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Abstract
Kupferschmidt, N. 2013. Toxicological and Immunomodulatory Properties of Mesoporous
Silica Particles: Applications in Life Sciences. Acta Universitatis Upsaliensis.  Digital
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Mesoporous silica particles offer great potential benefits as vehicles for drug delivery and
in other biomedical applications. They present a high loading capacity due their ordered and
size-tuneable pores that allow molecules to be loaded and released. In addition, they offer the
possibility to enhance oral bioavailability of drugs with limited aqueous solubility and to protect
pH sensitive drugs from the acidic conditions in the stomach on their way to the intestine.

The aim of this thesis was to evaluate the biocompatibility and effects of mesoporous silica
particles on immunocompetent cells. Subsequently, two potential life sciences applications were
investigated: as adjuvants and as weight reduction agents.

Adjuvants are used in vaccines in order to enhance the immunological response towards
attenuated and poorly immunogenic antigens. Their function can be mediated through dendritic
cells which have a central role in the control of adaptive immunity including immunological
memory. Our results show that different types of mesoporous silica particles were able to tune
the development of T cells both in human cell cultures and in mice. In contrast to the approved
adjuvant alum (aluminium salts) which is a specific inducer of Th2-type immune responses, the
particles induced more Th1-like responses, which may be desired in vaccines against allergy
and intracellular pathogens such as viruses. Particle exposure to macrophages did not affect
their cell function which is crucial for tissue homeostasis, wound repair and in prevention of
autoimmune responses. Likewise, the cytokine secretion was not affected, which suggest that
macrophages would not modulate the immune response towards the particles.

Furthermore, mesoporous silica particles were highly tolerated at daily oral administrations
of up to 2000 mg/kg doses for some of the materials prepared. Large pore mesoporous silica
particles were shown to act as weight and body fat reduction agents without other observable
pathological signs when administered in the diet of obese mice.

Together; those results are promising for the development of mesoporous silica as drug
delivery systems and adjuvants for oral administration of drugs or vaccines. Additionally, large
pore mesoporous silica materials are potential agents for the treatment of obesity.
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Aims of the thesis 

Mesoporous silica has become interesting as a potential material for a variety 
of applications within life science and nanomedicine. The main aim in this 
thesis was therefore to determine possible hazardous or immunomodulatory 
effects of mesoporous silica particles in vitro and in vivo. A second aim was 
to evaluate their potential for new applications within life sciences. The spe-
cific aims for each paper are described below. 
 
Paper I 
To synthetize particles with covalently attached fluorescent markers. 
To study the uptake of the particles by primary human macrophages and 
their effect on cell viability and function. 
 
Paper II  
To study the uptake of the particles by human dendritic cells and their effect 
on cell viability and function. 
To evaluate the capacity of dendritic cells pre-exposed to mesoporous silica 
particles, to modulate and direct naïve T cell responses. 
 
Paper III 
To study the immunogenicity and immunomodulatory properties of mesopo-
rous silica particles in an antigen specific system and in vivo. 
To determine the capacity of the particles to skew an existing immune re-
sponse in a murine allergy model. 
 
Paper IV 
To evaluate the effect of oral administration of mesoporous silica particles in 
vivo and determine the maximum tolerated dose. 
 
Paper V 
To assess the capability of the particles to affect body weight and blood cho-
lesterol levels when administrated together with food in an obese murine 
model. 
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1 Introduction 

1.1 Nanotechnology 
“Nanotechnology is concerned with materials and systems whose structures 
and components exhibit novel and significant improved physical, chemical 
and biological properties, phenomena and processes due to their nanoscale 
size” as defined by the US National Nanotechnology Initiative in 2000.1 
Although the term “nano” has been defined by several guidelines such as the 
International Organization for Standardization (ISO) as the range between 1 
nm and 100 nm,2 the term is not uniformly used. According to the ISO defi-
nition nanomaterials can be divided into: nanoparticles, nanofibers and na-
noplates or layers, with dimensions in the nanometer range (1-100 nm). The 
term nanomaterial is defined here as materials that can take different path-
ways in the organism. This includes for example particles used as drug de-
livery systems and the mesoporous silica particles included in this thesis 
with particle sizes above 100 nm. Mesoporous particles can be categorized 
as nanomaterials based on their pore sizes (between 2 nm and 11 nm in this 
work) and pore structures which determine the particles effect on the differ-
ent biological systems utilized. Hence the term nanoporous or nanostruc-
tured materials are sometimes used. 

1.1.1 Nanomedicine and nanotoxicology 
Nanomedicine is the application of nanotechnology, the use of nanoscale or 
nanostructured materials, specifically for medical applications or research.3 
It is a relatively new field and there are so far no standard procedures to 
evaluate the toxicological and immuno-modulatory properties of emerging 
nanomaterials with potential applications in medicine or other fields. 

It is important to note that nanomaterials are in the same size range as 
several biological structures (Figure 1). The properties which make nano-
materials interesting for biomedical applications (e.g. small size, high sur-
face to volume ratio) also make them potentially harmful. Hence, the expo-
sure and the risk of exposure to biological systems needs to be assessed. This 
should include their toxicological properties as well as their mode of action. 
The interaction with the immune system which is specialized in the recogni-
tion and defense against foreign entities such as microorganisms and parti-
cles, is central in the efforts to characterize nanomaterials in nanomedicine.4  
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Materials aimed for therapeutics within vaccine development, are being 
designed to deliver antigens through specific pathways and to function as 
adjuvants,a in order to modulate an immune response.5  

 
Figure 1. Nanomaterial sizes in relation to different biological structures. 

Titanium dioxide particles are used in numerous products such as a UV-
protecting agent in sun screens. Their uptake via the skin has been studied in 
depth.6 Titanium dioxide micro- and nanoscale particles are approved food 
additives (E 171). Concerns regarding the potential harmful effects if re-
leased into the body via the gastrointestinal tract have been shown to be un-
founded.7 Studies on relevant gastrointestinal scenarios showed no important 
acute effects after oral administration of TiO2 to mice, showing slight ad-
verse effects at single doses of 5 g/kg body weight. These doses are compa-
rable to common table salt, with an LD50b value for oral administration of 4 
g/kg in mice or a fatal dose for humans between 0.75-3 g/kg (45-420 g for a 
60 kg person).8 From this example we can conclude that there is a context 
for the specific evaluation of the toxicological properties of nanomaterials. 

The exposure and related potential risk of nanoparticles will also differ 
depending on the administration route and the potential use. If applied orally 
and not degraded by the acidic conditions of the stomach, particles will need 
to pass the intestinal epithelium with its several cell layers before reaching 
the blood stream and becoming systemic. Whilst particles injected into the 
bloodstream will start interacting directly with the organism affecting blood 
                               
a Adjuvants (from Latin adjuvare, to help) are substances that mimic danger signals when 
mixed with the antigen in order to enhance its immunogenicity. 
b The LD50 test determines the dosage of a substance that will kill 50% of the animals given 
that dosage. The LD50 value is that dosage which kills 50% of the animals. Its use is discour-
aged since the Food and Drug Administration does not require it. 
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cells, blood vessel walls, organs etc. Furthermore, children will be more 
vulnerable compared to adults due to less acidic stomachs, lower body mass 
and higher metabolism. 

This is one of the potential applications of mesoporous silica materials 
within life science which will be discussed in this thesis. The immune sys-
tem need to discriminate between self- and non-self, and to detect and pro-
tect against danger.4, 9 The recognition or otherwise of nanoparticles has 
implications in determining their biodistribution as well as the responses 
elicited from this interaction.4, 10 

1.2 Mesoporous silica materials 
Ordered mesoporous silica are synthetic nanostructured materials with con-
trollable particle shape and size, with highly ordered pores in the mesoscale 
range (2-50 nm in diameter) and amorphous pore walls.11 Their synthesis 
using surfactant templates was discovered by two independent groups in the 
early nineties.11-13 This was followed by intense research in order to tailor the 
materials physical and chemical properties through synthetic routes. Meso-
porous silica materials can be made to have a variety of different pore struc-
tures, such as two-dimensional (2D) hexagonal and three-dimensional (3D) 
cubic. The ordered porosity is achieved through the self-assembly of am-
phiphilic molecules which act as templates during the hydrolysis of silica 
species. These condense surrounding the organic template forming an amor-
phous silica wall.14 The organic template can be removed by calcination or 
solvent extraction to leave the open mesoporous structure. The resulting 
inorganic porous material is thermally and chemically stable, has high sur-
face area (often >1000 m2/g), large pore volumes and sharp pore size distri-
butions. Furthermore, the internal and external surfaces can be chemically 
functionalized by direct synthesis methods or by post synthetic methods 
(see  1.2.3.5). These properties make mesoporous silica interesting in the 
development of various applications such as catalysis, adsorption, separa-
tion, sensors and in life sciences including several biomedical applications as 
will be explained below. 
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Figure 2. Organic template molecules utilized for the synthesis of mesoporous silica 
particles in this thesis. C12GluA = N-Lauroyl-L-glutamic acid, C12Ala = N-Lauroyl-
L-Alanine, P123 = triblock copolymer poly(ethylene glycol)-block-poly(propylene 
glycol-block-poly(ethylene glycol) and FA = Folic Acid. 

1.2.1 Synthesis of mesoporous silica materials 
Surfactants are amphiphilic molecules; they typically consist of a polar (hy-
drophilic head-group) and non-polar (hydrophobic tail) group Figure 2. Sur-
factants have two fundamental characteristics: they reduce surface tension 
due to their tendency to accumulate at interfaces (e.g. water-oil), and they 
form aggregates (micelles) in a self-assembling process. The formation of 
micelles reduces the contact of the hydrophobic groups with water, reducing 
the free energy of the system. The minimum concentration at which the mi-
celles start to form is called the critical micelle concentration (CMC), which 
is characteristic for each surfactant. In aqueous solutions, surfactant micelles 
can aggregate into different liquid crystal phases such as 3D-cubic and 2D-
hexagonal phases as the surfactant concentration varies. The shape of the 
surfactant micelles depends on the surfactant properties and the solution 
conditions. It is usually explained using the packing parameter g defined as; 

 /  
 
where v is the volume of the hydrophobic part of the surfactant, a is the area 
of the head group and l is the length of the hydrocarbon chain. Depending on 
g the surfactant aggregates will form spheres (g < 1/3) rod-like micelles (1/3 
< g < 1/2) or planar lamellar systems or bilayers (1/2 < g < 1).15 

One way to classified surfactants is in terms of their head-groups charge, 
i.e. anionic, with negatively charged head-groups (S-), cationic, with posi-
tively charged head-groups (S+), and non-ionic with neutral head-groups. 
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The charge of the silica species is determined by the pH of the synthesis 
solution (at pH < 1.2 → I+ and at pH >1.2 → I-). Several synthesis mecha-
nisms have been described based on the surfactant, the charge of the silica 
species (I), mediating ions (X- and M+) and organic additives (N) (see Table 
1). For one material prepared in this thesis, the non-surfactant template folic 
acid was utilized. Folic acid molecules self-assemble through supramolecu-
lar hydrogen bonding (see Figure 2 and section  1.2.3.4). 

Table 1. Synthesis mechanisms of the mesoporous silica materials included in this 
thesis. 

Material Synthesis Route Template Conditions 

AMS-6 S- N+  I- C12Ala alkaline
AMS-8 S- N+  I- C12GluA alkaline
 
SBA-15 (So H+) (X- I+) P123 acidic 
STA-11 (So H+) (X- I+) P123 acidic
 
NFM-1 FA- N+ I- FA alkaline 

FA = Folic Acid, C12Ala = N-Lauroyl-L-Alanine, C12GluA = N-Lauroyl-L-glutamic 
acid, P123 = triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol-
block-poly(ethylene glycol). 

Throughout this thesis tetraethyl orthosilicate, (TEOS) was used as the pri-
mary silica source. In water, TEOS hydrolyses upon nucleophilic attack to 
the silicon atom. This results in the replacement of the alkoxide group (−OR) 
with a hydroxyl group (−OH) and the formation of silanol groups (see be-
low) both under acidic and alkaline conditions. The subsequent condensation 
of the silanol groups leads to the formation of the silica framework through 
siloxane bonds (≡Si−O−Si≡).16 A schematic representation of the formation 
mechanism is illustrated in Figure 3.  
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Figure 3. General mechanism for the formation of mesoporous silica materials. 
Inorganic-surfactant composites are formed by the co-assembly of organic surfac-
tants with soluble inorganic precursors. The self-assembly of the surfactant is essen-
tial for the formation of the ordered mesostructures. The ordered mesoporous parti-
cles are obtained after removal of the organic template by calcination or extraction.  

