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Abstract

Introduction: Oral drug delivery systems such as polymeric nanoparticles are used to
improve therapies that utilize biomacromolecules like proteins and peptides. Surface
modifications of polymeric nanoparticles play a crucial role in the interactions with the
intestinal epithelium. Cell-penetrating peptides (CPPs) are short cationic amino acid sequences
that can be utilized to enhance interactions between polymeric nanoparticles and cells. In this
thesis, surface-modified polymeric nanoparticles are prepared using a nanoprecipitation method
and a zero-length crosslinking reaction for the covalent conjugation of CPPs to polymeric
nanoparticles. Three CPPs with a distinct architecture, namely the short RRH, the long linear
TAT and the branched bTAT were exploited. Further, the nanoparticles were characterised and

the influence of the CPP architecture on cellular uptake was investigated.

Methods: A bulk nanoprecipitation and a microfluidics method were compared for the
formulation of uniform poly-lactic-co-glycolic acid (PLGA) nanoparticles using a design of
experiments study. CPP-tagged PLGA nanoparticles were formulated using a post-
microfluidics and an in situ microfluidics conjugation approach developed for the first time.
The physiochemical characteristics and morphology of PLGA and CPP-tagged PLGA
nanoparticles were analysed with dynamic light scattering, laser Doppler electrophoresis,
Fourier-transform infrared spectroscopy and transmission electron microscopy (TEM). The
distribution of CPPs on PLGA nanoparticles was further elucidated with small angle X-ray
scattering (SAXS) after gold labelling of the CPP-tagged PLGA nanoparticles. PLGA and
CPP-tagged PLGA nanoparticles were prepared using a fluorophore-labelled PLGA for in vitro
cell culture studies. The cell toxicity and interactions of the fluorophore-labelled PLGA and
CPP-tagged PLGA nanoparticles with HeLa and Caco-2 cells were investigated using flow

cytometry and confocal laser scanning microscopy.



Results: PLGA nanoparticles intended for oral drug delivery and formulated with
microfluidics showed a size of 151.2 £ 1.2 nm (PDI 0.149 * 0.014) and had superior size
characteristics in comparison to the bulk nanoprecipitation method resulting in PLGA
nanoparticles with a size of 184.0 + 3.9 nm (PDI 0.110 = 0.007). The covalent conjugation of
CPPs with different architectures tuned the surface charge of CPP-tagged PLGA nanoparticles
from negative to slightly positive (-24 to +5 mV). This trend in change of surface charge was
observed for both preparation methods, the post-microfluidics and the in situ microfluidics
conjugation approach. After analysis with TEM and SAXS, it was found that the distribution
of CPPs on PLGA nanoparticles depends on the preparation approach. The in situ microfluidics
conjugation approach showed a distribution of the CPPs throughout the PLGA nanoparticles,
whereas the post-microfluidics conjugation approach indicated a surface arrangement of the
CPPs on the PLGA nanoparticle surface. In vitro cell culture studies using HeLa and Caco-2

cells revealed association rather than uptake of the CPP-tagged PLGA nanoparticles.

Conclusion: Microfluidics and CPPs of different architecture were successfully
utilized for the formulation of surface-modified polymeric nanoparticles with a tuneable surface
charge. For nanoparticle-cell interactions to occur e.g. at the nano-bio interface, the surface
charge of nanoparticles plays a crucial role. Further investigation of nanoparticle-cell
interactions can aid to gain a better understanding of how the well-characterised CPP-tagged

PLGA nanoparticles presented in this thesis can influence cellular uptake.
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Chapter One

General Introduction
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S. Streck, L. Hong, B. J. Boyd and A. McDowell (2019). Microfluidics for the production of
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Chapter One

1.1 Nanoparticles as oral drug delivery systems

The metric scale categorizes materials according to their dimensions, and
pharmaceutical research utilizes both micro- and nano-sized particles for application in
delivering therapeutic compounds to patients. Micro- and nanoparticles are used as drug
delivery systems for the treatment of cancer (Derakhshandeh et al., 2007; Dong et al., 2019;
Jaimes-Aguirre et al., 2017), diabetes (Sharma et al., 2015), bacterial infections (Sonam et al.,
2014), for vaccine delivery (Bailey et al., 2017; Kaneko et al., 2018) or as diagnostic agents
(Zhu et al., 2019). The term ‘nano’ refers to structures between 1 and 100 nm, but nanoparticles
more commonly include structures of up to 1000 nm in one dimension (Farokhzad and Langer,
2009). The application of nanoparticles for drug delivery via the oral route of administration is
a simple approach and results in good patient compliance since self-administration of the drug

delivery system is convenient for the patient (Date et al., 2016).

For therapeutic applications, proteins and peptides are often referred to as
biopharmaceuticals or biomacromolecules and they are of interest due to their high efficiency,
low toxicity and good tolerance after administration (Malhaire et al., 2016; Thwala et al., 2017).
The main challenge for oral delivery of proteins and peptides, however, is their fragility in the
gastrointestinal tract (GIT) (Malhaire et al.,, 2016). There are three main hurdles
biomacromolecules encounter before reaching the cell surface where uptake into the body can
occur. These hurdles are (i) the changes in pH that occur throughout the GIT and alter the
ionisation status of the molecules, (ii) the presence of enzymes in the lumen and within
epithelial cells that can degrade biomacromolecules and (iii) the mucus layer covering the apical
surface of the epithelium that acts as a diffusion barrier to absorption (Kristensen and Nielsen,

2016). In addition, the physicochemical characteristics of biomacromolecules including a high
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molecular weight, hydrophilicity and enzymatic instability contribute to a low oral
bioavailability (< 1%) and poor permeability after oral administration (Bourganis et al., 2017,

Date et al., 2016; Thwala et al., 2017).

A strategy to overcome low bioavailability and physicochemical instability is the
encapsulation of biomacromolecules in drug delivery systems. Drug delivery systems are a
diverse group of carriers including liposomes (Kastner et al., 2015), micelles (Capretto et al.,
2012), lipid-polymer hybrid nanoparticles (Kim et al., 2012) and polymeric nanoparticles
(Jaimes-Aguirre et al., 2017). Nanoparticles can be used to shield proteins and peptides against
the harsh environment in the GIT and to assist the transport of therapeutics across the intestinal
epithelium (Malhaire et al., 2016). Polymeric nanoparticles are characterised by prolonged
stability in an acidic environment, low toxicity and targeted delivery abilities (Lee et al., 2016).
Three key advantages of polymeric nanoparticles as an oral drug delivery system have been
identified. The encapsulation of drug in polymeric nanoparticles improves the bioavailability
of the drug (Bobo et al., 2016), and facilitates controlled release of encapsulated drug from the
polymer matrix (Banik et al., 2016; Jaimes-Aguirre et al., 2017). A third advantage is that
surface modification increases the stability of the polymeric nanoparticles in in vitro and in vivo
conditions and the targeting of specific tissue as the site of action for the encapsulated drug

(Banik et al., 2016; Torchilin, 2014).

1.2 Polymeric delivery systems

Polymeric materials for production of nanoparticles for drug delivery can be obtained
from natural sources like albumin, alginate and chitosan or can be of synthetic origin (Zhang et

al., 2013). Synthetic polymers can be divided into biodegradable polymers like poly(e-
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caprolactone) and poly(lactic-co-glycolic acid) (PLGA) and non-degradable polymers such as
polyacrylates (Zhang et al., 2013). The polymer used for the formation of nanoparticles has a
major influence on the physicochemical characteristics of the formulated polymeric
nanoparticles and needs to be chosen carefully to suit the needs of the application (Bobo et al.,
2016). The focus of this thesis is on PLGA as a biodegradable polymer for oral drug delivery
systems due its biocompatibility and low toxicity and the approval of the polymer for human
applications by the FDA (Food and Drug Administration US) and EMA (European Medicine

Agency) (Danhier et al., 2012; Masood, 2016).

1.2.1 Poly(lactic-co-glycolic acid)

A copolymer is defined by the presence of two different monomer units repeating in the
polymer chain (Scott and Penlidis, 2017). The physicochemical characteristics of copolymers
depend on the incorporated monomers and show a wide range of characteristics due to the
combination of individual monomer properties (Scott and Penlidis, 2017). From a chemical
point of view, PLGA is a copolymer (Masood, 2016), but more commonly in scientific

publications it is referred to as a polymer and this nomenclature will also apply for this thesis.

