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ABSTRACT 

The design, characterization and applicability of nanoparticle (NP)-based 
delivery systems intended for cancer theranostics, are presented in this thesis. 
Mesoporous silica nanoparticles (MSNs) have been widely established as 
biocompatible and efficient carriers of hydrophobic molecules, such as drugs 
for in vitro and in vivo tumor targeting. Although their intracellular delivery 
and cargo release have been demonstrated, knowledge of the underlying drug 
release mechanisms still remain unclear. For future control and prediction of 
these parameters, which from a clinical perspective are imperative to all drug 
delivery systems (DDSs), the release of hydrophobic cargo from MSNs is 
studied. In simple aqueous solvents, cargo release is strongly associated with 
nanocarrier degradation, whereas in media mimicking intracellular conditions, 
where lipids or hydrophobic structures are present, the physicochemical 
properties of the cargo molecule itself and its interactions with the surrounding 
medium are the release-governing parameters. For comparison, the 
relationship between intracellular cargo release and degradation of 
poly(alkylcyanoacrylate) (PACA) nanocarriers is also investigated, for which 
the release is found to be dependent on the biodegradation of the carrier. The 
influence of NP monomer composition on intracellular delivery and the role of 
different endocytosis pathways are also assessed.  

This thesis moreover presents a novel multifunctional composite NP for 
combined optical imaging, tracking and drug delivery. The used approaches 
include creation and optimization of core-shell nanostructures of 
photoluminescent (PL) nanodiamonds (NDs) encapsulated within mesoporous 
silica shells that allow tuning of the composite NP size and loading of 
hydrophobic cargo molecules. Through subsequent surface engineering, 
efficient passive uptake by endocytosis, followed by intracellular release of 
cargo, is achieved and displayed by optical fluorescence imaging. The 
approaches presented in this thesis are highly interdisciplinary, placed at the 
meeting point between chemistry, physics, engineering, biotechnology and 
pharmaceutical sciences, and provide a basis for the rational design and 
evaluation of NP-based DDSs, intended for cancer theranostics, mainly by 
intravenous (IV) administration. 
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SAMMANFATTNING 

I den här avhandlingen presenteras utveckling, karaktärisering och tillämpning 
av nanopartikelbaserade bärarsystem för cancerteranostik. Mesoporösa 
kiseldioxidnanopartiklar är allmänt etablerade som biokompatibla och 
effektiva bärare av hydrofoba molekyler, så som läkemedel för in vitro- och in 
vivo-målinriktning av cancer. Trots att deras intracellulära leverans och därpå 
följande läkemedelsfrisättning har uppvisats, är kunskapen kring de 
verksamma mekanismerna för läkemedelsfrisättningen fortfarande bristande. 
För framtida kontroll och förutsägelse av dessa parametrar, vilket ur ett kliniskt 
perspektiv är ytterst viktigt, studeras frigörningen av hydrofoba molekyler från 
de ovannämnda partiklarna under olika betingelser. I enkla vattenlösningar är 
frisättningen starkt kopplad till nedbrytningen av bäraren, medan den i 
komplexa vattenlösningar, som innehåller lipider eller hydrofoba strukturer, 
styrs främst av molekylens fysikalisk-kemiska egenskaper och dess 
växelverkan med den omgivande lösningen. Som jämförelse, studeras även 
frisättningen av hydrofoba molekyler från organiska poly(alkylcyanoakrylat) 
nanopartiklar i förhållande till partiklarnas nedbrytning. Ytterligare evalueras 
inflytandet av partiklarnas monomersammansättning och olika endocytotiska 
mekanismer på partiklarnas intracellulära upptag. 

