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ABSTRACT

Nanomedicine, the application of nanotechnology in the biomedical field, has
gained tremendous interest for improving diagnostic and therapeutic interven-
tions with potential in personalized medicine. The aim of personalized medicine
is to guarantee that the most suitable medicine is given to each patient, and is fur-
ther efficiently and safely delivered to the right place of treatment in the body. The
research within the diverse field of nanomedicine is steering towards this goal;
with high expectations of novel delivery systems for commercially available drugs,
tailored for individual patients pre-selected by sophisticated diagnostic tools, and
in addition, targeted to a specific site of action with subsequent controlled drug
release. To potentially reach this goal, the preparation and modification steps of
the nanomedicines have to step-wise be carefully considered, and further studied
and evaluated for their specific applications in vivo.

In this thesis, the main emphasis was to design and construct multifunc-
tional silica-based nanoparticles and evaluate them for specific diagnostic and
therapeutic applications. The influence of different surface coatings was thor-
oughly investigated for the effect of stabilizing and dispersing the nanoparticles,
and subsequently for maximizing cellular internalization. This effect was further
explored by developing magnetite-silica core-shell particles and evaluating the
synergistic effect of surface coating and an external magnetic field on the cellular
uptake, in addition to the performance of the particles as contrast agents for mag-
netic resonance imaging (MRI).

Diagnostic imaging techniques, such as MRI, are becoming increasingly
important for early diagnosis of various pathologies. To improve the quality of
generated images, as well as to visualize and track cells (e.g. stem cells after im-
plantation), novel imaging probes are required. Here, porous silica nanoparticles
were evaluated to serve as “nano-containers” for carrying a high amount of com-
mercially available fluorescent imaging agents, for long-term cellular tracking. A
tumor of pre-labeled breast cancer cells was monitored in vivo for a period of one
month, and real-time detection of circulating metastatic cells was demonstrated.
The same properties that render porous silica nanoparticles good candidates to
serve as carriers for imaging agents, are also applicable for drugs. This approach
was utilized by loading a large amount of anti-inflammatory drug into the parti-
cles, and the therapeutic treatment effect on airway inflammation in mice was
studied after pulmonary administration of the particles.

Molecular imaging probes intended for diagnostic imaging, are normally
administered through intravenous injection and thus rapidly distributed all over
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the body. These contrast agents are typically small molecules capable of crossing
the blood-tissue barriers and accumulating in tissues, especially when the barrier
is disrupted as in the case of different pathological conditions. When imaging a
pathological site, such as a tumor or inflammation, a problem is to accurately dif-
ferentiate between the signals originating from the contrast agent in the blood cir-
culation and the signals originating from surrounding tissue. Based on this, a na-
noparticle-based scavenger-system for catching and quenching the signal of a cir-
culating contrast agent (tracer) is demonstrated. The interaction between tracer
and scavenger was investigated by photonic measurements, based on Forster/flu-
orescence resonance energy transfer (FRET). FRET is a useful tool to visualize
short-distance molecular interactions. Thus, this approach is further utilized to
develop a nanoparticle-based reporter system to study intracellular redox-induced
delivery of an active model compound. Intracellular release can be particularly
challenging to study, however highly desired, since many active compounds are
non-toxic and can not be validated based on their cytotoxic action. A reporter-
system may then serve as a tool for real-time monitoring of intracellular com-
pound cleavage. The results presented in this thesis contribute in the process of
developing tailored multifunctional nanoparticles for similar diagnostic and ther-
apeutic applications as presented here.
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Introduction

1 INTRODUCTION

Personalized nanomedicine aims to individualize the field of diagnostic and ther-
apeutic interventions, by making use of the expanding area of nanotechnology.'*
The development of nanomaterials for the diagnosis, prevention, and treatment
of diseases have been extensively studied and raised significant expectations.
“Nano-diagnostics” and “nano-pharmaceutics” are thus currently two out of three
research areas identified by the European Technology Platform (ETP) for Nano-
medicine.” ETPs play a key role in defining European research priorities, by fos-
tering a broad collaboration between EU countries, industry, and scientists, in or-
der to develop innovation agendas and roadmaps in the relevant sectors.

Nanoparticles offer many unique advantages as diagnostic and therapeutic
tools due to their small sizes and large surface-to-volume ratios. Due to their de-
sign flexibility, nanoparticle platforms can be optimized for carrying optical labels
for imaging, drug cargoes for therapeutic intervention, and biomolecular ligands
for targeted delivery. The nanosize considerably changes the physicochemical
properties of a material, such as optical and magnetic properties, as well as reac-
tivity.®

There are a broad range of diagnostic imaging techniques, which are be-
coming increasingly important for early diagnosis of various pathologies. In the
field of nanodiagnostics, nanomaterials are developed to be used as contrast
agents. Contrast agents, or imaging probes, are materials that interact with the
incident radiation and thus providing for better contrast on the resulting image.
Consequently, they can greatly increase the sensitivity of an imaging technique.
An example of an inherently detectable imaging probe for magnetic resonance
imaging (MRI) is iron oxide nanoparticles, out of which SPION’ (superparamag-
netic iron oxide nanoparticles) are the main class studied for MRI contrast en-
hancement. The majority of FDA (US Food and Drug Administration) approved
iron oxide nanomaterials are indicated for the treatment of anemia.” However,
one of them, ferumoxytol (Feraheme®), is under investigation as an imaging
agent.® Several other SPION formulations have also received FDA approval, but
later been withdrawn from the market,” due to among others aesthetical reasons.

Fluorescence imaging is a widely utilized imaging technique, especially in
pre-clinical studies. Small-molecular organic dyes have traditionally been used for
contrast enhancement. These are relatively unstable, and suffer from photobleach-
ing, weak contrast, poor targeting, and limited aqueous solubility. Here, nanopar-
ticles can serve as carriers for already commercially available dyes. Silica nanopar-
ticles are ideal candidates as carriers, both for fluorescent dyes and drugs. They
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have attracted much attention as biocompatible, bioerodible, and flexible carrier
platforms.' In 2011, silica nanoparticles “Cornell dots” received FDA safety ap-
proval for the first-in-human clinical trial for targeted imaging of cancer," and the
first results of the study in 2014 suggested that the particles are safe to be further
studied for human cancer diagnostics.’> While the non-porous silica shell in the
C-dots effectively protect the encapsulated dye molecules, nanoparticle-based
drug carrier systems protect the drug from degradation and increase the bioavail-
ability of the drug by controlled and targeted release, thus optimizing the efficacy
and decreasing the side effects.">'*

One of the main advantages of silica nanoparticles is the rather easy surface-
functionalization, which enables tailoring of the surface charge and chemistry, al-
lowing the nanoparticles to be customized for specific applications. Surface func-
tionalization is a critical parameter for optimal biocompatibility and biodistribu-
tion, as well as for further attachment of targeting ligands or other active moieties.
Due to the flexibility and biocompatibility of the silica material, it can also be uti-
lized as coating material for other core materials," such as for SPIONs, to enable
them for biomedical use. Except for the relatively straightforward further func-
tionalization of silica surfaces, a silica coating can also increase the hydrophilicity
of inorganic nanoparticles, and thus enhance the dispersibility of the nanoparti-
cles in aqueous media, which is essential for biomedical applications.

Nanoparticle platforms enables highly sophisticated diagnostic and thera-
peutic tools, and are an emerging field of research both in the academics and in
the clinics. However, there is still a wide range of biological questions that need to
be tackled, in addition to the necessity of continually improving the nanoparticle-
tools and the experimental approaches. In this thesis, the researched work focused
on the design of various silica-based nanocomposites, and the evaluation of sur-
face functionalizations for controlling the nanoparticles’ bio-behavior. Further the
applicability of these nanomaterials was verified for delivery of active compounds
(imaging agents/drugs) by different means, as well as the opposite; to scavenge
tracer compounds in vivo.
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2 LITERATURE REVIEW

2.1 Nanoparticles as imaging agents

Recent developments in the field of biomedical imaging have shown a great po-
tential of nanoparticles as imaging agents, as they can be specifically designed to
meet a wide range of application criteria.'® There are several demands on good
imaging probes: the transit to the target site and consequent binding should be
highly specific with none or low non-specific accumulation, the unbound probes
should be rapidly eliminated, and they should enable highly sensitive detection."”
The majority of the currently used imaging probes in clinics are organic molecules
or metal-organic compounds, which suffer from photobleaching, weak contrast
effect, and short circulation time in vivo, which subsequently results in poor tar-
geting efficiency and imaging enhancement.'®

Nanoparticles are promising candidates for fulfilling the needs of good im-
aging probes.'”” The key advantages of nanoparticle-based probes are their mul-
timodality and multifunctionality. Nanoparticles can be inherently detectable
and/or function as carriers for imaging agents, and consequently produce signals
for more than one imaging technology (multimodality). Nanoparticles have a
large surface area that can be functionalized to introduce several targeting moie-
ties, as well as drugs for theranostic purposes (multifunctionality). Owing to the
targeting ability, nanoparticles might even be designed to detect micrometastases
usually missed by conventional imaging methods.”'

However, there are many challenges to overcome in the development of
novel imaging probes intended for in vivo applications. In order to increase the
probability of nanoparticle accumulation at the target site, long blood circulation
time is important.”>* One of the biological barriers which the nanoparticles need
to elude is opsonization by the reticuloendothelial system (RES), also known as
mononuclear phagocyte system (MPS).** RES is part of the immune system and
consists of phagocytic cells, which may bind nanoparticles and increase their
clearance from the blood circulation. Biomolecules, such as proteins, may also
bind to the surface of the nanoparticles and create a “protein corona” around
them, thus also increasing the clearance from the blood circulation via recognition
by the immune system. An optimal design of the nanoparticles (size, shape and
surface chemistry) are of outmost importance for their in vivo behavior, especially
for the circulation time.” Surface modifications, with e.g. polymers, may provide
“stealth” properties to the nanoparticles and thus permit escape from the RES.*
However, if the target is one of the RES organs (liver, spleen, lymph node, or bone
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marrow) the nanoparticles can instead be designed to easily be recognized and
internalized by macrophages, abundant in these organs.”

Another important aspect to consider is the biocompatibility of the nanopar-
ticles. Biocompatibility is defined by IUPAC as “an ability to be in contact with a
living system without producing an adverse effect”.® The definition is for polymeric
systems but can as well be applied for inorganic nanoparticles. A challenge here is
the lack of adequate techniques to validate the toxicity from the nanoparticles.” Fur-
ther, most of the toxicology assays are short-term and might not provide a reliable
long-term toxicity. Consequently, the long-term toxicity and safety of nanoparticle-
based imaging probes need more thorough evaluation by novel or optimized meth-
ods. An overall enhanced understanding of the interaction between nanoparticles
and biological systems is a challenge that has to be addressed, in parallel with the
development of novel multimodal and multifunctional nanoparticle-based imaging
probes, to increase the possibility for a successful clinical translation.

2.1.1 Inherently detectable nanoparticles

Inorganic nanoparticles are one of the most studied materials for imaging due to
their inherent detectability by various imaging techniques.'® Superparamagnetic
iron oxide nanoparticles (SPIONs) for magnetic resonance imaging, quantum
dots for fluorescence imaging and gold nanoparticles for photoacoustic imaging,
have been extensively studied.” Out of these, the SPIONSs are probably the most
studied imaging agent and are also available on the market as clinical contrast
agent.”"* These nanoparticles have primarily been used for negative contrast en-
hancement by darkening T>-weighted images in MRI, but have also been proven
to provide positive contrast enhancement in T;-weighted scans and thus offer an
advantage over the potentially toxic gadolinium chelates.” SPIONS have generally
been associated with low toxicity. SPIONs are reported to intracellularly be me-
tabolized in the lysosomes into a soluble non-superparamagnetic form of iron,
which is further taken up into the normal iron metabolism pathway and thus be-
coming part of the normal iron pool.** However, there are still some toxicological
issues that must be considered, such as oxidative stress, especially after repeated
or high doses of SPIONs.” With the recent advances in the development of imag-
ing agents, there are also several newer nanoparticle probes, such as upconverting
nanoparticles®® and carbon-based nanomaterials’”** (nanodiamonds, carbon dots
and carbon nanotubes).

2.1.1.1 Core-shell nanoparticles
One step in the direction towards multifunctional imaging probes is the develop-
ment of core-shell nanoparticles. These nanoparticles consist of layers of two or
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more materials with specific functionalities arising from the different layers.”
Taking SPIONs as an example, without any surface coating they tend to agglom-
erate and precipitate in a physiological environment. The three key design consid-
erations for the surface modification of the nanoparticles are the colloidal stability
(during both preparation and storage), biocompatibility and blood half-life. SPI-
ONs have mostly been coated with natural polymers (gelatin, dextran, chitosan
etc.) or synthetic polymers (such as poly(ethylene glycol) (PEG), poly(vinyl alco-
hol) (PVA), poly(vinyl pyrrolidone) (PVP), poly(lactic-co-glycolic acid) (PLGA),
polyethyleneimine (PEI)).”

Lately, inorganic coating materials, such as silica, titania and zeolites, have
been highlighted as the most exploitable.” Out of these, silica is the material which
is most widely used for coating of core-particles, due to its excellent physical and
chemical properties.*"** Since the silica shell is hydrophilic, it enhances the disper-
sion of particles in aqueous media, which is critical for most biomedical applica-
tions. Owing to the simple and versatile methods for silica synthesis, the silica shell
can be either nonporous to protect the core material and serve as a base for further
functionalization, or porous to enable loading of bioactive substances such as
drugs or imaging agents. However, a problem when designing a multimodal core-
shell imaging probe, such as a magnetic-fluorescent nanoparticle, is the risk of
quenching of the fluorophore by the magnetite core since it strongly absorbs the
transmitted light.*’ Then, a silica shell can be utilized as an effective barrier be-
tween the magnetic core and the fluorophores by controlling the thickness of the
silica shell. The high surface area of a porous shell may also enhance the degree of
further surface functionalization. Moreover, as silica is optically transparent it is
suitable for coating of optically active core materials, in the same time as promot-
ing the biocompatibility. Due to the versatility, silica has been widely studied for
development of different kinds of nanocomposites. Hollow mesoporous silica na-
noparticles have attracted great attention due to their unique features, such as low

density, large surface area and high cargo-loading capacity,**

also presented in
supporting publication i. The development of core-shell and hollow nanostruc-
tures has also recently advanced into a hybrid structure, namely yolk-shell nano-
particles, where a core particle is freely movable inside a hollow shell; thus gener-

ally represented as a core-void-shell nanostructure.”’

2.1.2 Nanoparticles as carriers for molecular imaging agents

Nanoparticles which are not inherently detectable can be utilized as carriers for
imaging agents, taking advantage of the same properties as those making these
nanoparticles excellent for drug delivery purposes. The imaging agents can be in-
corporated into the bulk/pore network of the carrier or attached to the surface.
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The advantages of using nanocarriers for molecular imaging agents include their
ability to overcome problems of solubility and chemical stability, to protect the
active compounds from biodegradation or excretion, to improve distribution and
targeting, and even to release their payload on-demand.*® Earlier studies of
nanocarriers intended for medical use have mostly involved lipid- and polymer-
based nanoparticles. Later there has been a growing interest in inorganic nanocar-
riers, since these offer the advantage of being extremely robust, and thus very sta-
ble and highly resistant to enzymatic degradation.”

2.1.2.1 Silica nanoparticles

Silica nanoparticles offer the advantage of being one of the most biocompatible
nanocarriers. Other advantages of silica nanoparticles are their well-defined and
tunable structures in terms of size, morphology and porosity. They can easily be
synthesized from inexpensive starting materials and functionalized by well-estab-
lished siloxane chemistry.” Further, silica nanoparticles are hydrophilic, which is
a must for any in vivo application. This is due to the extent of silanol groups on
the silica surface.”

The two major classes of silica nanoparticles are the solid non-porous and
the mesoporous (MSNs) nanoparticles. MSNs are ideal platforms for encapsulat-
ing traditional organic fluorophores. Due to the large amount of dye molecules
which can be entrapped, the signal strength increases and, consequently, also the
sensitivity. The encapsulation also improves the dye molecules’ resistance to pho-
tobleaching, which enables long-duration imaging of tumor cells and tissues.’>*
However, depending on the design of the silica nanoparticle-platform and the ap-
plication of it, the possible self-quenching phenomena® of the fluorophores upon
close contact on the particle surface has to be considered. Dye molecules can be
incorporated into the MSNs by postsynthesis methods, either physical adsorption
to the pore walls or chemical conjugation. For both non-porous and porous na-
noparticles, dye molecules can also be entrapped into the silica matrix by cova-
lently linking the fluorophore to a silica precursor prior to the synthesis. C-dots™*
and FloDots> are two examples of imaging probes, where nonporous silica nano-
particles have been doped with fluorescent molecules (both hydrophilic and hy-
drophobic). However, a drawback with nonporous fluorescent silica nanoparticles
is the dye-rich core, with might lead to aggregation-induced self-quenching of the
dye. This can be circumvented by using porous nanoparticles, where the dye mol-
ecules can be easily separated from each other on the large surface. Nevertheless,
the maximum dye loading degree before fluorescence self-quenching starts to oc-
cur should be determined.”* Due to all this flexibility of the silica material, silica
nanoparticles are ideal platforms for development of multimodal imaging probes.
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2.1.2.1.1 Fabrication of silica nanoparticles

Silica nanoparticles are a type of colloidal amorphous metal oxide. Metal oxide
nanoparticles are produced via two main manufacturing methods; top-down
(breaking down a bulk material into smaller components) or bottom-up (self-as-
sembly of molecular precursors into larger structures) fabrication. Both of these
methods require energy, and the resulting nanoparticles are reactive and might
either grow or dissolve (Figure 1).® The energy can also be released via aggrega-
tion of the nanoparticles or surface adsorption of proteins or polymers.

AGGREGATION
(MACRO)MOLECULAR ADSORPTION

SURFACE ENERGY

(Gibbs Thomson Effect)
(Ostwald Ripenning)

T
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{Complete Dissolution)

.. e -

-
e, ]
P .

Figure 1. Overview of the cycle of nanoparticles fabricated through either bottom-up or top-

AGGLOMERATION
(DLYO Theory)

down process. Silica nanoparticles are normally synthesized by a bottom-up, nucleation and
growth process in a closed system, thus realized by the so-called Ostwald ripening. Reprinted
from Bogart, L. K., et al. ACS Nano 2014, 8 (4), 3107, with permission from ACS. (Further
permissions related to the material should be directed to the ACS.)