The PLGA polymer consists of two monomers, namely lactic acid and glycolic acid,
and can be synthesised by direct polycondensation of the monomers or ring-opening
polymerisation of the cyclic diesters lactide and glycolide (Figure 1.1) (Avgoustakis, 2008).
Poly lactic acid (PLA) is a hydrophobic polymer due to methyl side groups in the molecule and
provides a slow rate of degradation over the period of weeks (Makadia and Siegel, 2011;
Steinbach et al., 2016). Poly glycolic acid (PGA) on the other hand is a hydrophilic polymer

and shows faster degradation because of hydrolytic instability (Makadia and Siegel, 2011). In
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a physiological environment, PLGA is degraded through hydrolysis of the ester bonds (Figure
1.1) and the monomers are further metabolized via the Krebs cycle, which leads to minimal

systemic toxicity (Avgoustakis, 2008; Danhier et al., 2012).

0 0 2
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x )KF £y Ring-opening 0
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: \H/ CH; ) |0
0 0] X y
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Lactide Glycolide
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™o 0 o H
D, L Lactic Acid Glycolic Acid

Figure 1.1. Structure and reaction of cyclic monomers used for the synthesis of PLGA and the
structure of monomers after hydrolysis of the PLGA polymer (Avgoustakis, 2008; Makadia and
Siegel, 2011).

The characteristics of the PLGA polymer, including degradation rate and solubility, are
influenced by the molecular weight and ratio of the monomers, the end-group (either acid or
ester-end groups) on the monomer as well as the shape of the polymer chain (Makadia and
Siegel, 2011; Park et al., 2019). A higher molecular weight PLGA and a higher amount of
lactic acid units result in slower degradation of the polymer (Park, 1995; Wu and Wang, 2001).
In particular, the solubility of PLGA depends on the ratio of lactic acid and glycolic acid

monomers. With an increasing number of lactic acid monomers and a decreasing number of
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glycolic acid monomers, the physicochemical characteristics change from being soluble in

fluorinated solvents to common organic solvents like acetone (Park et al., 2019).

1.3 Preparation of polymeric nanoparticles

Polymeric nanoparticles formulated with the PLGA polymer can increase the systemic
absorption after oral administration of small molecular weight drugs with different structures
and hydrophilicities as well as larger molecules like insulin, heparin and vaccines (Mante et al.,
2016). Efficient production of nanoparticles for drug delivery applications is increasingly

important to ensure that the benefits of these delivery systems are translated from ‘bench to

bedside’.

1.3.1 Bulk preparation methods

The formulation of nanoparticles is commonly performed with bulk preparation
methods, which use volumes between 5 and 50 mL in an appropriate vessel (Babos et al., 2018;
Haggag et al., 2018). There are a number of preparation methods like dialysis, interfacial
polymerisation, salting out and spray-drying that are less frequently used for the preparation of
nanoparticles (Allemann et al., 1993; Draheim et al., 2015; Kafka et al., 2009; Kostag et al.,
2010). Reasons for the infrequent use of these methods include the requirement of special
equipment, extensive washing, long production time (days) and unwanted side products. In this
Chapter, the focus is on the most common preparation methods including emulsion solvent
evaporation, nanoprecipitation, nanoemulsions and supercritical fluids for the formulation of

polymeric nanoparticles (Table 1.1).
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Table 1.1. Summary of bulk preparation methods for the formulation of polymeric
nanoparticles. PLGA = poly (lactic-co-glycolic acid), PCL = poly(e-caprolactone), PLA =
poly-L-lactic acid, PLLA-PEG = poly-L-lactic acid-poly (ethylene glycol), w/o = water/oil,
w/o/w = water/oil/water.

Preparation

method Polymer Advantages Disadvantages Reference
(Babos et al.,
Emulsion solvent PLGA, Encapsulation of High energy use  2018; Haggag et
evaporation PLGA- hydrophobic and ~ Time consuming al., 2018;
(w/o or w/o/w) PEG hydrophilic drugs Expensive Vaidya et al.,
2019)
o Encapsulation:
Nanoprecipitation PLGA, Small quantity of  hydrophobic drugs (Ja}ra etal,
/Solvent . - 2018; Vuddanda
. PCL organic solvent > hydrophilic
displacement drugs etal., 2015)
Mild operation (Feiner-Gracia
Nanoemulsion — conditions High etal., 2018;
: . PLGA .
phase inversion (temperature), concentration of Homs et al.,
composition (PIC) scale-up of surfactant 2018; Sharma et
production al., 2013)
Environmentally
friendly, i
Supercritical fluid PLA, low residual Nanoparticle size (Kalani and.
o Yunus, 2012;
— supercritical PLLA- solvent, > 300 nm o
: . . . Zabihi et al.,
anti-solvent PEG, mild operation Broad size )
: o L 2014; Zhao et
technique PLGA conditions distribution
al., 2014b)
(temperature,
pressure)

The most common bulk method for the production of PLGA nanoparticles is the
emulsification-based, double emulsion solvent evaporation method (Haque et al., 2018).
Applying the water/oil/water (w/o/w) double emulsion solvent evaporation method (Figure
1.2A), the polymer is dissolved in a water-miscible or immiscible organic solvent like
chloroform, dichloromethane or ethyl acetate and a primary emulsion in aqueous solution is
formed by high-energy sonication or homogenization (Haggag et al., 2018; Haque et al., 2018).
The primary emulsion, water/oil (w/0), is then added dropwise to an aqueous solution
containing stabilizer like polysorbate-80 or polyvinyl alcohol (PVA) (Jeevanandam et al., 2016;
Masood, 2016).

For the production of the double emulsion, high-energy sonication or

homogenization is applied and the secondary double emulsion is left for solvent removal at
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room temperature resulting in formation of polymeric nanoparticles by solidification of the
polymer (Arshad et al., 2015; Haggag et al., 2018; Haque et al., 2018). The high-speed
sonication or homogenization and the related energy that is introduced to form the emulsion
represents a crucial step in order to obtain particles in the nano-scale size range (Quintanar-
Guerrero et al., 1998). In addition, Haque et al. (2018) stated that the emulsification-based
method is influenced by the grade and concentration of the polymer, the concentration of
stabilizer, the volume of the aqueous and organic phases and the vessel geometry. An
alternative to this method is the single emulsion solvent evaporation method, which can be used
to encapsulate hydrophobic or poorly water soluble drugs (Sharma et al., 2016; Vaidya et al.,
2019). Using a single emulsion evaporation method, a w/o emulsion of polymer/drug mixture
in an aqueous surfactant solution is produced by high-speed sonication or homogenization

before solvent removal as described above (Figure 1.2B) (Sharma et al., 2016; Zu et al., 2019).

A
N
1. Add w/o
Organic Sonication | 2. Sonication
solution I wiolw
Aqueous
solution Polymeric nanoparticles
Solvent removal
B
Organic | Sonication olw
solution AN =
Aqueous Polymeric nanoparticles
solution \ J

Solvent removal

_ = Polymer molecules —— = Stirring bar

Figure 1.2. Schematic description of w/o/w double emulsion solvent evaporation (A) and o/w
single emulsion solvent evaporation (B) method for the preparation of polymeric nanoparticles
(Crucho and Barros, 2017).
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Nanoemulsions have a droplet size of 20-200 nm and can be used for the production of
polymeric nanoparticles with a size below 60 nm (Feiner-Gracia et al., 2018; Homs et al.,
2018). In order to produce nanoemulsions, high-energy methods like sonication and high-
pressure homogenization can be applied (Homs et al., 2018). Alternatively, low-energy
methods, such as the phase inversion composition method, where nanoemulsions are produced
by changing the solvent composition at a constant temperature can be used (Fornaguera et al.,
2015; Homs et al., 2018). High-energy methods are cost-inefficient due to the use of high levels
of energy, whereas low-energy methods can produce small and uniform droplets by stirring as
they utilize the internal chemical energy of the system (Caldero et al., 2011; Solans and Solé,
2012). Nanoparticles are then obtained from the nanoemulsion by solvent removal under

reduced pressure or continuous stirring (Caldero et al., 2011; Feiner-Gracia et al., 2018).

Another approach for the formation of nanoparticles utilizes supercritical fluids for the
production of polymeric nanoparticles (Table 1.1) (Zabihi et al., 2014). Using the supercritical
anti-solvent technique, supercritical COz is introduced under pressure into the organic polymer
solution, which is in a high-pressure tank containing liquid CO; that acts as an anti-solvent
(Zhao et al., 2014b). Under these conditions, the velocity of the supercritical CO2 breaks the
polymer solution apart and droplets are formed (Zhao et al., 2014b). The quick mass transfer
between the supercritical CO2 and organic solvent results in supersaturation and precipitation

of the polymeric precursor to form nanoparticles (Kalani and Yunus, 2012; Zhao et al., 2014b).

