l 0,49988
FRR [-]*TFR [uL/min] 0,065 | 0,86081
FRR [-] 0,008 0,98238 ~
Residual by Predicted Plot
[ ]
" ]
25 4 °
=3
Sg 2 ° ° ° oo °
L= °
s = 0
82 ° e ¢ R
° ° ° °
-50 -45 -40
Zeta after dialysis [mV] Predicted
Summary of Fit
RSquare 0,564093
RSquare Adj 0,400628
Root Mean Square Error 2,841815
Mean of Response -43,9652
Observations (or Sum Wgts) 23
Analysis of Variance
Sum of
Source DF Squares Mean Square  F Ratio
Model 6 167,21238 27,8687 3,4508
Error 16 129,21459 8,0759 Prob > F
C. Total 22 296,42697 0,0221*
Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
Intercept -49,0588 2,644201 -18,55 <,0001*
FRR [-] 0,1227688 5471638 0,02 0,9824
TFR [uL/min] 0,0092092 0,002652 3,47 0,0031*
(FRR [-]-0,35652)*(TFR [uL/min]-503,478) -0,003332 0,018697 -0,18 0,8608
(FRR [-]-0,35652)*(FRR [-]-0,35652) 41,40927 59,98556 0,69 04999

Figure C.34: Improved model of NPs zeta potential
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Response Zeta after dialysis [mV] Rapamycin=With

Whole Model

Parameter Estimates

Term

N[1]

N[2]

Effect Tests

Source DF
FRR [-]

TFR [uL/min]

FRR [-]*TFR [uL/min]
FRR [-]*FRR [-]

N 2 2

Nparm

]
]
1
]

A A A

C.6. JMP MODELLING

Estimate Std Error tRatio Prob>|t|

-1,227009  0,83446  -1,47 0,1608
-0,882009 0,83446  -1,06 0,3062
Sum of
Squares F Ratio Prob > F
0,004066  0,0005 0,9824
97,369646 12,0568  0,0031*
0,256433  0,0318 0,8608
3,848516 04765 0,4999
47351556  2,9317  0,0823

Residual Normal Quantile Plot
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Figure C.35: Improved model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=With
FRR [-]*TFR [pL/min]

Leverage Plot

Zeta after dialysis [mV] Leverage

N

Residuals

-40 °
® 0 ° 3
°
-45 . ° ! :
* ° o0
-50
-44,1 -44,0 43,9 43,8

FRR [-]*TFR [uL/min] Leverage, P=0,8608

Leverage Plot

Zeta after dialysis [mV] Leverage

Residuals

-50

N Leverage, P=0,0823

Least Squares Means Table

Level

1
2
3

Least
Sq Mean  Std Error Mean
-45,60541  1,2568296  -45,211
-45,26041  1,2568296  -44,866
-42,26938  1,2624647  -41,511

FRR [-]*FRR [-]

Leverage Plot

Zeta after dialysis [mV] Leverage

Residuals
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Figure C.36: Improved model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without
Whole Model

Actual by Predicted Plot
-30

-35

Zeta after dialysis [mV] Actual
A
o

°
° °_e
-45 ¢
°
A
-50
-50 -45 -40 -35 -30
Zeta after dialysis [mV] Predicted RMSE=4,8758
RSq=0,57 PValue=0,0205
Effect Summary
Source Logworth PValue
N 2,666 0,00216
TFR [uL/min] 0,344 ] 0,45256
FRR [-] 0,231 0,58790
FRR [-]*FRR [-] 0,208 ] 0,61996
FRR [-]*TFR [uL/min] 0,097 ] 0,79937

Residual by Predicted Plot

Zeta after dialysis
[mV] Residual

-50 -45 -40 -35 -30
Zeta after dialysis [mV] Predicted

Summary of Fit

RSquare 0,569061
RSquare Adj 0,407459
Root Mean Square Error 4,87581
Mean of Response -40,1826
Observations (or Sum Wgts) 23

Analysis of Variance

Sum of
Source DF Squares Mean Square F Ratio
Model 6 502,29304 83,7155 3,5214
Error 16 380,37640 23,7735 Prob > F
C. Total 22 882,66944 0,0205*

Parameter Estimates

Term Estimate Std Error tRatio Prob>|t|
Intercept -40,95442 4,330604 -946 <,0001*
FRR [-] -5,191601 9,387898 -0,55 10,5879
TFR [uL/min] 0,0035036  0,00455 0,77 0,4526
(FRR [-]-0,34348)*(TFR [uL/min]-476,522) 0,0082904  0,03208 026 0,7994
(FRR [-]-0,34348)*(FRR [-]-0,34348) 52,047372 1029195 0,51 0,6200

Figure C.37: Improved model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without

Whole Model

Parameter Estimates

Term
N[1] -6,376136
N[2] 2,378693
Effect Tests

Sum of
Source Nparm DF Squares
FRR [-] 1 1 7,27042
TFR [uL/min] 1 1 14,09296
FRR [-]*TFR [uL/min] 1 1 1,58773
FRR [-]*FRR [-] 1 1 6,07989
N 2 2 43893103