Silica nanoparticles are normally synthesized by sol-gel processing, a bot-
tom-up method, which is a wet-chemical technique starting from conversion of
molecular precursors into a colloidal solution (sol) which further evolves towards
an integrated network (gel) of either discrete particles or network polymers. Non-
porous silica nanoparticles are normally prepared through either Stober, or re-
verse microemulsion methods.”* The Stober method is the most widely used syn-
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thetic approach for preparing monodisperse silica nanoparticles involving con-
trolled hydrolysis of a silicon alkoxide precursor (normally tetraethylorthosilicate)
into silanol groups using ammonia as catalyst in a mixture of water and alcohol,
followed by condensation of the silanol groups or of silanol groups and ethoxy
groups into siloxane bridges (Si-O-Si) that form the entire silica structure.”” It is a
one-step process where hydrolysis and condensation (with either alcohol or water
as by-product) occur simultaneously via the following reactions (where R is an
alkyl group):

hydrolysis
= Si—OR + H,0 == Si— OH + ROH
esterification

alcohol condensation
=Si—0OR+HO—-Si===Si—0-Si =+ROH
alcoholysis

water condensation
=Si—OH+HO—-Si===S8i—0-Si
hydrolysis

+H,0

The microemulsion methods are modifications of the Stober process. In the
reverse microemulsion method the silica nanoparticles are grown inside reverse
micelles in a water-in-oil microemulsion.”® The size of the nanoparticles can be
altered by varying the concentration of silica precursor, water/alcohol ratio, tem-
perature, and pH. The hydrolysis reaction can be catalyzed by either acids or bases.
Under basic conditions it is easier to obtain homogenous silica particles since the
condensation of silica species are reversible. Highly acidic conditions, on the other
hand, lead to rapid hydrolysis and precipitation of the particles, which often re-
sults in poly-disperse particles.”

The formation of silica particles at basic conditions can be divided into two
stages: an initial burst of nucleation following a growth of the particles through
Ostwald ripening (Figure 1). Oswald ripening is a phenomenon where larger par-
ticles in a solution grow from silicic acid dissolved from smaller particles, due to
the difference in solubility between different sizes of particles. Smaller particles
have higher surface energy due to the high surface-to-volume ratio, thus enabling
them to dissolve at an accelerated speed through cleavage of siloxane bridges at
the surface. The dissolved material subsequently deposits onto larger particles.
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The solubility of silica is highly dependent on both the temperature and pH, where
both the silica solubility and dissolution rate are maximized at or above pH 7.%

The fabrication of mesoporous silica materials was first reported by Yanag-
isawa in 1990, and later, in 1992 the more well-known M41S family of periodically
ordered mesoporous silica materials was developed by researchers at Mobil Oil
Company. The most studied mesoporous silica candidate from the M41S family
is the MCM-41 material with a two-dimensional cylindrical hexagonal pore struc-
ture (as shown in Figure 2). Here, the use of supramolecular aggregates of ionic
surfactants as structure-directing agents (SDAs) leads to the assembly of an or-
dered mesostructured material during the condensation of the silica precursor un-
der basic conditions with subsequent removal of the SDA by extraction or calci-
nation.®" The same principles as for the Stober process employ for the growth of
the mesoporous particles.”

composite: inorganic mesoporous material
Iyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
(shawn 2D hexagonal)

o

spherical

micelle rod-shaped micelle
A
—_—
.h; a)
removal of
the surfactant
R \,o._? T S O silica
1 i s precursor
rD rD l,D (shown: TEOS)

b)

Figure 2. Formation of mesoporous silica materials by structure-directing agents: a) true-
liquid-crystal template mechanism, where the surfactant concentration is high enough to
self-assemble into a lyotropic liquid-crystalline phase without the presence of a silica precur-
sor, and b) cooperative liquid-crystal template mechanism, where the already added silica
precursor co-assemble with the surfactant molecules. Reprinted from Hoffmann, F., et al.
Angewandte Chemie International Edition 2006, 45 (20), 3216, with permission from John
Wiley and Sons.

Based on these early results, MCM-41 type materials are widely studied and
synthesized. Mostly tetraethoxysilane (TEOS) has been used as silica precursor
and the cationic cetyltrimethyl ammonium bromide (CTAB) as SDA, under alka-
line conditions, which leads to materials with mesopore dimensions of 3-4 nm.®
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The synthesis procedure has also been varied, for example by using triblock co-
polymers as SDA under acidic conditions for fabrication of the so-called SBA silica
materials.”'

A lot of effort has been put on increasing the pore size of MSNs (as well as
of silica coatings) to efficiently encapsulate larger substances, such as proteins and
nucleic acids. This can easily be realized for larger particles, where auxiliary or-
ganics such as trimethylbenzene (TMB) has been used as pore swelling agent. For
smaller particles it is more challenging, since these syntheses often involve dilute
conditions and co-solvents such as alcohols, whereas the swelling agent may be
dissolved rather than solubilized in the micelles.®> Here, SBA-15 type syntheses
can be utilized, using polymeric surfactants such as block-co-polymer P123 under
acidic conditions.*”

In order to prevent aggregation of the primary silica nanoparticles during
synthesis, the synthesis can either be performed under highly diluted conditions,
or by the addition of particle growth quenchers, such as non-ionic surfactants or
polymers, fluorocarbon-based cationic surfactants, triethanolamine or pro-
panetriol. Finally, the SDAs are removed by either solvent extraction or calcina-
tion. A critical aspect here is the efficiency of template removal, since the most
used surfactant, CTAB, is cytotoxic. Calcination is an efficient template-removal
process but can easily lead to aggregation of the particles.®

2.1.2.1.2 Surface functionalization and bioconjugation of silica nanoparticles
The surface of silica nanoparticles is covered by siloxane groups (=Si-O-Si=), with
the oxygen on the surface, or one of several forms of silanol groups (=-Si-OH).
Silica surfaces covered with mostly silanols (or hydroxyls, -OH) are highly hydro-
philic, which is the case for silica nanoparticles synthesized by standard proce-
dures with subsequent solvent extraction used as template-removal process. If cal-
cination (heat treatment) is used for the template-removal, more siloxane groups
are presented on the surface (Figure 3), yielding more hydrophobic properties. *

H H H "
P 0,

o 0
H H H | O\ﬂ 4 =y
0 0 o HO—Si—0—si—
| | | | HO—Si si—on —HO g5 sin,

HO — §j — OH s HO — Si — O — Si — OH —) o o — g/

| | | | | HO—si Si—OH Nsi si7”
o ] o HO — §i — 0 — i — OH
H H H | I

o 0

H H

Figure 3. Condensation polymerization of a silica precursor into silica particles, surface cov-
ered by silanol groups. Siloxane groups can form on the surface as a result of dehydroxylation
of the silica particles.
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Modification of the silica surface through organic linkers is often necessary
for conjugation of biomolecules and contrast agents. Common organic linkers are
amino, thiol and carboxyl groups. Amines are positively charged at physiological
pH, and primary amino groups can form amide bonds with carboxyl groups,
which in turn are negatively charged at physiological pH. The amide bond for-
mation does however not occur spontaneously, and consequently a crosslinking
reagent to active the carboxylic acid prior to the reaction with the amino group is
needed. The most commonly used reagents for the activation of carboxyl groups
are the carbodiimide EDC, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, to-
gether with NHS, N-hydroxysuccinimide, which converts the hydroxyl group into
a good leaving group.*’ Both amines and carboxylic acids are typically present on
biomolecules. Amino groups also offer facile linker chemistry with the frequently
used isothiocyanate functionalized molecules, most widely utilized to bind hydro-
philic fluorophores. Thiols, on the other hand, are often used to form disulfide
bridges. Here a useful reagent is SPDP, N-succinimidyl 3-(2-pyridyldithio)-pro-
pionate, which covalently links amino and thiol groups by a redox-cleavable di-
sulfide bond.

The reactive functional groups needed on the silica surface can be intro-
duced by either a co-condensation process or post-synthesis grafting. The inner
surface, i.e. the pore walls, of MSNs is normally modified through co-condensa-
tion of the silica precursor with an organosilane source, where one or two of the
alkoxy arms of silicon are replaced by an organic moiety. The most commonly
used silanes have amino or thiol groups at the end of the alkylsilane.” Even though
co-condensation provides uniform distribution of functional groups, both on the
inner and outer silica surface, post-synthesis surface modification (organosilanes
grafted onto free silanol groups), is preferable in order to maintain the size-distri-
bution and morphology of the nanoparticles during synthesis.

Except for the co-condensation and post-grafting methods to introduce
amino groups on the silica surface, it can also be modified with surface grown
poly(ethylene imine) (PEI),** which yields much larger amount amino-groups
on the surface. With this method PEI is grown directly from the surface silanol
groups in a one-step acid catalyzed hyperbranching polymerization, where the
highly reactive molecule aziridine is used as precursor (Figure 4). In addition to
the large amount of reactive sites for further bioconjugation that the hyper-
branched PEI-layer provide, it also enhances suspension stability. Since the PEI
polymer is covalently attached on the surface, it is also ensured that it remains
there throughout additional functionalization steps as well as during application,

11



Literature Review

in comparison to the widely utilized highly branched PEI polymers that are only
physically adsorbed on the particle surface.

NH, H,N
H,N H,N NH, NH,
Nl
H N Nz NHy_NH
OH OH A ?Ng N’(NH’r
ZNH {\IS
cat. AcOH \ S
o O

Figure 4. Schematic representation of the ring-opening polymerization of aziridine on a sil-
ica surface, resulting in a hyperbranched PEI layer.%® Reprinted from Kim, C. O., et al. Jour-
nal of colloid and interface science 2003, 260 (2), 374, with permission from Elsevier.

Another widely used polymer for stabilizing nanoparticles in biological
fluid, and thus increase the biocompatibility, is polyethylene glycol (PEG) poly-
mer. Two different polymers can also be covalently bound to each other, in order
to utilize the specific advantages of both of them. Here PEG-PEI co-polymer is a
good candidate. These polymers are discussed more in detail in section 5.1 (PEI)
and 5.2.2 (PEG).

Conjugation of biomolecules to nanoparticles can either be covalent, as al-
ready described, or noncovalent. Noncovalent conjugation includes electrostatic
attachment, other forms of adsorption, and encapsulation. The five general pro-
cedures routinely used for bioconjugation are compiled in Figure 5, with a peptide
as a model compound. In the case of electrostatic interaction, opposite charges on
the particle surface and the peptide are interacting to mediate a charge-based as-
sembly. Direct interaction includes covalent and dative chemistry, where dative
bonds are not as strong as covalent ones and can be compromised by for example
changes in pH. Thiol groups are an example of a functional group that provides
an efficient mean of utilizing dative covalent bonding due to their electronegativ-
ity. Secondary interactions involve the specific ligand-receptor interactions, out of
which biotin-streptavidin interaction is the most well-known. Covalent chemical
attachment to surface ligands utilizes the classical bioconjugation chemistry as
discussed above. Encapsulation incorporates the compound, the peptide in this
case, into the nanoparticle matrix, either during synthesis or after the nanoparticle
is formed.*
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Figure 5. Schematics of the commonly used bioconjugation methods, here illustrated by the
use of a peptide. Reprinted from Sapsford, K. E. et al. Chemical reviews 2013, 113 (3), 1904,
with permission from ACS. Copyright 2013 American Chemical Society.

2.2 Imaging modalities

Non-invasive bioimaging techniques are a powerful tool for diagnosis of various
diseases, as well as the disease progression and eventual drug response. With the
help of imaging modalities, whole in vivo systems can be visualized to provide an-
atomical, physiological, and molecular information. A range of different imaging
modalities are available and the selection of the right modality for a specific study
is dependent on the biochemical processes one wants to visualize or the type of
data one wants to obtain. The classical imaging modalities include optical imag-
ing, magnetic resonance imaging (MRI), computed tomography (CT), ultrasound
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(US) and positron emission tomography (PET) or single photon emission com-
puted tomography (SPECT). Since the modalities are based on different underly-
ing physical principles, each of them has its own unique advantages and disad-
vantages with respect to sensitivity and specificity to contrast agents, tissue con-
trast, spatial resolution, quantitativeness, tissue penetration and cost. The charac-
teristics of the imaging modalities frequently used in the clinical practice or pre-
clinical research are shown in Figure 6.”
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Figure 6. Characteristics of non-invasive imaging modalities used for biomedical applica-
tions. Reprinted from Lee, D.-E., et al. Chemical Society Reviews 2012, 41 (7), 2656, with
permission from RSC.

MRI is one of the most versatile and powerful diagnostic tools due to its
high spatial and anatomical resolution. MRI uses a powerful magnet and radiof-
requency energy to image the internal structure and soft tissue morphology in the
body, by visualizing the spins of specific atomic nuclei. It has enough penetration
depth to image the whole human body. However, MRI does not have the most
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favorable sensitivity, the quantification procedures are relatively difficult, and it is
also relatively expensive and time-consuming to use.”"”> Optical modalities are
used to image more local processes and can readily make use of multiple labels.
The most commonly used optical technique is fluorescence imaging, which might
be the next widespread imaging technique after MRI.”> Optical techniques have
been the fastest growing way to image small animals, especially for evaluating the
biodistribution of nanomedicines, and it is an emerging field in the clinics. The
drawback with this technique is that light is scattered and adsorbed quickly within
the body, which also limits the spatial resolution and tissue penetration.”

CT is an X-ray-based imaging technique and generates anatomical images
when tissues in the body absorb X-rays differentially, depending on the density of
the different tissues. Unlike the traditional two-dimensional X-ray examinations,
CT creates three-dimensional anatomical images.” CT scans can clearly visualize
highly electron dense (hard) tissues, such as the skeletal structure of the body, and
distinguish these from soft tissue and air cavities. However, the differentiation of
morphological structures between normal and pathological tissues, such as tu-
mors, is limited without contrast agents.”” The current CT contrast agents are usu-
ally based on iodinated small molecules. These are generally safe, but due to the
fast renal clearance of these molecules, large dosages have to be used, which may
cause serious renal toxicity. Due to that, nanoparticles loaded with the iodinated
organic compounds have been designed, to prolong the in vivo circulation time
and enhance the localized concentrations.”” Also the use of nanoparticles with a
high atomic number, such as gold, as CT contrast agents is emerging. Overexpo-
sure to X-rays can be harmful, thus also limiting the number of scans that can be
performed, which is therefore a limitation of the CT technique. However, the ad-
vances in the X-ray detector sensitivity will allow for significant dose reductions.”

PET and SPECT are radionuclide-based imaging techniques that enable
evaluation of biochemical changes such as metabolic parameters, and can be sen-
sitive to detection of high-metabolism tumors and infections.”® Both of the tech-
niques build up the three-dimensional images by detecting gamma-rays (y-rays)
emitted from the radioactive isotopes, without external excitation. The main dif-
ference between PET and SPECT imaging is the type of radionuclides used. While
SPECT scans detect single gamma rays (“single photon emission”, SPE), the decay
of the radionuclides used in PET imaging produces positrons (“positron emis-
sion”, PE).”” The emitted short-lived positron collides with an electron, an event
known as annihilation. This annihilation produces energy in the form of two pho-
tons, both with the same energy of 511 keV, that shoot off in opposite directions.
Many isotopes have short half-lives, and since the isotopes mostly are produced
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in a cyclotrone, a cyclotrone source needs to be located near the imaging facility,
which makes it more costly.” Different radioisotopes are used for SPECT imaging,
which all emit different y-rays of different energies, making it possible to image
multiple biochemical targets simultaneously. Both of the techniques have limitless
depth of penetration and enable whole body imaging with high sensitivity. Since
SPECT is less costly as compared to PET, it is generally less sensitive and has a
lower spatial resolution. Both techniques have a clear diagnostic advantage over
anatomical techniques (such as CT and MRI), since biochemical changes normally
occur before anatomical changes in the disease progression. In addition, unlike
MRI and optical imaging, both PET and SPECT only require very small mass
amounts of the radionuclide-based imaging agent, and due to that the imaging
agents are normally nontoxic and unlikely to exert pharmacological effects. How-
ever, due to the ionizing radiation, there is a limit to how many scans a subject can
have per year.”!

US imaging is based on backscattered signals from high-frequency sound
waves, as they travel through biological tissue. Depending on the deviations in re-
flection by the different tissues, a clear two-dimensional image can be generated.”
The resolution of the images can be improved significantly by using higher fre-
quencies, but then at the cost of the penetration depth. Thus, the operator needs
to consider resolution versus depth, depending on the required data.” Contrast
agents are needed for enhancing the reflection signal-to-noise ratio. Gas-filled (air
or perfluorocarbon) microbubbles encapsulated by lipids or biopolymers are nor-
mally used as US contrast agents. The difference in refractive index between gas
and liquid phase cause the microbubbles to appear brighter than the background.
However, the microbubbles with soft shell persist only for a short time interval in
the tissues. Also, their large sizes and broad size distribution limit their use. Here,
hollow mesoporous silica nanoparticles are emerging as US contrast agents.”®”
Advantages of US include its relative cost effectiveness and good safety profile.

Newer imaging technologies, such as intravital microscopy (IVM),* photo-
acoustic imaging (PAI),*" and magnetic particle imaging (MPI),* are also devel-
oping. IVM is an optical imaging platform similar to the traditional fluorescence
microscopy, but with modified instrumentation allowing visualization and real-
time examination of a living animal. PAI is an imaging technique that integrates
optical and ultrasound imaging based on the photoacoustic affect, which can be
described as the production of sound waves resulting from the absorption of light.
MPI is a technique by which it is possible to determine the location of magnetic
nanoparticles. The nanoparticles emit a time-dependent magnetization under an
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external magnetic field, and these electromagnetic signals are detected and con-
verted into MPI images. MPI is a quantitative technique because the signal inten-
sity is directly proportional to the concentration of nanoparticles. MPI has no
background signal. MPI is used in combination with MRI, as a multi-modal tech-
nique using only magnetic nanoparticles as contrast.*’

2.2.1 Optical imaging

Optical imaging methods, such as fluorescence and bioluminescence imaging, are
widely used in preclinical work because of its ease of use and cost effectiveness.
While bioluminescence relies on photon emission based on natural biochemistry,
such as enzymatic reactions found in different organisms, fluorescence needs pho-
tons as energy source. External light is used to excite fluorescent molecules at a
certain wavelength. When the molecule absorbs these photons, its electrons are
excited to a higher energy level. As the electrons return from the excited state to
the ground state, vibrational energy is lost, and subsequently the emitted light is
shifted to longer wavelengths (Stokes’ shift).** Fluorescent molecules have long
been used as contrast agents for fluorescence imaging, but due to their problems
of photobleaching, nanoparticles doped with organic dye molecules have been de-
veloped. Silica nanoparticles are ideal for this application, and have been widely
studied,** since the silica matrix is transparent in the UV-vis and NIR regions of
the electromagnetic spectrum thus not interfering with the dyes.