All of the methods described rely on residual solvent removal by magnetic stirring or

under reduced pressure before collection of nanoparticles (Masood, 2016; Sharma et al., 2016).
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The collected nanoparticles are then washed at least twice using centrifugation with either

centrifugation at high speed or ultra-centrifugation and dialysis (Masood, 2016).

1.3.2 Nanoprecipitation

Nanoprecipitation, also known as solvent displacement (Bairagi et al., 2018; Fessi et
al., 1989), is the second most commonly used method for the formulation of polymeric
nanoparticles (Table 1.1 and Figure 1.3A). The method was first described by Fessi et al.
(1989) and since then has been optimised and adapted for the production of polymeric
nanoparticles with a small size (< 300 nm) and to encapsulate both hydrophobic and hydrophilic
drugs (Bilati et al., 2005). Using nanoprecipitation, nanoparticles are prepared by the dropwise
addition of an organic solution of the polymer to an aqueous solution while the mixture is
agitated (Derakhshandeh et al., 2007). Suitable water-miscible organic solvents for use in the
nanoprecipitation method include acetone, acetonitrile, ethanol and dimethylsulfoxide (Bilati
et al., 2005). The aqueous phase usually contains ionic and non-ionic surfactants like PVA and
pluronics (Tefas et al., 2015). After addition of the organic solvent to the aqueous phase, an
emulsification process takes place due to agitation of the solutions and a colloidal dispersion
with nanodroplets is formed (Derakhshandeh et al., 2007). The nanodroplets are unstable and
interfacial tension is decreased due to the rapid diffusion of the organic solvent towards the
aqueous phase (Derakhshandeh et al., 2007). This process is further supported by the addition
of a surfactant added to the aqueous phase (Derakhshandeh et al., 2007). The added surfactant
acts as a stabilizer and reduces the interfacial tension between the organic and aqueous phase
of the colloidal dispersion (Tefas et al., 2015). Turbulence at the interface between the aqueous
and organic phase due to differences of the interfacial tension are described by the Marangoni

effect (Derakhshandeh et al., 2007; Fessi et al., 1989). The Marangoni effect is a result of
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variations in flow, diffusion and surface tension occurring at the interface of the two miscible
solvents (Bilati et al., 2005). Diffusion of the organic solvent reduces the local solubility of the
polymer at the interface between the organic solvent and the aqueous phase resulting in

nanoparticle formation due to precipitation of the polymer (Jara et al., 2018; Yadav and Sawant,

2010).
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Figure 1.3. Schematic of the bulk nanoprecipitation method for the preparation of polymeric
nanoparticles (A) and assembly of polymeric nanoparticles (B) during preparation using the
nanoprecipitation method (Crucho and Barros, 2017; Karnik et al., 2008).

After precipitation of the polymer, the formation of nanoparticles is described by

classical nucleation theory, which is divided into three stages (i) nucleation, (ii) growth and (iii)
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equilibrium (Figure 1.3B) (Jara et al., 2018). Nucleation occurs when a local supersaturation
of the polymer is achieved, meaning the concentration of the polymer is higher than its
solubility (Jara et al., 2018). During the nucleation phase, nuclei of dissolved polymer
molecules are formed and can undergo a growth reaction with the addition of further polymer
molecules (Lepeltier et al., 2014). The last stage, equilibrium, is described by the formation of
stable nanoparticles (Karnik et al., 2008). In order to formulate small and uniform
nanoparticles, the nucleation and growth processes need to be separated in time so that a high
nucleation rate can yield a high number of small nuclei (Jara et al., 2018; Lince et al., 2008).
The supersaturation state is influenced and controlled by the polymer concentration, type of
solvent and removal time, mixing energy and type of mixing (Jara et al., 2018). Further, the
addition of surfactants is crucial as they act as a stabilizer to avoid aggregation after formation
of monodisperse polymeric nanoparticles (Derakhshandeh et al., 2007; Tefas et al., 2015;

Vuddanda et al., 2015).

Even though the nanoprecipitation method is a simple preparation method (Jara et al.,
2018; Yadav and Sawant, 2010) and can be performed with basic laboratory equipment, the
physical process behind the formation of the polymeric nanoparticles is complex. The
advantages and disadvantages of the nanoprecipitation method are summarised in Table 1.1.
The main limitation of the nanoprecipitation method is the aggregation of nanoparticles and the
low reproducibility of the method (Jara et al., 2018). In order to overcome the limitations of
the nanoprecipitation method, an optimisation of the method is necessary and can be performed
using design of experiments (DoE). The principles of a DoE study are described in detail in
the introduction for Chapter 2. An optimised nanoprecipitation method can be used to
formulate uniform nanoparticles, yield higher encapsulation efficiency and drug loading and

reduce costs and production times (Jara et al., 2018).
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Each of the methods described up to this point are used for the preparation of polymeric
nanoparticles and suitable for the encapsulation of hydrophilic and hydrophobic drugs, but the
main drawback of these methods is the variation in particle size from batch-to-batch. A recent
advance in the production of nanoparticles is the use of microfluidics as a promising technique

to improve the formulation of nanoparticles.

1.3.3 Microfluidics

There are a plethora of nanoparticle carriers that have been developed for drug delivery,
however, successful translation to a therapeutic product is often limited by the ability to
consistently produce optimized, uniform nanoparticles with the potential for scale up of the
manufacturing process under GMP (good manufacturing practice) conditions (Valencia et al.,
2012). The application of microfluidic approaches can address the limitations of traditional
bulk production methods. Microfluidics makes use of intersecting microchannels, which enable
nanolitre volumes of fluids to be mixed homogeneously or contacted in a precisely controlled
environment (Khan et al., 2015; Whitesides, 2006). While a wide range of microchannel
configurations and flow types are used to prepare nanoparticles, a very common chemical
process for the nanoparticle preparation in these devices is an ‘anti-solvent approach’. Here,
the organic solution containing nanoparticle precursor components and the aqueous solution
are introduced into the microfluidic device at a pre-determined flow rate and flow rate ratio
between aqueous and organic reagents (Donno et al., 2017; Kolishetti et al., 2010). The flow
rate is the combined speed of the fluids within the microchannel and the flow rate ratio is the
ratio between the two solvent streams in the microfluidic device. Flow rate and flow rate ratio
are discussed in more detail in Chapter 2, Section 2.1.3. Mixing the organic solution with the

anti-solvent (most often the aqueous solution) induces precipitation of the precursor
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components as nanoparticles (Valencia et al., 2010). The advantages of microfluidic devices
include high reproducibility, control over the mixing process, the possibility of automation and
the mixing of fluids at high speed (Kang et al., 2005; Williams et al., 2008), enabling the rapid
production of nanoparticles. The key improvement of using a microfluidic device instead of a
bulk, macro-scale reaction vessels for the production of nanomedicines is the potential for

formulation of uniform nanoparticles (Jafarifar et al., 2017).

1.3.3.1 Types of microfluidics mixer

The mixing of small volumes of fluids in a microfluidic channel can be achieved using
devices with a range of different designs. There is a great variety of commercially available
microfluidic devices and individual microfluidic devices can be designed and manufactured
with soft lithography in the laboratory to suit specific production requirements. The most
commonly used microchannel design is hydrodynamic flow-focusing (HFF). HFF devices can
have a planar 2D geometry or a 3D geometry (Figure 1.4A and B) (Othman et al., 2015) and
can be used for the formulation of a variety of nanoparticles made of PLGA (Bramosanti et al.,
2017; Kang et al., 2013; Ortiz de Solorzano et al., 2016) and other polymers (Laulicht et al.,
2008; Liu et al., 2015; Min et al., 2014). In microfluidic devices, interfacial forces between the
fluids are dominant and diffusion-related mass transfer of the molecules is limited to the
interface between the fluids, which leads to greater control over the mixing process (Jahn et al.,
2004; Whitesides, 2006). With the 2D geometry device, fluids are injected concurrently
through three inlets. A central stream of a water-miscible organic solvent containing the
nanoparticle precursor components and drug is focussed horizontally by lateral fluid streams of
the aqueous anti-solvent introduced perpendicular to the central stream (Figure 1.4A) (Kang et

al., 2013). In a 2D HFF device, nanoparticle aggregation can occur at the wall of the
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microfluidic channel (Figure 1.4A, cross section) and interfere with the ability to control the
size of nanoparticles and also increase internal pressure in the device by blocking the
microchannel (Kang et al., 2013; Othman et al., 2015). However, by using a 3D HFF device a
more efficient mixing can be achieved because the solvent stream, introduced through a
capillary, is surrounded by the anti-solvent stream, avoiding aggregation of the polymer at the

walls of the microchannel (Figure 1.4B) (Kang et al., 2013; Lim et al., 2014a; Othman et al.,

2015).
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Figure 1.4. lllustration of the flow pattern of fluids in different microfluidic devices used for
the formulation of nanoparticles. (A) 2D and (B) 3D hydrodynamic flow-focusing
microchannel, (C) droplet-based microchannel and (D) microchannel with a staggered
herringbone mixer (SHM) channel design (Streck et al., 2019c).