Avhandlingen presenterar också nya multifunktionella nanokompositer 
som lämpar sig för optisk avbildning och som läkemedelsbärare. De tillämpade 
metoderna inkluderar utveckling och optimering av nanostrukturer, bestående 
av en fotoluminescent nanodiamantkärna inkapslad i ett mesoporöst 
kiseldioxidskal, vars tjocklek kan varieras för att reglera partikelstorleken. 
Samtidigt fungerar kiseldioxidskalet som ett läkemedelsbärande matrix. 
Genom funktionalisering av partikelytan kan ett effektivt, passivt, intracellulärt 
partikelupptag, följt av läkemedelsfrisättning, uppnås och åskådliggöras med 
hjälp av optisk fluorescensmikroskopi. De nya ansatserna inom 
nanomaterialutveckling som förs fram i den här avhandlingen implementerar 
såväl kemiska och fysikaliska som ingenjörstekniska, farmakologiska och 
bioteknologiska koncept. Resultaten erbjuder en bas för systematisk design och 
evaluering av nanopartikelbaserade läkemedelsbärarsystem avsedda för 
cancerteranostik, huvudsakligen via intravenös administrering. 
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REVIEW OF THE LITERATURE 

1 Design of nanomaterials 
Nanotechnology is a multidisciplinary field, in which tools and techniques 
originating from physics, chemistry, biology and engineering meet to study 
and control the design, synthesis, characterization and application of materials 
with at least one dimension on the nanometer scale.29,30 The main and collective 
goal of nanotechnology can be described as obtaining new devices and 
technologies with enhanced functional characteristics as compared to existing 
conventional technologies. Nanomaterials (examples in Figure 1) can be divided 
into classes based on their spatial dimensions: zero-dimensional nanostructures 
include various NPs (metal, metal oxide, carbon-based, liposomes, polymers, 
core-shell composites), one-dimensional nanostructures comprise nanowires,  -
rods and -tubes and two-dimensional nanostructures refer to different thin 
films and surface coatings that can be produced through a variety of vapor 
deposition techniques.31 These materials have applications in a wide range of 
fields including photonics, sensing, imaging, therapeutics, biomedicine, 
adsorption, energy conversion, catalysis, food industry, etc.30,32 The concept of 
nanomaterials is typically defined by an upper size limit of 100 nm. In the field 
of medical science and human health care, however, the useful size range of 
nanomedicines is more commonly accepted as a few nanometers up to 1000 
nm. 

 

Figure 1. Schematics of different nanostructures. Modified from Ageitos et al. (2016).33 

At large owing to the significant increase in availability of new 
production and manipulation methods as well as physicochemical and 
biological characterization tools, the field of nanotechnology has undergone an 
explosive growth during the past three decades.5,6 Without doubt one of the 
greatest beneficiaries of this development is the biomedical industry,34 where 



Review of the literature 
 

5 

nanomaterials find applications in imaging and diagnostics, drug development, 
drug and gene delivery, and even personalized medicine.1,35 The 
implementation of nanotechnology in the field of medical sciences and 
diagnostics is called nanomedicine and can be defined as the monitoring, 
repair, construction and control of biological systems at the molecular level 
with the help of engineered nanomaterials and devices.1,2,36 Nanomaterials that 
can be used as nanomedicines include e.g. proteins, polymers, dendrimers, 
micelles, liposomes, emulsions, nanoparticles and nanocapsules. As most 
nanomedicines are constructed to have the same dimensions as a variety of 
biomolecules, they can be engineered to cross cellular barriers and interact with 
biological components, such as specific cells or tissue, mimic the behavior of 
various biomolecules, such as proteins, lipids, nucleic acids and 
supramolecular structures of these components, act as carriers of a vast array of 
chemical substances and perform a number of complicated tasks in a biological 
environment.5 Hence, by integrating fundamental chemistry and physics with 
materials science and biotechnology we have been able to create the highly 
interdisciplinary field of nanotechnology, that can serve as a powerful tool for 
creating new smart and advanced materials with the purpose of studying and 
unlocking the secrets to numerous complicated biological processes (Figure 2). 