1.2.2 Life sciences applications of mesoporous silica materials 
The biomedical applications of mesoporous materials have received a lot of 
attention in recent years. They offer general potential benefits for tissue en-
gineering, in pharmacology and in diagnostics.17, 18 Their high loading capac-
ity for drug compounds due to their large pore volumes and the possibility to 
control their pore size in the mesoscale allows for loading and tailored re-
lease of a large variety of drug and biological compounds with varied prop-
erties.19 Additionally single or multiple drug compounds can be loaded,20 
and effectively delivered to specific cell types in vitro20 and in vivo.21, 22 The 
pharmacokinetic profiles for compounds released can be somewhat con-
trolled,19 increasing their bioavailability23, 24 and enhancing their solubility.20, 

23 A few studies have investigated the adjuvant effects of mesoporous 
silica.25, 26  

A nice example of the potential uses of mesoporous silica within cancer 
treatment are the multifunctional particles described by Liong et al.27 Iron 
oxide nanocrystals where incorporated into the mesoporous particles for 
magnetic manipulation and magnetic resonance imaging. The particles were 
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loaded with anti-cancer drugs and folic acid was conjugated to the particle 
surface for specific targeting towards cancer cells. 

Mesoporous silica materials were shown to improve the bioavailability of 
anti-retroviral drug atazanivir in vivo when co-administered with a proton 
pump inhibitor omeprazole.23 The co-administration of proton pump inhibi-
tors is associated with decreases in bioavailability of many compounds due 
to their pH dependent solubility. On the other hand proton pump inhibitors 
are very commonly used by patients under multi-drug treatments, as in ther-
apies to treat cancer and HIV-AIDS.28 Mesoporous materials offer a simple 
way of rendering the pH-dependent solubility of drugs. This is achieved by 
preventing the formation of the crystalline form of the drug within the pores 
and hence enhancing their solubility.  

Current guidelines for the approval of new pharmaceutical excipientsc 
such as mesoporous silica are complex.  In some cases it is suggested that a 
novel excipient needs to be tested as a new drug 29 or in combination with 
the drug to be used in the final formulation with the excipient. Pre-clinical 
toxicity studies for drug compounds must include: acute toxicity, subchroni-
cal and chronical assays, genotoxicity, reproductive toxicity, pharmacokinet-
ics and pharmacology for absorption, distribution, metabolism, and excre-
tion.29 As mesoporous silica are potential excipients with some function (e.g. 
controlling drug dose, as adjuvants or in diagnostics) their toxicity needs to 
be carefully assessed. 

1.2.3 Mesoporous materials in this thesis 
A description of the materials prepared in this thesis is described below. For 
a full set of synthesis methods and characterization see relevant papers. The 
structural and porous characteristics are summarized in Table 2. 

1.2.3.1 AMS-n materials 
Anionic surfactant-templated mesoporos silica materials (AMS-n) were de-
veloped by Che et al.30 The synthesis uses a co-structure directing agent 
(CSDA) in order to achieve interaction between the anionic surfactants (S-) 
and the silica framework (I-). In this thesis the CSDA used was 3-
aminopropyl triethoxysilane (APES). The amino group (-NH3

+) of the CSDA 
electrostatically interacts with the negatively charged head group of the sur-
factant while the silane group binds covalently to the condensing silica 
framework (Figure 4). The use of the CSDA results in a wide and homoge-
neous distribution of organic functionalities on the materials internal pore 
surfaces compared to post synthesis functionalization methods, as will be 
described in  1.2.3.5.30 

                               
c Excipients are pharmacologically inactive substances used as carriers for active ingredients 
in a medication. 
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Figure 4. Schematic illustration of the interaction achieved through neutralization of 
the anionic surfactant head group with APES.  

Two types of AMS-n materials (AMS-6 and AMS-8) were utilized in this 
thesis due to their similarities in particle morphology, differences in size and 
pore structure. Both materials are composed of spherical particles with cubic 
pore structures but differ in pore shape and particle size. AMS-6 particle 
sizes are ~300 nm in diameter (measured by scanning electron microscopy, 
SEM) with 3D-connected cylindrical pores. Particles of AMS-8 are larger 
(~2.5 µm) with 3D-connected cage-type pores.  

In the synthesis of AMS-6 and AMS-8 N-lauroyl-L-alanine or N-lauroyl-
L-glutamic acid (Figure 2) were respectively used as surfactant, APES as 
CSDA and TEOS as silica source. The surfactant was removed either by 
calcination or by solvent extraction. The extraction process results in pore 
walls functionalized with propyl amino groups. 

 

 
Figure 5. Pore structure models showing the connectivity of the mesoporous materi-
als prepared in this thesis.  

1.2.3.2 SBA-15 materials 
In 1998, Zhao et al. reported the synthesis of 2D-hexagonal mesoporous 
silica material SBA-15 (Santa BArbara University-15) with tunable uniform 
pores of up to ~30 nm in diameter by the use of amphiphilic block copoly-
mers as structure directing agents under acidic condition.31 The larger pores 
of SBA-15 in comparison with previously reported materials opened the 
possibility of loading larger molecules within the pores such as enzymes.32 
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The synthesis of SBA-15 is performed at low pH (~1) where the silica spe-
cies are positively charged and can interact with the hydrophilic polystyrene 
block of the P123 template (Figure 2). The silica wall thickness of SBA-15 
and the pore size can be tuned by changes in the synthesis conditions.31 The 
removal of the template was performed by calcination. 

In Paper II of this thesis, SBA-15 was functionalized with cyanopropyl 
groups (SBA-15-PrCN). Additionally, ovalbumin (OVA) and FITC conju-
gated human albumin were loaded within the pores of SBA-15 particles by 
mixing the particles and the proteins in aqueous solutions at 4oC. 

1.2.3.3 STA-11 materials 
This material has 3D-cubic pore structure with cylindrical pores. The synthe-
sis procedure is similar to SBA-15, using P123 as a template. However, in 
this preparation 3-mercapto triethoxysilane (MPTS) is used as a CSDA. Pen-
etration of the thiol group into the micelle causes a phase transformation 
from a 2D-hexagonal of SBA-15 structure to the 3D-cubic structure of STA-
11. The particles that result have spherical morphologies as AMS-6 and -8 
but are larger (~4.8 µm by SEM).33 The synthesis method used here was 
based on R. P. Hodgkin’s thesis work on the synthesis of STA-11 and related 
materials.34  

1.2.3.4 NFM-1 materials 
The synthesis mechanism of NFM-1 is based on the supramolecular self-
assembly of folic acid molecules into planar tetramers through hydrogen 
bonding. These tetramers are capable of stacking in solution through π-π 
interactions forming hexagonal liquid crystal phases (Figure 2). The folic 
acid negatively charged carboxylate groups are exposed towards the exterior 
of the stack and  interact with the positively charged amino groups of APES, 
which is used as a CSDA.35 NFM-1 is an interesting 2D-hexagonal material 
because it has smaller pore size than SBA-15 (See Table 2) but similar pore 
structure and particle size. The removal of the folic acid template was per-
formed by calcination. 

Table 2. Particle characterization for calcined non-functionalized particles. Typical 
values for the samples utilized in this thesis. 

Material Morphology 
Particle 

size 
(µm) 

Pore 
structure 

Pore 
geometry 

BET area  
(m2/g) 

Pore 
Size 
(nm) 

Pore vol. 
(cm3/g) 

AMS-6 spheres 0.3 3D-cubic cylindrical 746 4.5 ~0.80 
AMS-8 spheres 2.4 3D-cubic cage 560 3.6 0.43 
SBA-15 rods 1.5  2D-hex cylindrical 710-828 10-11 ~1.15 
STA-11 spheres 4.8 3D-cubic cylindrical 597 7.0 0.43 
NFM-1 spheroids and 

rods 
1-5 2D-hex cylindrical 665-779 2.5-2.7 ~0.40 
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Values depend on the material batch and instrument utilized for the characterization which 
could vary between the papers presented in this thesis.  Particle size and morphology derived 
by SEM; other values derived by nitrogen adsorption.  

1.2.3.5 Functionalized materials 
Mesoporous silica surfaces can be functionalized providing specific chemi-
cal properties for particular applications17 for example as selective adsor-
bents36 or catalysts.37, 38 Functionalization allows the tailoring of the material 
interaction with different molecules or surrounding media. 

After removal of the organic template by calcination, the material surface 
presents a high density of silanol groups. These can react with the orga-
nosilanes which then become covalently bond to the material surface.39 This 
is known as post-synthesis functionalization and often results in heterogene-
ous surface coverage and the risk of blocking of pore entrances.40  

In the case of AMS-n and NFM-1 materials, solvent extraction of the sur-
factant template results in a homogeneous functionalization coverage of the 
surface without pore blocking due to the use of CSDAs such as APES during 
the synthesis (Figure 4). In this case it is important to ensure the complete 
extraction of the surfactant. 

The amino functionalities can react with other chemical groups resulting 
in further organic functionalization or in the binding of desired molecules 
such as fluorophores that facilitate the detection of the particles through fluo-
rescent microcroscopy. In this thesis covalent bonding of fluorescein isothi-
ocyanate (FITC) was achieved by the reaction of amine-functionalized (ex-
tracted) AMS-n materials with FITC, forming an imminothioester bond, 
Figure 6. 

Several other biological relevant molecules have been conjugated in a 
similar way to the surface of mesoporous silica materials including streptav-
idin (for imaging applications),41 folic acid (for targeting of cancer cells)27 
and peptides (for nuclear targeting).42 

 
 
Figure 6. Covalent conjugation of FITC to amine functionalized surface. 
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1.3 The immune system 
Defensive mechanisms have developed to protect against invading external 
pathogens, such as bacteria, viruses, fungi and parasites, as well as against 
internal harmful components such as cancer and damaged cells. The skin and 
mucous membranes, lining the internal surfaces of the respiratory, gastroin-
testinal and urogenital tracts form a physical, chemical and antimicrobial 
barrier preventing the entrance of most pathogens to the body. The acidic pH 
environment in the stomach, vagina and skin surfaces prevents pathogen 
growth while the presence of soluble factors, such as lysozyme, has antibac-
terial function. An immune response is only induced after a pathogen has 
overcome all of these barriers.43 

The immune system of jawed vertebrates is divided in two major parts; 
the more unspecific innate immunity, and the specific acquired immunity. 
The innate immunity provides the first line of defense against infection. It 
causes immediate and unspecific responses against invading common patho-
gens. It recognizes conserved and common structural patterns on pathogens 
leading to their internalization and destruction by phagocytic cells, such as 
macrophages and neutrophils. Innate immune recognition is mediated by 
pattern recognition receptors (PRRs) able to bind to a large number of mole-
cules with a common structural pattern such as lipopolysaccharides on the 

 
Figure 7. The innate and acquired immune systems communicate and interact with
each other. The innate immunity causes immediate and unspecific responses against
invading common pathogens. Pathogen recognition leads to its internalization and
destruction by phagocytic cells such as macrophages and dendritic cells (antigen
presenting cells, APC). The acquired immunity is antigen specific. B and T cell
differentiation into different effector cells and their localization is regulated through
co-stimulatory molecules, cytokines and signals from the innate immunity. Pathogen
specific proliferation of T and B-cells is the basis for immunological memory. 
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bacterial cell wall.44 Cytokinesd and inflammatory mediators are released 
after pathogen recognition triggering inflammation and recruitment of other 
cells such as monocytes, depending on the inflammation environment and 
the pathogen-associated PRR. At the site of inflammation, monocytes can 
differentiate into macrophages or dendritic cells (DC),45 which are profes-
sional phagocytic antigen presenting cells (APCs). The APCs provide infor-
mation to other cells about the nature of the engulfed target which is im-
portant in the tailoring of the immune response against it.46 Other cells in-
volved in the innate immunity are granulocytes (including neutrophils, baso-
phils and eosinophils) and mast cells.  