A second common design that can be used for microfluidic mixing is a droplet-based
microfluidic system (Figure 1.4C). With this approach, emulsion droplets are formed by using
two immiscible fluids, e.g. water and oil, and a capillary microfluidic device (Utada et al., 2007;
Wang et al., 2011). Single, uniform droplets are generated when coaxial flow is induced by

reducing the diameter of the inner capillary, which is embedded in the outer capillary (Utada et
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al., 2007). The formed droplets have a spherical shape due to surface tension and act as a micro-
reactor for the formulation of nanoparticles in the emulsion (Wang et al., 2011). This approach
can be used for the formulation of polymeric nanoparticles, nanocrystals and liposomes (Wang

etal., 2011).

Finally, passive mixers can be incorporated as a structural element within the
microchannel to induce a turbulent flow of the fluids (Capretto et al., 2013). One of the most
common passive mixers in microfluidic devices is the staggered herringbone mixer (SHM) (Du
et al., 2010; Stroock et al., 2002). The SHM is described as an in-groove pattern in the
microchannel with an asymmetric herringbone shape (Figure 1.4D) (Du et al., 2010; Stroock et
al., 2002). The topology of the SHM disturbs the laminar flow of the fluids within the
microchannel, causing mixing of fluids through chaotic advection (Du et al., 2010). The main
advantages of the SHM are the simplicity of the manufacturing process and the ability to
achieve complete mixing of fluids at a low Reynolds number (Re) (Du et al., 2010). The Re is
a physical measurement of the viscous and inertial forces of fluids within a channel (Capretto
et al., 2013). At low Re, laminar flow is present and the fluids flow in a parallel pattern
(Capretto et al., 2013). In contrast, turbulences have a high Re and fluctuations and vortices of
the fluids occur in these situations (Capretto et al., 2013). Microvortices are able to increase
the yield (g/hour) of nanoparticle formulations due to rapid convective mixing of the solvent
and anti-solvent in the microchannel (Kim et al., 2012). Other structural elements including a
mixing spiral to create microvortices (Feng et al., 2017; Sun et al., 2015; Zhang et al., 2015) or
a zigzag mixer can be added as passive mixers to the microchannel to reduce the mixing time

(Valencia et al., 2010).
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As mentioned earlier for the bulk preparation of nanoparticles, residual solvent removal
is required before further use of polymeric nanoparticles produced with microfluidics e.g. in in
vitro cell culture studies. Processes like solvent removal with or without reduced pressure
(Leung and Shen, 2018; Ortiz de Solorzano et al., 2016), filtration through a 0.2 um membrane
(Donno et al., 2017; Kolishetti et al., 2010), ultrafiltration (Kolishetti et al., 2010), centrifugal
filtration (Lim et al., 2014b), centrifugation (Xie and Smith, 2010) or ultra-centrifugation
(Amoyav and Benny, 2018) are applied individually or in combination to remove residual

solvents.

Scaling up the production of nanoparticles is necessary to formulate a sufficient amount
of nanoparticles for in vivo studies and clinical applications (Baby et al., 2017). The
parallelization of 8-25 microfluidic channels can increase the productivity of nanoparticle
production from 0.084 g/h to 75 g/h depending on the microfluidic device (Lim et al., 2014a;
Min et al., 2014; Toth et al., 2017). Other strategies to scale up the production of nanoparticles
include increasing the flow rate or designing the microchannel to have a greater depth to

increase the sample volume and yield (Baby et al., 2017; Liu et al., 2015).

1.3.3.2 Optimisation of size and charge of polymeric nanoparticles

The size of nanoparticles plays a crucial role in determining the therapeutic efficacy and
biodistribution (Zhigaltsev et al., 2012), and generally small uniform nanoparticles are
desirable, particularly for intravenous drug application. Uniform and small nanoparticles can
be obtained with a microfluidic approach and are characterized by a low polydispersity and a

narrow size range (Capretto et al., 2013; Karnik et al., 2008). Further, a uniform nanoparticle
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size is advantageous for consistent release of encapsulated drugs, prediction of biodistribution

and cellular uptake of nanoparticles (Xie and Smith, 2010).

In order to influence the size of polymeric nanoparticles, sample-related parameters,
like molecular weight and concentration of the polymer, organic solvents, surfactant
concentration and channel dimensions can be varied to influence the size of polymeric
nanoparticles prepared using microfluidics. For example, an increase in size from 25 to 220
nm for polymeric nanoparticles formulated with polyethylene glycol-poly(lactic-co-glycolic)
acid (PEG-PLGA) polymer was found when the molecular weight of the PLGA polymer was
increased from 10 to 95 K (Kang et al., 2013; Lim et al., 2014a; Min et al., 2014; Valencia et
al., 2013). Similarly, an increase in concentration of the PEG-PLGA polymer from 5 to 50
mg/mL led to an increase in size of the resulting nanoparticles (Amoyav and Benny, 2018;
Kang et al., 2013; Karnik et al., 2008; Lim et al., 2014a) and a similar observation was made
for the PLGA polymer (Bramosanti et al., 2017; Karnik et al., 2008; Xu et al., 2017). However,
there are limits to these polymer characteristics in order to yield high quality nanoparticles.
This is illustrated in a study by Min et al. (2014) who reported aggregation when PEG-PLGA
with high molecular weight PLGA (PEGsk-PLGAssk) and at a high concentration (50 mg/mL)
were used in combination with a low flow rate ratio (7:3, aqueous:organic) and low flow rates
(< 0.08 mL/min). A possible reason for aggregation is that at low flow rates, the Re is low,
diffusive mixing is less efficient and aggregation of the non-precipitated polymer can occur
(Min et al., 2014). This demonstrates that several factors need to be considered to operate a
microfluidic device without losing control over the size of nanoparticles and to avoid blocking
of the microchannel (Liu et al., 2010). From the studies performed to date, it seems that the
influence of polymer concentration is more predominant than the influence of molecular weight

in determining the size of the resulting polymeric nanoparticles (Lim et al., 2014a).
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The organic solvent used to dissolve the polymer also influences the size of polymeric
nanoparticles. In comparison to polymeric nanoparticles formulated with dimethyl sulfoxide
(DMSO) as an organic solvent, smaller polymeric nanoparticles below 150 nm were obtained
when acetonitrile or acetone were used (Bramosanti et al., 2017; Chiesa et al., 2018). The
reason proposed for this was that the higher viscosity of DMSO reduced the flow of the fluids
at the interface between the aqueous and organic solutions in the microfluidic device, resulting

in an increase in nanoparticle size (Bramosanti et al., 2017; Chiesa et al., 2018).

The charge carried by polymeric nanoparticles is a key property that can influence in
vivo performance and is determined by the functional groups present on the polymers that
comprise the nanoparticles. Modification to the polymer end group can be used to influence
the surface charge of polymeric nanoparticles. For example, by mixing neutral PEG with a
methoxy (-OCHzs) end group with negatively charged PEG comprising a carboxyl (-COOH)
end group, the surface charge of nanoparticles was tuned between -5 and -20 mV (Valencia et

al., 2013).

