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1. Summary

1. Summary

Lung cancer is the most lethal cancer among all malignancies worldwide. Whether
applied alone or combined with other interventions, intravenous chemotherapy is a first-
line treatment in most lung cancer cases. However, poor response is usually realized due to
suboptimal drug concentration in cancerous tissue and systemic side effects. Through
achieving higher drug concentration in the lungs and limiting the systemic exposure, the
pulmonary route provides a dual solution to the drawbacks of systemic administration. This
work aims to design an inhalable nano-in-micro particulate delivery system for lung cancer
treatment. For composing the nanoparticle (NP) part of the system, maltodextrin was
modified into hydrophobic acetalated maltodextrin (AcMD) with acid-triggered
degradation. Nanoprecipitation yielded uniform AcMD-NPs, that were loaded with a
hydrophobic model drug, resveratrol. The AcMD-NPs exhibited tunable degradation and
release in acidic pH. They were well tolerated by lung adenocarcinoma A549 and
differentiated monocytic THP-1 cells but showed different uptake behavior. For efficient
pulmonary deposition, the AcMD-NPs were embedded into microparticles (MPs) via spray
drying. Collagenase was added to the MP matrix for enhancing the NP intratumoral
penetration through extracellular matrix modulation. Collagenase was demonstrated to

enhance the NP penetration into a lung cancer spheroid co-culture model, consisting of

A549 cells and lung MRC-5 fibroblasts.




2. Zusammenfassung

2. Zusammenfassung

Lungenkrebs ist die Krebsart mit der hochsten Mortalitdat. Chemotherapie wird als
intravenose Erstbehandlung entweder allein oder in Kombination mit anderen Mafinahmen
angewendet. Aufgrund der suboptimalen Arzneimittelkonzentration im Krebsgewebe sowie
Nebenwirkungen erreicht man ein schlechtes Ansprechen des Tumors. Durch hoherer
lokale Arzneimittelkonzentration in der Lunge und Begrenzung der systemischen
Exposition bietet die pulmonale Applikation einen zweifachen Benefit gegeniiber der
systemischen Verabreichung. Diese Arbeit zielt darauf ab, ein inhalierbares Nano-in-Mikro-
Partikelabgabesystem fiir die Behandlung von Lungenkrebs zu entwickeln. Zum Aufbau der
Nanopartikel wurde Maltodextrin mithilfe der sdurelabilen Acetalbindung hydrophobisiert
(acetalisiertes Maltodextrin (AcMD)). Die Nanoprizipitation ergab einheitliche AcMD-
Nanopartikel (NP), die mit einem Modellwirkstoff, Resveratrol, beladen wurden. Die
AcMD-NP zeigten bei saurem pH-Wert einen einstellbaren Abbau sowie Freisetzung. Sie
wurden von Lungenadenokarzinom-A549- und differenzierten monozytiaren THP-1-Zellen
gut vertragen, zeigten jedoch unterschiedliches Aufnahmeverhalten. Fiir pulmonale
Ablagerung wurden die AcMD-NP durch Spriithtrocknung in Mikropartikel (MP)
eingebettet. Kollagenase wurde zu der MP-Matrix hinzugefligt, um die intratumorale
Penetration der NP zu verbessern. Die Kollagenase hat das NP-Eindringen in ein Sphiroid-

modell, das aus A549-Zellen und Lungenfibroblasten MRC-5 besteht, verbessert.
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3. General introduction

3. General introduction

3.1 Lung cancer

3.1.1 Incidence, mortality, epidemiology, and etiology

As reported in the latest global cancer statistics in 2020 [1, 2], lung cancer is the
second most diagnosed cancer worldwide (11.4% of all cancer types), occupying the highest
incidence in males (14.3%) and the third highest incidence in females (8.4%) (Figure 1). In
terms of mortality, lung cancer is the leading cause of cancer-related deaths (18.0%), where
it is ranked first in males (21.5%) and second in females (13.7%) (Figure 1). Due to the
expanding global use of tobacco, it is estimated that the lung cancer burden will continue to
grow in the future [3, 4]. The incidence and mortality rates of lung cancer is reported to be
higher in the developed countries. However, the lack of a proper reporting system and
reliable statistical data in the developing countries might not reflect the real situation [5].
The foremost risk factor of lung cancer that outweighs all the other risk factors is tobacco
smoking. Other risk factors include air pollution, occupational exposure, chronic

pulmonary diseases, obesity, and other lifestyle factors [4].
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Figure 1. Worldwide incidence and mortality rates of lung cancer among other cancer
types for both genders, male, and female populations as indicated. The displayed data

are based on the latest cancer statistical reports [1, 2].
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3. General introduction

3.1.2 Histological types and subtypes

Lung cancer is classically categorized into two broad histological types: small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC), accounting for approximately
15% and 85% of all lung cancer incidences, respectively [6, 7]. SCLC is highly aggressive;
associated with rapid progression, early metastasis, chemo-resistance, and very low survival
rates [8-10]. Based on the current lung cancer classification, two subtypes are listed for SCLC:
small cell carcinoma and combined small cell carcinoma [8, 11]. The more incident lung
cancer type, NSCLC, is mainly subclassified into adenocarcinoma, squamous cell carcinoma
and large cell carcinoma, representing 40%, 25-30% and 10-15% of the total lung cancer cases
[5, 12]. Further lung cancer subclasses and subclass combinations have recently been
identified according to the expressed histopathological features, molecular profiles, and gene
mutations [6, 11, 13]. In addition to the cytopathological aspects, lung cancer subtypes differ
with respect to the location at which they develop in the lungs. While most SCLC and
squamous cell carcinoma tumors tend to locate centrally [8, 14], adenocarcinomas develop
in the bronchiolar and alveolar regions and hence are mainly more peripherally located [14,

15].
3.1.3 NSCLC treatment modalities

The selection of treatment strategy and its objective, i.e., curative or palliative, for a
NSCLC case is stage specific. Complete surgical resection is the typical primary intervention
for stage I, IT and IITA NSCLC patients [16, 17]. If the tumor is unresectable or surgery is
contraindicated, primary radiotherapy is the next treatment option to be considered [5, 17].
Although their therapeutic benefit for early-stage NSCLC is controversial, neoadjuvant or
adjuvant therapy could be administered to improve the outcome of surgery and clear micro-
or distant metastasis [18, 19]. Chemotherapy, radiation, and targeted therapy are alternatives
for adjuvant therapy, where most stage II and IIIA NSCLC patients undergo adjuvant
chemotherapy to diminish the risk of cancer relapse [16]. Treatment options for stage IIIB
and IV cases are chemotherapy, targeted therapy, radiotherapy with/without surgery, where
the treatment goal in these advanced stages is largely palliative. The decision of the treatment
interventions and their sequence depends on the tumor location, the patient’s general status

and the presence of comorbidities [17, 20, 21].
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3.2 The extracellular matrix (ECM)

The ECM is an acellular constitutional component, that is widespread over all the
body tissues and organs and serves as a scaffold for the cellular components. From the
organism development and throughout life, it plays an essential role in tissue formation,
morphogenesis, repair, and homeostasis [22]. Two broad types of ECM can be distinguished
and are well compartmentalized from each other: the interstitial matrix, which fills the
extracellular spaces within the tissue, and the highly specialized basement membrane, which
separates the epithelial cells from the stromal compartments and other tissues [22-24]. The
ECM function, composition and pathological changes in solid tumors would be addressed

in the following subsections.
3.2.1 The ECM physiological functions

Through its three dimensional (3D) complex mesh-like structure, the ECM provides
mechanical and architectural support to the residing cells, maintains the organ integrity, and
acts as a reservoir for water and growth factors [25]. It defines the tissue boundaries and
hence, restricts cell migration and aberrant proliferation [26]. It imparts elasticity to organs,
which is of particular importance during organ development and morphogenesis [27]. In
addition to structural functions, the ECM regulates cellular processes including cell
adhesion, proliferation, survival, migration, and invasion [28]. A reciprocal interaction exists
between the ECM and the tissue/organ cells; while cells deposit, degenerate, and remodel
the ECM, the ECM mutually influences the cell behavior [22, 29]. A balance between the
ECM deposition and degradation is an essential part of homeostasis. Reduced or elevated
ECM turnover result in tissue fibrosis or destruction, respectively, with both contributing

to cancer progression [30, 31].
3.2.2 Pathological features and effects of ECM in solid tumors

The onset of cancer and its progression are associated with a high degree of ECM
dysregulation at the biochemical, biomechanical, and structural levels [22]. Desmoplasia
(involving fibroblast expansion and activation, increased deposition and crosslinking of

ECM molecules, increased angiogenesis and tissue inflammation [32]) is a common
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manifestation in several solid tumors, including lung tumors, and resembles tissue fibrosis
in many aspects [33, 34]. Both cancer cells and fibroblasts interplay with the tumor
microenvironment (TME), resulting in increased stiffness of the ECM through excessive
secretion and reduced catabolism of collagen and hyaluronic acid. Stiffening of the ECM is
consequently accompanied by further malignant alterations, creating a positive loop that
accelerates the disease progression. A dense ECM accumulates growth factors and promotes
multiple signaling pathways involved in malignant transformation, cancerous proliferation,

metastasis, angiogenesis, genome instability, immunosuppression, and resistance to therapy

[25].
3.2.3 The ECM composition

The mammalian ECM comprises approximately 300 different proteins, where the
ECM composition varies based on its type and location [23]. The components of ECM can
be chemically classified into proteins and glycoproteins (such as collagen, fibronectin, elastin
and laminin), glycosaminoglycans (mainly hyaluronic acid) and proteoglycans (such as
heparan sulfate and chondroitin sulfate). The ECM building blocks assemble and
interconnect in different arrays, yielding infinite number of shapes, geometries and

topologies [22].
3.2.4 Collagen: the main component of the ECM

Collagen is the major structural component and most abundant protein in the
interstitial matrix, representing about 90% of the ECM protein and 30% of the total proteins
in humans [25]. To date, 28 types of collagen have been differentiated [35]. All collagens
have triple helix structure, consisting of homo- or heterotrimers of three polypeptide chains
[25, 36]. Among all the matrix components, collagen is the most observed element to change
in either deposition, degradation, organization and/or post-translational modification in
solid tumors with respect to healthy tissues [37]. Fibrillar collagen I is a main constituent of
tumor desmoplasia, and could be correlated to cancer cell survival and metastasis in many

solid tumors [33].
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3.2.5 The ECM as a barrier against the delivery of therapeutics

The heterogenous rigid ECM network that is deposited around and throughout the
solid tumor constitutes an immense physical barrier (Figure 2), thereby impeding the
intratumoral delivery of therapeutics and accordingly reducing their therapeutic efficacy
[38]. The dense ECM raises the tumoral interstitial pressure and hampers the diffusive and
convective transport within the tumor matrix [39, 40]. Additionally, the high interstitial
pressure compresses the tumor vasculature and hence impairs the perfusion of circulating
therapeutic agents into the tumor tissue [41]. In certain solid tumors, the collagen fibrous
network was characterized to have 20 - 42 or 75 - 130 nm interfibrillar spacing in compactly
aligned or loosely arranged collagen fibrils, respectively, thereby restricting the particulate

drug transport [42].

Cancer cell
oy ‘»{
3
Therapeutic agents Fibroblast
Collagen
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Solid tumor Hyaluronan

el
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Figure 2. Illustration of the ECM and its main structural components, acting as a
physical barrier against the perfusion, penetration, and diffusion of therapeutic agents

and nanocarriers into solid tumors. This figure was created with BioRender.com.
3.3 The lungs as a route of administration

The pulmonary route has been regarded as an effective route of administration for
both local and systemic delivery of therapeutics. It offers several advantages such as non-
invasiveness, rapid onset of action, self-administration, and high patient compliance.

Inhalation therapy has been favorably used for the treatment of respiratory diseases such as
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bronchitis, asthma, cystic fibrosis, and chronic obstructive pulmonary disease. Besides, the
lungs have great potential for systemic delivery due to their huge surface area, thin alveolar
barrier, rich vascularization, limited metabolic activity and avoidance of first pass
metabolism. However, pulmonary deposition is governed by intricate physiological,
pathophysiological, and pharmaceutical factors, influencing the therapeutic effectiveness of

inhaled treatment, and rendering it a challenging route of administration [43-45].
3.3.1 Anatomy, histology, and physiology of the lungs

There are several ways to classify the regions of the respiratory tract. Anatomically,
it is divided into three regions: the extrathoracic region (the nasal/oral cavity, pharynx,
larynx, and tracheal entrance), the tracheobronchial region (the trachea, bronchi, and
terminal bronchioles), and the alveolar region (the respiratory bronchioles, alveolar ducts,
and alveolar sacs, which are clustering groups of alveoli) [46]. Another common method
divides the lungs into two functional zones: the conducting airways (responsible for
filtration and conditioning of the inhaled air) and the respiratory airways (responsible for
gas exchange). The conducting airways extends from the nasal/oral cavity to the terminal
bronchioles, whereas the respiratory airways comprise the respiratory bronchioles, alveolar
ducts, and alveolar sacs [43]. The pulmonary tract and its anatomical and functional divisions

are illustrated in figure 3.
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Figure 3. Illustration of the pulmonary tree showing its main anatomical regions
(extrathoracic, tracheobronchial, and alveolar regions) and functional zones

(conducting and respiratory airways). This figure was created with BioRender.com.

The tracheal epithelium consists of ciliated columnar cells, basal cells, and mucus-
secreting goblet cells and glands. The cilia are submerged in the epithelial lining fluid,
through which their tips protrude into the mucus layer that covers the inner surface of the
trachea. The histological composition of the bronchial epithelium resembles that of the
tracheal epithelium with the presence of non-ciliated cells (Clara or club cells as they are
called today). Whereas the bronchiolar epithelium comprises ciliated cuboidal cells, more
abundant club cells, less goblet cells, and no glands. Progressing distally through the
bifurcations of bronchi and bronchioles, the ciliary coverage becomes less dense, and the

mucus lining decreases in thickness. On the other hand, the alveolar epithelium is composed
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of flat squamous cells, devoid of mucus, and lined with a thin layer of pulmonary surfactant

[43, 47].
3.3.2 Mechanisms of aerosol deposition

Based on particle diameter, particles for inhalation are classified into coarse particles
(> 5 pm), fine particles (between 0.1 and 5 um) and ultrafine particles (< 0.1 um). Upon
inhalation, aerosol particles are deposited along the respiratory tract relying on various
formulation related factors: particle diameter, shape, and density; and physiological factors:
breathing pattern, inspiration flow rate, lung volume, inspiration volume, and disease state.
These factors dictate the main deposition pattern (Figure 4), whether it is impaction,
sedimentation, interception, or diffusion, and accordingly the region of major deposition in

the respiratory tract [48-50].

o Particles (> 5 um)

@ Particles (0.5 - 5 um)

®  Particles (< 0.5 um)

e Elongated particles

—— Air stream

(a)é

----- » Particle trajectory

Figure 4. Particle deposition mechanisms in the respiratory tract. Predominant particle
deposition mechanism is either (a) impaction, (b) sedimentation, (c) interception, or (d)
diffusion for large particles (> 5 pm), smaller particles (0.5 - 5 pm), elongated particles,
and small particles (< 0.5 pm), respectively. This figure was created with

BioRender.com.
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3.3.2.1 Impaction

Inertial impaction is the prevalent mechanism of deposition for large particles (> 5
pm). Due to their high inertia, large particles do not follow the trajectory of the high
velocity air stream and impact the wall of the respiratory tract (Figure 4a) [48, 51].
Therefore, large particles deviate early from the inspired airstream and deposit at the upper

airways (the oropharyngeal and tracheobronchial regions).
3.3.2.2 Sedimentation

Particles of smaller diameters (0.5 - 5 um) mostly evade impaction at the upper
airways and deposit by gravitational sedimentation at the lower airways (lower bronchial
and alveolar regions), where the air velocity is slower (Figure 4b) [50]. The rate of
sedimentation is directly proportional to the particle size and inversely proportional to the
flow rate. Therefore, particles in the range from 3 to 5 um deposit at the lower bronchial
region, whereas particles smaller than 3 pm have greater chance to deposit at the deep alveoli

[52].
3.3.2.3 Interception

Interception is specifically relevant for elongated particles (fibers). Unlike large
spherical particles, elongated particles of comparable sizes do not impact out of the air
stream and deposit later at smaller-diameter airways when they contact the airway wall
(Figure 4c). Therefore, these particles are characterized by smaller aerodynamic diameters

in relation to their geometric dimensions [52, 53].
3.3.2.4 Diffusion

Particles of diameters smaller than 0.5 um are most influenced by diffusion rather
than impaction or sedimentation, causing the deposition of these small particles at the
alveolar region (Figure 4d). Diffusion occurs due to Brownian motion, which is inversely
proportional to both particle diameter and flow rate. Diffusing particles move, driven by

the concentration gradient across the airstream, and deposit once they contact the walls of
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the airways. It is worth noting that diffusion is dependent on the geometric size of the

particles and not their aerodynamic diameter [52, 54].
3.3.3 Pulmonary clearance mechanisms

