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Abstract

In the search for new and improved drugs, micro- and nanoparticles started to play sig-
nificant roles as carriers for therapeutic agents. Micro- and nanoparticles do not only
provide a promising solution to the side-effects many medicines are faced with, thay may
also allow for a precise control in time of the efficacy of these medicines. There is, how-
ever, still need for a considerable amount of reearch before these particles could be used
on a large scale in the fight against diseases.

One of the most promising microparticles consists of porous calcium carbonate. The poros-
ity gives these particles a high loading capacity for drugs that can subsequently be released
in a slow manner.

In this thesis a model system describing the uptake for both spherical and ellipsoidal porous
calcium carbonate microparticles was successfully developed. The used ellipsoidal particles
have, to the best of our knowledge, not been produced before or described in literature. Next
to designing this model system, the effect of electroporation on the initial uptake of the
spherical particles was also investigated. The results revealed that the initial uptake was
inluenced positively, even though this led to a small increase in mortality. All these results
demonstrate that it is possible to compare the uptake of microparticles by using models and
that the developed particles can play a role in the creation of new drug carriers.
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Samenvatting

Als drager van therapeutische agentia speelden micro- en nanopartikels in het voorbije
decennium een steeds grotere rol in de zoektocht naar nieuwe en verbeterde medicijnen.
Micro- en nanopartikels kunnen zorgen voor een oplossing tegen de neveneffecten en korte
werkzaamheid die veel medicijnen ondervinden. Er is echter nog veel nood aan onder-
zoek voordat deze partikels op grote schaal kunnen toegepast worden bij de bestrijding van
ziekten.

Één van de meestbelovende micropartikels is opgebouwd uit zeer poreus calcium carbonaat.
Dankzij deze porositeit kunnen deze partikels grote hoeveelheden werkzame stoffen adsor-
beren en deze vervolgens op een trage manier weer vrijlaten.

In deze thesis werd met succes een modelsysteem ontwikkeld voor het bestuderen van de up-
take van zowel sferische- als ellipsoidale poreuse calcium carbonaat micropartikels. Deze
ellipsoidale micropartikels werden, voor zover onze kennis reikt, nog niet eerder gepro-
duceerd of beschreven in de literatuur. Naast het opstellen van dit modelsysteem werd
ook onderzocht wat het effect van electroporatie is op de uptake van de sferische partikels.
Hieruit bleek dat deze positief werd beïnvloed, ook al leidde dit tot een kleine toename in
de mortaliteit van de cellen. Al deze resultaten tonen aan dat het mogelijk is om de up-
take van micropartikels te vergelijken via modellen en dat de ontwikkelde partikels een rol
kunnen spelen bij de creatie van nieuwe dragers voor geneesmiddelen.
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1. Background

Nanoscience or nanotechnology is a global term associated with scientific area which con-
sists of the study and application of nanosized objects with scales down to the atomical
level. A generalised definition for nanotechnology by the National Nanotechnology Ini-
tiative (USA) defines nanotechnology as “the understanding and control of matter at
the nanoscale, at dimensions beween 1 and 100 nanometres”. This term is also used to
describe phenomena associated with manipulation of nano-scale range particles as those
used in nanomedicine.

Although nanoparticles have been playing an important role in human history since the
invention of dichroic glass in the 4th century AD, it is only in the last several decades that
these particles are extensively studied. The emergence of nanotechnology is considered
by many to have an important impact on society, the economy and life in general. This
follows both biology and information technology in this respect while it diminishes the
boundaries between them15. We also use nanotechnology since the microparticles we make
are based on the knowledge of nanostructured material.

This thesis is a part of a larger project where microparticles are being investigated for
fulfilling a function in label-free intracellular sensing, also called Raman sensing1, and
also for drug delivery in biomedicine. The uptake of calcium carbonate particles, similar
to those which we use, has been demonstrated in other research articles but the uptake
of microparticles has never been modelled before. The general purpose of my thesis is to
investigate the uptake of both spherical and ellipsoidal calcium carbonate microparticles,
and to develop a model that could describe the uptake of microparticles by mammalian
cells. The influence of electroporation, and the mortality caused by this technique, will
also be investigated.
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2. The importance of particles

2.1. What are micro- and nanoparticles?

Nanosciences defines a particle as a small object that behaves as a whole unit regarding its
physical and chemical properties21. Micro- and nanoparticles began to play an important
role several years ago in the biotechnological, biomedical and the material science sectors.
Thanks to their physical properties such as their size, it has been known for a long time
that these particles could enhance the uptake of molecules by cells. This has also been
demonstrated by naturally occuring particles. For example, asbestos minerals, which
are known for their microscopic particulate structure, enhance the uptake of aromatic
components and influence their detoxification. If these molecules are coated onto asbestos
microparticles, their uptake is enhanced significantly16 .

Both organic and inorganic micro- and nanoparticles have found applications in a wide
variety of scientific fields. Porous microparticles are continuously used in chemical detec-
tion techniques like high pressure liquid chromatography23. Other applications of micro-
and nanoparticles include photovoltaics24, enzymatic catalytic processes55, coating of ma-
terials and the upcoming field of nanomedicine where they can be used as imaging agents
and vectors for drug delivery24.

Accurately reproducible particles hold significant promise in the biomedical sector because
they can provide insight into the fundamentals of cellular and biological processes since
microparticles can be used as intracellular sensing probes and reporters25.

This wide range of applications for microparticles keeps driving the development of a large
variety of nano- and microparticles. For the delivery of drugs, both in- and outside of
cells, a diverse array of particles are used each with their advantages and disadvantages.

Naturally occurring viruses are modified to be utilized as DNA-vectors for genetically
modifying organisms by using the mechanisms occurring inside the genes of the viruses22

or modified for their anticancer activity by replicating only in cancerous cells26. Other
particles are of an inorganic- or hybrid nature. Dendrimers, for example, are branched
polymers28 and find applications in drug delivery and tissue repair. Probably the most
widely used particles for drug delivery and intracellular uptake are liposomes and synthetic
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micelles24. Liposomes consist of lipid double or multilayers that are formed through self-
assembly29–31. These spherical particles occur naturally inside our body and are prone
to fast clearance by the liver. Therefore enhanced circulation time within the body is
needed to improve the dose-release capacities of these particles. Enhanced circulation can
be achieved by PEGylation33 which consists of binding poly-ethyleneglycol (PEG) to the
liposomes. PEGylated liposomes loaded with Doxorubicin is the first used nano-drug and
are being utilized in chemotherapy registered under the name Doxil®32. The components
from which micelles are made are analogous to the fatty-acid chains of liposomes. They
consist of amphilic polymers, that have both polar and apolar regions. By the differ-
ences in polarity these polymer fragments self-assemble into spherical shaped micro- and
nanoparticles34. Other very important types of carriers are polyelectrolyte particles and
multilayer capsules57.

Polyelectrolytes are macromolecules in which a large portion of the subunits have ionizable
or ionic groups35. Polyelectrolytes can be divided further into polycations, polyanions and
polyampholytes if they have only positive, negative or both charges respectively36–38. If
polyanions and polycations are mixed together, they have the tendency to interact with
each other forming stable structures. By layer-by-layer deposition, polyelectrolytic multi-
layers can be created. Layer by layer techniques use the phenomenon of polyelectrolytic
adsorption, where a substrate with a certain surface charge, such as micro- or nanopar-
ticles, is exposed to polyelectrolytes of the opposite charge thus causing a layer of this
polymer to bind to the surface of the substrate39;57. Subsequently another polyelec-
trolyte, with the opposite charge of the first polylectrolyte, can be added thus forming a
multilayer. For the production of hollow capsules, a soluble substrate like calcium carbon-
ate is frequently used since this substrate has a high loading capacity. These templates
do not need to be removed to form a good drug carrier and can be kept to form rigid
structures? . Inorganic particles such as these have, next to their high loading capacities,
the tendency to release their loads rather slow.

Other highy promising inorganic particles are calcium phosphate, and its mineral form
hydroxyapatite, particles. Hydroxyapatite is the major inorganic component of bones40,
and thus micro- and nanoparticles of this material are highly promising gene- and drug
carriers41. Nanogels are another very promising polymer-based group of particles for the
delivery of medicines. Nanogels consist of a hydrophillic polymer network, both organic
and inorganic in nature, forming a porous structure that can be loaded with therapeutic
agents58. These nanoparticles are noted for their use as carriers for short interfering RNA
(siRNA), small RNA molecules that have the ability to interfere with the expression of
genes by using the RNA interference pathway.

For other applications, such as internal sensing probes, a whole different kind of mate-
rial is used. These particles are more adapted to the signaling role they have to fulfill.
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Conductors and semiconductors such as quantum dots44, metallic nanoparticles45 and
more recently even silicon chips42;43 or a combination of metallic nanoparticles and other
microparticles1.

In general, the most promising particles in biological applications are those who have char-
acteristics of different kinds of particles. Therefore, calcium carbonate particles stabilized
by polyelectrolytes were used in this thesis.

2.2. Key requirements for intracellular use of
microparticles

2.2.1. The influence of the cell membrane in the uptake of
microparticles

In order to fulfill their actual role as a drug delivery system or as a platform for plasmonic
resonance in case of surface-enhanced Raman scattering (SERS), these microparticles
often have to be located inside cells. To move inside cells and in specific compartments,
various barriers have to be crossed.