Granulocytes produce bactericidal substances and allergy related media-
tors such as histamine in response to various stimuli.43 Neutrophils are phag-
ocytic cells specialized in killing pathogens. The number of circulating neu-
trophils increases upon infection and they are usually the first cells to arrive 
to the site of inflammation.47 Basophils circulate in the blood and migrate 
into peripheral tissues in pathological settings such as allergic reactions. 
Activated basophils secrete high quantities of cytokines such as interleukin 
(IL) 4 and 13.48 Eosinophils are recruited to the site of inflammation secret-
ing  cytokines IL-4, IL-13 and IL-10; mediators and cytotoxic products in-
volved in host protection against parasites. Eosinophils are also involved in 
allergic diseases pathogenesis such as asthma.49 

Mast cells are distributed throughout tissues principally close to surfaces 
exposed to the environment. They can act as APCs, enhancing or suppress-
ing the innate (and acquired) immune response. They are activated when 
antigens binds to and cross-links IgE antibodies on the surface. They are 
regulated by IL-4 and IL-13.50 

The acquired immunity is mediated by antigen specific receptors on T 
and B cells. Hence, specific lymphocyte populations can be selected to pro-
liferate in response to a specific pathogen, which is the basis for immunolog-
ical memory. These lymphocytes circulate through the lymph nodes until 
encountering the antigen. The antigen is taken up by APC and delivered to 
the lymph nodes or spleen through the lymph or blood respectively. Lym-
phocyte differentiation into effector cells and their localization, is regulated 
through co-stimulatory molecules, cytokines and signals induced by PRRs of 
the innate immunity.44 

1.3.1 Monocytes 
Blood circulating monocytes express chemokine and adhesion receptors.  
These allow their recruitment to the site of inflammation and their migration 

                               
d Cytokines (from Greek kinos, movement) are small secreted soluble proteins that promote 
cell-cell communication and can acts as growth and differentiation factors. They include 
chemokines, cytokines able to recruit of lymphocytes to the site of inflammation. 
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from the blood into the inflamed tissue. They produce cytokines, taking up 
cells and toxic molecules. Monocytes can differentiate into macrophages or 
DC depending on the cytokine environment and the nature of the recognized 
antigen during inflammation.45, 51  

1.3.2 Macrophages 
Macrophages have a high phagocytic function with central roles in pathogen 
destruction and scavenging of dead cells. The rapid in vivo clearance of for-
eign, damaged or apoptotice cells by macrophages is crucial for tissue home-
ostasis and wound repair. Clearance prevents autoimmune responses by 
avoiding release of intracellular antigens from dying cells.50 They are also 
able to present antigen peptides on the major histocompatibility complex 
(MHC) class II molecules. The microbial and cytokine environment drives 
macrophages to express specialized and polarized functional properties.52  

1.3.2.1 M1 and M2 Macrophages 
Classical activation of macrophage to the M1 phenotype is mediated by Th1f 
cytokines such as interferon gamma (IFN-γ). M1 macrophages promote Th1 
immunity and are potent effector cells that kill microbial pathogens and tu-
mor cell producing high amounts of pro-inflammatory cytokines.50 This 
leads to phagocytosis of the target and its destruction.50 

In contrast, M2 macrophages are generally induced by Th2 cytokines: IL-4 
and IL-13. They suppress T cell responses, inflammation and antitumor activ-
ity mediating the expulsion of extracellular parasites from the gut. They also 
facilitate wound healing and tissue remodeling by regulating the recruitment 
of cells and deposition of the extracellular matrix at the site of tissue injury.50 
M2 tune inflammation and Th1 adaptive immunity through production of 
anti-inflammatory factors such as IL-10.52 Moreover, activated M1 can in 
some cases switch back to M2, and vice versa, upon specific signals.50 

1.3.3 Dendritic cells (DCs) 
Dendritic cells have a central role in the control of adaptive immunity 
through the innate immunity by regulating T cell function. They are special-
ized antigen processing and presenting cells with high phagocytic activity 

                               
e Apoptosis: naturally occurred and genetically programmed cell death distinct of the cell 
death during pathological conditions. It includes the final clearance step of the dying cell by 
phagocytic cells. 
f Th1 (T helper cell type 1) refers to the nomenclature of immune responses, characterized by 
a certain cytokine pattern. This nomenclature has its limitations and complexity, for example 
it varies significantly between different species. However, it allows two distinguish between 
two of the major types of immune responses; Th1 and Th2, as will be described in later pas-
sages of this thesis. 
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when they are immature. Recognition of a pathogen by PRRs activates DCs 
inducing them to phagocyte and degrade it into antigenic peptides within 
acidic intracellular compartments, lysosomes.44, 45 After activation, DCs en-
ter a maturation process characterized by down regulation of adhesive struc-
tures and phagocytic receptors and up-regulation of co-stimulatory mole-
cules such as clusters of differentiation (CD): CD40 and CD86.43 Activated 
and mature DCs migrate to the lymph nodes and secondary lymph organs 
where they exert their role as APCs. The antigenic peptides located in the 
MHC molecules (class I or II) on the DC surface are presented to T cells 
together with cytokines and cell-surface-associated molecules. While T cyto-
toxic cells (Tc) are MHC class I restricted and mainly present endogenous 
antigens, T helper cells are MHC class II restricted and mainly present ex-
ternal antigens (Figure 8). T helper cells (Th) differentiate into different 
types of effector cells.44 In comparison to macrophages DCs are more effec-
tive at tuning the development of naïve T cells.51 

 
Figure 8. Schematic representation of the DC-T cell interactions. Endogenous anti-
gens are presented on MHC I molecules to T cytotoxic cells (Tc) whiles external 
antigens are presented on MHC II to T helper cells (Tc). T cell activation occurs by 
recognition of an antigen-MHC complex on the DC through the T cell recognition 
receptor (TCR) together with cytokine signaling (arrows). 

1.3.4 T helper cells 
T cells can differentiate into several types of effector cells characterized by 
the production of distinct sets of cytokines. Activation occurs by recognition 
of an antigen-MHC II complex on an APC. In this thesis, focus lies on one 
family of T cells named T helper cells which can be divided into at least 
Th1, Th2 and Th17 depending on their cytokine production patterns.  

Th1 cells are characterized by IFN-γ production which triggers defense 
against intracellular pathogens (e.g. viruses) via activation of macrophages 
which result in delayed-type hypersensitivity. It triggers production of opso-
nization antibodies such as immunoglobulin IgG2 antibody subclasses by B 
cells.  
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Th2 cells produce IL-4, IL-5 and IL-13; promote both mast cell and eo-
sinophil activation. They are involved in the defense against multicellular 
parasites and allergy leading to IgE44, 53 and IgG1 antibody production.43  

Th17 cells produce IL-17 which leads to activation of neutrophils which 
are involved in the defense against extracellular bacteria and fungi.44  

1.3.5 Regulatory T (Treg) cells 
Treg cells are involved in homeostasis of the immune system by modulating 
the intensity and the quality of the immune response. They have a suppres-
sive effect on cytotoxic cells, primarily at the site of inflammation. This is 
performed through three distinct mechanisms including: direct elimination of 
cytotoxic cells, inhibition of cytokine production and secretion of immuno-
modulatory cytokines.54 However, the full mechanism of action of T regs is 
not yet fully elucidated.  

1.3.6 B cells 

B cell interaction with Th cells is critical for the survival of the antigen acti-
vated B cell into memory cells or antibody-secreting plasma cells. This re-
sults in faster and enhanced production of antigen specific antibodies upon a 
re-stimulation with antigen.55 This interaction is characterized by antibody 
class switching from IgM to IgG, IgA, or IgE. Th1 responses lead to secre-
tion of IgG2a and Th2 responses to secretion of IgG1 and IgE in mice.43 
Activation of B cell occurs when an antigen binds to the membrane-bound 
antibody in the secondary lymph organs.56 Plasma cells secrete specific anti-
bodies which neutralize antigens during the following challenge affecting the 
immunological response.55  

1.4 Vaccine and particle administration 
The aim of vaccination is to obtain immunological memory against a given 
pathogen which leads to protection against infection and disease.57 In order 
to trigger the desired immune response, vaccine antigens have to be deliv-
ered to professional APC and activate them.58 Hence the method of vaccine 
administration will to a large extent determine how rapidly the antigens ar-
rive at the desired location and how these are distributed in the body. 
Similarly, the distribution of nanoparticles and drugs in the organism is af-
fected by the route of administration. This should be taken into consideration 
when developing particles for different medical applications.  

Various routes of administration can be used for vaccines components. 
These include: intramuscular (i.m.), subcutaneous (s.c.) or intradermal (i.d.) 
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injection; transcutaneous, oral, sublingual, nasal and pulmonary administra-
tion. Each route requires specific formulations and administration devices.  

Injections via s.c. and i.d. are usually preferred for lymphatic targeting 
since both routes have been shown to result in a high accumulation of vac-
cines and nanomaterials in the regional lymph nodes.59 Currently the i.m. 
and s.c. routes are the most common for inactivated vaccines.58 However, 
injected vaccines have drawbacks such as patient compliance, the need of 
trained health workers to administrate the vaccines and stability. The latter 
problems are magnified in third world settings where access to medical facil-
ities and staff is scarce.  

Intravenous administration (i.v.) results in systemic distribution and offers 
the possibility of targeting via passive or active targeting. This is particularly 
important in the treatment of cancer with nanoparticles. Passive targeting 
occurs as a result of the tumor’s leaky vasculature and reduced lymphatic 
drainage system. Particles of up to ~300 nm in diameter accumulate in the 
tumor via the enhanced permeability and retention effect (EPR).59 Active 
targeting uses specific ligands attached on the particle surface to bind to 
specific or overexpressed surface molecules on the target tissues. Increased 
accumulation in the target can improve the effectiveness of toxic drugs and 
vaccines. This may result in the use of lower quantities of toxic drug com-
pounds and decreased adverse effects.59 Mesoporous silica particles have 
been shown to be well tolerated when delivering efficient doses of anticancer 
drugs to tumors in human cancer xenographt mice after intraperitoneal injec-
tion.60  

The drawbacks associated with injections, as outlined above, could be 
tackled by the use of appropriately engineered mesoporous materials com-
patible with oral administration. The simplicity of this method of administra-
tion is obvious; however reaching sufficient bioavailability and adequate 
biodistribution of drugs and vaccines without secondary effects remains a 
challenge.  

1.5 Toxicology of mesoporous silica materials 
The toxicology of colloidal silica, amorphous non porous silica particles of 
approximately 30-100 nm particle size, has been evaluated and reported.61 
Synthetic amorphous silica is already approved a food additives (E551 under 
EU regulations) and described in the pharmacopeia).62, 63 Mesoporous silica 
is compositionally the same as the approved colloidal silica (see Table 3). 
Due to their porosity and consequent high surface area, mesoporous silica 
materials can absorb and interact with different biological molecules in dif-
ferent ways to their nonporous counterparts. Hudson et al. reported that in-
traperitoneal (i.p.) and i.v. injections of ~1.2 g/kg doses of mesoporous silca 
materials (MCM-41, SBA-15 and MCF particles with particles sizes of 
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~140, 800 nm and 4 µm and pore sizes of 3, 7, 16 nm respectively), were 
lethal or lead to euthanasia of mice. Dose reduction to 40 mg/kg was safe.64 
Furthermore, the silica content in different organs has been shown to de-
crease over time indicating that the particles can be biodegraded. However, 
low toxicity by other mesoporous silica particles after i.v. injection has been 
described in several publications.21, 65, 66 An entire particle clearance from the 
organism after ~4 weeks with no signs of toxicity after a single dose (500 
mg/kg) and daily doses (14 days, 80 mg/kg) has been demonstrated.66 

Table 3. The pharmacopeia specifications for colloidal silicon dioxide, compared to 
NFM-1. 

Test PhEur 2005 Specification NFM-1 

Characters and appearance White or almost white, light, 
fine, amorphous powder 

White, light, granular powder 

pH (4% w/v dispersion) 3.5–5.5 4.21 
Arsenic - <8 µg/g 
Chloride Max 250 ppm <250 ppm 
Heavy metals Max 25 ppm <25 ppm 
Loss on drying - <2.5% 
Loss on ignition Max 5.0% 3.0% 
Assay (on ignited samples)            99.0-100.5%                  100.0% 

Table courtesy of Nanologica AB, Stockholm, Sweden. Analysis conducted by Eurofins 
Mikro Kemi AB, Uppsala, Sweden. 

 
New drug formulation technologies that can improve the bioavailability 

and stability of pharmacological compounds are desired.67 High-throughput 
drug-interaction computational and in vitro screening of chemical com-
pounds in drug discovery has resulted in a large increase in the number of 
poorly soluble drug candidates being developed.68 Mesoporous silica parti-
cles have been shown to be effective drug delivery systems for controlled 
and targeted-release as well as to enhance the bioavailability of poorly solu-
ble compounds.21, 23 Drug compounds confined inside the pores retain an 
amorphous state with higher dissolution rates than their crystalline form, 
resulting in a stable state of supersaturation in the gastrointestinal environ-
ment when applied orally.69, 70 This effect has been observed in vivo for sev-
eral poorly soluble drug compounds such as intraconazole70 and atazanivir.23 

In this thesis the oral toxicological properties of different mesoporous sil-
ica materials were evaluated with a view to determining the maximum toler-
ated doses as well as the potential for the particles to be systemically ad-
sorbed from the gastrointestinal tract. Additionally, silica porous materials 
with amorphous pores structures have been shown to have hypocholester-
olemic effects when administrated orally to cholesterol-fed rats71 and hu-
mans.72 The use of engineered mesoporous silica particles with tunable par-
ticle, pore size and pore structures, could improve the lowering effect on 
blood lipid concentrations. 
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2 Methodology 

A more detailed description of methods and characterization protocols can 
found in the “Materials and Method” section of individual publications.  

2.1 Material characterization 
X-ray diffraction (XRD), Transmission electron microscopy (TEM), Scan-
ning electron microscopy (SEM) and nitrogen sorption measurements give a 
full insight into the structural and textural properties of nanostructured mate-
rials when combined together. When considering materials for nanomedicine 
applications, characterization must involve additional techniques in order to 
reflect what the biological system “sees” when it is exposed to the material. 
Examples of relevant properties are particle size and surface z-potential 
since they have an important role on the cellular uptake of particles as will 
be discussed in chapter  3.  