Inhaled particles that are deposited in the lungs have different fates depending on
their physicochemical properties and region of deposition [55]. Insoluble particles are cleared
either by mucociliary escalation or phagocytosis, whereas soluble particles, after being
dissolved, or released drugs can be absorbed into blood/lymphatic circulation or
metabolized [56]. There are several clearance mechanisms along the regions of the

pulmonary tract that will be briefly discussed in the following subsections.
3.3.3.1 Mechanical clearance

Large particles are subjected to mechanical clearance spontaneously after their
deposition at the large upper airways. Mechanical clearance may occur by coughing,
sneezing, or swallowing, where coughing for example is instantly triggered by inhalation of
particles larger than 10 pm in size [43]. Therefore, the fraction of particles in an aerosol
having particle sizes exceeding 10 pm should importantly be as low as possible [53],
otherwise the deposited fraction of the whole inhaled powder would drop significantly

through the stimulation of coughing and the consequent powder exhalation.
3.3.3.2 Mucociliary clearance

Mucociliary clearance is the main mechanism for removing insoluble foreign
particles from the central airways. It occurs in the tracheobronchial region, where the
particles are trapped within the mucus layer and the ciliated epithelium sweeps them towards
the pharynx [57]. Additionally, the lining layer of mucus acts as a physical barrier to particle
penetration. Inhaled particles that are deposited in the conducting zone are cleared through

mucociliary escalator within 15 min to 2 h after inhalation [58].
3.3.3.3 Alveolar macrophages

Inhaled particles that bypassed the mucociliary clearance at the conducting zone are

prone to phagocytosis by the alveolar macrophages, relying on their surface chemistry and
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physicochemical properties [45, 59]. Alveolar macrophages can also move up assisted by the
mucociliary escalator and contribute to particle phagocytosis at the conducting airways [60].
Engulfment of particles by alveolar macrophages is still the main obstacle to attain
controlled release in the alveoli [43], where the particles are cleared before full drug release

and exerting the anticipated therapeutic effect.
3.3.3.4 Enzymatic degradation

The extent of enzymatic degradation in the respiratory tract is in principle much
lower compared to that in the liver or the gastrointestinal tract. Nevertheless, the lung
epithelia comprise esterases, peptidases, and cytochrome P450 enzymes, from which some
isoforms (such as CYP2S and CYP2F) have been recognized to be lung specific. The
abundance of these enzymes and their concentration differs among the different cell types

along the respiratory tract lining [61, 62].

3.4 Pulmonary delivery for lung cancer treatment

3.4.1 Advantages of inhaled chemotherapy

The delivery of chemotherapeutics through the pulmonary route has several
advantages compared to conventional intravenous administration [63]. Inhalation could be
regarded as a localized method of administration, where the inhaled substance (of suitable
aerodynamic properties) is majorly deposited at the lungs. This direct access enables the
delivery of higher doses of chemo- or targeted therapeutics to the cancerous lung tissue, as
well as the reduction of off-target delivery and its associated side effects. Combining both
effects is prospected to boost the therapeutic ratio of the administered treatment and
accordingly increase its effectiveness [64]. Additionally, through minimizing the systemic
toxic side effects, treatment interruptions, that are responsible for tumor cell repopulation,
could be avoided. The inhalation route may also potentiate the drug penetration into the
lung tumor, by maintaining a positive drug concentration gradient at the tumor site [65].
Pulmonary solid tumors located in the conducting or respiratory zone are fed by bronchial
vascularization or pulmonary circulation, respectively. Accordingly, absorbed agents could
recirculate in the local pulmonary circulation and reach solid tumor masses through the

local blood stream [43, 63, 66]. With regard to patients, the pulmonary route of
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administration is characterized by better patient compliance, as it is needle-free and may not

require hospitalization.
3.4.2 Challenges and limitations of pulmonary delivery of anticancer drugs

Despite the attractive aspects of the pulmonary delivery of chemotherapeutics in
lung cancer, it is still under investigation in clinical trials with no commercialized products
yet. Inhalation of sole anticancer drugs results in transient high concentration in the lung
tissue, leading to pulmonary toxicities [67-69]. The residence time of an inhaled
chemotherapeutic agent at tumor sites might not be sufficient to exert its cytotoxic activity,
where particles may be cleared by mucociliary clearance or alveolar macrophages, or they
could be dissolved [67, 70, 71]. Whereas solubilized drug would be pharmacologically active,
it is also very liable to enzymatic metabolism or pre-mature absorption in blood or
lymphatic circulation [43, 71]. Inefficient deposition is another main encountered limitation,
resulting in dose insufficiency and long administration time problems [63, 72]. In addition
to those delivery related issues that could be tackled by formulation technological
approaches, generation of aerosols during preparation or administration of inhaled
anticancer treatment results in serious environmental contamination and health risks to the
health care staff. Closed cabinets with HEPA filters and other effective measures have been

studied to solve the environmental contamination and exposure problems [69, 73, 74].
3.4.3 The use of nanomedicine for pulmonary delivery to lung cancer

Utilization of nanocarriers for the pulmonary delivery of chemotherapeutics could
circumvent several drawbacks of conventional inhalation chemotherapy (for example, in the
form of solution or suspension), that were discussed in the previous subsection.
Nanocarriers could sustain the release of the loaded anticancer drugs, thus avoiding abrupt
high concentrations that induce lung toxicity. Moreover, they enable targeted and specific
bioresponsive delivery through tailoring their design, composition, and physicochemical
properties, which would potentially decrease or avoid non-specific interaction with healthy
lung tissues. Furthermore, they suffer less from mucociliary clearance and phagocytosis
compared to microparticles, thereby prolonging the residence time of inhaled therapeutics

[75-77]. In addition, nanocarriers are in general physically stable enough to withstand
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aerosolization, therefore nanosuspensions could be easily converted to an inhalable

formulation via nebulization [78].

3.4.4 Inhaler devices and formulation aspects for pulmonary administration of

chemotherapeutics

Inhalers are categorized into four main types: nebulizers, pressurized metered dose
inhalers (pMDIs), soft mist inhalers (SMIs), and dry powder inhalers (DPIs) [79]. Pulmonary
delivery using pMDIs and SMIs is in principle restricted to small drug doses in the range of
micrograms and therefore, both devices are not easily adaptable to chemotherapeutics [63].

Nebulizers and DPIs are discussed in the following subsections.
3.4.4.1 Nebulizers

Until present, nebulization has been the most explored approach in lung cancer
clinical trials [63, 67]. This is attributed to several reasons: (1) nebulizers do not require
special patient coordination and can be even used by bed-ridden patients, (2) they can deliver
large volumes of solutions or suspensions containing the required dose, (3) simple solutions
or suspensions can be aerosolized by nebulizer; chemotherapy IV solutions for instance
could be used with no need of additional formulation optimization. On the other hand,
nebulization has several drawbacks with respect to portability, cleaning and disinfection,
time consumption (for example, administration time reached 6 hours to deliver cisplatin
liposomes [72]), environmental contamination, and formulation physical stability and

contamination issues, that are particularly relevant to colloidal or particulate systems.
3.4.4.2 Dry powder inhalers (DPIs)

In contrast to nebulizers, a DPI delivers high doses in a short administration time,
activated by the patient’s inspiration. As its name implies, the formulation is in the solid
state, thereby enhancing the formulation stability and shelf life. Additionally, anticancer
drugs are mostly hydrophobic in nature and thus easier to formulate as dry powders. DPIs
are portable, more economic, easier to be used by the patient with lower risk of

environmental contamination, and less demanding in terms of maintenance. Therefore,
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more studies have been focusing on the development of chemotherapeutics as dry powders

for inhalation [80-83].

In general, the most common formulation strategy for inhalable dry powder is to use
a mixture of micronized drug with coarse carrier (typically 50 - 100 um lactose monohydrate
particles), to control the strong surface forces of the drug particles and facilitate dose
metering. The adhesive force between drug and carrier particles should be optimally
balanced to be strong enough to endure manufacturing steps and storage, and at the same
time weak enough so that the drug particles separate on inhalation [84, 85]. Due to the
difficulty of achieving this balance, delivered doses with DPIs generally do not exceed 30%
of the claimed dose. This poses a great limitation to the maximum doses that could be
delivered to the lungs by DPIs [86, 87]. Carrier-free dry powder for inhalation has
subsequently evolved and attracted much research interest. Herein, the particle composition
and the powder production method control the particle size, density, shape, crystallinity,
and surface charge. All these interdependent properties affect in turn the interparticle surface
forces and the aerodynamic properties of the powder aerosol [85, 88], warranting extensive

formulation optimization and development steps.
3.5 Spray drying and related technological aspects

Spray drying is one of the most commonly used methods for the production of
inhalable powders. It is a simple and established single-step process, in which a liquid
feedstock is transformed into dry powder with well-controlled properties. As a production
method, spray drying possess many advantages, where it is easily scalable; robust;
economical; and reproducible, it produces powders with uniform properties suitable for
inhalation, and it can be used with both aqueous and organic solvent-based feed liquids.
However, it may have some limitations with heat-sensitive substances, and the production
yield might sometimes be unsatisfactory. The powder characteristics are governed by a
multitude of factors: (1) liquid feed properties, such as viscosity, surface tension,
composition, and solid material concentration, and (2) process parameters, such as nozzle

type and dimensions, feed flow rate, atomization air flow, and inlet temperature [44, 85, 89].
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3.5.1 Spray drying process
3.5.1.1 Feedstock preparation

The liquid feed (Figure 5a) is prepared by dissolving/dispersing the solid
components (active substances, colloidal carriers, and/or excipients) in a suitable
solvent/dispersant to yield a solution, colloidal dispersion, suspension, or emulsion [85].
The composition of the feedstock is selected based on the desired properties of the powder
product and the physicochemical properties of the active substance. For colloidal
dispersions, suspensions, or emulsions, the stability of the feedstock during spray drying is
of particular importance to ensure the homogeneity of the produced particles. An additional
point to be considered is the particle size or the presence of agglomerates, which could lead

to nozzle blockage [89].
3.5.1.2 Atomization

After being pumped into the atomizer, the liquid feed is broken down into very small
droplets as shown in figure 5b, thereby increasing the surface area and accordingly the
drying efficiency. There are four main types of atomizers used in spray drying: rotary disk,
single-fluid (hydraulic), two-fluid (pneumatic), and ultrasonic nozzle atomizers. Two-fluid
nozzles are commonly utilized for the production of inhalable particles, in which
atomization occurs by the disruption of liquid feed by high velocity gas stream [89, 90].
Compared to the other atomizers, they produce sprays with relatively uniform smaller
droplet size (1 - 100 um), where the droplet size is influenced by the feed flow rate and the
spraying gas pressure and flow rate [91, 92]. Atomization is a critical step, not only affecting

the drying time and efficiency, but also controlling the particle size of the final powder [85].
3.5.1.3 Drying

After the atomization step, drying occurs through combined heat and mass transfer
between the atomized droplets and the drying gas inside the drying chamber (Figure 5c).
The drying kinetics proceed through three successive phases: (1) the early transient period,
in which heating up of the droplets takes place, (2) the constant drying rate period, where

the solvent evaporates from the surface of the droplets causing the droplet diameter to
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decrease at a constant rate, and (3) the falling drying rate period, in which solidification starts
at the air-liquid interface after reaching the critical moisture content and evaporation

continues through the shell pores [93, 94].
3.5.1.4 Powder separation

Separation of the dried powder from the drying gas stream is the last step of the spray
drying process (Figure 5d). Cyclone separation is the main applied technique for the
recovery of spray dried powder [85, 89]. The gas stream carrying the dried particles flows
from the drying chamber into the top of the cyclone in a tangential direction, creating a
downward vortex along the cyclone wall. Through centrifugal forces, the particles disengage
from the gas at the bottom outlet of the cyclone into the collection vessel [95]. The efficiency
of separation and hence the product yield depend largely on the cyclone design and

dimensions in relation to the size range of the dried particles [89].

Two-fluid nozzle

Peristaltic pump

Spraying gas rotameter

(b) Atomization (a) Liquid Feedstock

(c) Drying

Drying chamber— . L

_Cyclone
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Figure 5. Illustration of Biichi B-290 Mini Spray Dryer showing the steps of spray
drying process and the corresponding spray dryer main components. This figure was

created with BioRender.com.
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3.5.2 Particle formation

During the drying process, solutes and other solid components within the droplet
are redistributed according to their physicochemical properties. The ongoing solvent
evaporation at the droplet surface increases the local solute concentration. This developed
concentration gradient between the surface and center of the droplet triggers the inward
diffusion of the solute. The component redistribution and its effect on particle formation is
described by the Peclet number (Pe): a dimensionless mass transport number which relates
the solvent evaporation rate to the diffusion constant of the components [96-98].

Pe =241 R _ e Equation 1
Tdry  TaryDi  8D;

where it 1s the time required for a substance to move from the external interface to

the center of a drying droplet, Tay is the droplet drying time, R is the droplet radius, Di is

the diffusion coefficient of dissolved or suspended components, and k is the evaporation rate.
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Figure 6. Particle formation mechanisms showing (a) low Peclet number and (b) high
Peclet number particle formation and their different resulting particle morphologies.

This figure was created with BioRender.com.

When Pe is smaller than unity (Figure 6a), this means that the diffusional movement
of the solutes is fast relative to the droplet surface recession due to solvent evaporation.

Particles formed at Pe < 1 are characterized by spherical solid morphology with minimal
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or no voids. On the other hand, a Pe larger than unity (Figure 6b) indicates slow diffusion
of the solutes or suspended particles, accompanied by high surface enrichment and shell
formation. Particles formed at Pe > 1 exhibit a range of morphologies based on their
diameters and the shell properties at the terminal drying stages. If the shell solidifies quickly,
solid hollow spheres are most likely to form. In contrast, viscoelastic or pliable shells
undergo buckling or folding, leading to the formation of wrinkled, corrugated, or collapsed

particles [96, 99, 100].
3.5.3 Influence of physicochemical properties of particle constituents

The physicochemical properties of the active ingredients and formulation additives
significantly impact the final particle attributes, such as particle size, morphology, density,
moisture content, and aerosol performance. Oligosaccharides (such as lactose, sucrose, and
trehalose) and sugar alcohols (such as mannitol) are common matrix forming agents and
fillers for spray dried particles. Due to their small molecular weight and high water
solubility, they are characterized by high diffusion coefficients and hence, low Pe particle
formation. On the contrary, high molecular weight excipients (such as proteins and
polymers), as well as nanoparticles in general, have lower diffusion coefficients and favor the
formation of high Pe hollow particles [85, 96, 101]. Leucine, a typical surface modifying
agent, 1s a hydrophobic amino acid with a hydrophilic side chain. The amphiphilic leucine
molecules accumulate at the droplet surface, producing a hydrophobic outer shell, that
shrivels during drying yielding characteristic wrinkled particles [85, 102]. In addition to
solubility, molecular weight and surface properties, glass transition temperature (Ty) is
another critical parameter to be taken into account. Spray drying at temperatures higher
than the T of a substance converts it to the rubbery state, leading to stickiness, material
loss, and low production yields [103]. Therefore, understanding the key influencing

parameters enables the production of particles with engineered properties.

3.5.4 Effect of particle properties on aerosol performance and powder formulation

characteristics

The aerodynamic properties of the particles and hence their pulmonary deposition,

are influenced by their size, shape and density as elaborated in equation 2.
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Dy = Dy, /:}—”X Equation 2

where Dee is the aerodynamic diameter, Dgeo is the geometric diameter, pp is the

particle density, po is the unit density and X is the shape factor.

Therefore, hollow particles have lower densities and accordingly smaller aerodynamic
diameter compared to solid particles with the same geometric diameter. Wrinkles and
surface corrugations raise the shape factor of the particles, decrease the aerodynamic
diameter, and improve pulmonary deposition. Furthermore, they increase the interparticle
separation distance, decrease the interparticle surface forces, and improve the powder
flowability as a result. Spherical particles have minimal contact areas and hence weaker
interparticle adhesion compared to non-spherical counterparts. The presence of an outer
hydrophobic layer (as in the case of leucine) reduces solid bridge formation between the
particles as well as the surface forces, thereby improving the powder flowability and
enhancing the physical stability through anti-hygroscopic effects [85, 104]. By controlling
the interdependent aforementioned attributes, spray dried powder formulations with the

desired features can be developed.
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4. Aim of work

Exploiting the pulmonary route for the delivery of chemotherapeutics allows for
more efficient localized delivery to the lungs with less undesirable systemic exposure. This
would promote the therapeutic effectiveness of treatment and help reduce the toxic side
effects, commonly experienced by lung cancer patients undergoing intravenous
chemotherapy. In this context, this thesis aims to design an inhalable nano-structured

microparticulate formulation and propose it as a potential delivery system for lung cancer.