2.2.1.1. Composition of the Cellular Membrane

The most important aspects of a cell regarding the separation of its internal environment
from the external world is the presence of the cellular membrane. The cellular mem-
brane has the role of maintaining the differences in chemical composition between the
intracellular and extracellular environment while it has to be able to form a passage for
nutrients intowards- and waste outwards the cell. A typical cell membrane consists of a
lipid bilayer formed out of two phospholipid layers where the head groups of the lipids
are pointed towards the aqeous regions surrounding the membrane while the hydropho-
bic tails are wedged in between. This causes the formation of a hydrophobic barrier
that is extremely resistant against the diffusion of hydrophobic molecules, although small
lipophilic molecules are able to enter cells more easily. Apart from phosopholipids, the
cellular membrane contains other important components such as proteins, carbohydrates
and other fatty acids. Membrane proteins come as various types such as receptors, chan-
nels, transport proteins or pumps and make the uptake of molecules from the outside
environment and the excretion of metabolites possible2.
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2.2.1.2. Cellular Uptake

Two of the main transport routes in cells are the exocytic and endocytic pathway. The
exocytic pathway or secretory pathway makes use of vesicles called exosomes to transport
material out of the cell. The endocytic pathway is the opposite process. This pathway
consists of various methods to transport material from the external environment into
the cell using vesicles formed out of the plasma membrane. Endocytosis fulfills several
functions for the cell. Next to the internalization of nutrients, endocytosis also regulates
the cell surface expression of proteins such as receptors and transport proteins enabling
cells to control the uptake of ligands. Another important function is the recovery of excess
membrane inserted into the plasma membrane during the budding of vesicles. After the
internalization the newly formed endosomes fuse with other organelles in the endocytic
pathway. The early endosomes will start to mature by becoming more acidic until they
eventually mature into lysosomes.

In general, the process called “endocytosis” can be divided into three subcategories, phago-
cytosis or “cell eating”, pinocytosis, non-receptor mediated endocytosis, or “cell drinking”
and receptor-mediated endocytosis. Receptor mediated endocytosis can be further sub-
divided into clathrin mediated endocytosis and caveolin- mediated endocytosis9.

2.2.1.3. Pinocytosis

Pinocytosis describes the formation of a vesicle of approximately 100 nm in size and
which forms around extracellular material surrounding the cell. An alternative pathway
to pinocytosis is macropinocytosis. The vesicles formed by macropinocytosis do contain
the same kind of cargo but are formed more analogous to phagocytosis by using actin
filaments to envelop a quantity of material and forming much larger vesicles as seen in
Figure 2.2.19. Recent articles suggest that actin filaments are used in clahtrin-mediated
and, to a lesser extent, caveolin mediated endocytosis12.

Figure 2.2.1.: The different endocytosis mechanisms. Taken from ref11.
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2.2.1.4. Phagosomal Mediated Cellular Uptake

Phagosomal mediated cellular uptake or phagocytosis is an uptake process for particles
of larger sizes. Although almost all cells are known to be able to use phagocytosis, this
process is primarily visible in phagocytes, cells specialized in this process. Phagocytes,
such as macrophages or dendritic cells, can engulf microparticles up to 10 micrometres in
size and have an immunological function. Phagocytosis is mainly initiated by interaction
of receptors on the surface of the cell membrane of the phagocyte with molecules, such
as antigens or complement factors9. Phagosomal mediated cellular uptake is one of the
main absorption pathways for the uptake of microparticles of the size used in this thesis.

2.2.1.5. Receptor Mediated Cellular Uptake

Receptor mediated cellular uptake can be divided in clathrin mediated cellular uptake
and caveolin mediated cellular uptake.

On the surface of the cell membrane, receptors bind to ligands present in the surrounding
matrix. These receptor-ligands accumulate in special regions on the cell membrane called
clathrin coated pits. If the concentration is high enough, these coated pits begin to bud
into the cell forming vesicles which are fully coated with clathrin and have a size between
100 and 200 nm9. Microparticles smaller than 200 nm are known to be internalized
through this pathway while particles with a size up to 500 nm are taken up by caveolin
mediated cellular uptake10. Caveolin mediated cellular uptake is also prominent for the
uptake of particles between 50 and 200 nm and makes use of caveolae to internalize them13.
Caveolae are small flask-shaped invaginations of the plasma membrane rich in cholesterol
and sphingolipids10 and are known to be play an important role in transcytosis14.

2.2.2. The need for a low cytotoxicity

When microparticles will eventually fulfill a role in medical applications one thing is
evident, the remedy shoud never be more dangerous than the problem itself. Therefore
potential cytotoxicity of micro- or nanoparticles should be avoided. The biocompatibility
of microparticles have to be proven46 before further research can to be done.

One of the most important aspects that contribute to cytotoxicity is the material out of
which the particles are composed. Metallic nanoparticles, whether they are incorporated
in capsules or not, can release potentially toxic ions48. Quantum dots, for example,
are promising nanoparticles for internal labeling of cellular components. However, these
particles often contain cadmium which is cytotoxic in ionic form56. Not all metallic
nanoparticles are toxic. Iron-oxide particles are highly biologically compatible47 because
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they are degraded internally to iron ions and oxide by enzymes46. Gold nanoparticles are
also non-toxic although they can be under certain extreme conditions19.

Surface chemistry of micro- and nanoparticles is another element that has an influence
on cytotoxicity49. Free polyelectrolytes are cytotoxic for cells and polycations are much
more toxic than polyanions. A decrease in proliferation and necrotic cell disruption was
observed when poly(allylamine hydrochloride) (PAH), a polycation, was added to cells
while at the same concentration poly(acrylic acid)(PAA), a polyanion, was found non-
toxic50.

However, the most significant influence on cytotoxicity by micro- and nanoparticles is the
concentration at which the particles are added. If particles are added to cells in extremely
high concentations, sedimentation occurs on top of these cells thus impairing cell viability.
This was observed when polyelectrolyte multilayer capsules were incubated with cells. In
low particle concentrations, no detectable difference in viability with the control cells was
noticed. In extremely high concentrations, all incubated cells died46. Similar results were
obtained when gold nanoparticles have been used19. The addition of very high concentra-
tions of gold nanoparticles to cells led to changes in the cytoskeleton, presumably caused
by sterical hindrance within the cells by the nanoparticles. Homeostasis cell divisions was
also observed. At last, it was noticed that a higher particle concentration led to an in-
crease in reactive oxygen species (ROS). An induction of the production of reactive oxygen
species is considered to be one of the most harmful effects caused by nanoparticles51;52.
This increase was also noticeable at longer incubation times and was presumably caused
by the uptake of more nanoparticles. Reactive oxygen species are also a response of the
cell itself to help ingest foreign material that has been taken up but since these particles
are not degradable this only leads to an increase of ROS19.

With a large part of microparticles, no significant long cytotoxic effects are observed com-
pared to controls53 and natural cellular processes such as cell division by cells containing
microparticles have been shown on multiple occasions54.

Micro- and nanoparticles consisting of biocompatible materials are non-toxic to cells as
long as the concentrations are not extremely high. This is also partly the reason why
particles, used for intracellular applications, should be internalized as efficiently as possi-
ble.

2.3. Using microparticles for the delivery of drugs

The search for new and improved medicines is often separated into two large categories.
In the first category, one tries to change the structure of the drug, by using drug design,
to acquire a perfect fit59. In reality it is difficult to create these ideal medicinal agents
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and this an important reason why a lot of medicines have strong side effects60. These side
effects are caused as a result of activity in tissues and cells by the activation of receptors
which are not the supposed to be the target ligand59. Doxorubicin, an antibiotic used in
chemotherapy, is active in rapidly dividing cells and causes, next to its anticancer activity,
the phenotypical characteristics of a cancer patient such as hair loss (alopecia), anaemia,
and fertility problems61.

The second and complementary approach is the use of drug delivery systems that act as
carriers for therapeutic agent and target these to the site of action. If necessary, it is even
possible to release these drugs on a continuous and controlled manner62.

2.3.1. The role of microparticles as extracellular drug carriers

When designing ideal drug delivery systems for extracellular delivery, two different factors
are important for creating the maximal therapeutic efficiency63. Not only should the drug
be correctly targeted, it also needs to be released at an appropriate rate at the place of
action.

Dose release is a technique that has been used for decades in the pharmaceutical industry,
mainly by releasing therapeutic agents from macroscopiv non-biodegradable implants such
as Norplant ®, Ocusert ® and skin patches64. The next step was the development of
microscopic drug cariers that can be added intravenously or even trough the skin65 and
mucus layers66. These carriers should either be biodegradable or allow to be removed
from the body. In the early 1980’s this consequently led to the development of long
acting poly(lactic-co-glycolic acid)(PLGA) microcapsules that could release luteinizing
hormone-releasing hormone up to a month67.

One of the most significant problems presented with long-term dose release in the blood-
stream is caused by the body itself. Clearance of micro- and nanoparticles by the liver,
kidneys and immune system significantly compromises circulation times up to only several
hours, thus measures to increase the circulation times are required68. One of the most used
techniques is PEGylation. Where poly(ethyleneglycol) polymer chains are conjugated to
the drug carriers or to the drugs themselves. PEGylation leads to a vast improvement
in both the circulation times and the stability of the carriers against enzymal degrada-
tion, as well as reducing the recognition by the immume system69. There are, however,
several other factors that can improve circulation times. It has been demonstrated that
using filamentous micelles, filomicelles, circulate up to ten times longer than their sferical
non-PEGylated counterparts and up to twice as long as PEGylated micelles68.

One of the most important practices of external drug delivery is their use in the remedial
treatment of angiogenic tumours. In these tissues an effect called the “enhanced perme-
ability and retention effect” (EPR) takes place. Because of the fast growth of tumours,
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newly forming blood vessels are incomplete and parts without fully developed endothelial
walls occur. These large fenestrations cause the permeation of blood deep into the tumour
tissues. If nanoparticles are added intravenously, they tend to stick inside these tissues
and retention of these particles occurs. This makes it possible to passively target nanopar-
ticles, containing anticancer agents, to tumourigenic tissues70. Doxil ® are Doxorubicin
containing particles that make use of this phenomenon32.

Micro-and nanoparticles will undoubtedly play an increasing role in future medicinal
practices based on extracellular drug delivery.