2.1.1 X-ray diffraction 
X-ray diffraction analysis is a fundamental technique utilized to measure the 
atomic structure of materials. Since mesoporous silica possess amorphous 
atomic scale ordering the periodicity measured by X-ray diffraction is due to 
the sharp pore size distributions and their structure. When incident x-rays 
interact with the sample, elastic waves are scattered from the lattice planes 
and form a regular array of waves. Those waves interact constructively when 
the conditions of Bragg´s law are satisfied 
 ∅ 
 
where λ is the wavelength of the incident x-ray beam, dhkl is the inter planar 
spacing and θ is the beam’s incidence angle to the planes. The intensity of 
the scattered wave as a function of 2θ results in a diffraction pattern. The 
position of the diffraction peaks gives information about the structure of the 
material.  

The full structural determination of mesoporous materials by XRD is dif-
ficult for several reasons: (i) the periodicity of mesoporous silica materials is 
typically larger than 2 nm in diameter resulting in large unit cell parameters 
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with peaks at very low scattering angles; (ii) the lack of sufficient diffraction 
peaks and their broad nature prevents accurate structural determination; and 
(iii) the XRD technique gives information about the overall order of the bulk 
sample but not of the individual particles. Therefore, it is difficult to indenti-
fy defects in the material or to determine the percentage of ordered material 
in the sample. A detailed structural analysis of mesoporous particles must be 
complemented by other characterization techniques such as TEM. 

2.1.2 Scanning electron microscopy 
Scanning electron microscopy allows to study of the morphology and topog-
raphy of the particles and their surfaces. An electron beam scans the sample 
surface resulting in the emission of scattered electrons which are detected in 
different parts of the SEM sample chamber. The number of secondary elec-
trons scattered from each point of the surface is determined by the morphol-
ogy and is used to produce an image of the sample surface topography. A 
typical SEM image of AMS-6 is shown in Figure 9 A. 

2.1.3 Transmission electron microscopy 
An electron beam is produced using an electron gun, typically a tungsten 
filament, before it is accelerated and focused by electromagnetic lenses. 
When the electron beam interacts with the sample, electrons are scattered or 
transmitted by the sample. The non-uniform distribution of electrons trans-
mitted from the sample give structural and chemical information about the 
sample. The transmitted electrons can be detected using a fluorescent screen 
providing an image of the sample. Dark contrast in the image corresponds to 
high electron density areas in the sample (due to greater interaction with the 
electron beam), while light contrast corresponds to areas of less electron 
density.73 Hence, for mesoporous materials the light contrast observed in the 
images correspond to the pores (Figure 9 B).  

Biological samples are difficult to study by TEM due to the vacuum and 
elevated temperatures generated by the electron beam. Furthermore, biologi-
cal samples have low contrast. Different techniques such as fixation of the 
sample followed by staining with contrast enhancers are used to overcome 
these problems. In this thesis, TEM has been used to determine pore struc-
ture well as the particle uptake and localization within cells (paper I and II). 
Typical TEM images for AMS-6 and cellular preparations are shown in Fig-
ure 9 B and C, respectively.  
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Figure 9. Microscopy techniques used in this thesis showing AMS-6 mesoporous 
particles. (A) Scanning electron microscopy (SEM) image. (B) Transmission elec-
tron microscopy (TEM) image recorded along the [100] orientation of AMS-6. (C) 
TEM image of a primary human macrophage with internalized AMS-6 particles. (D) 
Fluorescence microscopy image of macrophages with internalized AMS-6-FITC 
(green). Cell membrane and nucleus have been histoimmunostained red and blue 
respectively. 

2.1.4 Nitrogen sorption studies 
The interaction between a gas, in this case nitrogen, and the surface of a 
solid during the adsorption process can be described quantitatively by an 
adsorption isotherm where the amount of gas adsorbed at a fixed temperature 
is plotted as a function of pressure, as shown in Figure 10 A. Isotherms for 
mesoporous materials are typically classified as type IV by the International 
Union of Pure and Applied Chemistry, IUPAC. The gas adsorption proceeds 
via multilayer adsorption followed by capillary condensation. Capillary con-
densation and capillary evaporation do not always take place at the same 
pressure giving rise to a hysteresis loop in the isotherm plot. This hysteresis 
occurs as a result of a combination effects; including the gas properties (ni-
trogen), the pore geometry and the pore connectivity. The specific surface 
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area, the mesopore volume and pore size can be directly derived from the 
isotherm.   

The BET (Brunauer-Emmett-Teller) surface area of the material is given 
by the amount of gas molecules needed to cover the surface with a complete 
monolayer, typically in the relative pressure (P/Po) range 0.05 to 0.3.74 The 
total pore volume can be calculated from the amount of gas adsorbed at a 
relative pressure close to the saturation vapor pressure (P/Po = 0.91). Several 
models can be used to calculate the  pore size distribution.75 Density func-
tional theory (DFT)74 was used in this thesis, since it has been shown to pro-
vide consistent results for mesoporous silica materials.76 The pore size dis-
tribution plot for SBA-15 with pore size of ~10 nm is shown in Figure 10 B. 

Apart from the determination of porosity, nitrogen adsorption isotherms 
have been used to confirm the presence of loaded compounds within the 
pores, from changes in the mesopore volume after loading.  

 
Figure 10. Nitrogen adsorption isotherm and pore size distribution for SBA-15. A) 
Adsorption and desorption isotherm for SBA-15 showing a typical mesoporous 
material type IV plot. Three well defined stages can be identified: (a) the round knee 
indicates the location of monolayer formation, proceeding to multilayer adsorption 
on the pore walls, (b) reversible capillary condensation, the inflection point gives 
information about the pore diameter, (c) full coverage of the pores (if a plateau, 
multilayer adsorption on the external surface). B) Pore size distribution. 

2.1.5 Dynamic light scattering 
In this thesis the hydrodynamic particle sizes were measured by dynamic 
light scattering (DLS). Particles in suspension are in constant random 
(Brownian) motion due to collisions with the molecules of the suspension 
fluid. Accordingly to the Stokes-Einstein theory of Brownian motion, parti-
cle motion is determined by the suspending fluid viscosity, the temperature 
and the particle size by: 
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3  

 
where D is the diffusion constant, dH is the hydrodynamic diameter of the 
particle and η is the viscosity of the fluid. The DLS technique measures the 
particle motion optically. The particles are illuminated by a laser and the 
fluctuation of the scattered light is measured over time and used to calculate 
the particle size.  

Samples were sonicated prior to size measurements in order to obtain par-
ticle dissolutions similar to those used in the corresponding in vivo and in 
vitro experiments. 

2.1.6 Zeta (z)-potential measurements 
When particles are exposed to an electric field they move at different veloci-
ties depending on their charge and the characteristics of the media in which 
they are suspended. The z-potential value corresponds to the electric poten-
tial in the ion layer surrounding the particle, and therefore gives an indica-
tion of the overall net particle charge. The z-potential of the particles was 
measured using light scattering techniques. 

2.1.7 Thermogravimetric analysis (TGA) 
This technique measures changes in the weight of a sample as a function of 
temperature. Typical analysis runs are conducted up to 1000oC causing all 
organic components to decompose at specific temperatures. This results in 
characteristic decomposition profiles, allowing to quantity the amount of 
organics (e.g. surfactant templates, loaded drug compounds, functional 
groups) within the inorganic silica material. In some cases it is possible to 
identify loading inside or outside of the pores as shifts in the decomposition 
peaks. Higher decomposition temperatures may occur when an organic com-
pound is encapsulated or conjugated within the pores of a thermal insulator 
such as silica. In this thesis, TGA was used to determine functionalization 
amounts and the amounts of molecules loaded in the samples. 

2.2 In vitro 
Macrophage interaction with mesoporous silica particles  
Mononuclear cells were prepared from buffy coats obtained from healthy 
blood donors by density gradient centrifugation. Cells were washed and re-
suspended in cell culture media and further seeded in cell culture plates. 
Non-adherent cells were removed after 1 h of incubation at 37oC. The re-
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maining monocytes were cultured in complete cell culture media supple-
mented with 10% heat-inactivated fetal bovine serum. Recombinant human 
macrophage-colony-stimulating factor (M-CSF) was added to the media for 
monocyte differentiation into macrophages. The monocyte derived macro-
phages were incubated together with various mesoporous silica particles at 
different concentrations, time-points and temperatures (37oC and 4oC). 

To study the effect of the particles on macrophage function, these were 
co-cultured after exposure with target cells (apoptotic and non-apoptotic 
neutrophils, apoptotic Jurkat cells (leukemic T cell line) or opsonized sheep 
red blood cells). 

 
Interaction of dendritic cells with mesoporous silica particles 
Monocytes were prepared from buffy coats obtained from healthy blood 
donors by density gradient centrifugation followed by monocyte specific 
anti-CD14 microbeads. Monocytes were cultured in complete cell culture 
media. Recombinant cytokines, granulocyte-macrophage-colony-stimulating 
factor (GM-CSF) and IL-4 were added to the media for monocytes differen-
tiation into DCs. The monocyte derived DCs were cultured together with 
various mesoporous silica particles at different concentrations. 

 
Co-culture of DCs with naïve T cells 
Immature dendritic cells were cultured with mesoporous particles. After 
washing and transfer to new cell culture wells, the dendritic cells were co-
cultured with autologous naïve T cells. The co-cultures were stimulated with 
IL-2 for further proliferation. The cell viability was then assessed and the T 
cells cytokine production was determined. 
 
Proliferation of transgenic OVA-specific splenocytes 
Single cell suspensions were prepared from spleens from ovalbumin (OVA) 
transgenic DO11.10 mice (Balb/c background) by mechanical disruption 
followed by lysis of red blood cells using lysis buffer. Splenocytes were 
stimulated at various concentrations with OVA, SBA-15 or SBA-15-OVA. 
The splenocyte proliferation was evaluated by [3H]-thymidine incorporation 
after 4 days. 

2.3 In vivo 
Immunization protocol 
The immunization protocol is illustrated in Figure 4A in Paper III. Balb/c 
mice were immunized s.c. in PBS (pH 7.4), once a week for 3 weeks either 
with SBA-15-OVA (containing 10 µg OVA) or SBA-15 alone. Alum formu-
lated OVA (10 µg OVA) and PBS groups were included as positive and 
negative controls respectively. One week after the last injection mice were 
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sacrificed and spleens were collected for ex vivo stimulation as described 
above. 
 
Allergy treatment protocol 
The treatment protocol is illustrated in Figure 6 A in Paper III. Balb/c mice 
were sensitized s.c. every second week for 6 weeks, with 10 µg OVA per 
mouse formulated in alum. Mice were then treated s.c. with either SBA-15, 
10 µg OVA, SBA-15-OVA (10 µg OVA) or alum-OVA (10 µg OVA) in 
PBS (pH 7.4). The PBS vehicle alone was used as a negative control. Five 
days after the treatment all mice were exposed to intranasal challenge with 
OVA for 3 successive days. The following day mice were sacrificed and 
blood (serum), bronchoalveolar lavage (BAL) fluid, and the spleens were 
collected to evaluate the efficacy of the treatment. Spleens were directly 
used for cell cultures (see above).  
 
Oral tolerance 
Studies were performed on Sprague Dawley rats. Firstly a dose range finding 
(DRF) test based on a single-dose stepwise procedure was performed. Ani-
mals (two males and two females) were administered particles by oral ga-
vage starting at doses of 30 and 40 mg/kg for NFM-1 and AMS-6, respec-
tively. The absence or presence of particle-related clinical signs indicated the 
next dose level (see Table 2 in paper IV for details). The DRF was followed 
by a confirmatory test (CT) where animals (five males and five females per 
group) were administered by oral gavage either with NFM-1 or AMS-6, 
formulated in PBS. Administration of PBS alone was used as control. The 
particle doses used in the CT were 2000 mg/kg for NFM-1 and 1200 mg/kg 
for AMS-6 (determined in the DRF) over a period of 7 consecutive days. 
The dose volume utilized was 10 ml/kg in both tests. 
 
Administration of mesoporous particles in the diet 
Mice (C57BL/6J) were single-caged at the thermal neutral zoneg for mice at 
30°C. The mice were fed with high fat diet (HF) during 7.5 weeks to induce 
obesity (Period I). Mice were then divided in three groups receiving HF diet, 
HF diet containing 1.4 % NFM-1 particles and HF diet containing 1.4 % 
SBA-15 particles (Period II). Food intake per mouse was measured during 
this period by weighing supplied and remaining food. From week 12 until 
the moment of sacrifice at week 20 (Period III), all mice received standard 
food (R70) at libidum. Additionally, 3 g of HF food was administered twice 
a week to the control group, the same containing 5% NFM-1 and 5% SBA-
15 to the respective treated groups. Body weight and body composition, 
were monitored every week. Body fat and lean composition was measured 

                               
g Temperature range within which an endotherm (the mouse) can control its temperature 
without elevating its metabolic rate. 
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by magnetic resonance imaging (MRI). Lipid, glucose and silica blood con-
tent were additionally analyzed. 

Table 4. Diet regimen during the oral administration of mesoporous particles studies.  