In order to realize this, the first objective is to optimize the formulation on the
nanoscale. The nanoparticle domain of the formulation is effectively responsible for the
delivery of a chemotherapeutic agent to cancer cells. Importantly, the nanoparticles should
be inherently non-toxic and metabolically biodegradable. Of specific relevance to cancer
nanotherapeutics, acid-degradable nanoparticles would selectively release the loaded drug in
acidic conditions, as in the case of the acidic tumor microenvironment or the lysosomal
compartments of cancer cells. This would enable the tumor specific extracellular or the
intracellular delivery of chemotherapeutics, governed by both the degradation and the
cellular uptake kinetics. The nanoparticle compartment and its related aspects are addressed

in the first two chapters as follows:

Chapter I: Synthesis and characterization of acetalated maltodextrin (AcMD), in which
naturally abundant maltodextrin was chemically modified into hydrophobic acid degradable

AcMD by conducting the following:

- Acetalation of water-soluble maltodextrin of different dextrose equivalent values into
hydrophobic AcMD with different molecular weights.

- Quantification of the cyclic and acyclic acetal modification content by varying the
reaction time.

- Further characterization of the AcMD polymers regarding their thermal

decomposition and glass transition temperature.
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Chapter II: Preparation, characterization, and cellular interaction of acetalated
maltodextrin (AcMD) nanoparticles, where it focuses on the production of nanoparticles

from AcMD and their features by addressing the following points:

- Investigating the key factors affecting the particle formation by nanoprecipitation
and optimizing the particle production protocol to produce uniform nanoparticles
with high production yields.

- Loading the AcMD nanoparticles with a hydrophobic model drug: resveratrol, and
quantification of drug loading and entrapment efficiency percentages.

- Studying the AcMD nanoparticle degradation and iz vitro release in physiological
and acidic pH media (pH 7.4 and pH 5.0, respectively).

- Evaluation of cell viability after incubation with AcMD nanoparticles with human
lung adenocarcinoma A549 cells and differentiated THP-1 monocytes, as well as their

cellular uptake at different time points.

The second objective is to deliver the AcMD nanoparticles to the alveolar and
bronchiolar compartments of the lungs, where the tumor masses develop in
adenocarcinoma; the most common subtype of non-small cell lung cancer. This necessitates
embedding the nanoparticles into microparticles with more favorable aerodynamic
deposition. Exhibiting both features of the desired mass median aerodynamic diameter
(MMAD from 0.5 to 5 um) and sufficient redispersibility would enable the inhaled particles
to bypass the two main barriers in pulmonary delivery, i.e., mucociliary clearance (through
alveolar deposition) and extensive phagocytosis (through micro-to-nano transformation),
respectively. Solid tumors set an additional barrier against intratumoral drug delivery,
namely the dense extracellular matrix, which hinders the penetration and diffusion of
therapeutic agents. Hence, collagenase was added to the microparticle matrix as an
extracellular matrix modulator to enhance the nanoparticle intratumoral penetration. The

formulation on the microscale is addressed in the second two chapters as follows:

Chapter III: Preparation and characterization of extracellular matrix (ECM)-
modulating nano-structured microparticles, in which the AcMD nanoparticles were spray
dried into microparticles comprising collagenase. Through this chapter, the following points

were tackled:
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- Optimizing the spray drying conditions and the formulation composition to produce
AcMD nano-structured microparticles containing collagenase.

- Evaluation of the enzymatic activity of collagenase after spray drying.

- Characterization of the particle size, morphology, redispersibility into nanoparticles,

residual moisture content after spray drying, as well as their aerodynamic properties.

Chapter IV: In vitro tumor spheroid model for the evaluation of particle penetration,

which encompasses the following points:

- Evaluating the effect of the AcMD nano-structured microparticles containing
increasing content of collagenase on human lung adenocarcinoma A549 cells and
human fetal lung MRC-5 fibroblasts cell viability.

- Development of a three-dimensional lung cancer spheroid model, using a co-culture
of lung adenocarcinoma A549 epithelial cells as the target cells, and MRC-5
fibroblasts as ECM secreting cells.

- Studying the effect of the collagenase loaded formulations on the spheroid integrity.

- Assessing the impact of collagenase on the AcMD nanoparticle penetration into the

spheroid model.
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5. Chapter I: Synthesis and characterization of acetalated

maltodextrin (AcMD)

5.1 Introduction

Polysaccharides represent a main class of natural polymers that have been growingly
investigated for drug delivery and biomedical applications [105, 106]. They combine
multiple merits such as high stability, safety, biocompatibility, and biodegradability [107,
108]. Moreover, they have sustainable and naturally abundant resources with low processing
costs, rendering them environmentally and economically favorable materials [107, 109].
Maltodextrin (MD) is a polydisperse starch hydrolysate composed of dextrose monomers
connected by a-glucosidic linkages. It is available in different grades classified according to
the dextrose equivalent (DE) in the range from 3 to 20. The DE indicates the reducing power
of MD, 1.e., the content of reducing sugars. Hence, it is inversely proportional to the chain
length and consequently the molecular weight [110, 111]. MD-based nanoparticles (NPs)
have been reported in literature for several applications, for instance, crossing the blood
brain barrier [112], nasal mucosal delivery [113, 114], protein/peptide delivery [111, 114],
nanotheranostic agents for arterial disease [115] and thrombosed vessels [116], and vaccine

delivery [117].

Stimuli-responsiveness is a frequently utilized approach to enhance the efficacy of
drug delivery systems. Among these stimuli is the pH, where extracellular acidosis in case
of inflamed tissues and solid tumors (pH: 5.7 - 7.0) [118] and the innately acidic environment
(pH: 5.0 - 5.5) of late endosomes and lysosomes [119], compared to the normal physiological
pH (7.4), constitute attractive targets for site specific drug release. Acetal formation reaction,
i.e., acetalation, is a well-established method employed for hydroxyl group-containing
compounds or polymers in this context [120, 121]. Acetal linkages are prone to acid
mediated hydrolysis with a rate dependent on both the pH and the type of acetal, being
cyclic or acyclic in conformation. Acyclic acetal linkage is less stable and hence degrades
faster relative to its more stable cyclic counterpart, which can be formed when a second

adjacent hydroxyl group is available for reaction [122].
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Though only introduced in 2008 [121], acetalated dextran has proven to be successful
for nanomedicine applications [123, 124]. It has been extensively utilized for nanoparticle
production through single or double emulsion methods and employed for gene delivery
[125, 126], vaccine delivery [127, 128], inflammation therapy [129, 130], cardiovascular
diseases [131] and infectious diseases [132]; and recently through conventional
nanoprecipitation [133], microfluidics [134] and electrospraying [135]. However, the particle

formulation strategies were not yet systematically evaluated.

In the current work, water-soluble MD was selected to constitute a biocompatible
and biodegradable polymer backbone, to which acetal moieties were built on. Through this
modification, MD is hydrophobized into acetalated MD (AcMD) and attains tunable acid
degradability. Fluorescently labelled AcMD was also synthesized, to be used for tracing and
visualization experiments in the subsequent work packages. The acetal modification type
and content were determined. The synthesized AcMD polymers were characterized for
molecular weight after acetalation, as well as the thermal decomposition profiles and glass
transition temperature (T¢), which are all essential characteristics to be considered upon

exploiting a polymer for drug delivery system development.

5.2 Materials and methods
5.2.1 Materials

MD (DE: 4.0-7.0, 13.0-17.0 and 16.5-19.5), 2-methoxypropene, pyridinium p-toluene
sulfonate (PPTS), triethylamine (TEA) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) were
purchased from Sigma-Aldrich (Steinheim, Germany). NHS-rhodamine was purchased from
Thermo Fisher Scientific (Darmstadt, Germany). Dimethyl sulfoxide (DMSO, analytical
grade), acetone and ethanol (HPLC grade) were purchased from Fisher Scientific (Schwerte,
Germany). Poly(methyl methacrylate) standards (PMMA) were purchased from Polymer
Standards Service (PSS) (Mainz, Germany). All the other reagents used were purchased with

HPLC or analytical grade.
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5.2.2 Synthesis of acetalated maltodextrin (AcMD) with different molecular weights

and cyclic/acyclic acetal ratios

AcMD was synthesized according to the method developed by Bachelder et al. [121]
with slight modifications. A dry round-bottom flask was loaded with MD (1 g), purged with
nitrogen and sealed. DMSO (10 ml) was added and allowed to stir till complete dissolution
of MD. PPTS (15.5 mg, dissolved in 1 ml of DMSO) and 2-methoxypropene (3.6 ml) were
injected into the reaction medium and the reaction was allowed to proceed for the desired
reaction time (10, 30, 60 and 180 min). The reaction was then quenched with TEA (1 ml)
and the product was precipitated by transferring the reaction solution to slightly alkaline
water (0.004% TEA, 100 ml). The product was obtained by centrifugation at 20,000 g, 20
min, 20 °C (Multifuge X1R, Thermo Fisher Scientific, Osterode am Harz, Germany) and
cross-washed through dissolution in ethanol, reprecipitation with water and centrifugation.
After two additional washing cycles, the pellets were lyophilized (Alpha 3-4 LSCbasic,
Christ, Osterode am Harz, Germany) and the product was collected and stored in a tightly

closed container at -20 °C.
5.2.3 Synthesis of rhodamine-conjugated AcMD (Rhod-AcMD)

MD (100 mg) was dissolved in 0.5 ml of DMSO. NHS-rhodamine (10 mg, dissolved in
0.5 ml of DMSO) and 0.01 ml of DBU were added and stirred overnight at room
temperature. Afterwards, the rhodamine-conjugated MD (Rhod-MD) was precipitated by
adding the resulting solution into acetone (10 ml) followed by centrifugation (Multifuge
X1R, Thermo Fisher Scientific, Osterode am Harz, Germany). The product was purified
from the unconjugated dye through repetitive cycles (x5) of dissolution in water,
reprecipitation with acetone and centrifugation. The pellets were lyophilized, and
rhodamine was assayed fluorometrically (Aexem: 565/600 nm) using microplate reader
(Infinite M200, Tecan group, Minnedorf, Switzerland) to determine the dye content in
Rhod-MD. Finally, Rhod-MD was mixed with unlabeled MD at a concentration of 2% and

acetalation was carried out as described.
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5.2.4 Acetal modification analysis by 'H-NMR

AcMD (12 mg) was mixed with 0.70 ml of DO and 0.03 ml of 38% DCI and
hydrolyzed completely for 2 h prior to 'H-NMR analysis (500 MHz, Avance Neo 500, TCI
Prodigy CryoProbe, Bruker, Rheinstetten, Germany). The peak normalized integration of
acetone, methanol and proton attached to the anomeric carbon of the glucose ring was

utilized to quantify the cyclic and acyclic acetal modification content [136].
5.2.5 Molecular weight determination

Size exclusion chromatography (SEC) was performed with a system consisting of a
RI Waters 2410 detector, a Waters 2487 detector working at 260 nm, two PSS GRAM 1000
columns and a PSS GRAM 30 column. Dimethyl formamide (with 1 g/I LiBr) was used as

mobile phase at 1 ml/min flow rate at 60 °C and PMMA standards were used for calibration.
5.2.6 Thermogravimetric analysis (TGA)

TGA was carried out employing a thermogravimetric analyzer (TG 209 F1 Libra,
Netzsch, Selb, Germany) under a nitrogen atmosphere. The analysis temperature was set
from 30 to 600 °C, the heating rate was 10 °C/min and the sample masses were between 7
and 13 mg. Netzsch Proteus® Software was used to generate the thermograms and determine
the onset decomposition temperature and the mass loss percentage of the investigated

polymers.
5.2.7 Determination of glass transition temperature (Tg)

Differential scanning calorimetry (DSC) was carried out to measure the Ty using a
differential scanning calorimeter (DSC 214 Polyma, Netzsch, Selb, Germany) with a heating
rate of 10 °C/min. Netzsch Proteus® Software was used to determine the Ts of AcMD

polymers.
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5.3 Results and discussion

5.3.1 Synthesis of AcMD

The reaction between MD and 2-methoxypropene results in the coverage of
hydroxyl groups with both cyclic and acyclic acetal groups (Figure 7a). This modification
reverses the solubility properties of MD and imparts to it an acid triggered degradability that
can be tuned by varying the relative content of slow-degrading cyclic acetal and fast-
degrading acyclic acetal groups [122, 137]. The reaction was performed using MD with DE
of 4.0-7.0 (MDA), 13.0-17.0 (MDB) or 16.5-19.5 (MDC) to produce AcMD with different
molecular weights or using MDB at different reaction time to obtain different cyclic/acyclic

acetal ratios.
5.3.2 Synthesis of Rhod-AcMD

MD was fluorescently labeled through NHS-rhodamine conjugation (Figure 7b).
Adopting acetalation at a certain reaction time for this Rhod-MD after being diluted with
unlabeled MD would yield the corresponding fluorescent Rhod-AcMD. The amount of
rhodamine in the Rhod-MD was assayed fluorometrically (Aexem: 565/600 nm, linearity
range: 0.1 - 0.6 ug/ml, R*: 0.9991) against MD blank and was found to be 1.49 + 0.02%. The
mass percentage of rhodamine in Rhod-AcMD was estimated, based on the dilution of
labelled MD with the unlabelled MD and the molecular weight increase due to acetalation,
to be 0.02%. Direct fluorometric determination of rhodamine in Rhod-AcMD yielded a
lower mass content than expected, possibly due to partial fluorescence quenching by TEA
in the acetalation reaction quenching step, as reported by Bakkialakshmi et al. [138].

Nevertheless, the remaining fluorescence was sufficient for visualization.
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Figure 7. (a) Synthesis of AcMD using 2-methoxypropene as acetalating agent and
PPTS as an acidic catalyst. (b) Fluorescent labeling of MD with NHS-rhodamine in

presence of DBU as a catalyst, followed by acetalation of Rhod-MD.

5.3.3 Acetal modification analysis

Acetal functionalization could be analyzed and quantified based on the evaluation of
the '"H-NMR spectra of acid degraded AcMD. An example of the 'H-NMR spectra for
unmodified MDB and its acid degraded acetalated counterpart is shown in figure 8.
Acetalation of MDA, MDB and MDC for 3 h lead to a cyclic acetal modification content
approaching 50% (Figure 9a), which is the maximum possible percentage of cyclic acetal
modification for glucose subunits. Through decreasing the reaction time from 3 h to 10 min,

cyclic acetal percentage decreased gradually from 46.97% (AcMDBiso) to 20.82% (AcMDB1o)

as demonstrated in figure 9b.
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Figure 8. "H-NMR spectra of (a) unmodified MDB (D:O, 500 MHz) and (b) acid
degraded AcMDBiso (D-0O/DCl, 500 MHz).
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Figure 9. The percentage of cyclic and acyclic acetal modification of AcMD synthesized
from (a) MDA, MDB and MDC at 3 h reaction time and (b) MDB at different reaction
times (from 10 - 180 min) determined by 'H-NMR analysis of the acid degraded

polymers.
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5.3.4 Molecular weight determination

The measured number average molecular weight (M.), weight average molecular
weight (Mw) and dispersity (D) for AcMD polymers are displayed in table 1. Expectedly,
the higher the DE of MD, the lower the molecular weight of the respective AcMD. The
AcMD polymers exhibited broad molecular weight distribution (Figure 10), ascribed to the
polydispersity of the parent MD polymers [139]. The results appear to be in a good
agreement with the data reported by Castro et al. [140] for each equivalent MD, considering

the assumed increase in molecular weight due to acetalation (approximately 1.7 times).

Table 1. Number average molecular weight (Mn), weight average molecular weight
(Mw) and dispersity (D) of AcMD polymers determined by SEC using PMMA

calibration standards.

Polymer M. (g/mol) My (g/mol) b
AcMDA 3114.6 52125.0 16.7
AcMDB 1556.1 8485.8 5.5
AcMDC 1547.0 7853.1 5.1
0030
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Figure 10. SEC chromatograms of AcMD polymers, determined using PMMA

calibration standards.
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5.3.5 Thermogravimetric analysis (TGA)

TGA was performed to evaluate the thermal stability of AcMD polymers relative to
their MD counterparts. Figure 11a shows the MD thermograms exhibiting typical
dehydration and decomposition phases, associated with minor and major mass loss
respectively as reported in literature [140, 141]. On the other hand, the TGA profiles of
AcMD polymers reveal a biphasic decomposition phase with a lower decomposition onset
temperature (Figure 11b). The first decomposition phase is speculated to be due to the
degradation of the acetal moieties. The onset decomposition temperature was not in
correlation with either the molecular weight or the cyclic/acyclic modification ratio (Table
2, Figure 11b and c). However, comparing AcMDB polymers with different cyclic/acyclic
modification ratios depicts a gradual increase in the mass loss percentage of the first
degradation phase with increasing the acyclic acetal amount (Table 2, Figure 11c). This
suggests that the less stable acyclic acetal groups are primarily responsible for the appearance
of this additional decomposition phase. The dehydration phase could not be detected in
AcMD polymers profiles, indicating the elimination of the residual moisture at the

lyophilization step of the polymer synthesis.
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Figure 11. TGA thermograms of (a) MD polymers with different DE, (b) the
corresponding AcMD polymers and (c) AcMDB prepared at different reactions times

resulting in different cyclic/acyclic acetal ratios.
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Table 2. Onset decomposition temperature (Tonst), mass loss percentage and glass
transition temperature (Tg) of AcMD polymers having different molecular weights and

cyclic/acyclic acetal ratios.