2.3.2. The role of microparticles for intracellular delivery of drugs

Presumably the most significant advantage of micro- and nanoparticles is their potential
to be absorbed by cells and to release their cargo directly inside the cells. This allows
to target cells and even cellular components, organelles and nuclei71. Many untreatable
diseases are caused by genetic defects and mistranslations of indispensable protein struc-
tures. It is very difficult to treat such diseases, because proteins are often degraded by
peptidases before they even reach inside cells . If a carrier is used, it is possible to de-
liver proteins directly inside the cells and avoid degradation72. The human body makes
use of this phenomenon to transport lipophilic molecules. Lipophilic drugs, for example,
are moved within chylomicrons, liposome-like particles that carry fatty-acids and other
hydrophobic molecules73.

Gene transfer efficiency can be greatly increased when carriers are used to deliver DNA
to cells. This has been established with organic particles such as liposomes74, inorganic
carriers such as calcium carbonate and calcium phosphate75, and combinations of both.

For optimal drug delivery within cells, several problems need to be overcome. When
cells absorb particles these get transported to endosomes and eventually these organelles
mature into acid lysosomes. Lysosomes are responsible for the digestion of consumed com-
ponents and therefore form a hostile environment for every molecule prone to degradation.
It is thus highly advised to make endosomal escape possible before lyosomes are formed76.
A first solution is provided by the proton sponge effect. This is a phenomenon that make
use of the acidification of endosomes. Polycationic polymers such as lipopolyamines and
polyethylenimines have a pH-buffering capacity when the pH lowers drastically and start
to increase in volume when more protons are added in the vicinity of these molecules.
Eventually this causes endosomes to rupture and the polycations are translocatedd to
the cytosol76. Another technique to escape endosomes is the use of fusogenic proteins,
a technique often used by influenza viruses. Hemagluttinin, a fusogenic protein that is
conjugated to the envelope of influenza viruses, changes its formation to an active stucture
in a low pH environment which causes the virus envelope and the endosome lipid bilayer
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to fuse together and releasing the viroid into the cytosol77.

In conclusion, there is still room for a lot of improvement by designing the shape, size
and changing the surface characteristics of micro- and nanoparticles.

2.4. The use of microparticles as intracellular sensing
probes

Another important role microparticles could fulfill is as intracellular sensing probes for
making label-free imaging possible.

Raman spectroscopy is a spectroscopic technique that relies on inelastic scattering of
light, also called Raman scattering to visualise materials. When light passes though a
sample, a part of this light is isotropically. These scattered photons can be divided into
two categories, elastic and inelastic scattering. Elastic scattering or Rayleigh scattering
causes the photons to have the same wavelength as before the photons passed through
the material. A small portion of the scattered light are from a different wavelength and
the difference in wavelength depends on the material with which the light intracted18.
This makes Raman-based detection a good contender for label-free intracellular imaging
since the produced scattering depends on the nature of the biomolecules4. One of the
main problems with Raman-based detection is the low signals that are being obtained
because raman scattering takes in only a fraction of all te scattered light. A solution for
this phenomenon is the use of surface enhancement. It has been known that molecules
adsorbed to surfaces of silver17, gold or other metals produce a Raman spectrum that
is a millionfold more intense than should be expected from the molecule in question6.
Enhancement of the Raman signal is induced by the use of localized surface plasmon
resonances and/or the formation of a charge-transfer state at the surface of metallic
nanoparticles7 Since gold is able to be formed into nanoparticles and does not cause very
cytotoxic effects even in rather high concentrations19, there is a possibility to use those
particles to make probes for intracellular imaging by using them to enhance the inherently
weak signals of Raman spectroscopy. If the signals are enhanced it is also possible to use
lower laser intensities to reduce potential optical cell damage. It has been demonstrated
that nanoengineered colloidal probes can serve as an efficient platform for probing the
intracellular environment at extremely low laser power and fast acquisition rates by a
20-fold improvement of the signal to noise ratio of the Raman signals. For adsorbing the
gold nanoparticles to a scaffold, single-walled carbon nanotubes (SWCNT) were used and
the technique described could be applied to any smooth colloidal particle3.

Next to their prominent role as intracellular SERS probes, microparticles could fulfill
other roles for the signaling of intracellular processes. Silicon chips could be used for the
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Figure 2.4.1.: Raman spectroscopic imaging of a fixed fibroblast cell with electroporated col-
loidal probes with “a” being an optical image of the analyzed cell and “b”
Confocal Raman image of the same cell in (a) acquired at a specific depth.
Color code refers to differences in Raman spectral features in the data set
(green-cytosol, blue-nucleus and red-single walled carbon nanotube).This im-
age is taken from ref3

detection of internal pressure changes42, and quantum dots and nanocrystals could be
used as detection probes because of their property to emit light within the visible light
spectrum25. Microcapsules can also be filled with pH indicator dyes such as Seminaph-
tharhodafluor( SNARF-1) that change colour from red to yellow when the the value of
pH decreases.101

Microparticles are thus highly promising entities for the improvement intracellular sensing
and will provide insights in biological and cellular processes.

15



3. The use of CaCO3 microparticles as
drug delivery carriers

Calcium carbonate (CaCO3) is one of the most common inorganic substances in biological
organisms78. Because of its biocompatibility these minerals have, microparticles consisting
of calcium carbonate make highly promising carriers for drug delivery79.

Three different polymorphs of calcium carbonate exist ranging from the stable calcite to
the metastable aragonite, vaterite and amorphic CaCO3

80. Vaterite is a highly promising
polymorph for the fabrication of micro- and nanoparticles because of it tendency to form
very porous structures. This has led to their use as templates for polyelectrolyte multi-
layer capsules. The highly porous structure of vaterite causes a very high adsorption of
therapeutic agents to the particles81.

Microscopic vaterite spheres can be stabilized to a certain extent by layering these particles
with polymeric molecules, which leads to their use as a very rigid center of polyelectrolyte
capsules81. Recently it has been shown that other, ellipsoidally-shaped particles can be
created114. The work conducted in this thesis contributes further to this area.

CaCO3 particles, containing therapeutic agents, have the tendency to release their cargo
very slowly. This opens up the possibility for their use as controlled drug release delivery
vehicles. The rate of drug release can be influenced by the external environment wherein
the particles linger. An acidic environment causes an initial burst release, in contrast to
a more basic pH as has been demonstrated by the release of Ibuprofen®. This effect can
be partially prevented by encapsulation of the particles with polyelectrolytes82.

CaCO3 particles are highly promising as potential drug delivery vehicles and are further-
more inexpensive and easy to produce making them highly valuable in the research for
improvements in modern medicine.
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4. Methods for improving the uptake of
microparticles by cells

4.1. Influencing the uptake by using external techniques

To stimulate the uptake of particles by cells both the characteristics of the particles
themselves as of the environment in which they reside can be changed. The immune
system makes frequent use of this last method. When foreign molecules, such as those from
an invasive pathogen, are detected by the immune system, this leads to the production
of opsonins such as antibodies, complement components C3b and C4b, and lectins such
as mannose-binding protein95. Opsonins are molecules that act as binding enhancers for
phagocytosis by macrophages. This process is called opsonization.

To increase the immune response to antigens, adjuvants are used. Adjuvants are immuno-
logical agents that modify the immune response by boosting the production of antibodies
while not being immunological themselves. They could do this on several ways such as
by presenting the antigen to cells and increasing the antigen uptake, cell targeting, and
protection of the antigen against degradation96. The process of opsonisation is in fact
one of the main biological barriers for controlled drug delivery, since it causes micropar-
ticles to be removed from the blood before they can perform their targeted function.97

The addition of opsonins to microparticles can improve their uptake by macrophages.98

An increase in uptake by non-phagocytic cells can also be induced by addition of other
molecules. When polyethyleneimine (PEI) was added in non-toxic concentrations to HeLa
cells, the uptake of polystyrene microparticles by these cells increased significantly.99

Another technique to induce the uptake by cells is electroporation. Electroporation is
widely used for the delivery of small proteins and DNA into cells.100 By using very short
high voltage electrical pulses, the membranes of the cells are temporarily permeabilized.
This causes the DNA or small proteins that are adsorbed to the outer membrane to be
sucked into the cytosol of the cells. It has been observed that this technique can also
be employed to increase the uptake of microparticles by cells. When microcapsules were
added to Vero cells there was no signifcant uptake, but if the cells were electroporate first,
50 to 80% of the cells internalized microparticles.54 Cell viability after electroporation was
approximately 50-70%54.
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By using external techniques, such as electroporation and opsonisation, it is possible to
increase the uptake of microparticles both in vivo and in vitro.

4.2. Changing the characteristics of microparticles

4.2.1. By changing the surface charge and using targeting ligands

When endogenous parasites try to infect a host they have the need to move themselves to
regions inside the body which are the most beneficial. For this purpose many viruses use
ligands that target a specific cell type. For example, Human Immunodeficiency Viruses
(HIV) make use of the CCR5 receptors, that are present on the surface of white blood
cells, to gain access inside cells83. The use of ligands that are bonded to microparticles
therefore cause the active targeting of certain cell types or tissues63. A wide variety of
ligands can be used to make active targeting possible. This feat has been demonstrated
with antibodies84, lectin-binding sugars such as mannose88, and homing peptides89.

Next to ligands, other methods could be used to target certain regions inside the body.
If magnetic components are integrated inside microparticles it is possible to use an ex-
ternal magnetic field to lead the particles to the region where they are needed87. This
same accomplishment is possible by using lasers to burst particles, containing metallic
nanoparticles, where their internal loads should be released90. Through the use of ultra-
sound it is feasible to shoot particles, that are connected to gas-containing microbubbles,
to be released and even shot inside cells86. This bubble-bursting technique is used in
contrast-enhanced ultrasound (CEUS) where the bubbles themselves are even able to be
targeted85.

Besides targeting of cells could changing the surface characteristics of microparticles also
lead to an improved uptake. Positive surface charges of nanoparticle has been proven to
stimulate endocytosis91.