 Group Period I Period II 
Period III 
(*3 g twice a week) 

 Control HF HF Std + HF*
 NFM-1 HF HF 1.4 % NFM-1 Std + HF 5% NFM-1* 
 SBA-15 HF HF 1.4 % SBA-15 Std + HF 5% SBA-15* 

2.4 Other methods used 
Trypan blue exclusion assay 
Trypan blue ((3Z,3´Z)-3,3´-[(3,3´-dimethyl-biphenyl-4,4´(diyl)di(1Z) hydra-
zine-2-yl-1-ylidene]bis(5-amino-4-oxo-3,4dihydronaphthalene-2,7 disulfonic 
acid)) selectively colors dead cells or tissues blue. Live (uncolored) and dead 
cells can then be counted using a light microscope. The method was used for 
cell viability assessments. 
 
MTT cell viability/cytotoxicity assay 
The yellow salt MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazoliumbromide) changes to the color purple when reduced by the living 
cells mitochondrial activity. The absorbance of the colored solution is then 
quantified using a spectrophotometer. The method was used for cell viability 
assessments. 
 
Fluorescence microscopy 
A beam of light is used to excite electrons from fluorescent molecules in the 
sample which emit light when the excited electron drops back to the ground 
electronic state. Fluorescent molecules can be visualized using filters. In this 
thesis, the technique vas used to visualize fluorescent particles (conjugated 
with FITC or loaded with FITC conjugated protein) within cells. The cell 
membranes and nucleus were stained using specific antibody molecules with 
coupled fluorescent dyes. Different dyes are visualized separately in the 
microscope by switching filters. Figure 9 D shows human derived macro-
phages with internalized FITC conjugated particles (green), cell membranes 
(red) and cell nucleus (blue). 
 
Enzyme-Linked immunosorbent assay (ELISA)77 
The ELISA method is a highly sensitive immunoassay utilized for qualita-
tive or quantitative measurements of antigenic molecules in solution such as 
cytokines. The procedure is based on the interaction between antibody and 
antigen, where one of them is immobilized on a solid support. Interactions 
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are visualized and amplified by the use of enzyme conjugated antibodies 
which give rise to a color reaction in the presence of the substrate. The re-
sulting color change in the solution is proportional to the concentration of 
the analyte in the sample and is usually determined by comparing to standard 
solutions of known concentration.78 In this thesis, ELISA was used to ana-
lyze antibody and cytokine levels in serum and cell culture media. 
 
Enzyme linked immunospot assay (ELISpot) 
ELISpot was used to analyze cytokine secretion by macrophages in paper I 
and by T cells in paper II. Briefly, cytokine specific antibodies are immobi-
lized on the ELISpot plate. Cells are then added and incubated in the pres-
ence or absence of stimuli and washed out. Secreted cytokines remain bound 
to the antibodies on the plate and can be detected by the use of a detection 
antibody and its respective substrate resulting in colored spots where secret-
ing cells were localized. The assay was used to assess cytokine secretion by 
cells. 
 
Flow cytometry 
Flow cytometry is used for analysis and separation of cells or particles 
stained with fluorescent antibody. Single intact cells in suspension pass a 
laser beam deflecting light from the detector. Interruptions in the laser signal 
are counted. Stained cells or particles are excited by the laser and emit light 
that is detected by a second detector.79 

This method was used for cellular phenotyping in papers I and II, for 
quantification of FITC-labeled particle uptake by macrophages and for cy-
tometric bead array (CBA) analysis of the cytokine IL-5. 
 
Limulus Amebocyte Lysate (LAL) endochrome assay 
Lipopolysaccharides (LPS) are components of the cell wall of Gram-
negative bacteria and are natural adjuvants. They induce strong effects on T 
cell proliferation and differentiation. For this reason the content of LPS in 
the particles was determined by the LAL test method in papers II and III 
were the effect of the particles on immunocompetent cells was studied. 
 
Propidium iodide (PI) and Annexin-V assay 
This viability assay allows the measurement of early apoptosis and necrosis 
in a cell population. During early apoptosis phosphatidylserine translocates 
from the inner plasma membrane to the external cell surface. During necro-
sis the membrane loses its integrity. Annexin V is a protein with high affini-
ty for phosphatidylserine and it is used in combination with the dye exclu-
sion PI test to establish cell membrane integrity. 
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[3H]-thymidine incorporation 
The thymidine incorporation assay is a direct assay for measurement of cell 
proliferation. A radioactive [3H]-thymidine is incorporated into new strands 
of chromosomal DNA during mitotic cell division. A scintillation beta-
counter is used to measure the radioactivity in DNA recovered from the cells 
in order to determine the extent of cell division that has occurred in response 
to a test agent. 
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3 Important aspects of nanostructured 
materials in life sciences  

This chapter attempts to highlight material properties and experimental set 
up conditions that are considered of importance when determining the effect 
of particles on biological systems. Special attention is drawn to mesoporous 
particles.  

3.1 Particle size 
Vallhov et al. studied the effect of mesoporous silica particle size on particle 
uptake by human dendritic cells.80 Mesoporous particles AMS-6 (270 nm in 
size, SEM) and AMS-8 (2.5 µm, SEM) were used in the study. Smaller par-
ticles affected the viability and cytokine production of DCs to a lesser extent 
than the larger AMS-8 particles. None of the particles were taken up at 4oC, 
indicating that both types are taken up via an active mechanism such as en-
docytosis. AMS-6 particles were found within membrane-enclosed com-
partments while AMS-8 were found directly in the cytosol indicating that 
they escape from the lysosome.80  

The interaction of SBA-15 and MCM-41 (Mobile Composition of Matter-
41) mesoporous silica particles with human red blood cells was investigated 
by Zhao et al.81 Larger SBA-15 particles (~ 531 nm, SEM) where taken up 
by red blood cells to a greater extent than MCM-41 particles (~122 nm, 
SEM). MCM-41 particles were adsorbed onto the cell surface without dis-
turbing the cell membrane while the adsorption of SBA-15 particles to the 
cell surface led to greater local membrane deformation, and internalization 
and subsequent rupture of the red blood cells (hemolysis). The authors pro-
posed that the uptake of the particles by red blood cells was determined by 
two competing processes: (i) binding of the silanol-rich surface to the phos-
phatidyl choline-rich cell membrane which is more favorable for the larger 
particles due to the larger external surface area; and (ii) bending of the cell 
membrane to adapt to the particle surface. Small particle sizes require major 
membrane modifications, due to the smaller contact area with the cell mem-
brane and hence more energy is required to bind than for larger particles 
with larger contact area.81  
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Hence, the uptake of larger particles is thermodynamically more favorable 
than the uptake of smaller particles for red blood cells. This differs from 
phagocytic cells (DCs and macrophages) which are specialized in the uptake 
of particulate matter.  

When particles enter into contact with biological systems they do so in 
media such as PBS or cell culture media, or biological fluids such as serum, 
saliva or gastric fluids. This makes the hydrodynamic particle size measured 
in the relevant media more important than the dry particle size measured by 
microscopy techniques. This was taken into consideration when particle 
sizes were measured in this thesis, but makes it difficult to compare with 
other published work. The hydrodynamic particle size refers to a model 
spherical diameter that has the same translational diffusion coefficient as that 
being measured. In papers II and III both spherical (AMS-6) and rod-like 
(SBA-15) particles were used. Rod shaped particles resulted in broader par-
ticle size distributions as indicated by higher values of the poly-dispersity 
index (PDI, see Table 1 paper II). The particle sizes measured by DLS in 
paper II were in correlation with the length of the particles as seen in SEM 
and TEM images. 

As discussed previously a protein corona forms immediately upon contact 
of a particle with biological fluids due to the adsorption of biomolecules on 
the particle surface. This influences the particle size and their surface chem-
istry.82, 83 As the surface of the protein corona is what the cells first interacts 
with, different protein corona compositions could imply different biological 
outcomes.84 However in paper I, the presence of serum in the cell culture 
media had no effect on the particle uptake by macrophages.  

3.2 Surface chemistry 
Surface chemistry can influence the reactivity, solubility, interaction and 
agglomeration of particles in different environments, as well as their accu-
mulation in organs and tissues. Surface chemistry will also strongly influ-
ence the nature of adsorbed protein corona and their interaction strength. 82, 83 
The inner “hard” corona layer contains proteins that are strongly adsorbed to 
the particle’s surface whereas the outer “soft” corona layer is composed of 
proteins with shorter residence times and lower affinities to the surface.83 
The mechanism of selective adsorption on a surface is largely dependent on 
electrostatic interaction.83, 85 For example the amount of proteins adsorbed on 
gold nanoparticles has been found to have a positive effect on their uptake 
by human breast adenocarcinoma cells in vitro.86 Furthermore, the cytotoxi-
cicity of cetyl trimethylammonium bromide (CTAB) coated gold particles 
was much higher in serum free media than in serum supplemented media, 
indicating a protective role of the serum proteins.86 The method used in this 
thesis to determine the particle net charge in solution is to measure the z-
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potential. In this thesis the z-potential of the particles were measured in rele-
vant media.  

A study by He et al. including several different polymeric nanoparticles 
(150-500 nm) and cell lines showed size, cell line and charge (with z-
potential between -40 to +35 mV) dependent effects on the particle uptake 
by cells and their biodistribution.87 Increased surface charge (positive or 
negative) increased the nanoparticles uptake by macrophages. When the 
absolute z-potential values were similar, the phagocytic uptake of the posi-
tively charged particles was higher than for the negatively charged ones, 
independently of the composition of the particles. Non-phagocytic cells fa-
vored the uptake of less negative (e.g. -15 mV) and more positive charged 
particles (e.g. +35 mV).87  

Functionalization of the particle surface with different chemical groups 
can be engineered to modulate the interaction with biological systems as 
exemplified in paper II, where SBA-15 particles with or without propylcya-
nide functionalization lead to stimulation of T cell development in different 
directions. The z-potential value for SBA-15-PrCN measured in serum sup-
plemented cell culture media was -8.43 mV, and the corresponding value for 
the free SBA-15 was -10.0 mV. Whilst this may appear to be a small differ-
ence, SBA-15-PrCN had no effect of viability in comparison to controls and 
did not activate DCs in contrast to SBA-15. Slowing et al. showed that the 
uptake of MCM-41 mesoporous silica particles by HeLa cells expressing 
folate receptors. The more positive charged particles (with z-potential be-
tween -3.2 to +12.8 mV) were located inside endosomes in larger numbers 
than more negative charged ones (-4.7 and -34.7 mV).88  

These two examples highlight the effect of surface chemistry on both up-
take, endosomal entrapment and the processing of particles within the cell 
(i.e. exposure or not to lysozymes in the endoslysosome).  

 Functionalisation of particles with polyethylene glycol (PEG) has been 
shown to decrease protein absorption leading to longer circulation times and 
altered biodistribution.89 Pegylation also increases the stability of particle 
dispersions in different biological media.90 However, coating with PEG can 
reduce target interaction and accumulation91 which may be desired in some 
drug delivery applications. On a practical note, surface functionalization and 
changes to the surface chemistry of a mesoporous silica particle, can im-
prove its compatibility with different solvents and drug compounds being 
loaded within its pores; as well having effects on processing parameters such 
as tableting and its eventual administration route.19  

3.3 Porosity  
Porosity plays an important role in determining toxicity. This has been 
shown in studies where the biological effect of mesoporous silica particles 
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has been compared to the effect of nonporous particles with similar chemical 
composition. Mesoporous particles of sizes between 25-300 nm with 2D 
hexagonal pore structures (~3 nm pore sizes) showed lower hemolytic activi-
ty than their nonporous counterparts of similar size.92, 93 This was likely due 
to the lower silanol group density on the particle surface in contact with the 
cell membrane of the red blood cells. The high density of silanol groups on 
the surface of nonporous particles exerts stronger effects on the cell mem-
brane phospholipids, as shown in Figure 11. 

 
Figure 11. Representation of the interaction of amorphous non-porous silica parti-
cles (A), and mesoporous silica particles (B) with the red blood cell membrane. 
Arrows shows disruption of the cell membrane due to the cumulative interaction of 
the silanol groups on the particle surface and the membrane phospholipids. Reprint-
ed from reference.92 

Porosity and its effect on surface and pore volume affect mesoporous sili-
ca’s capability to encapsulate molecules within the pores. Loading of meso-
porous particles with OVA (as model antigens) was conducted in order to 
study the particles potential as adjuvants in paper III. Attempts to load OVA 
into AMS-6 and STA-11 failed since the antigen (4x5x7 nm) was not able to 
enter the pores (Figure 12). SBA-15 with pore sizes of 10-11 nm resulted in 
a 10wt% loading of OVA. The pore size distributions of AMS-6 and STA-11 
are shown in Figure 12, and were insufficiently large to allow facile diffu-
sion of the protein within the pores. 

Another example of the relevance of pore size is represented in Paper V 
where obese mice where fed with mesoporous silica particle’s. The pore size 
was shown to be determinant for the particles effect on body weight and 
body fat composition. While large pore SBA-15 led to significant decreases 
in both factors, small pore NFM-1 did not. It is hypothesized that the effect 
is based on the selective sequestration of biomolecules such enzymes (e.g. 
lipase) and bile acids in the intestine. 
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Figure 12. Comparison of pore size distributions of AMS-6, STA-11 and SBA-15. 
Y axis in arbitrary units. On the left: OVA protein for illustration. 