Incorporation of stabilizers including PVA, sodium cholate or Tween®80 in the aqueous
anti-solvent for use in microfluidics can influence the size of PLGA nanoparticles and the
encapsulation efficiency of drugs (Morikawa et al., 2018). The highest encapsulation efficiency
of 18% for curcumin-loaded PLGA nanoparticles was achieved with 1% (w/v) PVA (Morikawa
et al., 2018). However, the nanoparticles showed a large size of around 200 nm. In contrast,
nanoparticles formulated with sodium cholate or Tween®80 had an encapsulation efficiency
below 15% and a size below 120 nm (Morikawa et al., 2018). Amoyav and Benny (2018) also

investigated the influence of PVA on the size of PLGA-PEG nanoparticles and found that
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smaller nanoparticles with a size of 130 nm were produced with increasing concentrations of
PVA from 0.5 to 2% (w/v). Surfactants such as PVA are needed to reduce the interfacial tension
between the fluids and avoid aggregation of the newly formed nanoparticles (Amoyav and

Benny, 2018).

Baby et al. (2017) investigated the influence of the microchannel characteristics, width
(y-dimension) and depth (z-dimension), of a 2D HFF device on the size of PEG-PLGA
nanoparticles. The size of PEG-PLGAssk nanoparticles increasing to 107 nm when the width
of the microchannel was increased from 20 to 100 um. Further, an increased depth of the
microchannel, 200 um in comparison to 50 um, decreased the size of the formulated

nanoparticles by 40 nm at a flow rate ratio of 0.8 (Baby et al., 2017).

Microfluidics is an efficient approach to tune the size of nanoparticles by altering
sample-related parameters. In addition, the physicochemical characteristics of polymeric
nanoparticles such as surface charge and decoration can be altered to enhance nanoparticle-cell

interaction.

1.4 Modifications of polymeric nanoparticles

The potential of nanoparticles to be effective drug carriers depends on their
physiochemical properties, which determine interactions with the human body including
cellular uptake, biodistribution and clearance (Banik et al., 2016; Griffin et al., 2016; von
Roemeling et al., 2017). Further, the biodistribution of polymeric nanoparticles depends on
several characteristics of the drug delivery system including size, charge, surface modifications

and the surface density of ligands (Farokhzad and Langer, 2009).

44



Chapter One

1.4.1 Influence of size on cellular uptake and biodistribution

As discussed earlier, the size of nanoparticles is influenced by the components used in
their production such as the type of polymer (e.g. PLGA, chitosan) and surfactant (e.g. PVA)
and by the selected preparation method (Banik et al., 2016; He et al., 2010; Partikel et al.,
2019). The preferred pathway of cellular uptake is determined by the size of the nanoparticles,
with smaller nanoparticles having a greater chance of uptake in comparison to larger
nanoparticles (Griffin et al., 2016). Nanoparticles with a size under 1 um are internalized via
phagocytosis and nanoparticles with a size under 200 nm can enter the cell via endocytosis
(Sharma et al., 2015). He et al. (2012) showed higher uptake of methyl methacrylate-chitosan
nanoparticles with a size of 300 nm in comparison to nanoparticles with a size of 600 or
1000 nm in a Caco-2 cell monoculture and co-culture with Raji B cells. An explanation for this
size-dependent behaviour is that with a larger size, the number of available pathways for uptake
into cells is reduced (He et al., 2012). Endocytic uptake pathways for nanoparticles include the
clathrin-dependent and caveolae-dependent pathways as well as macropinocytosis (Dausend et
al., 2008), which are further discussed in Section 1.5.2. In a similar study, PLGA nanoparticles
with a size of 170 nm showed greater uptake in Caco-2 cells in comparison to PLGA
nanoparticles with a size above 300 nm (Gaumet et al., 2009), indicating that the size of

polymeric nanoparticles is crucial to enhance cellular uptake.

In addition, the size of polymeric nanoparticles influences their elimination from the
body. The main routes for elimination of nanoparticles include the kidneys, the lymphatic
system and the reticuloendothelial system (RES) (Griffin et al., 2016; von Roemeling et al.,
2017). The RES, more frequently referred to as the mononuclear phagocytic system (MPS), is

the system responsible for the removal of nanoparticles from the blood vessels by macrophages
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(Alexander-Bryant et al., 2013). Nanoparticles circulating in the bloodstream are recognised
by proteins called opsonins (Alexander-Bryant et al., 2013). These proteins bind to the
nanoparticle surface and make the particles available to be taken up by macrophages and further
transported to liver and spleen (Alexander-Bryant et al., 2013; Danhier et al., 2012).
Nanoparticles with a size above 200 nm are likely to be removed by the MPS, whereas smaller
nanoparticles under 100 nm and with hydrophilic characteristics show fewer interactions with
the MPS and can avoid elimination (Alexander-Bryant et al., 2013). Nanoparticles with a size
between 40-60 nm can exit blood vessels via fenestrated capillaries in the kidneys and in the
intestine (Siafaka et al., 2016). The pores in the renal fenestrated endothelium are up to 100
nm in diameter and particles with a smaller size can pass through (von Roemeling et al., 2017).
The route of elimination through the lymphatic system applies to nanoparticles with a size of
600 nm or more and clearance occurs through liver and spleen (Bobo et al., 2016; Siafaka et

al., 2016).

1.4.2 Effective surface charge

The degree of surface charge associated with nanoparticles influences the stability of
the nanoparticles and thus their tendency to aggregate. Polymeric nanoparticles form a stable
suspension if their zeta potentials are lower than -30 mV or higher than +30 mV, since the
aggregation of nanoparticles is reduced due to electrostatic repulsion between the nanoparticles
(Sonam et al., 2014; Tefas et al., 2015; Vasconcelos et al., 2015). Depending on the design of
the nanopatrticles, their surface charge is able to influence the electrostatic interactions with the
gastrointestinal mucus (Griffin et al., 2016). Mucin, a mucus protein, can immobilise charged
nanoparticles because of hydrophobic interactions (Lundquist and Artursson, 2016).

Nanoparticles with a surface charge between -10 and +10 mV show fewer interactions with the
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cell membrane, whereas positively charged nanoparticles (> +15 mV) can help to improve the
internalization due to the interactions with the negatively charged cell membrane (He et al.,
2010; Lundquist and Artursson, 2016). After internalization, positively charged nanoparticles
are also able to avoid degradation via lysosomes and locate in the perinuclear regions of cells

(Danhier et al., 2012; Frohlich, 2016).

1.4.3 Surface modification

The surface of nanoparticles can be modified and approaches such as the addition of
PEG (Partikel et al., 2019), coating with chitosan (Cole et al., 2018) and attachment of ligands

(Bartheldyova et al., 2018) are used (Figure 1.5).

G- CPPs
=== Targeting Ligand
S~ PEG

Figure 1.5. The influence of size, charge and surface modification on the physicochemical
properties of polymeric nanoparticles (Fenton et al., 2018; Torchilin, 2014). CPPs = cell-
penetrating peptides, PEG = polyethylene glycol.

Modification of nanoparticles with PEG attached to the nanoparticle wall is beneficial
to achieve a longer blood circulation in order to increase the half-life of the nanoformulations
in the bloodstream (Danhier et al., 2012). The molecular weight and density of PEG chains on
the nanoparticle surface influence the absorption of proteins leading to an inhibition of the
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opsonisation process and the delayed clearance of the modified nanoparticles (Pelaz et al.,
2015; von Roemeling et al., 2017). In addition, PEG decoration can enhance the mucus
permeability, by preventing aggregation and reducing degradation of the nanoparticles (Griffin

etal., 2016).

The surface of polymeric nanoparticles can be modified by coating the nanoparticles
with a charged polymer. The coating of polymeric nanoparticles is based on an electrostatic
interaction between the negatively charged nanoparticles and the positively charged chitosan
(Czuba et al., 2018). The blood circulation time of chitosan-coated polymeric nanoparticles is
improved by hindrance of protein binding to the surface of the nanoparticles and prevention of
phagocytic uptake (Abouelmagd et al., 2015). After oral administration, the chitosan coating
can act as a permeation enhancer due to the mucoadhesive properties of chitosan and by opening
tight junctions between epithelial cells and increasing uptake (Cole et al., 2018; Lopes et al.,

2016; Sheng et al., 2015).