Problems relating to intracellular release can be worked out by fusogenic peptides, pro-
teins that cause the fusion of membranes92, and by membrane destablizing proteins93.
Changing the surface components of microparticles is one of the primary arguments for
the development of smart drugs94.

4.2.2. The influence of shape and size onto the uptake by cells

Even before the development of synthetic particles it was known that cells could take up
micrometer-sized particles of all different shapes and sizes. Macrophages easily absorb
senescent red blood cells (erythrocytes), which have a disc-like shape, and irregular parti-
cles such as dust and pollen that enter our body through our lungs103. Rod-like baceria,
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such as Salmonella or Shigella, can not only be taken up by phagocytosis103 but can also
induce their access into non-phagocytic cells.106 Therefore a lot of research is done to see
what the specific role of both the size as the shape of particles could be when they are
taken up by cells. Precisely defined particles are promising for gaining insight into the
fundamental biological and cellular functions.53

Particles of different sizes are taken up by different ways of endocytosis.10 If particles
with the same shape, but with different dimensions are compared with each other, as a
general trend it can be seen that smaller particles tend to be taken up faster and in larger
quantitities than larger particles.107 This has been demonstrated with both spheres104;105

and anisotropic particles. Zauner et al. (2001)107 investigated the influence of the size
of spherical particles onto their uptake by different kinds of cells. They noticed that the
maximal particle size that could be taken up was different for each type of cells and the
percentage of particles that was taken up decreased with increasing size107. Different types
of cells prefer different internalisation pathways which could explain the the difference in
maximal particle size. Gratton et al. (2008) compared the uptake of anisotropic particles,
and concluded that HeLa cells absorbed only 10% of cubic shaped particles with a length
of 3 to 5 µm while cubes with a length of 2 µm were taken up by up to 45% of the cells.53

Surprisingly, they observed that larger particles were taken up faster for cylindrically-
shaped particles of identical aspect ratio (AR) and 100-150 nm length. This different
behaviour is attributed to multivalent kationic interactions since both particles had a
cationic surface charge.53

Figure 4.2.1.: The role of target geometry. A coloured scanning electron microscopy (SEM)
image of macrophages absorbing microparticles with different shapes. Scale
bars correspond to 10 µm (a) and 5 µm (b,c), respectively. This image is
taken from ref.102

Next to absolute size differences between particles, the shape of the particles is another
very important factor for improving uptake. More specifically, the orientation of the
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particle compared to the cell is important.102 Although all the differently shaped particles
could be taken up in at leas one orientation, in other orientations uptake was completely
inhibited.102 The local shape of the particle has an influence on the complexity of the actin
structure that needs to be formed to let the membrane engulf the particle. When this is
not possible, this results in the membrane simply spreading against the “flat” particle.
This phenomenon was noticed with different particle shapes, each of them having a flat
or concave side. When elliptical disks with a large diameter of 6 µm were added to
macrophages these cells could only absorb these particles efficiently if they were oriented
at the convex sides of these particles (figure 4.2.1)102.

Figure 4.2.2.: The difference in cell association between cylindrical and spherical nanoparticles.
The different particles are visible in image “a-d”. Image “a” shows the 585
nm spheres, “b” the AR2 particles, “c” the AR3 particles and “d” the AR4
particles. The scale bars “a-d” are 2 µm, and the scale bars in the insets are
200 nm. The right image shows the differences in cell association between all
particles. These images were taken from ref108.

When particles smaller than 1 µm were added to non-phagocytic HeLa cells a similar
phenomenon was noticeable.53 Cylindrical shaped particles of different aspect ratios were
incubated with HeLa cells. The particles with higher aspect ratios were internalised
up to four times as fast as particles with a smaller aspect ratio53 All particles were
eventually internalised at a comparable percentage. Similar conclusions were found by
Shimoni et al. (2013) where cylindrical shaped hydrogel particles of higher volumes were
used108. It was noticed that all particles eventually ended up in lysosomal compartments
after internalization, but the internalization kinetics depended on the aspect ratio of the
particles. Spherical particles with a diameter of 585 nm were compared with cylindrical
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particles with an aspect ratio of 3 and an equivalent volume. These particles had a length
of 1120±130 nm and a diameter of 410±65 nm. After 6h of incubation time, up to 55%
of the total amount of cells that were incubated with spheres were associated with these
particles while there was only 33% cell association with the cylindrical particles (figure
4.2.2). When these cylindrical particles were compared with spheres of equivalent length
(1100 nm) the cell association was similar. However, if particles with an AR=4 and a
length of 1290±140 there was a significant difference. The particles with an AR=4 were
associated with the cells at a lot slower rate. This could be explained by the fact thet
different pathways are used for the uptake of particles of different sizes10.

In conclusion, both shape and size have a significant effect onto the uptake by cells and
it can be assumed that most particles eventually end up in lysosomal compartments.
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Part II.

Objectives
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Studying factors affecting the uptake of microparticles by
HeLa cells

The main goal of this thesis is to investigate how the uptake of calcium carbonate mi-
croparticles is influenced by changing different characteristics of these particles. First and
foremost, the efficiency of the uptake of spherical vaterite particles by human cervical
carcinoma endothelial cells (HeLa cells) will be investigated. Subsequently, a model and
a general formula is built through modelling techniques based on the obtained microscop-
ically data. Eventually, different factors such as the influence of the shape (spherical and
ellipsoidal) of particles and the influence of electroporation technique is explored. Cal-
cium carbonate microparticles are used as templates for the fabrication of polyelectrolyte
capsules. By investigating the influence these templates have on mammalian cells, more
insight in the significance of these polyelectrolyte capsules can be obtained.

The fabrication of ellipsoidally shaped CaCO3 particles

Anisotropic, elongated particles are highly promising for their potential to stimulate up-
take by cells. Higly porous ellipsoidal calcium carbonate has seldom been fabricated, and,
therefore, the fabrication of elongated, preferably ellipsoidal, particles is an additional
goal of this thesis. Ideally, the size of these particles should in the order of several mi-
crometers in length for efficient uptake and their potential to be used in other branches
of particle sciences.





Part III.

Material and Methods
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5. Growing HeLa Cells

5.1. Culturing cells

For all experiments Human Cervical Carcinoma HeLa cells or HeLa H2B, which have a
fluorescently labeled nucleus, were used. All cells were maintained in Advanced Dulbeccos
Modified Eagles Medium (DMEM) (Gibco, 12491) with 2% Fetal Bovine Serum (FBS)
(Gibco, 10500-056) and 1% Penicillin-Streptomycin-L-Glutamine (PSL) (Gibco, 10378-
016) added to the solution. All cultures were preserved in a Innova CO-170 incubator
(New Brunswick Scientific) at 37°C and 5% CO2. Manipulations of the cells took place
inside a Class II-laminar flow.

The culturing of cells was achieved by trypsinization by the following steps:

1. Remove the medium of the T25 or T75 culture flask, wherein cells are cultured ,
without disturbing the cells.

2. Wash with 2ml (or 3ml respectively) Phosphate Buffered Saline (PBS), without
added Ca and Mg.

3. Remove the PBS with a pipette and add 750 µl - 1ml (or 1-1.5ml for a T75 flask)
0.10% Trypsin solution.

4. Incubate for one minute or longer inside a 37°C incubator to activate the trypsin.
Tap the sides of the flask if not all cells are in solution.

5. Add warm 4.5ml (5ml respectively) medium to quench the trypsin and move the
whole solution to a 15ml falcon tube.

6. Centrifuge at 196 g for 5 minutes

7. Remove the supernatant and add fresh medium

8. Move the desired amount of cells to new culture flasks or well plates

Cells were counted prior to step 8 by using a Bürker-Türk counting chamber (Marienfeld;
depth: 0.100 mm) and, if needed, dead cells were coloured with 0.4% trypan blue solution
(Gibco, 15250-061). The stock of primary cells were preserved in cryovials containing 900
µl FBS and 100 µl dimethylsulfoxide (DMSO, Sigma-Aldrich, D8418) in liquid nitrogen
(-196°C). Freezing in of cells, for further preservation, took place by keeping cryovials for
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24 hours at -80°C inside an isopropanolol container and afterwards moving these to the
liquid nitrogen vessel. For thawing out cells, the cryovials were warmed up inside a hot
water bath at 37°C until the contents were almost fully thawed out. The cells were then
moved to a culture flask containing preheated medium at 37°C saturated with CO2.
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6. Synthesis of Calcium Carbonate
Microparticles

6.1. Synthesis of Calcium Carbonate Spheres

Spherical calcium carbonate microparticles have been produced by the following steps.
2ml of a 0.33M Na2CO3(Sigma Aldrich, 451614) is added to a 50ml beaker with a di-
ameter of 42 mm (Duran, 2110617) containing a 25 mm magnetic bar (Sigma Aldrich,
Z328774). To this solution, 2 ml 0.5 mg/ml tetramethylrhodamine (TRITC)-Dextran
(Sigma Aldrich, T1162) or fluorescein isothiocyanate (FITC)-Dextran (Sigma Aldrich,
46945) in destillated H2O is added. This concentration can be varied depending on how
high the eventual signal needs to be. If no internal labeling is needed, 2 ml destillated
H2O needs to be added instead. This solution is put on a magnetic stirrer at 1000-1250
rpm and 2ml of 0.33 M CaCl2·2H2O (Sigma Aldrich, C8106) is added in one fluent mo-
tion to the solution. After 20-30 seconds the beads are formed and the solution needs to
be moved to eppendorf tubes. The solution was then centrifuged for 1 minute at 3g in a
Eppendorf centrifuge and afterwards, the supernatant was removed. The particles were
then washed three times with destillated water and the supernatant was removed. For
external labeling 2ml 0.5 mg/l TRITC-Dextran or FITC-Dextran would be added then
and incubated at room temperature for 30 minutes. 500 µl Polystyrene-sulphonate (PSS)
(Sigma Aldrich, 243051) 2 mg/ml + NaCl 50 mg/ml solution was added next. The solu-
tion was then stirred for 10 minutes at room temperature at a speed that does not cause
sedimentation by using a thermomixer. The mixture was centrifuged at 3g for 1 minute,
the supernatant was removed and washed three times with destillated water. If a positive
outer layer is needed, 500 µl Polydiallyldimethylammonium chloride (pDADMAC) (Sigma
Aldrich, 409014) 2 mg/ml + NaCl 50 mg/ml solution should be added to the particles and
the supernatant should again be centrifuged at 3g 1 minute and the supernatant should
be removed. Afterwards the particles were wash three times with destillated water and
the supernatant removed. When all these steps were done, the particles were moved to
destillated water, PBS or medium and stored at a cool temperature.
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6.2. Synthesis of Calcium Carbonate ellipsoidal particles