3.4 Choice of protocols 
The methodology utilized in a study affects the experimental outcome. In the 
context of new materials for use in nanomedicine, this is especially relevant 
when assessing biocompatibility and cytotoxicity. 

Analysis methods should be chosen to avoid their interactions with the 
tested particles. The suitability of using the MTT assay (see Methodology 
section) to evaluate biocompatibility in vitro has been put into question for 
several nanoparticles including mesoporous silica.94, 95 Material-dye interac-
tions and dye adsorption may interfere with the experimental outcome.96 
When assessing the effect of mesoporous silica on cell viability, the MTT 
assay overestimates cell death compared to other techniques such as flow 
cytometry due to an enhanced formazan exocytosis.96 Moreover, the forma-
zan can form crystals within the pores of carbon nanotubes limiting their 
solubilization which result in a decreased color/absorbance in the analyzed 
solution and hence underestimation of the cell viability.97 For this reason 
other techniques than MTT were used to assess cell viability in this thesis, 
such as Trypan blue exclusion assay (paper I, II and III), PI and Annexin-V 
staining (paper II).  

There are numerous divergent reports on uptake mechanism, toxicity and 
route (apoptosis or necrosis) of nanoparticles. It is clear that the process of 
internalization is cell type-specific. Xia et al. showed that the toxicity of 
cationic polystyrene particles depends on cell-specific uptake mechanisms 
and mitochondrial injury pathways.98 In another study, He et al. concluded 
that uptake of different polymeric particles was cell line dependent and may 
be due to distinct cell surface properties and endocytosis mechanism.87 

Although in vitro and in vivo results are often not correlated,99 cell culture 
studies offer relatively easy and cheap systems for the determination of cell 
type-specific responses without the use of animals, which have ethical and 
economic implications. On the other hand in vitro studies fail to answer 
questions about whole organism effects since those will require the interac-
tion and communication between several cell systems, tissues, signaling 
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molecules etc. The development of better in vitro systems may lead to a bet-
ter understanding and correlation between in vitro and in vivo techniques.   
This was attempted in paper III by the use of an OVA specific (transgenic) 
mouse model which permits the study of the clear antigen specific 
response.100 When evaluating risk assessment, however, the need of in vivo 
assays cannot be avoided.   

Mesoporous silica particles showed effects on viability, uptake and 
changes on surface immune regulatory markers of DCs.80 We wanted to 
further study their effect on immunocompetent cells: human monocyte de-
rived macrophages (paper I) and human monocyte derived dendritic cells 
(paper II). Both types of cells were able to effectively engulf mesoporous 
particles. Particles of AMS-6 did not interfere with macrophages’ viability, 
function and cytokine profiles at particle concentrations of 100 µg/mL. In 
contrast, DCs exposed to a lower particle concentration (50 µg/mL) showed 
decreased cell viability (paper II) as previously reported.80 The next step was 
to investigate whether the particles were able to tune the development of T 
cell responses through DC signaling. For this reason a co-culture system was 
developed: DCs pre-exposed to particles with autologous naïve T cells. All 
three in vitro systems (macrophages, DCs and co-culture) in this initial as-
sessment showed different outcomes (see chapter 6). In the following studies 
(paper III) the particles capacity to elicit antigen specific T-cell responses 
was studied in a splenocyte culture with T cells specific for OVA antigen. 
This system, using a mixed splenocyte culture, was estimated to be closer to 
the conditions in vivo. The Balb/c background of transgenic mice was also 
considered important since further immunogenicity and treatment studies 
were going to be performed on Balb/c mice. Thus, each model was chosen as 
a result of data derived in previous studies, advancing our understanding as 
close as possible to an in vivo scenario. 

Similarly the obese murine model used in paper V was chosen because it 
was considered the most relevant model in our attempt to elucidate the po-
tential effects of the particles on health factors in obese individuals. High-fat 
fed C57BL/6J mice are a commonly used obesity mouse model and present 
characteristics in common with obese human patients such as impaired glu-
cose tolerance and type 2 diabetes.101 In paper V the particles were mixed in 
the food without pre-formulation which made the single particle size or hy-
drodynamic particle size less relevant. In the case of papers I, II and III the 
particles were applied in solution after sonication. 

3.5 Dose 
Everything can be toxic at doses above a certain concentration threshold 
which depend on both the particle and the system used. What should the 
study dose be based on? Most studies determine the doses based on mass per 
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volume, as in papers included in this thesis. However, equal mass of differ-
ent sized particles imply different number of particles per cell. Other dose 
alternatives have been proposed when determining nanoparticle cytotoxicity 
such as particle number or volume.102 Another possibility is to base the dos-
age on surface area or pore volume since those may also have important 
implication in the effect of the particles when acting as a delivery system or 
interacting with cells. 

The European Commission´s Scientific Committee on Emerging and 
Newly Identified Health Risk (SCENIHR) suggests that risk assessment of 
nanoparticles should be performed in a case-by-case basis taking in consid-
eration specific hazard identification and exposure risk analysis.103  

3.6 Shape 
Particle morphology can influence the interaction with cells by determining 
the uptake mechanism, affect how particles circulate in the blood stream and 
how they filtrate through kidneys and spleen. Particles with different shapes 
experience different hydrodynamic forces in the blood stream where non-
spherical particles have a higher tendency to move towards the vessel walls 
than spherical particles.104 Non spherical micron sized particles can pass 
through the spleen when having at least one dimension smaller than 200 
nm.104 Biopersistent nanofibers with high aspect ratio and fiber lengths >15 
µm (e.g. asbestos and carbon nanotubes) cannot be engulfed by macrophages 
leading to frustrated phagocytosis and to a non-effective clearance of the 
particles.104 However, the shape effect on cell uptake can be composition 
dependent. Spherical gold nanoparticles were internalized faster than elon-
gated particles by HeLa cells105 whiles the opposite effect has been observed 
for hydrogel nanoparticles (cationic poly(ethylene glycol)) in a different 
study.106  

In our studies on DCs (paper II) the particle shape did not influence the 
uptake efficiency. Both small spherical AMS-6 and bigger rod shaped SBA-
15 particles were efficiently engulfed and were found within vesicular com-
partments. The effect on cell viability was also similar, although the cytokine 
patterns elicited by T cells were different.  

In paper IV where the potential oral toxicity of AMS-6 and NFM-1 was 
evaluated, the different shapes seem not to influence the outcome. Both par-
ticles were well tolerated. It is worth noting that due to the high concentra-
tions used, NFM-1 particles were probably agglomerated in the stomach and 
the intestine. 
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4 Immunology studies 

4.1 Interaction of mesoporous silica particles with 
human immunocompetent cells 

In paper I, the aim was to study the particle uptake by macrophages as well 
as their effects on cell viability and function. Three different types of spheri-
cal particles were used, namely; AMS-6 (particle size <400 nm), AMS-8 
(~2.5 µm) and STA-11 particles (~4.8 µm) allowing the study of size related 
effects. The uptake of smaller particles (AMS-6) was found to be higher than 
for the larger particles (AMS-8 and STA-11). However, since mass dosages 
were used in this study the number of AMS-6 particles was more than five 
times higher than the number of AMS-8 or STA-11 particles per macro-
phage. Images by TEM recorded on macrophages exposed to particles shows 
that the smaller AMS-6 particles are located in membrane enclosed com-
partments within the cytosol, indicative of an active uptake mechanism  
(Figure 13). 

  

Figure 13. TEM image of macrophages showing an AMS-6 particle within a  mem-
brane enclosed vesicle  (left); and the edge of a STA-11particle showing the absence 
of a surrounding distinctive bi-layer (right). Images courtesy of Dr. Kjell Hultenby, 
Karolinska Institutet, Sweden. 

These results are in accordance with previous reports by Vallhov et al. 
where AMS-6 particles were encapsulated into vesicular compartments 
while the bigger AMS-8 particles were found directly in the cytosol within 
human monocyte derived dendritic cells (MDDC).80 It has been shown that 
the uptake of AMS-6 and AMS-8 by MDDCs occurs through an energy de-
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pendent (active) mechanism since none of the particles were taken up when 
cells were incubated at 4oC, which inhibits active internalization.80 Endoso-
mal entrapment has also been shown for MCM-41 (150 nm) in studies with 
HeLa cells.88  

In our work, macrophages were also incubated at both 37oC and 4oC, or 
pretreated with endocytosis or phagocytosis inhibitors. Incubation at 4oC 
resulted in fewer particles per macrophage also indicating an active mecha-
nism. Similar results were obtained with the endocytosis and phagocytosis 
inhibitors. The results indicate that several endocytic uptake processes are 
involved in the uptake of the mesoporous particles by macrophages. A cock-
tail of endocytosis inhibitors decreased the uptake of AMS-6 and, and to a 
greater extent, AMS-8. Actin polymerization inhibitors blocked the uptake 
of AMS-8 completely and reduced the uptake of AMS-6 supporting a phag-
ocytic or receptor mediated endocytosis, Figure 14. This is not surprising, 
since phagocytosis is known to be involved in the uptake of large particles 
such as microorganism.107 However, specific internalization pathways could 
not be determined in the inhibition experiments. The presence or absence of 
serum in the cell culture media did not affect the uptake of the particles in 
these experiments, however it cannot be fully excluded that the adsorption of 
proteins onto the particle surface has some effect on receptor-mediated up-
take mechanism for these particles. The uptake of crystalline silica is mainly 
mediated by the scavenger receptor MARCO by murine alveolar macro-
phages108 and could potentially be involved in the uptake of mesoporous 
silica as well.  

 
Figure 14. Schematic representation of endocytosis mechanisms involving different 
signaling pathways. Phagocytosis: where the target is recognized by receptors on the 
phagocytic cell surface inducing pseudopod extensions that engulf the particle and 
fuse into phagosomes. Receptor mediated endocytosis: where specific macromole-
cules bind to transmembrane receptors, accumulate in clathrin-coated-pits entering 
the cell within clathrin coated vesicles. Pinocytosis: where continuous ingestion of 
fluid and solutes via small endocytic vesicles (~100 nm) occurs in the plasma mem-
brane. Different uptake mechanism involve different signaling pathways.107 
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The main conclusion from paper I is that the particles are non-toxic for 
human macrophages in vitro. The clearance functions of macrophages were 
unaffected as evident from co-cultures with target cells (see paper I). Neither 
their cytokine profiles. This indicates that the use of mesoporous silicas in 
vaccines does not trigger signaling to other immunocompetent cells which 
may suggest a low risk for a macrophage dependent modulation of the im-
mune responses towards the particles.  

One important way that adjuvants can mediated their effect is through DC 
activation.109 For this reason they were chosen for further assessments of the 
particles potential toxic and adjuvant effects. A significant increase in the 
number of CD86+-cells in comparison to the unstimulated control indicated 
that the DCs became activated after stimulation with AMS-6 and the larger 
rod shaped SBA-15 (Figure 15). This was observed at 50 µg/mL doses 
which are two times lower than in the macrophage experiments. None of the 
particles induced increased expression of the maturation marker CD83, ex-
cluding a general DC maturation as observed for the positive control (LPS). 
DC viability was decreased for both AMS-6 and SBA-15 particles at 50 
µg/mL (but nor at 5 µg/mL) compared to unstimulated cells (see Figure 5, 
paper II for the complete figure including the analysis of the co-stimulatory 
molecules CD40, CD80, the maturation marker CD83 and the antigen pre-
senting molecules MHC I and MHC II).  

 
Figure 15. Mesoporous silica particles affect the phenotype of DCs as analyzed by 
measuring the expression of the co-stimulatory molecule CD86 by flow cytometry. 
LPS was used as positive control. The asterisks represent a significant difference (p 
< 0.05) using Friedman’s nonparametric ANOVA with Dunn’s post-test. Modified 
from paper II. 

Dendritic cells pre-exposed to AMS-6, SBA-15 and SBA-15-PrCN were 
co-cultured with autologous T naïve cells to investigate whether they could 
tune their development. The cytokine patterns of T cells were analyzed using 
ELISpot (Figure 16). No changes in the cytokine patterns of the T cells were 
observed at 5 µg/mL particle concentration. At 50 µg/mL, AMS-6 and SBA-
15 showed a significant increase in the number of T cells secreting the Th1 
cytokine IFN-γ, compared to the control. There were no significant differ-
ences in the number of IL-4, IL-13, IL-10 or IL-17 secreting cells. However, 
although not significant, SBA-15 seemed to trigger IL-4 and IL-13 (Th2 
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cytokines) whiles AMS-6 showed the highest levels of IL-10 (regulatory 
cytokine). Hence, in contrast to macrophages, DC stimulation with SBA-15 
and AMS-6 particles led to immune responses by activation of T cells. SBA-
15-PrCN showed no differences on any of the tested cytokines compared to 
the control (Figure 16).  

Overall, SBA-15 particles skewed T cells towards a more Th1-like re-
sponse which is usually desired in immunotherapy and against most intracel-
lular pathogens. These results indicate that SBA-15 particles have a potential 
as adjuvants. This together with previous publications showing the capability 
of SBA-15 particles to improve the responsiveness of low responder mice 
against a specific antigens,38 led to further studies to assess the adjuvant ca-
pacity of SBA-15 when loaded with a specific allergen. 