A large variety of fluorescence imaging techniques and methodologies have
been developed, including confocal microscopy, near-infrared fluorescence
(NIRF) imaging, two-photon microscopy, and fluorescence resonance energy
transfer (FRET) imaging, to name a few. Confocal microscopy is a specialized
form of normal fluorescence microscopy that uses specific optical components to
generate high-resolution three-dimensional images.*® However, the utility of in
vivo fluorescence imaging has been limited by the poor penetration depth of light
in tissues, as well as the decreased spatial resolution due to autofluorescence and
light scattering within the body. To overcome these problems, excitation light in
the near-infrared (NIR) spectral range can be used, since living tissues have in-
creased optical transparency at NIR wavelengths.* In an experiment of whole-
mouse illumination, photon counts in the NIR range where about four orders of
magnitude higher than those in the green light range under similar conditions.**
NIRF imaging can thus improve the imaging depth along with sensitivity and
specificity. Compared with other imaging techniques, NIRF imaging possesses
several advantages such as user-friendliness, low cost, and utilization of nonion-
izing radiation.” Therefore, development of NIR probes and techniques for appli-
cations in fluorescence imaging is important for successtul in vivo optical imaging
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and future clinical applications. Two-photon microscopy is an example of an im-
aging technique where NIR light can be utilized. Two-photon imaging is based on
the anti-Stokes” emission process, which generates emission light with a shorter
wavelength than that of the excitation light, by simultaneous absorption of two
photons (see Figure 7). In addition to the already mentioned advantages of using
NIR light, it also significantly reduces the photoinduced damage of the fluoro-
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Figure 7. Schematic illustration of one vs. two photon excitation. Adapted from Candle,
Synchrotron Research Institute, www.candle.am.”!

FRET imaging is a well-established fluorescence technique used to study
molecular interactions below the optical resolution limit of microscopes, by uti-
lizing non-radiative energy transfer from an excited donor molecule to an accep-
tor molecule. The efficiency of this process depends on distances of typically 1-10
nm, and is thus one of few tools available for measuring changes in distances on a
nanometer level. Among many applications of this technique, it has extensively
been used for studying cleavage of covalent bonds by intracellular processes.”>”

When it comes to clinical applications, fluorescence imaging can still not
compete with the other imaging modalities (MRI, CT, PET, SPECT), due to the
limitations in tissue penetration and problems with both excitation and emission
light getting scattered and absorbed within the body. However, the advantages,
such as its user- and cost-friendliness, sensitivity, safety due to no use of radioac-
tive materials, have made it very popular and useful within preclinical studies. Flu-
orescence imaging has emerged as a real-time modality for the visualization, lo-
calization, and measurement of bioactive molecules and molecular processes and
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thus having a big impact on the understanding of disease progression and thera-
peutic response.*

2.2.2 Magnetic resonance imaging

MRI is considered one of the foremost diagnostic whole-body imaging modalities
and is widely used in the clinics. The advantages of MRI include high spatial res-
olution and strong soft tissue contrast, without any radiation risk (unlike CT, PET
and SPECT) since only radiation in the radiofrequency range is used. However,
the inherently poor sensitivity of MRI is a limiting factor, and in order to improve
the detection of small biological targets, various exogenous MRI contrast agents
have both been applied in the clinics and are being further developed.

During an MRI scan, a living subject is placed inside a tube surrounded by
a circular magnet. The magnet creates a strong magnetic field that aligns the pro-
ton nuclear spins of hydrogen atoms parallel with the direction of the magnetic
field. This generates longitudinal magnetization. The hydrogen atoms are then ex-
posed to a beam of radiofrequency pulses, and as a result, the proton nuclear spins
are resonantly excited and aligned antiparallel with the magnetic field. This in-
duces transverse magnetization while decreasing the longitudinal magnetization.
When removing the beam of radio waves, the hydrogen protons relax to their
ground state by emitting a signal (a radio wave) and align parallel with the mag-
netic field. The protons in different tissues relax at different rates and are thus
measured in two ways. The relaxation proceeds either via T longitudinal relaxa-
tion, which is the time taken for the magnetic vector to return to its resting state
(longitudinal magnetization recovery), or T, transverse relaxation, which is the
time needed for the axial spin to return to its resting state. These relaxation pro-
cesses are detected and T-weighted (bright contrast) and T>-weighted (dark con-
trast) images are generated. Since the different types of biological tissues, such as
fat and water, have different relaxation times the signal strength is varying which
causes the tissues and organs to show characteristically distinct contrast. Often
this natural contrast difference between the target (pathological) tissue and the
surrounding is not enough, and has to be increased by MRI contrast agents, which
can accelerate the T; or T; relaxation rate.***

The contrast agents influence the MRI signal intensities around them by
changing the Ti- and T»-relaxivities by nearby protons. T agents increase the sig-
nal intensities around them, showing bright contrast, and are therefore called pos-
itive contrast agents. T, agents, on the other hand, decrease the signal intensities,
showing dark contrast, and are thus called negative contrast agents.” The relaxiv-
ity values, r; and r,, are the parameter used to quantify the effect of the contrast
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agents, and is the change in 1/T; and 1/T; or protons per concentration of the
contrast agent.*

Paramagnetic metal ions commonly used for contrast in MRI are gadolin-
ium (Gd’*), manganese (Mn*"), and iron (Fe’*). Gadolinium-containing nano-
probes are the most popular T}-contrast agents, and have mostly been used as che-
lates with DTPA (diethyltriamine pentaacetic acid) and DOTA (tetraazacyclodo-
decane tetraacetic acid).” In order to achieve a contrast enhancement out of these
ions, a relatively large local concentration is needed, and there is a major concern
of toxicity of released gadolinium ions. To overcome the problems of toxicity and
still have a high dose, a large amount of the ions can be incorporated into nano-
particles. For this purpose, MSNs are an ideal platform, which has been studied in
detail by Sen Karaman et al.” Preclinical studies have also used manganese oxide
nanoparticles as alternatives to Gd-based agents® due to the concerns of the con-
ventional gadolinium-contrast agents.

SPIONS, having an iron oxide core, are the most studied T,-contrast agents
both in preclinical and clinical MRI and have undergone or are in the middle of
clinical trials in cancer patients.”**” One of the SPION used for the trials, ferumox-
ytol, is an already FDA-approved drug for anemia treatment.”® The advantages of
SPIONS are their low toxicity, large-scale production of diverse core sizes, and
their superparamagnetic behavior, which is a necessary property for T, contrast
agents. Due to the superparamagnetism, the nanoparticles can also be dragged by

an external magnet.”

Even if SPIONS have predominantly been used as T>-con-
trast agents, they may also be customized to provide T)-contrast enhancement,
and offer an advantage over gadolinium-based agents due to their nontoxicity.'”
The magnetism of the nanoparticles can be controlled via size, composition, and
shape, to enhance the MRI contrast effect. While large magnetization values are
necessary for strong T>-contrast effects, T;-contrast effects arise from the magneti-
cally disordered spin layers at the surfaces of the magnetic nanoparticles. The var-
ious numbers of unpaired electrons of metal ions at the nanoparticle surface ef-
fectively accelerate the Ti-relaxation process.*

Conventional MRI contrast agents typically serve as single-mode contrast
agents, enhancing either the bright (T1) or dark (T3) signal. However, accurate in-
terpretation of the images is yet difficult due to artifacts in the body, which can
affect the MRI signals originating from the contrast agents.” Therefore, T1-T> dual
mode contrast agents have also been introduced,'’! for simultaneous acquisitions
of positive and negative contrast. An advantage of these dual-mode contrast
agents is that they enable self-confirmation of their signal enhancement. A T;-T;
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dual-mode contrast agent can be constructed by conjugation of paramagnetic

metal ions, such as gadolinium and manganese, to iron oxide nanoparticles.'””

2.2.3 Multimodal imaging

Multimodal imaging is a powerful method that can provide more reliable and ac-
curate information about the target. By combining advantages from two or more
imaging modalities, and in the same time compensating for limitations from a
single imaging modality, images with high sensitivity and high resolution can be
accomplished.” There are many possible combinations for dual-mode and tri-
modal imaging modalities, including MRI-optical, MRI-PET, PET-CT, optical-
PET, MRI-CT, and MRI-PET-optical. Out of these, PET-CT imaging is frequently
used in the clinics, with PET-MRI following as the next-generation technology.'”

A promising dual-mode imaging strategy is to combine MRI and optical
imaging. While MRI provides anatomical and physiological images with high spa-
tial resolution, but low sensitivity, optical imaging provides physiological and mo-
lecular information with high sensitivity. Another advantage of such combination
is that it is safe to be used in humans (even though the technique is still limited to
small animal models), since both MRI and optical imaging are free from harmful
radiation.” By using specific nanoparticle-based contrast agents for MRI-optical
dual-mode imaging, much more information can be provided. Especially MRI-
NIRF dual-mode nanoparticles are a promising combination. These contrast
agents are made by incorporating iron oxide or gadolinium for MRI and NIRF
imaging probes, such as synthetic fluorophores, fluorescent semiconductor nano-
crystals, or upconverting nanomaterials, into the same nanoparticle.'*'® The
most studied approach to the formation of dual-mode imaging agents for MRI-
optical imaging is via conjugation of an organic dye to the surface of an iron oxide
nanoparticle. Except for the excellent MRI contrast effect of the iron oxide nano-
particles SPIONSs, they have several advantages for nanomedicine, such as for hy-
perthermia. SPIONs also have low toxicity.

Diagnosis by MRI following by NIRF image-guided surgery has been re-
ported, since MRI does not have enough sensitivity to delineate tumor margins
during surgery. Key et al."**'"” constructed multicomponent nanoparticles by con-
jugating glycol chitosan nanoparticles with the NIRF dye cyanine 5.5, and then
physically loading SPIONSs into the core of the nanoparticles. The contrast effect
of the particles was evaluated in a murine bladder tumor in mice by both NIRF
imaging and MRI and showed potential for dual-modality in vivo imaging with
MRI detection of tumors and NIRF-guided surgery. Kircher et al.'® studied the
same concept, by labelling cyanine 5.5 to an iron oxide nanoparticle coated with
cross-linked dextran. The dual imaging capability was demonstrated in vivo with
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high sensitivity. Cha et al.'” reported on an enzyme-triggered activatable MRI-
optical imaging probe system, by utilizing the fluorescence quenching effect of
SPIONs. An alternative approach for the formation of optical-MRI multimodal
agents, which has been extensively reported in the literature, is through the use of
a combination of quantum dots and SPIONs.!'*!!!

When designing multimodal nanoparticle-based contrast agents, the differ-
ences in sensitivity of each modality must be considered to keep the amount of
imaging agents in the nanoparticles at a suitable level. The contrast agents used
for MRI and CT are needed at relatively high concentrations, while PET and NIRF
agents can be used in extremely low concentrations.”’ However, bringing several
imaging modalities together in the clinics can be far from straightforward. The
magnetic fields of MRI interfere with the radioactivity of PET and SPECT, as an
example. When it comes to combinations including optical imaging, the fluores-
cent labels must first be activated by light, which must also be accounted for. The
imaging time is also a factor to consider. While optical imaging can be completed
in a minute, an MRI scan can take hours. Despite these issues, multimodal imag-
ing is a revolutionary technique where the advantages of using nanoparticles as
contrast agents are maximized.” Multimodal imaging is also a very useful tool for
drug development.'"

2.3 Nanoparticles as drug delivery systems
Nanoparticles are not only used for imaging purposes, they are also applied to
deliver therapeutic agents at the disease site. The same properties as making na-
noparticles good carriers for imaging agents are utilized for creating excellent drug
delivery systems. Nanoparticle-based carrier systems can improve the pharmaco-
kinetic and pharmacodynamic profiles of conventional drugs and may thus opti-
mize their efficacy.* When both the diagnostic and therapeutic agents are com-
bined into a highly sophisticated carrier system for simultaneous imaging and
therapy, it is called theranostics.'”® Theranostics is the recently emerged type of
companion diagnostics,'"* and is an important step toward more effective and per-
sonalized therapy. Such diagnostic tests can identify and thus pre-screen patients
that are most likely susceptible to a specific drug, with subsequent personalized-
tailored targeted drug therapy, based on the outcome. The aim of the emerging
advanced theranostics is to monitor the response of the drugs in patients in real-
time during treatment, in order to reduce the toxicity and enhance the safety, as
well as to prevent patients from going through unnecessary treatments.'"

When designing nanoparticles for drug delivery purposes, detectable (nor-
mally fluorescent) model drugs are often used to study and optimize the delivery
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and subsequent release of the drug from the carrier."'*""” However, in case of de-
livery of larger biomolecules, the molecule itself can be labeled. Controlled drug
delivery systems are designed to deliver an active agent at a predetermined rate,
for a specific time period,"” and such a system aims to control the concentration
of the drug in the blood. The release can be triggered by specific stimuli, either
external (variations in temperature, magnetic field, ultrasound intensity, light or
electric pulses) or internal (changes in pH, redox potential, or enzyme concentra-
tion).'” Drug release from magnetically responsive nanoparticle-systems has sev-
eral advantages, since these can also be magnetically guided by a permanent mag-
netic field and/or increasing the temperature of the environment when an alter-
nating magnetic field is applied.”'*’ When magnetic nanoparticles are placed in
an oscillating or alternating magnetic field, they transform the magnetic field to
heat and have thus been extensively used for selective heating of tumors, known
as thermal ablation or hyperthermia. However, this phenomenon can also be uti-
lized as a trigger to control the release of therapeutic molecules, by using thermo-

labile linkers'*

or nanoparticle-coatings of thermosensitive polymers'*. In addi-
tion to these advantages, the use of magnetically responsive systems gives the pos-
sibility of performing magnetic resonance imaging.

Drug compounds are usually not inherently detectable, and consequently
the drug release has typically been measured indirectly based on the drug’s cyto-
toxic action. However, theranostic carrier systems with integrated real-time mon-
itoring abilities are emerging.” When using real drugs, it is a prerequisite to have
a detectable carrier system in order to follow the fate of the nanoparticle-drug
complex. Silica nanoparticles are good candidates as drug carriers, since they are
biocompatible, bioerodible (often referred to as biodegradable, which is defined
as the disintegration of materials by a biological agent such as an enzyme or mi-

crobe,'** and thus bioerodible is a more suitable term for silica),'*

and very flexible
delivery platforms when it comes to further functionalization for detectability and

targeting.

2.4 Targeted nanoparticle-based imaging and drug delivery
Targeting is defined as the ability for a nanoparticle to identify a tissue of interest

and selectively accumulate with it.”

Through targeting, both contrast agents and
drugs can be delivered to the target at higher doses, thus decreasing the side effects
of toxic agents. Additionally, the higher contrast differences between the targets
and the surrounding tissues can give more detailed information about malignant
or abnormal tissues. In general, there are two ways of targeting: passive and active

targeting (illustrated in Figure 8). Passive targeting utilizes the leaky vasculature
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of tumors, since the blood vessels of tumors have gaps or fenestrations at the bor-
ders of endothelial cells. The discovery of this enhanced permeation and retention
(EPR) effect, first described by Matsumura and Maeda in 1986,'*° was a great
breakthrough for targeted antitumor therapy. Due to the EPR effect, nanoparticles
can extravasate into the tumor tissues, allowing for an enrichment of nanoparti-
cles at the tumor sites."”” This effect is a combination of the increased permeability
of the blood vessels, which is characteristic of rapid and defective angiogenesis
(production of new blood vessels from already existing ones), and the poor lym-
phatic drainage retaining the accumulated nanoparticles.'*®
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Figure 8. Overview of the different mechanisms by which nanoparticles can deliver their
cargo to cancer cells. Passive tissue targeting utilizes the increased permeability of the tumor
vasculature and ineffective lymphatic drainage (EPR effect). Active cellular targeting (inset
image) can be realized by attaching targeting ligands on the nanoparticle surface that spe-
cifically promote recognition and binding by the cancer cells. The nanoparticles can then
release the cargo when close to the target cells (i), attach to the cell membrane and function
as an extracellular sustained-release reservoir (ii), or internalize into the cell. Reprinted from
Peer, D., et al. Nature nanotechnology 2007, 2 (12), 751, with permission from Springer Na-
ture.
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The passive targeting strategy is limited because the permeability of blood
vessels may not be the same throughout a tumor site. Further, the random nature
of this strategy makes it difficult to control the process.?® Due to these limitations,
it is preferable to add an active targeting component to the nanoparticles to selec-
tively bind to the target cells. This binding may be achieved by attaching ligands
to the surface of the nanoparticles. Ligands are molecules that bind to specific re-
ceptors on the cell surface and may include proteins such as antibodies, nucleic
acids, and other receptor ligands such as peptides, vitamins, and carbohydrates."**
The targeting ligands can be attached to the nanoparticle surface via the common
bioconjugation methods, as illustrated earlier in Figure 5. In the ligand-based tar-
geting, the receptor should be overexpressed on the target cells relative to normal
cells, to maximize the targeting specificity. However, even though many function-
alities can be added onto the nanoparticles, the main challenge in vivo is the resi-
dence time in the systemic circulation, as well as the safety of the nanoparticles.”
In order for the EPR effect to take place, a long residence time is essential, which
might be achieved by reducing the opsonization and thus possibly decreasing the
clearance by the immune system.
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3 AIMS OF THE STUDY

The overall aims of this thesis were to design, develop and optimize different sil-
ica-based nanocomposites, porous and core-shell structures, for application as
carriers of active compounds. An overview of the studies included in the thesis is
schematically summarized in Figure 9. The specific aim of the first part of the the-
sis was to focus on “Means of controlling the bio-behavior of particles by sur-
face-functionalization” (see Figure 9). In the two studies (publication I and II)
included in this part of the thesis, the importance of a surface coating on nanopar-
ticles intended for biomedical applications was demonstrated. A detailed investi-
gation of the widely used copolymer PEI-PEG was presented, including the copol-
ymer’s interaction with both the particle surface and biological environment, as
well as the significance of choosing the right ratio of the polymers comprising the
copolymer (publication II). Further the problems associated with fluorescence-
based detection of nanomaterials lacking a stabilizing functionalization was
shown, by using magnetite core-shell particles endowing for different means of
intracellular detection (publication I). The benefit of a magnetic core for magneti-
cally-aided cellular labeling was also presented here, in addition to the functional-
ity of surface-optimized magnetic core-shell particles as contrast agents for MRI.