Surface modification of nanoparticles with specific ligands, including proteins like
transferrin and glycoprotein 1b and polysaccharides like hyaluronic acid, are advantageous for
targeted delivery of drugs into epithelial, endothelial and cancer cells, respectively
(Bartheldyova et al., 2018; Xu et al., 2013a; Zhu et al., 2016b). Active targeting is achieved
by binding of surface-modified nanoparticles to specific and overexpressed receptors on target

cells or by extending the residence time and uptake (Danhier et al., 2012; Date et al., 2016).
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1.5 Cell-penetrating peptides

Cell-penetrating peptides (CPPs) are membrane-permeable peptides with positive
charges, dictated by the number of arginine and lysine amino acids in the peptide sequence
(Jafari et al., 2015; Lonn and Dowdy, 2015). CPPs are short amino acid sequences of 30 amino
acids or less and also called protein transduction domains or Trojan peptides and show potential
to enhance the delivery of cargos (Huang et al., 2013; Jafari et al., 2015; Lukanowska et al.,
2013; Zhang et al., 2016). CPPs are characterised by the ability to cross cell membranes, such
as the blood brain barrier and intestinal membrane, while also mediating the uptake of cargos
due to the strong affinity of the CPPs to the lipid bilayer of cells (Feiner-Gracia et al., 2018; Su
et al., 2009; Zhu et al., 2016a). The translocation ability applies to the CPP on their own but
also for conjugates of the CPPs with different cargos like polymeric nanoparticles (Feiner-
Gracia et al., 2018; Vasconcelos et al., 2015), liposomes (Shi et al., 2019), protein-based
nanoparticles (van Oppen et al., 2019), macromolecules such as peptides, proteins (Kristensen
et al., 2015), small interfering RNA (siRNA) and plasmid DNA (Kunnapuu et al., 2019; Zhang
et al., 2019) and fluorophores (Trehin et al., 2004). CPP conjugates have been studied for the
treatment of asthma, cardiovascular diseases, inflammation, cancer and stroke (Jones et al.,

2005).

1.5.1 Classification and specific properties of CPPs

CPPs can be classified into different categories depending on the focus of the
classification (Table 1.2). Commonly CPPs are classified based on their physicochemical
properties and divided in cationic, amphipathic and hydrophobic CPPs (Jafari et al., 2015).
Further, CPPs are categorised by the origin of the peptide and can be either derived from natural

proteins, chimeric combination of two different peptide motifs or synthesised as artificial
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sequences of amino acids (Jafari et al., 2015; Zhu et al., 2016a). The number of charges in the
CPP sequence influences the penetration abilities of CPPs; with a comparatively small amount
of positive charges leading to reduced cell internalization. In contrast, a high amount of positive

charges can induce toxicity (Lonn and Dowdy, 2015).

CPPs that are commonly used for drug delivery include TAT, polyarginine, penetratin
and Xentry. The highly positively charged TAT is the most studied CPP and is derived from
the human immunodeficiency virus trans-activating transcriptional activator (TAT) protein
(Trehin et al., 2004). The translocation abilities of the TAT protein were discovered by Green
and Lowenstein as well as Frankel and Pabo in 1988 (Frankel and Pabo, 1988; Green and
Loewenstein, 1988). Later, Vives et al. (1997) identified that the amino acid residues number
48-60 (GRKKRRQRRRPPQ) showed cell internalization on their own. The number of arginine
residues in the CPP sequence influences the transduction ability of the highly positively charged
arginine-rich CPPs to deliver small molecules. Synthetic CPPs with 6 to 12 arginine residues
were found to achieve an efficient translocation into mouse macrophages and human skin
fibroblasts (Futaki et al., 2001; van Oppen et al., 2019). Further, polyarginines showed higher
efficiency for the internalization in comparison to polyhistidines and polylysines (Mitchell et
al., 2000). Some CPPs are of special interest due do the fact that the peptide has been shown
to have specific features in addition to translocation abilities. Penetratin (Table 1.2) can cross
the blood brain barrier (Xia et al., 2012) and Xentry (Table 1.2) can permeate into cancer cells
such as HepG2 cells to deliver siRNA, which express syndecans, a group of heparan sulphate

proteoglycans on the cell surface (Montrose et al., 2014b; Patel et al., 2019).
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Over the years, additional categories for the classification of CPPs have emerged and
include antimicrobial, activatable and cyclic CPPs. For example, transportan (Table 1.2) shows
antimicrobial activity against Gram-positive and Gram-negative bacteria, which makes it
attractive for conjugation with antibiotic drugs (Ruczynski et al., 2019). Antimicrobial peptides
have similar characteristics as CPPs, but a higher number of lysine residues in the sequence is
beneficial for uptake into bacteria (Bahnsen et al., 2013). Another class of CPPs are ‘activatable
CPPs’, which are designed to release the functional CPP sequence from a polyanionic peptide
after activation by enzymes (Farkhani et al., 2014). Activatable CPPs are primarily used in
cancer research and can be utilized for the visualisation of enzyme reactions by releasing
imaging probes (Farkhani et al., 2014). The CPP sequence plays a role in the cellular uptake
and a modification of the amino acid sequence to form cyclic CPPs is believed to enhance the
delivery capacity of CPPs and promote cellular uptake efficiency (Amoura et al., 2019; Patel
et al., 2019). A cyclic structure is formed by disulphide bonds between cysteine residues after
introduction to the amino acid sequence at the N- and C-terminal ends (Amoura et al., 2019;
Patel et al., 2019). Cellular uptake, expressed as an increase in fluorescence in HeLa cells, of
conjugates between cyclic Rg or TAT and the green fluorescence protein increased by 6-9 fold

in comparison to the linear amino acid sequences of the CPPs (Patel et al., 2019).

1.5.1.1 Sequence-modified cell-penetration peptides

Optimisation of the CPP sequence is of great research interest and several studies have
shown a positive impact on cell internalization when branched CPPs are used. Limitations of
linear CPPs include a low translocation efficiency, low target specificity and instability in the
physiological environment (Monreal et al., 2015). Modification of the CPP sequence results in

new classes of CPPs with a variety of different architectures (Figure 1.6).
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Figure 1.6. Classification of cell-penetrating peptides after modification of their sequence by
adding branches, dimers, scaffolds and creating networks and dendrimers (Angeles-Boza et al.,
2010; Brock et al., 2018; Eggimann et al., 2014; Foerg et al., 2007; Jeong et al., 2016; Saleh et
al., 2010; Yoo et al., 2017; Zhao et al., 2014a). CPP = cell-penetrating peptide.

New strategies to increase the number of positive charges associated with CPPs include
the synthesis of more complex CPP analogues with additional cationic groups. The
dimerization of CPPs (Figure 1.6) showed improvements in cellular uptake, endosomal escape
and cytotoxicity (Erazo-Oliveras et al., 2014; Monreal et al., 2015). For example, the
fluorescently labelled dimeric branched TAT peptide (TATp-D) led to an improved cellular
uptake in HeLa cells, with a six- to seven-fold increase in fluorescence intensity compared to
linear TAT at concentrations of 0.25 uM (Monreal et al., 2015). Another dimeric and

fluorescent TAT (dfTAT) showed the ability of efficient cytosol delivery of a cell-impermeable
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fluorophore after co-administration to HelLa cells (Erazo-Oliveras et al., 2014). Further, the
dimerization of the sC18 peptide (derived from the antimicrobial parent protein CAP 18),
increased the fluorescence intensity of the sC18 dimer in HT-29-MTX-E12 cells (further
referred to as HT-29 cells) by 10-fold in comparison to a linear sC18 (Hoyer et al., 2012). In
addition, the dimeric TAT-based CPPs, TATp-D and dfTAT, did not show cytotoxicity in HeLa
at concentrations between 5-50 uM and concentrations of the sC18 dimer up to 50 uM did not
show cytotoxicity in HT-29 cells (Erazo-Oliveras et al., 2014; Hoyer et al., 2012; Monreal et

al., 2015).

The CPP sequence can be modified by the introduction of side branches, formation of
dendrimers, linkage of CPPs sequences via disulphide bonds and attachment of the CPP
sequence to a peptide scaffold (Figure 1.6). Side branches can either be single or multiple
branches and can consist of specific amino acid sequences or can be non-natural amino acid
sequences, depending on the application (Foerg et al., 2007; Saleh et al., 2010). The formation
of G1 to G3 dendrimers based on CPP sequences can increase the charges in the outer region
of the peptide sequence (Zhao et al., 2014a). A G3 dendrimer based on TAT with short
dipeptide branches showed higher cell penetration, lower cytotoxicity in HeLa cells and better
human serum stability in comparison to the linear CPP (Eggimann et al., 2014). Cysteine can
be used to link to CPPs via disulphide bonds when adjacent cysteine residues are present in the
CPP sequence. A branched TAT network made through disulphide bonds showed improved
gene delivery ability and cyto-compatibility compared to the linear peptide TAT (Jeong et al.,
2016; Yoo et al., 2017). CPPs can be conjugated to a peptide scaffold containing lysine or
cysteine amino acids in order to achieve a branched structure (Angeles-Boza et al., 2010; Brock
et al., 2018). The peptide scaffold further serves for the conjugation of a fluorescent dye for

detection purposes (Angeles-Boza et al., 2010; Brock et al., 2018). Trimers of TAT on a
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peptide scaffold showed locally increased concentrations (Angeles-Boza et al., 2010), and more
efficient endocytosis in comparison to the monomeric TAT (Brock et al., 2018). It is worth
noting that these trimers of TAT on a peptide scaffold were only non-toxic to Hela cells at

concentrations below 3 UM (Angeles-Boza et al., 2010; Brock et al., 2018).