Ellipsoidal Calcium Cabonate microparticles have been produced by the following steps. A
1M Na2CO3(Sigma Aldrich, 451614) solution is made and the pH is lowered to 9.5 by using
a concentrated HCl solution (0.33 %) and a 0.1M CaCl2·2H2O (Sigma Aldrich, C8106)
solution is made where the pH is lowered to 9.17 by using the same concentrated HCl
solution. The pH can be lower or higher as long as there is not a very high concentration
of HCl added. Even a pH= 2.0 created the same particles. A high concentration, low
volume of TRITC-Dextran (Sigma Aldrich, T1162) or FITC-Dextran (Sigma Aldrich,
46945) in destillated H2O is then added to a 50ml beaker with a diameter of 42 mm
(Duran, 2110617) containing a 25 mm magnetic bar (Sigma Aldrich, Z328774) which
stirrs at a very low speed (100-150 rpm). If no internal labeling is required this step
can be left out. Three eppendorf tubes are filled with 1 ml of the Na2CO3 solution and
1 ml of the CaCl2·2H2O solution are added together. Larger volumes could be used if
more ellipsoidal particles need to be created. Immediately centrifuge the eppendorfs, with
a short spin, up to very high speeds (12000 rpm) while limiting the centrifuge time. 6
seconds is enough from start to finish. The supernatant is then moved, without touching
the sedimented CaCO3, to the stirring beaker containing the dye. After waiting for 30
to 90 seconds the particles are formed. The mixture is then split into 1 ml volumes and
added to 2 ml eppendorf tubes containing 1 ml of Polystyrene-sulphonate (PSS) 4 mg/ml
+ NaCl 50 mg/ml solution. If external labeling is needed, 2ml 0.5 mg/l TRITC-Dextran
of FITC-Dextran is added and the solution wash after incubation for 30 minutes. The
mixture is then stirred for 10 minutes at room temperature at a speed that does not cause
sedimentation by using a thermomixer and afterwards centrifuged at 3 g for 1.5 minutes.
The particles are then washed three times with destillated water. When all these steps
were done, the particles were moved to destillated water, PBS or medium and stored at
a cool temperature.
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7. Live Cell Imaging Protocol

7.1. In vitro

Live cell imaging experiments were performed with HeLa H2B cells. These cells stably
express Green Fluorescent Protein (GFP) that is ligated to the H2B histon. This causes
the nucleus, more specifically the chromatin, of the cells to be visible with fluorescence
light microscopy109. The experiments were carried out in 96-well plates (Thermo Scien-
tific, 165305) with a flat bottom to make microscopy possible. After preparing the cells
they were mixed with microparticles suspended in medium or PBS. The beads were also
counted by using a Bürker-Türk counting chamber (Marienfeld; depth: 0.100 mm).

Electroporation was achieved using a Gene Pulser Generator (Model 1652076) (Bio-Rad)
with an infinite resistance, an electric capacitance of 25 µF and an electric field of 0.5
kV/cm. The cells and beads were kept in medium during electroporation. Subsequently
the mixtures were transferred to cell culture medium in a 96 well plate, with a total volume
of 200 ul per well. Afterwards the plate was incubated in the Innova CO-170 Incubator
until adherence of the cells arose. Adherence of cells was necessary for making auto-
mated microscopy a possibility. Right before the imaging, 15 µg/ml 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (Sigma Aldrich, H3375) was added to each well.

7.2. Microscopy

Live cell microscopy took place in a controlled environment at 37°C. For a time period
of 14-20 hours were images made every 2 hours to investigate the uptake of particles by
cells. The images were taken with a Nikon Eclipse Ti-microscope (Nikon Instruments)
accomodated with a 20x air lens (20x, plan APO VC, NA 0.75, WD 1, Nikon) and an
iXon+ 885-camera (Andor). Several filter cubes were employed for the detection the
GFP and FITC signals, and the TRITC signals. An excitation wavelength of 460-500
nm (528-533 respectively), with a cut-off value of 505 nm for the dichroic mirror was
used. The recording of the emission signals took place at 510-560 nm and 590-650 nm
depending on the dye colour. The performed live cell imaging- experiments require a high
rate of consistency regarding the handling of the cells but also with respect to the light
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exposure conditions. It has been well documented that light could induce reactive oxygen
species (ROS)110;111 and bleaches fluorescent molecules112. Therefore the light intensity
and exposure time should be limited as much as possible.

7.3. In silico

All recordings were made using the software that belonged to the microscope, while image
processing and annotation was done with ImageJ v1.48 freeware. Pseudocolours are
alscribed to the overlays to simplify visual comparisons. Image analysis was done using
ImageJ freeware v1.48 and the results were processed using Microsoft Excel 2012 and
Matlab 8.0. The beads and cells were counted both manually and automatically depending
on what had to be counted. Beads inside cells and dead cells were counted manually by
overlaying all different channels and using tally counters. The beads themselves and the
cell nuclei were counted automatically using ImageJ with the macros provided in the
appendix. The obtained data was subsequently modified in Excel 2013 to calculate the
differences between each well. Afterwards this data was utilized in MATLAB to find the
relationship between all parameters and to develop graphs and statistical data.

7.4. Flow cytometry protocol

Live cell flow cytometry experiments were performed with normal HeLa cells. First the
HeLa cells were incubated with FITC-labeled spherical CaCO3 particles inside T25 cul-
ture flasks during different time intervals. Next, the cells and beads were harvested by
trypsinization and moved to a solution of PBS and 1% FBS. The medium and PBS that
was removed while harvesting was kept subjected to the same protocol. This was to
recover the amount of beads lost while washing, afterwards. This mixture was also cen-
trifuged and moved to the same solution. The samples were preserved on ice before the
start of the flow cytometry measurements. The flow cytometer (BD AccuriTMC6) that
was employed contains a blue laser (488 nm) and a red laser (635 nm) but only the blue
laser was used for the measurements of the fluorescent microparticles. The obtained data
was edited with the software provided with the flow cytometer by gating the different
groups.
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Part IV.

Results
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8. The fabrication of CaCO3 particles

In chapter 8 we describe the fabrication of spherical and ellipsoidal particles, provide their
visualisation and estimate their sizes.

The general data about the particles is visible in table 8.1. Since the developed particles
are not exactly ellipsoidal but rather lemon-shaped (figure 8.2.1), both the values of a
prolate spheroid and a cylinder were calculated. The real values for these particles will
lie somewhere between both estimations.

These measurements were calculated from SEM images.

Table 8.1.: The dimensions of the synthesized particles as obtained from SEM images. The
figure above the table provide the visualization of the lemon-shaped particles.
The rectangle and ellipse are the respective cross-sections of the cylinder and
prolate ellipsoid calculations.
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8.1. Spherical particles

Spherical CaCO3microparticles are particles that have been produced for the last decade
to serve as templates for the fabrication of polyelectrolyte capsules. It can be concluded
from different lliterature sources115;116 that these particles are composed of the mineral
vaterite. The typical characteristics of vaterite are also visible with the spherical parti-
cles that were produced here, according to the SEM images of the particles. The protocol
used for the development of these particles was adopted from Volodkin et al (2004)117, but
there were still a number of non-spherical particles. Therefore, we carried out further op-
timization of this protocol. First, we reduced the salt concentration from 0.33 M (original
protocol) to 0.25 M) and second we increased the mixing speed of the reaction solutions.
By reducing salt concentration it would be expected that the number of nucleating centers
is reduced, while increasing speed the mixture will be more homogeneous. This approach
led to very isomorphic particles, as visible in figure 8.1.1. The porosity appears to ex-
tend deeply into the internal structure (figure 8.1.1). This capability of vaterite crystals
vastly heightens the adsorption of molecules by these particles. The spherical particles
have the diameter of 4.50 ± 0.34 µm. These particles can be labeled internally with both
therapeutic agents and labeling molecules117.
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Figure 8.1.1.: SEM images of the produced spherical particles. The top-left image shows an
overview of the particles (the scale bar is 100 µm), while the top-right image
is an enlarged image of the same particles (the scale bar is 1 µm). The
bottom image represents a broken sphere, showing the internal structure of
the spherical particles (the scale bar is 1 µm). The large imperfections in the
top-left image are caused by the SEM preparation procedure.

8.2. Ellipsoidal particles

For the fabrication of ellipsoidal particles, two protocols were used as guidance for the final
protocol. The first protocol was adapted from the synthesis procedure for the calcium
carbonate spheres, while the second one was based on the method of fabrication of small
ellipsoidal particles114. It was initially the aim to create these small particles, but the
fabrication turned out to be very inefficient because as little as 50% of the eventual
particles were ellipsoidal. There are two important reasons why the original protocol leads
to the formation of ellipsoidal particles. The first reason is the concentration difference
between both salt solutions which were 1M Na2CO3 and 0.33M CaCl2, respectively. The
second reason was a lowering of the pH to 9.5 in the presence of a large quantity of ethylene
glycol (80%), which causes the reaction to slow down drastically. If the solution is stirred
at a speed of approximately 600 rpm, particles start to form after 30 -60 minutes.