The aims of the second part of the thesis were to verify the applicability of
nanoparticles both in terms of delivery of active substances (drugs/imaging
agents) by different means, as well as to remove a tracer compound in vivo by
using nanoparticles as scavengers. The loading and delivery of the compounds
followed two different routes; either the guest molecules were incorporated inside
the porous nanoparticle matrix, (Figure 9: “Means for in vitro/in vivo delivery of
active substances”); or the molecules were attached as satellites to the surface of
the particles (Figure 9: “Means of functional utilization of photonic interac-
tion”). The aim of the study in publication III was to design and evaluate a scav-
enger-tracer system for removing a specific tracer compound (contrast agent) in
the blood circulation, for consequently quenching the background signals and
thus benefit for enhanced imaging, while the objective for publication IV was to
develop a reporter-system for monitoring redox-induced compound cleavage in-
tracellularly, by using labile bonds that can detach upon cell entry, both of these
by utilizing photonic interactions (in terms of FRET) for the visualization in real-
time. In publication V and VI the goal was to design and optimize carrier particles
for delivery of a large amount of imaging agent, for cellular labeling and tracking
over a prolonged time (publication V), or a high amount of drug, especially in-
tended for administration to the lungs (publication VI).
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4 CHARACTERIZATION TECHNIQUES

There is a great benefit in comparing multiple analytical methods to characterize
nanomaterials and their interactions with the environment. Possible errors with
one technique can easily be sorted out if comparing the measurement with an-
other technique. The interpretation of the results is not either always straightfor-
ward, why there is a need of several methods. For the studies presented in this
thesis, different techniques have been used to characterize the nanomaterials and
to evaluate them for specific applications in a biological environment, as presented
in Table 1. In this chapter, the most used techniques will be briefly explained in
order to understand the results obtained from them.

Table 1. Summary of the characterization techniques used for obtaining the results pre-

sented in this thesis.

Characterization technique

Properties/phenomenon studied

Dynamic light scattering

Hydrodynamic size, dispersability, and magnetically-
induced aggregation behavior of particles

Electrokinetic measurement

Net surface charge (zeta potential) to confirm surface-
functonalization

Electron microscopy

Particle size, particle/pore morphology, and thickness of
silica shells

Thermogravimetric analysis

Amount surface functionalization

Fluorescence
spectrophotometry
(fluorescence measurements
explained in literature review

part)

Fluorescence intensities of particles
Shift in maximum wavelength as a function of dye
amount

(in some cases two-photon
imaging or in vivo imaging)

Flow cytometry Intracellular uptake (based on fluorescence or
reflection) and cellular retention of particles
Confocal microscopy Optimization of dye-amount on particles for FRET

Intracellular uptake (based on fluorescence or
reflection) and cellular retention of particles
Distribution of particles on cells

Intracellular redox-induced cargo release from particles
Visualization of particles and their photonic interactions
in vivo

Visualization of tumor growth

Magnetic resonance
imaging

(MR imaging explained in
literature review part)

Cellular uptake of particles with subsequent efficacy as
MRI contrast agents
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4.1 Dynamic light scattering

Dynamic light scattering (DLS), also known as photon correlation spectroscopy
(PCS), is a technique for measuring hydrodynamic size and size distribution of
particles. The overall particle size (i.e. hydrodynamic size) is measured, since DLS
can not differentiate between inorganic and organic material. Thus the diameter
obtained from a DLS measurement is in general higher than the particle size cal-
culated via TEM."” However, the advantage of DLS is that the hydrodynamic size
can be determined under specific conditions, to get an idea of the stability of the
particles in the relevant environment.”*® DLS measures Brownian motion (ran-
dom movement) of the particles by recording the rate of the intensity fluctuations
of the scattered light. The size of the particles is directly related to the speed with
which they are being moved by Brownian motion. Large particles move slowly,
while smaller particles move more rapidly.

The detected light scatter intensity is passed to a correlator, which determines
the degree of similarity between two signals at successive time intervals (nanosec-
onds to milliseconds). The intensity signal at one point in time (t=0) compared to
the signal a short time later are strongly correlated; the correlation is close to one. If
the signal at t=0 is compared to a signal after a bit longer time the correlation will
not be as good anymore, which means that the correlation is reducing with time. If
the original signal is compared to a signal at a much later time, t=co, the two signals
will have no relation to each other and the correlation reaches zero. A typical corre-
lation function for small and large particles is shown in Figure 10, and demonstrates
the much faster rate of decay for smaller particles. The recorded correlation function
is further used to calculate the size distribution of the particles, which is normally
shown in a histogram with the distribution of size classes presented on the x-axis

and the relative intensity of the scattered light on the y-axis.”*"'*
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Figure 10. Typical DLS correlation functions for small and large particles. The diffusion rate of
the particles is directly related to the time delay at which the correlation function decreases. Thus,
the intensity signal for smaller particles fluctuates more rapidly and as a result the correlation
decreases at a faster rate. Adapted from Malvern Instruments Ltd, www.malvern.com."
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4.2 Electrokinetic zeta potential measurements

Zeta potential is a physical property that is exhibited by any particle in suspension
and is an important marker of the stability of a colloidal dispersion. Each dispersed
particle affects the ionic environment of the suspension media, with an increased
concentration of oppositely charged ions close to the particle surface. This is ex-
plained as the electrical double layer (Figure 11). The double layer is divided in
two parts; an inner region called Stern layer and an outer region called diffuse
layer. In the Stern layer ions from the surrounding media are strongly bound to
the surface of the particles. Outside this layer is the diffuse cloud-like area where
the ions are less firmly attached. The zeta potential is the potential difference
measured at the slipping plane, which is the boundary between the bulk solution
and the stationary layer of charged ions attached to the dispersed particle. The
magnitude of the zeta potential gives an indication of the stability of the particle
system, with higher magnitude potentials exhibiting increased electrostatic repul-
sion and therefore increased stability. The most important factor that affects zeta
potential is pH, since the magnitude of the charge on the particle surface depends
on that. At a specific pH, the net surface charge will be zero. This is referred to as
the isoelectric point and is normally the point where the particles are least stable.

Electrical double layer

Diffuse
layer

Slipping plane

Surface potential
Zeta potential

mV

Distance from particle surface

Figure 11. Schematic of the electrical double layer, showing the potential difference as a
function of distance from a dispersed particle. Adapted from Malvern Instruments Ltd,

www.malvern.com.”®!
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The zeta potential is often determined by electrophoresis. Charged particles
dispersed in a solution are added to a cell with an applied electrical field, which
makes the particles move towards the electrode of opposite charge. The velocity
of the particles is commonly referred to as the electrophoretic mobility and is
measured by light scattering. Particle speed at various voltages is measured, and
the zeta potential can be determined by applying the Henry equation:

_ 2&(f (ka)

where Ug = electrophoretic mobility, € = dielectric constant of the liquid, = zeta
potential, n = viscosity, and f(xa) = Henry’s function. Two values are normally
used as approximations of f(ka); either 1.5 (Smoluchowski) or 1.0 (Hiickel). For
particles suspended in aqueous media at moderate electrolyte concentration the

Smoluchowski approximation is most commonly used.""'**

4.3 Electron microscopy

In electron microscopy an electron beam is used to illuminate the sample, in con-
trast to the light beam used in conventional optical microscopy. The resolving
power of an optical microscope is mainly limited by the wavelength of the photons
and does not give enough resolution for imaging of nanomaterials. Electron
beams can be produced with wavelengths much smaller than that of photons, and
thus greatly extend the resolution.

Scanning electron microscopy (SEM) is a powerful characterization tech-
nique which provides information about surface topology, surface morphology
and, depending on the instrument, also chemical composition. In SEM a finely
focused electron beam is used to scan the sample and produce an image of the
surface. When the electron beam hits the sample surface, the sample itself emits
secondary electrons while also some part of the electrons from the electron beam
will be absorbed by the sample or reflected as back-scattered electrons. All these
electrons give different information about the sample. The detection of secondary
electrons gives high spatial resolution and strong topographic contrast. The pro-
cess has to operate under vacuum conditions to avoid collisions between electrons
and gas molecules in the air. SEM offers an image resolution down to about 1
nm.133,134

Transmission electron microscopy (TEM) is providing more detailed mor-
phological information, with a high resolution which enables objects to be studied
down to 0.1 nm. In addition, TEM affords structural information via electron dif-
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fraction. The major difference between SEM and TEM is that TEM detects trans-
mitted electrons. The sample has to be very thin in order to allow the electrons to
penetrate it. The contrast of the images depends on the atomic number of the at-
oms forming the sample. Materials containing heavy atoms provide a higher con-
trast due to the higher electron density which results in more interactions between
the electrons in the primary beam and those in the sample. Thus, organic samples
often need to be stained with heavy metals to enhance the contrast in the resultant
image.133,134

4.4 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a technique which provides information
about the amount and rate of change in mass of a material as a function of tem-
perature or time, as the sample is subjected to a controlled temperature program
in a controlled atmosphere. TGA can be used to determine the composition of a
material by analyzing the quantitative weight changes that occur in specific tem-
perature regions. It also gives information about the thermal stability of the sam-
ple, the purity of the material, and the kinetic parameters for chemical reactions
which might occur in the sample. A TGA consists of a precision balance holding
a sample pan inside a furnace, which is heated or cooled during the experiment
according to a predetermined thermal cycle. The mass of the sample is monitored
during the experiment. The atmosphere in the sample chamber is controlled with

a purge gas (inert or reactive depending on the application)."*>'*

4.5 Flow cytometry

Flow cytometry is a widely used method for simultaneously measuring multiple
physical characteristics of cells, such as size, granularity (cellular density), as well
as fluorescence emitted from stained cells. One of the fundamentals of flow cy-
tometry is that it measures the properties of individual cells (or particles, down to
about 200 nm depending on the setup). This contrasts with other methods, for
instance fluorescence spectroscopy in which fluorescence is measured for a bulk
volume of a sample.

When a cell suspension is injected into a flow cytometer, sheath fluid is used
to order the sample into a stream of single cells. The tiny stream of fluid passes
through a small nozzle and takes the cells past a laser beam one cell at a time (Fig-
ure 12). Scattered and emitted light from the cells are detected and converted to
electrical pulses by the different detectors. One detector is placed in front of the
light beam and measures light scattered at small angles, i.e. forward scatter (FSC).
FSC gives information about the size of the cells. Several detectors are placed at a
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90° angle to the laser beam. One of them measures side scatter (SSC), which cor-
relates with the density of the cells, and the others are fluorescence detectors. The
most common type of detector is the photomultiplier tube (PMT). These are con-
verting the light into electrical pulses, which are further processed by a series of
linear and log amplifiers. The measured voltage pulse area will correlate directly
to the fluorescence intensity for the specific cell. Logarithmic amplification is most
often used when measuring fluorescence in order to expand the scale for weak
signals. The final data is usually shown either as single parameter histograms or as

two parameter correlated plots (cytograms).'*”!*%1%
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Figure 12. Schematic diagram of the flow cytometry setup. Adapted from Rahman, M., Ser-
otec. Ltd.'*

4.6 Confocal microscopy
Confocal microscopy is a technique in optical imaging which provides high-reso-
lution images with fine details and more contrast, compared to conventional mi-
croscopy. This is achieved by point-by-point illumination of the sample and re-
jection of out-of-focus light. Thus, a thin cross-section of the sample is recon-
structed as a 2D image one pixel at a time. By assembling a series of such slices at
different depths, a 3D reconstruction of the sample can be performed.

In confocal microscopy both reflected light and fluorescent light can be
used to image the sample. The incoming light beam is usually provided by a laser
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to generate high intensities of fluorescence or reflectance from the sample. A sche-
matic diagram of a confocal microscope is shown in Figure 13. The laser beam is
directed by a dichroic mirror towards a pair of mirrors which send the light fur-
ther through the microscope objective and excites the sample. The same objective
collects the fluorescent (or reflected) light coming back from the sample, and the
light is further directed by the mirrors through the dichroic mirror and a small
pinhole placed in the confocal plane of the sample. The pinhole allows only the
light emitted (or reflected) from the desired focal spot to pass through; all out-of-
focus light coming from the sample is rejected. The light that makes is through the
pinhole is finally measured by a sensitive light detector, a photomultiplier tube
(PMT). This method allows the sample to be imaged one point at a time. By rap-
idly scanning the sample, a computer collects all the imaged points of a thin planar
region of the sample and constructs the 2D image one pixel at a time. This is re-
ferred to as optical sectioning. By combining a number of these optical sections
the 3D reconstruction can be made, which is one of the main advantages with
confocal microscopy. It is also this sectioning ability that allows for the sharpness

of the images."*""'*}

rotating
mirrors screen with

v laser pinhole
\/\ W -

detector (PMT)

C

} microscope

L |
S —

f ; fluorescent

specimen

Figure 13. Schematic overview of the basic setup of a confocal microscope. Adapted from

Semwogerere, D., et.al. Encyclopedia of Biomaterials and Biomedical Engineering 2005, 23,
1.142
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5 SUMMARY OF RESULTS

5.1 Design of functional core-shell particles

Depending on the intended application of a nanomaterial, a range of different de-
sign aspects must be considered in order to provide for a nanomaterial with the
desired properties. Nanoparticles can be produced with wide variations when it
comes to combinations of different types of materials, size and shape."**'*> The
development of inorganic nanoparticles intended for biomedical applications
goes towards more complex structures, such as core-shell particles which will be
presented in the following chapter, and hollow particles that were developed in
supporting publication i.

Core-shell particles, with a solid silica core or a magnetite cluster core, and
additional non-porous and porous silica shells, were produced for the studies pre-
sented in publication I, IIT and IV. The core-shell particles having a silica core
were used as model particles for any inorganic core material, while the particles
synthesized with a magnetite core were used specifically to study magnetically en-
hanced cellular labeling as well as to demonstrate the aggregation behavior of par-
ticles not being surface-functionalized. A schematic illustration of a surface-func-
tionalized core-shell particle with magnetite core is presented in Figure 14.
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Figure 14. Schematic presentation of a fluorescent magnetic core-shell particle.

The magnetite cores were first coated with a non-porous silica shell in order
to provide for a protective barrier between the cores and the fluorophores subse-
quently labeled on the surface, considering the risk of fluorescence quenching by
the magnetite core, via an energy transfer process, since it strongly absorbs the
transmitted light.* To demonstrate the role of this protective silica shell, the fluo-
rescence intensity of magnetite cores before and after non-porous silica coating
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was measured (Figure 15). The particles were labeled with same amount of FITC
with respect to the mass of the magnetite core. The pure magnetite cores (Mag)
were already coated with a very thin silica shell in order to protect the core and
keep the core surface hydrophilic, but this thin layer was not sufficient for pro-
tecting the fluorophores from quenching by the cores, resulting in a low fluores-
cence intensity. A 1.5-fold increase in fluorescence intensity could be obtained
when increasing the thickness of the nonporous silica shell (Mag@#nSiO,). The in-
tensity was further greatly enhanced after coating of a porous silica shell on the
particles (Mag@nSiO,@mSiO,). A porous silica shell helps in keeping the fluores-
cent molecules more apart due to the large surface area and porous structure, and
as a result, the possible self-quenching of the fluorophores upon close contact on
the particle surface decreases drastically which promotes the high increase in in-

tensity.
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Figure 15. Fluorescence intensities of similarly FITC-labeled magnetic core particles or mag-
netic core-shell particles, with increasing number of silica layers, in HEPES buffer (pH 7.2).
Adapted from Paper I.

Figure 16 shows scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of the Mag@nSiO.,@mSiO, particles. SEM re-
veals an average diameter of almost 300 nm. The average size of the magnetite
cluster core is 120 nm and the thickness of the nonporous and mesoporous silica
shell is about 60 nm and 30 nm, respectively. The Mag@nSiO,@mSiO, particles
were further fully dispersible in water (Figure 16¢), given a high-quality dynamic
light scattering (DLS) peak at 550 nm and a low polydispersity index (PdI) of 0.15.
The difference between the size of the dried particles measured from SEM images
and the hydrodynamic diameter measured by DLS is a known phenomenon that
can be ascribed to the drawbacks with the DLS technique.'**"** Magnetite particles
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give rise to large light scattering and absorbance, which may here have resulted in

errors in the size calculation.

10’ 10 10" 10'
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Figure 16. Characterization of the magnetic core-shell particles, by (a) SEM, (b) TEM, and
(¢c) DLS. Modified from Paper L.

The mesoporous coating was synthesized under neutral conditions in order
to protect the magnetite core.”" Since this mild procedure avoids both high and
low pH synthesis conditions that could lead to dissolution of cores, it can be suit-
able for various inorganic cores. As model core, a solid silica particle of Stober type
was used, representative of any inorganic colloidal material. To stand as a model
for the Mag@nSiO, (ca 240 nm) a silica core of 270 nm was chosen. Figure 17a
and b present SEM and TEM images of the silica core-shell particles
nSi0,@mSiO,. The size of the nSi0,@mSiO, particles is about 300 nm as deter-
mined by SEM. The particles were further functionalized with a surface-grown
hyperbranched PEI-layer. A well-defined peak at 400 nm with a low PdI of 0.11,
measured by DLS, indicated that the functionalized particles were completely dis-
persible.

i
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Figure 17. Characterization of the model silica core-shell particles, by (a) SEM, (b) TEM,
and (c) DLS. Modified from Paper IV.

The mesoporous shell obtained via the synthesis route used here is charac-
terized by mesopores larger than the “standard” size (3-4 nm) and is consequently
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more suitable for accommodating larger molecules such as biomolecular cargo. In
the present case, the porous layer allowed for efficient organic modification by the
surface hyperbranching polymerization of PEI. A high density of surface-grown
PEI is beneficial since it provides a number of advantageous properties,'** such as
a large amount of reactive surface groups for further attachments of active mole-
cules, high particle suspension stability via electrostatic (and steric) stabilization,
charge tuning ability which can be utilized to overcome unspecific biointeractions,
as well as possible endosomal escape via its characteristic “proton sponge” or “en-

153

dosomal buffering” ability'*’. Even though amines catalyze silica dissolution, it has
been demonstrated that PEI modification of core-shell particles retard the total
degradation of the silica shell by re-adsorbing the dissolved negative silicates and
provide for a favorable environment for further condensation of the adsorbed sil-
icates." This is especially true for porous shells which are more susceptible to hy-
drolytic degradation due to their exposed nature. Electrokinetic measurements
(zeta potential) as well as thermogravimetric analysis (TGA) confirmed successful
PEI-functionalization of the core-shell particles (Table 2). The PEI-functionalized
particles, nSiO,@mSiO,@PEI, obtained a high positive net charge (+45 mV), while
the plain core-shell particles (nSiO,@mSiO,) exhibited a negative net charge char-
acteristic of its silica surface (-30 mV). For comparison, the silica cores were PEI-
functionalized directly (nSiO,@PEI), which also resulted in a high positive net
charge (+44 mV). While the core and core-shell particles displayed a similar net
surface charge after PEI-functionalization, TGA analysis revealed a ten-fold in-
crease in the PEI-content of the nSi0,@mSiO,@PEI particles as compared to the
nSiO,@PEI particles. The PEI-content of the functionalized nSiO,@mSiO, parti-
cles was 7.3 wt%, whereas the obtained PEI amount for the cores was only 0.7 wt%,
which clearly shows that a thin porous silica shell can significantly enhance the
degree of PEI-functionalization.