1.5.2 Interactions between cell-penetrating peptides and cells

CPPs have been studied for more than thirty years, starting with the discovery of TAT
in 1988; however, their detailed cellular uptake mechanisms as drug delivery systems are still
not completely understood. Initially, it was believed that direct penetration was the main route
for CPPs into cells but with further investigations also endocytosis was found as a pathway for
CPP uptake (Silva et al., 2019). The cellular uptake of CPPs is proposed to occur via non-
endocytic pathways or endocytic pathways (Birch et al., 2018b) and is influenced by the
structure and concentration of the CPP, the delivery cargo, the bond with the delivery cargo,
the detection label, temperature, cell type and lipid composition of the cell membrane (Cardoso
et al., 2012; Hoyer et al., 2012; Hu et al., 2019; Hyrup Mgller et al., 2015; Klein et al., 2017,
Patel et al., 2019). A rapid uptake or direct transduction through the cell membrane is observed
when cells are incubated with higher concentration of CPPs due to a higher local concentrations

of the CPPs on the cell membrane (Brock, 2014; Pan et al., 2016).

The different models proposed for CPP uptake are based on the general assumption that
the mechanism for translocation is through interactions between the positively charged CPPs
and the negatively charged phosphate groups of the cell membrane (Hu et al., 2019).
Specifically, the guanidinium ion that is present in arginine-rich CPP sequences interacts with

the negatively charged functional groups on phospholipids, monosaccharides and proteins
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present in the cell membrane (Borrelli et al., 2018; Su et al., 2009). A study by Su et al. (2009)
showed the importance of arginine and lysine amino acids in the CPP sequence by investigating
the distance between penetratin and phospholipids, indicating a close contact of arginine and
lysine with the phospholipids. More recently, molecular simulations also showed strong
attraction between CPPs and phospholipids, which is needed for translocation through the lipid-

rich cell bilayer (Gao et al., 2019).

Inverted micelle model
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- toroidal S
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Direct penetration

Endocytosis

Macropinocytosis
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- clathrin-dependent
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Figure 1.7. Cellular uptake mechanisms of cell-penetrating peptides adapted from Guidotti et
al. (2017) with permission from Elsevier.

The non-endocytic pathways (direct translocation) include uptake in an energy
independent manner via the inverted micelle, the carpet model or the pore model (Figure 1.7)
(Derossi et al., 1996; Koren and Torchilin, 2012). The inverse micelle model is based on the
formation of an inverse micelle within the cell membrane, which incorporates the peptides on
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the outside of the cell and releases the peptides on the inside of the cell (Su et al., 2009). The
carpet model is described by the adsorption of CPPs to the outer layer of the cell membrane in
a parallel orientation (Binder and Lindblom, 2003; Clayton et al., 2006; Su et al., 2009). With
the presence of the CPPs on the surface of the cell membrane, the transmembrane electric field
between the outer and inner membrane is disturbed resulting in the permeation of the CPP
through the leakier cell membrane (Binder and Lindblom, 2003; Su et al., 2009). After
translocation of the CPP, an equilibrium of the CPP concentration between the outside and the
inside of the cell supports the stabilization of the transmembrane electric field (Binder and
Lindblom, 2003). The carpet model was reported for penetratin and arginine-rich CPPs (Alves
et al., 2008). Two kinds of pores, barrel-stave and toroidal, are induced by CPPs (Clayton et
al., 2006). In the barrel-stave pore model, CPP monomers aggregate and form a bundle were
the hydrophobic regions interact with the lipid compartments of the cell membrane and the
hydrophilic regions of the bundle produce an aqueous pore (Clayton et al., 2006). In contrast,
the toroidal pore model relies on direct interactions of the hydrophilic and charged regions of

the CPPs with the phospholipid head groups of the cell membrane (Clayton et al., 2006).

To better understand the interactions on a molecular level, molecular simulation
between a cell membrane model and CPPs are used (Gao et al., 2019; Hu et al., 2019).
Molecular dynamic simulation of octa-arginine with a small hydrophilic cargo showed that the
lifetime of a formed water pore within the membrane is longer and translocation of CPPs and
cargo increased when the linker length is half the membrane thickness (Hu et al., 2019). Itis
important to consider that linkers between CPPs and cargos can influence the cellular selectivity
and linkers should be biodegradable (Hu et al., 2019). The direct penetration mechanisms are
preferred by CPPs with small cargos, whereas CPPs with larger cargos (peptides and proteins)

prefer to enter the cell via endocytosis (Brock, 2014; Patel et al., 2019).
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Endocytosis mechanisms including clathrin-dependent, caveolae-dependent, clathrin
independent and caveolae independent uptake as well as macropinocytosis can be utilized by
CPPs (Figure 1.7) (Gump et al., 2010; Koren and Torchilin, 2012). For the clathrin-dependent
endocytosis, clathrin coat protein complexes are expressed on the cell surface and binding of
molecules induces endocytosis (Xu et al., 2013b). Caveolae appear as invaginations on the cell
surface and after binding to the cell surface molecules get trapped and internalised (Pelkmans
and Helenius, 2002). Macropinocytosis relies on the formation of membrane ruffles, which are
able to fold back towards the cell membrane entrapping fluids and nanoparticles located on the
cell surface (Reifarth et al., 2018; Xu et al., 2013b). Cellular uptake via macropinocytosis is
initiated by electrostatic interactions of the positively charged and arginine-rich CPPs with
negatively charged molecules on the cell membrane (Gump et al., 2010). The internalization
of CPPs via endocytosis results in the formation of endosomes containing the CPPs (Jones,
2007). Therefore, after endocytosis it is important for the CPPs to escape the endosome in order
to avoid degradation and to deliver the cargo (Silva et al., 2019). Possible mechanisms include
release through endosomal acidification or interaction of the CPPs with the endosomal

membrane (Fischer et al., 2004; Silva et al., 2019).

Apart from the uptake pathway of CPPs, there are three crucial steps to consider for
successful internalization. First, the CPP needs to bind to the components of the cell membrane
and secondly the binding needs to be followed by the absorption through the hydrophobic cell
membrane. Lastly, a breakage of the bond between the cell membrane and the CPP needs to
occur in order to release the CPP into the cytoplasm (Herce et al., 2014). These steps are crucial
for a translation of CPPs from in vitro and in vivo studies to clinical studies and the development

of commercial products.
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The number of CPPs in the clinic and in clinical trials is low due to a limited
understanding of the molecular mechanisms for the uptake of CPPs into cells (Gao et al., 2019;
Klein et al., 2017). CPPs are captured in endosomes after endocytosis and the low cytoplasmic
delivery efficiency, as well as the low bioavailability and selectivity, make translation to the
clinic difficult (Klein et al., 2017). Clinical trials are mainly reported for CPP-drug conjugates
and the reasons for discontinuing clinical trials include low stability and poor efficiency of
CPPs in vivo and toxicity introduced by excipients (Habault and Poyet, 2019). For the efficient
delivery of CPPs and cargos into cells, it is crucial to understand the uptake mechanisms and
localization processes within the cells and ensure the functionality of the cargo is protected until

it reaches the site of action (Huang et al., 2015).

1.5.3 Association of cell-penetrating peptides with cargos

The association of CPPs with cargo includes either a physical mixture of both
components or formation of a covalent bond between CPP and cargo (Figure 1.8) (Liu et al.,
2013). Both approaches, non-covalent and covalent conjugation, aim to increase the delivery

efficiency of cargos and are used for a variety of different cargos (Huang et al., 2015).
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Figure 1.8. Possible cell-penetrating peptide cargos and schematic of non-covalent (A) and
covalent (B) interactions between polymeric nanoparticles and CPPs (Guidotti et al., 2017;
Streck et al., 2019c) (With permission from Elsevier). CPP = cell-penetrating peptide.