Polymer Tonser (°C) Mass loss' (%)  Mass loss® (%)  Tg (°C)
AcMDA s 121.2 23.0 71.2 99.7
AcMDBio 130.1 29.7 65.2 60.1
AcMDB:3o 129.5 26.5 67.9 83.1
AcMDBeo 123.4 24.4 69.4 97.4
AcMDBiso 114.7 21.7 72.4 81.8
AcMDCiso 113.1 219 71.6 63.4

' Mass loss percentage of the first decomposition phase
? Mass loss percentage of the second decomposition phase
5.3.6 Determination of glass transition temperature (Tg)

The polymer T, depends on the mobility and flexibility of polymer chains, where
both the polymer backbone and the side groups are involved [142, 143]. According to the
DSC results shown in table 2 and figure 12, AcMD polymers exhibited lower Ty values,
compared to the T values reported for MD by Avaltroni et al. and Siemons et al. [110, 139].
Introducing acetal groups to the polymer chains was anticipated to be accompanied by an
increase in the T,. However, the expected steric effect was probably opposed by masking of
the hydroxyl groups, which were thought to contribute to the higher T; of the MD through

intra- and inter-molecular hydrogen bonding [144].
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Figure 12. DSC thermograms of AcMD polymers with (a) different molecular weights

and (b) different cyclic/acyclic acetal ratios, showing their Ts.

5.4 Conclusion

Through acetalation, water-soluble MD was modified into hydrophobic AcMD. The

AcMD polymers exhibited broad molecular weight distributions, inherited from the

precursor MD. This may affect the particle formation process or the dispersity of the formed

particles. AcMD polymers of different cyclic/acyclic acetal ratios were produced, which can

be used to produce particles with different degradation kinetics. The different synthesized

AcMD polymers were found to have lower decomposition onset temperature and lower T
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compared to the corresponding MDs. This should be considered upon using AcMD for
different applications, in which high temperatures are required during preparation and/or
processing. To this end, AcMD of different molecular weights and cyclic/acyclic
modification ratios was prepared, of which the nanoparticle formation and characteristics

would be studied in the following chapter.
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6. Chapter II: Preparation, characterization, and cellular

interaction of acetalated maltodextrin (AcMD) nanoparticles

6.1 Introduction

Nanomedicine has proven its potential to circumvent the treatment inconveniences
that are usually encountered with chemotherapy, where using nanosystems as carriers for
chemotherapeutic agents has multiple advantages compared to the conventional intravenous
administration [145]. Nanovehicles could improve the pharmacokinetics of the poorly
water-soluble anticancer drugs and protect them against pre-mature metabolism or
inactivation [146]. Additionally, they might enable passive or active targeted delivery to the
tumor sites and accordingly limit the unwanted systemic side effects and toxicities [147].
Nanosystems allow the multiple delivery of synergistic agents in the same cargo, which
could maximize the treatment efficacy [148, 149]. Loading anticancer drugs on nanocarriers
could evade the efflux transporters, involved in multi-drug resistance, through nanoparticle-
mediated cellular uptake [150]. Therapeutic nanoparticles (NPs) must be non-toxic and
biodegradable to avoid the unwanted accumulation upon repetitive administration.
Therefore, natural lipid- and polymer-based nanocarriers have been extensively applied in

anticancer delivery systems [145].

Polymeric NPs could be produced by several methods including emulsification,
nanoprecipitation, coacervation and supercritical fluid technology [151-153].
Nanoprecipitation, also known as inverse precipitation, desolvation or solvent
displacement, is a versatile method implying the addition of polymer solution to a miscible
non-solvent system or vice versa, with or without the use of a stabilizer. Nanoparticle
formation occurs through sequential steps of supersaturation, nucleation, particle growth
and aggregation [154, 155]. The colloidal properties of the produced particles are governed
by a vast range of factors such as polymer concentration, polymer saturation solubility in
solvent and antisolvent, solvent-antisolvent interaction, stabilizer effect, volume ratio,
sequence of addition, mixing conditions and temperature [154-156]. However, proper
selection of the key influencing parameters provides good control over the production

process, resulting in reproducible formation of nano-sized particles with narrow size
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distribution. Furthermore, nanoprecipitation is the principal technique from which more
recent technologies emerged namely, microfluidic-based nanoprecipitation [157] and flash
nanoprecipitation [158], offering better process manipulation, higher reproducibility and

potential for scaling-up [155, 159-161].

In the current study, the nanoprecipitation-based particle formation process of
acetalated maltodextrin (AcMD) and the key influencing factors were studied. The loading
of AcMD-NPs with resveratrol as a model hydrophobic molecule, their acid induced
degradability, and i vitro release from the loaded NPs were investigated. Biocompatibility
of AcMD-NPs with human adenocarcinoma lung epithelial A549 cells and differentiated
human macrophage-like THP-1 (dTHP-1) cells was assessed, as examples for somatic and
immune cells, respectively. Finally, cell internalization of AcMD-NPs with the
aforementioned cells was traced at different time points. To this end, the aim of this work
is to propose a well-defined protocol for the production of acid responsive AcMD-NPs
which were not addressed before, and to provide a basic framework for their efficient
implementation in drug delivery applications in general and anticancer drug delivery in

particular.

6.2 Materials and methods
6.2.1 Materials

Maltodextrin (DE: 4.0-7.0, 13.0-17.0 and 16.5-19.5), 2-methoxypropene, pyridinium
p-toluene sulfonate (PPTS), triethylamine (TEA), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU),
polyethylene glycol 400 (PEG-400), RPMI-1640 cell culture medium, Dulbecco’s phosphate
buffered saline (DPBS), phorbol 12-myristate 13-acetate (PMA), trypsin-EDTA, penicillin-
streptomycin and thiazolyl blue tetrazolium bromide were purchased from Sigma-Aldrich
(Steinheim, Germany). Poloxamer 407 was purchased from Caesar and Loretz GmbH
(Hilden, Germany). NHS-rhodamine, 4’,6-diamidino-2-phenylindole (DAPI) and Alexa
Fluor™ 488 conjugate of Concanavalin A were purchased from Thermo Fisher Scientific
(Darmstadt, Germany). Resveratrol was purchased from Carl Roth (Karlsruhe, Germany).
Fetal calf serum (FCS) was purchased from Lonza (Basel, Switzerland). Dimethyl sulfoxide

(DMSO, analytical grade), acetone and ethanol (HPLC grade) were purchased from Fisher
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Scientific (Schwerte, Germany). All the other reagents used were purchased with HPLC or

analytical grade.
6.2.2 Synthesis of AcMD

AcMD of different molecular weights (AcMDA, AcMDB and AcMDC) and different
cyclic/acyclic acetal ratios (AcMDB1o, AcMDBso, AcMDBso and AcMDBiso) were prepared
as described in chapter I, section 5.2.2. Fluorescently labeled AcMD with lowest and
highest cyclic acetal content (Rhod-AcMDBiwo and Rhod-AcMDis)) were prepared as

described in chapter I, section 5.2.3.
6.2.3 DPreparation of AcMD-NPs

The preparation procedure is based on the nanoprecipitation method originally
introduced by Fessi et al. [162]. AcMD was dissolved in acetone to yield mass concentrations
of 10, 25 and 50 mg/ml. The resulting solution (1 ml) was injected using a syringe pump
(PHD 2000, Harvard Apparatus, Massachusetts, United States) into 0.5% poloxamer 407
aqueous solution (5 ml) at a rate of 1 ml/min under mild stirring. The formulations were
left stirring for 3 h for acetone evaporation, as comparative amounts of acetone for
nanoprecipitation procedures in general was found to be evaporated during the first hour.
The produced NPs were purified through two cycles of centrifugation at 10,000-12,000 g, 20
min, 20 °C (Multifuge X1R, Thermo Fisher Scientific, Osterode am Harz, Germany),

removal of supernatant and addition of fresh slightly alkaline water.

Resveratrol loaded AcMD-NPs were prepared following the same procedure at 25
mg/ml polymer mass concentration with addition of resveratrol (5% of the polymer mass)
to the polymer solution. Fluorescent AcMD-NPs were prepared using Rhod-AcMD and the

procedure was continued as described. All the formulations were prepared in triplicates.

6.2.4 Characterization of AcMD-NPs
6.2.4.1 Particle diameter, polydispersity index (PDI) and zeta potential

Particle size and zeta potential of AcMD-NPs were measured using dynamic light

scattering (DLS) and laser doppler electrophoresis (Zetasizer Ultra, Malvern Panalytical,
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Worcestershire, United Kingdom), respectively. Samples were diluted with 5 mM KCl
solution to an approximate nanoparticle concentration of 0.05 mg/ml and 1 ml was placed
in a zeta potential folded cuvette. Intensity-based hydrodynamic diameter measurement was
performed at 25 °C with an angle of 173° in the back scattering mode. Zeta potential was
measured based on electrophoretic mobility at 25 °C. The measurements were performed

in triplicates.
6.2.4.2 Particle morphology using scanning electron microscope (SEM)

AcMD-NPs were visualized using SEM (Zeiss EVO HD15, Carl Zeiss, Oberkochen,
Germany). A sample volume of 10 ul was placed on a silica waver fixed onto a metal stub.
After 5 minutes, excess liquid was removed, and samples were air dried. The particles were
sputter coated with 10 nm gold layer (Quorum Q150R ES, Quorum Technologies, East

Sussex, United Kingdom) and examined at 20 kV under high vacuum conditions.
6.2.4.3 Entrapment efficiency (EE%) and drug loading (DL%)

A sample aliquot of 1 ml was washed twice using centrifugation at 40,000 g, 30 min,
20 °C (Sigma 3-30KS, Sigma, Osterode am Harz, Germany). Subsequently, the pellets were
lyophilized (Alpha 3-4 LSCbasic, Christ, Osterode am Harz, Germany), and pellet masses
were determined. The pellets were then dissolved using acetonitrile and loaded resveratrol
was directly quantified through measuring its absorbance (Amax: 308 nm) using UV-Star” 96
well F-bottom plates (Greiner Bio-One, Frickenhausen, Germany) and microplate reader
(Infinite M200, Tecan group, Minnedorf, Switzerland). The EE% and DL% were
determined by calculating the percentage of loaded resveratrol relative to total added

resveratrol or total mass of loaded NPs, respectively, as follows:

Amount of loaded resveratrol (ug)

EE% =

x 100  Equation 3

Total amount of resveratrol added (1.g)

Amount of loaded resveratrol (ug)

DL% =
% Mass of loaded NPs (pg)

x 100  Equation 4
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6.2.5 Nanoparticle degradation experiments

AcMD-NPs were suspended in either phosphate buffered saline (PBS pH 7.4) or 0.1
M acetate buffer (pH 5.0) at 4 mg/ml particle concentration and incubated at 37 °C with
agitation (Shaking incubator 3031, GFL, Burgwedel, Germany). At previously specified time
points, 0.4 ml samples were withdrawn and centrifuged at 40,000 g, 15 min, 20 °C (Sigma 3-
30KS, Sigma, Osterode am Harz, Germany) to separate the undegraded NPs. The
supernatants were collected and stored at -20 °C till being analyzed for reducing sugars using
BCA reductometric assay (QuantiPro™ BCA Assay Kit, Sigma-Aldrich, Taufkirchen,
Germany) according to the manufacturer’s protocol [122, 137]. All the experiments were

carried out in triplicates.
6.2.6 In vitro release studies

Resveratrol-loaded AcMD-NPs were suspended in release media at 2 mg/ml
concentration and incubated at 37 °C with agitation. The release medium was either PBS
(pH 7.4) or 0.1 M acetate buffer (pH 5.0) to which PEG-400 was added at a concentration of
5% to achieve sink conditions, where PEG-400 was reported to be a superior solubilizing
agent for resveratrol [163]. Samples (0.4 ml) were withdrawn at specified time intervals and
centrifuged at 40,000 g, 15 min, 20 °C (Sigma 3-30KS, Sigma, Osterode am Harz, Germany).
The released resveratrol in the separated supernatants was assayed as described in section

6.2.4.3. All the experiments were performed in triplicates.

6.2.7 In vitro biological experiments

6.2.7.1 Cell culture

Adenocarcinoma human alveolar epithelial cells (A549) and acute leukemia human
monocytic cells (THP-1) were cultured in RPMI-1640 medium supplemented with 10%
FCS. The cells were subcultured once a week and fresh media was applied twice a week. The
cultures were maintained in a humidified incubator at 37 °C under 5% CO: atmosphere.

Both cell lines were used within consecutive passages not later than passage 20.
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6.2.7.2 Cell viability

The cytotoxicity and biocompatibility of AcMD-NPs were evaluated using MTT
assay on A549 and dTHP-1 cells. A549 cells were seeded into a 96-well plate (10,000
cells/well) and grown for 48 h. THP-1 cell number was adjusted to 80,000 cells/well and
PMA was added at a concentration of 30 ng/ml [164, 165]. The THP-1 cells were directly
seeded and cultured for 48 h to allow for differentiation. Subsequently, old media were
replaced with fresh media containing the tested AcMD-NPs at different concentrations (50,
100, 250, 500, 750 and 1000 pg/ml) and supplemented with 100 U/ml penicillin-
streptomycin. Samples were tested against negative (live) and positive (dead) controls, where
cells were treated with medium and 2% Triton-X, respectively. After 24 h incubation with
the formulations, media were removed, cells were washed with DPBS and incubated with
10% MTT reagent (diluted in DPBS) for 4 h. This was followed by aspiration and incubation
with DMSO for 20 min. Absorbance of formed formazan by live cells (OD) was measured
at 550 nm and cell viability was calculated according to equation 5. The experiments were

performed at least in triplicates.

Cell viability (%) = —sempte”Opositivecontrol__ 100 Equation 5

ODnegative control™ ODpositive control

6.2.7.3 Cellular interaction

A549 cells were seeded (20,000 cells/well) in 8-well imaging chamber (Ibidi,
Grifelfing, Germany) and grown for 48 h. THP-1 cells were seeded (80,000 cells/well) after
being differentiated as previously mentioned. Afterwards, old media were aspirated and
replaced with fresh media containing Rhod-AcMD-NPs at 1000 pg/ml concentration and
supplemented with 100 U/ml penicillin-streptomycin. As negative control, cells were
treated with plain medium. After incubation at 2, 4 and 24 h, media were aspirated, and cells
were washed twice with DPBS. Fixation was carried out using 3% paraformaldehyde for 30
min at room temperature. Nuclei were stained using 3 nM DAPI for 20 min and cell
membranes were stained using 5 pg/ml Concanavalin A Alexa Fluor™ 488 conjugate for 30
min. Cells were washed twice with DPBS after fixation and staining steps and stored in

DPBS at 4 °C until examination.
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Cell visualization for uptake evaluation was performed through confocal laser
scanning microscope (CLSM) (LSM 710, Carl Zeiss AG, Jena, Germany) using 40x water
immersion objective. The signals of DAPI, Alexa Fluor™ 488 and rhodamine were detected
through excitation at 405, 488 and 561 nm and recording emission at 410-507, 496-603 and
566-703 nm, respectively. Recorded images from individual channels were merged. Image
processing was performed using ZEN 3.0 (blue edition) software (Carl Zeiss Microscopy,

2019).
6.2.8 Statistical analysis

The results are expressed as mean + standard deviation of the performed replicates.
Statistical significance was tested using one-way or two-way analysis of variance (ANOVA)
in case of one or two independent variables, respectively, followed by Tukey post hoc test to
compare all pairs. The level of significance was set at a p-value of 0.05. Statistical analysis was

implemented using GraphPad Prism (version 8.0.2) software (GraphPad Software, 2019).