 

Figure 2. Chemistry acts as the basis for the development of both materials science and 
biotechnology. Integration of these fields have allowed huge progress in the development 
of advanced materials and devices and tailored biomolecules. Adapted from Niemeyer 
(2001).5 
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micelles or by microemulsion.31 Microemulsion-based methods are fairly 
simple and inexpensive and are therefore commonly used for the production of 
a vast array of NPs. A microemulsion is a thermodynamically stable dispersion 
of two immiscible or partly miscible liquids with an added emulsifier or 
surfactant acting as the stabilizer.71 The emulsion can be a water-in-oil, oil-in-
water or water-in-supercritical fluid emulsion. Especially water-in-oil 
emulsions that appear when water is homogeneously dispersed in organic 
media, have attracted a lot of attention due to their application in the synthesis 
of metallic72,73 semiconductor,74 and different polymeric NPs75. Among the 
polymeric NPs, polyaniline (PANI),76,77 polylactic acid (PLA),78 polylactic-co-
glycolic acid (PLGA),78,79 and PACA80,81 NPs are all commonly used as 
nanocarriers in biomedical applications. Co-polymers with hydrophilic and 
flexible properties, such as poly(ethylene glycol) (PEG), are typically 
introduced for the purpose of providing stealth properties to the NPs.82 
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A number of parameters, such as reaction temperature, pH, type of 
solvent, catalyst (acid/base) and silica precursor govern the polymerization 
reaction kinetics. Because water and alkoxides are immiscible, an alcohol is 
normally used as co-solvent to homogenize the solution, although gels can be 
produced also in the absence of alcohol, as alcohol is created as a byproduct of 
hydrolysis. The hydrophilicity of the silica precursor also gradually increases 
when it is hydrolyzed, which helps homogenize the system. Acids are typically 
used to catalyze gel formation while bases, typically ammonia or sodium 
hydroxide, are used in particle syntheses. The acidic or basic strength as well as 
the H2O/Si molar ratio, called the r-value, also influence the extension of 
hydrolysis. Hydrolysis under acidic conditions, where the H2O/Si ratio is low, 
proceeds fast and produces weakly branched, polymeric sols. Hydrolysis under 
basic conditions, where the H2O/Si ratio is high, oppositely, proceeds slower 
and produces highly condensed, particulate sols. Theoretically, an r-value of 2 
should be enough to achieve complete hydrolysis and condensation, since more 
water is produced during condensation. However, in practice not even an 
excess of water leads to completion of the reaction, but instead a number of 
intermediate silicate species are generated.  

An overview of the silica polymerization process is shown in Figure 6, 
according to which polymerization at acidic conditions and alkaline salt-
containing conditions occurs through aggregation of small particles to form 
gels.14 The aggregation can be reversed by raising the pH of the solution. At 
alkaline salt-free conditions, particle growth occurs through Ostwald ripening, 
which leads to a decrease in number of particles due to the highly pH- and 
temperature-dependent solubility of silica,106 which causes smaller particles to 
dissolve into monomeric silica that subsequently redeposits on larger particles. 

 
Figure 6. Polymerization process of silica.14 
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Silica polymerization occurs through different mechanisms depending on the 
pH of the reaction solution and can be divided into three different domains: pH 
<2, pH 2-7 and pH >7. pH 2 serves as the lower boundary, since both the point 
of zero charge (PZC), where the net surface charge of the molecule equals zero, 
and the isoelectric point (IEP), where the electrophoretic mobility equals zero, 
are in the pH range 1-3 for silica.  Below pH 2, where the silicate species are 
positively charged, the gel times are relatively long and the polymerization rate 
is proportional to the concentration of hydrogen ions [H+]. Near the IEP, where 
the electrostatic repulsion between particles is very low, particle growth and 
aggregation occur simultaneously. Between pH 2 and pH 7 the condensation 
rate is presumably proportional to the concentration of hydroxyl ions [OH-] 
and pH 7 serves as another boundary, above which the solubility of silica 
increases fast. Above pH 7, at increasingly high pH, all condensed silica species 
are negatively charged and the interparticle repulsion allows for particle 
growth mainly by addition of monomers to more highly condensed species, 
without aggregation or gelation. The primary particles thus grow through 
Ostwald ripening, the final size of the particles ultimately depending on both the 
silica solubility and the reaction temperature. 