Table 2. TGA and zeta potential measurements confirmed that a thin porous silica coating
can increase the efficiency of the surface-grown PEI-polymer ten-fold.

Particle Mass loss / % Zeta pot. / mV
nSi0,@mSiO, 0.0 - 30
nSi0,@PEI 0.7 +44
nSi0,@mSiO,@PEI 7.3 +45
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5.2 Means of controlling the bio-behavior of particles by surface
functionalization

Surface functionalization of nanoparticles is essential for a successful utilization
of these materials in biological systems, such as for use as drug delivery vehicles
through different in vivo administration routes, as well as to pre-label cells and
tissues.”” Labeling of i.e. stem cells is a promising application to noninvasively
monitor the distribution and fate of transplanted stem cells.”**"*® Gene transfec-
tion is another growing field of study where the design of the optimal surface func-
tionalization is highly important,' as has also been demonstrated in supporting
publication ii and iii. Except the desire to expand the nanoparticles’ biocompati-
bility, their undesired interactions with components in the biological environment
can also be reduced with help of the right surface modification and/or surface
charge." Polymer constructs are often used to increase the biomedical applicabil-
ity of the nanoparticles by providing adequate dispersion stability.'® Simultane-
ously, these polymers can endow for reactive sites for further attachment of bio-
active molecules.

The high degree of PEI-functionalization demonstrated above is advanta-
geous both for its high particle suspension stability, but also for its ability to boost
the cellular uptake of silica particles by interacting with the cell membrane.'*"'*
The here presented surface-grown PEI has also a considerably higher surface con-
centration of reactive amino-groups as compared to corresponding silica materi-
als prepared by classical silanization reactions, like co-condensation and post-syn-
thesis grafting of amino-silanes.*

In the two studies presented below different means of controlling the bio-
behavior of particles by surface functionalization has been studied. In the first
study, the unique role of PEI-functionalization was utilized for cellular labeling of
nanoparticles. Here, magnetic core-shell particles were developed and used in or-
der to simultaneously enhance the degree of cellular labelling by a magnetic field,
and further study the consequences of lacking a stabilizing functionalization of the
nanoparticles and the subsequent errors in analyzing the nanoparticle uptake by
fluorescence-based techniques. Finally, the synergistic effect of PEI-functionaliza-
tion and a magnetic field on cellular uptake was validated by MR-imaging of la-
beled cells. In the second study, PEG-PEI copolymers were investigated in-depth
to be utilized for stabilizing/dispersing silica nanoparticles. Even if widely used,
the interaction of these copolymers with the environment where they are intended
to be used, as well as with their behavior on the particle surface, is rarely studied
in detail. Thus, also an optimization of the ratio between the two polymers is left
out. Here, we have attempted to find the optimum range for the PEG-PEI ratio
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and studied the interaction mechanisms for the surface adsorption process with
subsequent dispersion ability, with a final demonstration of the impact of the sur-
face coating on the particle-uptake in cells.

5.2.1 Combined effect of surface-grown PEI-functionalization and magnetic
field

The synergistic effect of surface PEI-functionalization and an external magnetic
field on cellular labeling efficiency of magnetic core-shell particles was studied in
publication I. Further, the problem of aggregation of non-functionalized parti-
cles, which is strongly enhanced under a magnetic field, was demonstrated. The
aggregation led to difficulties in correctly analyzing the degree of particle uptake
by fluorescence-based techniques (flow cytometry and microscopy), which were
overcome by employing reflection-based assessments. An overview of the study is
presented in Figure 18.

False postive

fluorescence signal
" . Cellular uptake studies by o .
flow cytometry and , Nofalse reflection

based signal
== confocal microscopy paeetiocien

O a®
L Exl'm-m.l-r o ...
N quenc hing
. = " Magnetic

Surface
netionaliza Io o field ®
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Figure 18. Schematic illustration of the study, where the effect of surface functionalization
and an external magnetic field on cellular labeling of magnetic core-shell particles was in-
vestigated. Both fluorescence- and reflection-based methods were used in order to study the
aggregation behavior of the non-functionalized particles. Adapted from Paper 1.

The influence of a magnetic field on the cellular uptake of non-functional-
ized (Mag@nSiO,@mSiO,) and PEI-functionalized (Mag@nSiO,@mSiO,@PEI)
magnetic core-shell particles was investigated both by flow cytometry and micros-
copy. HeLa (human cervical cancer) cells were incubated with 10 pug/ml particles
for a short time period of only one hour with or without the presence of a magnetic
field (0.3 T), whereafter the extracellular fluorescence was quenched by trypan
blue in order to detect only internalized particles. Flow cytometry analysis (Figure
19a) reveals apparent higher uptake of the non-functionalized
Mag@nSiO,@mSiO; particles (III, +magnet IV) than the positively charged func-
tionalized Mag@nSiO,@mSiO,@PEI particles (I, +magnet II), which is contradic-
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tory to what was expected since it is well known that positively charged silica par-
ticles are more extensively taken up by HeLa cells. Since it is also widely known
that there are a considerable number of problems with fluorescence-based track-
ing of internalized particles, the particle uptake measured by flow cytometry was
re-analyzed by scattering intensities (reflection). The result is presented in Figure
19b, where the graph clearly shows lower uptake of the Mag@nSiO,@mSiO, par-
ticles, regardless of whether the magnetic field was applied or not. As expected, an
approximately 5 times higher uptake of Mag@nSiO,@mSiO,@PEI particles was
found and the internalization was further increased by a factor of 2 when a mag-
netic field was applied. To confirm these results, the cellular uptake was also in-
vestigated by reflection-based confocal microscopy (Figure 19¢). Thin confocal
slices were imaged with the focus set in the middle of the cell nuclei and, as seen,
the Mag@nSiO,@mSiO, particles are mostly distributed outside the cells, with no
significant difference seen when a magnetic field was applied. The positively
charged Mag@nSiO,@mSiO,@PEI particles, on the other hand, are much more
extensively taken up by the cells, and the particles have accumulated close to the
cell nuclei. In the presence of a magnetic field a significantly increased reflection
signal was found, which set the results obtained from microscopy in good agree-
ment with the reflection-based flow cytometry data.

The conflicting result obtained from fluorescence-based flow cytometry
analysis was further investigated by fluorescence-based microscopy, as pre-
sented in publication I. The extracellular quenching was left out in order to study
how the particles “behave” on the cell surface. The microscopy images clearly
revealed that the Mag@nSiO,@mSiO, particles were aggregated on the cell sur-
face, and formed even larger aggregates when a magnetic field was applied. On
the contrary, the Mag@nSiO,@mSiO,@PEI particles were well dispersed over
the cells, also when a magnetic field was applied, which also readily enhanced
the cellular uptake. Since the non-functionalized particles formed large aggre-
gates on the surface of the cells, these aggregates could probably not be effec-
tively quenched, and false high fluorescence intensity, from nearly 100% of the
cells, was detected by flow cytometry.
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Figure 19. Comparison of fluorescence- and reflection-based analysis of the cellular uptake
of core-shell particles. (a) and (b) cellular uptake of Mag@nSiO,@mSiO.@PEI (I, +magnet
II) and Mag@nSiO,@mSiO; (III, +magnet IV) particles, as determined by flow cytometry
and analyzed by either fluorescence (FL-1) or reflection (side scatter of cells, SSC). The cells
were incubated with particles for 1 h, with the addition of a magnetic field for the “+magnet”
samples. Trypan blue was used to quench the extracellular fluorescence. “Internalization” in
the graphs corresponds to the intensity, FL-1/SSC, per cell multiplied with the fraction of
positive cells. (c) Reflection-based confocal microscopy images of the corresponding samples
as presented in (a) and (b). The cell nuclei were stained with DAPI (blue). Modified from
Paper 1.

To explore the aggregation phenomena of the particles in more detail, both
Mag@nSiO,@mSiO, and Mag@nSiO,@mSiO,@PEI were dispersed in cell media
and the autocorrelation function of the particle suspensions was measured and
compared by DLS before and after being placed in a magnetic field for one hour
(Figure 20a). The autocorrelation function decay, which is related with particle
diffusion rate in solution, is a useful tool to study the aggregation behavior of par-
ticles.''% As the time at which the correlation starts to decay is an indication of
the size of the particles, both the Mag@nSiO,@mSiO, and
Mag@nSiO,@mSiO,@PEI have the same hydrodynamic size in the beginning. Af-
ter the particles were placed in a magnetic field for one hour, the correlation curve
for the non-functionalized Mag@nSiO,@mSiO, particles is significantly shifted to
the right with remarkably longer decay time (t, 10° ps), compared to the curve for
the PEI-functionalized particles (10* ps). This indicates that large aggregates of the
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non-functionalized particles have formed, since the signal will decay more slowly
if the particles are large and the correlation will persist for a longer time before
decaying. The additional plateau in the decay time range from 10* ps to 10° ps
before the correlation reaches zero, further affirms the presence of large aggre-
gates. The same result could be observed visually in Figure 20b, with a more rapid
sedimentation of the Mag@nSiO,@mSiO, particles, again confirming magneti-
cally induced aggregation of these particles to large clusters with, as a result, a
faster sedimentation and separation rate by the magnetic field.
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Figure 20. Magnetically induced aggregation of Mag@nSiO.@mSiO; in cell media as com-
pared to Mag@nSiO,@mSiO,@PEL (a) Autocorrelation function, measured by DLS, for
both of the particles before and after being in contact with a magnetic field for one hour. (b)
Mag@nSiO.@mSiO@PEI (“PEI”) and Mag@nSiO,@mSiO; (“no PEI”) as freshly dispersed
in cell media, and after being placed on a magnetic field for 2 s and 20 s. Adapted from Paper
L

In order to demonstrate that results obtained from fluorescence- and reflec-

tion-based measurements are comparable if no particle aggregation occurs, HeLa
cells were incubated with the well-dispersable Mag@nSiO,@mSiO,@PEI particles
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and analyzed by flow cytometry after various internalization times, as presented in
Figure 21. The external magnetic field could greatly enhance the cellular uptake es-
pecially after short incubation times. Nevertheless, even after three hours of incuba-
tion, the effect of the magnetic field was significant. After 24 h of incubation, no dif-
ference owing to the magnetic field could be detected, since the amount positive cells
even without a magnetic field reached 100%. On the basis of the results obtained, it
is apparent that particle aggregation led to the erroneous determination of cell inter-
nalization in the case of Mag@nSiO,@mSiO,. Aided by PEI-functionalization,
Mag@nSiO,@mSiO,@PEI particles can maintain high suspension stability even un-
der biologically relevant conditions. The hyperbranched PEI-layer acts to slow down
and/or prevent aggregation of the particles also in the presence of a magnetic field.
At the same time, previous studies'®"'** have as well shown that the positively charged
PEI-coating enhances the cellular uptake by its alleged strong interaction with the
cell plasma membrane. Hence, in the present case, the surface PEI-functionalization
possesses a dual functionality for the cellular labeling of the particles.
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Figure 21. Time-dependency, of the magnetically induced cellular uptake of the nicely dis-
persed Mag@nSiO,@mSiO,@PEI particles, demonstrates the ability to compare measure-
ments based on both fluorescence and reflection when no particle aggregation occurs.
Adapted from Paper L.

The Mag@nSiO,@mSiO,@PEI particles were further evaluated by MRI.

HeLa cells were again labeled with the particles at a concentration of 10 pg/ml for
different time intervals with/without the presence of an external magnetic field,
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and measured on a clinical 3 T MRI instrument. T>-weighted phantom images
(Figure 22a) clearly show the T shortening effect (signal loss), which demon-
strates that the Mag@nSiO.@mSiO,@PEI particles were efficiently taken up by
HeLa cells and served as a contrast agent for the labeled cells being visualized by
MRI. Moreover, the extent of T, shortening shows the same trend (Figure 22b) of
dependency on the labeling time and the magnetic field, as already demonstrated
with flow cytometry. A 6-fold increase in 1/7T value, for the labeled sample com-
pared to the control sample, is seen after only 30 min when a magnetic field is
applied. The 1/T, value increased to almost 7-fold compared to the control cells
after 1 h of treatment time, whereafter no significant further enhancement caused
by the magnetic field can be observed at the 3 h time-point, revealing a saturated
enhancement of MRI signal at this particle concentration. An incubation time of
24 h was most often presented in similar MRI studies where cell labeling were
involved.'**'% This further confirms the significant advantage of a magnetic field,
for efficiently enhancing the cellular labeling and decreasing the incubation time,
in the same time as demonstrating the core-shell particles functionality as contrast
agents for MRI.
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Figure 22. MR imaging of labeled cells as a function of treatment time with and without
the presence of an external magnetic field. (a) MRI phantom images and (b) 1/T values,
derived from the images, as a function of various labeling time points. The same concen-
tration of HeLa cells (1.5 x 10° cells/tube) were used for all of the samples. Adapted from
Paper I.
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5.2.2 Evaluation of surface-adsorbed PEG-PEI copolymers

As demonstrated above, surface modification of nanoparticles is essential in or-
der to prevent aggregation of particles and thus increase their biocompatibility,
as well as enhance the cellular affinity. Except the already discussed surface-
grown hyperbranched PEI-polymer, also adsorbed polymers such as PEI and
PEG (polyethylene glycol) are used either separately or as block-copolymers. Es-
pecially PEG polymers are widely applied since they have been shown to prolong
the circulation time in the blood stream as a result of their so-called ‘stealth’

properties,'**'7

which means that they help in reducing the amount of plasma
protein adsorption on the particle surface, which further reduces the probability
of the particles being removed by the body’s defense mechanisms.'”" PEG has a
neutral charge and thus prevents aggregation by providing a steric barrier."”>'”
The PEG polymers have not shown any toxicity in vivo (shown for PEG with a
molecular weight >1 kDa),"”* and several PEG-coated drugs are used in the clin-
ics or are in clinical development.'””> PEI-polymers are also commonly applied
due to a number of advantageous properties, as already discussed in section 5.1.
Commercial high molecular weight PEI (25 kDa) is thus well-known to be cyto-
toxic,"*"””however, it has been demonstrated that PEI in combination with silica
nanoparticles is readily reducing the cytotoxicity, even at very high particle con-
centrations.”” Even though these two polymers are often used together as block-
copolymers, these copolymers and their interaction with the particle surface as
well as the environment are often not investigated in detail. In publication II
two PEG-PEI copolymers with different grafting ratios have been synthesized
and comprehensively studied to provide a solid rationale for utilizing these as
surface modifiers and stabilizing agents of nanoparticles with focus on biomed-
ical applicability.

Non-porous silica particles, with a size of 100 nm, were used as model par-
ticles for this study in order to reduce the complexity of the adsorption process
that would occur on porous surfaces. Copolymers were prepared from PEI (25
kDa) grafted with PEG (5 kDa) at two different grafting ratios. The PEG-PEI graft-
ing ratios for the two synthesized copolymers, abbreviated mPEGi,.-PEI and
MPEGng-PEI, were studied and shown to be 2 and 30, respectively. For both of
the copolymers a concentration of 7.5 wt% was found to be the optimal level for
dispersing and stabilizing the silica particles. The adsorption mechanism of the
copolymers on the particles, in comparison to plain PEI, were studied and revealed
a clear difference between high and low PEG grafting ratios. Weaker interaction
was observed for mPEG...-PEI than for plain PEI adsorption, which was shown to
be due to lower amine accessibility. The weakest interaction was thus observed for
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mPEGyg-PEI adsorption as a result of further decay of free amine groups with
increasing PEG ratio. This demonstrates that the electrostatic adsorption provided
by the amine groups of PEI is stronger compared to hydrogen bonding provided
by PEG. Besides this, the architecture of the adsorbed copolymers changes from
PEG chains stretching out from the surface to PEG chains contributing to the ad-
sorption (Figure 23a), and as a result, this portion of PEG does not take part in the
steric stabilization as polymer chains extended from the particle surface do. Con-
sequently, higher PEG grafting ratio does not enhance the colloidal stability of the
particles, as was further investigated in the presence of salt and serum protein to
mimic physiological conditions (Figure 23b and c). No significant difference in
flocculation behavior were observed between particles coated with mPEG,,,-PEI
and mPEGyg-PEI in presence of salt, and both were colloidally stable up to 0.15
M NaCl, which is equivalent to the ionic strength of physiological media. On the
contrary, aggregation was observed for particles coated with plain PEI, as also ex-
pected, due to the ionic shielding of the charges that contribute to the electrostatic
stabilization. Furthermore, the acclaimed ‘stealth’ effect of PEG was studied for
both of the copolymer coatings in comparison to plain PEI coating, with Bovine
Serum Albumin (BSA) as protein source. The result showed that PEG reduced the
adsorbed amount of protein compared to PEI only. However, a clear-cut effect in
the degree of protein adsorption prevention by PEG could not be observed, even
due to a 15 times higher PEG ratio of the mPEGyg-PEI polymer than the
mPEGi,,-PEL This is in line with the study by D. Desai et al.,"* who also concluded
that a PEGylation of a PEI-grafted silica particle lead to very slight reduction in
serum protein adsorption.
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Figure 23. Presentation and characterization of mPEG,,-PEI and mPEGy,g,-PEI coated par-
ticles in comparison to plain or PEI-coated particles. (a) Schematic illustration of the
mMPEGu,-PEI and mPEGg-PEI polymers adsorbed on the particles, (b) change in hydrody-
namic diameter of the particles with the different coatings as a function of NaCl concentra-
tion, and (c) adsorbed BSA amount on the particles at two different time points. Modified
from Paper IL.

Finally, confocal microscopy imaging of HeLa cells incubated for 4 h with
non-coated and copolymer-coated FITC-labeled particles was carried out in order
to compare the findings from the detailed characteristic investigation with the par-
ticle behavior in real cellular conditions. A clear difference in intracellular pattern-
ing after uptake was observed (Figure 24), where the final dispersibility of particles
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coated with mPEG.-PEI was significantly higher than those coated with
mPEGyg-PEL One reason for this might be the difference in the net surface
charges, as the particles coated with mPEGyz,-PEI are close to neutral both in the
absence and presence of proteins, while the mPEG,,.-PEI coated particles are neg-
atively charged in the presence of proteins and this also contributes to electrostat-
ically stabilize the particles. Another explanation might be due to the PEG chains
taking part in the adsorption process in the case of higher PEG grafting ratio and
hence not stretching out from the particle surface, which consequently might lead
to a less efficient molecular cushioning effect. Also, the non-coated particles ap-
peared aggregated, which confirms the need of surface functionalization for par-
ticles intended for applications in biological systems.