Residual Normal Quantile Plot

Zeta after dialysis [mV] Residual

1,501947  -4,25

1431714 1,66
F Ratio Prob > F
0,3058 0,5879
0,5928 04526
0,0668 0,7994
0,2557  0,6200
9,2315  0,0022*
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Figure C.38: Improved model of NPs
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C.6. JMP MODELLING

Response Zeta after dialysis [mV] Rapamycin=Without

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
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Least Squares Means Table

Least
Level Sq Mean  Std Error Mean

1 -47,44423  2,1660589  -46,970
2 -38,68940 2,1563906  -38,023
3 -37,07065 2,1563906  -36,404

Figure C.39: Improved model of NPs zeta potential (cont.)
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C.6. JMP MODELLING

C.6.4 Models of NPs EE

C.6.4.1 Basic model of NPs EE

Response EE [%] Rapamycin=With
Whole Model

Actual by Predicted Plot
40

EE [%] Actual

0 10 20 30 40
EE [%)] Predicted RMSE=8,8901 RSq=0,35
PValue=0,0837

Effect Summary

Source Logworth PValue
FRR [-] 1,771 | 0,01694
FRR [-]*FRR [-] 0,706 :| 0,19688
TFR [ul/min] 0,587 | 0,25904
FRR [-]*TFR [uL/min] 0,075 ] 0,84168
Lack Of Fit
Sum of
Source DF Squares Mean Square  F Ratio
Lack Of Fit 3 150,8107 50,2702 0,5929
Pure Error 15 1271,8099 84,7873 Prob > F
Total Error 18  1422,6206 0,6292
Max RSq
0,4210

Residual by Predicted Plot

X

_ 20

g *

2 10 .

= Iy o ° o

X 0 ¥ 4 =

: 4 e o o

10 L o°

%
0 10 20 30 40
EE [%)] Predicted

Summary of Fit

RSquare 0,352317

RSquare Adj 0,208388

Root Mean Square Error 8,890134

Mean of Response 13,60748

Observations (or Sum Wgts) 23
Analysis of Variance

Sum of

Source DF Squares Mean Square  F Ratio
Model 4 773,8576 193,464 2,4478
Error 18 1422,6206 79,034 Prob > F
C. Total 22 21964782 0,0837

Figure C.40: Basic model of NPs EE
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C.6. JMP MODELLING

Response EE [%] Rapamycin=With

Whole Model
Parameter Estimates
Term Estimate Std Error tRatio Prob>|t|
Intercept 6,3339901 7,374704 086 04017
FRR [-] 43,006922 16,34333 2,63 0,0169*
TFR [uL/min] -0,009199 0,007893 -1,17  0,2590
(FRR [-]-0,34783)*(TFR [uL/min]-485,522) 0,0111225 0,054886 0,20 0,8417
(FRR [-]-0,34783)*(FRR [-]-0,34783) -248,7622 185,6266 -1,34  0,1969
Effect Tests

Sum of

Source Nparm DF Squares F Ratio Prob > F
FRR [-] 1 1 547,28358 6,9246 0,0169*
TFR [uL/min] 1 1 107,35591 1,3583 00,2590
FRR [-]*TFR [uL/min] 1 1 3,24561 0,0411  0,8417
FRR [-]*FRR [-] 1 1 141,94005 1,7959  0,1969

Residual Normal Quantile Plot
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Figure C.41: Basic model of NPs EE (cont.)
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C.6. JMP MODELLING

Response EE [%] Rapamycin=With

FRR [-]*TFR [pL/min] FRR [-]*FRR [-]
Leverage Plot Leverage Plot
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Figure C.42: Basic model of NPs EE (cont.)
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C.6.4.2 Improved model of NPs EE
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Figure C.43: Improved model of NPs EE
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Response EE [%] Rapamycin=With
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Figure C.44: Improved model of NPs EE (cont.)
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Figure C.45: Improved model of NPs EE (cont.)
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C.6.5 Prediction based on isocurve
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Figure C.46: Isocurve for size prediction of NPs
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Optimisation of the microfluidic system of Dolomite for nanopar-
ticle production

Carbon ARTHUR

In the current effort to enhance medical practices and drug delivery, optimizing the pro-
duction of nanoparticles for medical applications is crucial. In the ADDB research laboratory
at UCLouvain, a new microfluidic system has been purchased from the compagny Dolomite
to produce nanoparticles. This system is more innovative than the conventional method and
is therefore more promising.

The aim of this master thesis is to use this new device for the first time in order to understand
how it works and thus obtain nanoparticles that are more suitable for medical applications
and for industrialisation. In the long term, the idea would be to generate a predictive model
based on this microfluidic system capable of producing nanoparticles adapted to a certain
use.

Numerous experiments have been carried out with the aim of producing nanoparticles,
studying the impact of changing system variables on the nanoparticles and making a first
attempt to produce a predictive model. These experiments are presented in this master
thesis.
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