2.3 Mechanism of formation of mesoporous silica 
Mesoporous materials are defined by the International Union of Pure and 
Applied Chemistry (IUPAC) as having pores in the size range 2-50 nm.108 The 
probably most well-known classes of periodic mesoporous silicas are the 
MCM-41, MCM-48 and MCM-50 solids, which belong to the M41S family of 
periodically ordered mesoporous silicas developed by Mobil Oil Company.92,93 
These materials have pore diameters in the approximate range 2-10 nm and 
exhibit well-defined pore structures, narrow pore size distributions and large 
specific surface areas. By creating supramolecular aggregates of ionic 
surfactants, such as e.g. cetyltrimethylammonium bromide (CTAB) or 
cetyltrimethylammonium chloride (CTACl) as SDA, these materials can be 
produced under basic conditions. Three different mechanisms have been 
proposed for the synthesis of M41S materials: liquid-crystal templating, self-
assembly and cooperative self-assembly. 94,109 In true liquid-crystal templating, 
illustrated in Figure 7a, the surfactant concentration is high enough to catalyze 
the formation of a lyotropic liquid-crystalline phase without the presence of a 
silica precursor, typically tetraethyl- (TEOS) or tetramethylortosilicate (TMOS). 
In cooperative liquid-crystal templating (Figure 7b) self-assembly of the SDA 
and the inorganic silicate species can occur even at very low concentrations of 
SDA.  
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Figure 7. Formation of mesoporous materials by structure-directing agents through a) 
true liquid-crystal template mechanism and b) cooperative liquid-crystal mechanism.94 

Based on the nature of the SDA and silicate species as well as the 
acid/base characteristics of the reaction medium, the surfactant/silicate 
assembly can proceed through a number of different pathways illustrated in 
Figure 8,94 as originally proposed by Huo et al.110,111 The synthetic pathway a) is 
termed S+I- (S: surfactant, I: inorganic species) and the reaction proceeds in 
alkaline conditions with cationic quaternary ammonium surfactants as SDA. 
This pathway represents the interactions that occur during the assembly of 
M41S-type mesoporous silicas, among them MCM-41 materials, which are in 
primary focus in this thesis. Reaction b) (pathway S+X-I+) takes place under 
acidic conditions where the silica species are positively charged and therefore 
requires a mediator ion X- (usually a halide) to create an interaction with the 
cationic surfactant.112 Reactions c)-d) represent cases where negatively charged 
surfactants are used in alkaline or acidic conditions. Pathways a)-d) represent 
different electrostatic interactions while e)-f) arise due to hydrogen bonding in 
the presence of uncharged silica species and neutral or nonionic surfactants. 
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Figure 8. Interaction between the inorganic species and the head group of the 
surfactant in syntheses carried out in acidic, basic or neutral media.94 

Surfactants are typically amphiphilic molecules that contain a 
hydrophilic head group and a hydrophobic tail group. Due to the hydrophobic 
nature of the tail groups, surfactants tend to aggregate to form micelles in 
hydrophilic environments when the surfactant concentration reaches the so 
called critical micelle concentration (CMC).113 The shape of the micelles, and 
thereby the resulting mesophase architecture of the synthesized material can be 
estimated based on the packing parameter, g, of the surfactant molecules. The 
surfactant packing is related to the volume, V, and length, l, of the hydrophobic 
surfactant chains, and to the effective area, a0, of the hydrophilic surfactant 
head groups at the interface through the equation g=V/la0.112,114,115 The packing 
parameter increases when starting from a highly curved micellar structure of 
spherical micelles (g<1/3), through hexagonal (g=1/3-1/2), through cubic (g=2/3-3/4) 
to lamellar (g=1/2-1). The size, charge and shape of the surfactant molecules 
largely govern the interactions at the surfactant/silicate interface, where there is 
a continuously ongoing charge-matching between the hydrophilic surfactant 
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head groups and the charged silanols.116 These charge-matching interactions as 
well as the packing of the alkyl chains affect the final packing of the surfactant 
molecules. Charge-matching is sensitive to pH, cosurfactants and counterions 
while organic chain-packing is influenced by the length of the alkyl-chain, 
synthesis temperature and organic additives.112,117 Increased alkyl-chain length 
leads to increased water repulsion, resulting in larger pores. These two above-
mentioned interactions principally determine the size and shape of the 
resulting surfactant micelles, thus determining the mesophase morphology 
(pore size and shape) of the final product.118 There are also ways of 
manipulating the pore size with pore-swelling agents119,120 or through post-
synthesis hydrothermal treatments,121,122 which have been found to successfully 
increase both the pore size and pore wall thickness of mesoporous silica 
materials.122,123 