6.3 Results and discussion

6.3.1 DPreparation of AcMD-NPs

NPs of variable particle diameters and homogenous size distribution were prepared
using one-step nanoprecipitation method with acetone as organic solvent and poloxamer 407
as stabilizer. Additionally, the high yield of produced NPs relative to the used polymer mass
denotes the efficiency of preparation (Figure 13). It is worth mentioning that other
solvent/antisolvent volume ratios, injection rates, organic solvents (ethanol, isopropanol
and DMSO), and stabilizers (polyvinyl alcohol (PVA), poloxamer 188 and tween 80) were
also preliminarily investigated but the selected system was found to be superior in terms of
the quality of particles, ease of purification and/or their physical stability in different

buffered systems used later in the study (results not shown).
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Figure 13. Nanoparticle production yield of (a) plain AcMD-NPs prepared at different
polymer molecular weights and polymer solution mass concentrations (10, 25 and 50
mg/ml) and (b) resveratrol-loaded AcMDB-NPs prepared from AcMD with different
cyclic/acyclic ratios at 25 mg/ml mass concentration. The results are mean values +

standard deviation from n = 3 independent experiments.

6.3.2 Characterization of AcMD-NPs
6.3.2.1 Particle size, PDI and zeta potential

Plain NPs were prepared using AcMDA, AcMDB and AcMDC at different polymer
concentrations. The particle size varied significantly depending on both mass concentration
(Figure 14a) and molecular weight (Figure 14b) of AcMD. Increasing the polymer mass
concentration from 10 to 50 mg/ml resulted in a clear increase in particle size. This was
expected due to higher nucleus collision frequency and hence an increased growth during
particle formation [154]. Additionally, increasing the concentration may also be
accompanied by an increase in viscosity, which in turn hinders the diffusion of the solvent
within the antisolvent phase, causing less uniform supersaturation, slower nucleation rates,
increased agglomeration and accordingly larger particles [166]. The effect of molecular
weight can be attributed either to (a) viscosity effect, in case of AcMDA compared to its
counterparts, or (b) higher supersaturation and therefore enhanced nucleation and smaller

particles in case of AcMDB compared to AcMDC [154].

Except for NPs prepared with AcMDA at 50 mg/ml mass concentration,

monodisperse NPs were produced with PDI values ranging from 0.016 to 0.051 (Figure
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14a). The observed increase in PDI in the earlier case would be ascribed to the combined
effect of increasing both molecular weight and mass concentration. This would negatively
impact the efficiency of mixing and the homogeneity of supersaturation, causing increased
agglomeration and less uniform particle formation. All the particles exhibited a very slight
negative zeta potential ranging from -0.74 to -2.40 mV (Figure 15), due to the coverage of

the negative hydroxyl groups through acetalation.

AcMDB polymers of different cyclic/acyclic acetal ratio were then used to produce
resveratrol-loaded NPs. Loading with resveratrol lead to a slight increase in particle diameter
and did not affect the particle uniformity as shown in figure 14c. Furthermore, the variation
in cyclic/acyclic acetal modification did not significantly affect the particle diameter. All
particles prepared had sizes between 179 - 185 nm and very low PDI values in between 0.029
- 0.043.
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Figure 14. Particle size and PDI of plain AcMD-NPs showing the statistical significance
of (a) AcMD mass concentration and (b) AcMD molecular weight. (c) Particle size and
PDI resveratrol-loaded AcMD-NPs prepared from AcMDB with different cyclic/acyclic
ratios. All data displayed are mean values + standard deviation from n = 3 independent
experiments. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05, and ns: p >
0.05.

52



6. Chapter II: Preparation, characterization, and cellular interaction of acetalated maltodextrin (AcMD) nanoparticles

(a) (b)
0 u [J AcMDA 0 I_rl |—_|_—|
Z 11 @ AcMDB 2 -
S . 0 AcMDC 3 ]
c t
2 3
2 - 2 1
B8 5
g +- 841
-5 T T T T — T T -5 T T T T
10 25 50 10 25 50 10 25 50 00,@ 00,50 QQ’@ 0@'\@
AcMD concentration (mg/ml AW 3 P\
( g ) ?‘0 vs-’ vs’ 7‘$

Figure 15. Zeta potential of (a) plain AcMD-NPs prepared at different polymer
molecular weights and mass concentrations and (b) resveratrol-loaded AcMDB-NPs
prepared from AcMD with different cyclic/acyclic ratios. All data represent mean

values + standard deviation from n = 3 independent experiments.
6.3.2.2 Nanoparticle morphology

SEM visualization revealed the spherical morphology of AcMD-NPs (Figure 16)
with homogenous appearance and particle diameter comparable to that obtained by DLS
measurement. The homogeneity of the particle ensemble and the small size distribution is
also reflected in the SEM micrographs. The exclusive arrangement of the particles in two
dimensions is also a clear support of the absence of agglomeration in the samples. The
incorporation of the drug did not change the particles morphology and no free drug in

crystalline form can be seen.
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Figure 16. SEM images of (a) plain AcMDB-NPs prepared at 25 mg/ml polymer mass
concentration and (b) the corresponding resveratrol-loaded AcMDB-NPs, examined at

20 kV using a magnification of 20,000x.
6.3.2.3 EE% and DL%

Nanoprecipitation could be considered as the method of choice for loading
hydrophobic cargo within a hydrophobic matrix. It should be noted here that nearly 40%
of the marketed drugs and 90% of drugs in development phase have poor water solubilities

[167], signifying the usefulness of nanoprecipitation in this regard.

AcMDB-NPs with different cyclic/acyclic acetal ratios were successfully loaded with
resveratrol with an overall mean EE% and DL% of 62.93 + 5.8% and 3.51 + 0.21%,
respectively, where increasing the cyclic acetal proportion did not have any significant
impact on the loading (Figure 17). The supposed increase in the polymer hydrophobicity
by increasing the cyclic acetal modifications and the expected effect on the encapsulation
efficiency [122] was not seen. This was in accordance with measurements reported by Chen
et al. [168] who proved that the polymer hydrophobicity, based on water contact angle

measurements, does not strongly correlate to the cyclic/acyclic acetal ratio.
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Figure 17. EE% and DL% of resveratrol-loaded AcMDB-NPs prepared from AcMD
with different cyclic/acyclic ratios. All data displayed are mean values + standard

deviation from n = 3 independent experiments. ns: p > 0.05.
6.3.3 Nanoparticle pH-dependent degradation

Through the ongoing acid-driven nanoparticle degradation, increasing amounts of
MD polysaccharide chains are produced at different rates, of which the reducing power was
assayed using the BCA assay. Nanoparticle degradation was investigated with respect to
molecular weight and cyclic/acyclic acetal ratio. Figure 18a depicts that the differences in
molecular weight among AcMDA, AcMDB and AcMDC did not elicit a remarkable
difference in their degradation rate. Slower degradation kinetics might have been expected
for the higher molecular weight AcMDA, where longer polymer chains were thought to
require more time for degradation and detachment from the nanoparticle matrices.
However, another factor which may also play an important role in this regard and outweigh
this anticipated delay is the polymer packing density. Shorter polymer chains, in case of
AcMDB and AcMDC, could be more densely packed, impeding the diffusion of hydronium
ions and water molecules through the nanoparticle matrix and decreasing the overall surface

area exposed for hydrolysis [168].

On the other hand, increasing the cyclic acetal percentage from 20.82% (AcMDB1o)
to 46.97% (AcMDBiso) slowed down the degradation kinetics at pH 5.0, where AcMDBio-,
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AcMDBse-, AcMDso- and AcMDiso-NPs were fully degraded after 4, 6, 12 and 24 h,
respectively (Figure 18b). In both experiments, the particles could maintain a considerable

integrity in pH 7.4 for 24 h and longer, confirming their acid mediated tunable degradation
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Figure 18. Nanoparticle degradation at pH 7.4 (PBS) and pH 5.0 (acetate buffer) at
37°C with respect to (a) polymer molecular weight and (b) cyclic/acyclic acetal
modification ratio (20.82, 32.06, 38.42 and 46.97% for AcMDBio, AcMDB30, AcMDBeo
and AcMDBiso, respectively). The data are mean values + standard deviation from n =

3 independent experiments.
6.3.4 In vitro release studies

In vitro release from resveratrol-loaded AcMD-NPs with different cyclic/acyclic acetal
ratios was studied to evaluate their capability to control the release of resveratrol in a pH
dependent manner. Figure 19 shows that the maximum amount released in pH 7.4 at 24 h
did not exceed 19.90 + 2.18% to 36.27 + 5.86% of the loaded resveratrol, in case of
AcMDBiso and AcMDBio, respectively. It could be concluded that the release was limited to
diffusion through the nanoparticle matrices. On the other hand, the release in pH 5.0 was
both diffusion and erosion driven, where the rate of erosion decreased proportionally by
increasing the cyclic acetal proportion, leading to slower resveratrol release in case of

AcMDBiso followed by AcMDBeo, AcMDB3o and finally AcMDBuo.

It was also noticed that the overall release kinetics in acidic pH were relatively slower

than the degradation kinetics. The nanoparticle degradation might have been affected by the
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presence of resveratrol, that probably lead to changes in the nanoparticle physicochemical
properties. Alternatively, the slower release kinetics may denote a central distribution of
resveratrol within the nanoparticle matrices. Experimental set up differences might as well
be a causative factor, where the presence of PEG-400 might have slowed down the diffusion

of hydronium ions and water molecules to particle-medium interface.
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Figure 19. In vitro release of resveratrol from loaded AcMDB-NPs with increasing
cyclic acetal percentage (20.82, 32.06, 38.42 and 46.97% for AcMDB1, AcMDBso,
AcMDB« and AcMDBiso, respectively) at pH 7.4 (PBS) and pH 5.0 (acetate buffer), and

37°C temperature. The data are mean values + standard deviation from n = 3

independent experiments.

6.3.5 In vitro biological experiments

6.3.5.1 Cell viability

Both fast degrading AcMDB10-NPs and slow degrading AcMDBiso-NPs did not show any
signs of acute cytotoxicity on A549 and dTHP-1 cells after 24 h incubation at concentrations
as high as 1 mg/ml, as shown in figure 20. AcMD is in principle a modified biopolymer,
consisting of biocompatible MD [111] and acetal groups that are hydrolyzed to acetone (a

common by-product in metabolic pathways) and non-toxic amounts of methanol [137, 169].
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Figure 20. Cell viability of (a) A549 and (b) dTHP-1 cells after 24 h incubation with
different concentrations (50 - 1000 pg/ml) of AcMDBi1-NPs and AcMDBiso-NPs
determined using MTT assay. The data are mean values + standard deviation from at

least n = 3 independent experiments.
6.3.5.2 Cellular uptake

AcMDB NPs interacted differently with A549 and dTHP-1 cells. Figure 21 shows
that there was no noticeable interaction over the earlier intervals with the A549 cells, while
the uptake could be clearly detected after 24 h. In contrast, dTHP-1 cells showed a noticeable
uptake for both Rhod-AcMDB1-NPs and Rhod-AcMDBis-INPs even after 2 h, which is
further increased after 24 h (Figure 22). This could be explained by the different nature of
either cell type, where dTHP-1 cells are inherently phagocytic cells and would easily engulf
foreign particles [170]. It was also noted that the overall signal of Rhod-AcMDB1-NPs was
less prominent compared to Rhod-AcMDBiso-NPs, probably due to the faster degradation
kinetics of the earlier prior to cellular uptake [137]. Alternatively, faster degradation after
uptake would lead to a homogeneous distribution of the labeled polymer chains, reducing
the intensity of specific spots in case of Rhod-AcMDBi-NPs. Whereas for the slow
degrading NPs, the particle architecture is conserved yielding a higher intensity signal at the

nanoparticle location.
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Figure 21. Cellular interaction of (a) Rhod-AcMDB1-NPs and (b) Rhod-AcMDBiso-NPs
with A549 cells at 2, 4, and 24 h incubation. Blue signal corresponds to nuclei stained
with DAPI, green signal corresponds to cell membranes stained with Concanavalin A

Alexa Fluor™ 488 conjugate, and red signal corresponds to rhodamine-labeled

AcMDB-NPs.
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Figure 22. Cellular interaction of (a) Rhod-AcMDB1-NPs and (b) Rhod-AcMDBiso-NPs
with dTHP-1 cells at 2, 4, and 24 h incubation. Blue signal corresponds to nuclei stained
with DAPI, green signal corresponds to cell membranes stained with Concanavalin A

Alexa Fluor™ 488 conjugate, and red signal corresponds to rhodamine-labeled

AcMDB-NPs.
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6.4 Conclusion

Despite the broad molecular weight distribution of the hydrophobic derivative of
MD presented in this work, AcMD could be used to produce monodisperse NPs with small
diameters and tunable pH dependent degradability. This allows less intensive processing
steps of the carbohydrates for application. Hence, this aspect is also relevant from an
economic point of view and would keep additional production costs low. Loading AcMD-
NPs with a model hydrophobic drug and their ability to control the release kinetics were
demonstrated. The suggested nanoprecipitation procedure could be easily adapted for
inclusion of desired hydrophobic cargo or also further extended to other technologies such
as microfluidic nanoprecipitation. The tolerability of AcMD-NPs to the utilized somatic
and immune cells indicates their safety and applicability. Whereas the different cell
internalization behavior of AcMD-NPs proposes potential modifications based on the
application of interest and whether extracellular or intracellular receptors are involved. For
the scope of our project, we would explore the delivery of AcMD-NPs to the lungs through
inhalation in the next chapter, proposing them as a potential pulmonary delivery system for

the treatment of lung cancer.
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7. Chapter III: Preparation and characterization of extracellular

matrix (ECM)-modulating nano-structured microparticles

7.1 Introduction

Upon inhalation, nanoparticles (NPs) would be rapidly exhaled due to their low
gravitational sedimentation and inertial impaction, resulting in inefficient pulmonary
deposition [48, 50, 171]. This raises the demand for a delivery method to optimally transport
NPs to the pulmonary region of interest. One approach, that is simple from the formulation
point of view, is to nebulize a nanoparticle suspension as an aerosol with the desired droplet
size. However, nebulization has its shortcomings regarding the restricted portability, the
lengthy time of administration and the formulation being in the liquid form, which may
pose stability and contamination issues [79, 172]. Other inhalation devices that also implicate
liquid dosage forms, such as pressurized metered-dose inhaler (pMDI) and soft mist inhaler
(SMI), are not easily adaptable for lung cancer treatment, due to their limited capability to
deliver drug doses in the microgram range [63]. The use of dry powder inhaler (DPI)
provides several benefits over nebulizers, pMDIs and SMIs for pulmonary delivery in
general, and for its application in lung cancer therapy in particular. Dry powder for
inhalation, as a solid-state formulation, imparts better long-term physical stability to the
formulation and the loaded drug. DPIs can deliver high drug doses, actuated by the patient’s
inhalation, in a short time and without the need for propellers or hand-breathing co-
ordination [63, 85]. Moreover, they are handy, easy to maintain and disinfect, and can be
produced as single-use inhalers to restrain the device and environmental contamination risks;

which are common drawbacks of nebulizers [63].

To be formulated as dry powder for inhalation, NPs should be reversibly aggregated
in the form of nano-structured or Trojan particles, that were firstly introduced by Tsapis et
al. [98]. The aerodynamic diameter of the particles designed for inhalation, which is
governed by the geometric diameter, particle density and shape, dictates the zone in which
the particles would be deposited in the lungs. Particles exhibiting aerodynamic diameters
between 0.5 and 5 pm would be majorly deposited in the lower respiratory airways, where

an aerodynamic diameter below 3 um is optimal for alveolar deposition [44, 50, 63]. The
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nano-in-micro approach would not only enable the pulmonary delivery of NPs, but also
circumvent clearance by alveolar macrophages, where particles in the size range from 0.5 to
5 um suffer extensive phagocytosis [71, 173] (specifically in the range from 1.5 to 3 um [66]).
For this to be attained, the microparticles should readily redisperse into the constituting
NPs upon hydration by the pulmonary fluids. Particle redispersibility, along with surface
forces and powder properties (flowability, moisture content, hygroscopicity), necessitates
the selection of the matrix-forming excipients, and the optimization of the spray drying

conditions [85].

Delivery of NPs to the alveolar region, i.e., their availability at the vicinity of the
tumor masses, does not necessarily ensure the efficacy of the treatment; the NPs should
penetrate into the tumor to reach the target cancer cells. Solid tumors are characterized by
the formation of a dense extracellular matrix (ECM), which impedes the diffusion of drug
molecules or nanocarriers within the tumor interstitium and hence, results in treatment
inadequacies [25, 38, 174, 175]. The ECM is composed of a highly organized network of
fibrous proteins, proteoglycans, glycoproteins, glycosaminoglycans and other
macromolecules [24]. Collagen is the most abundant protein and the main structural
component of the ECM [22], where fibrillar collagen type I is the most prevalent and is
generally linked to tumor cell survival and metastasis in many solid tumors [33]. Modulating
the ECM through the intravenous or intratumoral administration of collagenase prior to
treatment application has shown promising results for improving the treatment outcomes
[174]. More recent studies explored the nano-based delivery of collagenase through physical
adsorption, direct loading or surface chemical conjugation [38]. However, the release of
collagenase with the desired kinetics and/or maintaining its enzymatic activity are potential

difficulties to be tackled throughout the formulation design and evaluation steps.