 
Figure 16. Mesoporous particles are able to tune the development of naïve T cells 
through dendritic cell signaling. ELISpot analysis of the cytokine production by T 
cells after 7 days co-culture with autologous DCs which were pre-treated with AMS-
6, SBA-15 and SBA-15-PrCN mesoporous silica particles at 5 or 50 µg/mL The 
asterisk represent a significant difference (p < 0.05) in comparision to the control 
(MDDC + T-cells) using Friedman’s nonparametric ANOVA with Dunn’s post-test. 

4.2 Towards the use of mesoporous silica adjuvants in 
vaccine systems 

Mesoporous SBA-15 was loaded with a model antigen, OVA, and tested 
whether it could elicit antigen specific T cell responses in an antigen specific 
system. The chosen in vitro system was composed of splenocytes from 
transgenic DO11.10 mice. This mouse strain has a T cell antigen receptor 
(TCR) specific for the OVA antigen (amino acids 323-339) presented on 
MHC-II molecules on the surface of the APC (Figure 8). Ovalbumin specif-
ic T cells constitute 80-90% of the T cells in this mouse. This model is hence 
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very suitable for the study of antigen specific CD4+ T cell responses.100 Ex-
posure to SBA-15-OVA induced significantly stronger splenocyte prolifera-
tion in a dose dependent manner compared to the proliferation elicited with 
OVA alone, whereas SBA-15 alone induced no proliferation of DO11.10 
splenocytes (Figure 3, paper III). These results suggest that the particle po-
tentiate antigen specific T cell responses and that the adjuvant effect of 
SBA-15, when loaded with an antigen, could likely be regulated by control-
ling the adjuvant/particle ratio and amount. Therefore, immunization studies 
were further performed to evaluate the capacity of SBA-15-OVA to stimu-
late antigen-specific T cells in vivo. This was indirectly measured in an ex 
vivo splenocyte assay in response to OVA. Immunizations with SBA-15-
OVA and alum-OVA (positive control) induced significantly higher spleno-
cyte proliferation levels compared to the controls (Figure 4B, paper III). 
Interestingly, SBA-15-OVA immunization led to mixed Th1/Th2 cytokine 
patterns, albeit with a clear and significantly higher INF-γ production com-
pared to all other immunization groups. Note that in the Balb/c background 
mice there is an intrinsic capacity of T cells to develop towards Th2 pheno-
types producing lower levels of INF-γ and higher levels of IL-4 compared to 
other mouse strains.110 The splenocyte system with specific T cells was 
shown to be a quick and efficient assay to detect adjuvant properties of mes-
oporous particles. 

Mesoporous particles have been shown to improve the immune responses 
towards an antigen through different mechanisms such as depot effect, con-
trolled release kinetics of the antigen and favoring the antigen uptake by 
APC.111 Reports regarding particle size and the correlation with humoral or 
cell mediated immunity are, however, conflicting.111 Thus the adjuvant effect 
of SBA-15-OVA could be, at least in part, explained through enhanced par-
ticle uptake combined with the slow release of OVA from the particles. Ki-
netic release measurements were performed on SBA-15-OVA (paper III) 
loaded at 10 wt% showing a clear diffusion controlled release over a period 
of 5 hours under sink conditions (PBS, pH=7.4).  

In a recent publication Wang et al. used mesoporous silica particles of 
different sizes (130, 430 nm and 1-2 µm) loaded with bovine serum albumin 
to induce mixed Th1/Th2 type of responses in mice after oral administra-
tion.26 Mixed Th1/Th2 responses towards specific antigens have also been 
observed for other particulate adjuvants such as polymeric nanoparticles,112 
and carbohydrate-based particles.113  

4.3 Mesoporous silica adjuvants 
An ideal vaccine is a simple and stable formulation that can be easily admin-
istrated and provide life-long immunity against a specific pathogen. Advanc-
es in vaccine technology have led to the development of highly purified vac-
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cines with improved safety profiles such as recombinant proteins and pep-
tides. However, inactivation and purification processes due to a fear of toxi-
cological effects associated with pathogens as vaccines, has led to a reduc-
tion in the immune stimulatory capacity of the antigens and hence lower 
vaccine effectiveness.57  

Adjuvants are compounds that are added to vaccine formulations in order 
to improve the immune response against the vaccine antigen.57 Adjuvants 
mimic infection, stimulate innate immunity and direct the type of the adap-
tive (acquired) immunity induced by the vaccine.10 This leads to increased 
effectiveness and dose reductions with implications in the production of 
antigens.57 Important additional issues required for the development of new 
adjuvants are: stability, production cost, suitability to a broad range of vac-
cines and, minimal adverse effects. The only adjuvants approved for human 
use are aluminium salts, known as alum. Alum has a good safety record but 
induces mainly Th2 type responses.114 Alum is therefore not optimal in the 
treatment of allergies and in inducing IgA antibody mucosal responses.10  

The development of vaccines with controlled antigen delivery systems 
may avoid the use of booster doses, controlling the spatial and temporal 
presentation of antigens to the immune system. Vaccines are usually pro-
duced and administrated in aqueous solution where their stability is com-
promised requiring the need to be transported and stored under refrigerated 
conditions. There are different strategies to overcome the difficulties of vac-
cines transport such as adding stabilizers (usually sugars or amino acids) or 
drying. It has been shown that mesoporous particles improve the long-term 
stability of proteins115, 116 and peptides.117  

Allergen-specific immunotherapy (ASIT) is the only allergy treatment 
available today for long-lasting relief of allergic symptoms. It modulates the 
threshold of mast cell and basophil activation and decreases IgE-mediated 
histamine release most likely through modulation of the B- and T-cell re-
sponses. In ASIT allergens are adsorbed onto alum to prevent anaphylactic 
reactions by generating a slow-release depot avoiding a systemic distribution 
of allergen.118 Despite well documented successful clinical outcome, alum-
based ASIT possess a risk of side-effects such as granuloma formation.109 
Immunotherapy counteracts or suppresses the established allergen specific 
Th2 response to a Th1-skewed or a T-regulatory response.119 Data presented 
in this thesis also shows that mesoporous silica particles are able to skew 
immunological T cell responses (paper II and III).  

To evaluate the therapeutic effect of SBA-15-OVA particles to skew an 
already existing immunological response in vivo a mouse model for allergy, 
established by Neimert-Andersson et al. was used (Figure 17).  The model 
has been shown to exhibit the characteristic features of experimental allergic 
inflammation with elevated allergen-specific serum IgE levels, increased 
infiltration of eosinophils in the lungs and enhanced airway hyper-reactivity 
to methacholine after allergen challenge.113  
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Figure 17. Treatment protocol. Balb/c mice were sensitized s.c. with 10 µg OVA 
three times every second week. Mice were then treated s.c. three times every second 
day with either SBA-15-OVA (containing 10 µg OVA), SBA-15 (same amount of 
SBA-15 as in the SBA-15-OVA stimuli) or 10 µg OVA. Alum-OVA and PBS were 
included as positive and negative controls, respectively. Daily i.n. challenge with 10 
µg OVA followed during three days. Blood, BAL and spleen samples were collected 
at day 42. 

OVA sensitized mice were treated with SBA-15-OVA or alum-OVA, before 
challenge with OVA. The treatment with the particles was shown to skew 
the existing allergic inflammation (Th2-type response) towards a more Th1-
like response. This was indicated by higher IgG2a serum levels and INF-γ 
production, measured in splenocytes after ex vivo stimulation with OVA, 
compared to alum adjuvant. Moreover, the OVA-specific IgE levels were 
lower than those in the alum-OVA treated group (Figure 5B, paper III). 
These results make mesoporous silica particles suitable adjuvant candidates 
for vaccine/immunotherapy when a more Th1-like immune response is pre-
ferred over Th2. No symptoms of local toxicity or granuloma formation at 
the site of administration were observed in accordance with previous studies 
using SBA-15 as adjuvant.38, 120, 121  
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5 Oral toxicology and obesity 

Toxicological and biocompatibility evaluations of mesoporous particles have 
been performed in several in vitro and in vivo systems via several admin-
istration routes. Lu et al. have found that 10 daily doses of >100 mg/kg of 
~100-130 nm particles administered i.p or i.v. were well tolerated by mice.21 
In a recent publication the maximum tolerated dose (MTD) after i.v. admin-
istration of mesoporous particles (spheres of 120 nm and 1 rods of 36x1028 
nm) and non-porous silica particles (150 nm) to be respectively 30-65 mg/kg 
and 450 mg/kg.122 In rats, the MTD of amorphous non-porous silica particles 
after i.v. administration (15 and 55 nm) and crystalline silica particles (400 
nm, quartz) has been determined to be respectively; ~50, ~125 and 100 
mg/kg.123 

In this work the MTD was determined by oral administration. We chose 
two different types of particles AMS-6; and NFM-1 (Table 1, paper IV) 
which were administrated by oral gavage to rats. A fixed-dose procedure 
was used to analyze the acute toxicity of the particles as it is a more humane 
method than the LD50 test for acute toxicity and is recommended in OECD 
guidelines.124 In the dose range finding test (DRF), the animals (2 males and 
2 females) were administrated with a fixed and single dose and then moni-
tored in order to detect any signs of discomfort or toxicity. If any negative 
signs were observed, the next group of animals was administrated with the 
next higher fixed dose. The observation time was increased by 24 h with 
increasing dose. The MTD in the DRF was not reached, i.e. no signs of tox-
icity were observed in response to the particles at any of the doses tested: 
between 30 to 2000 mg/kg for NFM-1 and 40 to 1200 mg/kg for AMS-6. 
The dispersion properties of the particles in PBS, in particular NFM-1, lim-
ited the formulation preparation needed for their administration at higher 
doses. Hence, a study of even higher doses was not possible. In the subse-
quent confirmatory test (CT) the highest doses utilized were 1200 mg/kg and 
2000 mg/kg for AMS-6 and NFM-1 respectively.  

The CT involved daily administrations for 7 consecutive days. The results 
confirm the high tolerance of the particles after oral administration. All ani-
mals showed normal weight development Figure 18 and there were no dif-
ferences in the hematology or the biochemistry parameters from animals 
treated with NFM-1 or AMS-6 compared to the control group. The only 
negative sign which could be associated with the oral administration of the 
particles was observed in one animal where the absence of food in the intes-
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tine was observed. This was probably due to a blockage in the stomach 
caused by the NFM-1 particles. Other discomfort signs such as sporadic 
rhinorrhea (“runny nose”) were observed in both test and control animals 
(receiving only PBS) and are also associated to the administration technique. 
Breathing difficulties that could be associated with toxic effects exerted by 
the particle formulation reaching the lungs were observed at high particle 
doses with some animals. However, reflux may occur in rats after admin-
istration by oral gavage and can lead to respiratory difficulties and mortali-
ty.125 We concluded that this was the cause of the observed effect, and not an 
effect by the particles. 

In general, results showed that the tested particles are highly tolerated in 
rats after oral administration and support the development of mesoporous 
particles in new drug formulation strategies to overcome solubility and bioa-
vailability challenges.  

 
Figure 18. Normal weight development throughout the oral tolerance confirmatory 
test of mesoporous silica particles NFM-1 and AMS-6. Rats were administrated 
orally by oral gavage once a day during 7 consecutive days with AMS-6 or NFM-1 
mesoporous particles formulated in PBS. PBS alone was used as negative control.   

5.1 Mesoporous silica materials in the treatment of 
obesity. 

Overweight and obesity are defined as abnormal or excessive fat accumula-
tion that may impair health. The Body Mass Index (BMI) is commonly used 
to classify overweight and obesity in adults.126 BMI is defined as: 
     

 
The World Health Organization (WHO) defines a BMI ≥ 25 as overweight 
and a BMI ≥30 as obesity.126 Overweight and obesity increases the risk of 
developing a number of chronic diseases, including: insulin resistance, type 
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II diabetes, sleep apnea, osteoarthritis, cancer, high blood pressure, coronary 
artery disease, stroke and, heart attacks.127 For diseases such as cardiovascu-
lar diseases, diabetes and some cancers (such as breast, and colon) the most 
important risks include high blood pressure, high concentrations of choles-
terol in the blood, inadequate intake of fruit and vegetables, overweight or 
obesity, physical inactivity and tobacco use.126, 127 A BMI over 40 reduces 
life expectancy significantly, by as much as 20 years for men and five years 
for women.128 

It has been estimated that 30% to 40% of variance in BMI is due to genet-
ic factors and 60% to 70% is thought to be environmental, including diet and 
sedentary life style.129 Obesity and overweight are major factors in the cause 
of high blood cholesterol.128, 130 Two main forms of cholesterol are generated 
in the human body: low-density-lipoprotein cholesterol (LDL) and high-
density lipoprotein (HDL) known as “good” cholesterol due to its role in 
taking excess cholesterol away from the arteries. The reduction of LDL 
through dietary and lifestyle changes with or without drug therapy is proven 
to be effective to challenge the increasing burden of cardiovascular 
disease.128  

Although therapies for cholesterol management have been shown to be ef-
fective, findings from the REALITY study131 performed in 2005 suggest that 
only ~60% of European patients with three or more risk factors for coronary 
heart disease than received lipid-modifying treatment (statin monotherapy in 
more than 89% of the cases) reached the recommended cholesterol goals. 
The REALITY study suggests that this may be due to physician fear of high 
dose statins due to potential adverse effects. Combination therapy using 
statins and other therapies may be required to help patients reach their cho-
lesterol goals. The use of resins and fibrates as an alternative to statin for 
statin intolerant patient is widely supported.128 

5.1.1 Pharmacotherapy in obesity 
The goal of pharmacotherapy is to lose 5–10% of the initial body weight 
over 3–6 months. If no weight loss can be achieved during that time, treat-
ment should be stopped. After this period weight can plateau, but this is no 
indication for discontinuation of the drug since most patients regain weight 
upon stopping medication. 