Another protocol was developed to bypass the problems encountered in the fabrication
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of these particles. When the ethylene glycol was added to the basic salt solutions, it
started to polymerize. Polyethylene glycol is produced when ethylene glycol is added to
water while basic and acidic substances act as catalysts for this reaction. Na2CO3 is even
used on a large scale as the catalyst for this reaction118. This reason and the fact that
these particles differed a lot in size from the spherical particles was the motivation for
the fabrication of the new ellipsoidal particles. While experimenting it was experienced
that if the same protocol was used without poly(ethylene glycol) almost no ellipsoidal
particles were produced. When this solution is incubated for a couple of minutes on a
glass slide, some particles with an ellipsoidal-like shape started to form next to the other
particles. Therefore, a vast adaption of the initial protocol took place. Both salt solutions
were mixed together and immedately centrifuged for a short time at a very high speed to
remove the initial poorly formed particles. This solution was then added to a beaker that
was stirred at a very slow speed to create a laminar flow that prevented sedimentation
without interfering with the formation of the particles. The CaCl2 solution was lowered
in concentration to 0.1 M and a pH of 9.17 or lower which led to the fabrication of the big
ellipsoidal particles visible in figure 8.2.1. These particles have a length of 6.23 ± 0.46 µm
and an aspect ratio of 1.78. Around 81% of the created particles had this shape while
two other kinds of particles are also present. Around 10% of all the particles had the
cross-like shape visible in figure 15.0.3 (appendix) while the rest of the particles were
spherical-like particles that are very dark when viewed below a light microscope. When
the CaCl2 concentration was increased to 0.33M and the pH to 9.5, these dark particles
are almost the only ones to be formed. Judging from the SEM pictures, does the surface
of the ellipsoidal particles appear to be analogous the surface of the spherical particles of
the other protocol, so it is quite possible that the internal structure would be the same.
(figure 8.2.2)
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Figure 8.2.1.: SEM image of the fabricated elllipsoidal particles. The distinct “lemon-like”
shape is visible with all these ellipsoidal particles. The particle below the
ellipsoidal particle used to be of the same size but by preparing the sample
for cryoSEM, drying patterns made the particle look less ellipsoidal. The
scale bar is 1 µm in length.

(a) The surface of the ellipsoidal particles. (b) The surface of the spherical particles

Figure 8.2.2.: Comparison of the surfaces of the ellipsoidal and the spherical particles produced
with the first protocol. The surface of both particles seem to be quite equiv-
alent although the ellipsoidal surface looks a little less porous. It is highly
probable that the internal structure between both particles is analogous. The
scale bars are 100 nm in length.
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9. Confirming the uptake of both types
of microparticles

9.1. Confocal imaging

To confirm the uptake of calcium carbonate spheres, confocal scans were made. A HeLa
cell that absorbed several spheres is visible in figure 9.1.1. The amount of spheres that
a cell would take up depended on how many particles were added to the sample. This
uptake was rarely more than two particles per cell and in most cases only one particle
was ingested.

Figure 9.1.1.: A cross-section of a HeLa cell with multiple CaCO3spheres. The spheres were
labeled with TRITC (red), while the surface of the cell was dyed with a wheat
germ aglutinin (WGA)-FITC dye (green). The scale bar is 85 µm in length.

Just as with the spherical particles, confocal scans were made of cells containing ellipsoidal
particles. In figure 9.1.2 a HeLa cell that internalized an ellipsoidal particle is clearly
visible. Division of cells containing multiple ellipsoidal particles was also noticed. This
division is illustrated in figure 9.1.3.
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Figure 9.1.2.: A cross-section of a HeLa cell containing an ellipsoidal calcium carbonate par-
ticle. This particle was internally labeled with TRITC (faint red), while the
surface of the cell was dyed with WGA-FITC dye (green). The scale bar is
10 µm in length

Figure 9.1.3.: A cross-section of dividing HeLa cells containing multiple ellipsoidal particles.
These particles were dyed with TRITC (faint red), while the surface of the
cell was coloured with WGA-FITC dye.
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10. A model system for the uptake of
microparticles

10.1. Defining the potential models

One of the goals of this thesis was to develop a model system for the uptake of micropar-
ticles where several factors were accounted for. This should make it possible to predict
the uptake of certain types of particles and to make comparisons between different types
conceivable. While seeding cells and particles to different wells, it was nearly impossible
to obtain equal ratios between cells and particles. This was one of the main reasons to
create a model. This will be discussed more into detail in the discussion part of this thesis.

The factors that were used in the model predictions were time, the number of cells per
surface area and the number of particles per surface area. These factors and the number
of cells that have taken up particles were eventually counted both manually and automat-
ically. The surface area where all these variables were counted was 2.98 mm2.

Several hypothesises were made to produce the models. The first hypothesis is that the
model has to have a maximal value. That is because there is a finite amount of cells and
particles on the measured surface. The maximal amount of cells that could take up a
particle is the amount of cells, except if there are fewer particles compared to the amount
of cells. This last case is reviewed in the discussion but was not used in the development
of the model except for the data collected empirically.

As for the second hypothesis it was assumed that the uptake of particles by cells would
be comparable to other natural phenomena wherein the driving mechanisms are concen-
tration dependent. Therefore, two somewhat similar possible models were studied which
exhibit a maximum value. The first model is described by equation 10.1.1. This equa-
tion is based on several phenomena present in nature such as the exponential decay of
radioactive isotopes and the clearance of medicines within the body. Analogously with
these phenomena, the particles, present in the surroundings of the cells, would be taken
up exponentially by cells. In the formula is X the time constant. This constant deter-
mines how fast the graph approaches it maximum. If the time constant increases, it takes
a longer time to reach this maximum. The second model that was investigated is the
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formula visible in equation 10.1.2. This formula is analogous to the Monod equation of
bacterial growth and the Michaelis-Menten equation for enzyme kinetics. Here X is the
value of the time (t) when half of its maximal uptake is reached. Just as with the time
factor, larger X values lead to a slower uptake. The Maximal uptake is equivalent to the
maximal amount of cells.

Uptake(t) = MaximalUptake ∗ (1 − e− t
X ) (10.1.1)

Uptake(t) = MaximalUptake ∗ t

t+X
(10.1.2)

In these incomplete models there are two factors that have an influence on how fast
particles would be internalized. The first factor is the time and the other factor is the
X-values of the different models. The eventual model should be dependent on both the
cell concentration and the particle concentration. Therefore, as a third hypothesis, it
was assumed that the X-values are a function of these concentrations. In other words
X(cells, beads). It was also inferred that at t=0 there were no beads taken up and if
there are no cells or beads, there could be no uptake. This led to the assumption that
X(cells, beads) is a multiplication of the different variables. Equation 10.1.3 was the
eventual choice for the interaction between the variables. Here are the C-values, the
parameters that need to be further investigated.

X(cells, beads) = C1 ∗ cellsC2 ∗ beadsC3 (10.1.3)

The final models are visible in formula 10.1.4 and formula 10.1.5.

Uptake(t) = MaximalUptake ∗ (1 − e
− t

C1∗cellsC2 ∗beadsC3 ) (10.1.4)

Uptake(t) = MaximalUptake ∗ t

t+ C1 ∗ cellsC2 ∗ beadsC3
(10.1.5)

Subequently it was necessary to design the experiments such that a large amount of
samples with different cell and particle densities, and ratios were investigated. The cells
and beads were eventually seeded in the wells according to the scheme visible in figure
10.1.1. These values were however not exact representations of the eventual data and
there was a lage variability among all samples.

After plating out and incubation of the cells for 6 hours live cell imaging was used to take
pictures for 16 hours. In these pictures, that had an estimated surface of approximately 3
mm2(2.98 mm2), the cells and particles were counted automatically by using the imaging
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Figure 10.1.1.: The experimental set up of the live-cell imaging experiment. In the upper row
of every well is the concentration of cells visible (in 103cells/well) and in
the lower row is the concentration of particles visible (in 103particles/well).
The well in the upper right corner was a control experiment without any
particles.

software, Fiji. The particles within cells were counted manually from the images. Figure
10.1.2 presents and example of the used images.

After the data collection, MATLAB was used to estimate the most ideal parameters.
For the most accurate parameter estimation, good initial values for these parameters
were necessary to make the MATLAB script find the global minimum. These initial
values were calculated using excel by using its linear estimation function. First, the
X(cells, beads) values were calculated by deriving the equations 10.1.1 and 10.1.2 to X as
visible in equations 10.1.6 and 10.1.7. Next, the LN-values of the cell concentrations, the
bead concentrations, and the X-values were calculated to make linearisation possible. The
equation 10.1.8 which is denoted by equation 10.1.9 was thus a linearised presentation of
this data. If no particles were taken up yet, these values were left out because division
by 0 is impossible. This did not interfere with the estimation of the eventual parameters.
Subsequently were the initial parameter values calculated by the linear least squares curve
fitting script in excel.
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Figure 10.1.2.: A live cell image of cells taking up spherical particles. The nuclei are la-
beled with GFP (green) and the calcium carbonate spheres are labeled with
TRITC (red). The images that were used for counting were 9 times larger.

X = −t
ln(1 − Uptake(t)

MaximalUptake
)

(10.1.6)

X = t
Uptake(t)

MaximalUptake

− t (10.1.7)

ln(X) = C2 ln(cells) + C3 ln(particles) + ln(C1) (10.1.8)

y = m1x1 +m2x2 + b (10.1.9)

The experimental results were also split ad random into two groups, with the first one
containing 70% and the second one containing 30% of the results. The optimal parameter
obtained from the training set are shown in equation 10.1.10.
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Uptake(t) = MaximalUptake ∗ t

t+ 1225 ∗ cells0.2446 ∗ beads−0.6424 (10.1.10)

The small group fitted to this equation with an R2-value of 0.70. To investigate statisti-
cally if the model was a good fit for the experimental data, a Mann-Whitney U test was
carried out (table 10.1) with the smaller group of experimental values and no significant
difference between the modelled- and the experimental results at the 5% significance level.
In figure 10.1.3 the modelled uptake gained from the equation 10.1.10 is compared with
the experimental values of the 30% group.