Herein, our delivery system is composed of acetalated maltodextrin (AcMD)-NPs
embedded in a collagenase-containing, water-soluble matrix, where collagenase would be
released upon the matrix dissolution in the pulmonary fluid and enhance the penetration of
the redispersed NPs into the tumor masses. The matrix composition as well as the spray

drying conditions were optimized. The activity of collagenase after spray drying was
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assessed. The microparticles (MPs) were characterized in terms of particle size, morphology,

redispersibility, moisture content and iz vitro pulmonary deposition.

7.2 Materials and methods
7.2.1 Materials

Maltodextrin (DE: 13.0-17.0), 2-methoxypropene, pyridinium p-toluene sulfonate
(PPTS), triethylamine (TEA), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), L-leucine,
collagenase (obtained from Clostridium histolyticum, Type 1), rhodamine B, fluorescein
sodium salt and 1-octanol were purchased from Sigma-Aldrich (Steinheim, Germany).
Poloxamer 407 was purchased from Caesar and Loretz GmbH (Hilden, Germany).
Trehalose was purchased from Carl Roth (Karlsruhe, Germany). NHS-rhodamine was
purchased from Thermo Fisher Scientific (Darmstadt, Germany). Dimethyl sulfoxide
(DMSO, analytical grade), acetone and ethanol (HPLC grade) were purchased from Fisher
Scientific (Schwerte, Germany). n-Hexane (HPLC grade) was purchased from VWR
(Darmstadt, Germany). All the other reagents used were purchased with HPLC or analytical

grade.
7.2.2 Preparation and characterization of AcMD-NPs

AcMD-NPs were prepared as described previously in chapter II, section 6.2.3. The
preparation was carried out using AcMDB polymer and 25 mg/ml polymer solution mass
concentration. Fluorescent AcMD-NPs were prepared by the same described procedure
using Rhod-AcMDBiso (synthesis demonstrated in chapter I, section 5.2.3). Based on the
yield determined through freeze drying, the particles were suspended in a suitable volume
of slightly alkaline Milli-Q water to have a particle concentration of 10 mg/ml. This
nanoparticle stock suspension was used in spray drying step. The prepared NPs were

characterized as described in chapter II, section 6.2.4.
7.2.3 Preparation of AcMD nano-structured MPs

Aqueous stock solutions of leucine (10 mg/ml) and trehalose (20 mg/ml) were
prepared. Based on the required microparticle composition (Table 3); stock suspension of

AcMD-NPs, leucine and trehalose stock solutions were mixed in different proportions and
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diluted with slightly alkaline Milli-Q water. When powder quantification was required,
rhodamine B was added to the spray drying feed suspension at a concentration of 50 ug for
each 100 mg of total solid mass. The final total solid concentration in the precursor
suspensions to be sprayed was fixed at 1% (m/v). The nanoparticle aqueous suspension was
spray dried using a Biichi Mini Spray Dryer (B-290, Biichi, Flawil, Switzerland) equipped
with a standard two-fluid nozzle (0.7 mm hole diameter). Nitrogen was used as the spraying
gas. The inlet temperature was adjusted at 50°C and the resulting outlet temperature was 38-
42°C. The feed pump rate was set at 1.5 ml/min (5%), the spraying gas rotameter at 50 mm
(601/1052 L/h), and the aspirator at 100% (35 m’/h). Powder samples were collected and

stored in a desiccator. Samples were prepared in triplicates.

For collagenase containing samples, required amounts of collagenase were weighed
and added to the rest of formulation components directly before spray drying. The
formulation suspension was magnetically stirred till dissolution of collagenase and spray

drying was performed as described.

Table 3. Mass composition of the spray dried nano-structured MPs. The proportion of
each component is expressed as the mass percentage of this component relative to the

total powder mass (m%).

Sample NP (m%) leucine (m%) Trehalose (m%) Collagenase (m%)

NP2oLo* 20 0 80 0
NP1oLso 10 30 60 0
NP2Lso 20 30 50 0
NPsoLso 30 30 40 0
NP2L30Ci1o* 20 30 40 10
NP20L30Cso 20 30 20 30
NP20L30Cso 20 30 0 50

*NPxLx indicates the mixing ratio of the compounds used as stated in the table: NP: fraction

of NPs, L: fraction of leucine, and C: fraction of collagenase
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7.2.4 Assessment of collagenase activity after spray drying

The activity of collagenase was measured colorimetrically (Collagenase Activity
Colorimetric Assay Kit, Sigma-Aldrich, St. Louis, United States), following the
manufacturer’s protocol and using microplate reader (Infinite M200, Tecan group,
Minnedorf, Switzerland) in the kinetic mode. The collagenase activity was first tested
against different inlet temperatures (50, 60 and 70 °C). Second, it was tested at the selected
inlet temperature for different collagenase mass content per dry powder (10, 30 and 50%). It
is expressed as percentage of retained activity, relative to a freshly prepared collagenase

solution of an equivalent concentration to the reconstituted powder sample of interest.
7.2.5 Particle size and size distribution determination

The particle size was measured using laser diffractometer (Master sizer 2000 Ver.
2.00, Malvern Instruments, Malvern, UK). The samples were dispersed in 1-octanol/n-
hexane (20:80% v/v) at a concentration of 1 mg/ml. This proportion of 1-octanol was found
to produce a good dispersion of the MPs, whereas they agglomerated strongly when n-
hexane was used solely as a dispersant. The particle suspension was added slowly to the
measurement chamber under stirring till the optimum obscuration was reached. The stirring
function was used at 1500 rpm. The median volume diameter (Dvos) and the span value were
used to describe the particle size and the polydispersity, respectively. The measurements

were performed in triplicates and the mean values were used.

7.2.6 Particle morphology using scanning electron microscope (SEM) and confocal

laser scanning microscope (CLSM)

The particles were visualized using SEM (Zeiss EVO HD15, Carl Zeiss, Oberkochen,
Germany). The powder sample was applied to silica wavers attached to a metal stub. Excess
powder was air blown. The MPs were sputter coated with 10 nm gold layer (Quorum
Q150R ES, Quorum Technologies, East Sussex, United Kingdom) and examined at 10 kV

under high vacuum.

For the visualization of nanoparticle regional distribution within the microparticle

matrix, rhodamine-labeled AcMD-NPs were used, and the matrix was labeled with sodium

67



7. Chapter III: Preparation and characterization of ECM-modulating nano-structured microparticles

fluorescein. The MPs were dispersed in immersion oil (Immersol™ 518 F, Carl Zeiss, Jena,
Germany) and placed between two glass covers. The visualization was performed using
CLSM (LSM 710, Carl Zeiss AG, Jena, Germany) using EC Plan-Neofluar 100x oil
immersion objective. Fluorescein and rhodamine were excited at 488 and 561 nm using
argon laser and the emission was recorded at 493 - 562 and 566 - 703 nm for each dye,
respectively. Signals from both channels were merged and the images were processed using

Zen 3.0 (blue edition) software (Carl Zeiss Microscopy, 2019).

7.2.7 Evaluation of redispersibility

7.2.7.1 Qualitative evaluation of redispersibility

The redispersibility was qualitatively evaluated using SEM (Zeiss EVO HD15, Carl
Zeiss, Oberkochen, Germany). A thin film of powder was deposited on a silica waver fixed
on a metal stub. A volume of 10 ul of water was added on top of the powder and left for 5
minutes. Afterwards, the excess water was carefully wicked using Kimtech® tissue and the
sample was air dried. The MPs were sputter coated and examined as described in section

7.2.6 in this chapter.
7.2.7.2 Quantitative evaluation of redispersibility

The redispersibility was evaluated as previously described in literature with minor
modifications [172]. A sample amount of approximately 10 mg (m1) was weighed into a pre-
weighed Eppendorf tube. A volume of 2 ml of simulated lung fluid (SLF 3 [176]) was added
and the tubes were incubated, horizontally aligned, in a shaking water bath at 37°C, 100
rpm for 30 min (Shaking incubator 3031, GFL, Burgwedel, Germany). Afterwards, the
samples were centrifuged at 2000 g for 5 min (Sigma 3-30KS, Sigma, Osterode am Harz,
Germany) to separate the redispersed NPs in the supernatant from the pelleted
unredispersed particles or fragments. The supernatants were separated and the size and the
polydispersity index (PDI) of the redispersed NPs were measured (Zetasizer Ultra, Malvern
Panalytical, Worcestershire, United Kingdom). The pellets were washed by carefully adding
water and the centrifugation/washing step was repeated twice. The pellets were frozen at -

80 °C, lyophilized (Alpha 2-4 LSC, Christ, Osterode am Harz, Germany) and the masses
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were determined after lyophilization (m2). The redispersed powder fraction was determined

using equation 6.

mi—mz

Redispersed powder fraction (%) = —— X100 Equation 6
1

Assuming the complete dissolution of the water-soluble matrix components, the pellet
would be considered to represent the non-redispersed NPs. Therefore, the mass fraction of
redispersed NPs was calculated by relating the redispersed nanoparticle mass to the total

theoretical mass of NPs in the formulation (mnr), as follows:

myp—my

Redispersed NP fraction (%) = X 100 Equation 7

7.2.8 Determination of moisture content

The moisture content was determined by thermogravimetric analysis, using a
thermogravimetric analyzer (TG 209 F1 Libra, Netzsch, Selb, Germany) under a nitrogen
atmosphere. The analysis was carried out from 30 to 300 °C at a heating rate of 5 °C/min.
The sample mass was about 5 mg and the percentage mass loss from 30 to 150 °C was used
to calculate the residual moisture content. The thermograms were generated and processed

using Netzsch Proteus® Software.

7.2.9 Evaluation of aerodynamic properties

7.2.9.1 Next generation impactor (NGI) experiment

The aerodynamic properties were determined using NGI (Copley Scientific,
Nottingham, UK) [172, 177, 178]. A mass of approximately 10 mg of rhodamine B-labelled
powder samples were weighed into hard gelatin capsules (size 3) and the capsules were
securely closed. The filled capsule was placed in a HandiHaler® (Boehringer Ingelheim,
Ingelheim, Germany) and punctured prior to aerosolization. The impactor cups were coated
with a mixture of 15% Brij 35 ethanolic solution and glycerol (40:60) and the pre-separator
was filled with 5 ml Milli-Q water. The gas flow was preadjusted by a flowmeter (M1A,
Copley Scientific, Nottingham, UK). After the full assembly of the impactor, the inhaler
was fitted at the induction port and the powder was aerosolized at 60 L/min gas flow for 4

seconds using a vacuum pump and critical flow controller (Erweka, Heusenstamm,
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Germany). The deposited powder at the induction port and the cups were collected by
thorough rinsing with a definite volume of Milli-Q water. The experiment was performed

in independent triplicates for all the tested formulations.
7.2.9.2 Powder quantification

The concentration of the deposited powder was determined through measuring the
fluorescence of rhodamine B (Aex: 565 nm and Aem: 625) using microplate reader (Infinite
M200, Tecan group, Minnedorf, Switzerland). For each powder sample, the mass of the
powder collected from the induction port, the preseparator, the stages, as well as the capsule
shell, was determined against its own calibration plot in water (20 - 1000 pg/ml

concentration range) and the respective cumulative powder masses were calculated.
7.2.9.3 Aerodynamic properties calculation

The effective cut-off diameters of the NGI stages at 60 L/min flow rate were used as
specified in the European Pharmacopeia and the USP (cut-off diameter from the micro-
orifice collector (MOC) to stage 1: 0.34, 0.55, 0.94, 1.66, 2.82, 4.46 and 8.06 um in order).
The cumulative powder mass percentage deposited at each stage (relative to the cumulative
mass at stage 1) was calculated and transformed into probit values. The probit values were
plotted against the log cut-off diameters of each stage, where a calibration range including
probit of 5 and log cut-off diameter of 0.7 was used for setting the linear regression equation.
The emitted dose (ED), which describes the percentage of the powder emitted from the
capsule, was calculated using equation 8 [179]. The mass median aerodynamic diameter
(MMAD) was calculated from the linear regression equation, as the diameter corresponding
to the cumulative mass fraction of 50% (probit value of 5). The geometric standard deviation
(GSD) was calculated based on the 84% (dss+) and 16% (dis) cut-off diameters (probit values
of 5.99 and 4.01, respectively) using equation 9. The fine particle fraction (FPF) was
calculated using the cumulative mass fraction corresponding to cut off diameter of 5 pm

(probit value of 0.7), relative to the ED [172, 180].

Initial powder mass — Remaining mass in empty capsules

ED =

x 100  Equation 8

Initial powder mass
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_(dss) )" .
GSD = ( / dm) Equation 9

7.2.10 Statistical analysis

The results are expressed as mean + standard deviation of three independent
replicates. Statistical significance was tested using one-way analysis of variance (ANOVA),
followed by Tukey or Dunnett post hoc tests for multiple comparisons between all pairs or
with respect to standard sample, respectively. The level of significance was set at a p-value of

0.05. Statistical analysis was implemented using GraphPad Prism (version 8.0.2) software

(GraphPad Software, 2019).

7.3 Results and discussion

7.3.1 Preparation of AcMD nano-structured MPs

Different matrix forming agents were first preliminarily tested for the particle
formation; mannitol, trehalose and leucine, with an initial nanoparticle mass content of
10%, feed concentration of 1%, feed flow rate of 10%, and inlet temperature of 70 °C. The
spray dried MPs were characterized in terms of morphology, redispersibility, and
aerodynamic properties. Leucine nano-structured MPs were found to be superior in terms
of redispersibility and aerodynamic properties followed by trehalose and mannitol.
However, the SEM pictures of the leucine nano-structured MPs showed relatively large,
cracked particles with obvious broken fragments. Accordingly, a mixture of trehalose and
leucine was selected for the matrix formation to support the mechanical strength of the
particles. The spray drying conditions were also investigated by changing the feed
concentration at 0.5 and 1% and the feed flow rate at 5 and 10%. It was found that using 1%
feed concentration at lower flow rate yielded smaller MPs with better deposition
characteristics. Leucine mass content was also tested; 30% mass content was found sufficient
for improving the redispersibility and the aerodynamic properties. The selection of the inlet

temperature and the nanoparticle mass content would be described in the following sections.
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7.3.2 Collagenase activity after spray drying

In order to select the optimum inlet temperature for spray drying, the activity of
collagenase was assayed after spray drying at 50, 60 and 70 °C inlet temperatures. Figure
23a shows that the effect of temperature in this range was minimal, with no significant
difference among the inlet temperatures tested. The retained activity was as high as 89.5 +
6.7% when spray drying was performed at an inlet temperature of 50 °C. This result was
further confirmed by spray drying formulations with increasing collagenase mass content
(10, 30 and 50%), where they all exhibited comparable preservation of collagenase activity

after spray drying at 50 °C (Figure 23b).

Exposure to high temperatures during spray drying was supposed to pose a challenge
against spray drying of collagenase, due to heat-mediated denaturation and enzyme
inactivation [181]. However, the results support that spray drying is very mild to cause a
dramatic decrease in enzyme activity. This may be ascribed to the brief exposure to high
temperatures, immediately followed by evaporative cooling and loss of moisture [182]. One
other contributing factor is the presence of leucine and trehalose, with their protective
effects due to water replacement through hydrogen bond formation [183, 184]. The
retainment of activity among the formulations containing increasing amounts of
collagenase, and accordingly decreasing amounts of trehalose, suggests that leucine alone was
sufficient for enzyme activity preservation. In addition to hydrogen bond formation,
orientation of hydrophobic groups of leucine towards the liquid-air interface would further

protect the enzyme against denaturation [182].
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Figure 23. Percentage of retained activity of collagenase after spray drying at (a)
different inlet temperatures (50, 60 and 70 °C) and (b) increasing collagenase mass
content (10, 30 and 50%). The activity was assayed by collagenase activity colorimetric

kit and the data represent mean values + standard deviation of independent triplicates.

7.3.3 Particle size and size distribution

It is generally known that the smaller the particle size of the powder, the higher its
potential for alveolar deposition. However, the particle diameter measured by laser
diffraction does not consider the particle density nor the morphology. Therefore, the
MMAD is a better indication of the deposition [185], and the results of its evaluation are
discussed in section 7.3.7 in this chapter. The particles size was found to be affected by the
formulation composition (Table 4). Addition of leucine in formulations NP1oLso, NP20Lso
and NPsoLso was found to increase the particle size relative to the leucine-free formulation
NP2Lo. This would be attributed to the surface properties of leucine, where it accumulates
at the droplet surface during the drying step forming a crust that would resist shrinkage
[186]. However, changing the nanoparticle mass content from 10 to 30% does not appear to
considerably impact the particle size distribution. Comparing collagenase-containing nano-
structured MPs (NP2L3Cio, NP2L30Cso and NPL3:oCs0) to their collagenase-free
counterpart (NPxLso), inclusion of collagenase was found to shift the particle size

distribution towards smaller diameters.
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Table 4. Particle size distribution of spray dried nano-structured MPs. The results show
10, 50, and 90 percentile volume diameters (Dvo.1, Dvos and Dvos, respectively) and the

Span index. The displayed results represent the mean + standard deviation of three

independent volume-based light scattering measurements.