Pharmacotherapy is usually recommended if dietary and exercise recom-
mendations are ineffective for individuals with a BMI ≥ 30 kg/m2 or for 
those with a BMI ≥ 27 kg/m2 when co-morbidities, such as hypertension or 
type 2 diabetes mellitus are present.127 However, anti-obesity drugs usually 
have limited long-term success and the weight is regained when treatment is 
discontinued.127 Moreover, most of the anti-obesity drugs that have been 
approved and marketed have been withdrawn due to serious adverse 
effects.127  
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Fats are fundamental for all living organisms and are important compo-
nents of our diet. Dietary fats are absorbed in the intestine at an efficacy of 
above 95%.132 Therefore, to target fat absorption is a potential way to coun-
teract weight increase and obesity. 

5.1.2 Fat digestion and lipases 
Triglycerides consist of a single glycerol molecule attached by ester bonds to 
three fatty acids. Lipases are lipolytic enzymes. These hydrolyze (cleave) the 
ester bonds on triglycerides allowing their absorption; however they cannot 
process phospholipids or sterols. Interfacial activation of lipases may lead to 
conformational changes which make the active site of the enzyme accessible 
for substrates. The enzymes activity at the interface can also be inhibited by 
the interaction with amphiphiles compounds such as bile salts or fatty acid 
salts.133  

Orlistat (Xenical, Alli) is currently the only available drug for long-term 
management of obesity and cholesterol. It prevents dietary fat absorption by 
30% by inhibiting lipase activity by binding to the enzymes catalytic site.133 
Due to its mechanism of action in the intestine, orlistat can lead to intoler-
ance due to unpleasant side effects such as diarrhea, fecal incontinence, oily 
spotting, flatulence and bloating.127  

Since obesity is a serious health problem and given the lack of long-term 
success of non-surgical treatments, there is a clear need of efficient body 
weight reducing alternatives more effective and with less side effects than 
orlistat. Modulation of lipase activity through interfacial engineering can be 
a potential solution. The capacity of mesoporous silica to selectively adsorb 
and immobilize lipases into the pores may be a valid approach.134, 135 

The effect of the particles in the diet was evaluated in a well-known and 
widely used obesity mouse model.136 Obese mice were fed only with HF diet 
which was subsequently mixed with mesoporous particles in the experi-
mental groups. No differences in cholesterol and blood lipid levels, weight 
and body fat composition were observed between all the groups. However, 
when the HF diet was reduced to complement to standard diet, both body 
weight and body fat compositions were reduced significantly in the group 
receiving SBA-15 mixed with the HF complement (Figure 19). The small 
pore material NFM-1 showed no differences in comparison to the control 
group, increasing in both weight and body fat composition. Lean composi-
tion (muscle mass) did not decrease in any of the groups which indicate that 
the weight reduction by SBA-15 is not a sign of compromised health. No 
other signs of discomfort or toxicity were observed in this study.  
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Figure 19. Mice development of weight and fat/lean body composition during time.  
Dotted lines shows changes in the diet, from left to right: high fat diet (HF) at li-
bidum; HF containing 1.4 wt % NFM-1 or SBA-15 (only HF for the control group) 
at libidum, standard food at libidum together with 3 g HF twice containing 5 wt % 
NFM-1 or SBA-15. Asterisks represent statistical differences between SBA-15 
group and control group, week 14 to 20 (*p < 0.01, *** p < 0.001) using two way 
ANOVA. 

 Since the main difference between the two materials used is the pore size, 
the effect on weigh and fat composition by SBA-15 was attributed to the 
particles larger pores. Hence, the possible mechanism behind effect may 
involve the entrapment (more or less selectively) of molecules such as li-
pase, co-lipase and bile acids which are essential for the absorption of lipids 
in the intestine.137 Note that in the time length of our study no significant 
differences in cholesterol, triglycerides or glucose levels were observed be-
tween the groups (Figure 20). Reductions of cholesterol are expected with 
weight loss and may appear in studies conducted for longer time periods. 

 As a toxicological evaluation this study supports the non-toxic classifica-
tion of mesoporous silica for oral administration in time periods up to ~3 
months. However, our results also suggest that the interaction or adsorption 
of drug and gastrointestinal substances must be investigated further. Acci-
dental encapsulation of oral drugs into the particles may lead to difficulties 
in dose control. Obese patients usually suffer of co-morbidities such as dia-
betes and cardiovascular diseases. Hence, pharmaceutical agents used to 
improve glycemic control such as Metformin (Riomet)138 or to treat high 
blood pressure such as beta blockers may be affected by oral administration 
of mesoporous silica.139  
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Figure 20. Particle content in the diet of obese mice has no effect on lipid and glu-
cose blood levels. Cholesterol, HDL, triglycerides and glucose serum levels ana-
lyzed using timed-endpoint-method at the end of the study (experiment week 20). 
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6 Conclusions 

From the experiments involving interaction between immunocompetent cells 
and mesoporous silica particles, the following can be concluded; 

• Particles are efficiently engulfed through an active mechanism by 
both human macrophages and dendritic cells with minor or no ef-
fects on cell viability.  

• Despite massive uptake of particles by macrophages, cell function 
(ingestion of target cells and cytokine secretion) was not affected. 
This indicates that the use of mesoporous silicas does not trigger 
immune-modulation through macrophages and that particles such as 
AMS-6 may be useful in targeting drug compounds to this type of 
cell. 

• Mesoporous particles SBA-15 and AMS-6 are able to activate den-
dritic cells and this can lead to skewing of T cell responses. In con-
trast to alum, which is a specific inducer of Th2-type immune re-
sponses, mesoporous silica particles preferentially induce Th1-like 
responses. 

• Co-culture studies with DCs and T-cells proved to be an adequate in 
vitro model system in the assessment of immunological properties of 
particles.  

The treatment with SBA-15-OVA particles was shown to skew the existing 
allergic inflammation (Th2-type response) towards a more Th1-like re-
sponse.  

•  No symptoms of local toxicity or granuloma formation at the site of 
administration were observed in accordance with previous studies 
using SBA-15 as adjuvant.38, 120, 121 

 

Overall the results from the in vitro and in vivo immunological studies sup-
port the role of mesoporous silica as potential adjuvant candidate (Figure 
21).  
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Figure 21. Mesoporous silica particles induce mixed Th1/Th2 responses through DC 
cell activation.  

 
The oral administration studies reveal that mesoporous silica particles: 

• Are highly tolerated when administered orally. 
• When mixed in the diet of obese mice, can decrease body weight 

and fat composition without indications of toxicity, and that this 
effect is pore size dependent. 

• Do not become systemically absorbed when their size is above 
~300 nm. 

These results make them interesting potential agents for the treatment of 
obesity and as drug delivery systems through oral administration. However, 
the possible entrapment of drugs within mesoporous silica may change the 
effective drug dose and must be considered. 
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7 Future Work 

The full understanding of the uptake mechanism by phagocytic cells of mes-
oporous silica particles and their interaction with those cells is required. This 
is necessary in order to engineering particles for medical purposes such as 
for specific targeting of immunocompetent cells or to design materials that 
are inert towards the immune system.  

Future studies should focus on the interaction and uptake of the particles 
through different pathways not studied here such as receptor mediated up-
take. Regarding the potential role of mesoporous silicas as adjuvants it is 
necessary to study the particles effects at different antigen doses together 
with various formulations in order to build a library of potential immu-
noresponses. We showed promising results for the use of SBA-15 as an ad-
juvant, and in particular for the treatment of allergies with increased IgG and 
INF-γ levels. However no changes in the BAL cellular count (principally 
eosinophils) were observed, which is probably due to the short treatment 
time. Hence long-term experiments are needed in order to find an effective 
protocol for treatment of allergic inflammation using SBA-15 particles. Fur-
ther, alum fails in inducing IgA antibody mucosal responses. It would be 
very interesting to analyze the capacity of the particles to induce mucosal 
responses which could open for further experiments to assess their potential 
as adjuvant through mucosal administration routes such as for sub-lingual 
ASIT. 

To further develop mesoporous silicas for oral administration, the mecha-
nisms behind the effects on weight and fat reduction needs to be investigated 
fully. Their long term toxicity and interaction with active substances is of 
vital importance implicating the use of mesoporous silica in the wider con-
text of pharmaceutical excipients. Comparison experiment towards orlistat 
and other weight reduction drugs are key, and needless to say, in a clinical 
context. Finally, ethical and sociological concerns of weight reduction thera-
pies (including those suggested here) must be tackled. 

Interdisciplinary work is very interesting and challenging. Links between 
different disciplines are crucial for the (safe) development of new nanotech-
nologies in life sciences not only for biomedical application but also for the 
analysis of their potential effects in different ecosystems. There are im-
portant similarities between physicochemical and biological properties that 
can be further explored, combining; bottom-up strategies, theory and exper-
iment and new protocols from a wide range of disciplines. This must be done 
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in order to ensure the successful application of engineered materials such as 
mesoporous particles in new therapeutic areas.  
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Sammanfattning på svenska 

Mesoporösa kiseldioxidpartiklar erbjuder stora potentiella fördelar som sy-
stem för läkemedelsleverans och i andra biomedicinska tillämpningar. Den 
höga laddningskapaciteten inom deras ordnade och storleksspecifika porer 
(upp till ~100 nm i diameter) gör det möjligt att ladda och frisätta ett stort 
antal molekyler. Dessutom erbjuder de en möjlighet att förbättra oral biotill-
gänglighet av läkemedel med begränsad vattenlöslighet och skydda pH-
känsliga läkemedel från de sura förhållandena i magen på deras väg till tar-
men. Figur 22 visar exempel på elektronmikroskopbilder av mesoporösa 
kiseldioxidpartiklar som har syntetiserats och analyserats i min avhandling, 

Syftet med denna avhandling var att utvärdera biokompatibilitet och ef-
fekter av mesoporösa kiseldioxidpartiklar på immunkompetenta celler. Dess-
sutom undersöktes två potentiella tillämpningar av partiklarna: som adjuvan-
ter och som viktminskning medel. 

Adjuvanter används i vacciner för att förstärka det immunologiska svaret 
mot försvagade och svagt immunogena antigener. Deras funktion kan medie-
ras genom dendritiska celler som har en central roll i kontrollen av adaptiv 
immunitet inklusive immunologiskt minne. Våra resultat visade att olika 
typer av mesoporösa kiseldioxidpartiklar kunde påverka utvecklingen av T-
cellssvar i både humana cellkulturer och i möss. I motsats till det godkända 
adjuvanset alum, som specifikt inducerar Th2-typ immunsvar, inducerade 
några av partiklarna ett mer Th1-liknande svar. Detta kan vara önskvärt i 
vacciner mot allergi och intracellulära patogener såsom virus. Den terapeu-
tiska effekten av partiklarna, laddade med ett modellantigen för att kunna 
påverka och modulera en pågående allergisk reaktion, testades i möss. Här 
såg vi ett liknande resultat, det vill säga en ändring av den existerande Th2 
reaktionen mot ett mer Th1-liknande svar. 

Partikelexponering påverkade inte makrofagers funktion, vilka är avgö-
rande för vävnadshomeostas, sårläkning och för att förhindra autoimmuna 
reaktioner. Likaså påverkade inte detta cytokinutsöndringen från makro-
fager, vilket tyder på att partiklarna inte ger en makrofagberoende module-
ring av immunsvaret. 

Vidare så var de mesoporösa kiseldioxidpartiklarna högt tolererade vid 
dagliga orala doser till råtta av upp till 2000 mg/kg för några av de fram-
ställda materialen. När mesoporösa kiseldioxidpartiklar med stora porer ad-
ministrerades i kosten av överviktiga möss visade sig en minskning av både 
vikt och kroppsfettsmassa utan andra observerbara patologiska tecken. 
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Tillsammans är dessa resultat lovande för utvecklingen av mesoporösa ki-
seldioxid material som bärare eller adjuvans för subkutan eller oral admini-
strering av läkemedel eller vaccin. Mesoporösa kiseldioxidmaterial är också-
potentiella medel för behandling av fetma. 

 

 
 

Figure 22. Mesoporösa kiseldioxid partiklar. Från vänster till höger SEM bild, TEM 
bild tagen från 110 och 111riktningar. 
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