Non-coated | mPEG,,,,PEI MPEGgnPEI

Figure 24. Confocal fluorescence images of cells labeled with plain or copolymer-coated flu-
orescent particles. The cell nuclei were stained with DAPI (blue). Modified from Paper II.

These results clearly demonstrate that it is the effective amount of PEG
chains exposed on the particle surface with the correct conformation that is im-
portant rather than the total concentration of PEG, which further suggest that an
optimal amount of PEG for a specific system exists. The PEI amount of the copol-
ymer is also crucial in order to provide efficient electrostatic stabilization. The
electrostatic interaction of PEI is the reason for the highest protein amount ad-
sorbed on PEI-coated particles. Adsorption of such charged species can either
counteract or aid in the electrostatic stabilization mechanism and consequently,
in the best-case scenario, benefit the cellular internalization process. Thus, careful
tuning of the surface functionalization and its subsequent interactions with the
nanoparticles and the environment, under the conditions presenting the milieu of
the intended application, is required for evaluation of the utilization of a specific
surface coating.
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5.3 Means of functional utilization of photonic interaction
Non-invasive bioimaging techniques are powerful tools for in vivo imaging, and
are successfully applied in academic research and clinical trials, as discussed in the
literature review part of this thesis. In research, fluorescence imaging is the most
widely applied visualization method,"”® and is often applied to monitor biological
processes as they take place, such as the tracking of specific cells and interaction
of biological macromolecules. Also processes like cell signaling have been docu-
mented in real-time, by combining pairs of fluorescent proteins able to undergo
fluorescence resonance energy transfer (FRET).'” Further, fluorescence methods
are widely applied to track and evaluate nanoparticles in biological systems, such
as in cells. The emerging field of molecular imaging'**'® has enabled visualization
of molecular processes in living organisms on cellular level, and proved its effi-
ciency for diagnosis of various diseases. Molecular imaging techniques require ad-
ministration of a contrast agent prior to an imaging procedure in order to improve
the quality of the generated images.” These contrast agents, which are suitable for
recognizing structural alterations (lesions) in tissues, are typically small molecules
capable of crossing the blood-tissue barriers.”" However, a major drawback asso-
ciated with conventional imaging methods is the failure to accurately differentiate
between the signals originating from the contrast agent still circulating in the
blood stream and the signals originating from surrounding tissue. A method al-
lowing for in vivo differentiation between these signals would allow for a radically
improved contrast between tissue and blood. In order to increase the range of
these kinds of biological questions that can be tackled, experimental approaches
and labeling methods have to continually be improved.

In the two following sections two different means of functional utilization
of photonic interactions are presented. In the first study a FRET-system was im-
plemented, to study the feasibility of using nanoparticles to catch and re-
move/quench (i.e. scavenge) a specific tracer compound directly in the blood cir-
culation in an animal model. As discussed above, the background signal from the
main portion of imaging agent that has not crossed the blood-tissue barrier can
severely hamper the imaging, and in order to clear these background signals from
the blood circulation, the “scavenger particles” were developed. In the second
study, the efficacy of photonic interaction was demonstrated intracellularly, for
redox-induced delivery of an active compound from a nanoparticle-based plat-
form. Normally it is not possible to monitor the intracellular release of non-toxic
compounds (such as siRNAs) directly, where an indirect read-out based on the
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cytotoxic action cannot be measured. This hampers the validation of novel deliv-
ery platforms. Thus, a reporter system based on the FRET-approach was presented
here, for in-real-time monitor the compound cleavage intracellularly.

5.3.1 Interaction between tracer and scavenger for enhanced molecular
imaging

Contrast agents utilized for imaging purposes are substances that temporarily
change the way electromagnetic radiation interact with internal structures or tis-
sues,'®* thus making any structural changes in a damaged organ’s tissue clearly dis-
tinguished from the surrounding healthy tissue. A multitude of different contrast
agents already exist, which have the ability to provide for a high contrast that con-
sequently help in correctly diagnosing a medical condition. Certain contrast agents
are capable of crossing an intact blood-tissue barrier, but leakage of the contrast
agent from blood to surrounding tissue is significantly more pronounced when the
blood-tissue barrier is disrupted. Since disruption of a barrier occurs locally at dis-
ease sites,'®>'® such as in tumors or due to inflammation, leakage and accumulation
of the contrast agent at the particular site is indicative of a pathological condition.
Due to the problem of discerning the emitted signals from the contrast agents in the
blood flow and in the tissue, an efficient detection of tissue changes is restricted to
places where the structural changes have already affected relatively large regions.
Consequently, specific pathological conditions, such as cancer or Alzheimer’s dis-
ease, are often medically diagnosed at a rather late stage.'” ' There is an extensive
research going on for developing new molecules and particles for use as contrast
agents, as highlighted in the literature review part of this thesis. A lot of attention is
also focused on making these new compounds able to cross blood-tissue barriers,
such as the blood-brain barrier which is especially known for not being permeable
to a variety of molecules."'*> As a result, there is a need for a novel method of re-
moving/decreasing the excess contrast agents from the blood circulation, which
could increase the contrast between tissue and blood, and consequently, increase the
probability of early diagnosis of various diseases.

To address this issue, a tracer-scavenger system was developed in publica-
tion III to investigate the potential of silica nanoparticles to scavenge a specitfic
tracer compound (and quench its fluorescence) directly in the blood circulation
in mice. For this study, the PEI-functionalized silica core-shell particles,
nSi0,@msSi0,, were utilized to provide for a flexible nanoparticle-platform where
the silica core can be exchanged to some other inorganic colloidal material, such
as a magnetic core for a magnetic tracer-removal system that could itself be traced
with MRI, or any other inherently detectable core for imaging. In case of a mag-
netic core, the size of the core is optimal for both a strong magnetization and a
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high contrast in MRI, as demonstrated in publication I. To choose the right size
of the particles intended for a specific application is crucial in many ways, not least
for the biodistribution of the particles.’”® As commonly known, particles with a
diameter less than 200 nm tend to have prolonged blood circulation time and are
more favorable for crossing disrupted blood-tissue barriers (“passive targeting”)
via the enhanced permeation and retention (EPR) effect.'*

Thus, particles with a size of approximately 200 nm were chosen, to support
optimum circulation time, but large enough to rather stay in the blood circulation
than easily extravasate into the leaky vasculature through disrupted blood-tissue
barriers. The core-shell particles were further functionalized with a high degree of
surface-grown PEI, as demonstrated and evaluated in publication IV. These
nSiO,@mSiO,@PEI particles obtained a high positive charge (+41 mV) in HEPES
buffer (25 mM, pH 7.2), and were fully dispersible with a hydrodynamic diameter
of 350 nm.

The high surface-concentration of reactive amino-groups was utilized for
further surface-functionalization with streptavidin. The high affinity biotin-strep-
tavidin binding system was selected to be used as model molecular linker for the
scavenger-system, since this interaction is one of the strongest non-covalent bond
known in nature,” and has been successfully used for many bioapplications.'**'*
However, the bacteria-derived streptavidin has a disadvantage of being immuno-

genic’199,200

which may hamper the translation of this specific system into the clinics.
Streptavidin has several functional groups, including carboxylic acids (-COOH),
which makes it well-suitable to be covalently linked to the primary amines (-NH,)
on the PEI-polymer, via amide bonds. Since streptavidin is negatively charged at
physiological pH, it can also be adsorbed on the positively charged PEI-functional-
ized particles. The adsorption approach was utilized to get an insight on the amount
of streptavidin that can be attached to the particle surface. By titration of streptavi-
din onto the particles, a maximum labeling concentration of 2.5 wt% streptavidin
was determined by UV-absorbance. 2.5 wt% streptavidin was subsequently used for
covalently labeling the particles, resulting in nSiO,@mSiO,@PEI@STV particles. Bi-
otin-labeled dextran was chosen as model tracer compound. The streptavidin and
the dextran were both fluorescently labeled as a FRET-pair, with Dylight 549 and
fluorescein in the form of FITC. The photonic interaction between the scavenger
particles, nSiO,@mSiO,@PEI@STYV, and the biotin-labeled dextran tracer was first
evaluated by stepwise addition of particles to dextran suspended in HEPES buffer
solution, as schematically described in Figure 25a. The results presented in Figure
25b show a clear correlation between the interaction (Ierer /Irrc) and the amount of
free dextran tracer, where the photonic interaction readily increases when the
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amount of free tracer approaches zero. The circled point, after which the photonic
interaction becomes pronounced as evidenced by the steep rise in the slope, corre-
lates to a molar ratio of 2:1 of dextran and streptavidin. Streptavidin has four biotin
binding sites,”*' but since it here is conjugated to a particle it is expected that not all
of the biotin binding sites will be accessible.

“ =SCAVENGER
Dylight-549 streptavidin
conjugated particles
X = TRACER
®  Fluorescein (FITC)- and
biotin-labeled dextran
:;;‘mi""‘ Excitation |. ,.,.rf'"“n
nm P
A8y Sa| Emission 522 nm
¥/ and 569 nm (FRET)
1.0
0.8
c
o
2
o
£ B 064
2 .x
£ =
L) [
2 Eos
o — A |
2
=]
=
o
0.2
0'0 T T T T T

T
10 20 30 40 50 60 70
Free tracer
Dextran/STV-particles [mg/g]

o

Figure 25. Photonic interaction between dextran tracer and silica scavenger particles by
streptavidin-biotin binding in vitro, as measured by FRET. (a) A schematic illustration of
the process, where the initial solution of fluorescein- and biotin-labeled dextran give rise to
green emission only, while after addition of Dylight 549-streptavidin conjugated particles the
green emission decreases and red emission increases. (b) The photonic interaction (Irger /
Irirc) increases with higher amount of particle-bound tracer. The circled point correlates to
a molar ratio of 2:1 of dextran and streptavidin. Adapted from Paper II1.

In the literature, it has been demonstrated that functionalizing the PEI-
coating with succinic acid groups (“succinylation”) decreases protein adsorption
on the particles,”” since the zwitterionic nature of this coating provides better
stealth properties. Thus, succinylation was also investigated for the scavenger par-
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ticles, and is presented in detail in publication III. However, the succinylated par-
ticles were not as good scavengers for the dextran tracer as the ones only PEI-
functionalized, and therefore they were not considered for the in vivo study.

After intravenous injection of the dextran tracer in mice, with subsequent in-
jection of the scavenger particles, the chemical and photonic interaction of the two
compounds could be visualized (as schematically illustrated in Figure 26a). Chronic
cranial windows were implanted over mouse somatosensory cortex, and shortly af-
ter injection, the scavenger particles as well as their interaction with the tracer was
imaged. As nanoparticles moved in the blood circulation with a high speed, the best
approach for detection was by using line-scans (Figure 26b). The tracer fluorescence
was more pronounced than the scavenger fluorescence, due to the fact that the dex-
tran tracer filled most of the available volume of blood vessels. Consequently, the
best approach for detection of the interactions between tracer and scavenger was to
observe the increase in the ratio of fluorescence between the Dylight549 and fluo-
rescein channels on individual nanoparticles. This is analog to the increase in ac-
ceptor fluorescence observed in the FRET photonic interaction, in environments
where the conditions for FRET are optimal. Microscopy images in Figure 26c¢ rep-
resent examples of nanoparticles detected with line profile scanning. The red color,
in the lower image, confirm the strong photonic interaction between the scavenger
and the tracer labeled with biotin, as compared to only yellow color, in the upper
image, when the tracer was not labeled with biotin and thus no interaction occurred.
A statistically significant shift in fluorescence was detected, towards the scavenger
fluorescence (Dylight549 channel) in experiment with biotin-fluorescein-labeled
tracer, set against experiment where the tracer was only labeled with fluorescein and
no biotin (p=0.00377), as can be seen in Figure 26d. This means that the streptavi-
din-functionalized particles could recognize and bind the biotin-labeled dextran
tracers, and the strong interaction between these led to an in real-time detectable
physico-chemical interaction in the blood circulation in mice. This study shows the
capability of the produced nanoparticles to scavenge specific tracer compounds in
vivo, which subsequently can provide for an efficient method to remove and/or
quench excess contrast agents from the blood circulation prior to an imaging ses-
sion. Such a method would allow for better contrast of signals originating from the
tissue area of interest and the signals originating from the blood circulation. As a
result, this kind of system could enhance the probability of earlier diagnosis of var-
ious diseases.
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Figure 26. Photonic interaction between dextran tracer and silica scavenger particles in vivo.
(a) Schematic illustration of the interaction between tracer and scavenger in a blood vessel.
(b) Examples of mouse cortical vessels used for visualization of tracer; fluorescein (FITC)-
and biotin-labeled dextran (left panel), and scavenger; Dylight549- and streptavidin-labeled
nanoparticles (middle panel) in vivo. Merged image is shown in the right panel. Red line in
the left panel represents a line-scan along the vascular lumen used to detect and analyze
nanoparticles. Red arrow in the right panel shows example of nanoparticle detected in the
typical 2D plane image. (c) Examples of nanoparticles detected with line profile scanning,
where the tracer (FITC) and scavenger (Dylight549) channels are superimposed. The images
comprise stacks of individual line-scans (as shown in (b)), with time shift on the x-axis and
distance on y-axis, resulting in nanoparticles detected in the form of lines. The lower image
represents an experiment where the dextran tracer is labeled with biotin (Biotin “+”), while
the upper image presents a control experiment where the tracer has no biotin (Biotin “-“). A
more reddish hue of nanoparticles in the presence of biotin is noted. (d) Analysis of the
change in the ratio between FITC and Dylight549 channels in experiments with (Biotin “+”)
and without (Biotin “-“) biotin. In the presence of biotin on the dextran tracer we observed
statistically significant shift of ratio towards scavenger (STV-Dylight549) channel highlight-
ing physical and chemical interaction between dextran tracer and silica scavenger particles
in vivo. Adapted from Paper I1I.
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5.3.2 Intracellular redox-induced release of active compound
As demonstrated above, photonic interactions can be used as a convenient tool
for studying and evaluating processes in biological systems, which can be very
challenging to study by other means. Especially in the recently emerging field of
intracellular delivery of active compounds by nanoparticles, the release is typically
measured indirectly, normally by determining the cellular response, such as the
viability of the treated cells. Thus, the evaluation of non-cytotoxic cargo release as
well as the time-course of it is limited. A method allowing for directly monitoring
of the intracellular release would be highly desirable, since the release mechanisms
determined under in vitro conditions rarely can be directly translated to actual
biological or physiological (in vivo) conditions. Thus, in publication IV, a FRET-
reporter system was developed to directly follow the time-course of intracellular
release of a redox-cleavable model drug compound from a nanoparticle platform.
Here, the same PEI-functionalized silica core-shell particles, nSiO,@mSiO,,
as used in the study presented above, were synthesized and utilized as delivery plat-
form. The FRET-reporter system was established by covalently attaching two fluor-
ophores, a donor and an acceptor acting as a FRET-couple, to the particle surface,
by employing a redox-cleavable bond for the acceptor compound. The donor mol-
ecule, FITC (fluorescein isothiocyanate), was coupled through a stable isothiocya-
nate bond to amino-groups on the PEI-polymer. Subsequently, the acceptor mole-
cule, sulfo-rhodamine (sulforhodamineamidoethyl mercaptan), was coupled to the
particle surface through a redox-labile disulfide bond. This was introduced using
SPDP (Succinimidyl-3-(2-pyridyldithio)-propionic acid) as a linker between sulfo-
rhodamine and the amino-groups. Thus, a decrease in FRET signal intensity re-
ported on redox-induced acceptor compound release. A schematic illustration of
the coupling and cleaving procedures is presented in Figure 27.
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Figure 27. A schematic diagram representing the coupling procedure for the acceptor com-
pound, with subsequent detection, as well as loss, of the FRET-signal. The donor compound
fluoresceine (as FITC) was stably coupled to the amino-functionalized particle surface, while
the acceptor rhodamine (Rh-SH) was covalently linked via a redox-sensitive disulfide linker.
The redox-induced disulfide cleavage inside the cell, endowed for the loss of FRET-signal.
Adapted from Paper IV.

The surface concentration of the donor and the acceptor molecules were
evaluated in order to optimize the degree of FRET signal. At first, particles were
conjugated with a range of different FITC concentrations between 0.0001 wt% and
1 wt% and the recorded fluorescence intensity was compared to establish the high-
est concentration that does not lead to self-quenching (Figure 28a). The fluores-
cence intensity rapidly increased up to 0.1 wt%, afterwards it dropped due to a too
high density of FITC molecules. The FITC concentration was therefore fixed at
0.01 wt%, which was one order of magnitude below the concentration that led to
self-quenching, to also leave enough space for the acceptor molecules. Next, the
optimal concentration of acceptor sulfo-rhodamine molecules was evaluated by
confocal microscopy, to in the same time validate the sensitivity of this instrument
for the following cell study. Particles with decreasing donor:acceptor ratios were
imaged, and the FRET level determined as a FRET-ratio index. Increasing the
amount of acceptor relative to the donor up to 10-fold increased the FRET suc-
cessively (Figure 28b). In order to have a high starting FRET-level and thus better
dynamic range for detecting compound cleavage, the particles with the highest
donor:acceptor ratio of 1:10 were chosen for further study.
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Figure 28. Optimization of the donor and acceptor concentrations on the particle surface.
(a) The fluorescence intensity of particles labeled with different concentrations of FITC
was determined in order to establish an optimal FITC concentration for the final labeling.
If a too high concentration of FITC-molecules were conjugated, the intensity dropped due
to self-quenching. The circle represents the FITC-donor concentration chosen for the la-
beling of the subsequent FRET-reporter particles. (b) Microscopy images, with correspond-
ing histograms, of particles labeled with different donor:acceptor ratios. The control sam-
ple is a 1:1 mix of particles labeled with only donor or acceptor-fluorophore. High-FRET
levels are shown in black and low-level FRET in yellow. The dotted vertical line in the
histograms represents the control FRET-ratio level, while the solid line marks the high
FRET maximum of the histogram of the particles with highest relative acceptor-concen-

tration. Modified from Paper IV.
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HeLa cells were incubated with the high-FRET (1:10) particles at a concen-
tration of 20 pg/ml for different time intervals to investigate the intracellular cleav-
age by FRET imaging. Figure 29a reveals a significant loss of FRET over time,
while particles with a non-cleavable FRET-pair did not show changes in the FRET
even after 24 h (as shown in publication IV). To relate this to the rate of particle
internalization, Hela cells were incubated with the same concentration of particles
at the same time intervals, and the extracellular fluorescence was quenched by try-
pan blue prior to flow cytometry analysis (Figure 29b). A complete shift of the
histogram shows that most of the cells had internalized particles already after one
hour. After 24 h of incubation the intensity histogram had shifted approximately
4-fold. The correlation between the time-courses of particle internalization and
compound cleavage revealed that, for this particle system, internalization depends
linearly on the incubation time after the first hour of incubation, while cleavage
from internalized particles occur much faster and is even most pronounced within
the first hour (Figure 29c). With such a FRET-reporter system presented here,
cargo-compound release could be directly monitored upon particle internaliza-
tion, benefiting the indirect read-outs that are based on the cytotoxic cellular ef-
fects from the released compounds.
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Figure 29. Intracellular evaluation of the developed high-FRET particles. (a) Microscopy
images, bright-field and FRET in parallel, with corresponding histograms of the FRET-ratio
per pixel, of cells incubated with particles labeled with a donor:acceptor ratio of 1:10. A clear
loss of FRET over time can be distinguished from the histograms. (b) Cellular uptake of par-
ticles, measured by flow cytometry, at corresponding time intervals as presented in Figure
(a). The shaded area represents the control cells without particles. An increasing particle
uptake is seen by higher fluorescence intensity values (right-shift) of the histograms, over
time. (c) In order to facilitate the correlations between internalization, i.e. the particle uptake
presented in (b), and acceptor compound cleavage, determined from the FRET-ratio values
of the histogram peaks in (a), these are plotted on the same time axis. The graph shows that
particle uptake into cells is highly efficient and that intracellular redox-mediated cleavage
occurs shortly after internalization. Modified from Paper IV.