Sample Dvo.1 (pm) Dvos (pm) Dvos (pm) Span

NPzLo 0.56 + 0.13 1.67 + 0.19 570 +£0.75 3.08 £ 0.17
NP1oLso 0.68 + 0.05 6.55 + 0.54 13.03 £ 0.25 1.89 + 0.12
NP2Lso 0.61 + 0.01 6.82 + 0.61 11.89 + 1.12 1.65 + 0.02
NPsoLso 0.51 + 0.11 443 + 0.72 9.40 £ 0.07 2.04 + 0.32
NP2L30Cro 0.41 + 0.04 2,99 + 0.54 848 + 19  2.67 + 0.31
NP20L30Cso 0.35 + 0.04 2.58 + 1.35 7.14 + 147 2.89 £ 0.73
NP20L30Cso 0.33 + 0.02 3.01 + 0.68 8.03 + 091 2.81 +0.81

7.3.4 Particle morphology using SEM and CLSM

The AcMD nano-structured MPs were visualized by SEM (Figure 24). Leucine, as a
formulation component, was found to have a remarkable influence on the particle size and
morphology. Compared to the leucine-free NPxLo (Figure 24a), NPxLso SEM images
(Figure 24b) show unaggregated, hollow particles with some surface corrugations and a
more obvious presence of larger-sized population. This last observation conforms with the
different particle size distribution detected by laser diffraction for both samples (Table 4). It
is worth mentioning that surface corrugations improve the aerosol performance of the
particles, where this reduces the inter-particle contact points and hence their cohesiveness
and adhesiveness [185]. The presence of surface corrugations would also raise the shape factor
(X), and hence decrease the aerodynamic diameter of the particles in comparison to the
geometric diameter [102]. The presence of collagenase in NP2L3Cio, NP20L30Cs and
NP2L30Cso (Figure 24c, d, and e, respectively) does not seem to affect the particle surface
morphology. Close observation of the MPs’ surface reveals protruding NPs, which discloses

the spatial accumulation of NPs at the surface and indicates surface roughness of the nano-
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structured MPs. Surface roughness is assumed to positively contribute to the reduction of
the inter-particulate surface forces, by increasing the distance between the adjacent particles
and decreasing the area of contact [187]. The presence of leucine (with its interfacial
accumulation) and NPs (with their low diffusion constant) would raise the Peclet number
of the spray dried particles, leading to the formation of those characteristic buckled, hollow

particles [188], as shown in figure 24b - e.
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Figure 24. SEM pictures of (a) NPzLo, (b) NP2Lso, (¢) NP20L30Cio, (d) NP20L30Cs0, and
(€) NPz2L3oCso powder samples. Right panel images were captured at higher

magnification. Scale bars are equivalent to 5 pm.
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Figure 25 displays the CLSM pictures of the collagenase-free NPxLso and the
collagenase-containing NP2L3Cso formulations. It can be observed that the rhodamine
signal (corresponding to the AcMD-NPs) is well-defined at the periphery of the particles, in
contrast to the fluorescein signal (corresponding to the matrix) that appears to be more
diffuse. This verifies the surface distribution of the AcMD-NPs that was seen in the SEM
images. The shapes exhibited by the matrix-localized fluorescein signal additionally confirm

the hollowness of the MPs.

Rhodamine Fluorescein Merg

(a)

(b)

Figure 25. CLSM pictures of (a) NP2Lso and (b) NP2LsCs nano-structured MPs
showing the distribution of the NPs within the MPs’ matrix. Rhodamine and
fluorescein signals correspond to Rhod-AcMD-NPs and microparticle matrix,

respectively. Scale bars represent 10 pm.
7.3.5 Redispersibility evaluation

Sufficient redispersibility of MPs into NPs in SLF is a prerequisite, so that the effects
of the latter could be realized. Figure 26 shows the morphology of redispersed particles after

hydration of MPs for 5 minutes. It could be observed from the SEM pictures that the fully
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redispersed NPs are well separated with no major aggregation and comparable morphology

to the NPs before spray drying (Chapter II, section 6.3.2.2, figure 16).

100.0nm 10,00 kv Bl r 10.00 KV
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Figure 26. NP2Lso (a and b) and NP2xLs0Cso (c and d) redispersed MPs after hydration
with water for 5 min. The magnification power in images (a and c) is 5,000x and that
of images (b and d) is 10,000x. Well defined redispersed NPs (as within the indicated
frames) could be clearly seen for both powder samples, in addition to some aggregates

of not fully redispersed particles.

The influence of nanoparticle mass content was first investigated by increasing it at
10, 20, and 30% in formulations NPiwoLs, NPLs, and NPsoLso, respectively. While
increasing the nanoparticle content from 10 to 20% did not affect the redispersed powder
fraction significantly, increasing it further to 30% lead to a significant decrease in redispersed

powder fraction (Figure 27a). The positive effect of leucine on the redispersibility could be
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clearly observed by comparing NP20Lso to its leucine-blank analogue, NPxLo (Figure 27a).
Both the redispersed powder and nanoparticle fractions were significantly improved by the
addition of leucine, where they reached 91.6 + 0.4% and 58.1 + 1.8%, respectively, for the
leucine- containing formulation, NP2Lso. Introducing collagenase to the best redispersing
formulation, NPzl maintained its redispersibility attributes, with no significant
differences among the individual formulations NP20L30Cio, NP20L30Cso and NP20L30Cso (with
increasing collagenase mass content at 10, 30 and 50%). Figure 27b shows that except for
NP2Lo, the redispersed NPs from all the investigated samples exhibited comparable particle

size distribution to that before spray drying, with slightly increased diameters and acceptable

polydispersity.
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Figure 27. (a) Redispersed powder and nanoparticle percentages after dispersion of the
tested MPs in SLF. MPs containing increasing content of NPs (NP1oLso, NP2Lso, and
NP:oLs0), increasing amount of collagenase (INP20L30C1o, NP20L30Cs0, and NP20L30Cso) as
well as leucine-free MPs (NP2oLo) were tested. (b) Particle diameter and PDI of NPs
released after microparticle dispersion in SLF compared to particle size and PDI of
AcMD-NPs before spray drying. The results represent mean + standard deviation of
independent triplicates. ****: p < 0.0001, ***: p < 0.001, **: p < 0.01, and ns: p >
0.05.
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7.3.6 Moisture content

The moisture content of the spray dried collagenase-free (NP2Lso) and collagenase-
containing (NP20L30C10, NP20L30Cso and NP20L30Cso) formulations ranged from 2.03 + 0.50
to 3.10 + 0.20% (Table 5). A residual moisture content of less than 5% is sufficiently low to
protect the particles against the polymorphic changes, crystal formation and growth, and
changes in particle size distribution upon storage [185, 186, 189]. Additionally, the residual
moisture content should be as low as possible not only to avoid the pre-mentioned changes,
but also to preserve collagenase from inactivation. Although the spray drier was operated at
a relatively low inlet temperature of 50 °C, the obtained low moisture content shows the
positive impact of the utilized low feed rate and maximal aspiration on the efficiency of
moisture elimination. Moreover, the formation of a hydrophobic outer shell layer due to
the presence of leucine is assumed to have an anti-hygroscopic effect and enhance the

physical and chemical stability of the particles [186, 190, 191].

Table 5. Moisture content in spray dried collagenase-free (NPzLs) and collagenase-
containing (NP20L3oC1o, NP20L3oCs0 and NP20L3oCso) powder samples. The moisture
content was determined using TGA analysis and the results are expressed as triplicate

mean + standard deviation.

Sample Moisture content (%)
NP20Lso 2.03 + 0.50
NP20L30Cro 271 + 0.17
NP20L30Cso0 3.01 £ 0.20
NP20L30Cso 3.10 + 0.20

7.3.7 Aerodynamic properties

For alveolar pulmonary deposition, the powder should have a MMAD below 3 pm
[79]. Table 6 depicts that the MMAD of all the investigated powder formulations was within
the required limit, with an acceptable distribution around the MMAD. A GSD of around 2

is acceptable for specific deposition in a certain region of the lungs [192], which supports the
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feasibility of the prepared formulations. The FPF, which describes the amount of the
powder that reaches the deep lungs, approached 70% for the collagenase-containing
formulations (NP20L30Cio, NP20L30Cs0 and NP20L30Cso). It could be noted that the FPF of the
collagenase-free formulation (NP20L30) is lower than the collagenase-containing counterparts.
This can be related to the larger particle size of the powder as was shown by the laser
diffraction measurements, which is reflected as well by the relatively larger GSD of NP2oLso.
The high ED measured for all the formulations indicates sufficiently minimal adhesive forces

between the powder and the capsule.

Table 6. Aerodynamic properties (ED, MMAD, GSD and FPF) of spray dried nano-
structured MPs determined by NGI. The results represent mean + standard deviation

of independent triplicates.

Sample ED (%) MMAD (pm) GSD (pum) FPF (%)

NP2z0Lso 96.33 + 1.01 2.22 +0.28 2.36 £ 033 60.59 + 4.72
NP20L30C1o 94.35 + 0.32 1.93 + 0.06 2.19 £ 003 69.62 £+ 2.01
NP20L30Cso 94.90 + 1.11 2.80 + 0.10 1.78 £ 0.02 68.79 + 4.80
NP20L30Cso 92.20 + 3.76 2.72 £ 0.39 1.79 £ 0.02 68.02 + 6.86

7.4 Conclusion

Spray drying of AcMD-NPs into inhalable nano-structured MPs using a combination
of water-soluble matrix forming agents; trehalose and leucine, was successfully realized. The
formulation composition and process parameters were optimized to yield particles
exhibiting three main essential features: the desired aerodynamic properties to reach the
alveolar region, sufficient redispersibility into NPs upon hydration, and nonimpaired
collagenase activity after spray drying. The pulmonary delivery system presented herein,
which comprises collagenase together with acid-degradable AcMD-NPs, represent a very
promising carrier for anticancer drugs for lung adenocarcinoma treatment. The effect of
collagenase on the penetration of AcMD-NPs through cellular spheroids would be assessed

in the following chapter.
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8. Chapter IV: In vitro tumor spheroid model for evaluation of

particle penetration

8.1 Introduction

Conventional two-dimensional (2D) monolayer cultures are the primary platform
employed for in vitro cellular testing of novel drug molecules and delivery systems in cancer
research. However, 2D monolayer cultures do not reflect the complex environment of solid
tumors, leading to poor and incomparable therapeutic response in iz wvivo animal
experiments or clinical trials [193, 194]. To date, three dimensional (3D) multicellular
spheroids have been regarded as tumor-imitating iz vitro models, that could serve as an
intermediate stage between 2D cell cultures and iz vivo testing, and hence reduce the
extensively performed animal experiments [195, 196]. Depending on the constituting cells
and culturing conditions, multicellular spheroids could mimic several pathological
hallmarks of lung cancer, such as inter-cell signaling, hypoxic core formation,
immunosuppression, dense extracellular matrix (ECM) formation, clonal heterogeneity, and

expression of cancer-specific markers [197].

Lung cancer multicellular spheroids can be produced from the monoculture of a
cancer cell line, yielding a simple homotypic spheroid model. Alternatively, heterotypic
spheroids can be generated from the co-culture of cancer cells with one or more other cell
types, such as immune cells, fibroblasts and other stromal cells, providing a better
representation for the complex tumor microenvironment (TME) [197]. One main element
of the TME is the ECM, which is strongly connected to chemoresistance; by raising the
interstitial pressure within the tumor stroma and limiting the permeation of therapeutic
agents into the tumor mass [25, 26, 38, 198]. Cancer associated fibroblasts are majorly
responsible for the secretion and remodeling of tumor-specific ECM, that actively
contributes to tumor initiation, angiogenesis, tumor promotion, metastasis, and
chemotherapeutic resistance [199]. Co-culturing of fibroblasts in lung cancer spheroid
models was depicted to cause a remarkable increase in the expression of certain ECM
components, including collagen type I [200], and produce more treatment-resistant lung

cancer spheroids [201].
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In the current work, we explored the formation of lung cancer spheroids through
co-culturing of human lung adenocarcinoma cells (A549) with human lung fibroblasts
(MRC-5). This model was utilized as an ECM-expressing lung adenocarcinoma model for
the evaluation of the collagenase-containing acetalated maltodextrin (AcMD) nano-
structured microparticles (MPs), presented in the previous chapter. The spheroid growth
was monitored via measuring the spheroid size and shape determinants, i.e., diameter and
circularity respectively, over the spheroid culturing duration. Before conducting the
penetration experiments on the spheroids, the selection of collagenase content and
formulation concentration was first based on the viability assessment on both A549 and
MRC-5 cells independently. The choice was further refrained through testing the changes in
spheroid size and shape. Finally, we evaluated the penetration of the rhodamine-labeled
AcMD-NPs (Rhod-AcMD-NPs) with and without collagenase as a constituent of the

microparticle formulation.

8.2 Materials and methods
8.2.1 Materials

Maltodextrin (DE: 13.0-17.0), 2-methoxypropene, pyridinium p-toluene sulfonate
(PPTS), triethylamine (TEA), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), L-leucine,
collagenase (obtained from Clostridium histolyticum, Type I), RPMI-1640 cell culture
medium, Dulbecco’s phosphate buffered saline (DPBS), trypsin-EDTA, penicillin-
streptomycin and thiazolyl blue tetrazolium bromide were purchased from Sigma-Aldrich
(Steinheim, Germany). Poloxamer 407 was purchased from Caesar and Loretz GmbH
(Hilden, Germany). Trehalose was purchased from Carl Roth (Karlsruhe, Germany). NHS-
rhodamine, 4',6-diamidino-2-phenylindole (DAPI), Gibco™ MEM a (Glutamax™
Supplement) cell culture medium, Gibco™ Opti-MEM™ serum reduced medium, and fetal
bovine serum (FBS) were purchased from Thermo Fisher Scientific (Darmstadt, Germany).
Dimethyl sulfoxide (DMSO, analytical grade), acetone and ethanol (HPLC grade) were
purchased from Fisher Scientific (Schwerte, Germany). All the other reagents used were

purchased with HPLC or analytical grade.
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8.2.2 Preparation of AcMD-NPs and nano-structured MPs

AcMD-NPs were prepared as described in chapter II, section 6.2.3 using AcMDB at
25 mg/ml polymer solution concentration. Fluorescent AcMD-NPs (Rhod-AcMD1so-NPs)
were prepared by the same procedure using Rhod-AcMDBiso (Chapter I, section 5.2.3).
Collagenase-free (NPxL3) and collagenase-containing (NP2L30Cio, NP2L30Cso and
NP20L30Cs0) AcMD nano-structured MPs were prepared as described in chapter 111, section
7.2.3.

8.2.3 Caell culture

Adenocarcinoma human alveolar epithelial cells (A549) were cultured in RPMI-1640
medium supplemented with 10% FBS. Human fetal lung fibroblasts (MRC-5) were cultured
in MEM a medium with GlutaMAX™, supplemented with 10% FBS. The cells were
subcultured once a week and the media were replaced with fresh media every other day. The
cultures were maintained at 37 °C temperature in a humidified atmosphere containing 5%
CO: (BD 260 Standard Incubator, Binder, Tuttlingen, Germany). A549 cells were used
within passages 6 and 20 and MRC-5 cells were used within passages 3 and 10.

8.2.4 Cell viability assay

The effect of AcMD nano-structured MPs on cell viability was evaluated using MTT
assay on A549 and MRC-5 2D cultures. A549 and MRC-5 cells were seeded into 96-well
plates (20,000 and 40,000 cells/200 ul/well, respectively) and grown for 48 h. Afterwards,
media were replaced with fresh media containing the tested microparticles at different
concentrations (100, 250, 500, 750 and 1000 pg/ml) and supplemented with 100 U/ml
penicillin-streptomycin. Samples were tested against negative and positive controls, in which
cells were treated with medium and 2% Triton-X, respectively. After 24 h incubation with
the formulations, media were removed, cells were washed with DPBS and incubated with
10% MTT reagent for 4 h. This was followed by aspiration and incubation with DMSO for
20 min to dissolve formazan crystals formed by living cells. Absorbance of formed formazan
by live cells was measured at 550 nm and cell viability was calculated according to equation

5 (Chapter II, section 6.2.7.2). The experiments were performed in triplicates.
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8.2.5 Formation of spheroids

Spheroids were produced by adopting liquid overlay technique in ultra-low adhesion
96-well plates (Nuclon™ Sphera™ 96-well U-shaped-bottom microplates, Thermo
Scientific). A549 and MRC-5 monoculture as well as co-culture spheroids were grown. The
cells were seeded at 2000 cells/100 ul/well. For monoculture spheroids, the seeded cells were
100% A549 or MRC-5 cells. For co-culture spheroids, the seeding ratio of A549 to MRC-5
cells was 30:70 and cell seeding was performed sequentially, where A549 cells were seeded
first, followed by MRC-5 cells after 24 h [202]. The spheroids were allowed to grow for 10
days. The media were renewed by adding 100 ul fresh media at day 5 and exchanging 100 ul
at day 8. For all the spheroid experiments, the media were supplemented by 100 U/ml

penicillin-streptomycin.
8.2.6 Size and circularity measurements

To monitor the spheroid growth, bright field images were recorded at day 2, 3, 5, 8
and 10 (LSM 710, Carl Zeiss AG, Jena, Germany) using 10x objective. Spheroid diameter
was determined as the average of 3 diameters measured for each spheroid using Image]
software. The circularity parameter was measured by the aid of Image] software, where it is
calculated based on equation 10 [203]. Six spheroids were examined for each experiment.