2.3.1 MCM-41 mesoporous silica nanoparticles 
Owing to their many unique physicochemical traits, MCM-41 type mesoporous 
silica-based NPs, have during the last decades emerged as promising and 
versatile probes for different biomedical applications. Firstly, amorphous silica 
is generically accepted as biocompatible, biodegradable and non-toxic in 
biological systems and has by the United States Food and Drug Administration 
(FDA) been classified as "generally regarded as safe" (GRAS).57,124,125 Secondly, 
preparation of the particles in an easy one-pot synthesis under alkaline 
conditions allows tuning of the particle (20 nm-2 um) and pore (2-10 nm) size, 
and selective functionalization of the silica surface with a variety of organic 
functional groups.126 Highly monodisperse particles with large specific surface 
areas (900-1500 cm2 g-1), large pore volumes (0.5-1.5 cm3 g-1) and narrow pore 
size distributions can be synthesized. These properties play important roles in 
the context of effective subsequent functionalization of both the inner and outer 
surface of the particles,54 with different functional groups, fluorescent 
molecules for imaging and tracking purposes (Supporting Publication III), 
high payloads of therapeutic molecules, and targeting ligands such as peptides, 
proteins or antibodies (see Figure 9).127 

Dilute synthesis conditions in terms of surfactant and silicate 
concentration, are generally needed in order to maintain good dispersion 
stability throughout the nucleation and growth process. Mixtures of the 
cationic quaternary ammonium salt CTAB and the silicon alkoxide TEOS are 
common in the production of MCM-41 materials,112,116 and generally lead to 
silica frameworks comprising large pores and highly ordered hexagonal pore 
structures. Since the silicon alkoxide species and water are immiscible because 
of differences in polarity large amounts of alcohol is typically used as a 
cosolvent to help homogenize the synthesis solution.128 By shifting the polarity 
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2.3.2.2 Coating of core structures with MCM-41 mesoporous silica 
Encapsulation of various inorganic NPs within either non-porous or 
mesoporous silica shells through controlled sol-gel reactions, is widely used for 
the purpose of preserving the structure and unique properties of the NPs, for 
exerting particle size and shape control, and especially in the case of 
mesoporous silica, as a way of imparting better drug carrying and delivery 
capabilities onto the core@shell 
composite NPs.175,47,176,177,91,130,27 In 
2003, Graf et al. presented a general 
method for coating various 
colloidal particles with silica.103 This 
two-step method comprises an 
initial stabilization step by 
adsorption of poly(vinyl-
pyrrolidone) (PVP) onto the 
particles followed by a phase-
transfer into alkaline ethanol 
solution where the silica shell is 
grown by additions of TEOS. Kim et 
al. (2006) and later also Gorelikov 
and Matsuura (2008)  reported a 
simplified general procedure for the 
coating of hydrophobic inorganic 
NPs with MCM-41 mesoporous 
silica shells in aqueous media,46,89 
based on the well-known Stöber 
method.84 This procedure proved 
successful in generating high yields 
of uniform mesoporous silica 
coatings without employing an 
intermediate polymer layer onto the 
core NPs prior to silica shell 
growth, but instead using only 
CTAB both as a particle-stabilizing 
surfactant as well as a phase-
transfer and mesopore structure-
directing agent.46  