5.4 Means for delivery of active substances in biological systems

As discussed in the literature review part of this thesis, the encapsulation of drugs
and imaging agents into porous inorganic nanoparticles has expanded as a field of
study, due to the realization that they can carry a large amount of cargo and pro-
tect it from degradation or loss of activity in the biological environment, as well as
in some cases provide for a sustained release. Especially silica nanoparticles have
attracted much attention as being one of the most biocompatible drug carriers.
Silica has a high surface area that makes it possible to incorporate an amount of
drug equal to the particle’s own weight.** Since silica is a hydrophilic material,
and the dispersability of such nanoparticles can further be enhanced by the right
surface functionalization, mesoporous silica nanoparticles (MSNs) have recently

been highlighted as ideal carriers for poorly water-soluble molecules.?***%
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In the two following studies, different means of delivery of active substances
by MSNs in biological systems have been highlighted. In the first study, we have
designed a range of different MSN-dye formulations and evaluated their potential
as optical probe systems intended for long-term labeling and tracking of cells. Af-
ter thoroughly investigation of the dye-incorporated MSNs in cellular models,
with focus on arriving at an optimal design, the most suitable candidates were
evaluated and followed over time on the chorioallantoic membrane (CAM) of de-
veloping chicken embryos, as well as in mice, by xenotransplantation of labeled
cells. The CAM model is emerging as a useful in vivo model system to assess tumor
angiogenesis, progression and metastasis.””” Still, the mouse is one of the most
widely used model organism, due to its similarity to humans, and pre-labeled hu-
man cells can be transplanted into these animals by xenotransplantation, which
currently is the only experimental system for tracking human cells in animals.'”
In the second study in this chapter, the possible beneficial treatment effect of
MSNs loaded with the hydrophobic anti-inflammatory drug dexamethasone was
investigated on two differently induced lung inflammation models in mice by in-
halation of the particles.

5.4.1 Dye-loaded container particles for long-term optical tracking of cell
populations

Dye-incorporated MSNs were comprehensively investigated in publication V for
long-term detectability and cellular retention. The cell populations labeled with
the here developed fluorescent optical probes were followed for one week in vitro
and up to one month in vivo. Two different sizes of MSNs (Figure 30) were used
as carriers for commercially available hydrophilic and hydrophobic fluorophores,
MSN g0 (approx. 100 nm in diameter) and MSNsy (approx. 300 nm in diameter).
MSN particles were utilized as carriers for hydrophobic dyes, while MSN3, par-
ticles were employed as carriers for hydrophilic dyes in order to be comparable to
earlier studied MSNs of similar designs.®>*"''® In order to provide a more compat-
ible environment for the hydrophobic dye cargo, the MSN; particles were hydro-
phobized via two different routes. The particles were further PEI-functionalized
to ensure proper dispersability and enhance the cellular internalization. The par-
ticle designs are briefly summarized in Figure 30g.
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Figure 30. Characterization of the two differently sized MSNs. (a) SEM image of MSN 0,
(b) SEM image of MSNsg, (c) TEM image of MSNig, (d) TEM image of MSNo, (e) hydro-
dynamic size distributions of the MSNs, (f) zeta potential measured in HEPES buffer at pH
7.2, (g) schematic representation of the particle designs. Modified from Paper V.

Commercially available fluorophores, which are widely used in bioscientific
research, were chosen for the study. As hydrophilic dyes, fluorescein and rhoda-
mine were used in the form of free fluorescein and rhodamine B, as well as in their
amine-reactive forms, FITC (fluorescein isothiocyanate) and TRITC (tetra-
methylrhodamine isothiocyanate). As hydrophobic counterparts, lipophilic car-
bocyanine dyes of similar emission wavelengths were chosen, namely DiO and
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Dil. Different routes of incorporating the fluorophores were employed, as sum-
marized in Scheme 1. The hydrophilic dyes were either incorporated in the silica
matrix already in the synthesis step of the particles (F-1,2,3 and R-1,2), adsorbed
in the porous particles before (F-5,6 and R-3,4,5) or after PEI-functionalization
(F-4 and R-6,7), or conjugated to PEI-functionalized particles (F-7,8 and R-8,9).
The hydrophobic dyes were adsorbed into the porous particles after or during
PEI-functionalization. The starting particles used for the hydrophobic dye cargo
were either all silica (MSNye: I-3,5 and O-5), aminofunctionalized
(MSN1p0APTES: 1-1,4,6,8,9 and 0O-1,3,6,7,8,9,11), or phenylfunctionalized
(MSN10PhTES: I-2,7 and O-2,4,10) to gain hydrophobic properties. As a last step,
hydrophobization in gas phase was carried out for those hydrophobic dye carriers
that had not been loaded into already hydrophobized MSNs (I-4,5,8,9 and O-
6,7,8,11).
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Scheme 1. Overview of the dye incorporation and surface functionalization procedures.
Modified from Paper V.
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All the different MSN-dye formulations were characterized based on flu-
orescence to assess the limitations and considerations with fluorophores as
well as to serve as a basis for further studies. The particles were dispersed to 1
mg/ml in HEPES buffer and their maximum peak intensity was recorded on a
fluorescence spectrometer (Figure 31a-d). The maximum fluorescence inten-
sities are not correlated to the loading degrees of the dyes, as demonstrated by
comparing to the amount loaded dye (Figure 31e). The loading degree was de-
termined for the most interesting samples based on UV-vis absorbance after
complete elution of dye for loaded fluorophores, or dissolution of the MSN-
dye conjugates for covalently attached fluorophores. The large difference in
fluorescence intensity between sample F-1 and F-2, though same amount of
fluorophore (same base particle), can be explained by the surface coating of F-
2 with PEI, which creates a local pH-effect that lowers the fluorescence inten-
sity of fluorescein.'” Too high dye loading degrees result in self-quenching
phenomena. This is thus not the case for samples F-4 and R-5, where fluores-
cein and rhodamine have been adsorbed into MSNs (fluorescein into ready-
made PEI-MSN which allows for high loading degree), and as consequence
leading to a rapid desorption of the dyes in aqueous solution since the solvent-
dye interactions become more favorable. In this case the self-quenching effect
is absent, since it is the free dyes being measured and giving rise to high fluo-
rescence intensity. The samples F-7 and R-8, where FITC and TRITC have
been conjugated to PEI-MSNS, give rise to fluorescence intensities in line with
the amount conjugated dyes. The hydrophobic dye molecules are not expected
to leach out from the MSNs in aqueous solvents, as also evidenced by the nearly
non-existent fluorescence intensities of the pure dyes at corresponding dye
concentrations under aqueous conditions (samples “pure”). For samples O-4
(DiO) and I-7 (Dil) hydrophobized (MSN1o0PhTES) carriers were used, which
provided a highly favorable environment for the dyes to fluoresce, thus exhib-
iting a high fluorescence intensity despite a low loading degree. On the con-
trary, the dye loading degree was higher for the sample I-4 (MSN 4 APTES car-
rier), which resulted in self-quenching of the dye molecules, and a lower fluo-
rescence intensity. Apparently, the phenyl-functionalized MSNs did not en-
hance the loading of the hydrophobic dye molecules (O-4 and I-7) as com-
pared to the amino-functionalized MSN (I-4) suggesting that hydrophobic in-
teractions may not be dominant in the adsorption process.

Consequently, amino-functionalized MSNs were chosen to investigate
at which loading degree the self-quenching effect becomes critical. A range of
dye concentrations were loaded into the MSNs and the recorded fluorescence
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intensity compared (Figure 31f). At low dye loading degrees, the resulting flu-
orescence intensity of the suspension rapidly increased up until 0.5 wt%, and
after 1 wt% dramatically decreased to very low intensity values when exceeding
5 wt%. Each increase in loading degree was also accompanied by a shift in
maximum intensity wavelength (Figure 31g,h). This suggests that self-quench-
ing phenomena occur also at low loading degrees, as a shift to higher wave-
length is associated with an energy drop, i.e. less energy states are allowed to
emit. This can also be understood, since a doubling in loading degree does not
lead to a doubling in resultant intensity. The outcome here can be compared
to the results obtained when the surface concentration of FITC was evaluated,
as presented in Figure 28a, in order to establish the highest concentration that
did not lead to self-quenching. There, the fluorescence intensity rapidly in-
creased up to 0.1 wt%, whereafter it dropped due to self-quenching. A reason
for the ten-fold increase in the dye-amount that did not lead to self-quenching
in this present study, is ascribed to the difference in the high internal surface
of a porous particle, compared to the much lower surface area available on the
outer particle surface, which consequently places the dye molecules in closer
proximity. This, in addition to reasons attributed to the differences in dye
properties.
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Figure 31. Fluorescence characterization of the dye-loaded MSNs presented in Scheme 1.
(a)-(d) Fluorescence intensities for particle suspensions, (e) fluorophore content per particle
mass, (f) fluorescence intensity as a function of hydrophobic fluorophore loading into amino-
functionalized particles, (g) and (h) shift in maximum emission wavelength as a function of
Sfluorophore loading into the MSNs presented in (f). Modified from Paper V.

To further investigate how the different MSN-dye formulations behave as
cellular labeling agents, the most promising candidates were used to label human
breast cancer MDA-MB-231 cells, followed by flow cytometry assessment for five
days. Due to the laser option of the specific instrument used, the MSNs loaded
with green hydrophilic and hydrophobic dyes were chosen for this part of the
study. Both the %positive cells as well as the mean fluorescence intensity (MFI)
were considered to get an idea of the intracellular retention of label versus the di-
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lution of label upon cellular division. For the hydrophilic series, most of the sam-
ples followed typical cell proliferation behavior with dilution upon division. The
MDA-MB-231 cell line is an aggressive type with a high proliferation rate (cell
population doubles in 24-36h), which were clearly reflected in their %positive cells
versus time profiles as S-shaped curves, in line with the MFI versus time graph
where the fluorescence intensity decreases to about half each day. The most prom-
ising samples from the hydrophilic series were sample F-3 and F-6. F-3 was a co-
condensed MSN where the conjugated dye was introduced in the synthesis step,
which results in a homogenous distribution of dye molecules in the silica matrix,
and low possibility of leaching of dye. Sample F-6 was loaded with FITC prior to
PEI-functionalization which most probably led to both efficient encapsulation of
dye molecules as well as conjugation of dye molecules to the PEI-polymer. The
cellular labeling efficiency of the hydrophilic series in comparison to the hydro-
phobic series are investigated and discussed in more detail in publication V.

The most promising MSN-dye formulations in the hydrophobic series were
further compared to a commercially available cellular labeling agent, namely
quantum dots (QDs). The cellular retention and labeling efficiency of these were
followed for one week by flow cytometry complemented with three days of con-
focal microscopy studies (Figure 32). The QDs chosen for the experiment were of
corresponding wavelength as the DiO-MSNs and were reported to have free
amines on the surface. The three selected DiO-MSNs were also the ones which
gave rise to highest fluorescence intensity as stock suspensions (Figure 31c). The
concentration of QDs chosen to label the cells were adjusted to match with the
fluorescence intensity of the DiO-MSN suspensions. The QDs were hardly detect-
able over the control level in flow cytometry, as also complemented by the micros-
copy evaluation where a few green dots were discernible on day one (Figure 32c¢).
The hydrophobic dye-loaded MSNs showed a distinctly different fluorescence in-
tensity profile over time than what was observed for the hydrophilic series. As ex-
pected, the result indicated slow intracellular release of dye, which further accu-
mulates in the hydrophobic parts of the cell, which leads to an enhancement in
fluorescent properties. Due to this even an increase in MFI can be observed from
day one to day two, even though the cells have doubled during the same time,
which also can be seen from the microscopy images. After the first 24 hours the
MFI starts to decrease due to further cell division. The %positive cells is still very
high up to day five, since the prospective sustained release of dye can continue also
after the transfer to daughter cells. This implies a considerably extended retention
effect than what can be accomplished for inherently detectable optical probes, as
for the hydrophilic series.
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Figure 32. Cellular labeling efficiency of MSNs loaded with hydrophobic dye, in comparison
to quantum dots. The particles were followed by flow cytometry up to 7 days (a) and (b), and
by microscopy up to 3 days (c). Adapted from Paper V.

Prior to the in vivo part of the study, the rate of exo-endocytosis of the parti-
cles was evaluated in co-culture assays, in order to evaluate the risk of cellular ex-
change of particles between cell populations. The results indicated that although
exo-endocytosis occurred, the rate of the cellular exchange was very low, and will
thus not give rise to enough false positives to significantly hamper the cell tracking
in vivo (presented in publication V). The MSNs were then further characterized with
the in vivo imaging system (IVIS) both as particle suspensions and labeled MDA-
MB-231 cells to choose the best candidate to study the evolution of the fluorescence
signal in vivo. Cells labeled with sample I-6 (corresponding to sample O-9) gave rise
to a bright signal with this specific setup, and where thus chosen for the in vivo stud-
ies. This sample was dye-loaded as a last step in the MSN-preparation process
whereby complete adsorption (5 wt%) is attained. This high dye loading should pro-
vide for long intracellular release ability over time, which was already confirmed in
the flow cytometry analyses on shorter time scales. MDA-MB-231 cells were labeled
with the selected MSNs, and xenotransplanted subcutaneously into both flanks of 6
nude mice. Tumor growth was followed for 32 days with optical in vivo imaging,
after which the animals were sacrificed, and the organs further analyzed ex vivo. To
verify that cancer cells in the tumor core were also labeled, the tumors were cut in
half prior to image analyses. The tumors were clearly visible during the course of the
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experiments, and still after 32 days the signal was easily detectable (Figure 33a). Ex
vivo analyses confirmed that labeled cells existed throughout the tumor tissue (Fig-
ure 33b). Interestingly, fluorescent cell colonies were detected in the lymph node
and the rib of one mouse, which was later confirmed by histological analysis by un-
biased pathologist (Figure 33c). To further visualize tumor cells in the vasculature
in real-time, labeled cells were transplanted on the chorioallantoic membrane
(CAM) of a developing chicken embryo. CAM allows for imaging of cancer cell in-
vasion and circulation in the blood stream during approximately one week, and is
therefore a valuable in vivo model system. The labeled cells were readily detectable
in real-time as circulating in the blood stream. MSNs loaded with hydrophobic dye
followed by a sustained release were here proven to be an efficient optical probe
system suitable for long-term labeling and tracking of cells. Different dye incorpo-
ration strategies led to considerably deviating cellular labeling efficiency in terms of
detectability and sustainability of the provided signal, than what may have been ex-
pected from characterization of particle suspensions only. The results emphasized
the importance of all preparation and modification steps to be carefully considered
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Figure 33. In vivo imaging of tumor growth of breast cancer cells, labeled with dye-loaded
MSNs, in mice. (A) The xenotransplanted cells were followed for a period of 32 days, (B) and
(C) ex vivo imaging of the isolated organs verified the tumor labeling, and further allowed
for detection of metastatic colonies in lymph node and rib. Adapted from Paper V.

5.4.2 Drug-loaded particles for treatment of airway inflammation by
pulmonary delivery

Numerous benefits can be attained by incorporating molecular agents into carrier

particles for in vivo systems. In publication VI we investigated the feasibility of us-

ing mesoporous silica particles (MSPs) as carriers for anti-inflammatory drugs in
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the treatment of airway inflammation. Corticosteroids, such as dexamethasone
(DEX) used in this study, are well-known to decrease the number of inflammatory
cells in airways and to improve the respiratory function; however, DEX can also
cause unwanted side effects particularly when used at high doses.””®*"! Since DEX is
practically insoluble in water (0.1 mg/ml)*'?* it would be expected that a silica parti-
cle-formulation can enhance the solubility and dissolution rate of the drug.

Two different sizes of particles on the micron and nanoscale (1 pm and 200
nm) were produced (Figure 34) and loaded with DEX to a loading degree of 1:1
DEX:MSP. Both the larger (L-MSP) and the smaller (S-MSP) particles were pro-
duced with modifications from the synthesis reported in Kumar et al.*”’, which
yields highly porous particles composed of a random close packing of smaller pri-
mary nanoparticles. The particles were further surface functionalized with the
PEG-PEI copolymer developed in publication II (presented in chapter 5.2.2) for
optimal aqueous dispersibility also after high drug loading, and in addition, to po-
tentially promote favorable and suppress unfavorable interactions upon admin-
istration via the airways. The amount of DEX in the particles after surface func-
tionalization was measured by elution of DEX from the particles in methanol.
DEX has a high solubility in methanol and is rapidly eluted from the silica matrix.
The amount of drug in the supernatant could thus be calculated through UV-Vis
measurement of the supernatant and reached about 100 wt% for both L-MSP and
S-MSP, which shows that the drug was still retained in the silica matrix during the
PEG-PEI functionalization done in buffer solution.

r

Hydrodynamic diameter | nm

Figure 34. Characterization of the large (L-MSP) and small (S-MSP) particles. (a) SEM im-
age of the L-MSP, and (b) SEM image of the S-MSP, reveal spherical mono-dispersed parti-
cles with the larger particles sized around 1 ym and the smaller less than 200 nm (c) Hydro-
dynamic size distributions of the particles. The peak for the S-MSP is centered at 230 nm
with a PdI of 0.03, while the peak for the L-MSP is at 1500 with a PdI of 0.05. Modified from
Paper VI.