Circularity = 4w (&) Equation 10

perimeter?

8.2.7 Application of treatments to the spheroids

After the spheroids were grown for 10 days, the medium was washed once with
DPBS and once with opti-MEM medium through exchanging 150 ul in each washing step.
Subsequently, the microparticle components were added at a concentration of 1 mg/ml in
opti-MEM medium and allowed to incubate with the spheroids for 4 h. Afterwards, the
spheroids were washed twice with opti-MEM medium, and NPs alone were re-applied at the
same concentration. Two controls were used at this experiment, a negative control in which

the spheroids were treated with opti-MEM medium (referred to as medium control), and a
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collagenase-negative control, in which the spheroids were treated with collagenase-free

formulation. The incubation was allowed to continue till a total duration of 24 h.
8.2.8 Spheroid fixation and staining

After incubating the spheroids with the treatments, they were washed twice with
DPBS. The spheroids were fixed with 4% paraformaldehyde for 30 min at room temperature
then washed twice with DPBS. Nuclei were stained with DAPI for 1 h, followed by 2
washing steps with DPBS. In each washing and addition step, 150 ul were exchanged.

8.2.9 Effect of collagenase on the integrity of spheroids

Bright field images (LSM 710, Carl Zeiss AG, Jena, Germany) using 10x objective
were recorded for the fixed spheroids and the diameters were measured as described. To test
the effect of collagenase on the integrity of spheroids, the diameter and circularity of the
spheroids treated with collagenase-free and collagenase-containing formulations were

compared to the medium control spheroids.
8.2.10 Evaluation of nanoparticle penetration

The spheroids were visualized with confocal laser scanning microscope (CLSM)
(LSM 710, Carl Zeiss AG, Jena, Germany) using 10x objective. The signals of DAPI and
rhodamine were detected through excitation at 405 and 561 nm and recording emission at
410-507 and 566-703 nm, respectively. In confocal mode, the first and last planes at which
cells could be observed (guided by DAPI signal) were used as the first and last visualization
constraints. Through this determined depth, the rhodamine signal in 4 optical sections at
equal steps (approximately 40 pm apart from each other according to the individual spheroid
dimensions) was recorded. The medium control spheroids were used as a blank for setting
the microscopical settings. Image processing was performed using ZEN 3.0 (blue edition)
software (Carl Zeiss Microscopy, 2019). The fluorescence intensity in the consecutive planes
were assessed and compared for the collagenase-free and the collagenase-containing
formulations. The corrected total fluorescence (CTF) and normalized CTF were calculated
using the integrated density (IntDen) and surface area (A) measured by Image] for the

individual cross sections as follows:
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CTF = IntDen — (Mean background fluorescence X A) Equation 11

CTF

Normalized CTF = —  Equation 12

8.2.11 Statistical analysis

The results are described as mean values + standard deviation. Statistical significance
was tested using one-way analysis of variance (ANOVA), followed by Bonferroni post hoc
test to compare all pairs. The level of significance was set at a p-value of 0.05. Statistical
analysis was implemented using GraphPad Prism (version 8.0.2) software (GraphPad

Software, 2019).

8.3 Results and discussion

8.3.1 Cell viability assay

The effect of AcMD nano-structured MPs containing increasing amounts of
collagenase (NP20L30Cio, NP20L30Cs0 and NP20L30Cs0) on the viability of the two cell lines
used in this study: A549 and MRC-5 cells, was tested using MTT viability assay on 2D
monocultures. Similar to the collagenase-free AcMD nano-structured MPs (INP2oLso),
NP20L30Cio did not show signs of cytotoxicity even at high application concentrations on
both tested cell lines (Figure 28). However, increasing the collagenase content to 30% caused
the viable fraction of MRC-5 cells to drop below 80% at 1000 ug/ml concentration (Figure
28b), where a viability of 80% is often considered as the lower limit for claiming non-
cytotoxicity [204]. Further, NP2L30Cso was toxic to both cell lines at concentrations higher
than 500 pg/ml (Figure 28a and b). Aside from collagenase, the MPs’ constituents,
including the AcMD-NPs [205], are not assumed to induce cell toxicity. Collagenase was
reported to induce toxicities in animals at doses exceeding 500 pg [206, 207]. To maximize
the amount of the delivered AcMD-NPs, using the formulation with the least collagenase
content (NP2L3Cio) at the highest application concentration (1000 ug /ml) was selected for

subsequent testing.
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Figure 28. Cell viability of (a) A549 cells and (b) MRC-5 fibroblasts after 24 h
incubation with NPzLso, NP2L30Ci0, NP20L30C30, and NP2zL3Cso spray dried nano-
structured MPs at increasing concentrations (100 - 1000 pg/ml), determined using
MTT assay. The data represents mean values + standard deviation from n = 3

independent experiments.
8.3.2 Spheroid formation and growth

Different seeding densities (from 1000 to 4000 cells/100 ul/well) were preliminary
experimented (data not shown) and 2000 cells/100 pl/well was found suitable to produce
the required spheroids with diameters exceeding 500 um at 10" day of growth. Spheroids of
diameters larger than 500 um are generally regarded as representative models for solid
tumors, exhibiting their characteristic proliferation gradients of a central necrotic core,
surrounded by viable quiescent cells, and finally proliferating cells at the periphery [208].

Co-culturing the fibroblasts at 70% (compared to 50 and 90%) of the seeded cells was also
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found to yield a good compromise regarding the growth rate and circularity (data not

shown), where the circularity was set as an indicative for the spheroid compactness [209].

The influence of the MRC-5 fibroblasts on the spheroid development can be clearly
observed in figure 29. At the second day of growth prior to the addition of fibroblasts, a
loose cell aggregation with undefined shape was detected (Figure 29a). The spheroid
morphology was eminently altered by the fibroblast seeding; the loose aggregates were
transformed into tight and perfectly spherical spheroids at the third day of growth (Figure
29a), displaying a gradual increase in diameter (Figure 30a) and yet a preserved circular
shape over the growth period (Figure 30b). The development pattern of the A549
monoculture spheroids was dissimilar to that of the co-culture spheroids (Figure 29b).
Loose, large, and irregular-shaped aggregates were initially formed, that gradually got denser
and tighter over the growth period, with a less notable increase in diameter (Figure 30a)
and an improving circularity (Figure 30b). On the other hand, the MRC-5 monoculture
spheroids were highly compact and small in diameters irrespective of the incubation time
(Figure 29¢). This may be explained by the longer doubling time and the limited doubling
cycles of the non-malignant MRC-5 cells, restricting their 3D culturing (related finding was
reported by Yakavets et al. [202]). As a whole, the results depicts the impact of cell type,

seeding and culturing conditions on the characteristics of the produced spheroids [203, 210].
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Figure 29. Bright field images of (a) A549:MRC-5 (30%:70%), (b) A549 (100%), and
MRC-5 (100%) spheroids on day 2, 3, 5, 8, and 10 of spheroid growth. Scale bar in all

pictures equals to 200 pm.
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Figure 30. (a) Diameter and (b) circularity of co-culture and monoculture spheroids
over 10 days of spheroid growth. The results represent mean + standard deviation of 6

independent replicates.
8.3.3 Effect of collagenase on spheroid integrity

Based on the cell viability testing, it was concluded that applying NP2L:0Cro at 1
mg/ml concentration (effective concentration of collagenase is 0.1 mg/ml) was well tolerated
by both A549 and MRC-5 cells. However, the effect of the ECM-degrading collagenase on
the architecture of the spheroids is an additional main concern, where considerable
detachment of cancer cells from the spheroid surface may correspond to metastasis [174].
Therefore, we evaluated the application of collagenase at 0.1, as well as 0.05 mg/ml
concentrations (denoted as NP20L30Cio and NP2L30Cos, respectively). Figure 31a shows that

the two tested collagenase concentrations caused a slight decrease in the spheroid diameter,
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which was statistically significant in case of the higher concentration. The significant change
in circularity in case of the higher concentration (Figure 31b) also implies a certain degree
of deformation due to cell loosening or separation. The effects encountered may also be
ascribed to the periphery of the spheroids being less rich in fibroblasts and hence in ECM,
i.e., more prone to collagenase treatment. Although sequential seeding was carried out to
circumvent this problem, it is speculated to improve the fibroblasts distribution only to a
certain extent and render it more homogenous. Nevertheless, the lower collagenase

concentration was regarded as apt to apply on the spheroids with no significant degenerating

effects.
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Figure 31. (a) Diameter and (b) circularity of the spheroids after incubation with
collagenase-free (NP2Ls) and collagenase-containing (NP2LsCos and NP2L30Cio)
formulation constituents relative to medium control spheroids. The results represent
mean + standard deviation of 6 independent replicates. ***: p = 0.0003, *: p = 0.0171,
and ns: p > 0.05.

8.3.4 Evaluation of particle penetration

Figure 32 demonstrates that nanoparticle fluorescence detected in the z-stack planes

was more intense in case of the combined treatment of collagenase with Rhod-AcMD-NPs
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relative to the sole nanoparticle application (more obvious in the middle planes). This
qualitative result was verified by the quantitative measurement of the fluorescent intensity
of the sections, of which the results are displayed in figure 33. Despite the comparable
fluorescence in the outer-most plane, collagenase could effectively increase the penetration
of Rhod-AcMD-NPs through the spheroids to reach a depth of 120 um. The outer-most
layer is mainly comprised of actively proliferating cells and hence the particles could have
been included or uptaken during the cell division. The last examined plane showed more
fluorescence in the collagenase-treated sample, but the difference was not significant between
the two treatments, which may be as well ascribed to the limited visualization ability of

CLSM in deeper tissue sections [211].

Control
N P20L30
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N P20L30c05
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Figure 32. Z-stack images of successive optical sections recorded at = 40 um steps. Upper
and lower panels display sections of spheroids treated with NP2Lio (collagenase-free)
and NP2L3Cos (collagenase-containing) formulation components, respectively. Red
signal corresponds to rhodamine in Rhod-AcMD-NPs. Scale bars are equivalent to 100

pm.
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Figure 33. The normalized CTF recorded from the different planes of spheroids
ranging from 40 to 160 pm depth after incubation with NPzLs (collagenase-free) and
NP2L30Cos (collagenase-containing) formulation constituents. The results represent
mean + standard deviation of 6 independent replicates. **: p = 0.0014, *: p = 0.0386
and, ns: p > 0.05.

8.4 Conclusion

The inclusion of collagenase in the nano-structured microparticle formulation was
depicted to enhance the penetration of AcMD-NPs into the utilized spheroid model. In
other words, our proposed formulation strategy enabled the delivery of higher amount of
AcMD-NPs into deeper areas of the spheroids. Considering that the tested AcMD-NPs are
relatively large (= 170 - 180 nm), the penetration could probably be further improved by
decreasing the particle size of the embedded NPs. Interestingly, partial degradation of
AcMD-NPs in acidic tumor microenvironment (TME) may result in decreasing their
particle size and improving their diffusion through the ECM network. However, premature
extracellular drug release should be avoided, which demands further formulation
optimization and biological evaluation. The design of the carrier system introduced in this
work opens several pathways for future studies investigating therapeutics effects. The dual
enhancing impact of ECM modulation and nanoparticle acid-degradability on the delivery

efficacy of chemotherapeutics would potentially attain the anticipated treatment outcomes.
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9. General conclusion and future perspectives

Throughout the work presented in this thesis, an inhalable composite delivery
system was developed aiming to optimize drug delivery for lung cancer treatment and
enhance the penetration of therapeutics into adenocarcinoma solid tumors. We attempted
to fulfill this goal through successive work packages presented in the thesis chapters, starting
from synthesis and characterization of the nanoparticle constituting polymer (Chapter I),
followed by optimization of nanoparticle formation, characterizing their properties as
nanocarriers, and investigating their interaction with cell lines of interest (Chapter II). To
enable adequate pulmonary deposition and enhance the intratumoral delivery, the developed
nanoparticles were afterwards aggregated into nano-structured microparticles comprising
collagenase (Chapter III). Finally, the developed nano-structured microparticles were

evaluated using iz vitro adenocarcinoma spheroid model (Chapter IV).

With the advantages of being naturally abundant, non-toxic, and economic to
produce, maltodextrin (MD) was selected for nanoparticle formation. Maltodextrin of
different dextrose equivalents was chemically modified through acetalation to acetalated
maltodextrin (AcMD). This modification is associated with reversing its solubility property
from water-soluble to hydrophobic and imparting it pH-responsive degradation behavior.
By increasing the reaction time, AcMDs with increasing cyclic to acyclic acetal ratio were
produced. The molecular weight of the produced AcMD polymers is higher than the parent
MDs due to the addition of acetal moieties, whereas the molecular weight distribution is
similarly broad. Thermogravimetric analysis and glass transition temperature determination
revealed lower decomposition onset temperature and glass transition temperature of AcMD
with respect to MD. The studied polymer characteristics are essential upon exploiting
AcMD for the development of drug carriers, where it could be subjected to immoderate

processing conditions with undesirable effects.

Through comprehensive investigation of the factors affecting nanoparticle
formation, monodisperse AcMD nanoparticles were produced with high production yields,
regardless of the AcMD molecular weight heterogeneity. The AcMD nanoparticles were

demonstrated to maintain their integrity at physiological pH (7.4) and degrade at slightly
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acidic pH (5.0), where the degradation kinetics are not influenced by molecular weight and
significantly affected by cyclic to acyclic acetal ratio of AcMD. The AcMD nanoparticles
were proven to be adequate drug nanocarriers; (1) they could be loaded with resveratrol as
a model hydrophobic drug with acceptable drug loading and entrapment efficiency, (2) they
showed pH-dependent tunable in vitro release of resveratrol, and (3) they induced no
cytotoxicity upon being tested on lung adenocarcinoma A549 cells and differentiated THP-
1 monocytes, as examples of somatic and immune cells, respectively. Therefore, the AcMD
nanoparticles are very promising carriers for anticancer drugs, that are mostly hydrophobic
molecules, with their aforementioned features and exhibited considerable uptake in lung

adenocarcinoma A549 cells.

AcMD nano-structured microparticles were afterwards developed by spray drying
AcMD nanoparticles with trehalose and leucine as matrix forming agents. Collagenase was
loaded into the microparticle matrix to enhance the delivery of AcMD nanoparticles
through circumventing the dense extracellular matrix in solid tumors. Importantly, the
enzymatic activity of collagenase was largely retained after spray drying. The collagenase-
loaded nano-structured microparticles exhibited good redispersibility into nanoparticles
upon hydration and optimally low residual moisture content. The assessed aerodynamic
properties were adequate for deposition in the bronchioloalveolar region, which is the
pulmonary region of interest in adenocarcinoma. The microparticles with low collagenase
content were highly tolerable to A549 cells and lung MRC-5 fibroblasts with no notable
cytotoxicity, indicating their biological applicability. The inclusion of collagenase was found
to improve the penetration of AcMD nanoparticles in the utilized lung adenocarcinoma

spheroid model with respect to the collagenase-free formulation.

Based on the findings disclosed and discussed throughout the current work, the

following points are raised for perspective investigation:

- Extending the nanoprecipitation production of AcMD nanoparticles to other
platforms, for example microfluidics, that could produce particles with smaller

diameters and accordingly better diffusion and penetration properties.
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Decorating the surface of AcMD with targeting ligands to accelerate the specific
uptake in lung cancer cells and reaching the intracellular targets, before being cleared
by pulmonary macrophages.

Studying the nanoparticle uptake and/or the therapeutic efficacy of AcMD
nanoparticles loaded with a cytotoxic agent (also with targeting ligands) in normal
physiological and slightly acidic pH conditions, where different acid-triggered
degradation and cellular uptake kinetics are expected to have complex effects.
Evaluating the nano-structured microparticle physical stability and collagenase
enzymatic activity after long-term storage.

Investigating the therapeutic effects of collagenase-containing AcMD nano-
structured microparticles after loading them with a chemotherapeutic agent on

spheroid models or iz vivo animal models for the promising formulations.
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