The seeded growth 
mechanism and resulting 
morphology and shell thickness of 

Figure 12. Three-step mechanism for the 
formation of core-shell gold-silica 
MNSGC particles: (1) hydrolysis of 
monomeric silicon esters and 
condensation into oligomers; (2) 
formation of silica/CTAB primary 
particles; and (3) mesopore growth via 
either aggregation of primary particles or 
deposition of monomeric silica and CTAB 
molecules.174 
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the composite NPs are strongly affected by the nature of the silica source, seed 
concentration, CTAB/silica ratio and solvent composition. These factors 
therefore need to be carefully optimized in order to achieve successful coating 
of any given core NP. Nooney et al. proposed a three-step self-assembly 
mechanism for the mesoporous silica shell-growth on gold NPs, precoated with 
a thin layer of non-porous silica, involving initial silica oligomerization 
followed by formation of silica/CTAB primary particles and finally aggregation 
of primary particles or deposition of monomeric silica and CTAB onto the NP 
seeds (Figure 12).178 The hydrolysis rate of the alkoxysilane, which decreases 
with increased alkyl chain length,179 was found to be of crucial importance for 
the coating process. Faster hydrolysis leads to higher initial concentrations of 
silica oligomers in solution,106 which increases the probability of silica self-
nucleation. A slower hydrolysis rate, which produces lower initial silica 
oligomer concentrations, by contrast increases the probability of silica oligomer 
collision with NP seeds, consequently leading to the seeded growth of a 
mesoporous silica layer. Nooney et al. also concluded that high CTAB/silica 
ratios reduced flocculation of gold seeds but simultaneously increased the 
probability of silica self-nucleation. Furthermore, by changing the polarity of 
the solvent the authors were able to generate particles with either spherical or 
faceted morphologies. Kim et al. were further able to control the silica coating 
thickness on iron oxide NPs by varying the number of seeds in the solution.47 
Another common approach for increasing the silica coating thickness is the 
addition of TEOS to the NP dispersion in several consecutive steps.89,180 
Complete removal of CTAB from the particle surface prior to the addition of 
silica precursor was, however, as previously established by Liz-Marzán et al. 
and Pastoriza-Santos et al., found necessary in order to prevent nucleation of 
new silica particles.181,182 

Core-shell NPs of hydrophilic cores coated with mesoporous silica 
could certainly also be of great interest, especially  for a number of biomedical 
applications. In principal, coating of hydrophilic cores could be considered 
preferable over hydrophobic cores, as there is no need for stabilization or pre-
coating prior to the polymerization of silica at aqueous conditions. Nonetheless, 
the manufacturing of such nano-composites poses a great challenge, because 
successful mesoporous coating requires meticulous and laborious control over 
the reaction environment, in terms of charge-matching interactions between the 
surfactant and silicate species, and finally also the core particles, acting as 
nucleation sites. These interactions are, per se, dependent on a number of 
parameters discussed earlier in chapters 2.2 and 2.3. The seeded growth 
mechanism of NPs is furthermore influenced by the precursor hydrolysis rate 
and possibly also interparticle distance between the seeds, as proposed by 
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acidic media (S+X-I+ route), the surfactant molecules and halide ions (X-) form 
S+X- ion pairs that interact weakly with the neutral or slightly positive silica 
network and can therefore easily be removed even by distilled water at 
elevated temperature (~343 K) conditions.188 The extraction of surfactant from 
materials synthesized in alkaline media (S+I- route), such as MCM-41 type 
mesoporous silica, is more demanding due to the strong electrostatic 
interactions that develop between the cationic surfactant head group and 
negatively charged silicate species. Extraction can be carried out in acid, alcohol 
or neutral salt solutions, ammonium acetate or nitrate or mixtures of the above-
mentioned. In any case, ion exchange is required to remove the surfactant 
species.187,189 Efficient surfactant removal is typically achieved by extraction in 
acidic ethanol, but requires several repetitions to ensure complete removal of 
all organic residues.190 

  
































































































































































