Using a physical mixture, CPPs and cargos are co-administered in order to enhance the
cellular interactions of the cargo (Bu et al., 2015). The main non-covalent binding approaches
include electrostatic interactions and the formation of ionic complexes between anionic and
cationic molecules or streptavidin-biotin interactions and metal-affinity interactions between
CPPs and cargos (Huang et al., 2015). Electrostatic interaction based on opposite charges can
be formed between CPPs and macromolecules as well as polymeric nanoparticles and CPPs
(Figure 1.8A) (Bu et al., 2015; Liu et al., 2013). CPPs were found to enhance absorption of
biomarcomolecules (e.g. insulin) by co-administration with excess concentrations of CPPs
(Kamei et al., 2009). Using electrostatic interactions, CPPs should be present in excess to

ensure binding to oppositely charged cargos. Any potential instability of the physical mixture
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also needs to be considered due to interactions with competing ions in the GIT (Liu et al., 2013).
Further, CPPs have been used for in vivo gene and protein delivery after complexation or
condensation of CPPs with siRNA or antigens and studies in mice have shown that these CPP
delivery systems were able to inhibit the influenza virus replication and reduced tumour growth
of lung epithelial cells that were transformed with human papillomavirus (Shahbazi and
Bolhassani, 2018; Zhang et al., 2019). Electrostatic interactions between negatively charged
PLA or PLGA nanoparticles and positively charged CPPs can enhance the delivery of
CPP/messenger RNA polyplexes and encapsulated drugs (Bu et al., 2015; Cai et al., 2017;

Coolen et al., 2019).

The covalent linkage between CPPs and cargos depends on the cargo that is bound to
the CPP. Proteins and peptides are most commonly conjugated to CPPs by gene fusion utilizing
bacterial expression of recombinant fusion peptides between CPPs and therapeutic peptides or
proteins (Kristensen et al., 2015). For the conjugation of drug molecules, proteins and
fluorescent dyes for tracking of CPP-cargo formulations, chemical reactions like click
chemistry reactions are used (Patel et al., 2009; Ruczynski et al., 2019; Trehin et al., 2004).
Other binding strategies for cargos to CPPs include covalent linkage via hydrazine and
disulphide bonds (Hu et al., 2019). The linkage of small molecules to the CPP sequence should
preferably leave amino acids towards the C-terminus protonated, in order to preserve the
activity of CPP and cargo, the uptake abilities, and to avoid unwanted toxicity (Ruczynski et
al., 2019). Covalent conjugation between CPPs and the above mentioned cargos results in well-
defined molecules and enables predictions of the chemical structure and the activity of the
conjugates (Kristensen et al., 2015; Patel et al., 2019). Recent studies have shown that the
position of the conjugation in the CPPs sequence is crucial since this influences if a compound

shows biological activity e.g. against bacteria (Patel et al., 2019).
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Different bioconjugation reactions can be used to functionalize polymeric nanoparticles
with CPPs. A covalent linkage between CPPs and nanoparticles can be produced by
bioconjugation reactions between polymers and CPPs (Figure 1.8B). Typical bioconjugation
reactions are the formation of a thiol-maleimide bond by thiol-amine coupling (Nam et al.,
2002; Steinbach et al., 2016; Xia et al., 2012) and formation of an amide bond by carbodiimide
conjugation (Egusquiaguirre et al., 2015). Arginine-rich CPPs are well-established for the
surface modification of polymeric nanoparticles or inorganic nanoparticles and less frequently
for the surface modification of liposomes (Figure 1.8) (Bartczak and Kanaras, 2011; Gullotti
and Yeo, 2012; Shi et al., 2019). As part of the introduction to Chapter 2, these reactions will

be explained in more detail (Section 2.1.4).

To confirm surface modification, surface charge is frequently used to assess the
conjugation of polymeric nanoparticles with CPPs (Coolen et al., 2019; Moku et al., 2019).
Changes in surface charge from a negative surface charge of unmodified polymeric
nanoparticles to a slightly negative or positive surface charge can indicate successful
conjugation of CPPs, depending on the exact composition of the nanoparticle formulation with
CPPs (Gartziandia et al., 2016; Liu et al., 2013; Xu et al., 2013a). Additionally, techniques
including Fourier-transform infrared spectroscopy (FTIR), nuclear magnetic resonance and X-
ray photoelectron spectroscopy (XPS) are used to investigate covalent binding (Bu et al., 2015;
Liu et al., 2013; Xia et al., 2012). For example, using XPS the elemental composition of the
modified nanoparticles is investigated and the presence of nitrogen indicates the modification
of the surface with CPPs (Liu et al., 2013; Xia et al., 2012). FTIR spectroscopy will be

discussed further in Section 2.1.4.
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Surface modification of polymeric nanoparticles to enhance delivery of encapsulated
macromolecules is a prudent approach that does not alter the bioactivity of the encapsulated
macromolecule (Jain and Jain, 2015; Liu et al., 2013). CPPs have been conjugated to the
surface of polymeric nanoparticles to increase cellular uptake via the ocular and oral routes of
drug administration (Chiu et al., 2015; Vasconcelos et al., 2015; Zhu et al., 2016a). In this
thesis, the focus is on microfluidics for the preparation of polymeric nanoparticles and the
conjugation of CPPs with different architecture to alter the surface properties of polymeric

nanoparticles and exploit the influence of the CPP architecture on cellular uptake.

1.6 Thesis aims

Despite the vast amount of research conducted in pharmaceutical formulation science,
there is still a need for the improvement of drug delivery systems to successfully translate the
research from bench to bedside. Therefore, the overall aim of this thesis was to design,
characterise and evaluate an oral drug delivery system with polymeric nanoparticles decorated

with CPPs of different architectures for the ability to enhance cellular uptake.

The use of microfluidics for the formulation of polymeric nanoparticles results in the
preparation of small and uniform nanoparticles with a good reproducibility. Here, a traditional
bulk method and a microfluidics method were compared to investigate if microfluidics is
advantageous over a traditional bulk approach for the formulation of PLGA nanoparticles
(Chapter 2). Further, the conjugation of CPPs with different architecture to the surface of
PLGA nanoparticles leads to a change in the physicochemical properties of the nanoparticles.
Therefore, PLGA nanoparticles were modified with CPPs of different architecture using the

post-microfluidics conjugation approach and the influence of the CPP architecture on the
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physicochemical properties such as size and surface charge of the CPP-tagged PLGA

nanoparticles was studied (Chapter 2).

To gain a better understanding of the surface modification and distribution of CPPs on
PLGA nanoparticles a second preparation method, an in situ microfluidics conjugation
approach, for the formulation of the CPP-tagged PLGA nanoparticles was designed. The
translation of the conjugation reaction from a post-microfluidics to an in situ microfluidics
conjugation approach should change the CPP distribution on PLGA nanoparticles. The
influence of CPP architecture and the conjugation approach on the distribution of CPPs on
PLGA nanoparticles were elucidated with transmission electron microscopy and small angle

X-ray scattering (Chapter 3).

To investigate the cellular uptake and interactions of CPP-tagged PLGA nanoparticles
with the nano-bio interface, in vitro studies with two different cell lines were performed. CPP-
tagged PLGA nanoparticles are expected to show greater cellular uptake than unmodified
PLGA nanoparticles due the surface modification with CPPs. Further, the role of the CPP

architecture on the internalization of PLGA nanoparticles was investigated (Chapter 4).
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Formulation and characterisation of poly-lactic-co-glycolic acid (PLGA)
nanoparticles modified with cell-penetrating peptides of different architectures
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Chapter Two

2.1 Introduction

The physicochemical characteristics of drug delivery systems depend on the preparation
method and optimization of preparation-related parameters supports the design of well-defined
nanoparticles. Further, surface modifications of polymeric nanoparticles are crucial to increase

interactions with cells and the utilization of CPPs for this purpose is described in this Chapter.

2.1.1 Design of experiments

Experimental research carried out in the pharmaceutical sciences often follows a ‘trial
and error’ approach (Singh et al., 2011a; Singh et al., 2011b). Using ‘trial and error’ methods
means that one variable is adjusted at the time and incrementally, whereas all other parameters
remain constant (Singh et al., 2011a; Singh et al., 2011b). The main drawback of applying this
approach to the formulation of drug delivery systems is that the true optimum of the input
factors may not be able to be identified (Singh et al., 2011a; Singh et al., 2011b). In addition,
optimization based on changing one variable at the time does not guarantee that the relation and
dependency of the input factors on the output response of the process can be shown. The DoE
approach is a powerfu