Two different mice models of airway inflammation were utilized; chemical-

induced airway inflammation provoked by exposure to the cytotoxic compound
melphalan (MEL), and endotoxin-induced pulmonary inflammation induced by
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exposure to lipopolysaccharide (LPS). Both of the models give rise to a rapid in-
flammatory process in the acute phase, which peaks within 24 h. The mice were
treated with aerosolized free DEX or MSPs with and without loaded DEX, 1 h after
exposure to MEL or LPS. The DEX-loaded L-MSPs were administered in two dif-
ferent concentrations—10 mg/mL (which corresponds to 5 mg/mL free DEX),
and 5 mg/mL (corresponds to 2.5 mg/mL free DEX). As controls, empty L-MSPs
were used in the concentrations of 5 mg/ml and 2.5 mg/mL, respectively, to keep
the number of L-MSPs on the same level as the DEX-loaded L-MSPs. For the S-
MSPs, only the lower concentration was chosen; 5 mg/mL DEX-loaded S-MSPs
and 2.5 mg/mL empty S-MSPs. Both the drug-loaded and the empty MSPs were
surface-coated with the PEG-PEI copolymer.

Mice were evaluated for treatment effects 24 h after exposure by analyz-
ing inflammatory cells in bronchoalveolar lavage fluid (BALF), as presented in
Figure 35. Both MEL- and LPS-exposure cause a neutrophilic inflammatory
response in the lung and in the progression of the neutrophilic inflammatory
response, specific pro-inflammatory mediators such as MPO, KC and MMP-9
are indicators of activation and recruitment of neutrophils to the airways.***">
The analysis of these (MPO, KC and MMP-9) is presented in publication VI.
The results of the treatment effects of the MEL-induced lung inflammation is
presented in Figure 35a, and reveal that the highest concentration of L-MSP
loaded with DEX (L-MSP+DEX 10) provided a similar effect to the MEL-in-
duced lung inflammation, as a single aerosol of free DEX (5 mg/mL, “DEX
only”). This was indicated by the reduced influx of neutrophils 24 h post ex-
posure. Furthermore, the S-MSPs (S-MSP + DEX 5 mg/mL) reduced the cel-
lular inflammation (p = 0.08) and neutrophils (p = 0.07) almost to the same
degree, even though the administered amount of these particles carried only
half of the amount DEX (2.5 mg/mL) compared to free DEX (5 mg/mL). In the
LPS-model, the inflammatory response was significantly reduced in all of the
MSP-treated groups. Regardless of the DEX-loading in the MSPs or not, all of
the treated animals showed a reduced number of total cells and neutrophils 24
h after exposure (Figure 35b).
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Figure 35. Total leukocytes and the total number of neutrophils in bronchoalveolar fluid
(BALF) from mice exposed to (a) melphalan, MEL or (b) lipopolysaccharide, LPS. Values
indicate means + SEM, *p<0.05, **p<0.01, **p<0.001 compared to control groups. MSP:
mesoporous silica particle (L: large; S: small), DEX: dexamethasone. Positive control: HEPES
buffer administered to mice exposed to MEL/LPS; negative control: HEPES buffer adminis-
tered to healthy mice; DEX only: 5 mg/mL (free DEX/HEPES buffer). The numbers on the
x-axis denote mg/mL (particless/HEPES buffer). Each bar represents a group of n = 6 animals.
Modified from Paper V1.

In conclusion, the results showed that the MEL-induced airway inflamma-
tion could be treated by aerosolized MSP-encapsulated DEX to the same extent as
free DEX, and thus indicate that MSPs are viable drug carriers for pulmonary de-
livery of corticosteroids. Interestingly, in the MEL-induced inflammation, inhaled
empty particles had no apparent effect on the inflammation while in the LPS-in-
duced inflammation, inhaled particles significantly down-modulated the inflam-
matory response regardless of the presence of DEX or not. The mechanism by
which empty MSP reduced the LPS-induced airway inflammation is presently not
known, but should be the focus of future studies. Hypothetically, this observation
could be explained by different magnitudes of inflammation in the two models
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and also by possible interactions of MSPs with proteins and cells in BALF.”' Due
to the fact that respiratory diseases rank among the top ten causes of death in the
world,*” and the lungs offer a large surface for drug adsorption, nanoparticle-
based drug delivery platforms are gaining importance for use through the pulmo-
nary route. The results presented here, provide a foundation for future studies
aimed at identifying new concepts for treatment using MSP-based drug delivery.
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6 SUMMARY AND OUTLOOK

The main emphasis of this thesis was to design multifunctional nanoparticles, po-
rous and core-shell, and evaluate them for specific applications within the emerg-
ing field of nanomedicine. The nanoparticles, consisting of either pure silica or
magnetite-silica composite, were thoroughly characterized, with the focus on con-
trolling their bio-behavior by surface functionalization. The stability of nanopar-
ticles in application-relevant media is highly important, and surface functionali-
zation is thus essential for a successful utilization of these materials in biological
systems. Especially if the intended use is intravenous administration in vivo, the
nanoparticles must have a long systemic circulation time and overcome clearance
by the immune system, which further puts the outermost surface coating on top
of the list of the most crucial and challenging parameters of the nanoparticles. The
feasibility of coating the nanoparticles with a stabilizing polymer have been com-
prehensively studied in this thesis. It was concluded that a thin porous silica coat-
ing on an inorganic core can greatly enhance the degree of surface functionaliza-
tion, and thus provide for better stability and higher amount of surface-functional
groups for conjugation of application-specific active compounds. To further in-
crease the bioavailability of nanoparticles, block-copolymers consisting of two dif-
ferent polymers are often utilized in this field of study, however rarely studied in-
depth. In this thesis a detailed investigation clearly suggested that an optimum
combination of steric and electrostatic stability for a system exists. Further, the
consequences of lacking a stabilizing functionalization of the nanoparticles was
demonstrated, with the subsequent errors in tracking the nanoparticles intracel-
lularly by fluorescence-based techniques. The nanoparticles tailored for their spe-
cific diagnostic and therapeutic applications were further evaluated here, specifi-
cally for cellular labeling and tracking, as well as delivery and scavenging of active
substances in vivo.

Non-invasive imaging techniques are powerful diagnostic tools, which are
applied in both research and clinics. In research, fluorescence imaging is the most
widely applied visualization method to monitor biological processes, and to track
and evaluate nanoparticles in biological systems. Molecular imaging has enabled
visualization of molecular processes in living organisms on cellular level. This im-
aging technique requires administration of contrast agents, which are typically
small molecules capable of crossing the blood-tissue barriers. Thus, the contrast
agents easily accumulate in the tissues, especially if the blood-tissue barrier is dis-
rupted, as in the case of tumors or inflammations. However, a major drawback
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with the contrast-enhanced molecular imaging is the failure to accurately differ-
entiate between the signals originating from the contrast agent in the blood circu-
lation and the signals originating from surrounding tissue. A method allowing for
in vivo differentiation between these signals, by developing a “removal-system”
which could catch and quench the contrast agent, would allow for a radically im-
proved contrast between tissue and blood. For this purpose, scavenger nanoparti-
cles were produced, for catching and removing a specific tracer compound di-
rectly in the blood circulation in vivo. Photonic interactions were utilized to visu-
alize the interaction between tracer and scavenger. The obtained results are even-
tually a first step towards a fast and efficient system for improving the contrast of
the tissue area of interest and consequently, such a system could enhance the prob-
ability of earlier diagnosis of various diseases. Photonic interactions are widely
utilized to study close-molecular interactions, mostly in the form of FRET. The
efficacy of FRET was thus further demonstrated intracellularly, for redox-induced
delivery of an active compound from a nanoparticle-based platform. Intracellular
release mechanisms are especially challenging to study, however highly desired,
since release mechanisms measured only in biological/intracellular-relevant con-
ditions rarely represent significant correlation to actual conditions. Normally, an
indirect read-out based on the cytotoxic action of an active compound is meas-
ured, which hampers the validation of the intracellular release of non-toxic com-
pounds. The reporter-system presented here, demonstrated the potential for real-
time monitoring of the compound cleavage intracellularly, by the FRET-ap-
proach.

The developed porous nanoparticles were further used for encapsulation of
active compounds. Loading of drugs and imaging agents into porous inorganic
nanoparticles has expanded as a field of study, due to the realization that the po-
rous nanoparticle matrix can carry a large amount of cargo, and protect it from
degradation or loss of activity in the biological environment. In this thesis, differ-
ent means of delivery of active substances by porous particles have been demon-
strated, both in vitro and in vivo. A range of different particle-dye formulations
were designed, and comprehensively evaluated as optical probe systems suitable
for long-term labeling and tracking of cells, with the focus on determining an op-
timal design. The optimized formulation showed superior characteristics com-
pared to existing cellular labeling probes, with respect to shelf-life, biodegradabil-
ity, cellular labeling efficiency, fluorescence intensity signal retention in vivo up to
one month, and possibility of real-time detection of circulating metastatic cells.
Further, the same principles were utilized to load a hydrophobic anti-inflamma-
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tory drug into both larger micron-sized porous particles and porous nanoparti-
cles, with subsequent administration through the pulmonary route, to investigate
the treatment effect on two differently induced lung inflammation models in vivo.
The results showed that the chemical-induced airway inflammation could be
treated by aerosolized drug-loaded particles at least to the same extent as free drug,
and the particles are viable drug carriers for pulmonary delivery of corticosteroids.
An interesting observation, of a down-modulatory effect on the lung inflamma-
tion by empty particles was noted, the reasons of which it naturally would be
highly attractive to study further.

The results presented in this thesis contribute to the above-discussed spe-
cific applications of the highly diverse field of nanomedicine. The research in this
field is rapidly developing, with novel nanoformulations and nanomaterial-based
methods continuously being demonstrated. However, more in-depth knowledge
is still needed regarding the nanomaterials’ interaction with the biological envi-
ronment in vivo. The nanomaterials are easily recognized by the immunological
system and they exhibit poor penetration through biological barriers, and signifi-
cant efforts are needed to solve these disadvantageous properties. Common guide-
lines for the preparation and utilization of nanomaterials are also lacking. The ul-
timate goal, for a more comprehensive progress in this area, would be to find a
system to combine the knowledge gained from studies across the world. Never-
theless, due to the limitations of conventional diagnostic and therapeutic strate-
gies, the management of diseases is slowly moving towards tailored treatments for
individual patients, also known as “personalized medicine”. By combining non-
invasive imaging and targeted drug delivery into theranostics, patients can be pre-
selected, ensuring that only patients susceptible to a specific treatment are in-
cluded. In the future, theranostics might offer a possibility of early diagnosis and
in-real-time response of the efficacy of therapeutic treatments. Even though the
expectations of personalized medicine are rather high, novel theranostics are fore-
seen to have the potential for addressing the challenges in this field.

However, even if rapidly evolving, many biological and clinical characteri-
zations still remain unexplored in the field of nanomedicine. The clinical transla-
tion from pre-clinical proof-of-concepts is suffering from the lack of reliable
screening platforms for evaluating the toxicity and stability of the nanomaterials
in vivo. The expectations of a highly efficient and versatile carrier system, which is
non-toxic, biodegradable, and in addition to owning specific targeting ability, ad-
ditionally can deliver its cargo intracellularly, is hard to fulfill. There are also sev-
eral demands in the manufacturing process to be met, such as reproducibility and
scale-up, and the naturally hard-to-overcome three phases of FDA trials will be a
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challenge before new nanomedicines can be introduced into the medical practice.
Fortunately, challenges are always accompanied by opportunities, which still rise
hope and expectations to this field of study, in terms of new and sophisticated
diagnostic and therapeutic interventions. By close collaboration between the dif-
ferent disciplines within the academic research and industry, where all these chal-
lenges of nanomedicines are carefully considered and evaluated, personalized
medicine has potential to revolutionize the treatment of diseases, hopefully in a
future not too far.
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SAMMANFATTNING

Nanomedicin, kidnd som den biomedicinska tillimpningen av nanoteknik, har
under senare tid fatt stor uppmarksambhet f6r dess potential i utvecklandet av nya
och forbattrade metoder for att diagnosticera, behandla och félja upp olika sjuk-
domstillstind, med fokus pa individbaserad behandling. Malet med en individba-
serad behandling édr att forsakra att varje enskild person far den mest lampliga
medicineringen och att den ar bade effektiv och siaker. Den breda forskning som
pagar inom nanomedicin styr mot detta mal, med nya effektiva bararmaterial for
kommersiellt tillgangliga lakemedel. Dessa bararmaterial ska vidare skriddarsys
for specifika patientgrupper, som viljs ut med hjdlp av moderna diagnostiska
verktyg. I tillagg ska ldkemedelsbararna vara malstyrda for att na en specifik for-
utbestamd plats i kroppen, dér ocksa likemedelsfrisattningen sker. For att na detta
mal ar det nddvandigt med en stegvis utvecklingsprocess av nanomedicinerna, dar
varje berednings- och modifieringssteg noggrant maste dvervakas och vidare stu-
deras och evalueras for sina specifika tillimpningar.

Det huvudsakliga malet med denna avhandling var att designa multifunkt-
ionella nanopartiklar och evaluera dem for specifika tillimpningar inom dia-
gnostik och terapi. De syntetiserade kiseldioxidpartiklarna karakteriserades
grundligt, med fokus pa partiklarnas ytfunktionalisering och effekten av denna pa
partiklarnas dispersionsstabilitet och upptagningsformaga i celler. Vidare stude-
rades magnetit-kiseldioxid-kompositpartiklar, varvid det intracelluldra upptaget
kunde 6kas med hjilp av ett externt magnetiskt falt. Det magnetiskt inducerade
celluldra upptaget av partiklarna tjanade dven som grund for att dskadliggora par-
tiklarnas aggregationsbeteende, och vikten av en optimerad ytfunktionalisering
for véldispergerade partiklar. Slutligen validerades nanokompositpartiklarna f6r
anvidndning som kontrastimnen for magnetisk resonanstomografi.

Olika diagnostiska avbildningstekniker har fatt stor betydelse for diagnosti-
cering av olika sjukdomstillstind, sasom cancer, i ett tidigt skede. Speciellt mole-
kylar avbildning (eng. molecular imaging) har méjliggjort visualiseringen av mo-
lekyldra processer i levande organismer pa cellulir niva. For att forbattra kvali-
teten pa de resulterande bilderna, och for att kunna visualisera och spara celler
(som t.ex. stamceller), behovs nya typer av kontrastimnen, eller si kallade mar-
korer. I denna avhandling undersoktes pordsa kiseldioxidnanopartiklar och deras
formaga att fungera som “behallare” for att transportera stora méangder fluoresce-
rande kontrastimnen in i celler och frigdra &mnena dar, for att vidare kunna spara
dessa specifika celler under en lidngre tid. De erhallna resultaten visade en mérk-
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bart hogre detekteringsgrad av dessa celler jamfort med celler markta med kon-
ventionellt anvinda optiska markorer. En tumor av partikelmérkta brostcancer-
celler kunde detekteras under en period pa en manad i en musmodell. Samtidigt
demonstrerades mojligheten att detektera metastaserande celler, hdrstammande
fran den primira tumdren, i blodcirkulationen i realtid. Pa samma sitt som pordsa
kiseldioxidpartiklar har visat sig vara goda barare for stora mangder kontrastdm-
nen, kan partiklarnas porstruktur dven laddas med likemedel. I avhandlingen de-
signades darfor dven partiklar som laddades med en stor mangd antiinflammato-
riskt lakemedel. Dessa partiklar administrerades via inhalering for behandling av
tva olika lunginflammationsmodeller i en musmodell.

Markorer amnade for medicinsk diagnostik administreras huvudsakligen
via intravends injektion och sprids dérefter i kroppen via blodcirkulationen. Dessa
kontrastimnen &r oftast sma molekyler som kan tringa genom blod-vévnadsbar-
ridrer och ddrefter ackumuleras i vavnader, speciellt om barridren ar defekt, vilket
kan vara ett symptom pa att en sjukdom utvecklas och framskrider. Da ett omrade
dér en patologisk forandring skett (saisom vid en tumér eller en inflammation)
avbildas kan det vara svart att skilja mellan signalerna som kommer fran kontrast-
amnena som dnnu cirkulerar i blodomloppet och de som ackumulerats i den om-
givande vdvnaden. Med detta i atanke presenteras i avhandlingen ett nanoparti-
kel-baserat system dmnat for att fainga upp och dérefter avlagsna eller "slacka” sig-
nalen fran kontrastimnena i blodomloppet. En sadan metod kan mojliggéra en
radikalt forbattrad kontrast mellan vavnader och blod. For att visualisera och de-
monstrera detta utnyttjades fotoniska interaktioner, med lovande resultat.

Fotoniska interaktioner 4r ett mycket anvandbart verktyg for att studera
molekyldra interaktioner dar avstandet d&r mycket kort. Detta verktyg valdes darfor
for att dven utveckla ett nanopartikel-baserat "rapporteringssystem” (eng. reporter
system), for att studera intracellular redoxinducerad frisittning av aktiva substan-
ser, sdisom lakemedel. De aktiva molekylerna konjugerades till nanopartiklarna
med hjélp av intracellulart klyvbara bindningar, och klyvningen av dessa bind-
ningar, dvs. signalfordndringen for den fotoniska interaktionen, kunde darfor f6l-
jas med mikroskop. Det dr ofta extra utmanande att studera frisdttning av dmnen
fran bararmaterial inne i celler, eftersom ménga aktiva substanser inte dr toxiska
och saledes inte kan valideras baserat pa deras cytotoxiska verkan. Konceptet som
presenteras har kan darfér komma att fungera som ett anvandbart verktyg for att
overvaka frisittningen av lakemedel intracellulért i realtid.

Forskningen inom nanomedicin gar snabbt framat och vicker stora for-
hoppningar om 6kad precision i diagnostiken, for att kunna upptiacka och be-
handla olika sjukdomar tidigare, och vidare for att behandla dessa mer effektivt pa
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en individbaserad nivé. Det dr ockséa en process som det gors stora satsningar pa,
bla. i EU:s attonde ramprogram Horizon 2020. Resultaten som presenteras i
denna avhandling bidrar till denna process och kan méjligen fungera som riktlin-
jer for att designa skraddarsydda multifunktionella nanopartiklar for liknande di-

agnostiska och terapeutiska tillimpningar som lyfts fram har.
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