Figure 10.1.3.: This graph shows the modelled uptake values (cells with a particle), according
to the model with equation 10.1.10 (x-axis), compared to the experimental
uptake values of the small data group (y-axis). The black line represents an
ideal case when the theoretical model match the experimental values.

Table 10.1.: A Mann-Whitney U test between the modelled uptake and the experimental data.
The p-value was higher than 5%. There was therefore no significant difference
between the experimental values and the modelled values at the 5% significance
level.

Subsequently the optimal parameters for the whole dataset were calculated with Matlab.

47



Eventually it can be concluded that the model represented by equation 10.1.5 was the
most ideal fit. Even though the exponential decay model was almost as good, the other
equation was chosen because it was also a better fit for the ellipsoidal particles. The
model with the optimal parameters is represented by equation 10.1.11. This equation has
an R2=0.93 to the experimental data. In figure 10.1.4 the modelled uptake gained from
this formula is compared with the experimental values. The linear is a representation of
an ideal fit.

Uptake(t) = MaximalUptake ∗ t

t+ 1265 ∗ cells0.2593 ∗ beads−0.6603 (10.1.11)

Figure 10.1.4.: This graph shows the modelled uptake values (cells with a particle), according
to the model with equation 10.1.11 (x-axis), compared to the experimental
uptake values (y-axis). The black line represents an ideal case when the
theoretical model matches the experimental values.
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10.2. Ellipsoidal particles model

Analogously to the spherical particles, a model curve for the ellipsoidal particles was
made. Because there were also other particles besides the ellipsoidal particles, these were
counted separately and not used for calculating the graphs, even though several of these
particles were also internalized. The dataset was in this model also split into two groups
ad random with one group containing 70% and the other group containing 30% of the
results. A Mann-Whitney U test was performed to confirm if the model was an accurate
representation for the smaller group. This data is represented in table 10.2. There was
no significant difference at the 5% significance level and therefore it can be assumed that
this smaller group was accurately represented by this data.

Table 10.2.: A Mann-Whitney U test between the modelled uptake and the experimental data
for the ellipsoidal particles. The p-value was higher than 5%. There was there-
fore no significant difference between the experimental values and the modelled
values at the 5% significance level.

Subsequently was all the data used for calculating the most accurate fit for the dataset.
The equation 10.2.1 represents the most ideal model and has an R2=0.81. The exponential
decay model has an R2=0.76 so, even though it is still a good representation of the data,
the other model was chosen.

Uptake(t) = MaximalUptake ∗ t

t+ 1756 ∗ cells0.5081 ∗ beads−0.8471 (10.2.1)

10.3. The uptake of Spheres versus Ellipsoidal particles

To investigate the influence of the shape on the uptake of particles, both equations were
compared. In figure 10.3.1 examples of graphs at different cell- and particle numbers
are plotted. In almost every case the uptake of the spherical particles is better than the
uptake of the ellipsoidal particles. Only if the ratio of beads per cell is very high will
the uptake of ellipsoidal particles be faster (data not shown). It can be concluded that
the uptake of the spherical particles takes place at a faster rate than the uptake of the
ellipsoidal particles.
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Figure 10.2.1.: This graph shows the modelled uptake values (cells with a particle), according
to the model with equation 10.2.1 (x-axis), compared to the experimen-
tal uptake values (y-axis).The black line represents an ideal case when the
theoretical model matches the experimental values .
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(a) Cells=100 Beads=100

(b) Cells=200 Beads=200

(c) Cells=300 Beads=300

(d) Cells=100 Beads=600

(e) Cells=400 Beads=600

(f) Cells=600 Beads=600

Figure 10.3.1.: Examples of how the uptake is influenced by the amount of cells and amount
of beads for both kinds of particles. The uptake is the ratio of the amount of
cells with a bead and the total amount of cells. The used surface on which
these cell and bead values would be measured is 2.98 mm2.
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11. Flow cytometric results

The flow cytometric results were acquired by measurements with the BD Accuri flow
cytometer and its included software. Here the cell groupings were selected by using a
sample with only cells and the group was created on the forward scatter-side scatter plot.
Only the living cells were used to calculate the uptake. The fluorescent particles were
gated in a sample containing only beads by selecting fluorescent counts above a certain
treshold. By using the software, these groups were gated and if a measuring point is
present in both groups it could be assumed that these are cells that have taken up a
minimum of one particle. In 11.0.1 the different groups and and example is visible.

To investigate if flow cytometry can be accurately used to calculate the uptake of particles
by cells, the modelled uptake was compared to the sample data. First the amount of mea-
sured beads and cells were converted to amount of cells and particles per 2.98 mm2surface
instead of volume so values can be calculated with the model would be possible. The
modelled uptake (equation 10.1.11) was then predicted by using excel and subsequently
a Mann-Whitney U test was performed to compare both populations (table 11.1). There
was no significant difference at the 5% significance level. However, it should be taken
into account that only 10 samples were investigated, which is a rather low amount of
observations. More observations would give more accurate results.

Table 11.1.: Paired t-test between the modelled uptake and the experimental uptake from the
flow cytometric results.
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(a) The control sample used for making the HeLa
cell groupings.

(b) A zoomed in picture of the HeLa cell group-
ings. The green group contains the living
HeLa cells and the red group contains the
dead HeLa cells

(c) The sample containing the fluorescent mi-
croparticles. The blue group contains the
fluorescent particles while the red group is
debris.

(d) A sample of cells that are incubated with mi-
croparticles for 4 hours. The red group
contains dead cells without any particles,
the green group contains live cells without
particles and the blue group contains live
cells with microparticles.

Figure 11.0.1.: Examples of graphs containing the different groupings for data collection.
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12. The influence of electroporation on
the initial uptake

12.1. Difference in uptake

Electroporation is a technique that could influence the uptake of microparticles. This
was investigated by comparing the collected data to the predicted uptake values at the
used seeding values for cells and particles. No model was produced for the electroporated
samples.

The cells were mixed with CaCO3 microspheres and were electroporated by using one
electroporation shock. These solutions were then seeded analogously to the other exper-
iment and live cell imaging was performed. By using Excel a table 12.1 was set up that
would compare the uptake results after electroporation with the predicted value by the
model equation 10.1.11. Figure 12.1.1 gives a visual respresentation of all the collected
data.

Figure 12.1.1.: This graph shows the modelled uptake percentage (cells with a particle/total
cells), according to the model with equation 10.2.1 (x-axis), compared to the
experimental uptake percentages of the electroporation (y-axis).The black
line represents an ideal case when the theoretical model matches the exper-
imental values.

This data seems to represent a difference in initial uptake but this was statistically in-
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Table 12.1.: The uptake of microparticles by electroporated cells (fourth column) compared
to the presumed uptake by equation 10.1.11 (last column) at different cell- and
particle concentrations.

vestigated by using a Mann-Whitney U test at the 5% significance level on the initial
seven measurements. These results are visible in table 12.2. It can be concluded that
both populations are significantly different from each other and thus that the uptake by
the electroporated cells is stimulated initially. Just as with the flow cytometry, a small
sample dataset was used and this should be taken into account. If all measurements are
compared, it can be inferred that all results are higher compared to the modelled results.
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Table 12.2.: Mann-Whitney U test between the modelled uptake and the experimental uptake
by electroporated cells.

12.2. Viability of cells

Another imporant phenomenon that needs to be investigated is the potential cytotoxicity
of both the particles and the electroporation of the cells. Therefore, the mortality rate of
the cells was investigated in the live cell imaging experiments. A contol sample without
electroporation or beads, a sample with beads, a sample with electroporated cells without
beads, and a sample with electroporated cell and beads were investigated. Besides these
samples the effect of 5 and 10 electroporation shocks was investigated. The mortality rate
of these two samples was close to 100%. Since most cells were defragmented, no accurate
counting in these latter samples could be performed.

(a) The difference in mortality between the
control sample and the sample with
beads

(b) The difference in mortality between the
control sample and the electroporated
sample

(c) The difference in mortality between the
control sample and the electroporated
cells with beads sample

(d) The difference in mortality between the
beads sample and the electroporated
cells with beads sample

Table 12.3.: The different Mann-Whitney U tests at the 5% significance level between the
different samples. There was a significant difference between the electroporated
cells with beads sample and the two control samples (with and without beads).

To investigate the difference of the other samples, multiple Mann-Whitney U tests were
performed. These calculations are presented in table 12.3. There was a significant dif-
ference noticable between the control sample and the electroporated cells with beads at
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the 5% significance level. A significant difference between the cells with beads and the
electroporated cells with beads was also visible so it is quite possible that this difference
is caused by the electroporation effect. There was no significant difference between the
control cells and the electroporated cells. The sample data for the electroporated cell
samples was rather low (9) so a larger sample data could show a significant effect.
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Part V.

Discussion
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13. The uptake of particles by cells and
the effectivitiveness of the
developed model

Spherical vaterite particles were chosen as a model system because they are fast and cheap
to produce and because of their potential as drug delivery carriers. These particles are
extremely porous which leads to a large adsorption surface for therapeutic agents, it is
also possible to label these particles internally making them well suited for cell uptake
studies. To compare the particle uptake from different experiments equivalent cell- and
particle densities are desired. On the other hand, one of the main problems experienced
while seeding cells is the difficulty to know exactly how many cells are within a certain
volume. This is partly due to the fact that cells are counted with counting chambers
providing only a rough estimation of the amount of cells. There are even discrepancies
among counting chambers119;120. Small variations in concentration within the cell solution
also contribute to the eventual differences between the expected and the final values. The
small and fast sedimenting microparticles cause the estimation to be even less precise.
Because of this it was very difficult to obtain similar concentration values for the cells
and microparticles.

As has been demonstrated in the model, not only the ratio of cells to particles but also
the density of cells and particles is an important factor (figure 10.3.1). To compare two
different particles a good ratio between cells and particles should be known because this
could lead to statistically significant differences in certain situations while in others it
does not.

The modelling of the uptake of micro- or nanoparticles with the parameters, time, cell
density, and particle density, has seldom been performed121 in contrast to other situations
where uptake of substrate and growth has been investigated. The model that has been
chosen in this thesis is based on the Monod equation that is almost always used to
relate the microbial growth rate of a micro-organism to the concentration of the limiting
nutrient122. These graphs are used to empirically estimate the X-value (half-velocity
constant), and maximal growth rate of micro-organisms and to compare different micro-
organisms with these models. This is the main reason why the option to build a model
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was chosen.

In the models for both particles no significant difference was found between the empiri-
cal data and the modelled data. It can thus be concluded that these models are rather
accurate representations of the uptake of these microparticles. However, there is a lot of
improvement possible. An even better fit is possible by collecting more time measure-
ments. Other factors could also be added to the model. The type of cell used could
have a vast influence on the uptake and the confluency of the cells could lead to a slower
uptake107. Another important factor that could be added to the model would be the in-
fluence of the size and shape of the particles instead of comparing both models separately
as has been done in this thesis. More parameters leaves however, more room for errors.

The most important change that should be applied in the model is changing the model to
the discrete equation system visible in 13.0.1. That is because if the amount of particles
is less than the total amount of cells, the model equation would still assume that the
maximal uptake is the amount of cells. In figure 13.0.1 a representation of this equation
is visible with an extreme difference between the amount of particles and cells.

Uptake = MaximalUptake ∗ t
t+C1∗cellsC2 ∗particlesC3 Uptake < particles

cells

Uptake = particles
cells

Uptake ≥ particles
cells

(13.0.1)

Figure 13.0.1.: This graph shows the discrete equation 13.0.1 plotted with the amount of
cells=600 and the amount of particles=10. The maximal uptake is 1.66%

It would also be possible to integrate the growth rate of cells into this equation. This
would change the cell value, which is now seen as a constant over time, to a cellular growth
funtion that is only dependent on the initial value of the cells after mixing the cells with
particles. However, this would make the model needlessly complex since this equation in
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itself would be a Monod equation or a linear estimation of this function. Therefore, it
was chosen to omit this factor.

Another prospect was modeling the total uptake of particles compared to the total amount
of particles instead of the amount of cells that took up at least one particle. In high particle
concentrations cells could take up more than one particle. The uptake of multiple particles
was an exception to the rule, especially in lower cell and bead concentrations. This in
contrast to nanoparticles where it almost always happens. With the flow cytometer used it
was also impossible to see the difference between cells that took up one or more particles.
Therefore, the used model was chosen.

Despite these shortcomings, the model does provide useful info and opens the possibility to
compare the uptake of different particles and to make standardisation within microparticle
research achievable.
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14. The possibility of using other
techniques to study the uptake of
microparticles

14.1. Flow cytometry

In this thesis it has been investigated if flow cytometric data can be represented by the
same model. The small amount of observations (10) should be considered and in future
experiments a much larger sample data should be used. While collecting the data it was
noticeable that the measurement at time moment t=0 gave a large uptake result. This
was due to a wrong measurement since cells cannot internalize large microparticles within
several seconds. The selection of the groups, wherein the cells and particles would occur,
were made manually and therefore not standardized, which could have led to less precise
data. If all these problems would be solved, flow cytometry can be used to collect a much
faster and larger collection of data. This would lead to very precise results.

14.2. Electroporation and the influence on the initial
uptake of particles

It has been known that electroporation could influence the uptake of microparticles just
as it does for small DNA molecules54. From the results obtained in this thesis it could be
concluded that electroporation could be used to stimulate the uptake of CaCO3 particles
since there was a significant difference at the 5% significance level between the electropo-
rated data and the simulated data by equation 10.1.11.

Electroporation could therefore be used in in vitro experiments where large particles
should be taken up in a short time.
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14.3. Cytotoxicity of microparticles and electroporation

Besides the uptake studies it was investigated wether the used microparticles and the
electroporation techniques are cytotoxic. It was proven that this was not the case at the
used particle concentrations but extremely large concentrations can prove otherwise19.

There was a significant difference in mortality between the electroporated cells that con-
tain beads and the control samples. There was however, no significant difference between
electroporated cells and normal cells. The dataset used for this was rather low so this
needs to be investigated further to see if electroporation would be cytotoxic for normal
cells or if it is the interaction between the particles and the electroporation shock that
causes this difference. If the cells are electroporated with multiple shocks, this leads to a
vast increase in mortality.
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15. The various uses of the newly
developed ellipsoidal particles

The fabrication of new ellipsoidal CaCO3 particles was a success and the particles seem
to have the same porosity as the spherical particles. This should be investigated experi-
mentally by porosity measurements such as liquid intrusion or gas sorption.

In comparison to the spherical particles, the uptake of these lemon-shaped particles ap-
pears to proceed more slowly in most situations (figure 10.3.1). These particles were,
however, around twice the volume of the spherical particles. Since several articles con-
cluded that particles with a higher aspect ratio are taken up faster than spheres with an
equal volume (see literature), this difference could be caused by the vast difference in size
and not by the difference in shape.

Notwithstanding the succesful fabrication, a lot improvement of the protocol is still possi-
ble. In contrast to the spherical particles only 81% of the created particles are ellipsoidally
shaped. It should be possible to improve the efficiency by optimizing the protocol. The
protocol could also be adapted to produce more of the other particles by making small
changes in the salt concentrations. Furthermore, small ellipsoidal particles could be pro-
duced by changing the volume and stirring speed of the salt mixture. These small particles
are presumably akin to the ellipsoidal particles produced by Yashchenok et al. (2013)114.
A comparison of both small ellipsoidal particles is visible in figure 15.0.1.

Apart from the potential of these particles to be added intravenously for the delivery of
drugs, pulmonary drug delivery would be another possibly very important application for
these particles. The delivery of drugs to the lungs has gained a lot of attention lately due
to the large surface area of the lungs, the thin epithelial barrier and the ability of these
tissues to circumvent the first pass clearance effect123;124. Next to the necessary basic
characteristics of particles to be of a narrow particle size distribution and the possibility
for sustained release is it mainly necessary to have an optimal deposition pattern in the
lungs. A large factor that contributes to this is the aerodynamic diameter (daer). The
aerodynamic diameter is defined as the diameter of a unit density sphere that has the
same terminal settling velocity as the the particle125. The daer is calculated by equation
15.0.1.
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Figure 15.0.1.: Comparison between the produced small ellipsoidal particles (left figure) and
the original ellipsoidal particles taken from ref114. The difference between
both particles would be caused by the different SEM technique that was
used. In the left picture, the irregularly shaped particles are caused by the
preparation of the sample before it was used for the SEM. The scale bar in
the first figure is 1 µm in length and in the second figure the scale bar is 2
µm in length.

daer = dgeo ∗
√

ρe

λ ∗ ρs

(15.0.1)

Where ρs = 1 g
cm3 , dgeo is the geometrical diameter, ρe the effective particle density ( g

cm3 )
and λ the shape factor of the particle126. The aerodynamic diameter can be influenced
to achieve the desired deposition pattern. An increase in porosity will cause the effective
density, and therefore the aerodynamic diameter to fall127;128. By changing the charac-
teristics of the microparticles such as the aspect ratio and surface roughness (λ) and the
size (dgeo) the aerodynamic diameter can also be influenced. To reach the peripheral lung
compartments a daer between 1-5 µm seemed to cause the most efficient deposition126 (fig-
ure 15.0.2). Research has shown that elongated particles have a higher probability to be
depositioned in the peripheral lung compared to spherical particles129. These newly de-
veloped particles are therefore very promising because their elongated shape and porosity
could lead to a daer with ideal dimensions. The potential of these particles to release their
cargo at a slow rate is another reason why this should be further investigated. However,
mucociliar clearance and alveolar clearance should be taken into account. By adapting
these particles so that they are internalized by macrophages at a slower rate, alveolar
clearance could be prevented.

Similarly to spherical vaterite particles these ellipsoidal particles could be used as a tem-
plate for the creation of ellipsoidal polyelectrolyte capsules.

These new particles have a lot of possible applications and should be investigated further.
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Figure 15.0.2.: The effect of the aerodynamic particle diameter on the deposition of particles
in the human respiratory tract taken from ref.113.
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Part VI.

Conclusion
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Conclusion

In this thesis spherical and ellipsoidal particles were synthesized, their uptake by mam-
malian cells was investigated and a model was developed to describe said uptake. The
uptake of the spherical microparticles appears to take place at a faster rate compared to
that described by the uptake of the ellipsoidal particles, albeit the average volume of an
ellipsoidal particle is larger than the average volume of a spherical particle. In addition
to these studies, the influence of other factors was investigated. It has been observed that
electroporation causes an initial increase in the uptake of microparticles, but also increases
the mortality rate. If only spontaneous uptake of particles without electroporation was
performed, no significant difference in mortality was observed. Flow cytometry was also
explored as an alternative for the live cell imaging experiments, but only small sample
data was collected. Through the course of this thesis work, novel ellipsoidal particles were
synthesized which, to the best of our knowledge, have not been described in literature.
The ellipsoidal particles are highly promising for a number of areas in biomedicine, includ-
ing drug delivery, and they should be investigated further. With the results of this thesis
work, a contribution has been made to the continuous search for better drug delivery
systems.
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Cross-shaped particle

Figure 15.0.3.: A crosslike-shaped particle that was created next to the ellipsoidal particles.
The amorphous structures on the lower right part of these particles are
presumed to be ice crystals caused by the cryo-SEM. The scale bar is 1 µm
in length.
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